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Overexpression of Rad in muscle worsens
diet-induced insulin resistance and glucose
intolerance and lowers plasma triglyceride level
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Contributed by C. Ronald Kahn, January 18, 2006

Rad is a low molecular weight GTPase that is overexpressed in
skeletal muscle of some patients with type 2 diabetes mellitus
and� or obesity. Overexpression of Rad in adipocytes and muscle
cells in culture results in diminished insulin-stimulated glucose
uptake. To further elucidate the potential role of Rad in vivo , we
have generated transgenic (tg) mice that overexpress Rad in
muscle using the muscle creatine kinase (MCK) promoter–
enhancer. Rad tg mice have a 6- to 12-fold increase in Rad expres-
sion in muscle as compared to wild-type littermates. Rad tg mice
grow normally and have normal glucose tolerance and insulin
sensitivity, but have reduced plasma triglyceride levels. On a
high-fat diet, Rad tg mice develop more severe glucose intolerance
than the wild-type mice; this is due to increased insulin resistance
in muscle, as exempli�ed by a rightward shift in the dose–response
curve for insulin stimulated 2-deoxyglucose uptake. There is also a
unexpected further reduction of the plasma triglyceride levels that
is associated with increased levels of lipoprotein lipase in the Rad
tg mice. These results demonstrate a potential synergistic interac-
tion between increased expression of Rad and high-fat diet in
creation of insulin resistance and altered lipid metabolism present
in type 2 diabetes.

diabetes mellitus � glucose transport � RGK GTPase� transgenic mouse

Rad, Gem� Kir, Rem, and Rem2 are members of the Ras-
related RGK (Rad, Gem, and Kir) family of small GTP-

binding proteins. Rad (Ras Associated with Diabetes) is a
35-kDa GTPase that was identified by subtractive cloning as
overexpressed in skeletal muscle of patients with type 2 diabetes
mellitus (1, 2). Although some subsequent studies (3, 4) did not
confirm this direct association between the Rad mRNA level and
diabetes, other studies have shown that Rad is an insulin
regulated gene in muscle (5) and that Rad overexpression
inhibits glucose transport in muscle cells in culture (6). There is
also a correlation between the level of Rad expression and
obesity (3), and genetic analysis studies of two different popu-
lations found a possible association between trinucleotide-repeat
polymorphism of the Rad gene and type 2 diabetes (7, 8).

Rad is most highly expressed in the heart, lung, and skeletal
muscle (1) and, in contrast to most other members of the Ras
superfamily, is not lipid modified resulting in a primary cytosolic
location (9). Rad expression is positively regulated by insulin (5).
Previous work in our laboratory has demonstrated that adipo-
cytes and muscle cells in culture in which Rad is overexpressed
exhibit a reduction in the rate of insulin-stimulated glucose
uptake (6). However, the insulin resistance that was found in the
cells overexpressing Rad (6) was not accompanied by any
detectable change in GLUT1 and GLUT4 glucose transporter
quantity or translocation in response to insulin, suggesting a
change in the activity of glucose transporters. To date, neither its
exact function nor the ways by which Rad may be related to
insulin resistance are known. Rad and other members of the
RGK family have been found to be associated with cytoskeletal

proteins like � -tropomyosin (10) and calmodulin (CAM) and
CAM kinase (9, 11), raising the possibility that vesicle trafficking
may be part of the mechanism involved in Rad interfering with
glucose uptake. Rad has also been shown to attenuate the
migration of vascular smooth muscle cells in generation of
atherosclerosis (12).

Because Rad is expressed primarily in muscle and was origi-
nally found to be overexpressed in muscle of a Type 2 diabetic
patient, and because skeletal muscles are a major site for glucose
disposal and considered to be the primary site for insulin
resistance in these patients (13), we have created a transgenic
(tg) mouse that overexpresses Rad in skeletal muscle to further
elucidate the functions of Rad. We find that overexpression of
Rad in these animals potentiates the insulin resistance associated
with high fat feeding and alters triglyceride metabolism. These
data demonstrate how Rad may interact with environmental
factors to help create the diabetic state.

Results
Creation and Identification of the Transgenic Mouse. Five of 55 FVB
offspring were found to carry the Rad transgene using genotyp-
ing analysis by Southern blotting. Of these, three transmitted the
transgene to their offspring when mated with WT FVB mice.
The offspring of the founder with highest level of Rad overex-
pression (no. 51) were used for all studies (Fig. 1b and c).
Western blot analysis of Rad protein in extracts from this line of
Tg mice demonstrated a 6- to 20-fold increase of Rad expression
as compared to WT mice in all skeletal muscle groups, including
quadriceps, gastrocnemius, and gluteus muscles (Fig. 1d). In
normal mice, the level of Rad expression in the heart is higher
than that in skeletal muscle, and thus there was no demonstrable
overexpression of Rad in the heart of the transgenic mice even
though the MCK promoter is somewhat activate in that tissue
(14) (Fig. 1e). The level of Rad in lungs was also high in both
control and Tg mice, whereas no Rad expression was detected in
the liver of either Rad-Tg or WT mice (data not shown). The
migration of the human Rad product of the transgene on the
SDS� PAGE was similar to that of the endogenous protein,
indicating that the full-length human Rad protein was expressed
from the transgene.

Effects of Rad Overexpression in Muscle on Glucose Homeostasis and
Insulin Action. Compared to the WT littermates, the Rad-Tg mice
grew normally, were of normal body weight and showed no
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significant difference in the amount of weight gained on high-fat
diet (Fig. 2a). Fasting (Fig. 2b) and fed (not shown) blood
glucose levels were similar in WT and Tg mice on the normal
chow. After 14–22 weeks on high-fat diet, both the Rad-Tg and
WT mice had somewhat higher glucose levels, but there was no
difference between the groups (Fig. 2b). Likewise, plasma
insulin levels were not significantly different between the
Rad-Tg and WT mice on either the normal or high-fat diet in
both the fasting (Fig. 2c) and fed (not shown) states.

During intraperitoneal glucose tolerance tests (GTTs), the
pattern of blood glucose levels of mice on normal chow was
similar for the Rad-Tg and WT mice (Fig. 3a, filled circles). After
the high-fat diet, glucose levels rose in both groups, but the
glucose intolerance was more prominent in the Rad-Tg than for
the WT mice in both males and females (Fig. 3a, open circles).
When the results were expressed as the area under the curves
(Fig. 3b), the Rad-Tg mice on high-fat diet are significantly
different ( P � 0.05) from the other groups both for male and
female mice. Insulin tolerance testing (ITT), on the other hand,
revealed no difference in the blood glucose response between
the Rad-Tg and the WT mice on either the normal or high-fat
diet (Fig. 4); however, both the control and transgenic strains did
exhibit a decreased response to exogenous insulin on the high-fat
diet, ref lecting increased insulin resistance at these pharmaco-
logical levels of hormone.

Isolated Muscle Studies of Glucose and Amino Acid Transport. To
more precisely evaluate skeletal muscle insulin resistance, iso-
lated skeletal muscles was taken from WT mice and Rad-Tg
mice and studied in vitro. On normal diet, insulin increased
2-deoxy-glucose (2-DOG) uptake in a dose-dependent manner,
reaching 2- to 3-fold stimulation with the maximal insulin
concentration (2 milliunits� ml) both in the soleus and extensor
digitorum longis (EDL) muscles of WT mice (Fig. 5a). After
high-fat diet, 2-DOG uptake into the EDL, but not the soleus,
was reduced both in the basal state and at all insulin concen-
trations. The 2-DOG uptake dose–response curves in the

Rad-Tg mice were similar to those of WT mice when fed with
normal diet (Fig. 5a). However, the effect of high-fat diet to
induce insulin resistance was greater in the Rad-Tg mice, as
demonstrated by a more prominent reduction of insulin-
stimulated glucose uptake and a rightward shift of the dose-
response curve both in soleus and EDL (Fig. 5b). In the EDL,
this insulin resistance was overcome at higher levels of insulin,
but with the soleus muscle, there was reduced glucose transport
in muscle of the Rad-Tg mice even at the highest insulin
concentration tested (Fig. 5b). Rad overexpression did not
change basal glucose transport into the muscles. The difference
between Rad-Tg and WT mice was also more prominent in
muscle of male mice, as compared to females (data not shown).

Similar to its effect on glucose transport, high-fat diet causes
a reduction of insulin stimulated amino acid transport in muscle
(Fig. 6). This effect was also more prominent in the EDL than
in soleus muscle. However, in contrast to the glucose transport,
no significant difference could be detected between Rad-Tg and
WT mice with regards to amino acid transport both in the basal
and insulin-stimulated states and both on normal and high-fat
diets (Fig. 6).

Effects of Rad Overexpression on Lipid Metabolism. In the fed and
fasting state, Rad-Tg mice have lower triglycerides level than
controls by 7–12% (Fig. 7a). This effect was statistically signif-
icant (P � 0.05) for both males and females. As previously
observed in rodents, after 14–22 weeks on a high-fat diet,

Fig. 1. Construction of the Rad transgene and Rad expression in the Rad-Tg
mice. (a) Schematic structure of the Rad transgene. ( b) Southern blot analysis
of the two transgenic lines with the highest expression of Rad. Equal amounts
of tail DNA digested with EcoRI were blotted with a 1.1-kb MCK probe. ( c)
Western blotting with anti-Rad serum of quadriceps muscle lysates from the
same two lines. Line 51 was used for all studies. ( d) Western blot analysis
comparing Rad protein level in different muscles from two pairs of WT and
Rad-Tg mice. (e) Comparison of Rad protein level in the heart, lung, and
skeletal muscle of a WT and a Rad-Tg mouse by Western blotting.

Fig. 2. Effects of Rad overexpression of body weight and glucose and insulin
levels. (a) Comparison between WT (black bars) and Rad-Tg (gray bars) mice
body weight at 4–5 months of age on normal and high-fat diets. High-fat diet
was started at 6 weeks of age. ( b) Fasting blood glucose levels at 5–6 months
of age. ( c) Fasting insulin levels. After overnight fasting, mice were anesthe-
tized, and blood samples were taken by retro-orbital bleeding. Each bar
represent the mean � SE of 26–39 mice.

4482 � www.pnas.org � cgi� doi � 10.1073� pnas.0511246103 Ilany et al.



triglyceride levels were decreased by� 12% (P � 0.01). This
effect was further exaggerated by Rad overexpression and was
additive with the effect of high-fat diet. Free fatty acid (FFA)
levels were not significantly different between the Rad-Tg and
the WT mice on the normal diet, on the high-fat diet FFA levels
in both decreased in parallel (Fig. 7b). Cholesterol levels were
similar in all of the groups (data not shown).

To elucidate the mechanism by which Rad overexpression
might cause lower triglyceride levels, thigh muscles were taken
from fasted male mice and were immunoblotted with anti-
lipoprotein-lipase antibody. The level of lipoprotein lipase (LPL)
protein in these muscles was found to be increased by both Rad
overexpression and high-fat diet, and this effect was additive with
much higher levels when these two factors were combined (Fig.
8). The level of Rad expression by Western blotting was also
slightly increased by high-fat diet (data not shown), but this
effect was hard to quantitate due to the low level of Rad in
muscle of the nontransgenic mice.

Discussion
Rad is a prototypic member of the RGK family of Ras-related
GTPases, which also includes Gem� Kir, Rem, and Rem2 (1, 15,

16). Members of this family share conserved GTP binding
domains regions with Ras, but are extended at both the N and
C termini and lack the C-terminal CAAX motif involved in
prenylation of other Ras family members (9). Rad was originally
found to be overexpressed in skeletal muscle of a patient with
type 2 diabetes mellitus using subtraction cloning (1). Although
two larger human studies (3, 4) could not confirm a direct
association between the Rad level and diabetes, Garveyet al.(3)
did find a positive correlation between the level of Rad in
skeletal muscle and body–mass index or percentage of body fat.
In addition, genetic studies in two of three different Caucasian
populations found a possible association between trinucleotide-
repeat polymorphism of the region of the Rad gene and type 2
diabetes (7, 8, 17), and in a Chinese population, a novel Rad gene
polymorphism was found to be associated with an increased risk
for type 2 diabetes when combined with obesity (18). At the
cellular level, previous work by our laboratory has demonstrated
a reduction of insulin stimulated glucose uptake in both cultured
adipocytes and muscle cells overexpressing Rad, consistent with
a role in insulin resistance (6).

Whether the change in Rad expression seen in some popula-
tions with diabetes is primary or secondary is unclear; however,
several studies have shown that Rad expression in muscle and
other tissues can be acutely regulated by insulin and other
factors. In vivo insulin infusion in the context of a euglycemic
clamp produces a 2- to 3-fold increase in Rad mRNA level within
3 h (5). Rad expression in vascular smooth muscle cells is highly
induced by platelet-derived growth factor, TNF-� , and balloon
injury of the endothelium (12). Rad is also up-regulated in
regenerating limb muscle of the newt (19), in some human breast
cancers (20), and in human peripheral blood mononuclear cells
in response to acute heat shock (21). Thus, there are a number
of normal and pathological situations in which Rad expression is
increased.

Fig. 3. Glucose tolerance tests. ( a) Glucose tolerance test of WT (circles) and
Rad-Tg (triangles) mice on normal chow (�lled symbols) and high-fat (open
symbols) diet. The GTTs were performed at the age of 5–6 months after
overnight fasting. ( b) Area under the curves for GTTs. Each bar represents the
mean � SE of 18–28 mice. *, P� 0.05 for Rad-Tg on high-fat diet vs. the other
groups.

Fig. 4. Insulin tolerance tests. Insulin tolerance tests for WT (circles) and
Rad-Tg (triangles) mice on either normal chow (�lled symbols) or high fat
(open symbols) diets at 5 months of age. Results are expressed as mean percent
of basal blood glucose concentration � SEM from at least seven mice of each
group.

Fig. 5. Glucose transport in isolated muscles. ( a) Glucose transport in isolated
muscles from WT (open circle) and Rad-Tg (�lled circle) fed a normal diet.
Results are expressed as mean � SEM of muscles from at least �ve mice. ( b)
Glucose transport on high-fat diet. Results are from at least �ve mice.

Ilany et al. PNAS � March 21, 2006 � vol. 103 � no. 12 � 4483

C
E

LL
B

IO
LO

G
Y



Because insulin resistance in muscle is a major component of
the pathophysiology of type 2 diabetes (13) and Rad is overex-
pressed in skeletal muscle of some patients with type 2 diabetes,
we decided to determine the effect of Rad overexpressionin vivo
by creating of a transgenic mouse overexpressing Rad specifi-
cally in muscle; this was achieved by using the MCK promoter to
drive the full-length human Rad gene in the transgenic mice.
This promoter is known to be highly expressed in skeletal muscle,
weakly expressed in heart and not expressed in other nonmuscle
tissues (22). In the mouse, MCK expression begins at embryonic
day 17, reaches maximal level at postnatal day 10, and remains
high throughout the rest of life. Not surprisingly, the level of Rad
protein in skeletal muscles of the Tg mice driven by the MCK
promoter was 6–12 times higher than the level in WT mice, but
in a range observed in some diabetic patients.

Rad-Tg mice exhibit normal growth and development and
normal glucose homeostasis and insulin sensitivity, as measured
by fasted and fed glucose and insulin levels, glucose tolerance
testing and insulin tolerance testing. However, when fed a
high-fat diet, Rad-Tg mice become more insulin resistant and
glucose intolerant than normal mice on the same diet. This was
clearly shown by the area under the curve of the GTT and further
supported by the finding of insulin resistance in isolated muscle
glucose transport studies of male mice. The combination of
high-fat diet and Rad overexpression causes more severely
diminished insulin-stimulated glucose uptake than high-fat diet
alone, even though Rad overexpression alone did not change
glucose transport. Thus, Rad overexpression interacts with
high-fat diet to worsen insulin resistance in muscle. This finding
is consistent with clinical studies suggesting that Rad may
interact with obesity in increasing diabetes risk (3, 18) and is an
example of how a genetic factor (Rad overexpression) can act

together with an environmental factor (high-fat diet and obesity)
to alter glucose homeostasis. Although this was not accompa-
nied by a change in the ITT, this is not surprising because, in
mice, the ITT is rather insensitive to muscle insulin resistance
and even mice with a muscle specific insulin receptor knockout
(MIRKO) mice exhibit normal ITTs, despite having severe
insulin resistance as measured by 2-DOG uptake in isolated
muscles (22).

The insulin resistance in isolated muscle of the Rad-Tg mice
on high-fat diet was specific to glucose transport. Thus, insulin-
stimulated amino acid transport remains normal in these mice,

Fig. 6. Amino acid transport into isolated muscles. ( a) Amino acid transport
in isolated muscles from WT (black bars) and Rad-Tg (hatched bars) fed a
normal diet. Results are expressed as mean � SEM of muscle from at least �ve
male mice. ( b) Amino acid transport on high-fat diet. Results are from at least
�ve replicate studies.

Fig. 7. Triglyceride and free fatty acid levels. ( a) Fasting triglyceride levels of
WT (black bars) and Rad-Tg (gray bars) mice on normal chow and high-fat diets
at 5–6 months of age. Each bar represents the mean from 8–40 mice � SE. *,
P� 0.05 for the combined effect of diet and Rad overexpression. ( b) FFA levels
after overnight fasting at the same age. Each bar represents the mean of 9–18
mice � SE.

Fig. 8. LPL level in muscle. (a) Western blot analysis of LPL level in muscle.
Thigh muscles were taken from mice after overnight fasting, homogenized,
and blotted with anti-LPL antibody. ( b) Quantitative analysis of LPL level in
muscle by using IMAGEQUANT. The data are expressed as mean � SEM of Western
blots from at least three mice.
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indicating that the effect of Rad to cause this resistance lies
somewhere in the insulin signaling pathway after the divergence
between signals to glucose transport and amino acid transport.
This finding is similar to previous in vitro cell culture studies (6),
which demonstrated that overexpression of Rad in muscle or fat
could cause a block in insulin stimulated glucose transport with
no change in early insulin signaling events, such as insulin
receptor or substrate (IRS) phosphorylation or phosphatidyl-
inositol 3-kinase activity.

In addition to its effects on muscle glucose uptake, Rad
overexpression in muscle had effects on whole body lipid me-
tabolism. Both male and female Rad-Tg mice had lower plasma
triglyceride level as compared to WT mice both on normal and
high-fat diets. For the mice fed with high-fat diet, Rad has an
additional effect to that of the high-fat diet to lower triglyceride
levels. The level of triglyceride at fasting ref lects the balance
between triglyceride production, mostly by the liver, and triglyc-
eride breakdown by the enzyme lipoprotein lipase. This enzyme
is produced by parenchymal cells of many tissues and is then
secreted and transported to the luminal surface of vascular
endothelium, where it functions to breakdown lipoproteins (23).
In agreement with the plasma triglyceride level, the LPL protein
level was found to be increased by high-fat diet and by Rad
overexpression, and to be even further increased when combin-
ing both effects. This may imply two different pathways (high-fat
diet and Rad) that increase LPL expression.

Interestingly, there was no significant difference in free fatty
acids, a product of triglyceride breakdown, between WT and
Rad-Tg on either normal or high-fat diet. High-fat diet itself
tended to lower FFA acid levels, a phenomenon also observed
by others (24). This finding is somewhat surprising because
high-fat diet causes more triglyceride breakdown. The explana-
tion may be that when more triglycerides are being broken down
by the muscle LPL, more FFA are being driven into the muscles
for energy use and storage. At the same time the hyperinsulin-
emia that accompanies this condition inhibits lipolysis in the
adipocytes and causes less FFA to be released from the adipo-
cytes into the circulation. The effect of insulin on the liver to
inhibit triglyceride production and secretion (25) may also play
a role in lowering the triglyceride level. The level of the high-fat
diet-induced insulin resistance in these tissues may be different
(26), causing more muscle insulin resistance, whereas inhibition
of lipolysis can still be significant. Rad-Tg mice have normal or
even slightly lower insulin levels than WT mice, and this may also
contribute to the fact that FFA levels are not lower than WT
mice on the same diet.

It is interesting to compare the Rad-Tg mice with mice
overexpressing LPL in the muscles described by Jensenet al.
(24). These investigators found that high-fat diet causes a
reduction of triglyceride and FFA level, and that similar effects
are observed in mice overexpressing LPL in the muscles. In their
transgenic mice, however, adding high-fat diet did not cause an
additional effect, suggesting that the effect of high-fat diet alone
to cause these changes was likely mediated through LPL itself.
Unlike our mice, overexpression of LPL did reduce the FFA
levels, but this was accompanied by some increase of insulin level
(a condition similar to high-fat diet feeding). This hyperinsulin-
emia is probably secondary to other effects of LPL overexpres-
sion. Interestingly, mice that overexpress LPL in muscle were
found to be protected from high-fat diet-induced weight gain.
We observed this phenomenon in two of our three study groups,
and it was more prominent in males (data not shown). However,
in one study group, this was not the case, so that the final results
did not show a significant difference in weight gain between the
transgenic and WT mice. It is possible that another yet unknown
factor may inf luence these effects of Rad or LPL overexpression.
In any case, activating triglyceride breakdown by muscle LPL will

produce a higher level of FFA in the muscle, and this may further
contribute to the insulin resistance (27–30,�).

Exactly how Rad induce these changes in glucose and lipid
metabolism is still unclear. At the molecular level, Rad and other
members of the RGK family have been shown to associate with
cytoskeletal proteins, 14–3-3 proteins and calmodulin-related
proteins (10, 11, 31). Rad has also been shown to interact with
the NDP kinase and putative tumor metastasis suppressor nm23,
and this interaction promotes conversion of Rad-GDP to Rad-
GTP, providing a unique mechanism of GTPase regulation (32).
In neural cells, RGK proteins have been shown to regulate
voltage-dependent Ca2� channel activity and cell-shape remod-
eling (16). In these cells, both Gem and Rad have also been
shown to interface with the Rho pathway through association
with the Rho kinase (ROK) alpha and beta (33), and recently,
Fu et al. (12) demonstrated that Rad inhibits the attachment�
migration of vascular smooth muscle cells and reduces the
formation of focal contacts and stress fibers by blocking the
Rho� ROK signaling pathway. This finding is interesting in light
of recent data suggesting that Rho kinase may play a role in
insulin stimulation of glucose transport in skeletal muscle, via
interaction with IRS-1 (34). Insulin-stimulated glucose transport
in muscle has also been shown to involve cortical actin remod-
eling in a pathway including the Rho related GTPase TC10 (35).

In summary, transgenic mice overexpressing Rad specifically
in muscle have lower plasma triglyceride levels than control mice
on both normal and high-fat diets, probably secondary to an
increase in muscle LPL expression. These mice also exhibit
insulin resistance in muscle and mild glucose intolerance, but are
not ‘‘clinically’’ insulin resistant as measured by ITT. Type 2
diabetes mellitus is a polygenic disease, but many environmental
factors including obesity, can affect its course. The finding that
Rad together with high-fat diet can affect glucose homeostasis
further supports the possibility that Rad may be one of the many
genes contributing to the development of diabetes.

Methods
Construction of the Rad Transgene and Rad Transgenic Mice.A vector
containing the muscle creatine kinase (MCK) promoter (22) and
the human Rad gene was used to create the transgene construct
as illustrated in Fig. 1a and introduced into pronuclei of fertilized
FVB mouse embryos. Mouse-tail DNA was isolated by using
phenol� chloroform extraction and subjected to restriction digest
with EcoRI. A 1.1-kb BamHI–EcoRI fragment from the 3 � end
of the plasmid MCK promoter was used as a probe for Southern
blotting. This resulted in a single 3.3-kb band in transgenic mice
versus vs. no band in controls. In later studies, genotyping was
conducted by PCR using primers specific for the human Rad
gene (5�-ACTGGCCCGAGGACTCCGAG and 3 �-AATTC-
CACAGTATTGGCCAGGTGC).

Animal Studies. Mice were housed in pathogen-free animal facil-
ities at The Joslin Diabetes Center (Boston, MA) and Brandies
University (Waltham, MA). All animal protocols were approved
by the Animal Care Committee of the Joslin Diabetes Center
and were in accordance with National Institutes of Health
guidelines. The physiologic studies were conducted on three
cohorts of mice, each containing between 65 and 120 mice. Each
cohort was divided into eight subgroups by gender, presence, or
absence of the Rad-Tg and normal versus high-fat diet. The
normal diet contained 9% fat by weight (16.5% of calories)
(Mouse chow 9F, Purina, St. Louis), whereas the high-fat diet
had 29% fat by weight (� 55% of calories) [Modified 9F Purina
chow]. The study groups were created by mating Rad-Tg with

�Zisman, A., Peroni, O. D., Abel, E. D., Michael, M. D., Ilany, J., Lowell, B. B., Kahn, C. R. &
Kahn, B. B. (1999) Diabetes 48, Suppl. 1, A10 (abstr.).
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WT FVB mice, so that the Rad-Tg were all heterozygote for the
transgene. At 3 weeks of age, mice were weaned and genotyped.
High-fat diet was started at the 6 weeks of age for the high-fat
diet groups and maintained 14–22 weeks.

Physiologic Studies and Analytical Procedures. Fasted blood samples
were taken after overnight fasting (12–16 h); fed samples were
drawn between 9–11 a.m. Blood glucose values were determined
from whole venous blood by using a glucometer (One Touch II,
Lifescan). Insulin levels were measured by RIA (Linco) using rat
insulin as a standard or ELISA (Crystal Chem) using mouse
standards. Cholesterol and triglyceride levels in serum were
measured by colorimetric enzyme assay in a Beckman CX7
spectrophotometer, except for the third study group in which
triglycerides were measured by using the Triglyceride 10 kit
(Sigma). FFA levels were analyzed by using NEFA-C FFA kits
(Wako). Insulin and glucose tolerance tests (ITT and GTT,
respectively) were performed on animals that had been fasted
overnight. Animals were injected with either 0.75 unit� kg body
weight of human regular insulin (Lilly) or 2 g� kg body weight of
glucose into the peritoneal cavity.

Glucose and amino acid transport was measured in isolated
muscles as described by using 2-[3H]-2-deoxy-D-glucose (36) and
the nonmetabolizable amino acid analog, 2-(methylamino)
isobutyric acid (MeAIB) (37).

Immunoprecipitation and Western Blot Analysis. Tissues were re-
moved and homogenized in homogenization buffer (50 mM

Hepes, pH 7.4� 1% Triton X-100 � 50 mM sodium pyrophos-
phate� 0.1 M NaF� 10 mM EDTA � 10 mM sodium orthovana-
date� 10 � g/ml leupeptin� 2 mM benzamidine� 2 mM phenyl-
methylsulfonyl f luoride) with a Polytron homogenizer.
Particulate matter was removed by centrifugation at 47,000 rpm
(140,000� g) for 1 h at 4°C in a Beckman Ti-70 rotor. The lysates
were used either for immunoprecipitation with Rad antiserum
(500 � g of protein) or for direct (200 � g of protein) immuno-
blotting with Rad antiserum as described (3). For LPL, 100� g
of protein was subjected to SDS� PAGE and immunoblotted with
5D2 monoclonal anti-LPL antibody (39) kindly provided by
J. Brunzell (University of Washington, Seattle). The results were
quantified by using IMAGEQUANT software.

Statistical Analysis. All values are expressed as mean� SEM. A
two-tailed Student’s unpaired t test was used to analyze the
results, except for the triglyceride levels, which were analyzed by
using the general linear models procedure (SAS Software) to
assess the interaction between the effects of Rad and high-fat
diet.
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