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Abstract

Background/Aims: Antagonism of the endocannabinoid receptor-1 (CB1R) directly improves
whole-body metabolic parameters of insulin resistance. The present investigation determined
the effects of chronic CB1R antagonism on whole-body and skeletal-muscle insulin action in
insulin-sensitive lean and insulin-resistant obese Zucker rats. Methods: Animals were either fed
ad libitum or in pairs, or treated with SR141716 (10 mg/kg i.p. for 14 days). Results: Food intake
was significantly reduced (p < 0.05) after initial SR141716 treatment and remained decreased in
both lean and obese animals until day 13. Fasting plasma glucose decreased (24%) and insulin
increased (43%) in lean SR141716-treated (24%) rats compared to lean ad libitum-fed controls,
but not in the corresponding obese groups. Fasting plasma free fatty acids were reduced by
CB1R antagonism in lean (21%) and obese (42%) animals. Whole-body insulin sensitivity was in-
creased (36%) in obese SR141716-treated rats compared to obese ad libitum-fed controls, which
was associated with reduced insulin secretion during an oral glucose tolerance test. Insulin-
stimulated glucose transport activity in the soleus was greatest in the respective SR141716-
treated lean and obese groups compared to the corresponding ad libitum- and pair-fed con-
trols. Chronic SR141716 treatment did not induce alterations in signaling factors associated
with the regulation of glucose transport [protein kinase B (Akt), glycogen synthase kinase-33,
5’-AMP-dependent protein kinase, or p38 mitogen-activated protein kinase] in the soleus.
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Conclusions: These results indicate that, while the chronic treatment with CB1R antagonism
markedly diminished food intake in lean and obese Zucker rats, there are also significant meta-
bolic improvements in whole-body and skeletal-muscle insulin action mediated by CB1R an-
tagonism through mechanisms independent of reduced caloric intake.

Copyright © 2011 S. Karger AG, Basel

Introduction

The endocannabinoid system is a potentially novel pharmacological target in treating
components of the metabolic syndrome [1]. Cannabinoid receptor-1 (CB1R) antagonists were
originally developed and utilized as appetite suppressants and in the treatment of obesity.
Recently, however, CBIR antagonists have been shown to elicit beneficial effects on meta-
bolic parameters beyond those attributed to decreased food intake and weight loss alone
[2-4]. In rodent models, selective CB1R antagonism or knockout of CBIR causes anorexic
behaviors, leading to reductions in food intake and body weight [5-7] associated with re-
duced visceral adiposity [8]. In animals treated with the CBIR antagonist SR141716, the re-
duction in food intake was transient, but caused a long-term reduction in body weight, pos-
sibly related to elevated energy expenditure induced by CBIR antagonism [2, 9].

Previous studies have also shown that the endocannabinoid system is involved in the
regulation of glucose tolerance and whole-body insulin sensitivity. Acute CBIR agonism in
male Wistar rats caused reduced glucose tolerance, whereas acute CBIR antagonism was as-
sociated with enhanced glucose tolerance [10]. Moreover, chronic CBIR antagonism im-
proved insulin sensitivity in rats with diet-induced obesity compared to pair-fed and ad libi-
tum-fed controls [11]. Finally, chronic rimonabant treatment of male obese Zucker rats
reduced glucose-stimulated insulin secretion, whereas glucose tolerance was unchanged
during an oral glucose tolerance test (OGTT) [12]. Chronic CBIR antagonism may improve
glucose tolerance through an increased insulin-mediated glucose transport in skeletal mus-
cles, as a 7-day treatment with the CBIR antagonist SR141716 led to increased in vitro insu-
lin stimulation of glucose transport activity in the soleus muscle of leptin-deficient obese
mice [9]. However, no study to date has simultaneously assessed the chronic effects of CBIR
antagonism on glucose tolerance, whole-body insulin sensitivity, and insulin action in skel-
etal muscles in a rat model of the metabolic syndrome and pre-diabetes, such as the obese
Zucker rat.

The impact of chronic CBIR antagonism on circulating lipids and tissue lipid storage has
recently been investigated. Chronic SR141716 treatment reduced circulating triglycerides in
rats fed a high-fat diet [11, 13] and in obese patients [14]. However, reports on the effect of
chronic CBIR antagonism on fasting plasma free fatty acid (FFA) levels are conflicting. One
investigative group [11] found no effect of chronic SR141716 treatment on FFA levels in rats
fed a high-fat diet, while there was a significant decrease in fasting plasma FFA after chron-
ic SR141716 treatment in obese Zucker rats [15] and mice with diet-induced obesity [16].
Moreover, chronic SR141716 treatment (21 days) of rats with diet-induced obesity was asso-
ciated with a significant increase in hepatic triglyceride storage [11], while 28 days of SR141716
treatment led to a small and statistically insignificant decrease in liver triglycerides [13]. Tri-
glyceride storage in skeletal muscles was also assessed in this latter investigation, with vary-
ing effects of SR141716 treatment depending on the muscle type studied [13].

In the context of the foregoing information, the purpose of the present study was to de-
termine the effects of chronic CBIR antagonism (using SR141716) on body weight, visceral
fat, glucose tolerance, whole-body insulin sensitivity, and skeletal-muscle glucose transport,
and the involvement of associated signaling factors and plasma FFA in both insulin-sensi-
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tive, lean Zucker rats and insulin-resistant, obese Zucker rats. Moreover, we also assessed the
impact of a single dose of SR141716 on glucose tolerance, whole-body insulin sensitivity, and
skeletal-muscle glucose transport activity.

Methods

Animals and Treatments with SR141716

Female lean (Fa/-) and obese (fa/fa) Zucker rats were obtained from Harlan (Indianapolis, Ind.,
USA). Treatment began at 9-10 weeks of age, at which time the lean animals weighed 150-170 g and the
obese animals weighed 290-330 g. Animals were housed in pairs in a temperature-controlled (20-22°C)
room with a 12:12 h light-dark cycle (lights on from 7 a.m. to 7 p.m.) at the Central Animal Facility of the
University of Arizona. Ad libitum-fed and SR141716-treated animals had free access to chow (diet No.
7001; Teklad, Madison, Wisc., USA) and water. Pair-fed control animal group treatments were staggered
1 day after starting the SR141716-treated group, and this group was fed the average amount of chow con-
sumed by the SR141716-treated group. All procedures were approved by the Institutional Animal Care
and Use Committee at the University of Arizona.

Animals were separated into three groups of 4 animals for both lean and obese groups. Each group
was then matched for weight at the start of the respective treatments (160 = 2 g for lean and 301 * 2 g
for obese groups). Animals were treated intraperitoneally with either 10 mg/kg SR141716 or vehicle (20%
Tween 80 and 0.9% NaCl). Animal weights and 24-hour food consumption were measured at the same
time daily (~9 a.m.) for 14 days. SR141716 was pulverized and the powdered compound was mixed fresh
daily with 20% Tween 80 and 0.9% NaCl into a slurry of 0.5-ml doses, with each dose providing 10 mg/kg
active ingredient per animal. In the acute treatment study, animals were treated a single time with 10 mg/
kg SR141716, and 2 h later they underwent an OGTT or, at least 5 days later following another acute dos-
ing, an OGTT was used to assess soleus muscle glucose transport activity (see below).

Oral Glucose Tolerance Tests

On the 11th day of treatment, animals were food restricted overnight (chow was restricted to 4 g at
5 p.m. and was consumed immediately). Animals were subjected to an OGTT using 1 g/kg glucose feeding
by gavage. Blood (~0.25 ml) was collected from a tail snip at time 0 min (immediately before gavage), and
15, 30, 60, and 120 min after glucose administration. Whole blood was vortexed with EDTA (18 mmol/l
final concentration) and then centrifuged at 13,000 g for 30 s to isolate the plasma. Plasma was removed
and stored at -80°C until analysis. Following blood collection, animals were provided 2.5 ml of 0.9% sa-
line solution by subcutaneous injection to compensate for plasma loss during the OGTT. Plasma was
analyzed for glucose (Thermo Electron, Pittsburgh, Pa., USA), insulin (Linco Research, St. Charles, Mo.,
USA), and FFA (basal sample only; Wako, Richmond, Va., USA).

Determination of Muscle Glucose Transport Activity

Animals were treated a final time on day 14, 24 h prior to incubation. After an overnight food restric-
tion (4 g at 5 p.m. as before), animals were deeply anesthetized at 8 a.m. with pentobarbital sodium (50
mg/kg i.p.), and strips (25-35 mg) of one of the soleus muscles from each animal were prepared for in vi-
tro incubation in the unmounted state. Muscles were incubated for 60 min at 37°C in 3 ml of oxygenated
(95% O,, 5% CO,) Krebs-Henseleit buffer (KHB) containing 8 mmol/l glucose, 32 mmol/l mannitol, and
0.1% BSA (RIA grade; Sigma Chemical, St. Louis, Mo., USA), in the absence or presence of 5 mU/ml in-
sulin (Humulin R; Lilly, Indianapolis, Ind., USA). The incubated muscles were rinsed in 3 ml of oxygen-
ated KHB containing 40 mmol/l mannitol, 0.1% BSA, and insulin (if previously present) for 10 min at
37°C. After rinsing, the muscles were transferred to 2 ml of KHB containing 1 mmol/l 2-deoxy-[1,2-*H]-
glucose (300 pCi/mmol; Sigma Chemical), 39 mmol/l [U-*C]mannitol (0.8 pCi/mmol; ICN Radio-
chemicals, Irvine, Calif., USA), 0.1% BSA, and insulin (if previously present) at 37°C. At the end of this
final 20-min incubation, the muscles were removed, trimmed of excess connective tissue, quickly frozen
between aluminum blocks cooled with liquid nitrogen, and weighed. These muscles were dissolved in
0.5 ml 0.5 N NaOH, 5 ml scintillation cocktail was added, and the specific intracellular accumulation of
2-deoxyglucose was determined as described previously [17, 18].

33

KARGER

218.76.128.84 - 4/25/2017 9:51:42 AM

Downloaded by



http://dx.doi.org/10.1159%2F000322826

CardioRenal Cardiorenal Med 2011;1:31-44

Medicine DOI: 10.1159/000322826 ©2011 S. Karger AG, Basel
Published online: January 17, 2011 www.karger.com/crm

Lindborg et al.: Chronic CB1R Antagonism and Insulin Action

Assessment of Signaling Factor Functionality

From the remaining soleus muscle from each animal, two strips were prepared and incubated as de-
scribed above. After a 60-min incubation in the absence and presence of insulin, the muscle strips were
trimmed of excess connective tissue and frozen between aluminum blocks cooled with liquid nitrogen.
Frozen tissues were homogenized in 8 X volume of ice-cold lysis buffer (50 mmol/l HEPES). Homogenates
were incubated on ice for 20 min and then centrifuged at 13,000 g for 20 min at 4°C. Total protein con-
centration was determined using the BCA method (Sigma Chemical). Equal amounts of total protein were
separated by SDS-PAGE on 7.5, 10, or 12% polyacrylamide gels and transferred to nitrocellulose mem-
branes. To determine protein expression and functionality of insulin-dependent and insulin-independent
signaling factors, blots were incubated with commercially available antibodies against the signaling pro-
tein and the phosphorylated form of the protein. For the insulin-dependent signaling pathways, the fol-
lowing antibodies were used: glycogen synthase kinase (GSK) 3a/f (Upstate Biotechnology, Lake Placid,
N.Y., USA) and phospho-GSK3a/B Ser?'”?, protein kinase B (Akt) and phospho-Akt Ser*”? (all Cell Signal-
ing Technology, Beverly, Mass. USA). Additional signaling factors assessed were 5’-AMP-dependent pro-
tein kinase & (AMPKa), phospho-AMPKa Thr!72, p38 mitogen-activated protein kinase (MAPK) and
phospho-p38 MAPK Thr'8%/Tyr!8? (all Cell Signaling). After incubation with horseradish peroxidase-
conjugated secondary antibodies, proteins were visualized by enhanced chemiluminescence using the
ChemiDoc system (Bio-Rad, Hercules, Calif., USA). Band intensities were quantified using Quantity One
software (Bio-Rad).

Statistical Analysis

All values are expressed as means * SE. Differences between two group means were determined us-
ing an unpaired Student’s t test. When comparing more than two group means, data were analyzed by
one-way ANOVA with a post hoc Dunnett or Bonferroni test using SPSS software (version 17.0; SPSS,
Chicago, Ill., USA). A level of p < 0.05 was set for statistical significance.

Results

Effects of Chronic CBIR Antagonism on Food Consumption and Body Weight

CBIR antagonism with 10 mg/kg SR141716 significantly (p < 0.05) decreased food con-
sumption in both the lean (64%) and obese (31%) animals 24 h after initiation of the treat-
ment compared to controls allowed to eat ad libitum (fig. 1a, b). The SR141716-treated ani-
mals continued to consume significantly less chow than the ad libitum-fed controls until day
10 for the lean animals and day 14 for the obese animals. Body weight was also significantly
reduced in the SR141716-treated animals compared to the ad libitum-fed control group by
day 5 (7%) for the lean animals and by day 6 (8%) for the obese animals (fig. 1c, d). This re-
duction in body weight was maintained throughout the remainder of the study. There were
no significant differences in food consumption and body weight between the SR141716-
treated group and the pair-fed control group in either phenotype.

Visceral fat mass was slightly less (~0.5 g or 12%) in the lean pair-fed group compared
to the lean ad libitum-fed group (fig. le), with the largest decrease observed in the chroni-
cally SR141716-treated lean Zucker rats compared to both the lean ad libitum-fed group
(~2.5 g or 59%) and the lean pair-fed control group (~2.0 g or 54%). Moreover, compared to
the obese ad libitum-fed group, visceral fat mass was decreased by pair feeding (~9 g or 21%)
and slightly more by SR141716 treatment in the obese Zucker rats (~10 g or 23%; fig. 1f).

Glucose Tolerance and Insulin Sensitivity following Chronic CBIR Antagonism

Fasting plasma glucose levels were significantly decreased in lean pair-fed and SR141716-
treated animals compared to lean ad libitum-fed controls (fig. 2a), being associated with sig-
nificantly elevated fasting insulin levels in both the lean pair-fed control and lean SR141716-
treated groups (fig. 2b). While fasting plasma insulin and glucose levels were not altered in
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Fig. 1. Food consumption (a, b), body weight (¢, d), and final visceral fat mass (e, f) of lean (a, ¢, ) and obese
Zucker rats (b, d, f) during chronic treatment with SR141716. Values for food consumption are means *
SE of chow consumed during the previous 24-hour period. Body weight and final visceral fat mass values
are the means * SE for 4 animals per group. * p < 0.05, SR141716-treated group or pair-fed group vs. ad
libitum-fed group (analyzed by one-way ANOVA with a Bonferroni post hoc test).

obese pair-fed and SR141716-treated animals compared to the obese controls (fig. 2d), there
was a trend to decreased fasting plasma insulin levels in these two groups (fig. 2e). In both
lean and obese animals, fasting plasma FFA levels were significantly reduced in the respec-
tive ad libitum-fed animals (fig. 2¢, ), being further reduced by CBIR antagonism.

During the OGTT, the glucose excursions over the first 30 min in the lean pair-fed and
SR141716-treated groups were significantly less compared to the lean ad libitum-fed con-
trols, whereas these values did not differ among lean groups at 60 and 120 min (fig. 3a). The
glucose area under the curve (AUC) during the OGTT was significantly decreased in the
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Fig. 2. Fasting plasma glucose (a, d), insulin (b, e), and FFA (¢, f) in lean (a-c) and obese Zucker rats (d-f)
after chronic treatment with SR141716. Values are means £ SE for 4 animals per group. * p <0.05 vs. ad
libitum-fed group (analyzed by one-way ANOVA, with a Dunnett post hoc test).

lean SR141716-treated group compared to the lean ad libitum-fed control group (fig. 3¢). In
the lean pair-fed and lean SR141716-treated groups, first-phase insulin secretion was de-
creased compared to the lean ad libitum-fed control group (fig. 3b). Moreover, this peak
insulin value during the OGTT was significantly lower in the lean SR141716-treated group
compared to the lean pair-fed group at the 60- and 120-min time points. Consequently, the
insulin AUC in the lean pair-fed group was greater compared to the AUC of both the lean
ad libitum-fed and the SR141716-treated groups (fig. 3d). Likewise, the glucose-insulin in-
dex (an inverse measure of insulin sensitivity [19]) was significantly increased in the lean
pair-fed group compared to the lean ad libitum-fed control group (fig. 3e), indicating that
this particular dietary manipulation leads to whole-body insulin resistance. Importantly,
however, this increase in insulin resistance was ablated by SR141716 treatment in the lean
animals.

In the obese Zucker rats, the excursion of blood glucose during the OGTT was not al-
tered by reduced food consumption or chronic CBIR antagonism (fig. 3f, h). However, the
excursion of insulin levels was reduced with pair feeding and was markedly and significant-
ly diminished further with SR141716 treatment in the obese animals (fig. 3g, i). The glucose-
insulin index was significantly decreased in the obese group treated chronically with
SR141716 compared to the obese ad libitum-fed group (fig. 3j), reflecting a significant en-
hancement of whole-body insulin sensitivity induced by the chronic CBIR antagonism in
these obese animals.
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Fig. 3. Glucose tolerance (a, ¢, f, h) and insulin sensitivity (b, d, g, i) in lean (a-e) and obese Zucker rats
(f-j) after chronic treatment with SR141716. Glucose and insulin responses were assessed during an OGTT
(a, b, f, g), and total AUC were calculated (c, d, h, i). The glucose-insulin index, inversely related to insulin
sensitivity, was calculated as the product of the glucose and insulin AUC (e, j). Values are means *+ SE for
4 animals per group. * p < 0.05, SR141716-treated group vs. ad libitum-fed group; * p < 0.05, SR141716-
treated group vs. pair-fed group (analyzed by one-way ANOVA, with a Dunnett post hoc test).

Effects of Chronic SR141716 Treatment on Soleus Muscle Glucose Transport

There was no alteration in the basal glucose transport activity in the soleus muscle of ei-
ther the lean or obese Zucker rats with pair feeding (fig. 4a, c). There was a small, but signifi-
cant, decrease in basal glucose transport in the lean SR141716-treated group compared to the
lean ad libitum-fed control group; this difference was not observed in the obese animals. Im-
portantly, insulin-stimulated glucose transport activity was significantly increased in the so-
leus muscle following chronic CBIR antagonism in both the lean and obese groups (fig. 4b, d).
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Regulation of Signaling Elements Associated with Glucose Transport after Chronic

SR141716 Treatment

This increase in insulin-stimulated glucose transport activity in the soleus muscle of the
lean and obese animals treated chronically with SR141716 (fig. 4) was not associated with
altered functionality of key glucose transport signaling proteins (fig. 5). Basal and insulin-
stimulated phosphorylation of Akt (Ser*’?), GSK3@ (Ser®), as well as the phosphorylation
states of AMPKa (Thr'7?) and p38 MAPK (Thr'8%/Tyr'8?), did not differ among the groups
within the lean or obese phenotypes.

Chronic treatment with SR141716 did not alter Akt Ser*”* phosphorylation in vivo in the
liver or plantaris of lean and obese Zucker rats, whether expressed only as the absolute ratio
of the phosphorylated protein and the total Akt protein or expressed relative to the fasting
plasma insulin level in the animals (data not shown).

Effect of Acute SR141716 Treatment on Glucose Tolerance and Skeletal-Muscle Glucose

Transport Activity

An acute (2-hour) in vivo treatment with SR141716 did not alter basal or insulin-stimu-
lated glucose transport activity in the soleus of lean or obese Zucker rats (data not shown),
nor did this acute treatment alter the glucose and insulin responses to a glucose challenge in
lean animals (data not shown). Glucose tolerance was not altered in the obese animals by
acute SR141716 treatment (fig. 6a, c). However, acute SR141716 treatment of the obese Zuck-
er rats significantly (p < 0.05) reduced insulin levels at the 60- and 120-min time points com-
pared to the vehicle-treated obese animals (fig. 6b), which was associated with a diminished
insulin AUC (fig. 6d). Despite the decreased insulin AUC in the obese group treated acutely
with SR141716, there was only a modest, and statistically insignificant, improvement in
whole-body insulin sensitivity, as measured by the glucose-insulin index (fig. 6e).
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Fig. 5. Effect of chronic SR141716 treatment on signaling factors involved in the regulation of glucose
transport activity in soleus muscles from lean and obese Zucker rats. Muscle strips were incubated in the
absence or presence of insulin (5 mU/ml). Phosphorylation of Akt (Ser*’?), GSK3 (Ser®), AMPKa (Thr!72),
and p38 MAPK (Thr'8%/Tyr'8?) was expressed relative to total protein level of the signaling element. Values

are means * SE for 4 muscles per group. RU = Relative units.

39

KARGER

218.76.128.84 - 4/25/2017 9:51:42 AM

Downloaded by:



CardioRenal Cardiorenal Med 2011;1:31-44

Medicine DOI: 10.1159/000322826 ©2011 S. Karger AG, Basel
Published online: January 17, 2011 www.karger.com/crm

Lindborg et al.: Chronic CB1R Antagonism and Insulin Action

300 400 4 —o— Vehicle
5 = 3004 —O— SR141716
S 200 5
£ E
v c 200
S 100 ]
o 2 *
= 100
Iv] £ *
O T T T T 1 0 T T T 1
0 15 30 60 120 0 15 30 60 120
a Time (min) b Time (min)
30 30 4 _
800 [ Vehicle
25 - 25 - * 700 + W SR141716
z 7 © 600 -
22 204 ST 204 x 2
< £ x & S % 500
Y 0] =)
2 X 15+ 3 X 154 o D 4004
ke < g v <
25 £35 S £ 3004
gé 10 é e 10 H G:S _3
G c c 200
54 5+
100
4 0 d 0 e 0

Fig. 6. Effect of acute treatment of obese Zucker rats with SR141716 on glucose (a) and insulin responses
(b) during an OGT'T; total AUC for glucose (c), insulin (d) and the glucose-insulin index (e) were also cal-
culated. Data were analyzed as described in figure 3. Values are means * SE for 4 animals per group.
¥ p < 0.05, vehicle-treated control group vs. acute SR141716-treated group (analyzed using an unpaired
Student’s t test).

Discussion

In the present study, we addressed for the first time the impact of chronic in vivo an-
tagonism of the CBIR system using SR141716 on glucose tolerance, whole-body insulin sen-
sitivity, and regulation of the insulin-dependent glucose transport system in skeletal muscles
of both female insulin-sensitive, lean Zucker rats and female insulin-resistant, obese Zucker
rats, the latter being a rodent model of the metabolic syndrome and pre-diabetes. A number
of important findings have emerged from this study. We have demonstrated for the first time
that, relative to pair-fed controls of the same phenotype, chronic CBIR antagonism with
SR141716 improved whole-body insulin sensitivity in both lean (fig. 3e) and obese (fig. 3j)
Zucker rats, but these improvements in insulin sensitivity were associated with different
metabolic adaptations in the two phenotypes. In the lean animals, chronic CBIR antagonism
was associated with a reduced glucose response during the OGTT (fig. 3a, ¢), while the insu-
lin response was diminished compared to that of the corresponding pair-fed group (fig. 3b,
d), leading to a lower glucose-insulin index (fig. 3e), indicative of enhanced peripheral insu-
lin sensitivity. In contrast, in the obese animals, chronic SR141716 treatment had no absolute
effect on glucose tolerance (fig. 3f, h), but was associated with a dramatically reduced insulin
response to the glucose challenge (fig. 3g, i), resulting in a significant increase in insulin sen-
sitivity compared to both ad libitum- and pair-fed controls (fig. 3j).

Our findings on the effects of chronic CBIR antagonism in the female obese Zucker rat
on glucose and insulin responses to a glucose challenge differ in important ways from previ-
ous investigations. For example, a 15-day treatment with SR141716 (10 mg/kg) of male obese
Zucker rats did induce reduced insulin secretion during an OGTT, but was associated with
significantly higher glucose levels compared to vehicle-treated controls [12]. Interestingly,
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after 1 month of treatment with SR141716 in these male obese animals, the insulin response
during the OGTT remained diminished, but the glucose response was not different from
vehicle-treated control values [12]. Our findings also contrast with a recent study in diet-
induced obese rats, in which chronic treatment with SR141716 did not alter glucose levels or
insulin secretion during a glucose tolerance test [11]. However, these diet-induced obese an-
imals did display a significant increase in the rate of glucose disappearance during an insu-
lin tolerance test [11], indicative of increased whole-body insulin sensitivity.

A further novel finding of the present investigation is the observation that chronic CB1R
antagonism with SR141716 led to significant increases in insulin-stimulated glucose trans-
port activity in isolated soleus muscle preparations from both lean and obese Zucker rats
(tig. 4). Even though there was a significant increase in insulin-stimulated glucose transport
activity in the soleus of both the lean and obese animals following chronic CB1R antagonism,
we could not detect any alteration in the functionality of key signaling proteins involved in
the regulation of insulin-dependent or insulin-independent glucose transport systems, in-
cluding the phosphorylation of Akt, GSK33, AMPKa, and p38 MAPK (fig. 5). This was not
unexpected, considering our recent finding that direct CB1R antagonism with SR141716 in
incubated soleus muscle strips of lean and obese Zucker rats improved insulin-stimulated
glucose transport activity without altering the functionality of these key signaling proteins
[20]. While several studies utilizing cultured muscle cells have shown altered phosphoryla-
tion of Akt, GSK33, and AMPKa with modulation of the CB1R system [21-25], these altera-
tions have yet to be reproduced in vivo or in vitro with actual mammalian skeletal muscles.
Moreover, we measured in vivo Ser’”® phosphorylation of Akt in tissues such as the plan-
taris muscle and the liver (data not shown) and again could not demonstrate any change in
this parameter with chronic CBIR antagonism, further indicating that Akt does not appear
to be a direct target of CB1R in metabolically active tissues.

Elevated levels of plasma FFA are associated with insulin resistance and decreased glu-
cose transport activity in skeletal muscles [26-28 and recently reviewed in ref. 29]. In the
present study, we showed both a significant reduction in fasting plasma FFA (fig. 2) and an
increase in insulin-stimulated glucose transport in soleus muscle preparations from lean and
obese Zucker rats (fig. 4) that had been pair fed and, to a greater extent, treated chronically
with the selective CBIR antagonist SR141716, compared to the ad libitum-fed controls. This
finding is consistent with previous rodent studies that demonstrated a decrease in fasting
plasma FFA levels [15, 16], as well as a reduction in circulating triglyceride levels [11, 13, 24],
following chronic CBIR antagonism. Investigations in human subjects have also shown a
decrease in circulating triglycerides after 1 year of SR141716 treatment [14]. Whether a mech-
anistic connection between changes in circulating FFA levels and improvements in insulin
action on glucose transport activity in skeletal muscles exists following chronic modulation
of the CBIR system will require further investigation.

The present investigation can also shed light on the impact of transient reductions in
caloric intake by lean and obese rats on whole-body and skeletal-muscle insulin action and
glucose disposal. In both lean and obese animals, the initial caloric restriction was quite dra-
matic (31-64% reduction after 24 h), but slowly returned toward ad libitum-fed control levels
by the end of the 2-week period of the study (fig. 1). In lean animals, this transient caloric
restriction was associated with a reduction in fasting plasma glucose and FFA (fig. 2), and
improved glucose tolerance (fig. 3), but with an increase in fasting plasma insulin (fig. 2), an
exaggerated insulin excursion and a worsening of whole-body insulin sensitivity (fig. 3), and
no change in insulin-stimulated glucose transport (fig. 4) or insulin signaling (including Akt
phosphorylation) in skeletal muscles (fig. 5). This latter observation contrasts with results of
investigations on the impact of short-term, consistent caloric restriction (40% reduction for
20 days) in lean rodents, which have demonstrated an increase in insulin-stimulated glucose
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transport activity in skeletal muscles [30, 31] associated with enhanced Akt phosphorylation
[31, 32]. These findings indicate that the benefits of caloric restriction in a lean phenotype
appear to be dependent on the regimen being continuous, rather than transient, in nature.
Interestingly, the transient caloric restriction in the obese animals was associated with de-
creased fasting plasma insulin and FFA (fig. 2), small improvements in whole-body insulin
sensitivity (fig. 3), and insulin-stimulated glucose transport activity in skeletal muscles
(fig. 4), but again no change in muscle insulin signaling (fig. 5).

The only significant adaptation elicited by acute treatment of the obese Zucker rats with
SR141716 was a small reduction in the insulin response to a glucose challenge (fig. 6). This
acute SR141716-induced reduction in the insulin AUC (17%) was much less robust than that
brought about by chronic SR141716 treatment of these obese animals (39%; fig. 3). The acute
reduction in insulin secretion was accompanied by a slight, but statistically insignificant,
decrease in glucose tolerance, and was not associated with any significant change in whole-
body insulin sensitivity. Acute treatment of lean Zucker rats with SR141716 did not modulate
any of the metabolic variables measured. This latter finding contrasts with a previous study
in which acute CBIR antagonism with AM251 in lean male Wistar rats improved glucose
tolerance [10]. Taken together, these data provide evidence that the metabolic effects of
chronic SR141716 treatment of lean and obese Zucker rats are not due to the acute actions of
the CBIR antagonist, but rather are associated with the cumulative effects of chronic CBIR
antagonism.

In conclusion, it is clear that our understanding of the impact of chronic CBIR antago-
nism on peripheral, metabolically active tissues continues to increase. Results from the pres-
ent study, as well as from several others in the literature, support the concept that the endo-
cannabinoid system is an important component in the normal regulation of metabolic pa-
rameters [1, 7, 33, 34]. Obesity is known to cause dysregulation of the endocannabinoid
system [35, 36], leading to an elevation of circulating endogenous cannabinoid levels, and
activation of the endocannabinoid system has been linked to decreased glucose tolerance [10]
and insulin resistance in the whole body [37] and skeletal muscles [20]. The present investi-
gation has demonstrated that chronic antagonism of the CBIR with SR141716 is associated
with improved glucose tolerance, enhanced whole-body insulin sensitivity, a more favorable
lipid profile, and improved insulin-dependent glucose transport activity in skeletal muscles,
in both insulin-sensitive lean Zucker rats and insulin-resistant obese Zucker rats. The endo-
cannabinoid system should continue to be an important target in the design of interventions
for improving insulin action in conditions of obesity-associated whole-body and skeletal-
muscle insulin resistance.
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