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Research article

Extrapancreatic incretin receptors modulate
glucose homeostasis, body weight, and
energy expenditure
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The incretin hormones glucagon-like peptide-1 (GLP-1) and glucose-dependent insulinotropic polypeptide
(GIP) control glucose homeostasis through well-defined actions on the islet {3 cell via stimulation of insulin
secretion and preservation and expansion of § cell mass. We examined the importance of endogenous incretin
receptors for control of glucose homeostasis through analysis of Glp1r-/-, Gipr-/-,and double incretin receptor
knockout (DIRKO) mice fed a high-fat (HF) diet. DIRKO mice failed to upregulate levels of plasma insulin,
pancreatic insulin mRNA transcripts, and insulin content following several months of HF feeding. Both sin-
gle incretin receptor knockout and DIRKO mice exhibited resistance to diet-induced obesity, preservation of
insulin sensitivity, and increased energy expenditure associated with increased locomotor activity. Moreover,
plasma levels of plasminogen activator inhibitor-1 and resistin failed to increase significantly in DIRKO mice
after HF feeding, and the GIP receptor agonist [D-Ala,]GIP, but not the GLP-1 receptor agonist exendin-4,
increased the levels of plasma resistin in studies of both acute and chronic administration. These findings
extend our understanding of how endogenous incretin circuits regulate glucose homeostasis independent of

the {3 cell via control of adipokine secretion and energy expenditure.

Introduction
Gut hormones secreted in response to nutrient ingestion play essen-
tial roles at multiple levels in the regulation of energy homeostasis
(1). Enteroendocrine-derived peptides modulate gastrointestinal
motility and communicate signals regulating satiety to central
nervous system centers, initiating and terminating food ingestion.
Moreover, gut peptides, exemplified by glucagon-like peptide-2, reg-
ulate nutrient absorption and mucosal epithelial integrity, thereby
optimizing nutrient absorption. At least 2 gastrointestinal peptides,
glucagon-like peptide-1 (GLP-1) and glucose-dependent insulino-
tropic polypeptide (GIP), function as incretin hormones, potentiat-
ing insulin secretion in response to enteral nutrient signals (2, 3).
GLP-1 and GIP exhibit overlapping actions on the islet 3 cell via
interaction with structurally related yet distinct G protein-coupled
receptors (4). Activation of either the GLP-1 receptor (GLP-1R)
or the GIP receptor (GIPR) engages 3 cell signaling pathways cou-
pled to stimulation of insulin secretion in a glucose-dependent
manner. Both incretins also stimulate pathways regulating f§ cell
proliferation and inhibition of §§ cell apoptosis (5, 6). Although

Nonstandard abbreviations used: $3AR, f3; adrenergic receptor; AUC, area under
the curve; DIRKO, double incretin receptor knockout; Ex-4, exendin-4; GIP, glucose-
dependent insulinotropic polypeptide; GIPR, GIP receptor; GLP-1, glucagon-like
peptide-1; GLP-1R, GLP-1 receptor; HF, high-fat; HFF, high-fat feeding; PAI-1,
plasminogen activator inhibitor-1; RC, regular chow; UCP-1, uncoupling protein-1.
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GLP-1 actions on insulin secretion remain intact in the setting of
experimental or clinical diabetes, the insulinotropic action of GIP is
impaired in the context of diabetes, but the defect(s) leading to loss
of GIP action on the diabetic f§ cell remain poorly understood (7).

GLP-1 and GIP also have effects independent of insulin secre-
tion. GLP-1 inhibits glucagon secretion and gastric emptying,
leading to reduction of blood glucose even in subjects with type 1
diabetes (8, 9). Furthermore, GLP-1R agonists act as satiety fac-
tors (10), reducing food intake and inducing weight loss follow-
ing chronic administration in both preclinical and clinical studies
(11, 12). In contrast, GIP acts as an anabolic factor for bone (13)
and stimulates insulin-dependent glucose uptake and lipoprotein
lipase activity in adipose tissue (14, 15).

The majority of incretin actions have been delineated in pharma-
cologic studies employing exogenous administration of GLP-1 and
GIP, often resulting in supraphysiologic levels of circulating incre-
tin hormones. Conversely, the importance of endogenous incretin
action for glucose homeostasis has been studied using peptide
antagonists, immunoneutralizing antibodies, and targeted dis-
ruption of incretin receptor gene expression (16-18). Surprisingly,
despite the potent glucose-lowering actions of exogenous incre-
tin receptor agonists, disruption of incretin action produces only
modest perturbations in glucose homeostasis (16-20).

One potential explanation for the mild glucose intolerance
observed in single incretin receptor knockout mice (17, 18) invokes
upregulation of compensatory factors, particularly enhanced activ-
ity of the remaining incretin. Support for this hypothesis is derived
from observations that GlpIr~/- mice exhibit increased circulating
levels of GIP and selectively enhanced sensitivity to the insulinotro-
pic actions of GIP both in vitro and in vivo (21). Moreover, results
of complementary studies in Gipr~/~ mice reveal normal circulating
levels of GLP-1 but enhanced sensitivity to GLP-1 action (22).
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Figure 1

DIRKO mice exhibit reduced weight gain and impaired glucose tolerance on HF diet. (A) Body weight gain in WT and DIRKO mice on RC or HF
diet (n = 8-13 per group). (B and C) Oral glucose tolerance in WT (B) and DIRKO mice (C) fed RC or HF diet for 12 weeks (n = 68 per group).
At right, plasma insulin concentrations obtained 10 minutes after glucose administration (top; n = 6—8 per group) and quantification of AUC for the
total glycemic excursions (bottom; n = 68 per group). (D) Plasma insulin/glucose ratios (ng/ml to mmol/l) at the 10-20 minute time point following

glucose administration (n = 6-8 per group). *P < 0.05, ***P < 0.001 ve

To delineate the physiologic importance of incretin action,
we generated double incretin receptor knockout (DIRKO) mice.
Surprisingly, DIRKO mice exhibit only modest perturbations in
glucose homeostasis and retain normal insulin sensitivity despite
complete disruption of both incretin receptors (23, 24). We
hypothesized that the physiologic importance of combined GLP-1
and GIPR action for glucose homeostasis would be unmasked in
the presence of a metabolic stress such as chronic high-fat feeding
(HFF). We found that DIRKO mice exhibited multiple defects in
the adaptive f3 cell response to HFF together with abnormal regu-
lation of plasma adipokines. Unexpectedly, disruption of incretin
receptor action in single incretin receptor knockout mice and in
DIRKO mice was also associated with enhanced locomotor activ-
ity, increased energy expenditure, and resistance to diet-induced
obesity. These results delineate what we believe to be new aspects
of endogenous incretin receptor action that are critically impor-
tant for control of glucose homeostasis and body weight.

Results
DIRKO mice are resistant to high-fat diet—induced obesity. To examine
the physiologic role(s) of incretin action for the control of glucose
homeostasis, male WT, GlpIr7/-, Gipr/-,and DIRKO mice were placed
on regular chow (RC) or a high-fat (HF) diet for 20 weeks beginning
at 9 weeks of age. Although WT mice fed HF diet displayed accelerat-
ed weight gain compared with RC-fed WT mice (Figure 1A), DIRKO
mice failed to exhibit significant weight gain on HF diet. In contrast,
Glplr/ and Gipr-/- mice gained small but significant amounts of
weight on HF diet (Supplemental Figure 1, B and C; supplemental
144
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rsus WT-RC; #*#P < 0.001 versus WT-HF; $8P < 0.01 versus DIRKO-RC.

material available online with this article; doi:10.1172/JCI25483DS1).
Furthermore, DIRKO mice on RC weighed significantly less than did
their WT counterparts (Figure 1A).

Defective {3 cell function in HF diet—fed DIRKO mice. To determine
whether HEF impairs f cell function in DIRKO mice despite the
absence of obesity, we assessed oral glucose tolerance after 12 weeks
of HFF. Although WT mice gained significantly more weight relative
to DIRKO mice on the HF diet, the deterioration in glucose toler-
ance was comparable between WT and DIRKO mice after 12 weeks of
HEFF (Figure 1, B and C). Plasma levels of glucose-stimulated insulin
increased more than 3-fold in WT mice after HFF (RC, 0.58 + 0.05
ng/ml; HF diet, 2.07 + 0.38 ng/ml; n = 7-8 per group; P < 0.001; Fig-
ure 1B). In contrast, despite a greater increase in area under the curve
(AUC) glucose following glucose loading in DIRKO mice, plasma
insulin levels were lower in RC-fed DIRKO mice compared with those
of RC-fed WT mice (Figure 1, B and C) and failed to increase signifi-
cantly after oral glucose challenge (RC, 0.37 + 0.02 ng/ml; HF diet,
0.49 + 0.04 ng/ml; n = 8) despite a significant increase in AUC glucose
after HEF (Figure 1C). Consistent with these findings, the insulin/
glucose ratio increased significantly in WT mice but not in DIRKO
mice after 12 weeks of HFF (Figure 1D). Hence, DIRKO mice exhibit
deterioration of glucose tolerance and an inability to upregulate
plasma levels of insulin following HFF. Although both GlpIr/- and
Gipr-/- mice exhibited deterioration in glucose tolerance following
HFF, the impairment in glucose tolerance was more pronounced in
Glp1r-/- mice, which showed a higher AUC glucose despite greater
augmentation of glucose-stimulated insulin secretion compared
with Gipr/- mice (Supplemental Figure 1, E and F).
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Analyses of the endocrine pancreas in WT and DIRKO mice. Following 20 weeks on RC or HF diet, nonfasted WT and DIRKO mice were
euthanized, and pancreata were harvested for assessment of insulin mRNA and insulin content as well as for histological and morphometric
analyses. Blood was also obtained by cardiac puncture for measurement of ambient levels of circulating insulin. (A) Pancreatic histology and
immunohistochemical staining for insulin in sections from WT and DIRKO mice. Original magnification, x100. (B) Percent total § cell area per
total pancreatic area (n = 5-9 per group). (C) Total islet number per total pancreatic area in um?2 (n = 6-9 per group). (D) Number of BrdU+
B cells per islet (n = 4-7 per group). (E) Insulin mRNA levels in pancreata from mice (n = 7-8 per group). (F) Pancreatic insulin content in WT and
DIRKO mice (n = 7-10 per group). (G) Ambient levels of plasma insulin (n = 8-12 per group). *P < 0.05, **P < 0.01, ***P < 0.001 versus WT-RC;

#P < 0.05, ##P < 0.001 versus WT-HF; P < 0.05 versus DIRKO-RC.

As GLP-1 and GIP regulate B cell growth and survival, we
examined whether the f cell response to HFF was compromised
in DIRKO mice. WT mice exhibited larger and more numerous
islets following 20 weeks of HFF (Figure 2, A and B), with signifi-
cant increases in [ cell area and islet number observed relative to
RC-fed WT mice (approximately 2.2- and 1.3-fold, respectively;
Figure 2, B and C). Although f3 cell area and islet number increased
significantly in WT and DIRKO mice after HFF (Figure 2, B and
C), HF diet-fed DIRKO mice exhibited significantly lower {3 cell
area and fewer islets compared with their HF diet-fed WT counter-
parts (Figure 2C). Moreover, {3 cell proliferation as assessed by the
number of BrdU" 8 cells was significantly lower in DIRKO relative
to WT mice after 20 weeks of HFF (Figure 2D).

Exogenous administration of GLP-1 and GIP has been shown to
increase insulin biosynthesis via induction of insulin gene expres-
sion (25, 26); however, basal pancreatic insulin content is normal
in DIRKO mice on RC (23, 24). Following 20 weeks of HFF, levels
of pancreatic insulin mRNA (Figure 2E) and insulin content (Figure
2F) were markedly increased in WT mice compared with those of
RC-fed WT mice. In contrast, both single incretin receptor knock-
out mice (Supplemental Figure 2B) and DIRKO mice (Figure 2F)
failed to exhibit significant increases in pancreatic insulin levels
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after HFF. Furthermore, although circulating levels of plasma insu-
lin increased greater than 5-fold in HF diet-fed WT mice, plasma
insulin levels were not significantly increased in DIRKO mice (Fig-
ure 2G) or in single incretin receptor knockout mice (Supplemen-
tal Figure 2C) following 20 weeks of HFF. Taken together, these
findings demonstrate multiple defects in the f cell response to
metabolic stress induced by HFF in both single incretin receptor
knockout and DIRKO mice.

The comparatively modest deterioration in glucose tolerance in
DIRKO mice despite the failure to augment insulin biosynthesis
or increase plasma levels of insulin after prolonged exposure to
increased dietary fat prompted us to examine insulin sensitivity via
insulin tolerance testing. Gipr7/- mice exhibit resistance to obesity
and preserved insulin sensitivity following prolonged HFF (15),
whereas DIRKO mice were previously shown to exhibit normal
insulin sensitivity on a regular diet (23, 24). We hypothesized that
HF diet-fed DIRKO mice evolved a compensatory preservation of
insulin sensitivity. As expected, WT mice exhibited a significantly
blunted hypoglycemic response to insulin following 19 weeks of
HFF (Figure 3, A and B). In contrast, the hypoglycemic response
to insulin was not significantly different in single incretin recep-
tor knockout mice (Supplemental Figure 3B) or DIRKO mice after
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DIRKO mice are protected from HF diet-induced insulin resistance. (A) Glucose levels during an insulin tolerance test in RC- and HF diet—fed
WT and DIRKO mice (n = 8-9 per group). After 19 weeks of HFF, WT and DIRKO mice were fasted for 5 hours and subsequently injected with
1.2 U/kg insulin. Blood glucose levels were monitored for 4 hours following insulin administration. (B) Glucose levels during an insulin tolerance
test expressed as percentage of baseline blood glucose values in WT and DIRKO mice. (C) Quantification of AUC for the total glycemic excur-
sions in A and AUC normalized to fat mass. (D) Weights of total body fat and lean mass normalized to body weight (n = 8-9 per group) in WT
and DIRKO mice fed RC or HF diet for 19 weeks as assessed by MRI. (E) Weights of perirenal, epididymal, and inguinal fat pads normalized to
body weight (n = 8-12 per group). (F) Weight of brown adipose tissue (BAT) normalized to body weight (n = 8—12 per group). (G-I) Histological
analyses of (G) liver, (H) epididymal white adipose tissue (WAT), and (I) brown adipose tissue from WT and DIRKO mice fed RC or HF diet.
Sections were stained with H&E. Original magnification, x200. *P < 0.05, **P < 0.01, ***P < 0.001 versus WT-RC; ##P < 0.001 versus WT-HF;
§5P < 0.01, 8P < 0.001 versus DIRKO-RC.
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Figure 4

Increased energy expenditure in DIRKO mice. (A) Following an overnight fast (16—18 hours), WT and DIRKO mice were placed in individual
cages, and food intake was monitored over 24 hours (n = 7—8 per group). Data are expressed as kcal consumed per day, kcal consumed per
gram of body weight per day, and kcal consumed per gram of fat mass per day. (B) Oxygen consumption (VO,) was measured during the light
and dark cycles in WT and DIRKO mice (n = 8 per group). (C) Total oxygen consumption over the light and dark phases, resting oxygen con-
sumption (oxygen consumption over the light phase), and total and resting oxygen consumption normalized to fat mass. (D) Assessment of physi-
cal activity (as described in Methods) during the light and dark cycles in WT and DIRKO mice (n = 4—6 per group). At right, data are expressed as
total physical activity over the light and dark cycles. (E) Expression of $3AR mRNA levels in epididymal white adipose tissue (n = 57 per group)
relative to 18S. (F) Expression of UCP-1 in brown adipose tissue (n = 56 per group) relative to 18S. *P < 0.05, **P < 0.01, ***P < 0.001 versus
WT-RC; #*P < 0.05, #P < 0.01, #*##P < 0.001 versus WT-HF; §P < 0.05, §P < 0.01, $85P < 0.001 versus DIRKO-RC.

19 weeks of HFF compared with their respective RC-fed controls
(Figure 3, A and B), which suggests relative preservation of insulin
sensitivity following HFF. Furthermore, the AUC glucose following
insulin administration was similar in HF diet-fed WT and DIRKO
mice after correction for fat mass (Figure 3C).

One potential explanation for preservation of insulin sensitivity
may be resistance to weight gain and decreased fat mass in DIRKO
mice despite prolonged HFF. WT mice exhibited increased total fat
mass following HFF when normalized for body weight, whereas
DIRKO mice had significantly less body fat and a greater propor-
tion of lean mass despite HFF (Figure 3D). Furthermore, DIRKO
mice exhibited decreased fat pad weight after RC feeding (Figure
3E). Nevertheless, fat pad weight increased significantly in each
depot after HFF in Glp1r-/- and Gipr”/- mice (Supplemental Figure
3C) as well as DIRKO mice (Figure 3E). In contrast, brown adipose
tissue weight increased significantly in WT but not in DIRKO mice
after HFF (Figure 3F). Hepatocytes from WT mice exhibited mark-
edly increased lipid accumulation following HFF; however, single
incretin receptor knockout mice (Supplemental Figure 3E) and
DIRKO mice (Figure 3G) exhibited no clear increase in hepatic
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lipid accumulation after 20 weeks of HFF. Although DIRKO adi-
pocytes appeared smaller relative to WT adipocytes on RC, DIRKO,
Glp1r/-,and Gipr-/- epididymal adipocytes increased in size after 20
weeks of HFF (Figure 3H and Supplemental Figure 3F). In contrast,
brown adipocytes from DIRKO mice failed to accumulate signifi-
cant amounts of lipid following HFF (Figure 3I).

DIRKO mice exhibit increased energy expenditure. Analysis of basal
energy intake in WT and DIRKO mice 1 week prior to the start
of HFF did not reveal any significant differences in energy intake,
neither in absolute terms nor when normalized to body weight
(Supplemental Figure 4A). However, DIRKO mice exhibited sig-
nificantly higher rates of oxygen consumption compared with
WT controls throughout the light and dark cycles, indicative of
increased energy expenditure (Supplemental Figure 4B). Although
no significant differences were observed in the absolute amount
of total kcal consumed over 24 hours between WT and DIRKO
mice fed HF diet, both RC- and HF diet-fed DIRKO mice were
significantly more hyperphagic when food consumption was cor-
rected for body weight or fat mass (Figure 4A), despite gaining
less weight on both diets (Figure 1A). Consistent with the possi-
Number 1 147
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bility that GLP-1 functions as an endogenous satiety factor (10),
Glp1r~- mice exhibited increased energy intake on both RC and
HF diet compared with WT and Gipr/~ mice (Supplemental Figure
5A). Both single incretin receptor knockout mice (Supplemental
Figure 5, B and C) and DIRKO mice (Figure 4, B and C) demon-
strated oxygen consumption rates significantly higher than those
of their WT counterparts throughout the light and dark cycles on
both RC and HF diet. Furthermore, whereas HF diet-fed WT mice
exhibited significantly lowered oxygen consumption compared
with their RC-fed counterparts, single incretin receptor knockout
mice and DIRKO mice failed to exhibit reduced oxygen consump-
tion on HF diet (Figure 4, B and C, and Supplemental Figure 5, B
and C), and energy expenditure remained significantly increased in
HF diet-fed DIRKO mice compared with their RC- or HF diet-fed
WT counterparts when normalized for body fat content (Figure
4C). As icv GLP-1 may induce malaise associated with reduced
locomotor activity, we assessed locomotor activity in RC-fed WT
mice, single incretin receptor knockout mice, and DIRKO mice.
Remarkably, DIRKO mice exhibited significantly increased loco-
motor activity relative to WT mice (Figure 4D). Furthermore, sig-
nificant increases in locomotor activity were also observed in both
Glp1r~~and Gipr7~ mice (Supplemental Figure 5D).

As the B3 adrenergic receptor ($3AR) plays an important role in
the regulation of energy balance (27), we examined B;AR expres-
sion in white adipose tissue. HF diet-fed WT mice demonstrated
markedly reduced ;AR mRNA transcripts (Figure 4E). In contrast,
the levels of 3AR mRNA transcripts were significantly increased in
RC-fed GlpIr~-, Gipr/-, and DIRKO mice compared with RC-fed
WT mice and were only partially suppressed following HFF (Fig-
ure 4E and Supplemental Figure SE). Furthermore, mRNA levels
of uncoupling protein—1 (UCP-1) in brown adipose tissue from HF
diet-fed Gipr-/- and DIRKO mice were significantly increased com-
pared with HF diet-fed WT mice (Figure 4F and Supplemental
Figure SF). Taken together, these findings suggest that multiple
mechanisms contribute to increased energy expenditure and the
prevention of HF diet-induced obesity in DIRKO mice.

Circulating adipokines in DIRKO mice. GIP, but not GLP-1, has
been postulated to exert direct metabolic actions in fat tissue
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(14); however, whether enhancement or loss of incretin receptor
signaling modifies adipokine secretion has not to our knowledge
been examined previously. Plasma levels of TNF-a were unde-
tectable in all mice (data not shown). Although levels of plasma
leptin increased in both WT and DIRKO mice after HFF, leptin
levels in HF diet-fed DIRKO mice remained approximately 3-fold
lower than those in HF diet-fed WT mice (Figure SA). Similarly,
leptin levels increased in single incretin receptor knockout mice
following HFF but remained significantly lower than those of HF
diet-fed WT mice (Supplemental Figure 6A). Surprisingly, while
no significant changes in circulating adiponectin were detected in
WT, Glplr/-, or DIRKO mice after HFF (Figure SB and Supple-
mental Figure 6B), adiponectin levels were significantly increased
in Gipr~/- mice (Supplemental Figure 6B). Furthermore, DIRKO
mice failed to exhibit increased circulating levels of either resistin
or plasminogen activator inhibitor-1 (PAI-1) following HFF (Fig-
ure 5, C and D), whereas the levels of resistin and PAI-1 increased
significantly following HFF in Gipr~/- and GlpIr-/- mice, respec-
tively (Supplemental Figure 6, C and D).

Activation of GIPR, but not GLP-1R, increases plasma resistin in WT
and GlpIr~~ mice. The findings of reduced levels of plasma leptin
as well as defective upregulation of PAI-1 and resistin in HF diet-
fed DIRKO mice relative to WT mice prompted us to ascertain
whether these differences arose as a result of abnormalities inher-
ent in DIRKO adipocytes or whether they reflected a previously
unrecognized role for GLP-1R and/or GIPR in the regulation of
plasma adipokines. The GLP-1R agonist exendin-4 (Ex-4) had
no significant effect on circulating levels of leptin or PAI-1 (data
not shown) or resistin in WT mice (Figure 6A), GlpIr~~ mice (Fig-
ure 6B), or Gipr~~ mice (Figure 6C). In contrast, although acute
[D-Ala,]GIP administration had no significant effect on levels of
leptin or PAI-1 (data not shown), circulating levels of resistin were
significantly increased after [D-Ala,|GIP administration in WT
and GlpIr7~ mice, but not in Gipr7~ mice (Figure 6, A-C).

Chronic administration of [D-Ala;]GIP increases plasma resistin in HF
diet—fed WT mice. To determine whether chronic exposure to incre-
tin receptor agonists modulates adipokine levels in WT mice, we
administered 24 nmol/kg of [D-Ala,|GIP or Ex-4 twice daily for
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Figure 6

Resistin secretion stimulated by [D-Ala,]GIP in WT and Gipr-- mice. (A—C) Effect of 24 nmol/kg [D-Ala,]GIP or Ex-4 on resistin secretion in
10-week-old (A) WT, (B) Glp1r-, and (C) Gipr’- mice following an oral glucose load (n = 5-15 per group). Mice were fasted overnight, after
which PBS or peptide was administered immediately prior to oral glucose loading. Mice were euthanized at 45 minutes following peptide/glucose

administration, and cardiac blood was obtained. *P < 0.05, ***P < 0.001 versus PBS and Ex-4.

2 weeks to HF diet-fed mice. Treatment with Ex-4 resulted in a
significant decrease in adiposity and a concomitant reduction in
plasma leptin but no change in resistin levels (Figure 7, A-C). In
contrast, treatment with [D-Ala,|GIP significantly increased levels
of plasma resistin (Figure 7C) independent of changes in fat mass
or plasma leptin (Figure 7, A-C).

Discussion

The enteroinsular axis, a term defined by Unger and Eisentraut
(28), describes the phenomena of greater insulin release when
nutrients are taken orally versus intravenously, even under condi-
tions of an isoglycemic load. GIP and GLP-1 are believed to rep-
resent the predominant incretins, and disruption of each incretin
receptor gene in mice produces glucose intolerance together with
defects in glucose-stimulated insulin secretion (17, 18). Further-
more, exogenous administration of GIP or GLP-1 potentiates glu-
cose-dependent insulin secretion (29). Hence the results of both
gain- and loss-of-function studies support the physiologic and
pharmacologic importance of incretin action for control of meal-
stimulated insulin secretion.

More recent studies have identified actions for GLP-1 and GIP
independent of insulin secretion, including regulation of 3 cell
proliferation (5, 30) and activation of insulin gene transcription
with subsequent induction of insulin biosynthesis. Surprisingly,

despite complete disruption of the genes encoding GIPR and
GLP-1R, insulin mRNA transcripts, pancreatic insulin content,
and f cell area were normal in DIRKO mice on a regular diet (23,
24). We hypothesized that the importance of incretin action for
B cell function might be determined following exposure of mice to
prolonged HFF and its resulting sustained glucolipotoxic stress.
Our data illustrate that DIRKO mice were unable to increase lev-
els of insulin mRNA or pancreatic insulin content despite the pres-
ence of chronic hyperglycemia. These findings demonstrate that
incretin receptors are essential for § cell adaptation to metabolic
stress caused by chronic HFF.

Gipr~/- mice exhibit normal growth and body weight on RC, but
chronic HFF is associated with increased energy expenditure dur-
ing the light phase of the feeding cycle (15, 18). Our present data
demonstrate that GlpIr~/- and DIRKO mice also exhibited increased
energy expenditure on RC as well as HF diet during both light and
dark phases of the feeding cycle. Furthermore, DIRKO mice exhib-
ited resistance to diet-induced obesity to a greater extent than that
previously described for single incretin receptor knockout mice
(15, 18, 31). Remarkably, although DIRKO mice also exhibited
increased food intake, the dominant effect of increased energy
expenditure resulted in failure to gain weight with increasing age
on both RC and HF diet. Furthermore, the increased energy expen-
diture in both single incretin receptor knockout and DIRKO mice
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Figure 7

Chronic exposure of WT mice to incretin receptor agonists. WT mice were maintained on HF diet starting from 6 weeks of age. After 4 weeks
of HFF, mice were administered either PBS or 24 nmol/kg [D-Ala,]GIP or Ex-4 twice daily for 2 weeks, after which body fat composition was
assessed by MRI. Mice were euthanized 1 hour after the last injection of PBS or peptide, and cardiac blood was collected. (A) Total body fat
mass normalized to body weight (n = 8—19 per group). (B and C) Ambient levels of (B) plasma leptin and (C) plasma resistin in HF diet—-fed WT
mice treated twice daily with either [D-Ala,]GIP or Ex-4 (n = 8—19 per group). **P < 0.01 versus PBS; $P < 0.05, $§P < 0.001 versus [D-Ala,]GIP;
#P < 0.05 versus Ex-4.
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is likely attributable in part to enhanced locomotor activity. These
observations suggest that the importance of GLP-1 action as a neg-
ative regulator of energy intake is balanced by what we believe to be
a previously unrecognized role for endogenous GLP-1 in the con-
trol of motor activity, resulting in resistance to diet-induced obesity
despite increased energy intake in GlpIr~/- and DIRKO mice.

Introduction of the null Gipr allele into the ob/ob genetic back-
ground produces substantial attenuation of the obese pheno-
type, with Gipr~=:0b/ob mice exhibiting reduced weight gain and
decreased fat mass relative to the phenotype exhibited by the
parental ob/ob mice. These findings were attributable to the loss
of anabolic GIP action on the adipocyte, which results in increased
fat oxidation, reduced lipid accumulation, and enhanced energy
expenditure (15). Similarly, DIRKO mice exhibited reduced fat
mass, increased adipose tissue expression of mRNA transcripts for
B3AR, and uniformly decreased size of white adipose tissue depots
and adipocytes, together with reduced fat accumulation in periph-
eral tissues such as the liver, despite HFF. Hence loss of GIPR sig-
naling likely protects DIRKO mice from many of the metabolic
derangements caused by chronic exposure to nutrient excess.

Our present data demonstrate that GIP also regulated levels of
plasma adipokines, likely through control of adipokine secretion.
Although plasma levels of leptin, resistin, and PAI-1 increased
markedly following HFF in control mice, DIRKO mice failed to
upregulate levels of resistin or PAI-1 despite several months of HFF.
Furthermore, acute and chronic administration of the GIPR ago-
nist [D-Ala,]GIP, but not the GLP-1R agonist Ex-4, increased plas-
ma levels of resistin in WT mice. These observations define what we
believe to be a new role for GIPR signaling as an essential compo-
nent of the adipocyte response to chronic nutritional excess.

Both single incretin receptor knockout mice and DIRKO mice
exhibited reduced adiposity on RC and following HFF. As adipose
tissue mass is a key determinant of insulin sensitivity, reduced adi-
posity likely contributes to preservation of insulin sensitivity in
single incretin receptor knockout and DIRKO mice. Our present
observations linking GIP action to modulation of plasma adipo-
kines and control of energy expenditure clarify divergent roles of
GIP action on the (3 cell, adipocyte, and brain. Whereas loss of GIP
action on the f cell impaired the adaptive islet response to meta-
bolic stress, the potential deleterious effect arising from loss of
incretin action and impaired insulin secretion was offset by preser-
vation of insulin sensitivity, likely arising through a combination
of reduced plasma adipokines, decreased adipose tissue mass, and
increased energy expenditure. Similarly, although loss of endoge-
nous anorectic GLP-1 action mightlead to increased energy intake
and obesity, an increase in locomotor activity and energy expendi-
ture preserved a lean phenotype in GlpIr~/- mice. Taken together,
these observations further expand our concepts of incretin recep-
tor actions beyond the f cell and illustrate essential roles for incre-
tin receptors in the modulation of glucose homeostasis via effects
on the adipocyte and central nervous system.

Methods

Animal studies. The generation of Gipr-/~, Glp1r~/-,and DIRKO mice has been
described previously (24). Male WT mice (C57BL/6; Charles River Labo-
ratories), single incretin receptor knockout mice, littermate controls, and
DIRKO mice were housed 4 per cage under a light/dark cycle of 12 hours in
the Toronto General Hospital animal facility, with free access to food and
water except where noted. All WT mice used for these studies were acclima-
tized to the animal facility for several weeks prior to analysis. Nine-week-old
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mice were fed ad libitcum RC or HF diet (Research Diets Inc.), with 10% or
45% kcal from fat, respectively. Individual body weights were monitored
over a 20-week period. For assessment of fat and lean mass, a mouse whole-
body magnetic resonance analyzer was used (Echo Medical Systems). All
procedures were conducted according to protocols and guidelines approved
by the Toronto General Hospital Animal Care Committee. For confirma-
tion of genotypes, genomic DNA prepared from tail snips was analyzed by
Southern blotting (18, 32).

Glucose tolerance tests and measurement of plasma insulin levels. After 12 weeks
on RC or HF diet, mice were fasted overnight (16-18 hours). Following the
overnight fast, glucose (1.5 mg/g body weight) was administered orally
through a gavage tube. A blood sample was drawn from a tail vein at 0, 10,
20,30, 60,90, and 120 minutes following glucose administration, and blood
glucose levels were measured using a Glucometer Elite blood glucose meter
(Ascensia; Bayer HealthCare). For plasma insulin determinations, a blood
sample (100 ul) was removed from the tail vein during the 10-20 minute
time period following glucose administration. For ambient plasma insulin
measurements, mice were euthanized following 20 weeks of HFF, and car-
diac blood was obtained. Blood samples were immediately mixed with a 10%
volume of a chilled solution containing 5,000 KIU/ml trasylol, 1.2 mg/ml
EDTA, and 0.1 nM diprotin A. Plasma was separated by centrifugation at
4°C and stored at -80°C until assayed. Plasma was assayed for insulin using
amouse insulin ELISA kit (Linco). For calculation of plasma insulin/glucose
ratios, plasma insulin (ng/ml) was divided by the average plasma glucose
(mM) at the 10-20 minute time point after glucose administration.

Analysis of B cell area and B cell proliferation. After 20 weeks of HFF, mice
were injected with 100 mg/kg 5-bromo-2'-deoxyuridine (BrdU; Sigma-
Aldrich) i.p. and sacrificed S hours later. The pancreas was dissected from
surrounding tissue, fixed overnight in 5% glacial acetic acid/25% form-
aldehyde (vol/vol), and embedded in paraffin. Histologic sections were
immunostained for insulin using rabbit anti-insulin (1:30 dilution; Dako)
as primary antibody and biotinylated goat anti-rabbit (1:200 dilution; Vec-
tor Laboratories) as secondary antibody. The sections were then incubated
with HRP-conjugated Ultra Streptavidin (ID Labs Inc.) for 30 minutes,
and color was developed with freshly prepared 3,3"-diaminobenzidine tetra-
hydrochloride (DAB; Dako) solution. For assessment of {3 cell replication,
pancreatic sections were double-stained for insulin, as described above, and
for BrdU, using mouse anti-BrdU (1:1,000 dilution; Caltag Laboratories)
as primary antibody. Following incubation with the primary antibody,
sections were exposed to biotinylated horse anti-mouse IgG (1:200 dilu-
tion; Vector Laboratories) and subsequently stained with HRP-conjugated
Ultra-Streptavidin (ID Labs Inc.), and color was developed with freshly
made nickel-diaminobenzidine (NiDAB; Vector Laboratories Inc.) solu-
tion. The sections were examined using a Leica DMR microscope equipped
with a Leica DC 300F video camera (Leica Microsystems) and connected to
a computer with imaging software (QWin; Leica Microsystems). We quan-
tified 3 cell area (area represented by insulin-immunopositive cells) using
multiple histological sections from each pancreas and expressed the result
as a percentage of total pancreatic area.

Insulin tolerance tests. WT and single incretin receptor knockout mice were
fasted for 5 hours and given 1.7 U/kg insulin (Humulin R, 100 U/ml; Lilly)
by i.p. injection. However, DIRKO mice (and their respective WT controls)
were instead given 1.2 U/kg insulin due to results of our pilot studies dem-
onstrating significant, prolonged hypoglycemia after administration of
1.7 U/kg insulin (our unpublished observations).

Pancreatic insulin content. The pancreas was homogenized twice in 5 ml
of extraction medium [1 N HCI containing 5% (vol/vol) formic acid, 1%
(vol/vol) trifluoroacetic acid, and 1% (wt/vol) NaCl] at 4°C. Peptides and
small proteins were adsorbed from extracts by passage through a C18
silica cartridge (Waters). Adsorbed peptides were eluted with 4 ml of 80%
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(vol/vol) isopropanol containing 0.1% (vol/vol) trifluoroacetic acid. Pan-
creatic insulin levels were measured using a mouse insulin radioimmuno-
assay kit (Linco). Total protein levels in extracts were determined using the
Bradford method with dye reagent (Bio-Rad).

Assessment of food intake. Mice were fasted overnight (16-18 hours),
weighed, and then placed into individual cages containing preweighed
rodent chow, with free access to water. Food was reweighed after 24 hours,
and food intake was expressed both as kcal consumed per gram body
weight per day and as kcal per day.

Indirect calorimetry and locomotor activity. After 15 weeks of HFF, mice were
placed into individual metabolic chambers, with free access to food and
water. Oxygen consumption was determined by indirect calorimetry using
an Oxymax System (Columbus Instruments). Oxygen consumption was
measured at 15-minute intervals for a total of 21 hours and was normalized
to body weight.

Locomotor activity was measured in an independent group of WT mice,
single incretin receptor knockout mice, and DIRKO mice. Locomotor activ-
ity was assessed as the total distance traveled, calculated from measurement
of beam breaks in Opto M3 activity monitors (Columbus Instruments).

RNA preparation and quantitative real-time RT-PCR. Total RNA was extracted
from the pancreas using TRIzoL (Sigma-Aldrich) and from epididymal and
brown fat using the RNeasy Lipid Tissue Mini kit (QIAGEN). First-strand
cDNA was synthesized from total RNA using the SuperScript II synthesis
system (Invitrogen) and random hexamers. Real-time quantitative PCR
analysis was performed using TagMan Gene Expression Assays and Taq-
Man Universal PCR Master Mix (Applied Biosystems) using the ABI Prism
7900 Sequence Detection System according to the protocols provided by
the manufacturer (Applied Biosystems). The relative mRNA transcript levels
were calculated according to the 2-A4¢T method (33), in which ACT represents
the difference in threshold cycle values between the target mRNA and the
18S internal control.

Liver and adipose tissue morphologic analyses. Livers were harvested, fixed
in 10% neutral buffered formalin, and embedded in paraffin. Epididymal
and brown fat pads were excised and embedded in paraffin. Sections were
obtained and stained with H&E using standard protocols.

Measurement of plasma adipokines. Following 20 weeks on RC or HF diet,
mice were euthanized, and cardiac blood was obtained. Ambient levels of
plasma leptin, resistin, and total PAI-1 were measured using the Mouse
Serum Adipokine Lincoplex kit (Linco). Plasma adiponectin levels were
determined using a mouse adiponectin ELISA kit (Linco).

Acute assessment of plasma adipokines in mice. For analysis of the acute effects
of the GLP-1R agonist Ex-4 or the GIPR agonist [D-Ala,|GIP (both from
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California Peptide Research) on plasma adipokines, 10-week-old male WT,
Glplr/-, and Gipr-/- mice were fasted overnight, then injected i.p. with 24
nmol/kg of either [D-Ala,]GIP or Ex-4 immediately prior to oral glucose
loading. At 45 minutes after administration of peptide and glucose, mice
were euthanized, and cardiac blood was obtained and mixed with a 10%
volume of a chilled solution containing 5,000 KIU/ml trasylol, 1.2 mg/ml
EDTA, and 0.1 nM diprotin A. Plasma was separated by centrifugation at
4°C and stored at -80°C until assayed. Plasma leptin, PAI-1, and resistin
were measured as described above.

Chronic administration of incretin receptor agonists to HF diet—fed WT mice. W'T
mice were maintained on HF diet (45% kcal from fat) for 4 weeks start-
ing at 6 weeks of age, following which mice were injected twice daily with
24 nmol/kg [D-Ala,]GIP or Ex-4 for 2 weeks.

Statistics. All results are expressed as mean + SEM. Statistical significance
was assessed by ANOVA and, where appropriate, Student’s ¢ test using
GraphPad Prism (version 3; GraphPad Software). A P value less than 0.05
was considered to be statistically significant.
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