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FIG. 3. Corticosterone levels are reduced in HF-fed Gipr" ~ mice. Gipr*’+

and Gipr” ~ mice were fed a 45% HF diet for 2-3 weeks and basal, un-
stressed HPA parameters measured by real-time qRT-PCR. A: Plasma
corticosterone levels were reduced in Gipr~'~ mice without changes in
plasma ACTH levels. Gene expression of pomc in the pituitary gland (B)
and crh in the hypothalamus (C) were not altered in Gipr~'~ mice. In
a similar manner, GR expression was not changed in the pituitary (B),
hypothalamus (C), or epididymal white adipose tissue (D) of Gipr—/~
mice. Gene expression of the glucocortlcmd synthesizing enzyme
11B-HSD1 (D) was not changed in Gipr™~ mice. *P < 0.05 vs. Gipr*’*
mice (n = 4-11 per group).

versus Gipr~'~ mice after 2 weeks of HF feeding. Levels of
StAR, cypl1Al, and daxl mRNA transcripts were compa-
rable in Gipr—/~ mice, sfI mRNA transcripts were signifi-
cantly reduced (P < 0.05), crebl mRNA transcripts were
increased (P = 0.07), and mc2r mRNA transcripts were
significantly higher (P < 0.01) in Gipr~”~ adrenals (Fig. 44).
To assess whether increased levels of mRNA transcripts
for the ACTH receptor (mcr2) reflected functionally in-
creased sensitivity to ACTH we administered a low dose of
ACTH (1 nmol/L) to Gipr*"* and Gipr~'~ mouse adrenals ex
vivo. A significantly greater corticosterone response to ACTH
was detected from Gipr~’~ mouse adrenals, consistent with
enhanced ACTH sensitivity (Fig. 4B).

GIP regulates lipid accumulation in adrenocortical
cells. Because GIP enhances adrenal corticosterone se-
cretion, we hypothesized that the Gipr regulates expres-
sion of genes controlling adrenal cholesterol homeostasis.
Although the majority of mRNA transcripts encoding genes
within the cholesterol biosynthetic and transport pathways
were not differentially expressed in Gipr~’~ versus Gipr*"*
adrenal glands (Fig. 5A), expression of sr-bl was sig-
nificantly reduced in Gipr '~ adrenal glands (Fig. 5A).
Since SR-B1 is responsible for selective uptake of choles-
terol esters from HDL, the primary source of adrenal
cholesterol stores in mice (27,28), we examined levels of
neutral lipids in adrenal glands of Gipr '~ mice using Oil
Red O histochemistry. The intensity of Oil Red O staining in
the adrenal cortex was clearly reduced after 9 weeks of a
HF diet in Gipr /"~ mlce (Fig. 5B). Conversely, activation of
the GIPR with [D -Ala® ]GIP significantly increased incor-
poratlon of Oil Red O in Y1GIPR cells (Fig. 5C).

[D-Ala 1GIP dlrectly stimulates ster01dogenes1s and
increases expression of steroidogenic genes in Y1 cells.
As native Y1 adrenocortical cells do not express an en-
dogenous GIPR (Supplementary Fig. 1), we used Y1 mouse
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FIG. 4. Altered expression of steroidogenic genes and increased sen-
sitivity to ACTH in adrenal glands of Gipr—'~ mice. A: Expression of
genes involved in adrenal steroidogenesis were measured by real-time
qRT-PCR in adrenal glands from thr*l * and thr ~/~ mice after 2 weeks
of HF feeding (n = 8-9 per group) B: Ex vivo adrenal sensitivity to
ACTH (1 nmol/L) was measured in adrenal glands from Gipr** and
Gipr~'~ mice after 5 weeks HF feeding (n = 5 per group). *P < 0.05,
= P < (.01 vs. Gipr*’* mice.

adrenocortical cells stably transfected with the rat GIPR
cDNA. Y1GIPR cells exhibited a robust dose-dependent in-
crease in cAMP levels in response to GIP (Fig. 64). In a
similar manner, ERK1/2 phosphorylatlon was rapidly in-
creased after exposure to [D-Ala*] GIP (P < 0.05) (Fig. 6B).
Because Y1 cells do not produce corticosterone (29), we
assessed progesterone secretion in response to [D-Ala?]GIP.
A fivefold increase in progesterone secretion was observed
after treatment with [D-Ala®*|GIP (P < 0.001) (Fig. 6C).
Steroidogenesis is under tight control by StAR, a protein
that transports cholesterol from the outer to inner mitochon-
drial membrane to CypllAl, which cleaves the cholesterol
side chain to initiate the rate-limiting step of cortlcosterone
synthesis. Therefore, we assessed whether [D-Ala*]|GIP
regulates this pathway in YIGIPR cells. [D-Ala?]GIP signif-
icantly increased StAR, cypllal, and sr-bI mRNA tran-
script levels and mcreased sf-1 transcrlpt levels (Fig. 6D).
This stimulatory effect of [D-Ala®’]GIP on gene expres-
sion was not significant for ppla (cyclophillin), mc2r,
ldlr, or acat.

Corticosterone supplementation does not exacerbate
body weight gain in Gipr~'~ mice. To determine if lower
corticosterone levels in Gipr ™'~ mice contribute to their
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FIG. 5. GIP regulates lipid accumulation in adrenocortical cells.
A: Expressmn of genes involved in adrenal cholesterol homeostasis was
measured in adrenal glands from thr and Gipr~'~ mice by real-time
gRT-PCR after 2 weeks HF feeding (n = 8-9 per group). B: The inten-
sity of Oil Red O staining for neutral lipids is reduced in adrenal glands
from Gipr~’~ mice compared with Gipr*’* littermates after 9 weeks of
HF feeding (n = 3 per group; original magnification x10). C, cortex;
M, medulla. C: Elution of Oil Red O from YlGIPR adrenocortlcal cells
is mcreased after 7 days treatment with [D-Ala?]GIP (n = 3 per group).
*P < 0.05 vs. Gipr*’* mice, **P < 0.01 vs. saline control. (A high-quality
digital representation of this figure is available in the online issue.)
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metabolic phenotype, Gipr*’* and Gipr '~ mice were sup-
plemented with 5 pg/mL corticosterone in their drinking
water and fed a HF diet for 22 weeks. Water and cortico-
sterone intake were not affected by genotype (data not
shown). Adrenal weights after 22 weeks were not different
between vehicle-treated Gipr** and Gipr~'~ mice. How-
ever, adrenal weights (Fig. 7A) were significantly reduced
in both genotypes as a result of corticosterone supple-
mentation (P < 0.05), consistent with feedback inhibition
of the HPA axis from exogenous corticosterone adminis-
tration. Body weights increased over time with HF feeding
(Fig. 7B), and Gipr~’~ mice gained less weight than wild-
type littermates. However, weight gain was not affected by
corticosterone supplementation in Gipr™* versus Gipr~'~
mice. Nocturnal food intake was slightly reduced in Gipr™'~
mice (P < 0.02), as was ad libitum food intake (P = 0.02)
(Supplementary Fig. 2), although this was no longer sig-
nificant when normalized to body weight. Food intake was
not altered by corticosterone supplementation. Locomotor
activity was increased in Gzpr‘/ ~ mice during the dark
phase compared with Gipr*’* mice; however, neither Vo,
nor locomotor activity was affected by cortlcosterone
supplementation (Fig. 7C and D). Gipr '~ mice had re-
duced fat mass; however, corticosterone supplementation
had no effect on fat (Fig. 7E') or lean mass (data not shown)
in Gipr~’~ mice.

Corticosterone supplementation does not impair
glucose homeostasis in Gipr™'~ mice. Overnight fast-
ing glucose levels (~16-h fast) were not different between
genotypes or affected by corticosterone supplementation
(Fig. 8A and B). Corticosterone supplementation had no
effect on oral or intraperitoneal glucose tolerance in Gipr*'*
or Gipr~'~ mice (Fig. 84 and B). Despite comparable glu-
cose levels, insulin levels (Fig. 84 and B) and insulin-to-
glucose ratios (P < 0.05) (data not shown) to oral but not
intraperitoneal glucose were reduced in Gipr~’~ mice.
Insulin sensitivity assessed by ITT was neither different
between genotypes nor affected by corticosterone sup-
plementation (Fig. 8C).

DISCUSSION

We have shown that activation of the GIPR increases
plasma glucocorticoid levels in mice and that GIP directly
activates steroidogenic gene expression in mouse adre-
nocortical cells. It seems likely that GIP also promotes
ster01dogene51s via increasing uptake of cholesterol since
Gipr~~ mouse adrenal glands expressed lower levels of
sr-b1 mRNA transcripts and had reduced neutral 11p1d
staining, whereas Y1GIPR cells stimulated with [D-Ala?]
GIP expressed higher transcript levels of sr-b1 and stored
more neutral lipid. Since glucocorticoids are diabetogenic
and obesigenic in rodents (16,18), we hypothesized that
reduced glucocorticoid levels in Gipr *~ mice might con-
tribute to their resistance to diet-induced obesity and
preservation of insulin sensitivity and glucose tolerance
observed after HF feeding. However, supplementation of
drinking water with low-dose corticosterone did not alter
energy balance insulin sensitivity, or glucose tolerance in
HF-fed Gipr~’~ mice.

Pharmacological levels of GIP stimulate ACTH secretion
from AtT20 mouse corticotrope cells (30), and the Gipr
is expressed in the hypothalamus and pituitary (11). Al-
though HF-fed Gipr ™'~ mice exhibited a twofold reduction
in basal corticosterone levels, plasma ACTH, pituitary pomc,
and hypothalamic ¢rh mRNA levels were not different.
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FIG. 6. [D-Ala2]GIP stimulates steroidogenesis in Y1 cells. A: GIP stimulates an increase in cAMP production by Y1 mouse adrenocortmal cells
stably transfected with the GIPR in a dose-dependent manner. B: Incubation of 72-h serum-starved YIGIPR cells with 100 nmol/L [D-Ala®|GIP
increases ERK1/2 phosphorylation (P-ERK1/2; n = 6 per group). S, saline; G, [D-Ala?]GIP; A, ACTH C: Treatment (24 h) of Y1 cells with [D-Ala®]GIP
stimulates progesterone production. D: Incubation (6 h) of Y1 adrenocortlcal cells with [D- Ala® ]GIP increases StAR, cypllal, and sr-bl mRNA

transcripts measured by real-time qRT-PCR (n =

Nevertheless, the increased adrenal expression of the
ACTH receptor and enhanced adrenal sensitivity to ACTH
in adrenal glands from Gipr~’~ mice suggest the evolu-
tion of adaptive compensatory mechanisms that mask the
impact of loss of adrenal GIP action. Enhanced ACTH
sensitivity in Gipr~'~ mice likely diminishes the extent of
corticosterone deficiency and metabolic effects that might
otherwise arise pursuant to elimination of GIPR action in
the adrenal gland.

Further evidence for a direct effect of GIP on the adre-
nal gland was obtained in experiments using Y1GIPR cells.
[D-Ala?]GIP directly stimulated steroidogenesis, increased
cAMP, activated the ERK pathway, and increased StAR,
cypll a], sf-1, and sr-bl gene expression. Conversely,
mRNA levels of sf-1, a transcription factor critical for reg-
ulation of adrenal steroidogenesis (31), and levels of sr-b1,
a downstream target of SF-1 (32), were reduced in adrenal
glands from Gipr '~ mice. GIP likely mediates some of its
effects on the adrenal gland via mod1fy1ng cholesterol up-
take and/or storage. Gipr '~ mice had less neutral lipid
staining in the adrenal cortex after 9 weeks of HF feeding,
whereas [D-Ala?]GIP increased neutral lipid accumulation
in YIGIPR cells. Since sr-bI mediates selective uptake of
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5-7 per group). **P < 0.01 vs. saline, ***P < 0.001 vs. empty vector/sallne

cholesterol from HDL, the most important pathway for ad-
renal cholesterol uptake in mice, and depletion of sr-bi
leads to deficits in corticosterone (28,33), it is likely that
GIP mediates adrenal steroidogenesis in part via this cho-
lesterol uptake pathway.

Although the corticosterone responses to restraint stress,
insulin-induced hypoglycemia, and high-dose ACTH were
normal in Gipr~’~ mice, the more chronic stressor of
24-h food deprivation elicited a threefold greater cortico-
sterone response in Gipr '~ mice. In contrast to potent
stressors such as restraint and insulin, food deprivation
does not significantly increase ACTH levels, but it does
increase basal corticosterone levels by reducing hepatic
glucocorticoid clearance (34,35). Hence, at the low ACTH
levels associated with food depnvatlon the greater adrenal
sensitivity to ACTH in Gipr '~ mice may be unmasked,
leading to differentially greater increases in corticoste—
rone responses in Gipr~ '~ mice. In contrast, no differences
in corticosterone levels are apparent under situations
where ACTH levels would already be expected to be high,
as exemplified by restraint and insulin. Thus, it is likely
that food deprivation is associated with reduced hepatic
clearance of corticosterone and enhanced sensitivity to
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H.E. BATES AND ASSOCIATES

Adrenal Weight

I Vchicle
Cort

Gipr+/+ Gipr-/-

B Body Weight Gain 22-Week Body Weight Gain
& 307 @4/t Vehicle & 30 % B Vehicle
£ 8-/~ Vehicle = —| Cort
= ~ =
S 20 O+ +/+ Cort G) 20
= =
= g =
o - o
= 10 -~ Z 10
> - >
2 , 3
@ Qm @ 0

0 5 10 15 20 Gipr+/+ Gipr-/-
Week

C VOZ VOZ
. 1.87 B +/+ Vehicle _ 1.8]-@--/- Vehicle
°§ 161 -+ +/+ Cort °°2 161 -O- -/- Cort

o] o]
< 1.4 < 1.47
— -
E 1.2 E 1.2
S'1.0] S'1.04

0.8 0.8

12pm Tpm 12pm 7pm
Light Dark Light Dark

D Activity E Fat Mass
r:\ - * -

(=) .
E 25 -/ Vehicle = 40 ;\Cfehtlcle
7 201C3+/+ Cort B 55 or

4 P2Z-/- Vehicle 4

o 151eza-/- Cort =

& 230

a8 10 =)

8 M 25

m BN

E 20

2 Light Dark Gipr+/+ Gipr-/-

FIG. 7. Corticosterone supplementation does not alter energy balance
in Gipr~’~ mice. HF-fed Gipr** and Gipr~’~ mice were supplemented
with 5 pg/mL corticosterone in the drinking water for 22 weeks.
A: Adrenal gland weights were reduced in mice supplemented with
corticosterone in their drinking water (main effect corticosterone, P <
0.05). B: Gipr~'~ mice gained weight more slowly than wild-type lit-
termates, but this weight gain was not affected by corticosterone sup-
plementation. Vo, (C) was not altered, whereas activity (D) was
increased in Gipr_/ ~ mice compared with wild-type littermates during
the beginning of the dark phase (main effect genotype, P < 0.05).
E: Assessment of fat mass by magnetic resonance imaging after 16 weeks
of corticosterone supplementation and HF feeding demonstrated that
Gipr~’~ mice had reduced fat mass (main effect genotype, P = 0.03), which
was not altered by corticosterone supplementation (n = 7-8 per group).
*P < 0.05 vs. Gipr*’*. CORT, corticosterone supplementation.

lower levels of ACTH, leading to hypercorticosteronemia
in Gipr~’~ mice.

Glucocorticoids regulate metabolism through stimulation
of hepatic glucose production (36), impairment of insulin
sensitivity and glucose tolerance (37), inhibition of insulin
secretion (38), and facilitation of lipolysis (23). Chronic ele-
vations of glucocorticoids promote fat deposition (23,39),
insulin resistance (39), hepatosteatosis, hyperphagia, and
decreased locomotion (39). Many commonly used rodent
models of obesity or insulin resistance, including ob/ob and
db/db mice, Zucker and ZDF rats, HF-fed rodents, and
streptozotocin-induced diabetic rodents, exhibit elevations
in glucocorticoids (14-17). Adrenalectomy or administra-
tion of a glucocorticoid antagonist can ameliorate or in
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FIG. 8. Corticosterone supplementation does not worsen glucose ho-
meostasis in Gipr~'~ mice. Glucose excursion and 20-30 min plasma
insulin responses after oral gavage (n = 7-8) (A) and intraperitoneal
injection (n = 4-7) (B) of 1.5 mg/g glucose. Corticosterone supple-
mentation reduced glucose excursion after oral glucose in wild-type
mice (main effect corticosterone, P = 0.03) but not in Gipr~~ mice.
Plasma insulin was reduced at 20-30 min in Gipr" " mice after oral but
not intraperitoneal glucose (n = 7-8). Insulin sensitivity (n = 6-7) (C)
assessed by ITT was not affected by corticosterone supplementation in
Gipr*l+ VS. Gipr_/_ mice. CORT, corticosterone supplementation.

some cases reverse the abnormal metabolic phenotype
(18,19), illustrating the importance of glucocorticoids in
the development of rodent obesity and diabetes. Adminis-
tration of a peptide GIPR antagonist in HF-fed mice lowers
corticosterone levels in association with reduced body
weight and fat deposition, increased locomotion, and im-
proved glucose homeostasis (7,8,40). However, our current
data in HF-fed Gipr~’~ mice suggest that modest reductions
in plasma corticosterone do not appear to substantially
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modify the dominant metabolic phenotypes arising after
HF feeding in Gipr~’~ mice.

Corticosterone supplementation did not significantly
modify food intake, energy expenditure, weight gain, or
fat mass in Gipr”* and Gipr’~ mice. However, cortico-
sterone supplementation slightly improved oral but not
intraperitoneal glucose tolerance in wild-type mice. This
modest improvement was likely related to the small re-
ductions in body weight and fat mass induced by cortico-
sterone supplementation that would in turn improve
glucose disposal. This reduction in fat mass may be related
to the lipolytic effects of corticosterone at low concen-
trations (23). It is likely that the upregulation of ACTH
sensitivity in Gipr '~ mice resulted in only a subtle re-
duction in plasma corticosterone that was not sufficient
to lower weight gain or modify energy balance and glu-
cose homeostasis. Consistent with our current data, Irwin
et al. (7) demonstrated that administration of the GIP an-
tagonist Pro(3)GIP to ob/ob mice for 60 days significantly
improved glucose control and insulin sensitivity, without
concomitant changes in circulating corticosterone.

In summary, we show that GIP stimulates plasma glu-
cocorticoid levels in mice and demonstrate that GIP
directly activates steroidogenesis through stimulation of
steroidogenic genes as well as sr-bl expression and con-
sequent adrenocortical lipid deposition. Gipr '~ mice com-
pensate for disruption of GIP action in the adrenal gland
via upregulation of mcr2 expression and enhanced ACTH
sensitivity. Corticosterone supplementation did not re-
verse the beneficial metabolic phenotype of HF-fed Gipr'~
mice, including resistance to diet-induced obesity and
maintenance of oral glucose tolerance with lower levels
of plasma insulin, implicating organs such as the brain and
adipose tissue as potential mediators of the favorable
Gipr~’~ phenotype. Our findings may have relevance for
envisioned therapeutic strategies using GIPR antagonists
for the treatment of obesity and diabetes in human subjects.
Because the GIP-adrenal axis does not appear to be func-
tional in normal human subjects, the observation that ma-
nipulation of corticosterone levels does not substantially
abrogate the beneficial metabolic phenotype of Gipr™'~
mice has positive implications for targeting the GIPR in
human subjects.
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SUPPLEMENTARY DATA

Supplementary Figure 1. Representative blots demonstrating expression of Gipr mRNA in the
pituitary, hypothalamus and adrenal gland in Gipr+/+ but not Gipr-/- mice.
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SUPPLEMENTARY DATA

Supplementary Figure 2. Nocturnal food intake was slightly reduced in Gipr-/- mice (P<0.02) as was ad
libitum food intake (P=0.02), although this was no longer significant when normalized to body weight.
Food intake was not altered by corticosterone supplementation (Cort).
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