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ABSTRACT

Objective: Glucose-dependent insulinotropic polypeptide (GIP) is secreted from the gut in response to nutrient ingestion and promotes meal-
dependent insulin secretion and lipid metabolism. Loss or attenuation of GIP receptor (GIPR) action leads to resistance to diet-induced
obesity through incompletely understood mechanisms. The GIPR is expressed in white adipose tissue; however, its putative role in brown
adipose tissue (BAT) has not been explored.

Methods: We investigated the role of the GIPR in BAT cells in vitro and in BAT-specific (Gip/BAT" ~) knockout mice with selective elimination of
the Gipr within the Myf5" expression domain. We analyzed body weight, adiposity, glucose homeostasis, insulin and lipid tolerance, energy
expenditure, food intake, body temperature, and iBAT oxygen consumption ex vivo. High-fat diet (HFD)-fed Gip AT~/ mice were studied at room
temperature (21 °C), 4 °C, and 30 °C ambient temperatures.

Results: The mouse Gipr gene is expressed in BAT, and GIP directly increased //l6 mRNA and IL-6 secretion in BAT cells. Additionally, levels of
thermogenic, lipid and inflammation mRNA transcripts were altered in BAT cells transfected with Gipr siRNA. Body weight gain, energy
expenditure, and glucose and insulin tolerance were normal in HFD-fed Gipr™ ™'~ mice housed at room temperature. However, Gipr™\™'~ mice
exhibited higher body temperatures during an acute cold challenge and a lower respiratory exchange ratio and impaired lipid tolerance at 21 °C. In
contrast, body weight was lower and iBAT oxygen consumption was higher in HFD-fed mice housed at 4 °C but not at 30 °C.

Conclusions: The BAT GIPR is linked to the control of metabolic gene expression, fuel utilization, and oxygen consumption. However, the
selective loss of the GIPR within BAT is insufficient to recapitulate the findings of decreased weight gain and resistance to obesity arising in

experimental models with systemic disruption of GIP action.
© 2019 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The gastrointestinal tract plays a dominant role in the digestion and
assimilation of nutrients, enabling integrated control of energy ho-
meostasis [1]. Two gut-derived hormones, glucagon-like peptide-1
(GLP-1) and glucose-dependent insulinotropic polypeptide (GIP)
potentiate glucose-dependent insulin secretion via cognate receptors
on islet B-cells [2]. Notably, both peptides also exert a wide range of
extra-pancreatic activities. GLP-1 controls appetite, attenuates gut
motility, decreases chylomicron secretion, promotes natriuresis, and
attenuates inflammation, actions mediated through the GLP-1 receptor
(GLP-1R) [3]. Indeed, these actions are conserved in human subjects,
supporting the development of GLP-1R agonists for the treatment of
type 2 diabetes and obesity.

The extrapancreatic actions of GIP have been less extensively char-
acterized but include promotion of lipid uptake in adipose tissue,
stimulation of bone formation, and regulation of cardiac lipid meta-
bolism [2,4]. Potentiation of the insulinotropic action of GIP contributes
to the glucoregulation ensuing following inhibition of dipeptidyl
peptidase-4, a ubiquitous enzyme regulating the cleavage and inac-
tivation of GIP and GLP-1 [5,6]. In contrast to GLP-1, molecules based
on GIP action are not currently utilized as therapeutic agents for the
control of metabolic disorders. Indeed, the glucoregulatory actions of
GIP are impaired in the context of diabetes, although improvement of
glycemia following insulin administration over 4 weeks enabled the
partial restoration of GIP action in subjects with type 2 diabetes [7].

Paradoxically, loss of GIP action is also associated with improvement in
experimental diabetes and resistance to diet-induced obesity [2,4].
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Indeed, these findings have been achieved with a broad number of
experimental approaches, including genetic inactivation of the GIP
receptor (Gipn) [8], disruption of the Gip gene in mice [9], as well as
GIPR blockade using receptor antagonists, or immunoneutralization of
the GIP peptide in mice, rats, and non-human primates [10,11].
Moreover, genetic variation in the human GIPR gene associates with
body mass index and visceral fat accumulation in several different
populations [12—14]. Nevertheless, it remains unclear how central or
peripheral loss of GIP action engages circuits leading to the reduction
of food intake, modulation of fat storage, or control of energy
expenditure.

Several studies have implicated GIP action within white adipose tissue
in the control of energy storage and body weight, however, the actions
of GIP in adipose tissue remain incompletely understood, and at times,
controversial [2,4]. Whole body germline inactivation of the Gipr gene
in mice leads to resistance to diet-induced obesity, associated with
preservation of whole body oxygen consumption despite prolonged
high-fat diet feeding [8]. Reduction of GIP secretion in high-fat diet fed
mice also leads to reduced body weight gain and decreased adipose
tissue mass, accompanied by increases in energy expenditure [9].
Consistent with these findings, we demonstrated increased energy
expenditure throughout the light and dark cycles in Gipr‘/‘ mice
maintained on both regular chow and high-fat diets, associated with
increased levels of uncoupling protein—1 (UCP-1) mRNA transcripts in
BAT [15]. Nevertheless, the functional importance of the BAT GIPR has
not been defined. Here, we assessed the metabolic importance of the
GIPR in BAT cells and in newly generated mice with selective inacti-
vation of the GIPR in BAT.

2. METHODS AND MATERIALS

2.1. Animal models

All animal experiments were conducted in accordance with pro-
tocols approved by the Toronto Centre for Phenogenomics (TCP)
Animal Care Committee (AUP# 20-0045H). The generation and
characterization of Gipr”’ and floxed mice has been described
previously [16,17]. Male and female Gipr™""~/~ (BAT-specific Gipr
knockout) mice and littermate controls, GipPA™/* were generated
by crossing hemizygous Myf5-Cre mice (007893, The Jackson
Laboratory, Bar Harbor, ME) with Gip"™ mice that were
maintained on a C57BL/6J background. Myf5-Cre, Gipr'®/F% and
Wild-Type (WT) mice were pooled as a single Gipr®AT+* control
group, as these mice were phenotypically similar in terms of body
weight, fat and lean mass, and glucose homeostasis. Littermate
male mice were group-housed and maintained on a 12h light/dark
cycle at room temperature (RT; 21 °C) with free access to food and
water, except where indicated. Mice were fed a standard rodent
chow diet (RCD; 18% kcal from fat, 2018 Harlan Teklad, Mis-
sissauga, ON) or high-fat diet (HFD; 45% kcal from fat, D12451i,
Research Diets, New Brunswick, NJ) for diet-induced obesity ana-
lyses for 32 weeks (starting at 8—10 weeks of age until ~ 40
weeks of age), as indicated in the figure legends.

In a separate experiment, male Gip®A""* and Gipr®AT~'~ mice were
housed as described above at 4 °C for approximately 12 weeks in non-
vented microisolator cages (Ancare, Bellmore, NY) held in environ-
mentally controlled enclosures (Betatech Inc., Barrie, ON) with free
access to HFD food and water. Starting at 8—10 weeks of age, mice
were gradually acclimated to cold temperatures by first transferring
them to 16 °C and subsequently, decreasing the temperature by 2 °C
every day until 4 °C was reached.
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All mice were euthanized by CO», inhalation, and tissues were
immediately frozen in liquid nitrogen. Adipose tissues are abbreviated
as follows: inguinal white adipose tissue (iWAT), epididymal white
adipose tissue (eWAT), retroperitoneal white adipose tissue (rWAT),
mesenteric white adipose tissue (mWAT), interscapular brown adipose
tissue (iBAT).

2.2. Cell line studies

Immortalized BAT cells were obtained from Dr. Bruce Spiegelman’s
laboratory (Department of Cancer Biology, Dana-Farber Cancer Insti-
tute, Boston, MA) [18]. BAT pre-adipocyte cells were cultured on
collagen-coated 12-well plates at a seeding density of 40,000 per well
at 37 °C, CO, 0.5%, in growth media (DMEM (4.5 ¢/l glucose, L-
glutamine, Wisent, St. Bruno, QC) supplemented with 20% FBS
(Wisent)), 1% Sodium Pyruvate (100 mM, Sigma), <0.01% HEPES
(1M, Wisent), and 1% Penicillin-Streptomycin (Wisent). Once a healthy
mono-layer was achieved, growth media was replaced with induction
media (DMEM supplemented with 10% FBS, 1% Sodium Pyruvate,
<0.01% HEPES, 1% Penicillin-Streptomycin, 2 mg/ml dexamethasone
(Sigmay), 0.5 mM 3-isobutyl-1-methylxanthine (IBMX; Sigma), 125 mM
indomethacin (Sigma), 10 mg/ml or 1.7 mM insulin (Sigma), and 1 nM
T3 (Triiodo-L-Thyronine, Sigmay)). After a 48 hr induction period, media
was switched to maintenance media (DMEM supplemented with
10% FBS, 1% Sodium Pyruvate, <0.01% HEPES, 1% Penicillin-
Streptomycin, 10 mg/ml or 1.7 mM insulin and 1 nM T3) and
replaced as required until cells were fully differentiated by Day 7. All
experiments were performed on fully differentiated cells on Day 7.
To assess the effects of acute [D-Alaz]-GIP (Chi Scientific, Maynard,
MA) on gene expression, BAT cells were differentiated for 7 days in 12-
well plates as described above. On Day 7, BAT cells were cultured in
nutrient-starved media for 3 hr in FBS-free DMEM media devoid of all
supplements except sodium pyruvate and HEPES. After 3 hr of star-
vation, BAT cells were treated with media (1 ml) containing either PBS
or [D-Alaz]-GIP (100 nM) for times as indicated. Total RNA was isolated
by adding 1 ml of Tri Reagent to each well and homogenizing cells by
repetitive pipetting.

For cell transfection, on day 4 of differentiation, BAT cells were tryp-
sinized (Wisent, QC) and re-plated with transfection complexes sus-
pended in antibiotic-free maintenance media in sterile collagen-coated
12-well plates containing 800,000—1,000,000 cells per well. Trans-
fection complexes consisted of siRNA duplexes (Universal scram-
bled negative control (Origene, Rockville, MD) sequence, Cat#
SR30004-CGUUAAUCGCGUAUAAUACGCGUAT) or Gipr (Origene duplex
sequence, Cat# SR406328C-CGCACUCCCAUCCUAAUAACCAUCT)
diluted in OptiMEM to a final concentration of 80 nM in 1 ml of me-
dia, using Lipofectamine RNAIMAX Reagent (Thermo Fisher Scientific),
following the manufacturer's protocol. Maintenance media was
replaced as required until Day 7 when cells were harvested for RNA
isolation as described above.

For Seahorse studies, BAT cells were differentiated until Day 6 and
then trypsinized and re-plated into a collagen-coated Seahorse XF96
cell culture plate (Agilent, Mississauga, ON) at a seeding density of
15,000 cells per well in maintenance media. On Day 7, healthy cells
were serum-starved for 2 h in DMEM media without sodium bicar-
bonate (Cat#, 219-010-LK, Wisent, QC). Oxygen consumption rate
(OCR) of BAT cells was determined using an XF96 Extracellular Flux
Analyzer (Seahorse Bioscience, Agilent). Uncoupled and maximal OCR
were determined using oligomycin (1.5 uM, Sigma) and FCCP (1 pM,
Sigma). Antimycin A and rotenone (1 uM, Sigma) were used to inhibit
Complex lll- and Complex I- dependent respiration. All measurements
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were normalized to cell number per well by DNA quantification using a
CyQuant kit (Cat# C35006, Invitrogen Canada, Burlington, ON).

2.3. Food intake and body composition

Food intake was measured at 30—32 weeks of HFD feeding. Mice were
housed individually in cages containing pre-weighed amounts of food.
After 72 hr, food was re-weighed, and food intake was averaged per gram
body weight per day for each mouse. Body weight was measured every 2
weeks for all mice. Body composition was measured in the morning, prior
to HFD initiation, and after 32 weeks on HFD using an EchoMRI nuclear
magnetic resonance system (EchoMRI LLC, Houston, TX).

2.4. Body temperature

Body temperature was measured using a rectal thermometer (Ther-
moworks) coated in Vaseline® after a ~ 16 hr fast. Body temperature
data are from mice prior to commencement of HFD and after 10—12
and 30—32 weeks of HFD diet, as indicated. For body temperature
experiments during an acute cold challenge performed in Gipr*’*
mice, experiments were performed in mice fasted for ~16 hr while
being housed at room temperature or 30 °C. Body temperature was
measured every hour for 6 hr while animals were housed at 4 °C with
no access to food in clear pre-cooled plastic cages.

2.5. Energy expenditure

To measure basal energy expenditure, animals were placed into
metabolic chambers after 16—18 weeks on HFD for a 72 hr period.
After an overnight acclimation period, measurements of oxygen con-
sumption, carbon dioxide production, respiratory exchange ratio (RER),
activity, and energy expenditure (kcal/hr) were recorded using the
Comprehensive Lab Animal Monitoring System (CLAMS; Columbus
Instruments, Columbus OH). Data were averaged every hour and are
expressed as heat or energy expenditure (kcal/hr).

To measure non-shivering thermogenesis, acute injections of
CL316,243 (Sigma), a selective 3-3-adrenergic receptor agonist, were
administered to mice that were anesthetized with sodium pentobarbital
(60 mg/kg). Mice were placed on a heating pad for 10 mins prior to
transferring them into a CLAMS chamber on a heating pad where they
were acclimatized for ~8 mins and were subsequently given ip in-
jections of vehicle control (PBS) or CL316,243 (1 mg/kg). Measure-
ments were recorded every 15 s, and the response to CL316,243 was
measured by a percentage change from the average baseline (oxygen
consumption after PBS injection) of each individual mouse. Data are
presented as the area under the curve during the PBS and the
response to CL316,243.

To measure more chronic thermogenic responses, mice were injected
with CL316,243 (1 mg/kg) for 1—3 days. Mice were placed into
metabolic chambers with fresh food and water for a total of 4 days.
They received an ip injection of PBS at ~ 9—10 AM and ~ 4—5 PM
on the first day and then twice-daily ip injections of CL316,243 (1 mg/
kg) for 1—3 days at similar times to PBS administration. Data from
these measurements are represented as described above. Data were
averaged every hour and expressed as heat and energy expenditure
(kcal/hr). Mice that were housed at 4 °C were only given CL316,243
treatments for 24 h as all metabolic experiments were recorded at
room temperature.

2.6. Glucose, insulin, and lipid tolerance tests

For glucose tolerance tests, o-Glucose (1.5 g/kg; Sigma, Oakville,
ON) was administered by oral gavage (0GTT) or ip injection (ipGTT),
as indicated. For insulin tolerance tests (ITT), animals received a

single ip injection of 1.0 U/kg body weight of a rapid-acting insulin
analogue (Humalog, VL7510, Eli Lily, Scarborough, ON). Due to
increased insulin sensitivity, mice that were housed at 4 °C, received
a single ip injection of 0.35 U/kg body weight of insulin. Blood
glucose levels were measured from tail vein samples using a hand-
held glucose monitor (Contour, Bayer, Mississauga, ON) as indicated
post-glucose gavage or insulin injection. Samples were kept on ice,
and plasma was collected in lithium/heparin coated tubes by
centrifugation (>12, 000 rpm at 4 °C for 5 min) and stored at —
80 °C until further analysis for hormone levels.

For lipid tolerance tests (LTT), animals received a 200 p oral gavage of
olive oil (Sigma) at time 0 and blood samples were collected before
(time 0) and 1, 2, and 3 hrs after gavage. The above metabolic tests
were performed 2 weeks apart in mice fed a HFD after 2—8 weeks,
22—28 weeks, or in mice housed at 4 °C for 2—8 weeks, as indicated.
Only data from mice analyzed during 22-28 weeks of HFD feeding are
shown for the glucose, insulin and lipid tolerance tests. All mice were
fasted ~ 5 hrs prior to the beginning of each metabolic test.

2.7. Acute GIP injections

WT mice were fasted for ~ 4 hr and were administered 24 nmol/kg [D-
Alaz]-GIP (Chi Scientific, Maynard, MA) or PBS (vehicle). Blood was
collected via tail vein and mixed with 10% volume of TED (5000 klU/ml
Trasylol (Bayer), 32 mM EDTA, and 0.01 mM Diprotin A (Sigma)) at 0,
30 min, 1 hr, and 2 hr.

2.8. Hormone analysis

IL-6 levels (Meso Scale Diagnostics, Cat# L45QXA-1, small spot assay
system) were assessed in BAT cell media or plasma samples after
acute GIP administration at the indicated times.

2.9. Non-esterified fatty acid and triglyceride analysis

Plasma non-esterified fatty acids (NEFAs) were measured using the
NEFA-HR (2) kit (Wako Diagnostics, Cat# 999—34691, 995—34791,
991—-34891, 993—35191, 276—76491, Mountain View, CA) or tri-
glycerides (TGs) using the Trig-GB kit (Cat# 05171407, calibrator
11877771216, Roche, Mississauga, ON) were assessed in plasma
samples after ~ 16 hr overnight fast and 1 hr refeed or during the LTT
as described above.

For determination of TGs in tissue, frozen iBAT samples were weighed
(10—20 mg) and TGs were extracted using a 2:1 chloroform-methanol
solution, dried under N, and reconstituted in 50 pl of 3:2 tert-butyl
alcohol:triton  X-100/methyl alcohol (1:1) and quantified with a
commercially available enzymatic assay kit (Trig-GB, Roche).

2.10. RNA isolation, cDNA, and gPCR

Tissue samples were dissected, weighed, frozen in liquid-nitrogen,
and stored at —80 °C. Frozen tissues were homogenized in Tri
Reagent (Molecular Research Center, Cincinnati, ON) using a Tis-
suelLyser Il system (Qiagen, Germantown, MD), and total RNA was
extracted using the manufacturer’s protocol. First strand cDNA was
synthesized from DNase I-treated total RNA (1—2 pg) using Super-
Script lll and random hexamers (Thermo Fisher Scientific, Markham,
ON). Gene expression was quantified using a QuantStudio System
and TagMan Gene Expression Master Mix and Assays (Thermo
Fisher Scientific). Primer/probes were purchased from Thermo
Fisher Scientific and are listed in Supplementary Table 1. Gene
expression data were analyzed by o-AAct method, and expression
levels for each gene were normalized to Actb (B-actin) or Thp (TATA-
box-binding protein).
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2.11. Full-length mouse Gipr PCR

Full-length (~1.4 kb) mouse Gipr transcripts were amplified from
¢DNA using the following primers: forward 5’-CTG CTT CTG CTG CTG
TGGT -3’ and reverse 5'-CAC ATG CAG CAT CCC AGA-3’, separated on
an agarose gel, transferred to a nylon membrane, and hybridized
overnight with an internal 32P-labeled mouse Gipr-specific oligonu-
cleotide probe: 5’-CAT CCT TGG CAT CCT TGT TT-3'. Membranes were
imaged using a Storm 860 Phosphor Screen and Quantity One imaging
software (Bio-Rad, Hercules, CA). Actb or Gapdh was used as a control
for RNA integrity of samples.

2.12. Ex vivo adipose tissue oxygen consumption

Oxygen consumption was assessed in fresh tissues from mice after
CO0- asphyxiation; tissues were immediately placed into warm (37 °C,
DMEM (4.5 g/l glucose, L-glutamine, Wisent, St. Bruno, QC)) media.
Tissues were weighed (~10—20 mg), washed in filtered warm 37 °C
respiration buffer (PBS, 0.02% fatty acid free BSA, 25 uM glucose,
0.01% (vol/vol) of 100 mM Na pyruvate (Sigma)), minced with
dissection scissors, re-suspended in 1 ml respiration buffer and placed
into a Mitocell chamber (MT200A, Strathkelvin Instruments, North
Lanarkshire, Scotland) with a Clark electrode (Strathkelvin). For each
analyzed tissue, measurements were obtained from three pooled
groups of fragments of equivalent size (~10—20 mg) and normalized
to tissue weight.

2.13. Isolation of stromal vascular and mature adipocytes

Stromal vascular and enriched mature adipocyte fractions were iso-
lated from iBAT pooled from 4 WT RCD mice at 12 weeks of age. iBAT
was finely minced on ice, and then digested in a 50 ml conical vial for
30—50 min in a warm (37 °C) water bath, with gentle shaking in 1 mg/
ml collagenase in HBSS supplemented with 3% BSA and 5 U/ml DNase
I. Digestion was stopped once large pieces of adipose tissue could no
longer be seen. Digested tissue was suspended in PBS supplemented
with 10% FBS and the mixed solution was filtered through a
500 pm mesh. Stromal vascular and mature adipocyte fractions were
separated and washed twice, by successive low speed centrifugations
(1000—2000 rpm); the lipid-containing mature adipocytes floated to
the top, and stromal vascular fraction pelleted at the bottom. Fractions
were suspended in 1-2 ml of Trizol for RNA isolation and then stored
at —80 °C until further analysis.
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2.14. Statistical analysis

Statistical significance was determined between two groups using an
unpaired two-tailed Student’s t-test using GraphPad Prism version 8.0
software (San Diego, CA) and differences between more than two
groups were examined by one-way ANOVA with a Tukey post-hoc test.
A p value < 0.05 was considered statistically significant. An outlier test
was performed using the GraphPad QuickCalcs Outlier Calculator. Data
are represented as mean = SEM, and the number of replicates per
experiment can be found in the figure legends.

3. RESULTS

3.1. Whole body Gipr’/’ mice maintain a higher body temperature
in the cold and exhibit greater non-shivering thermogenic responses
Global loss of Giprin mice is associated with resistance to diet-induced
obesity [8,15,16,19], however the relative contributions of reduced
food intake and/or increased energy expenditure to the phenotype of
these animals remain unclear. We fed Gipr*/ ~ mice a HFD for 30
weeks, housed them at 30 °C and performed an acute cold temper-
ature challenge to determine how well these mice defended their body
temperatures. Gipr’/ ~ mice maintained a higher body temperature in
the cold relative to WT littermate controls (Figure 1A). We next
administered CL316,243 to determine non-shivering thermogenic re-
sponses after warm and cold acclimation. Regardless of acclimated
ambient temperatures, Gipr‘/ ~ mice exhibited a greater non-shivering
thermogenic response to CL316,243 administration (Figure 1B,C).
Accordingly, these results prompted us to determine the importance of
GIPR expression in BAT for whole body energy expenditure.

3.2. GIP directly regulates a thermogenic gene expression program
in BAT cells

Gipr mRNA transcripts were detected in mouse adipose tissue depots
including mWAT, iWAT, eWAT, rWAT, and iBAT (Figure 2A) at levels
lower than detected in islets. The adipose tissue Gipr mRNA tran-
scripts detected by gPCR corresponded to full-length Gipr mRNA
(Figure 2B). Notably Gipr mRNA transcripts were simultaneously
detected in the stromal vascular fraction (SVF), and to a greater
extent in enriched mature adipocytes (Adipo) from fractionated iBAT
(Figure 2B, Figure S1A). Gipr mRNA transcripts were also detected in
a BAT cell line (Figure S1B) and increased during cell differentiation,

CL-induced O,
Consumption 4 °C
4007, Gipr'’”*
o Gipr'/'

3007

TR
.i;L‘-"Ll":iiiﬂ':H'nL;".l i

Chamber open _l”,,,ﬁl
CL316,243 injection, I IRl
I YT

2004

100+

Oxygen Consumption
(%PBS Baseline)

o
Al
g
4
_=H

'1 00'_|_|_|_|_|_|_|_|_|_|_|_|_|_|_|-
25 30 15 20 25 30
Time (minutes)

Figure 1: Global loss of Giprincreases body temperature regulation during acute cold challenge and non-shivering thermogenic responses in mice housed at cold or
thermoneutrality. (A) Acute cold challenge in Gipr '~ mice, housed at 30 °C, fed a HFD for 30 weeks, n = 5—6. (B) CL316,243-induced O, consumption expressed relative to
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Figure 2: GIP increases IL-6 mRNA expression and protein levels while knockdown of Gipr modulates subsets of thermogenic, mitochondrial and inflammatory gene
expression levels in BAT cells. (A) Gipr mRNA level was expressed relative to levels in pancreatic islets (determined using the standard curve method) in tissues from 20-week-
old WT mice, fed a RCD, n = 4. (B) PCR and Southern blot analysis using a Gipr-specific internal oligonucleotide probe detected a full length (~ 1.4 kb) Gipr mRNA transcript in
islets and adipose tissue, as well in stromal vascular (SVF) and enriched adipocyte (Adipo) fractions from pooled iBAT samples from WT mice fed a RCD. Analysis of Actb mRNA
(~0.3 kb) within the same samples was used as a control. (C) mRNA transcript levels of thermogenic/inflammatory/mitochondrial/lipid metabolism genes in BAT cells (differ-
entiated for 7 days) 4 hr after exposure to GIP (100 nM) expressed relative to levels in cells treated with PBS. (D) IL-6 mRNA and protein levels in BAT cells after 1, 2, 4, and 24 hr
exposure to GIP (100 nM). (E) Basal levels of mRNA transcripts in differentiated BAT cells (7 days) transfected with scrambled control or Gipr siRNA. For C-E, levels of Tbp were
used for normalization of relative mRNA expression levels. mMWAT = mesenteric white adipose, iWAT = inguinal WAT, eWAT = epididymal WAT, rWAT = retroperitoneal WAT,
iBAT = interscapular brown adipose tissue. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, **p < 0.001, ***p < 0.0001. See also Figure S1.
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coincident with induction of Ppargcia, Fabp4, and Adipog mRNA
transcripts (Figure S1C). GIP treatment increased levels of Ucp1, 116,
and /I5 and decreased levels of ¢c-Jun, Ppara, Pparg, and Plin mRNA
in BAT cells in vitro (Figure 2C). GIP also robustly increased //6 mRNA
and secretion of IL-6 protein (Figure 2D), and plasma IL-6 levels were
increased after acute GIP administration in WT mice (Figure S1D).
Conversely, siRNA-mediated knockdown of Gipr in BAT cells
increased levels of Ucp1, Ardb3, Cidea, Elovi3, Tfb2m, Tfam, Cpt1b,
Ppara, Fapb4, and Ascl, and decreased levels of /16, II5, Tnfa, Ccl2, c-
Jun, Atf4, Cox8b, Lpl, Adipoq, Acox1, and Ppard (Figure 2E). Basal
oxygen consumption was similar but maximal oxygen consumption
was higher in BAT cells with reduced levels of Gipr mRNA
(Figure S1E). siRNA-mediated knockdown of Gipr in BAT cells was
associated with differential gene expression responses to the
adrenergic agonist CL316,243, with increased levels of Ucp1, Cidea,
Elovi3, Tfb2m, Cptib, Ppara, Fasn, Acsl1,and Nfkb and decreased
levels of Atf4, Pparg, Lep, Il6, Tnfa, and Ccl2 (Figure S1F). Hence,
both enhanced and reduced GIPR signaling regulates BAT genes
linked to energy assimilation, BAT function, thermogenesis, and
inflammation.

3.3. GiplBAT '~ mice exhibit reduced basal RER and perturbed lipid
tolerance

Loss of GIPR signaling attenuates weight gain following high-fat
feeding [8,9,11,15]; yet, the mechanisms for this remain poorly un-
derstood. To determine whether the BAT GIPR contributes to basal
control of energy homeostasis under HFD conditions, we crossed
GipM with  Myf5-Cre mice to generate Gip®T/~ mice
(Figure S2A). Consistent with the expression domain of Myf5, levels of
full length Gipr mRNA transcripts were markedly lower in iBAT and
reduced in rWAT but not different in iWAT, eWAT, mWAT, pancreas, or
heart from GipPA"'~ versus GipPA* mice (Figure 3A, and
Figure S2A). Lower levels of Gipr mRNA levels in rWAT is consistent
with a substantial fraction of cells in this depot originating from the
Myf5" cell lineage [20]. No differences in body weight (Figure 3B), fat
and lean mass (Figure 3C), adipose tissue or organ weights
(Figure S2B), food intake (Figure 3E), basal energy expenditure
(Figure 3F), or activity levels (Figure S2C) were detected in HFD-fed
Gip®"T~'~ mice housed at room temperature for 32 weeks. Fasted
Gip®"T~'~ mice had higher body temperature at time 0 and main-
tained higher temperature during acute cold challenge (Figure 3D).
GiprA™'~ mice transiently exhibited a lower basal RER, indicating
increased lipid utilization (Figure 3G). We next examined energy
expenditure after administration of CL316,243 for 3 days to determine
if loss of Gipr in BAT influences BAT thermogenic responses. No dif-
ferences in energy expenditure, RER, or activity levels were detected in
mice injected twice daily with CL316,243 for 3 days (Figure 3H,I and
Figure S2D), and oxygen consumption was not different in iBAT ex vivo
(Figure 3J). Gip®""~'~ mice displayed modestly higher lipid excur-
sions during lipid challenge (Figure 3K), but no differences in iBAT TG
content were detected (Figure 3L). Levels of mRNA transcripts for
Cidea, Ardb3, and Ppara were lower and Lipe was higher in iBAT from
Gip AT/~ mice (Figure 3M). Glucose and insulin tolerance, and
plasma NEFAs were similar in GipPA™* vs. Gip®AT~/~ mice
(Figure S2E—H). Plasma triglycerides were higher in the fasted and fed
states in Gipr®"™~'~ mice (Figure S2I); however, lipid tolerance was not
different in Gipr®"~'~ mice on a HFD for 28 weeks (Figure S2J). Body
temperatures were higher in Gip®"~/~ mice fed a RCD after an
overnight fast; however, no temperature differences were observed
during an acute cold challenge (Figure S2K).
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3.4. HFD-fed Gip®"™~'~ mice have higher fasted lipid levels
however body weight and glucose homeostasis are normal when
mice are housed at 30 °C

To explore the temperature-dependence of phenotypes in GipPAT—/~
mice, we studied independent cohorts of mice at 30 °C after prolonged
HFD feeding. No differences in body weight, fat and lean mass, body
temperature, food intake (Figure 4A—D), basal or CL316,246-induced
energy expenditure, RER, activity, tissues weights, iBAT 0, con-
sumption, lipid tolerance, or iBAT triglyceride content were detected
(Figure 4E—K and Figure S3A-C) in Gip®A™~/~ mice studied at ther-
moneutrality after prolonged HFD feeding. Oral glucose tolerance was
modestly impaired when mice were housed for 22 weeks and fed a
HFD at thermoneutrality (Figure S3D), but no differences in ip glucose
tolerance or insulin sensitivity (Figure S3E, S3F) were detected. In
contrast, fasted plasma NEFAs and TGs were higher in GipPAT—'~
mice housed at 30 °C (Figure 4L,M), suggesting that the impaired lipid
homeostasis observed in Gipr®"T~'~ mice at room temperature was
independent of stimulated thermogenesis.

3.5. HFD-fed Gipr®A™=/~ mice have lower body weight and iBAT
mass when housed at 4 °C

To further evaluate the influence of ambient temperature on phe-
notypes exhibited by Gipr®"T~/~ mice, we studied mice fed a HFD
and chronically housed at 4 °C. Gip®™~'~ mice exhibited lower body
weight after 4—12 weeks (Figure 5A), fat and lean mass trended
lower (Figure 5B), and iBAT mass was lower (Figure 4C). However,
iWAT, eWAT, or rWAT mass and other organ weights were not
different (Figure 5C, Figure S4A). Likewise, food intake (Figure 5D),
basal energy expenditure (Figure 5E), RER (Figure 5F), activity
(Figure S4B), or CL-induced energy expenditure (Figure 5G) or activity
(Figure S4C) were also not different. Gipr®™~/~ mice had higher RER
levels after administration of CL316,246 (Figure 5H). Basal O, con-
sumption was higher in iBAT (Figure 5I), and iWAT (Figure 5J) in
Gip®" '~ mice after 6 weeks at 4 °C, whereas 0, consumption was
not different in liver, eWAT and muscle, notwithstanding the small
number of replicates analyzed (Figure 5K—M). Levels of mRNA
transcripts for mitochondrial genes such as Nrff and Cox2 were
modestly higher in iBAT from GipPA™'~ mice; yet, levels of the
majority of mRNA transcripts examined were not different
(Figure 5N). Glucose tolerance and insulin sensitivity (Figure S4D, E,
(), fasted and refed plasma NEFAs (Figure S4H) and TGs (Figure S4l)
were not different. Gipr™A"~/~ mice had modestly lower TGs in
response to an oral lipid challenge (Figure S4J); however, iBAT TG
content was not different (Figure S4K).

4. DISCUSSION

Interest in the biological actions of GIP impinging on energy homeo-
stasis has been bolstered by development of co-agonists with GIPR
activity and by emerging data with GIPR antagonists. Notably, several
GIPR co-agonists reduced fat mass, decreased body weight and
improved glucose control in non-human primates [21] and in human
subjects with type 2 diabetes [21,22]. Moreover, tirzepatide, an
acylated GIPR-GLP-1R co-agonist, produced more weight loss than
semaglutide and decreased fat mass, reduced food intake, and
enhanced energy expenditure in mice with diet-induced obesity [23].
Impressively, tirzepatide administration reduced glycosylated hemo-
globin and resulted in ~10 kg of weight loss in a 26-week Phase 2
clinical trial in human subjects with type 2 diabetes [24]. Although GIPR
agonism enhances the metabolic effects of co-administered GLP-1R
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Figure 3: Gipr™""~/~ mice fed a HFD have normal body weight and food intake but lower basal RER and impaired lipid tolerance. (A) qPCR analysis of Gipr mRNA
expression in adipose tissues from 4-week-old mice fed a RCD and housed at RT, n = 4—8. (B) Body weights in Gipr®™+* and Gip™"~/~ mice (starting at 8—10 weeks of age),
fed a HFD and housed at RT, n = 16—31. (C) Fat and lean mass, (D) temperature responses to acute cold challenge, AUC calculated from 0 to 5 hrs, and (E) food intake in Gip®AT+/
+ and Gipr®""~/~ mice after 30 weeks, fed a HFD and housed at RT, n = 9—24. (F) Basal energy expenditure and (G) basal RER metabolic measurements in Gip®"™"+ and
GiplBAT’/ ~ mice after 16—18 weeks fed a HFD and housed at RT, n = 14—16. (H) energy expenditure and (I) RER in mice injected twice daily with CL316,243 after 16—18 weeks
on HFD and housed at RT, n = 14—16. (J) Ex vivo basal O, consumption in iBAT from Gipr®™* and Gip®"™'~ mice, fed a HFD and housed at RT for 32 weeks, n = 9—17. (K)
Levels of plasma triglycerides (TGs) during an oral lipid tolerance test (LTT), and (L) triglyceride content in iBAT from Gip®"™*/+ and Gipr™"™ '~ mice, fed a HFD and housed at RT
for 8—10 weeks, n = 9—18. (M) mRNA transcript levels in iBAT from Gip®™'* and Gip®*T~'~ mice, fed a HFD housed at RT for 32 weeks, n = 6—16. Tbp was used to
normalize relative mRNA expression levels. iBAT = interscapular brown adipose tissue. Data are represented as mean + SEM. *p < 0.05, **p < 0.01, ***p < 0.001. See also
Figure S2.
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Figure 4: GipP*"~'~ mice fed a HFD and housed at 30 °C have normal body weight, body temperatures, food intake and basal and CL-induced energy expenditure.
(A) Body weights in Gipr™™'* and Gipr™~'~ mice (starting at 8—10 weeks of age), (B) fat and lean mass, (C) body temperatures in fasted mice, and (D) food intake in GiprPA™+/*
and Gipr®A"'~ mice after 30—32 weeks fed a HFD and housed at 30 °C n = 7—13. (E) Basal energy expenditure and (F) basal RER metabolic measurements in Gipr™A™+/* and
GipP"/'~ mice after 16—18 weeks fed a HFD and housed at 30 °C, n = 6—7. (G) Energy expenditure and (H) RER during twice-daily injections of CL316,243 for 3 days in
GipPA™* and GipPAT~'~ mice after 16—18 weeks fed a HFD and housing at 30 °C, n = 6—7. () Ex vivo basal O, consumption in iBAT from Gip®A™+/+ and Gip®"™ '~ mice, fed a
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TGs in GipP™'* and GipP""~'~ mice, fed a HFD and housed at 30 °C for 28 weeks, n = 7—15. iBAT = interscapular brown adipose tissue. Data are represented as
mean + SEM. *p < 0.05, **p < 0.01, and ***p < 0.0001 See also Figure S3.
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Figure 5: Gip®”"~/~ mice fed a HFD and housed at 4 °C have reduced body and iBAT weights, higher CL-induced RER and lipid tolerance. (A) Body weights in Gip/®*T/*+
and GipP"T~/~ mice (starting at 8—10 weeks of age), fed a HFD and housed at 4 °C, n = 6—7. (B) Fat and lean mass, (C) adipose tissue weights, and (D) food intake in Gipr®A™/*
and Gip®"™~/~ mice after 10—12 weeks on HFD and housed at 4 °C, n = 6—7. (E) Basal energy expenditure and (F) basal RER metabolic measurements in Gipr™™*/* and
GipP"T~/~ mice after 10 weeks fed a HFD and housed at 4 °C, n = 6—7. (G) 24 hr Energy expenditure and (H) RER in response to two injections of CL316,243 in Gip®"T*/*+ and
GipPAT~/~ mice after 10 weeks fed a HFD and housed at 4 °C, n = 6—7. Ex vivo basal O, consumption in iBAT (l), IWAT (J), liver (K), eWAT (L), and muscle (M) tissues from
GipPA™+ and GipPAT'~ mice, fed a HFD and housed at 4 °C for 6 weeks, n = 5—7. (N) mRNA transcript levels in iBAT from Gip™"™/* and Gip™"™~'~ mice, fed a HFD and
housed at 4 °C for 12 weeks, n = 5—6. Levels of Thp mRNA transcripts were used to normalize relative mRNA expression. iBAT = interscapular brown adipose tissue. Data are
represented as mean £+ SEM. *p < 0.05, **p < 0.01. See also Figure S4.
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agonists in mice [25], short-term infusions of GIP in overweight or
obese human subjects failed to inhibit food intake or modify energy
expenditure [26]. Collectively, these findings highlight gaps in under-
standing how modulation of GIPR signaling impacts energy
homeostasis.

In contrast to studies revealing a reduction of food intake and weight
loss with selective GIPR agonists or co-agonists [21,27,28], attenua-
tion of GIPR action also leads to prevention of weight gain in animal
models of experimental obesity [8—11]. The majority of studies
demonstrating that loss of GIPR signaling promotes resistance to
weight gain were carried out in mice subjected to prolonged periods of
HFD feeding [8,19,29—31]. The GIPR is highly expressed in WAT, and
transgenic rescue of GIPR in WAT of Gipr’/* mice restored HFD-
induced weight gain, albeit with an unexplained increase in lean and
not adipose tissue mass [19]. Conversely, although reduction of GIPR
signaling in WAT improved insulin sensitivity and decreased hep-
atosteatosis, loss of the WAT GIPR had no impact on the extent of
weight gain after prolonged HFD feeding [32]. On the other hand, we
observed resistance to obesity, improved glucose metabolism, and
increased energy expenditure, in association with increased Ucp1
expression in BAT in Gipr’/* mice fed a HFD [15]. Accordingly, we
hypothesized that the BAT GIPR may contribute to one or more
metabolic phenotypes evident in HFD-fed mice with global loss of GIPR
signaling.

The data presented herein reveal that the GIPR is expressed and
functional in BAT cells in vitro, and in murine BAT in vivo. Notably, gain
and loss of GIPR signaling in BAT cells regulates genes important for
inflammation and thermogenesis, and knockdown of the BAT Gipr
increases levels of genes regulating thermogenesis, mitochondrial
function, and lipid metabolism after CL316,243 treatment. Moreover,
loss of the iBAT Gipr alters plasma NEFAs and TGs in Gip™™ ™/~ mice
studied at thermoneutrality. Even more striking are the phenotypes
detected at 4 °C, including resistance to weight gain, reduced BAT
weight, a shift in RER after CL316,243, and increased oxygen con-
sumption in WAT and BAT. Hence, under conditions favoring BAT
activation, loss of the BAT GIPR shifts the metabolic profile of BAT to
favor energy expenditure.

Interestingly, GIP regulates IL-6 gene expression and secretion in BAT
cells, whereas knockdown of Gipr markedly decreased //6 mRNA
transcripts. Furthermore, GIP increased plasma IL-6 levels in mice.
Concordant regulation of /L6 and GIPR mRNA transcripts was reported
in human WAT following exercise [33], and GIP directly induced /L6
mRNA and IL-6 secretion in human adipocytes ex vivo [34] and IL6
mRNA was increased in human adipose tissue following 4 hrs of GIP
infusion in the postprandial state [35]. Conversely, plasma IL-6 levels
were reduced in HFD-fed Gip*"P°—/= mice [32]. GIP also stimulated
IL-6 production from murine and human o-cells ex vivo. Hence, our
data linking BAT GIPR to control of IL-6 expression adds to growing
evidence linking gain and loss of GIPR signaling to control of IL-6
levels, findings with possible relevance for understanding how GIP
activity controls local and systemic inflammation.

Our current data demonstrating functional activity of the BAT GIPR adds
to the growing body of literature linking the partial or complete absence
of GIP activity with resistance to weight gain or weight loss. Experi-
mental and clinical states of nutrient excess and obesity are associated
with increased circulating levels of GIP, enhanced inflammation, and
adipose tissue accretion [2,36]. Indeed, Gipr’/* mice resist weight
gain in response to diets enriched in fat content, but not after exposure
to a carbohydrate-enriched diet [37]. Conversely, mice heterozygous
for inactivation of one allele of the Gip gene exhibit resistance to weight
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gain, higher fat oxidation and energy expenditure, and preservation of
insulin sensitivity after HFD feeding [9]. Nevertheless, GIPR agonism
also reduces food intake in mice [27], and transgenic overexpression
of GIP promotes resistance to diet-induced obesity and reduced fat
mass in mice [38]. Hence, the direct and indirect actions of GIP on
adipose tissue and whole body energy homeostasis are complex and
highly context-dependent.

Extending data from genetic manipulation of the Gipr, a series of
monoclonal antibodies against the GIPR attenuated weight gain in mice
and non-human primates, with modest reductions in food intake and a
reduction in RER, consistent with greater lipid oxidation [11]. These
findings were preserved in Gipr"®®—/~ mice, dissociating attenuation
of weight gain from the consequences of diminished GIPR signaling
within islet B-cells. Moreover, the reported changes in RER are
consistent with our findings in Gipr® '~ mice and identify the GIPR in
BAT as a potential component of mechanisms governing the control of
fuel oxidation and lipid metabolism. Nonetheless, our studies failed to
detect compelling body weight phenotypes in Gipr®"T~/~ mice studied
at room temperature and thermoneutrality and we did not observe
increased energy expenditure in Gip™"™~/~ mice. Hence, selective
loss of the GIPR in BAT is insufficient to phenocopy metabolic findings
arising in HFD-fed mice or monkeys studied at room temperature with
systemic reduction of GIP activity [11].

The findings that GIP immunoneutralization [39] or blockade of the GIPR
with antibodies [11] reproduces the resistance to diet-induced obesity
phenotype localizes some of the metabolic actions of the GIPR to pe-
ripheral tissues, as these antibodies are unlikely to block GIPR signaling
in the central nervous system. Recent studies have identified a role for
the myeloid GIPR in the suppression of the alarmin S100A/9 within a
subset of macrophages. Notably, the reduction of immune cell GIPR
expression led to more significant weight gain and impaired energy
expenditure in HFD-fed mice [40]. Alternatively, central regulation of
GIPR signaling modifies hypothalamic leptin sensitivity, consistent with
the failure of reduced GIP action to attenuate the hyperphagia of ob/ob
mice [41]. Hence, multiple mechanisms and cell types contribute to
how GIPR signaling controls energy homeostasis.

Together, our present findings define multiple functional roles for the
GIPR in BAT associated with changes in gene expression, IL-6
expression and secretion, oxygen consumption ex vivo, lipid utiliza-
tion, the defence of body temperature, and metabolism. However, loss
of the BAT GIPR alone is insufficient to recapitulate the resistance to
diet-induced obesity or weight loss described in HFD-fed mice or
monkeys with loss of GIP action [8,9].

4.1. Limitations

We acknowledge that our studies have several limitations. First, we
only performed experiments in male mice. Previously published data
assessing body weight phenotypes were carried out predominantly in
male whole body Gipr‘/‘ mice; therefore, for comparative purposes,
we limited our studies to males. We studied mice without experimental
diabetes; hence, whether dysglycemic states modify the metabolic
activity of GIPR-deficient BAT is not known. Furthermore, although we
observed lower body weight in GipA™~'~ mice housed at 4 °C, we did
not identify any differences in energy expenditure, possibly because
mice were switched from housing at 4°C for subsequent analysis of
energy expenditure under normal room temperature conditions.
Finally, we did not carry out chronic studies with selective GIPR ago-
nists; hence, the putative importance of the presence and absence of
the BAT GIPR for the metabolic responses to sustained GIPR activation
remains to be determined.
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