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Genetic disruption of the Gipr in Apoe '~ mice

promotes atherosclerosis

Gemma Pujadas, Laurie L. Baggio, Kiran Deep Kaur, Brent A. McLean, Xiemin Cao, Daniel J. Drucker’

ABSTRACT

Objective: The gut hormone glucose-dependent insulinotropic polypeptide (GIP) stimulates beta cell function and improves glycemia through its
incretin actions. GIP also regulates endothelial function and suppresses adipose tissue inflammation through control of macrophage activity.
Activation of the GIP receptor (GIPR) attenuates experimental atherosclerosis and inflammation in mice, however whether loss of GIPR signaling
impacts the development of atherosclerosis is uncertain.

Methods: Atherosclerosis and related metabolic phenotypes were studied in Apoe :Gipr*’ ~ mice and in Gipr” T and Gipr*/ ~ mice treated
with an adeno-associated virus expressing PCSK9 (AAV-PCSK9). Bone marrow transplantation (BMT) studies were carried out using donor
marrow from Apoe~'~:Gipr~'~and Apoe™'~: Gipr*'* mice transplanted into Apoe'~: Gipr '~ recipient mice. Experimental endpoints included the
extent of aortic atherosclerosis and inflammation, body weight, glucose tolerance, and circulating lipid levels, the proportions and subsets of
circulating leukocytes, and tissue gene expression profiles informing lipid and glucose metabolism, and inflammation.

Results: Body weight was lower, circulating myeloid cells were reduced, and glucose tolerance was not different, however, aortic athero-
sclerosis was increased in Apoe*/ *:Gipr*/ ~ mice and trended higher in Gipr*/ ~ mice with atherosclerosis induced by AAV-PCSK9. Levels of

_/_

mRNA transcripts for genes contributing to inflammation were increased in the aortae of Apoe
mice treated with AAV-PCSK9. BMT experiments did not reveal marked

inflammation-related hepatic genes were increased in Gipr*/*

~/~:Gipr'~ mice and expression of a subset of

atherosclerosis, failing to implicate bone marrow derived GIPR -+ cells in the control of atherosclerosis or aortic inflammation.
Conclusions: Loss of the Giprin mice results in increased aortic atherosclerosis and enhanced inflammation in aorta and liver, despite reduced
weight gain and preserved glucose homeostasis. These findings extend concepts of GIPR in the suppression of inflammation-related patho-

physiology beyond its classical incretin role in the control of metabolism.
© 2022 The Author(s). 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

Gut hormones are secreted at low basal levels in the interprandial
state, with circulating levels rising briskly in response to nutritional
cues [1]. Multiple gut hormones contribute signals regulating food
intake, pancreatic enzyme secretion and digestion, gastrointestinal
motility, nutrient absorption, and disposal. Two of the most extensively
studied gut hormones, glucose-dependent insulinotropic polypeptide
(GIP) and glucagon-like peptide-1 (GLP-1) exhibit incretin-like activity,
and potentiate meal-stimulated insulin release to facilitate glucose
uptake and control of peripheral glucose production [2]. GLP-1 also
exerts a number of complementary actions to improve metabolism,
including inhibition of glucagon secretion, reduction of gastric
emptying, and promotion of satiety, enabling weight loss [3]. These
actions of GLP-1 have supported the development of degradation-
resistant GLP-1R agonists (GLP-1RA) for the treatment of people
with type 2 diabetes (T2D) and obesity [4].

Both GIP and GLP-1 act through structurally related yet distinct G
protein coupled receptors expressed in islet B-cells, as well as in
extrapancreatic tissues [2,5]. Among the most extensively studied
effects of GLP-1 are its actions in the cardiovascular system. Pre-
clinical studies demonstrated that GLP-1 receptor (GLP-1R) activation
reduces the severity of experimental stroke, atherosclerosis, and
myocardial infarction [6—8], actions thought to reflect the activity of
the GLP-1R in the heart, blood vessels, and the immune system [9,10].
Importantly, cardiovascular outcome trials examining the safety of
multiple GLP-1RA demonstrate a reduction in the rates of major
adverse cardiovascular events (MACE) in people with T2D [11]. These
findings support the safety of GLP-1RA in people at high risk of
developing, or with pre-existing cardiovascular disease.

The corresponding development of GIP-based therapeutics has been
more challenging, due in part to the more restricted actions of GIP,
and observations that the insulinotropic activity of GIP is diminished in
people with T2D [12]. Furthermore, substantial preclinical data, using
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GIP receptor (GIPR) antagonists, or mouse genetics to inactivate the
genes for GIP or the GIPR, reveals that loss of GIP activity is also
associated with resistance to weight gain, and improved insulin
sensitivity [13—15]. Hence, there remains some uncertainty as to
whether GIPR agonism, or antagonism, represents the most prom-
ising strategy for therapy of metabolic disorders such as T2D or
obesity.

The GIPR is also expressed in the heart, blood vessels, and the immune
system [16—20], and loss of GIPR activity enhances adipose tissue
inflammation via upregulation of alarmin expression within macro-
phages [19]. However, much less is known about the cardiovascular
actions of GIP. Activation of the GIPR has little effect in mice with
experimental coronary artery occlusion, whereas reduction of GIPR
expression in cardiomyocytes was associated with cardioprotection in
mice with acute myocardial infarction [16]. GIPR agonism also reduces
vascular inflammation and decreases the development of atheroscle-
rosis in mice prone to develop accelerated atherosclerosis [21—23].
However, much less is known about the potential vascular conse-
quences of reduced GIPR signalling. Here we studied the development
of atherosclerosis and inflammation in several different models of
Gipr*’ ~ mice with accelerated atherosclerosis.

2. MATERIALS AND METHODS

2.1. Mice and diets

All mouse studies were performed in accordance with protocols
approved by the Sinai Health System and The Centre for Phenoge-
nomics (TCP; Toronto, ON, Canada; AUP# 24—0045H). All experiments
were carried out in groups of male mice on a C57BL/6J genetic
background. Wild-type littermates or wild-type mice from the same
colony were used as controls.

Mice were maintained on a 12 h light/dark cycle at an ambient tem-
perature of 21 °C, with free access to food and water, except where
noted. Mice were fed either a standard rodent chow diet (RCD; 18%
kcal from fat, 2018 Harlan Teklad, Mississauga, ON) or a proathero-
genic diet (42% high fat diet (HFD), 0.2% total cholesterol, TD. 88137,
Envigo).

The generation and characterization of Gipr*/ ~ mice was described
previously [24]. Apoe”’ mice were purchased from Jackson Labo-
ratories (Stock #2052). Apoe'~:Gipr~'~ double knockout mice were
generated by crossing Gipr*/* mice with Apoe*/ ~ mice and subse-
quent mating of heterozygote progeny. An established PCSK9-AAV
protocol for generating hypercholesterolemia and atherosclerosis
[25] was used in Gipr '~ and wild type Gipr™'* littermate AAV.mPcsk9
mice. pAAV/D377-mPCSK9 (plasmid # 58376; donated by Jacob
Bentzon, Aarhus University, Aarhus, Denmark [26]) was obtained from
Addgene and produced with an AAV8 vector (AAV8.ApoEHCR-
hAAT.D377Y-mPCSK9.bGH, Penn Vector Core in the Gene Therapy
Program of the University of Pennsylvania). As a control,
Gipr”"+ AAV.GFP mice were generated using pAAV.CMV.PI.EGFP.W-
PRE.bGH (plasmid # 105530, Addgene) incorporated into an AAV8
vector (AAV8.TBG.Pl.eGFP.WPRE.bGH, Penn Vector Core in the Gene
Therapy Program of the University of Pennsylvania). All mice received a
single tail vein injection of 3 x 10" viral genome copies.

2.2. Body composition using MRI (magnetic resonance imaging)
Body composition (total fat and lean mass) was measured prior to and
every 4 weeks after placing mice on the proatherogenic HFD, using a
mouse whole-body Echo MRI nuclear magnetic resonance system
(Echo Medical Systems, Houston, TX).

2.3. Blood and tissue analyses

For terminal studies, mice were sacrificed by CO, inhalation, blood was
obtained by cardiac puncture and tissues were dissected and imme-
diately frozen in liquid nitrogen. Liver samples for histology were fixed
in 10% neutral buffered formalin for 48 h, transferred to 70% ethanol,
paraffin-embedded, sectioned at 4 um and stained with hematoxylin
and eosin using standard protocols. Whole aortae were collected at the
time of sacrifice and fixed overnight in 10% neutral buffered formalin.
Atherosclerotic lesions were detected by staining with Sudan IV (Mil-
liporeSigma, S-8756) and imaged as described [27]. Aortic roots were
isolated and processed for histology as described [28]. Serial sections
in which all 3 aortic valves were clearly visible were stained for Oil Red
0, Masson’s Trichrome, Von Kossa, F4/80, and Moma-2 using stan-
dard protocols. ImageJ software was used to quantify staining.

All blood samples (50—100 pl) for measuring insulin, non-esterified
fatty acids (NEFAs), cholesterol, and triglycerides (TGs) at the indi-
cated time points during metabolic tests were collected from the tail
vein into lithium coated Microvette tubes (Sarstedt, Numbrecht, Ger-
many) and mixed with a 10% volume of TED (5000 kIU/mL Trasylol,
32 mM EDTA, and 0.1 mM Diprotin A). Blood samples for plasma
cytokine measurements were collected by cardiac puncture at the time
of sacrifice and mixed with a 10% volume of TED. For complete blood
counts, ~200 pl of peripheral blood was collected from the tail vein
into EDTA coated Microvette tubes (Sarstedt, Numbrecht, Germany)
and kept at room temperature until processed for cell isolation.
Isolation and quantification of peripheral blood mononuclear cells was
carried out using methods and antibodies described in our laboratory
[24].

2.4. Glucose and lipid tolerance tests

For oral glucose tolerance tests (0GTT), mice were fasted for 5 h (9am-
2pm) and then p-Glucose (2 g/kg; Sigma, Oakville, ON) was admin-
istered by oral gavage. Blood glucose was measured in tail vein
samples using a handheld glucose meter (Contour, Bayer, Mis-
sissauga, ON) at baseline (time 0) and 15, 30, 45, 60, 90 and 120 min
post-glucose administration. For oral lipid tolerance tests (oLTT), mice
were fasted overnight (5pm-9am) and then animals received a 200 pl
oral gavage of olive oil (Sigma) and blood samples were collected from
the tail vein prior to (time 0) and 1, 2, and 3 h after olive oil gavage.
Plasma was collected from blood samples via centrifugation
(>12,000 rpm, 4 °C, 5 min) and stored at —80 °C until analysed.

2.5. Fasting and refeeding studies

Mice were fasted overnight (5pm-9am) with free access to water. The
following morning, a fasting blood sample (100 ) was collected from
the tail vein and mice were given free access to food for 1 h, after
which a second blood sample (100 pl) was collected from the tail vein.

2.6. Metabolic and cytokine assays

Plasma insulin levels were measured using an Ultrasensitive Mouse
Insulin ELISA kit (Cat# 80-INSMSU-E01 Alpco Diagnostics, Salem, NH).
Plasma NEFAs were assayed using the NEFA-HR (2) kit (FUJIFILM
Wako Pure Chemical Corp., Cat# 999—34691, 995—34791, 991—
34891, 993—35191, 276—76491). Plasma TGs were determined by
enzymatic assay using the TRIGL B kit and calibrator (Roche Di-
agnostics, Cat# 05171407, 10759350). Plasma cholesterol levels
were assayed using a Wako Cholesterol E kit (FUJIFILM Wako Di-
agnostics U.S.A. Corporation, Cat# 999—02601). Plasma cytokines
were quantified using a V-Plex Proinflammatory Panel 1 Mouse Kit
(Mesoscale, Cat# K15048D).
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For assessment of TG and cholesterol levels in tissue, frozen liver
samples were weighed (10—20 mg) and lipids were extracted using a
2:1 chloroform-methanol solution, dried under N, and reconstituted in
50 wl of 3:2 tert-butyl alcohol:triton X-100/methyl alcohol (1:1). He-
patic TG and cholesterol levels were quantified using the TRIGL B assay
kit and Wako Cholesterol E kit, respectively, and normalized to tissue
weight.

2.7. Bone marrow transplantation (BMT)

Bone marrow chimeras were generated by irradiating 8-week-old
Apoe~'~:Gipr~'~ recipient males (1,100 cGy, split into two equal
doses separated 4h apart) followed by tail vein injection of 5 x 108
congenic bone marrow cells from Apoe '~ or Apoe'~:Gipr~’~ donor
males, as described [29].

2.8. RNA isolation and gene expression analysis

For RNA extraction, tissue samples were homogenized in TRI Reagent
(Molecular Research Center, Cincinnati, ON) using a TissueLyser I
system (Qiagen, Germantown, MD). cDNA synthesis and Real-time
quantitative PCR (RT-gPCR) were carried out as previously described
[30]. A list of gPCR primers and associated ID numbers is provided in
Supplementary Table 1. RT-qPCR data was analysed using the 224t
method, and levels of mRNA transcripts were normalized to Ppia
(peptidylprolyl isomerase A-cyclophilin A).

2.9. Statistical analysis

Data are presented as the mean + SD or as the mean 4+ SEM, as
indicated. Statistical comparisons were made by one- or two-way
ordinary ANOVA followed by Bonferroni post hoc or by unpaired two-
tailed Student’s t-test using GraphPad Prism version 8 Software
(San Diego, CA). A P value < 0.05 was considered statistically
significant.

3. RESULTS

To probe the consequences of extinguishing GIP action for the
development of experimental atherosclerosis, we mated Gipr‘/ ~ mice
with Apoe*/ ~ mice to generate Apoe*/ *:Gipr*/ ~ mice. The extent of
aortic atherosclerosis was studied in Gipr'’*, Gipr'~, Apoe~’~ and
Apoe‘/ ‘:Gipr‘/ ~ mice after 19 weeks of HFD feeding (Supplementary
Fig. 1A). Consistent with previous findings of resistance to weight gain
in Gipr”'~ mice [24,31], both Gipr '~ and Apoe~'~:Gipr '~ mice
exhibited reduced body weight gain, and decreased liver and white
adipose tissue mass (Supplementary Figs. 1B-L and 2A). Despite
reduced body weight in Gipr '~ and Apoe ' :Gipr '~ mice, there
were no genotype-dependent differences in levels of plasma glucose,
non-esterified fatty acids (NEFAs), triglycerides, or cholesterol
(Supplementary Figs. 2B—E). Although glucose and lipid tolerance and
plasma levels of NEFAs were not consistently different across geno-
types, glucose-stimulated insulin levels were lower during the oGTT,
and lower in the fasted and fed state, consistent with reduced body
weight in Apoe‘/‘:Gipr"‘ mice (Supplementary Figs. 2F—K).

Despite reduced body weight and comparable metabolic profiles, the
burden of aortic plaque was increased in Apoe”’:Gipr”* mice
(Figure 1A) and the extent of aortic macrophage infiltration (F4/80) and
collagen content (quantified by Masson’s Trichrome staining) trended
higher (Figure 1B). We next analysed the aortic expression of genes
important for inflammation, cholesterol metabolism and endothelial
function. Notably, expression of S700a8, but not S700a9, alarmins
suppressed by GIP in adipose tissue macrophages [19], was very low,

but increased in the aortae of Apoe‘/‘:Gipr‘/‘ mice (Figure 1C).
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Furthermore, mRNA transcripts for Adgrie, Mgl2, Ccr2, and Tnf, were
upregulated in the aortae of Apoe*/ *:Gipr’/ ~ mice (Figure 1C).
Pecam1, Nos3, and Acta2b mRNA transcripts related to endothelial
function were not different in the aortae of Apoe™'~:Gipr '~ vs. Apoe™’
~ mice (Figure 1D). Levels of aortic mRNA transcripts for Abca? and
Abcg1, encoding proteins regulating lipid transport, were not different,
whereas mRNA levels of Hmgcs2, a gene important for carbohydrate
and lipid metabolism, were reduced in the aortae from Apoe‘/ ‘:Gipr‘/
~ mice (Figure 1E). Additionally, there were no significant differences
in mRNA expression levels of immune cell-type-specific markers in
Apoe‘/ ‘:Gipr‘/ s, Apoe‘/ ~ mice, although levels of /tgam, a marker
of myeloid cells, were upregulated in Apoe*/ ~and Apoe*/ *:Gipr*’ B
mice (Supplementary Fig. 3A).

As GIPR signalling regulates hematopoiesis and myelopoiesis [30,32],
which in turn may contribute to the development of atherosclerosis
[33], we next examined circulating immune cells. The proportion of B
cells and T cells was reduced, whereas circulating myeloid cells, and
CD11b + cells, a marker for macrophages, granulocytes, and NK cells,
were increased in both Apoe '~ and Apoe’~:Gipr”’~ mice
(Figure 2A,B). However, the percentage of myeloid and Cd11b + cells
was significantly lower in Apoe~':Gipr '~ vs. Apoe”'~ mice
(Figure 2A,B). Consistent with previous findings [30], circulating levels
of Ly6C- cells (that delineate patrolling myeloid cells) were increased in
Gipr*/* mice (Figure 2D), however no other genotype-dependent
differences were detected in circulating levels of neutrophils, mono-
cytes, or any of the other blood cell subsets (Figure 2C,D). Moreover,
we saw no significant differences in circulating levels of inflammatory
cytokines in Apoe ' ~:Gipr '~ vs. Apoe~’~ mice, suggesting that loss
of GIPR signalling does not affect systemic inflammation in our
experimental model (Supplementary Fig. 3A).

GIP modulates lipolysis and lipogenesis within adipose tissue, actions
with indirect implications for lipid flux in organs such as liver [34,35].
Although the livers from Apoe~':Gipr '~ mice appeared visibly
healthier (Figure 2E), hepatic triglycerides were not different, whereas
hepatic cholesterol content was increased in Apoe*/ *:Gipr*/ ~ mice
(Figure 2F,G). Hepatic mRNA transcripts for Abca1 were increased in
Apoe‘/ ‘:Gipr‘/‘ mice, however levels of several mRNA transcripts
encoding proteins important for cholesterol metabolism were not
differentially expressed in livers from Apoe ™'~ vs. Apoe™'~:Gipr '~
mice (Figure 2H). Interestingly, levels of hepatic mRNA transcripts for
proteins contributing to control of glucose and lipid metabolism, such
as Pck1, Pgcia, Foxol, Hnf4a, Mixipl, and Ppara were increased and
Pparg was reduced in Apoe‘/ ‘:Gipr" ~ mice (Figure 2I). However, as
noted, fasting glycemia and glucose tolerance were not different in
Apoe’/’:Gipr’/’ mice (Supplementary Figs. 2B and G). No consistent
genotype-dependent differences were observed in hepatic mRNA
levels of genes that regulate inflammation (Figure 2J).

To interrogate the phenotype arising from loss of Gipr in a second
independent experimental model of atherosclerosis, we treated groups
of Gipr”+ and Gipr*/ ~ mice with an adeno-associated virus
expressing proprotein convertase subtilisin/kexin type 9 (AAV-PCSK9).
Mice were maintained on a pro-atherogenic diet to induce dyslipidemia
and atherosclerosis for 23 weeks (Supplementary Fig. 4A) [26].
Once again, the extent of body weight gain and adiposity was atten-
uated, and liver and WAT weights were reduced in AAV-PCSK9-treated
Gipr'= vs Gipr'’* mice (Supplementary Figs. 4B—D, G—N).
Plasma cholesterol and triglyceride levels were progressively
increased in  AAV-PCSK9-treated vs. AAV-GFP-treated mice
(Supplementary Figs. 4E and F). For these analyses, we considered the
data to be meaningfully different when values obtained for AAV-
PCSK9-treated G/'pr‘/‘ mice were significantly different from AAV-
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PCSK9-treated Gipr™'* and AAV-GFP-treated Gipr '~ mice. Metabol-
ically, plasma glucose, NEFAs, triglycerides, cholesterol, and oral
glucose and lipid tolerance were not different in AAV-PCSK9-treated
Gipr’/ ~ mice (Supplementary Fig. 5). Aortic plaque area was greater
following administration of AAV-PCSK9 (Figure 3A, top panel), and
trended higher but was not different in AAV-PCSK9-treated Gipr’/ T Vs,
Gipr''* mice (Figure 3A, bottom panel). Although the extent of aortic
calcification (Von Kossa staining) was reduced in AAV-PCSK9-treated
Gipr’/’ VS. Gipr”+ mice, no differences in aortic levels of lipid,
macrophage or collagen staining were observed (Figure 3B). The
majority of inflammation-related genes were not differentially
expressed in the aortae from AAV-PCSK9-treated Gipr '~ vs. Gipr''*
mice (Figure 3C). Similarly, although levels of Abcg? mRNA transcripts
were reduced in aortae from AAV-PCSK9-treated Gipr‘/ ~ mice, most
mRNA transcripts examined encoding proteins involved in cholesterol
metabolism or endothelial function were not differentially expressed in
aortae from AAV-PCSK9-treated Gipr '~ vs. Gipr™'* mice (Figure 3D,
E). Likewise, there were no significant differences in mRNA levels of
immune cell-type-specific markers or plasma cytokine levels in AAV-
PCSK9-treated Gipr‘/‘ mice (Supplementary Fig. 3B).

The gross and histological appearance of the livers from AAV-PCSK9-
treated Gipr‘/ Vs, Gipr” * mice were not different and hepatic tri-
glycerides were similar; however, cholesterol levels were higher in
AAV-PCSK9-treated Gipr*/* mice (Figure 4A—C). Levels of hepatic
mRNA transcripts for genes controlling cholesterol metabolism were
not different in AAV-PCSK9 vs. AAV-GFP-treated Gipr‘/ ~ mice
(Figure 4D). Although several genotype-dependent differences were
observed in hepatic mRNA levels of genes that regulate glucose and
lipid metabolism, there were no significant differences between AAV-
PCSK9-treated Gipr '~ mice and both AAV-PCSK9-treated Gipr™'*
and AAV-GFP-treated Gipr '~ mice (Figure 4E). Analysis of genes
encoding biomarkers of inflammation revealed increased levels of
mRNA transcripts for Cxc/1 and Arg1 in AAV-PCSK9-treated Gipr*/ -
mice; however, mRNA levels of S700a8, S100a9, Il1b, Ccl2, Adgre1,
and Tnf were not different in livers from AAV-PCSK9-treated Gipr*/ -
vs. Giprt’'* mice (Figure 4F).

Previous studies revealed a role for bone marrow-derived GIPR + cells in
control of inflammation, in part through suppression of macrophage
activation [19,30]. To determine whether loss of the Gipr contributes to
increased aortic inflammation and atherosclerosis in Apoe‘/ ‘:Gipr‘/‘
mice through bone marrow-dependent mechanisms, we transplanted
bone marrow from Apoe ' :Gipr'~and Apoe'~:Gipr*’*mice into
Apoe"‘:G/pr"‘ recipient mice (Supplementary Fig. 6A). Circulating B
cells were reduced and T cells were increased; however, myeloid cells,
including neutrophils, monocytes, CD11b + cells, and proportions of
Ly6C+, Ly6C- and Ly6C++ cell subpopulations were not different
in Apoe”'~:Gipr’~ mice transplanted with Gipr'’t (Apoe
Gipr=/~ 8P ++BM vs Gior '~ (Apoe~Gipr '~ 8P"~'~BY hone marrow
(Supplementary Fig. 6B). Similarly, body weight gain, body composition,
glucose tolerance, glucose-stimulated insulin levels, and plasma NEFAs,
triglycerides, and cholesterol were not different in Apoe’/’:
Gipr/~CP+H+BM v Apoe'~ Gipr '~ @P—/~BM mice (Figure 5A—0).
Surprisingly, the extent of aortic plague was modest, and not different in
Apoe™' = Gipr'~CPHHBM s Apoe': Gipr/~EP/-BM mice
(Figure 5D). In contrast to evidence for increased aortic inflammation
detected in Apoe*/*:Gipr*/* mice (Figure 1), no differences were
observed in multiple mRNA biomarkers of inflammation assessed in
aortae from Apoe ' ~:Gipr '~ GP++BM ys  Apoe/—: Gipr '~ GiPr—/—BM
mice (Supplementary Fig. 6C). Similarly, no consistent differences
were detected in the expression profiles for hepatic genes
contributing to control of inflammation or glucose and lipid metabolism

in Apoef/f:Giprf/fGiprJrH»BM —/— r—/fGipr—/—BM mice

(Supplementary Fig. 7).

vs. Apoe ' :Gip

4. DISCUSSION

Studies of GIP action in animals demonstrated that hyperglycemia was
associated with downregulation of GIP receptor expression in
pancreatic islets and defective GIP action [36,37], while attenuation of
the insulinotropic action of GIP was also observed in people with T2D
[12]. Nevertheless, partial restoration of GIP action was demonstrated
in individuals with T2D following treatment with insulin for several
weeks to improve glucose control [38], renewing interest in the pos-
sibility of GIPR agonism for the therapy of T2D. Paradoxically however,
pharmacological blockade of the GIPR has also been associated with
favourable metabolic phenotypes in small animals and non-human
primates [15], engendering simultaneous interest in the development
of GIPR antagonists alone, or in combination with GLP-1 receptor
agonists [39], for the treatment of obesity or T2D [13]. Given the
importance of understanding the cardiovascular safety of new thera-
peutic agents under development for diabetes or obesity, our current
studies were originated to examine the consequences of inactivation of
the Gipr on the development of experimental atherosclerosis in mice.
Interestingly, we detected increased aortic atherosclerosis together
with upregulated expression of genes encoding pro-inflammatory
proteins within the aorta of Apoe" ‘:Gipr‘/ ~ mice, despite concomi-
tant resistance to diet-induced weight gain and lower insulin levels in
Apoe~'~:Gipr~'~ vs. Apoe~’~ mice. Moreover, circulating levels of
cholesterol and triglycerides, and lipid tolerance were not different in
Apae*/*:Gipr*/* VS. Apoe*/* mice. The increased burden of aortic
atherosclerosis and inflammation detected in the setting of reduced
body weight raised the possibility that loss of the previously described
suppressive actions of GIP on bone marrow-derived macrophage ac-
tivity [19,30] contributed to the development of atherosclerosis and
aortic inflammation in Apoe™'~:Gipr~'~ mice.

The inability to detect substantial atherosclerosis or differences in the
extent of aortic atherosclerosis in Apoe '~ :Gipr~/~ &P +/+BM mice vs.
Apoe~'~:Gipr'~P"—/=BM mice likely reflects the actions of radiation
to attenuate the development of murine atherosclerosis. Several
studies have demonstrated that bone marrow transplantation attenu-
ates weight gain and results in reduced aortic lesion burden in Ldir'~
and Apoe*/ ~ mice [40,41], as well as decreased aortic inflammation
[42]. Mechanistically, these observations in atherosclerosis-prone
mice have been linked to reduction of LDL uptake within the intima,
reducing the extent of lipid accretion, foam cell accumulation, lesion
formation, and subsequent local inflammation within the aortic arch
[43]. Hence our hypothesis, based on earlier studies [19,30], that loss
of the myeloid GIPR contributes to macrophage activation and accel-
eration of aortic inflammation and atherosclerosis cannot be sub-
stantiated from the current data and will require additional studies,
such as genetic targeting of Gipr within macrophages in mice with
atherosclerosis, to pursue these possibilities without the complications
of BMT.

An unexpected finding accompanying enhanced atherosclerosis was
the increased expression of pro-inflammatory genes in the aorta of
Apoe‘/ ‘:Gipr‘/ ~ mice, including higher levels of mRNA transcripts for
the macrophage marker Adgre1 (encoding F4/80) and the alarmin
S§100a8, as well as cytokines and chemokines central to the inflam-
matory process. These observations resemble findings made in in-
dependent studies demonstrating a role for loss of the GIPR in
promoting macrophage activation, via activation of S100a8 and
S100a9, within adipose tissue, observations attributed to bone
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Figure 5: Restoration of Gipr expression in the bone marrow compartment does not modify atherosclerosis severity in Apoe" _:Gipr_’ ~ mice. Apae” *:Gipr” ~ mice

received a bone marrow transplant from Apoe'~:Gipr '~ (Apoe~'~:Gipr =" ~'~B™ or Apoe~':Gipr*'* (Apoe~':Gipr '~ +/+B™) mice and then maintained on a proa-

therogenic diet for 19 weeks. (A) body weight and body composition measured every 4 weeks. (B) Blood glucose levels during an oral glucose tolerance test (0GTT; left panel),
plasma insulin (middle panel) and non-esterified fatty acid (NEFAs, right panel) levels prior to (time 0) and at 10 min post-glucose administration. (C) Plasma triglyceride and
cholesterol levels following an overnight fast (time 0) and after 1 h (time 60 min) of refeeding. (D) Representative images and quantification of whole mount en face aortae stained
with Sudan IV for detection of atherosclerotic plaques. Data are mean + SD. n = 6—14 mice per group. * P < 0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001.
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marrow-derived myeloid precursors through the use of BMT experi-
ments [19,30]. Although we were unable to conclude, due to the re-
sults of the BMT studies, that a related process contributes to
enhanced macrophage activity in the aorta of GIPR-deficient mice, this
possibility remains reasonable and merits further investigation,
perhaps using atherosclerosis-prone mice with selective GIPR defi-
ciency in myeloid cells.

The available preclinical data supports a beneficial role for GIPR agonism
in reducing the extent of atherosclerosis, and vascular inflammation in
mice [21,22], whereas deletion of the Gipr exaggerated the extent of
vascular injury in mice following femoral artery wire injury [44]. Some,
but not all [45] studies have correlated the levels of circulating GIP or
variants in the GIPR with the risk of developing cardiovascular disease,
including atherosclerosis and stroke [46]. Short term infusion of GIP in
humans increased the expression of proinflammatory cytokines and
chemokines in subcutaneous adipose tissue and in the circulation [47].
Two rare missense GIPR variants, R190Q (rs139215588) and E288G
(rs143430880) associate with increased systolic blood pressure,
reduced BMI, yet no consistent change in risk of cardiovascular events
[48]. In contrast, analysis of genetic variation at the GIP and GIPR genes
using Mendelian Randomization revealed an association between pre-
dicted augmentation of GIP-GIPR signaling and reduced levels of car-
diometabolic risk factors such as C reactive protein, triglycerides, and
increased levels of HDL cholesterol, beyond that predicted from a
reduced risk of T2D [49].

The interest in understanding the putative link between directional
changes in GIPR signaling and the risk of cardiovascular disease has
been heightened by the clinical approval of tirzepatide, a potent GIPR-
GLP-1R co-agonist with substantial efficacy in people with T2D and/or
obesity [50]. Tirzepatide produces substantial reduction of HbA1c and
weight loss, associated with reduction in blood pressure, circulating
lipids and some biomarkers associated with cardiometabolic risk [51].
A pre-specified meta-analysis of cardiovascular events in the SUR-
PASS trials assessing the efficacy of tirzepatide in people with T2D
revealed a reduction in major adverse cardiovascular events in
tirzepatide-treated subjects, although the number of events was
insufficient to draw definitive conclusions [52]. The cardiovascular
safety of tirzepatide is being compared to dulaglutide in the SURPASS-
CVOT trial (NCT04255433) in people with T2D, expected to complete in
October 2024.

5. LIMITATIONS AND FUTURE DIRECTIONS

Our studies have several limitations. First, we used mice with germline
disruption of the Gipr gene, and it is possible that developmental
compensation arising in these mice impacted one or more metabolic
phenotypes under study. Our studies did not include mice with
experimental diabetes, which might modify the importance of loss of
the Gipr for control of metabolism and atherosclerosis. The mice
analyzed following bone marrow transplantation exhibited very little
aortic atherosclerosis, diminishing the potential utility of these ex-
periments for inferring the role of bone marrow-derived cells in the
pathophysiology of aortic inflammation and atherosclerosis in Gipr’/ -
mice. Moreover, Apoe’/* mice exhibit dysregulated lipid metabolism
from birth, whereas induction of dyslipidemia using AAV-PCSK9 occurs
later in life starting at 8 weeks of age, precluding a direct comparison
of results from these distinct models. Furthermore, it is possible that
the trend of increased atherosclerosis in AAV-PCSK9-treated Gipr‘/ -
mice may have become significant if a larger experimental cohort was
analyzed. Finally, we did not interrogate the impact of GIPR antagonists
on the development of atherosclerosis, experiments that may have

more translational relevance for clinical development of GIPR antag-
onists or unimolecular combinations of GIPR antagonists and GLP-1R
agonists for the treatment of diabetes and obesity [13]. In summary,
our current data linking loss of GIPR signaling to enhanced athero-
sclerosis and vascular inflammation, taken together with published
studies reporting reduced atherosclerosis with GIPR agonists [21,53],
extends our understanding of mechanisms linking directional changes
in GIPR activity to control of atherosclerosis.
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Supplementary Figure Legends

Supplementary Figure 1. Body composition and tissue weights in proatherogenic diet-fed
ApoE/:Gipr’- and control mice. (A) Schematic depiction of the timeline for studies in ApoE"-
:Gipr’- and control mice. Starting at 8 weeks of age, all mice were fed a proatherogenic diet for
a total of 19 weeks. Magnetic resonance imaging (MRI) was performed at baseline and at 4, 8,
12 and 16 weeks after diet commencement. Fasting-refeeding studies, oral glucose tolerance
(oGTT), and oral lipid tolerance (oLTT) tests were performed after 16, 17 and 18 weeks, and mice
were sacrificed after 19 weeks of proatherogenic diet feeding, respectively. Change in body
weight (B) and body composition (C, D) during the first 16 weeks of proatherogenic diet feeding.
Body weight (E), indicated tissue weights normalized to body weight (F, G, I-L), and femur length
(H) in mice after 19 weeks of maintenance on the proatherogenic diet. Data are mean + SEM
(panels B-D) or £ SD (panels E-L). n=9 — 27 mice per group. * P <0.05, ** P<0.01, *** P<0.001,
**%* p<0.0001.

Supplementary Figure 2. Metabolic measurements during fasting-refeeding studies and
glucose and lipid tolerance tests in ApoE/":Gipr/- and control mice fed a proatherogenic diet.
(A) body weight, and plasma levels of glucose (B), non-esterified fatty acids (NEFA, C),
triglycerides (D), cholesterol (E), and insulin (F) in ApoE”":Gipr’- and control mice during fasting
and refeeding studies performed after 16 weeks of proatherogenic diet feeding. Plasma glucose
(@), insulin (H) and NEFA (I) levels during an oral glucose tolerance test (oGTT), and plasma
triglycerides (J) and NEFA (K) levels during an oral lipid tolerance test (oLTT) in ApoE/":Gipr’- and
control mice after 17 and 18 weeks of proatherogenic diet feeding, respectively. Data are mean
+ SD (panels A-F, H, | and K) or £ SEM (panels G and J). n=5 — 9 mice per group. * P <0.05, ** P <
0.01, *** p<0.001, **** P <0.0001.

Supplementary Figure 3. Aortic gene expression of cell-type-specific markers and plasma
cytokine levels in experimental mice. Aortic mMRNA and plasma cytokine levels in proatherogenic
diet-fed (A) Apoe”’:Gipr’~ and control mice, and (B) PCSK9-treated Gipr’- and control mice. Data
are mean + SEM. n=6 — 14 mice per group. * P<0.05, ** P<0.01, ***P <0.001, **** p<0.0001.

Supplementary Figure 4. Body composition, plasma lipids and tissue weights in AAV-PCSK9-
treated Gipr-/- mice vs. AAV-PCSK-9-treated Gipr+/+ and AAV-GFP-treated Gipr-/- control mice
fed a proatherogenic diet. (A) Schematic depiction of the timeline for studies done in AAV-PCSK9-
treated Gipr-/- and control mice. Regular chow fed mice were treated with PCSK9 (AAV.mPcsk9)
or control (AAV-GFP) adeno-associated virus at 8 weeks of age and then the following week were
switched to a proatherogenic diet for 23 weeks. Magnetic resonance imaging (MRI) was
performed at baseline and at 4, 8, 12, 16 and 20 weeks after diet commencement. Fasting-
refeeding studies, oral glucose tolerance (oGTT), and oral lipid tolerance (oLTT) tests were
performed after 20, 21 and 22 weeks, and mice were sacrificed after 23 weeks of proatherogenic



diet feeding, respectively. Change in body weight (B) and body composition (C, D) during the first
20 weeks of proatherogenic diet feeding. Plasma cholesterol (E), and triglyceride (F) levels during
the first 16 weeks of proatherogenic diet. Tissue weights normalized to body weight (G-I, K-N),
and femur length (J) in mice after 23 weeks of maintenance on the proatherogenic diet. Data are
mean = SEM (panels B-F) or £ SD (panels G-N). n=8 — 29 mice per group. * P <0.05, ** P <0.01,
**%* p<0.0001.

Supplementary Figure 5. Metabolic measurements during fasting-refeeding studies and
glucose and lipid tolerance tests in proatherogenic diet-fed AAV-PCSK9-treated Gipr-/- and
control mice. Body weight (A), and plasma levels of glucose (B), non-esterified fatty acids (NEFA,
C), triglycerides (D), cholesterol (E), and insulin (F) in AAV-PCSK9-treated Gipr-/- and control mice
during fasting and refeeding studies performed after 20 weeks of proatherogenic diet feeding.
Plasma glucose (G), insulin (H), and NEFA (l) levels during an oral glucose tolerance test (oGTT),
and plasma triglycerides (J) and NEFA (K) levels during an oral lipid tolerance test (oLTT) in AAV-
PCSK9-treated Gipr-/- and control mice after 21 and 22 weeks of proatherogenic diet feeding,
respectively. Data are mean + SD (panels A-F, H, | and K) or £ SEM (panels G and J). n=5 - 16
mice per group. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.

Supplementary Figure 6. Peripheral blood immune cell populations and aortic gene expression
in mice following bone marrow-specific restoration of Gipr expression in mice fed a
proatherogenic diet. (A) Schematic depiction of the timeline for the experiments. At 8 weeks of
age, regular chow fed ApoE/:Gipr’/- mice received a bone marrow transplant from ApoE”":Gipr’-
(ApoE":Gipr/-GP-/-8M) or ApoE/":Gipr** (ApoE:Gipr/-6Pr+/+BM) mice. Two weeks later, mice were
switched to a proatherogenic diet. Magnetic resonance imaging (MRI) was performed at baseline
and at 4, 8, 12 and 16 weeks after diet commencement. Fasting-refeeding studies were
performed after 16 weeks, and mice were sacrificed after 19 weeks of proatherogenic diet
feeding. (B) Proportions of circulating immune cells. (C) Aortic mRNA expression levels of genes
associated with inflammation. Data are mean * SD. n=5 - 9 mice per group. * P < 0.05.

Supplementary Figure 7. Hepatic gene expression in mice following bone marrow-specific
restoration of Gipr expression in mice fed a proatherogenic diet for 19 weeks. Liver mRNA
expression levels of genes associated with inflammation and glucose and lipid metabolism. Data
are mean £ SD. n=11 - 13 mice per group. * P <0.05, ** P<0.01.



	Genetic disruption of the Gipr in Apoe−/− mice promotes atherosclerosis
	1. Introduction
	2. Materials and methods
	2.1. Mice and diets
	2.2. Body composition using MRI (magnetic resonance imaging)
	2.3. Blood and tissue analyses
	2.4. Glucose and lipid tolerance tests
	2.5. Fasting and refeeding studies
	2.6. Metabolic and cytokine assays
	2.7. Bone marrow transplantation (BMT)
	2.8. RNA isolation and gene expression analysis
	2.9. Statistical analysis

	3. Results
	4. Discussion
	5. Limitations and future directions
	Author contributions
	CONFLICT OF INTEREST
	CONFLICT OF INTEREST
	Acknowledgements
	Appendix A. Supplementary data
	References


