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Abstract

Context: Metabolic disorders such as obesity represent a major health challenge. Obesity alone has reached epidemic proportions, with at least
2.8 million people worldwide dying annually from diseases caused by overweight or obesity. The brain-metabolic axis is central to maintain
homeostasis under metabolic stress via an intricate signaling network of hormones. Protein interacting with C kinase 1 (PICK1) is important
for the biogenesis of various secretory vesicles, and we have previously shown that PICK1-deficient mice have impaired secretion of insulin
and growth hormone.

Objective: The aim was to investigate how global PICK1-deficient mice respond to high-fat diet (HFD) and assess its role in insulin secretion in
diet-induced obesity.

Methods: We characterized the metabolic phenotype through assessment of body weight, composition, glucose tolerance, islet morphology
insulin secretion in vivo, and glucose-stimulated insulin secretion ex vivo.

Results: PICK1-deficient mice displayed similar weight gain and body composition as wild-type (WT) mice following HFD. While HFD impaired
glucose tolerance of WT mice, PICK1-deficient mice were resistant to further deterioration of their glucose tolerance compared with already
glucose-impaired chow-fed PICK1-deficient mice. Surprisingly, mice with B-cell-specific knockdown of PICK1 showed impaired glucose
tolerance both on chow and HFD similar to WT mice.

Conclusion: Our findings support the importance of PICK1 in overall hormone regulation. However, importantly, this effect is independent of the
PICK1 expression in the B-cell, whereby global PICK1-deficient mice resist further deterioration of their glucose tolerance following diet-induced
obesity.

Key Words: glucose tolerance, insulin secretion, insulin sensitivity, type 2 diabetes, PICK1, diet-induced obesity

Abbreviations: ANOVA, analysis of variance; AUC, area under the curve; BAR, Bin/amphiphysin/Rvs; BW, body weight; GH, growth hormone; GLT,
glucolipotoxic; GSK3B, glycogen synthase kinase 3-B; HFD, high-fat diet; IGF, insulin-like growth factor; IRS1, insulin receptor substrate 1; ITT, insulin
tolerance test; KO, knockout; OGTT, oral glucose tolerance test; PICK1, protein interacting with C kinase 1; RT-qPCR, quantitative real-time PCR; STZ,
streptozotocin; TSH, thyroid-stimulating hormone; WAT, white adipose tissue; WT, wild type.

Metabolic diseases such as obesity, type 2 diabetes, and
metabolic syndrome constitute a major health challenge [1],
and it is estimated that by 2030 58% of the global adult popu-
lation will be overweight (body mass index 25-29.9 kg/m?)
and 26% obese (body mass index > 30 kg/m?) [2, 3]. The
brain is central for maintaining energy homeostasis under
metabolic stress via an intricate signaling network of hor-
mones. Frequent or chronic stimulation of the hypothalamic—
pituitary—adrenal axis and dysfunction of the endocrine stress

system is believed to contribute to the increase in metabolic
disorders [4].

Well-tuned biogenesis and maturation of hormone-
containing dense-core vesicles is a prerequisite for efficient se-
cretion from endocrine cells. The N-Bin/Amphiphysin/Rvs
(BAR) domain protein PICK1 (Protein Interacting with C
Kinase 1) has been identified to play an important role in fa-
cilitating budding of early secretory vesicles from the
trans-Golgi network in pancreatic B-cells and growth
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hormone (GH)-producing cells of the pituitary [5, 6]. PICK1
forms a heterodimerization complex with islet cell autoanti-
gen 69 kD (ICA69), a diabetes-associated autoantigen found
in pancreatic islets that has a similar BAR domain [7].
Together they promote curvature and budding of immature
secretory granules, while it is believed that PICK1 aids in mat-
uration of immature secretory granules as a homodimer [35, 6,
8, 9].

The phenotype of PICK1-deficient mice is a result of secre-
tory defect of multiple hormones and is accordingly complex
and multifaceted [5, 6, 10]. The phenotype resembles both
that of human GH deficiency and impaired glucose homeosta-
sis. Similar to classical traits of GH deficiency, we have shown
that PICK1-deficient mice display reduced somatic growth, in-
creased body fat percent, and improved insulin sensitivity
[5]. At the same time, PICK 1-deficient mice exhibit decreased
secretion of insulin and impaired glucose tolerance [3, 6].
The diabetes-like phenotype of PICK1-deficient mice most
likely results from defects in biogenesis of insulin-containing
granules. In accordance, a study showed that PICK1 defi-
ciency restricted to pancreatic B-cells leads to impaired
glucose tolerance, insulin deficiency, and hyperglycemia
[10]. Moreover, 4 missense mutations identified in the BAR
domain of PICK1 in a whole exome screening of Danish
patients with diabetes were shown to reduce insulin content
in cell cultures and primary rodent pancreatic B-cells, sug-
gesting that the BAR domain is important for proper granule
biogenesis [9].

Since finetuned hormonal regulation is required during meta-
bolic challenges, we wanted to examine how PICK1-deficient
mice respond when exposed to metabolic challenges such as
diet-induced obesity and streptozotocin (STZ)-induced dia-
betes, which both lead to an increased demand for insulin.
Furthermore, we wished to study the function of isolated
islets using glucolipotoxic (GLT) conditions to resemble type
2 diabetes—associated B-cell failure.

Materials and Methods

Mouse Genetics, Breeding, and Housing

Mice with global PICK1 knockout (KO) were generated as
previously described (referred to as PICK1-deficient mice)
[11]. In brief, mice were backcrossed to C57BL/6 ] mice
(Janvier, Denmark) for 3 generations and then bred to homo-
zygosity using littermates —/— and +/+ mice throughout the
study. B-Cell-specific PICK1-KO mice were generated as fol-
lows: mice carrying a mutated PICK1 allele, flanked by
LoxP sites, were crossed with RIP-Cre transgenic mice [12]
from Jackson Laboratory (JAX stock #003573). The
offspring, PICK1 loxp*/Cre*~, were mated with PICK1
loxp**/Cre™", to produce breeders for the final breeding:
PICK1 loxp**/Cre*'~, PICK1 loxp**/Cre™~. The offspring
produced from the final breeding were either control mice,
PICK1 loxp**/Cre™=, or pancreatic p-cell-specific
PICK1-KO mice, PICK1 loxp*"*/Cre*’~. Males were used in
the study. Mice were kept on a high-fat diet (HFD) (60.0%
fat, 20.0% protein, 20.0% carbohydrate, D12492; Research
Diets, New Brunswick, NJ, USA) or regular chow (5.3% fat,
22.0% protein, 50.8 carbohydrate, SAFE D30; Safe Diets,
Rosenberg, Germany) from the age of 14 weeks and tap water
ad libitum. All animals were maintained in accordance with
institutional guidelines and experiments were approved by
the Animal Experiments Inspectorate in Denmark.
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Characterization of Metabolic Phenotype

Body weight (BW) was measured on a weekly basis, and body
composition was measured in conscious animals by quantita-
tive magnetic resonance imaging using EchoMRI 4-in-1 (Echo
Medical Systems, Houston, TX) every second week.
Measurement of insulin-like growth factor (IGF)-1, GH, pro-
lactin, thyroid-stimulating hormone (TSH), and adrenocorti-
cotropic hormone (ACTH) was carried out as described
previously [5]. In brief, following an overnight fast the plasma
level of IGF-1 was measured in blood collected from the orbit-
al sinus using an ACTIVE Mouse/Ras IGF-1 RIA kit
(Diagnostic Systems Laboratories, Inc.). The pituitary hor-
mones were measured using enzyme-linked immunosorbent
assays: GH (Millipore Cat# EZRMGH-45K, RRID:
AB_2892711), prolactin (Calbiotech, Cat# PRO063F-100,
RRID:AB_2936217), ACTH (Calbiotech, Cat# ACO018T,
RRID:AB_2936218), and TSH (Phoenix Peptide, Cat#
EK-310-01, RRID:AB_2936219). The oral glucose tolerance
test (OGTT) was carried out in global PICK1-deficient mice
and wild-type (WT) mice at 32 weeks of age having been on
chow or HFD for 18 weeks. Mice with B-cell-specific KO
and WT mice were 29 weeks of age and had been subjected
to HFD feeding for 16 to 17 weeks. An OGTT was also car-
ried out in global PICK1-deficient mice and WT mice treated
with vehicle or STZ injections after 7 weeks. Overall, animals
were fasted overnight for 16 to 18 hours with free access to
water prior to the OGTT. Glucose (1.5 g/kg BW) was orally
administered [13], and blood glucose levels were monitored
in blood samples obtained from tail punctures using a hand-
held glucometer (Ascensia Contour Glucometer, Bayer) be-
fore and after glucose administration. At time points 0 and
15 minutes, blood was collected from the orbital sinus for
measurement of plasma insulin levels using the Sensitive
Insulin radioimmunoassay kit (Linco Research). Global
PICK1-deficient mice at 31 weeks of age were used for the in-
sulin tolerance test (ITT), while B-cell-specific KO mice were
used at 33 weeks of age. Mice were fasted for 2 hours, and
insulin was injected at a dose of 0.75 U/kg BW (Actrapid,
Novo Nordisk, Denmark) [14]. Blood glucose levels were
monitored as in the OGTT. The OGTT and ITT were carried
out in the same animals, with at least 7 days between each
intervention.

In Vivo STZ Model

STZ was purchased from Sigma (St. Louis, MO, USA). STZ
was dissolved in cold sodium citrate buffer pH 4.5 and in-
jected intraperitoneally for 5 consecutive days in a dose of
35 mg per kg BW. Once a week for 6 weeks, mice were fasted
for 4 hours with access to water ad libitum for measuring for
the fasting glucose level to monitor B-cell destruction. The
OGTT was carried out after 7 weeks and BW was monitored
for 25 weeks after injections.

Immunohistochemistry

Immunohistochemical analysis of pancreatic tissue was done
as previously described [15]. Microscopy was performed on
coverslipped slides using an Olympus BX-51 microscope.
The relative area of immunoreactive cells was measured in 6
randomly selected islets per section (2 sections from each ani-
mal) in a blinded manner. All measurements were performed
on images using Zen Black software.
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Islet Isolation and Analysis

Pancreatic islets from 9-week-old animals were isolated by bile
duct perfusion of the pancreas, and glucose-stimulated insulin
secretion was measured as done previously [15]. In brief, iso-
lated islets were cultured in RPMI 1640 supplemented with
10% fetal bovine serum and 0.1% penicillin and streptomycin
at 37 °C with 5% CO,. For GLT conditions, culture medium
was supplemented with or without endotoxin-free glucose
and/or palmitate +/— oleate (both from Invitrogen) dissolved
in 80% ethanol. Fatty acids were conjugated to bovine serum al-
bumin for at least 4 hours at 37 °C in a molar ratio of 3:1 in cul-
ture medium prior to use, and the final concentrations were
palmitate 400 pM; combination of fatty acids palmitate
(200 pM) and oleate (200 pM), and glucose 30 mM. Culture
medium supplemented with bovine serum albumin and ethanol
was used as control for GLT conditions. Insulin content and se-
cretion were measured using a mouse/rat insulin kit (Meso Scale
Discovery Cat# K152BZC, RRID:AB_2784505), according to
the manufacturer’s instructions, and absorption was measured
using a MESO plate reader. Twenty-five islets per mouse were
used for the following experiments. Proinsulin content and se-
cretion were measured using the high range mouse proinsulin
enzyme-linked immunosorbent assay kit (Alpco Diagnostics
Cat# 80-PINMS-E01, RRID:AB_2827652), as described in
the manufacturer’s protocol. Absorption was measured on an
Omega POLARSstar plate reader at 450 and 590 nm.

Relative mRNA levels from isolated islets were measured by
quantitative real-time PCR (RT-qPCR). The total mRNA was
purified from the islets using QIAzol lysis reagent (Qiagen)
and TissueRuptor (Qiagen), as described in the manufac-
turer’s protocol. cDNA was generated using first strand syn-
thesis Superscript III reverse transcriptase (Invitrogen).
RT-qPCR was performed on the Mx3000P (Stratagene)
with Platinum SYBR Green qPCR supermix with ROX as ref-
erence dye (Invitrogen) and run according to the manufac-
turer’s instructions with “hotstart” of 2 minutes at 95 °C,
followed by 40 cycles of 10 seconds at 95 °C, followed by
60 seconds at 60 °C. After 40 cycles, a melt-curve was gener-
ated to visualize specificity of the product. Any products with
visible contamination were excluded from data analysis.
Primer sequences were obtained from [10]. Ins2 was used as
reference and showed no difference from ins1 in cycle number
(Ct) values. Primer efficiencies were validated prior to experi-
ment through a dilution curve addressing the linear relation-
ship between RNA dilution and Ct. The relative level of
(pro)insulin mRNA was determined by the AACt method us-
ing B-actin as a reference gene. For each independent experi-
ment, the Ct value for each well had a maximum cut-off of
40 cycles, samples were run in technical duplicates, and aver-
aged Ct values were used for all calculations: Ins1: forward:
TGGCTTCTTCTACACACCCAAGTC; reverse: ACTGATC
CACAATGCCACGCTTCT; Ins2: forward: GTGGCTTCT
TCTACACACCCATGT, reverse: GCACTGATCTACAAT
GCCACGCTT; B-actin: forward: CTCTTTTCCAGCCTT
CCTTCTT, reverse: AGTAATCTCCTTCTGCATCCTGCT.

Hematoxylin and Eosin Staining and Morphologic
Analysis of White Adipose Tissue

White adipose tissue (WAT) (epididymal and inguinal) was
fixed in 4% paraformaldehyde overnight at 4 °C. Following
dehydration in ethanol and xylene, tissue samples were em-
bedded in paraffin. Tissue sections (3 pm thick) were

deparaffinized, rehydrated, and stained using a standard
Mayer’s hematoxylin and eosin or Sirius Red staining proto-
col. Microscopy was performed on coverslipped slides using
an Olympus BX-51 microscope and the Visiopharm
Integrator System software program to analyze the images.

Western Blot Analysis

The skeletal extensor digitorium longus muscle was carefully
dissected from mice at 45 weeks of age after 31 weeks on
HFD and stimulated with insulin (500 pU/mL) for 30 minutes,
before being lysed for Western blot analysis, as previously de-
scribed [16]. The protein concentration in lysates from extensor
digitorium longus muscles was determined using the BCA pro-
tein kit (Thermo Scientific) and Western blotting analysis was
carried out as described previously [15]. The membranes were
incubated with primary antibodies (1:1000) overnight at 4 °C.
Antibodies to phosphor-glycogen synthase kinase-3B (GSK3p)
(Ser9) (Cell Signaling Technology Cat# 9336, RRID:
AB_331405), total GSK3B (Cell Signaling Technology Cat#
9315, RRID:AB_490890), phosphor-insulin receptor substrate
1 (IRS1) (Ser307) (Cell Signaling Technology Cat# 2381,
RRID:AB_330342), phosphor-Akt (Ser473) (Cell Signaling
Technology Cat# 9271, RRID:AB_329825), total Akt (Cell
Signaling Technology Cat# 9272, RRID:AB_329827), and
glyceraldehyde-3-phosphate dehydrogenase (Cell Signaling
Technology Cat# 2118, RRID:AB_561053) were obtained
from Cell Signaling, and antibody for total IRS1 (Innovative
Research Cat# 44-816G, RRID:AB_1501247) was purchased
from Invitrogen. Donkey antirabbit horseradish peroxidase
(1:5000) was used as secondary antibody (Abcam Cat#
ab205722, RRID:AB_2904602) incubated at room temperature
for 1.5 hours or overnight at 4 °C.

Statistical Analysis

Statistical analysis was carried out using GraphPad Prism
Statistical Software. Data were tested for normal distribution
using either the D’Agostino—Pearson normality test or the
Shapiro—Wilk normality test. The 2-tailed Student’s t test or
Mann-Whitney test were used for comparison between 2
groups while 2-way analysis of variance (ANOVA) followed
by Sidak post hoc tests were used to compare among several
groups.

Results

BW and Composition

We have previously shown that chow-fed PICK1-deficient
mice exhibit reduced BW and length likely due to defective
GH secretion [5]. In accordance, male PICK1-deficient mice
in this study had significantly lower BW (Fig. 1A) than WT
mice, and this difference remained constant throughout 18
weeks on HFD during which WT and PICK1-deficient mice
experienced a comparable weight gain (Fig. 1B). The absolute
lean mass was significantly lower in PICK1-deficient mice
(Figure 1A [17]), but as expected from the decreased BW, cal-
culation of percentage lean mass showed no difference
(Fig. 1C). There was no difference in absolute or percentage
of fat mass between PICK1-deficient and WT mice (Fig. 1D;
Figure 1B [17]). Interestingly, the PICK1-deficient mice
showed similar food intake patterns during HFD as WT
mice (Fig. 1E), but relative to BW they had increased food in-
take (Fig. 1F). Female PICK1-deficient mice displayed similar
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Figure 1. Total BW and composition of global PICK1-deficient mice on HFD. (A) BW following 18 weeks of HFD and (B) total increase in BW (%). (C, D)

Lean and fat mass are shown as the percentage of BW over time, respectively

. (E) Food intake over time and (F) relative food intake compared with BW.

Data are shown as mean + SEM (n > 8). (G) GH, (H) prolactin, (I) TSH, and (J) ACTH levels, and (K) plasma IGF-1 from 45-week-old mice following HFD.
Data are shown as dot plot with mean + SEM (n > 5). Statistical significance was determined using 2-way ANOVA with Sidak’s multiple comparisons test

or unpaired t test. *P< .05, **P< .01, ***P<.001.

phenotype as described for the males; however, no significant
difference was observed in BW nor composition following 12
weeks on HFD, suggesting a more pronounced phenotype in
male mice (Figure 1C-F [17]). The remaining studies were

conducted on males only. We measured hormone content
from pituitary extracts from PICK1-deficient mice following
HFD. GH and prolactin levels were decreased similar to pre-
vious observations [5] (Fig. 1G and 1H), while TSH was
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increased and ACTH at the same level as WT mice (Fig. 11 and
1]), both of which were the same level as WT mice during
chow diet [5]. Plasma levels of IGF-1 were similar to that of
WT mice (Fig. 1K). Ghrelin-induced GH was similar between
WT and PICK1-deficient (Figure 1G [17]).

Glucose Metabolism

To characterize the impact of HFD on the glucose homeosta-
sis, we performed an OGTT. Chow-fed PICK1-deficient mice
displayed impaired plasma glucose clearance (Figure 2A [17])
compared with WT mice in accordance with previous obser-
vations [5, 6]. As expected, 18 weeks of HFD impaired glucose
clearance of the WT mice as shown by the OGTT (Fig. 2A).
Interestingly, PICK1-deficient mice showed no impairment
in glucose clearance following HFD (Fig. 2B) compared with
chow-fed PICK1-deficient mice. In accordance, the area under
the curve (AUC) for the OGTT did not deteriorate further in
the PICK1-deficient mice on the HFD, while the AUC for
WT mice showed the expected difference between chow and
HFD (Fig. 2A). Furthermore, no significant difference was ob-
served between PICK1-deficient or WT mice following HFD
during the OGTT (Fig. 2C; Figure 2B [17]).

When we challenged the mice with multiple low doses of the
diabetogenic compound STZ, a similar pattern was observed.
This type of low-dose STZ treatment induces destruction of
GLUT2-containing cells, such as pancreatic B-cells, leading
to impaired glucose tolerance a few weeks after the initial
treatment [18, 19]. The STZ-induced B-cell destruction in
WT mice resulted in a significant increase in fasting blood (4
hours fasting) glucose levels after 2 to 6 weeks (Fig. 3A),
whereas no change was observed in PICK1-deficient mice
(Fig. 3B). We performed an OGTT after 7 weeks and
PICK1-deficient mice displayed impaired glucose tolerance
compared with WT mice under vehicle conditions (Fig. 3C
and 3E); however, PICK1-deficient mice resisted further de-
terioration of glucose tolerance following STZ administration
relative to WT mice, (Fig. 3D), as seen from the AUC con-
ducted from the glucose excursions (Fig. 3E). STZ administra-
tion did not affect the weight gain of either WT or
PICK1-deficient mice (Fig. 3F). These results suggest that the
PICK1-deficient mice are not only resistant to further deterior-
ation in their glucose tolerance from diet-induced obesity, but
also to some extent STZ administration.

Insulin Secretion and Islet Morphology

When fed a normal chow diet, isolated islets from
PICK1-deficient mice displayed levels of proinsulin expression,
content, and secretion similar to islets from WT mice
(Figure 3A-C[17]). However, in vivo insulin secretion measured
during glucose challenge showed strongly decreased insulin se-
cretion in PICK1-deficient mice, as previously described [6]
(Fig. 4A). In accordance with previous observations on glucose
levels (Fig. 2C), following 18 weeks of HFD, insulin secretion
was no longer significantly different from that of WT mice
(Fig. 4B), suggesting that the pancreatic B-cells were able com-
pensate with insulin secretion under hyperglycemic conditions.
During chronic hyperglycemia, pancreatic B-cells are able to
adapt by increasing in number and size to maintain normogly-
cemia [20]. To elucidate whether an increased B-cell mass is
what enables PICK1-deficient mice to resist obesity- or
STZ-induced deterioration of their glucose tolerance compared
with WT mice, we performed immunohistochemical staining of

pancreatic islets (Fig. 4C) and measured a reduced insulin immu-
nosignal (Fig. 4D). We observed similar islet morphology in WT
and PICK1-deficient mice (Fig. 4E and 4F), with no significant
difference in the ratio of insulin- or glucagon-positive cells, re-
spectively (Figure 3D-E [17]). Although not significant, we no-
ticed a skewed size distribution of islets from PICK1-deficient
mice, with fewer small islets (500-5000 pm?) to more large islets
(>20 000 pm?) (Figure 3F [17]).

B-Cells can also compensate for an increased demand for
insulin by increasing their insulin secretion [21]. To investi-
gate whether pancreatic B-cells were responsible for the ob-
served phenotype, we performed ex vivo studies in isolated
islets from WT and PICK1-deficient mice, and we investi-
gated whether PICK1-deficient mice were able to resist fur-
ther deterioration of their glucose tolerance by
compensating  through  improved B-cell function.
Glucolipotoxicity refers to the combined deleterious effects
of elevated glucose and fatty acid levels, which induce
B-cell dysfunction [22]. We used GLT conditions to mimic
HFD, and measured glucose-stimulated insulin secretion
after exposure to vehicle or GLT conditions, resembling
chow and HFD, respectively. Under vehicle conditions,
PICK1-deficient islets secreted significantly less insulin fol-
lowing high glucose stimulation (Fig. 4G), whereas there
was no difference between insulin secretion of WT and
PICK1-deficient islets following GLT conditions (Fig. 4H),
resembling our findings from the in vivo chow and HFD
studies (Fig. 4A and 4B).

B-Cell-Specific PICK1-KO
To probe a possible compensatory role of the pancreatic
B-cells, we generated a B-cell-specific PICK1-KO mouse (re-
ferred to as BPICK1-KO from here on). Confinement of
PICK1-deficiency to the B-cells resulted in a BW similar to
WT mice when fed normal chow (Fig. 5A). Glucose tolerance
and insulin secretion of BPICK1-KO mice, however, was
strongly impaired (Fig. 5B-5E), similar to our previous find-
ings from the global PICK1-deficient mice [5]. When we iso-
lated islets and measured glucose-stimulated insulin
secretion, islets from the BPICK1-KO mice had significantly
lower insulin secretion demonstrating a direct effect of
PICK1 on insulin granules in B-cells (Fig. SF) in agreement
with previous findings [10]. Following GLT challenge ex
vivo, the BPICK1-KO islets seemed able to maintain their se-
cretory capacity showing no significant change from WT islets
(Fig. 5G). A similar pattern was observed when measuring
content of both proinsulin and insulin (Figure 4A-B [17]).
When challenged with HFD in vivo, fPICK1-KO mice dis-
played similar weight gain to WT mice (Fig. 6A and 6B), and a
slightly different body composition throughout the diet interven-
tion (Fig. 6C and 6D and Figure SA-B [17]). Remarkably, glucose
tolerance of BPICK1-KO mice was further impaired as opposed
to the resistance observed for the global PICK1-deficient mice
(Fig. 6E). Furthermore, unlike the global PICK1-deficient mice,
glucose-induced insulin secretion of the BPICK1-KO mice re-
mained significantly decreased when on HFD (Fig. 6F) compared
with WT mice. Thus, the global PICK1-deficient mice were able
to maintain their insulin secretion during HFD, reaching similar
level of plasma insulin as WT mice (Fig. 4B). In contrast, the
BPICK1-KO mice failed to increase plasma insulin to the same
level as obtained in the WT mice (Fig. 6F), leading to impaired
glucose tolerance. Together these findings suggest that resistance
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to HFD observed in the global PICK 1-deficient mice is dependent
on peripheral tissues rather than from improved islet function.

Adipose Tissue

To address the putative protective effect observed in the global
PICK1-deficient mice compared with the PPICK1-KO mice
during metabolic stress conditions such as HFD, we next stud-
ied WAT. Fat-specific differences, such as in relation to insulin
sensitivity, are well characterized [23, 24] and we examined
selected depots of adipose tissue from the global
PICK1-deficient mice. There was no difference between WT
and PICK1-deficient mice in weight of the subcutaneous (in-
guinal) or epididymal WAT (Fig. 7A and 7B; Figure 6A-B
[17]). Morphologically, the adipocytes of PICK1-deficient
mice resembled those of WT mice (Fig. 7C), albeit they exhib-
ited a skewed size distribution with a tendency toward a high-
er percentage of enlarged adipocytes of both subcutaneous
and epididymal fat (Figure 6C-D [17]). Thus, when looking
at the maximum adipocyte area from each animal, a larger
fraction of PICK1-deficient mice reached maximum adipocyte
areas of >20 000 pm?* compared with WT mice (Fig. 7D). We
also assessed the level of fibrosis in the subcutaneous and

epididymal WAT (Figure 6E [17]), as increased fibrosis is as-
sociated with metabolic stress and adipose tissue dysfunction
[24, 25], but there was no difference between WT and
PICK1-deficient mice (Figure 6F-G [17]).

Insulin Signaling in Skeletal Muscle

We have previously shown that chow-fed PICK1-deficient
mice exhibit improved insulin sensitivity [5]. To further inves-
tigate the effect of HFD on insulin-sensitive tissue, and since
skeletal muscle are essential for glucose homeostasis, we as-
sessed the activity of proteins belonging to the insulin signal-
ing pathway by Western blot analysis in the extensor
digitorum longus muscle after insulin stimulation. There
was no difference in the abundance of the phosphorylated
IRS1 substrates in PICK1-deficient mice compared with the
basal condition, and the same pattern was observed for WT
mice (Fig. 8A and 8C). However, the PICK1-deficient mice
displayed more prominent phosphorylation of the down-
stream proteins Akt and GSK3f during insulin stimulation
compared with the basal condition (Fig. 8B and 8C). To ad-
dress whether increased phosphorylation from the down-
stream signaling pathway in skeletal muscles in the
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PICK1-deficient mice could influence the overall glucose me-
tabolism, we assessed the global insulin sensitivity by ITT fol-
lowing 17 weeks of HFD in PICK1-deficient mice (Figure 7
[17]). The PICK1-deficient mice show no change in glucose
uptake compared with WT mice (Figure 7A [17]); however,
comparing the blood glucose level relative to baseline at
time point 0 hours showed a tendency for increased glucose
uptake compared with WT mice (Figure 7B-C [17]), though

not as prominent as observed in PICK1-deficient mice on
chow diet [5].

Discussion

Insulin deficiency is a well-established phenotypical trait of
global PICK1-deficient mice, associated with defect formation
and maturation of insulin granules [35, 6]. In this study, we
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show that PICK1 deficiency restricted to pancreatic B-cells is
sufficient to cause reduced insulin secretion both in vivo and
ex vivo. These findings are in accordance with Li et al, show-
ing that mice with conditional knockout of PICK1 in pancre-
atic B-cells are severely insulin deficient [10]. We further show
that when challenging global, but not pB-cell-specific
PICK1-deficient, mice with HFD, this phenotypical trait of re-
duced insulin secretion is blunted, suggesting a resistance to

metabolic deterioration typically observed by HFD. Challenge
with HFD causes the islets to augment their insulin secretion
by undergoing hypertrophy or hyperplasia, as also observed
during pregnancy [20]. However, following HED, the difference
in B-cell mass observed in chow-fed PICK1-deficient mice [6]
was blunted, suggesting that global PICK1-deficient mice
are somehow able to improve or maintain the efficacy of their
already existing B-cells. Interestingly, although we found that
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isolated islets from global PICK1-deficient and BPICK1-KO
mice were capable of maintaining insulin secretion at the same
level as WT following GLT conditions, only mice with global
KO of PICK1 were able to resist further deterioration of their
glucose tolerance during HFD. Though surprising, this suggests
that other tissues or cells are important for glucose homeostasis
and for protection against metabolic dysregulation.

Obesity is defined as abnormal or excessive accumulation of
adipose tissue (World Health Organization fact sheet, https:/

www.who.int/news-room/fact-sheets/detail/obesity-and-overw
eight, October 2, 2022). Although PICK1 is not expressed in
adipose tissue [6], PICK1 deficiency can exert effects indirectly
through its function in tissues such as the brain and/or pancreas.
There are well-characterized fat depot-specific differences of
adipose tissue [23], suggesting that accumulation of visceral
fat is associated with increased risk of developing metabolic dis-
ease and increased mortality, whereas subcutaneous fat is be-
lieved to be of minor importance [26, 27]. The function of
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adipose tissue is subject to intricate regulation by GH, IGF-1,
and insulin [28, 29], and since PICK1-deficient mice are also
characterized by deficiency in GH, other factors may play a

role for glucose homeostasis. The GH receptor antagonist trans-
genic mouse, which has impaired GH action, is equally as sus-
ceptible to weight gain following HFD as WT mice, while
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respectively.

being resistant to the associated harmful effects on their glucose
homeostasis [30]. Furthermore, male GH receptor —/— mice
maintain glucose levels compared with WT mice following
HEFD [31]. Hence, PICK1-deficient mice display several pheno-
typical characteristics similar to that of both the GH receptor
antagonist and GH receptor —/— deficient mice [13, 14, 32,
33], in other words, increased body fat accumulation and im-
proved insulin sensitivity on chow diet [5]; it is therefore likely
that the way by which global PICK1-deficient mice resist
HFD-induced dysmetabolism is via PICK1’s effect on GH
signaling.

GH-deficient mice display enhanced adipocyte size com-
pared with WT mice, which has been shown to protect against
the harmful effects associated with diet-induced obesity;
thereby they resist glucose intolerance despite becoming obese
[30]. Conversely, mice with overexpression of GH are insulin
resistant with small adipocytes due to fibrotic accumulation
that prevents adaptation to increased fat load [24].
Consequently, we looked at the size distribution of subcutane-
ous and visceral WAT; however, there was no statistical dif-
ference between WT and PICK1-deficient mice, although
adipocytes of PICK1-deficient mice seemed to reach a larger
maximum size than WT mice. This is in accordance with
GH-deficient mice having enlarged adipocytes, presumably
due to limited fibrotic constrain of adipocyte growth [34].

To investigate whether resistance to deterioration could be
caused by other peripheral tissues, we looked at the skeletal
muscles, as they are the major site for insulin-mediated

glucose uptake [35]. Consequently, reduced insulin sensitivity
in the skeletal muscles has a huge impact on hyperglycemia
and insulin resistance. We have previously observed improved
insulin sensitivity in chow-fed global PICK1-deficient mice
[5], but it is less pronounced following HFD, though we ob-
served higher activity in skeletal muscles stimulated with insu-
lin. We detected increased phosphorylation in downstream
targets such as Akt and GSK3p. Phosphorylated Akt promotes
surface expression of glucose transporter 4 [36]. Furthermore,
phosphorylated Akt inhibits activity of GSK3B by phosphor-
ylation, leading to increased activity of glycogen synthase, a
key regulator of glycogen synthesis in muscle tissue [37].
These findings suggest increased insulin sensitivity in the skel-
etal muscles, which could contribute to the overall resistance
to HFD of PICK1-deficient mice.

While on chow diet, PICK1-deficient mice showed reduced
pituitary GH, insulin and prolactin content, and plasma IGF-1
compared with WT mice [5]. However, when fed HFD,
PICK1-deficient mice displayed a shift toward no change in
plasma IGF-1 and increase in TSH content, while GH and in-
sulin content remained reduced compared with WT mice. The
trend toward changes in the hypothalamic—pituitary—adrenal
axis in PICK1-deficient mice following a HFD may interfere
with metabolic homeostasis. IGF-1 is central to several meta-
bolic functions, and mice overexpressing IGF-1 display im-
proved glucose tolerance and insulin sensitivity [38]. Thus,
the change in IGF-1 could counterbalance the reduced GH
content effect, such as on WAT distribution.
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Figure 8. Global PICK1-deficient mice on HFD display increased activity in the insulin signaling pathway. Skeletal extensor digitorium longus muscles
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Western blotting analysis was performed for (A) phosphorylated IRS-1, (B) phosphorylated Akt, and (C) phosphorylated GSK3B. The phosphorylated level
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2-way ANOVA with Sidak’s multiple comparisons. *P< .05, **P< .01, ***P<.001.

TSH secreted from the anterior pituitary stimulates the thy-
roid gland for secretion of thyroid hormones (T3 and T4), gen-
erating a negative feedback loop. Interestingly, thyroid
hormones have been shown to metabolically regulate WAT
and have orexigenic effects on appetite [39, 40]. Thus, the com-
plexity of several hormones being reduced or dysregulated be-
cause of PICK1 deficiency is difficult to untangle, and there
might be compensatory mechanisms across various tissues/cell
types that can promote distinct molecular adaptations leading
to the protective effects observed during diet-induced obesity.
Though it is beyond the scope of this study, it would be of inter-
est to study KO of PICK1 centrally and peripherally to under-
stand the metabolic mechanisms, and how it comes into play
during normal chow diet and during stressful conditions such
as diet-induced obesity and STZ administration.

In summary, we investigated how PICK1-deficient mice re-
spond to metabolic challenges associated with HFD.
Interestingly, global PICK1-deficient mice seem to resist fur-
ther deterioration of their glucose tolerance during HFD and
STZ administration compared with WT mice. These surpris-
ing findings suggest that the glucose intolerance of chow-fed
PICK1 deficiency in mice might be an advantage when the
mice are challenged by diet-induced obesity. However, the
ability to resist further impairment of glucose tolerance was
not observed in BPICK1-KO mice, suggesting an important
contribution from other tissues such as skeletal muscle or adi-
pose tissue.
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