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ABSTRACT

Starch binding domain-containing protein 1 (STBD1) is an endoplasmic reticulum (ER)-resident,
glycogen-binding protein. In addition to glycogen, STBD1 has been shown to interact with several pro-
teins implicated in glycogen synthesis and degradation, yet its function in glycogen metabolism remains
largely unknown. In addition to the bulk of the ER, STBD1 has been reported to localize at regions of
physical contact between mitochondria and the ER, known as Mitochondria-ER Contact sites (MERCs).
Given the emerging correlation between distortions in the integrity of hepatic MERCs and insulin
resistance, our study aimed to delineate the role of STBD1 in vivo by addressing potential abnormalities in
glucose metabolism and ER-mitochondria communication associated with insulin resistance in mice
with targeted inactivation of Sthd1 (Stbd1KO). We show that Stbd1KO mice at the age of 24 weeks dis-
played reduced hepatic glycogen content and aberrant control of glucose homeostasis, compatible with
insulin resistance. In line with the above, Stbd1-deficient mice presented with increased fasting blood
glucose and insulin levels, attenuated activation of insulin signaling in the liver and skeletal muscle and
elevated liver sphingomyelin content, in the absence of hepatic steatosis. Furthermore, Stbd1KO mice
were found to exhibit enhanced ER-mitochondria association and increased mitochondrial fragmenta-
tion in the liver. Nevertheless, the enzymatic activity of hepatic respiratory chain complexes and ER
stress levels in the liver were not altered. Our findings identify a novel important role for STBD1 in the

control of glucose metabolism, associated with the integrity of hepatic MERCs.
© 2022 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

responsiveness of tissues to insulin is described as insulin resis-
tance and is a cardinal feature and a major contributor to the

Energy homeostasis and metabolic activity are largely regulated
by insulin. In the liver, insulin stimulates glycogen synthesis, pro-
motes lipogenesis and suppresses gluconeogenesis [1]. An impaired
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pathophysiology of type 2 diabetes (T2D). During insulin resistance,
hepatic glucose production is inefficiently suppressed and at the
same time glucose uptake by peripheral tissues such as the skeletal
muscle and adipocytes is compromised [1]. To counteract this
imbalance, insulin production by pancreatic B-cells is upregulated,
hence insulin resistance is often accompanied by hyperglycemia
and hyperinsulinemia [2].

The understanding of the molecular mechanisms underlying
insulin resistance is essential for the development of effective
therapeutic approaches to treat T2D. Genetic association studies in
humans [3,4] in addition to data from knockout and transgenic
mice [5] identified a plethora of genes and loci implicated in the
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development of insulin resistance, highlighting the complexity of
the factors and processes contributing to this condition. Among
these, are proteins involved in the physical association and
communication between the endoplasmic reticulum (ER) and
mitochondria [6,7]. The cross-talk between the two organelles oc-
curs through dynamic regions of close apposition between them,
known as Mitochondria-ER Contact sites (MERCs). MERCs are
implicated in different cellular processes such as the transfer of
phospholipids and calcium between the ER and mitochondria, the
regulation of mitochondrial dynamics, ER stress and inflammation
[8]. Over the past years, MERCs have been further recognized as
important hubs of insulin signaling whereas distortions in ER-
mitochondria communication have been linked to insulin resis-
tance [9,10].

We have previously reported that the glycogen-binding protein
Starch binding domain-containing protein 1 (STBD1) is a trans-
membrane, ER-resident protein that is also found at MERCs in HeLa
cells [11]. The presence of STBD1 at MERCs is further supported by
proteomic studies on mitochondria-associated membrane prepa-
rations from rabbit skeletal muscle as well as mouse liver and brain
[12,13]. Recently, a link between STBD1 and ER stress has been
established. STBD1 was identified as a downstream target of the ER
stress response in mouse myoblasts specifically promoting the
formation of ER-associated glycogen clusters in response to ER
stress activation [14].

The reported correlation between STBD1 with MERCs and ER
stress and their implication in insulin resistance prompted us to
address the question whether STBD1 deficiency is associated with
distortions in glucose metabolism. In the present study we
demonstrate that Stbd1 knockout (Stbd1KO) mice display metabolic
abnormalities compatible with insulin resistance. These include
increased levels of blood insulin, reduced liver glycogen content,
attenuated response to insulin and enhanced gluconeogenesis.
Moreover, the above metabolic distortions were associated with
alterations in hepatic MERCs and mitochondrial dynamics without
any obvious impact on respiratory chain enzyme activities.

Our findings identify a novel role for STBD1 in glucose homeo-
stasis and support the correlation between insulin resistance and
enhanced ER-mitochondria cross-talk.

2. Materials and methods
2.1. Animals

Stbd1KO mice were obtained from the Canadian Mouse Mutant
Repository. The mouse line C57BL/6N-Stbd1<tm1b (KOMP)Wtsi>/
Tcp was made as part of the KOMP2-DTCC project with C57BL/
6NStbd1<tm1a (KOMP)Wtsi>/Tcp made from KOMP ES cells at the
Toronto Centre for Phenogenomics [15]. Stbd1KO and wild type
control mice were obtained from heterozygous Stbd 1"~ in-
tercrosses and maintained on a C57BL6 background. The genotype
of the animals was determined by multiplex PCR using the KAPA
HotStart® mouse genotyping kit (KAPA Biosystems) and primers
specific for the wild type and targeted allele (Supplementary
Table 1). All animals were housed under temperature- and
humidity-controlled conditions with 12 h light/12 h dark cycle and
provided free access to standard chow diet (Mucedola, 4RF25: 70%
of energy as carbohydrate, 20% protein and 10% fat) and water,
unless otherwise stated. The experimental procedures described in
this study were performed on 24-week-old male Stbd1KO and wild
type control mice in agreement with animal care protocols
approved by the Cyprus Government's Chief Veterinary Officer
(Project licence CY/EXP/PR.L11/2019) and according to EU guide-
lines (EC Directive 86/609/EEC).
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2.2. Glucose, insulin and pyruvate loading tests

For the glucose tolerance test, mice were administered 2 g
glucose/kg bodyweight (BW) using an oral gavage, following a 6-h
fast. For the insulin tolerance test, 0.75 units insulin/kg BW
(HumulinR, Lilly) were injected intraperitoneally in 4-h fasted
mice. For the pyruvate loading test, 2 g sodium pyruvate/kg BW
were intraperitoneally administrated in 6-h fasted mice. In all three
tests, baseline glucose was determined prior to glucose, insulin or
sodium pyruvate administration, using an Accu-Chek® Guide
glucose meter in blood samples collected by tail tip clipping. Blood
glucose levels (mg/dL) were determined at 15, 30, 45, 60, 90 and
120 min after substance administration. The area under the curve
(AUC) for each individual animal was calculated, using the auc
function from the MESS package (Miscellaneous Esoteric Statistical
Scripts by Claus Thorn Ekstrem (2020), R package version 0.5.7) in R
4.1.0 (Core Team (2021). R: A language and environment for sta-
tistical computing. R Foundation for Statistical Computing, Vienna,
Austria). For the area calculation the spline interpolation option
was selected for which the auc function uses the splinefun and
integrate functions to calculate the numerical integral.

2.3. Quantification of glycogen

Quantification of glycogen was performed in the gastrocnemius
muscle of randomly fed mice and in liver tissue either at randomly
fed conditions, upon 18 h of fasting or at 3 h after refeeding
following an 18-h fast. Tissues (20—30 mg) were boiled in 300 pl
30% KOH solution until completely lysed and 100 pl of 1 M NaySOg4
were added to the homogenate after cooling. Precipitation of
glycogen was achieved by adding 800 pl ethanol followed by
centrifugation at 10,000 g for 5 min and the resulting pellet was
resuspended in 200 pl 0.2 M sodium acetate pH 4.6. Glycogen was
enzymatically degraded by adding 1.5 pl amyloglucosidase solution
(30 mg/mL) from Aspergillus niger. Liberated glucose was deter-
mined by a colorimetric assay using the glucose oxidase/peroxidase
system and 2,2’-azino-bis-3-ethylbenzothiazoline-6-sulfonic acid
(ABTS) as substrate. Absorbance at 405 nm was measured with a
Synergy H1 microplate reader (BioTek). Glycogen concentration
was expressed as pug glucose/mg tissue.

2.4. Measurement of serum insulin levels

Serum insulin levels were quantitatively determined using an
Enzyme-Linked Immunosorbent Assay (ELISA) kit (CrystalChem) in
blood samples taken from mouse tail tips after 6 h of fasting and at
1 h after refeeding, following a 6-h morning fast. Measurement was
performed using 5 pl of serum according to the instructions of the
manufacturer. Absorbance was measured using a microplate reader
(BioTek) and insulin concentration was calculated in ng/mL based
on a standard curve.

2.5. Quantification of liver triglycerides

Quantitative determination of liver triglycerides was performed
as described in Ref. [16]. Briefly, liver tissue (200—300 mg) was
digested in 350 pl ethanolic KOH (2 parts ethanol: 1 part 30% KOH)
for 16 h at 55 °C. Following centrifugation at 8000 g for 5 min, the
supernatant was topped up to 1200 ul with HO: EtOH (1:1) with
sequential addition of 1300 ul 1 M MgCl, and left on ice for 10 min.
Next, 6 ul of the supernatant were mixed with 200 pl of free glyc-
erol reagent (Sigma) and absorbance at 540 nm was measured after
15 min on a microplate reader (BioTek). The concentration was
calculated based on a standard curve created with glycerol (Sigma)
and expressed as ng triglycerides/mg tissue.
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2.6. Sphingolipid and diacylglycerol quantification by LC-MS/MS

Liver tissue homogenates were subjected to lipid extraction
using 1.5 mL methanol/chloroform (2:1, v:v) as described in
Refs. [17,18]. The extraction solvent contained either ceramide
d18:1/17:0 (C17 Cer) and sphingomyelin d18:1/16:0-d3; (C16-d3;
SM), or 1,3-diheptadecanoin-ds; (C17/C17-ds DAG) as internal
standards (Avanti Polar Lipids, Alabaster, USA). Details of ceramide
(Cer), sphingomyelin (SM), and diacylglycerol (DAG) analysis by LC-
MS/MS have been described elsewhere [17,19]. Briefly, chromato-
graphic separations were performed on a 1290 Infinity II HPLC
(Agilent Technologies, Waldbronn, Germany) equipped with a
Poroshell 120 EC-C8 column (3.0 x 150 mm, 2.7 pm; Agilent
Technologies). MS/MS analyses were carried out using either an
Agilent 6495C TQ-MS (DAG analysis) or an Agilent Ultivo TQ-MS
(Cer and SM analysis) operating in positive electrospray ioniza-
tion mode (ESI+). The following mass transitions were recorded
(qualifier product ions in parentheses), ceramides: m/z
520.5 — 264.3 (282.3) for C16 Cer, m/z 534.5 — 264.3 (282.3) for
C17 Cer, m/z 548.5 — 264.3 (282.3) for C18 Cer, m/z 576.6 — 264.3
(282.3) for C20 Cer, m/z 604.6 — 264.3 (282.3) for C22 Cer, m/z
630.6 — 264.3 (282.3) for C24:1 Cer, and m/z 632.6 — 264.3
(282.3) for C24 Cer; sphingomyelins: m/z 703.6 — 184.1 (86.1) for
C16 SM, m/z 731.6 — 184.1 (86.1) for C18 SM, m/z 734.6 — 184.1
(86.1) for C16-d3; SM, m/z 759.6 — 184.1 (86.1) for C20 SM, m/z
787.7 — 184.1 (86.1) for C22 SM, m/z 813.7 — 184.1 (86.1) for C24:1
SM, and m/z 815.7 — 184.1 (86.1) for C24 SM; diacylglycerols: m/z
551.5 — 57.2 (239.2) for C16/C16 DAG, m/z 579.5 — 239.2 (267.3)
for C16/C18 DAG, m/z 584.6 — 57.2 (253.2) for C17/C17-d5 DAG, m/z
607.6 — 57.2 (267.3) for C18/C18 DAG, m/z 612.6 — 313.3 (339.3)
for C16/C18:1 DAG, and m/z 662.6 — 341.3 (361.3) for C18/C20:4
DAG. Peak areas of Cer, SM and DAG subspecies, as determined with
MassHunter software (Agilent Technologies), were normalized to
those of corresponding internal standards (C17 Cer, C16-d3; SM and
C17/C17-ds DAG, respectively) followed by external calibration in
the range of 1 fmol—50 pmol on column. Determined lipid amounts
were normalized to the weight of the tissue [mg] used for
extraction.

2.7. 0Oil Red O staining

Paraformaldehyde-fixed liver sections were incubated in 60%
isopropanol for 5 min, followed by a 10-min incubation in 0.5% Oil
Red Ofisopropanol stain. The tissues were washed briefly in 60%
isopropanol, rinsed in distilled water and counterstained with he-
matoxylin for 5 s. Sections were subsequently rinsed with distilled
water and mounted in Kaiser's glycerol gelatine (Merck). Images
were captured using an IX73P1F inverted microscope (Olympus).

2.8. Immunoblot analysis

Liver tissue and gastrocnemius muscle were isolated from 6-h
fasted mice, intraperitoneally injected with either insulin (2
units/kg BW) or saline, 5 and 20 min after the injection, respec-
tively. Relative protein levels of OXPHOS complexes were assessed
in liver lysates from randomly fed mice. Tissue homogenates were
prepared in lysis buffer (50 mM Tris-HCl, pH 7.4, 150 mM NaCl, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% SDS), supplemented with
protease and phosphatase inhibitors (Cell Signaling), using an all-
glass homogenizer. Tissue lysates were subsequently subjected to
sonication and centrifugation at 10,000 g for 20 min at 4 °C. Protein
concentration was determined in the supernatant using the Bicin-
choninic Acid (BCA) protein assay [20]. Total tissue protein (70 pg)
was resolved by SDS-PAGE, transferred to PVDF membranes (GE
Healthcare, Life Sciences) and incubated with primary antibodies
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overnight. Membranes were probed with Horseradish
peroxidase—conjugated anti-mouse or anti-rabbit secondary anti-
bodies (Cell Signaling) and visualized using the Clarity Western ECL
substrate (BioRad) and a Vilber FUSION Solo 6X imager. Densi-
tometry analysis was performed using Image]. The following pri-
mary antibodies were used: AKT (4685, Cell Signaling); phospho
AKT (Ser473) (4060, Cell Signaling), FOXO1 (L27) (9454, Cell
Signaling); phospho FOXO1 (Ser256) (9461, Cell Signaling); total
OXPHOS rodent WB Antibody Cocktail (ab110413, Abcam) and
GAPDH (sc-32233, Santa Cruz).

2.9. Transmission electron microscopy and quantification of ER-
mitochondria contacts

Liver tissues from randomly fed mice were fixed in 2.5%
glutaraldehyde and osmium, washed in 0.1 M phosphate buffer pH
7.2, dehydrated in a series of graded ethanol and embedded in an
epon and araldite resin mixture (Agar Scientific). Ultrathin sections
of 0.1 um were prepared on a Reichert-Jung UCT ultramicrotome
(Leica), mounted on 300-mesh copper grids and stained with
uranyl acetate and lead citrate. Liver sections were observed on a
JEM 1010 transmission electron microscope (JEOL) and images
collected using a Mega View G2 digital camera (Olympus). MERCs
were quantified by measuring the length of the contact region
between the ER and mitochondria, and expressed as a percentage
of the mitochondrial perimeter. Mitochondrial morphology pa-
rameters including perimeter (um), area (um?), circularity and
aspect ratio were calculated by tracing the outer membrane of each
mitochondrion and using the ROI manager tool of the Image]
software as described in Ref. [21].

2.10. Measurement of the enzymatic activity of mitochondrial
respiratory chain complexes

Liver tissue was homogenized in lysis buffer (250 mM sucrose,
2 mM EDTA, 100 mM Tris-HCI, pH 7.45) using an all-glass homog-
enizer and cleared by centrifugation at 600g for 20 min. The su-
pernatant was used to measure the activity of the following
respiratory chain enzymes in a temperature-controlled spectro-
photometer at 30 °C, as described in Ref. [22]: NADH dehydroge-
nase (Complex I), succinate dehydrogenase (Complex II), NADH
cytochrome C reductase-total and rotenone sensitive/resistant
(Complex I + III), succinate cytochrome C reductase (Complex
I + 1) and Cytochrome C oxidase (Complex IV). Values were
normalized to the activity of citrate synthase. Enzymatic activities
were expressed as umol/min/g tissue.

2.11. RNA isolation, reverse transcription and qPCR

Total RNA was isolated from liver tissue using the RNAzol RT
reagent (Sigma) and cDNA synthesis was performed with the Pri-
meScript RT Reagent Kit (Perfect Real Time; TaKaRa Bio), following
the manufacturer's instructions. Quantitative real-time PCR was
performed on an Applied Biosystems 7900HT real-time PCR system
using the KAPA SYBR FAST qPCR Master Mix (KAPA Biosystems).
Actb (B-actin) was used as housekeeping gene. Data were analyzed
using LinRegPCR version 2020.0 [23].

2.12. Statistical analysis

All statistical comparisons were performed using a two-tailed
unpaired Student's t-test and the GraphPad Prism 8 software.
Data are presented as mean + SEM and statistical significance was
assumed at P < 0.05.
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3. Results
3.1. Stbd1KO mice display reduced liver glycogen content

For the purposes of this study, Stbd1KO and wild type male mice
at the age of 24 weeks were employed. Sthd1KO mice on a C57Bl6
background are fertile and superficially unremarkable in appear-
ance. RT-PCR verified the lack of Stbd1 transcripts in Stbd1KO mice
and the expression of the LacZ reporter gene that was included in
the targeting vector (Fig. S1A). Stbd1 inactivation was further
confirmed by quantitative PCR (Fig. S1B).

Stbd1KO mice showed similar weight gain to wild type controls,
monitored over a period of 20 weeks starting at weaning, at the age
of 4 weeks (Fig. 1A). STBD1 has been previously reported to bind
glycogen through its carboxyterminal CBM20 domain and interact
with several proteins implicated in glycogen metabolism [24,25].
Given the above, we evaluated the levels of glycogen in the liver
and skeletal muscle of Stbd1KO as compared to wild type control
mice. We found that randomly fed Stbd1KO mice displayed
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significantly reduced liver glycogen (Fig. 1B). Moreover, an 18-h
fasting period resulted in the near complete depletion of liver
glycogen stores in Stbd1KO mice as opposed to wild type animals,
which exhibited significantly higher hepatic glycogen levels
(Fig. 1B). Notably, liver glycogen content was found to be similar in
both wild type and Stbd1KO mice 3 h after refeeding following an
18-h fast, suggesting that replenishment of liver glycogen stores
after fasting is comparable between the two genotypes (Fig. 1B). In
contrast to the liver, both genotypes featured comparable glycogen
content in skeletal muscle at fed conditions (Fig. 1C).

3.2. STBD1 deficiency causes insulin resistance and associated
distortions in the control of glucose homeostasis

The reduced hepatic glycogen content under randomly fed and
fasting conditions may suggest that Stbd1KO mice display distor-
tions in the control of glucose homeostasis. To address the above,
we initially monitored blood glucose levels at different feeding
conditions. Stbd1KO and wild type control mice displayed

D

Blood glucose

2507 OwT
M Sthd1KO
*
(0]
200
ns 8
| ns
= 150 % . B
< R o *% O
2
= 100 © *
(o)
0]
50
ol . . r r

Fed Fasted 6h Fasted 18h Refed Fasted 36h

E

Serum insulin

801 2.51 2.5 COWT
- o Ns W Stbd1KO
— (@) — 2.0+ o 2.04
g e0{ © g 9 O
& | L s 8 | ns
g o g 1.5 . = 1.59 * [o}e]
o 401 o ° © 0 S O T
7] (0] 090 7] o 2 o
8 S 1.0 = 1.0
3 o 3 0?2
> 20- © > ° °
= * o = 0.5 0.5 o
o
[%o ¢} |
0 T T SEES T 0.0 T 0.0 T T
Fed Fasted 18h Refed Fed Fasted 6h Refed

Fig. 1. Stbd1KO mice display reduced hepatic glycogen content, increased serum insulin and dysregulated blood glucose control

(A) The body weight of Stbd1KO and wild type mice (n = 15 per genotype) was monitored for 20 weeks, starting at weaning at the age of 4 weeks. (B) Quantitative determination of
hepatic glycogen levels in randomly fed mice, at 18 h of fasting and at 3 h after refeeding following an 18-h fast (n = 5 per group). (C) Quantitative determination of glycogen levels
in the gastrocnemius muscle of randomly fed Stbd1KO and wild type mice (n = 6 per genotype). (D) Blood glucose measurements at fed conditions, at 6 h, 18 h and 36 h of fasting
and at 3 h after refeeding following an 18-h fast (n = 8 per group) (E). Quantification of serum insulin levels at 6 h of fasting and 1 h after refeeding following a 6-h fast, by means of
ELISA (n = 6 per group). Values are expressed as mean + SEM, *P < 0.05, **P < 0.01, ns, not significant (unpaired Student's t-test).
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Oral glucose tolerance test
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Fig. 2. Glucose, insulin and pyruvate loading tests

For the loading tests, blood glucose was measured in Stbd1KO and wild type mice prior to and at the indicated points following substance administration. The area under curve
(AUC) was calculated and compared between the two genotypes. (A) Glucose tolerance test: A glucose bolus (2 g/kg BW) was orally administrated in 6-h fasted mice (n = 5 per
genotype). (B) Insulin tolerance test: Insulin (0.75 units/kg BW) was intraperitoneally injected in mice fasted for 4 h (n = 7 per genotype), (C) Pyruvate loading test: 6-h fasted mice
were intraperitoneally injected with pyruvate (2 g/kg BW) (n = 6 per genotype). (D) Expression levels of gluconeogenic genes (G6pc, Pckl and Pck2, encoding glucose-6-
phosphatase, cytoplasmic- and mitochondrial phosphoenolpyruvate carboxykinase, respectively) in the liver of randomly fed wild type and Stbd1KO mice (n = 6 per genotype),
relative to the expression levels of the B-actin gene, determined by quantitative PCR. Values are presented as mean + SEM, *P < 0.05, **P < 0.01, ***P < 0.001 (unpaired Student's t-
test). AU, arbitrary units; BW, body weight.
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comparable blood glucose levels both at randomly fed conditions
and following a 6-h fast (Fig. 1D). However, Sthd1-deficient animals
exhibited reduced efficiency to defend blood glucose levels during
an 18-h fast (Fig. 1D) which may correlate with the depletion of
their hepatic glycogen stores (Fig. 1B). Interestingly, after 3 h of
refeeding following an 18-h fast, blood glucose in Stbd1KO mice
was found significantly increased as compared to controls which
may suggest delayed glucose clearance from the blood (Fig. 1D).
Moreover, upon a prolonged starvation of 36 h, blood glucose levels
in Stbhd1KO mice appeared significantly elevated as compared to
those of control animals (Fig. 1D).

The reduced liver glycogen content and increased blood glucose
levels during prolonged starvation and upon refeeding after fasting
are compatible with a state of glucose intolerance and insulin
resistance in Stbd1KO mice. To address the above, we initially
evaluated the levels of serum insulin by means of ELISA. Following a
6-h morning fast, Stbd1IKO mice featured significantly elevated
blood insulin concentration as compared to controls whereas
similarly increased insulin levels were measured in both genotypes
after 1 h of refeeding following a 6-h fast (Fig. 1E).

To further support the above observations, we performed
metabolic tests on Sthd 1KO mice and control animals. Sthd 1KO mice
were found to exhibit reduced tolerance to orally administered
glucose (Fig. 2A) and an attenuated response to the glucose-
lowering effect of insulin (Fig. 2B). Furthermore, Sthd1-deficient
mice featured increased glucose production in response to pyruvate
loading suggesting enhanced gluconeogenesis (Fig. 2C). To gain
insights into the underlying basis of increased hepatic glucose
production in Sthd1KO mice, we evaluated the gene expression
levels of two key gluconeogenic enzymes, glucose-6-phosphatase
(G6PC) and phosphoenolpyruvate carboxykinase (PEPCK) in the
liver of randomly fed mice. We observed no significant difference
between wild type and Stbd1-deficient animals, suggesting that the
increased gluconeogenesis rates in Sthd 1KO mice are not associated
with elevated expression of the above genes (Fig. 2D).

Binding of insulin to its cell surface receptor initiates a signaling
cascade that results in the phosphorylation of downstream com-
ponents. Among the downstream effectors of insulin signaling are
the serine/threonine kinase AKT and the transcription factor
FOXO1. The phosphorylation status of the above proteins is
commonly assessed as a readout of insulin signaling. Following the
intraperitoneal administration of an insulin bolus, phosphorylation
of AKT (Ser*’?) and FOXO1 (Ser®>®) in both the liver and gastroc-
nemius muscle of Sthd1KO mice was significantly diminished as
compared to controls, in agreement with an attenuated response of
these tissues to insulin (Fig. 3A and B).

An additional pathological manifestation associated with insu-
lin resistance is hepatic steatosis. Nevertheless, quantitative
assessment of triglyceride levels in the liver revealed no significant
difference between wild type and Stbd1KO animals both at fed and
fasting conditions (Fig. 3C). The above results were in agreement
with the qualitative evaluation of lipid deposition in the liver using
Oil Red O staining on histological sections (Fig. 3D). To further
assess potential perturbations in lipid homeostasis we measured
the levels of diacylglycerols and sphingolipids in the liver of
randomly fed Sthd1KO and wild type mice. While total hepatic
diacylglycerol and ceramide content was comparable between both
genotypes (Fig. 3E), Stbd1KO mice displayed increased total
sphingomyelin levels, in particular saturated very long chain spe-
cies (Fig. 3E and Fig. S2).

A major contributor to the development of insulin resistance is
ER stress. It has been recently reported that STBD1 is a downstream
target of the unfolded protein response (UPR) pathway and is
required to promote glycogen clustering, associated with enhanced
cell survival during ER stress in myoblasts [14]. Given the above
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correlation between STBD1 and ER stress, we evaluated the
expression levels of different UPR marker genes in the liver of
randomly fed Stbd1KO and control mice. We found no significant
difference in the expression levels of Bip, Atf4, Edem]1, spliced Xbp]1,
Casp12 and Chop between the two genotypes suggesting that Stbd1
inactivation does not lead to increased ER stress in the liver (Fig. 4).

3.3. Enhanced ER-mitochondria contact and altered mitochondrial
morphology in the liver of Stbd1KO mice

Insulin resistance has been strongly associated with distortions
in the structural and functional integrity of ER-mitochondria con-
tact regions. Nevertheless, it is still controversial whether hepatic
insulin resistance is related to enhanced or reduced ER-
mitochondria association. Given that STBD1 has been reported to
localize at MERCs, we evaluated morphometric parameters of ER-
mitochondria contact and mitochondrial morphology in the liver
of Stbd1KO and control mice by means of transmission electron
microscopy. We found that the area of contact between the ER and
mitochondria was increased in Sthd1KO mice (Fig. 5A and B).
Furthermore, mitochondria appeared smaller and more circular in
Stbd1KO animals, as evidenced by the quantitative assessment of
mitochondrial perimeter, area, circularity and aspect ratio (Fig. 5B).

We further addressed the question of whether the enhanced ER-
mitochondria contact area and the observed alterations in mito-
chondrial morphology in the liver of Sthd1KO mice affect mito-
chondrial function. For this, we evaluated the relative abundance of
respiratory chain complexes in the liver by western blotting. We
found a statistically significant reduction in complex I subunit
NDUFBS8 in Sthd1KO mice but no alterations in additional com-
plexes (Fig. 6A). Nevertheless, the enzymatic activities of respira-
tory chain complexes were found to be comparable between both
genotypes suggesting that STBD1 deficiency and the observed
distortions in MERCs and mitochondrial dynamics are likely not
associated with impaired mitochondrial function (Fig. 6B).

4. Discussion

STBD1 is an ER-resident, glycogen-binding protein of poorly
characterized function. In the present study we have addressed the
implication of STBD1 deficiency in insulin resistance in 24-week-
old male mice. We provide evidence that Stbhd1KO mice display
reduced hepatic glycogen content and additional distortions in
glucose metabolism, compatible with insulin resistance, including
glucose intolerance, impaired insulin signaling and enhanced
gluconeogenesis. The above metabolic abnormalities are associated
with increased ER-mitochondria contact and morphological
changes in mitochondria.

Our findings revealed reduced liver glycogen stores in Stbd 1KO
mice, under randomly fed conditions. Given that the glycogen
content in skeletal muscle was comparable between Stbd1KO and
wild type animals, the reduced hepatic glycogen levels in Sthd1-
deficient mice could likely be secondary to insulin resistance and
not to a primary effect of STBD1 deficiency on glycogen meta-
bolism. The above is supported by our previously reported findings
that neither the silencing nor overexpression of STBD1 in cultured
cells influence total cellular glycogen levels [14]. In any case, the
reduced amount of liver glycogen in Stbd1KO animals most likely
underlies the near complete depletion of their hepatic glycogen
stores after 18 h of fasting. This, on a background of insulin resis-
tance, results in a pattern of decreased blood glucose at 18 h of
fasting, whereas postprandially and after prolonged fasting blood
glucose levels in Sthd1KO mice are significantly increased as
compared to controls. Furthermore, Stbd1KO animals present with
enhanced gluconeogenesis and attenuated insulin signaling in both



S. Kyriakoudi, A. Theodoulou, L. Potamiti et al.

A

B

Biochimie 200 (2022) 172—183

Liver Muscle
WT Stbd71KO WT Stbd1KO
[ Saline Insulin I Saline Insulin I Saline Insulin I Saline Insulin I
(gé\r%%) -g e - " v -~ e w60 kDa
AKT“.“.“J ——————————
DFOXOT i M W o - & L -
(Ser=>°)
O e e
FOXO1 [l s e 4 . )
S ———— L e i
PAKT / AKT (Liver) pFOXO1/FOXO1 (Liver) PAKT / AKT (Muscle) pFOXO01 / FOXO1 (Muscle)
0.8+ 0.8+ 2.5+ 2.0
*%k %% [CJWT o * COWT
= o o=
z oed ° o6 B Stbd1KO 3 K .l B Stbd1KO
z 3!
QE’ 0.4 0.4 g 1.0
2 2
S 0.2 0.2- o 0.5
a a v

Liver triglycerides

Il Stbd1KO
2 ns
2 100 o o
(o))
g ]
(o]
= 50- o
ns
"Fed = Fasted 18h
DAG Cer
8000 ns 200
—_— [e] nS
Q 20
> - -
z 6000 Ooo 150 o
g) 4000+ 100+
g
S 2000+ 50+
0 0-

SM
1000+ COWT
p— * . I Stbd1KO
600 .2
400+
200

178



S. Kyriakoudi, A. Theodoulou, L. Potamiti et al.

Biochimie 200 (2022) 172—183

Fig. 3. Stbd1-deficient mice feature attenuated activation of insulin signaling in liver and muscle but no signs of hepatic steatosis

(A-B) Representative western blot and densitometry for the assessment of insulin induced AKT (Ser*’®) and FOXO1 (Ser?°%) phosphorylation in the liver (A) and the gastrocnemius
muscle (B), of mice intraperitoneally injected with either insulin (2 units/kg BW) or saline. The dashed line in (B) refers to the splicing of the western blot image following the
removal of irrelevant lanes. The ratios of phosphorylated AKT (Ser*’?) and FOXO1 (Ser?*®) to total AKT and FOXO1 levels respectively, were determined using densitometry (liver,
n = 5 per genotype; muscle, n = 4 for wild type, n = 5 for Stbd1KO). GAPDH was used as loading control. (C) Assessment of liver triglyceride content in randomly fed and 18 h-fasted
mice (n = 6 per group). (D) Qualitative assessment of lipid deposition by Oil Red O staining on liver cryosections. Nuclei were counterstained with hematoxylin. (E) Quantitative
determination of the levels of total diacylglycerols (DAG), ceramides (Cer) and sphingomyelins (SM) in the liver of randomly fed Stbd1KO and wild type mice (n = 6 per genotype).
Values are expressed as mean + SEM, *P < 0.05, **P < 0.01, ns, not significant (unpaired Student's t-test). AU, arbitrary units; BW, body weight. Scale bar, 25 pm.

the liver and skeletal muscle. The above findings suggest increased
liver glucose output and impaired glucose uptake by peripheral
tissues which may explain the elevated blood glucose levels post-
prandially and following prolonged fasting. Failure of insulin to
suppress hepatic gluconeogenesis contributes to enhanced glucose
production in insulin resistance states. However, expression levels
of the gluconeogenic enzymes G6PC and PEPCK were not found
elevated in Sthd1KO mice. Hyperglycemia and hyperinsulinemia are
not necessarily associated with increased expression levels of G6PC
and PEPCK. This has been reported for both rodent models of
fasting hyperglycemia and patients with T2D [26]. Furthermore, the
transcription of the above gluconeogenic genes is regulated by
multiple transcription factors. The lack of increased expression
levels of G6PC and PEPCK in the presence of enhanced hepatic
glucose production in Stbd1KO mice could therefore also be
ascribed to the complexity of the transcriptional regulation of the
corresponding genes.

Cumulative evidence strongly supports the importance of the
structural integrity of MERCs in the regulation of insulin signaling
and the development of hepatic insulin resistance [27,28].

Nevertheless, the precise involvement of ER-mitochondria cross-
talk in the response of tissues to insulin remains unclear. This is
primarily due to contradictory findings with regards to whether
insulin resistance is associated with disrupted or enhanced ER-
mitochondria communication. In particular, the structural integ-
rity of MERCs was found to be impaired in the liver of both
genetically engineered and diet-induced obese mice [29]. However,
the above association between impaired ER-mitochondria cross-
talk and insulin resistance was challenged by a study reporting
enhanced ER-mitochondria communication in the liver of obese
mice and an improvement of insulin response upon reduction of
MERCs [30]. Importantly, the correlation between the structural
integrity of MERCs and insulin resistance appears to be reciprocal
which further adds to the complexity of their cause-and-effect
relationship [10]. Our findings indicate increased contact area be-
tween the ER and mitochondria in Sthd1KO mice and are therefore
in support of the notion that insulin resistance is associated with
enhanced ER-mitochondria cross-talk.

MERCs have been recognized as important mediators of mito-
chondrial dynamics which mainly describes the processes of
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Fig. 4. STBD1 deficiency does not cause ER stress in the liver

The expression levels of representative markers of the unfolded protein response pathway were determined in the liver of randomly fed Stbd1KO and wild type mice (n = 5 per
genotype) by quantitative PCR. The values were normalized to the expression of B-actin. Values are expressed as mean + SEM, ns, not significant, (unpaired Student's t-test), AU,

arbitrary units.
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Fig. 5. STBD1 deficiency is associated with increased mitochondria-ER contact sites and altered mitochondrial morphology in the liver

(A) Representative transmission electron micrographs of liver mitochondria of randomly fed Stbd1KO and wild type mice. The regions of contact between mitochondria and the ER
(MERGCs) are indicated by red dashed lines. Note the reduced glycogen content in the liver of Sthd1KO mice. (B) Quantitative assessment of MERCs and mitochondrial morphological
parameters. MERCs were quantitatively assessed by measuring the length of the mitochondrial interface in close apposition to the ER, expressed as a percentage of the mito-
chondrial perimeter (Wild type, n = 108; Stbd1KO, n = 123 mitochondria; 3 animals per genotype). Mitochondrial morphology was evaluated following the quantitative assessment
of mitochondrial perimeter, area, circularity and aspect ratio using Image] (Wild type, n = 345; Stbd1KO, n = 348 mitochondria; 3 animals per genotype). G, glycogen. Values are
expressed as mean + SEM, ****P < 0.0001 (unpaired Student's t-test). Scale bar, 0.5 um.

mitochondrial fusion and fission [31]. In particular, the contact re-
gions between the ER and mitochondria were shown to define the
sites of mitochondrial fission [32]. According to the above, an in-
crease in MERCs is expected to shift the equilibrium between
mitochondrial fusion and fission towards mitochondrial fragmen-
tation. Several lines of evidence, support that insulin resistance and
related metabolic conditions such as obesity and T2D are associated
with increased mitochondrial fission. Hyperglycemia was reported
to induce mitochondrial fragmentation in cultured myoblasts and
hepatocytes [33]. In addition, mitochondria from T2D patients were
found to be smaller in the skeletal muscle [34] and fragmented in
the myocardium [35], as compared to those of healthy individuals.
Conversely, insulin was shown to promote mitochondrial fusion in
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cultured cardiomyocytes [36]. In agreement with the published
data, our results indicate that liver mitochondria in Sthd1KO mice
are smaller and display increased circularity suggesting fragmen-
tation of the mitochondrial network.

ER stress and mitochondrial dysfunction are major features of
the molecular pathology of obesity and T2D in which insulin
resistance is a common metabolic abnormality. Nevertheless,
assessment of the levels of ER stress markers did not reveal any
overt differences between Stbd1KO and control mice. Moreover,
both genotypes displayed comparable enzymatic activity of respi-
ratory chain complexes despite a statistically significant decrease in
complex I abundance in Sthd1KO mice. The above findings may
correlate with the fact that insulin resistance in Stbd 1KO mice is not
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Fig. 6. Stbd1KO mice exhibit normal enzymatic activity of mitochondrial respiratory chain complexes in the liver

(A) Representative western blot and densitometry for the evaluation of the relative abundance of mitochondrial respiratory chain complexes (CI — CV) in the liver of randomly fed
wild type and Stbd1KO mice. Densitometry analysis is presented as the ratio to GAPDH (n = 6 per genotype). (B) Assessment of the enzymatic activity of respiratory chain complexes
(CI — CIV) in the liver of randomly fed wild type and Sthd1KO animals (n = 8 per genotype). Values are expressed as mean + SEM, *P < 0.05, ns, not significant (unpaired Student's t-
test).

associated with obesity, liver steatosis or profound hyperglycemia
which could suggest an overall mild pathology. The lack of an
elevation in hepatic triglycerides in the presence of hyperglycemia

and hyperinsulinemia has been previously reported in mice with
liver specific inactivation of the insulin receptor (LIRKO) [37].
Despite hyperinsulinemia and hyperglycemia these mice display
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normal body weight and liver triglyceride levels in contrast to in-
sulin resistant mouse models of T2D such as high fat diet-fed or ob/
ob mice which exhibit both hyperglycemia and hyper-
triglyceridemia. The origin for this discrepancy lies in the concept of
selective resistance in the inhibitory effect of insulin on the process
of hepatic gluconeogenesis, whereas stimulation of lipogenesis
remains insulin sensitive [38]. On the other hand, insulin resistance
in both pathways results in the manifestation of hyperglycemia in
the absence of elevated triglycerides, as reported for LIRKO animals.
A similar total insulin resistance in the liver of Stbhd1-deficient mice
would be in agreement with the herein observed increased
gluconeogenesis and normal hepatic triglyceride levels. Similar to
triglycerides, Sthd1-deficient mice displayed normal levels of liver
diacylglycerol and ceramide lipids. However, hepatic sphingo-
myelins appeared mildly but significantly elevated in Stbd1KO mice.
This may suggest that sphingomyelin levels could be a more sen-
sitive indicator of insulin resistance. Alternatively, the increased
levels of liver sphingomyelins in Stbd1KO mice could be related to
the herein reported structural alterations in ER-mitochondria
contacts since MERCs are major sites of sphingolipid metabolism
[39].

In conclusion, the data presented in this study identify STBD1
deficiency as a susceptibility factor for insulin resistance. The
herein reported distortions in insulin signaling are associated with
enhanced ER-mitochondria association in the liver and may be
related to the previously reported localization of STBD1 at MERCs.
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