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Spinal muscular atrophy (SMA) is characterized by motor neuron loss, caused by mutations or deletions in the
ubiquitously expressed survival motor neuron 1 (SMNT7) gene. We recently identified a novel role for Smn protein
in glucose metabolism and pancreatic development in both an intermediate SMA mouse model (Smn?®?~) and
type | SMA patients. In the present study, we sought to determine if the observed metabolic and pancreatic
defects are SMA-dependent. We employed aline of heterozygous Smn-depleted mice (Smn*/~) thatlack the hall-
mark SMA neuromuscular pathology and overt phenotype. At 1 month of age, pancreatic/metabolic function of
Smn*/~ mice is indistinguishable from wild type. However, when metabolically challenged with a high-fat diet,
Smn*’~ mice display abnormal localization of glucagon-producing a-cells within the pancreatic islets and
increased hepatic insulin and glucagon sensitivity, through increased p-AKT and p-CREB, respectively.
Further, aging results in weight gain, an increased number of insulin-producing 3 cells, hyperinsulinemia and
increased hepatic glucagon sensitivity in Smn*’~ mice. Our study uncovers and highlights an important func-
tion of Smn protein in pancreatic islet development and glucose metabolism, independent of canonical SMA
pathology. These findings suggest that carriers of SMMN71 mutations and/or deletions may be at an increased
risk of developing pancreatic and glucose metabolism defects, as even small depletions in Smn protein may
be arisk factor for diet- and age-dependent development of metabolic disorders.

INTRODUCTION

Spinal muscular atrophy (SMA) is a genetically inherited neuro-
muscular disorder. It is responsible for more infant deaths than
any other known genetically inherited disease, affecting 1 in
6000—10 000 live births (1,2). SMA is caused by deletions or
mutations within the survival motor neuron 1 (SMNI) gene
(3). SMN depletion results in the degeneration of spinal cord
motor neurons, muscle atrophy and paralysis (1). While the

complete loss of Smn protein is embryonic lethal (4), arecent du-
plication event in humans gave rise to the SMN2 copy gene (3).
A critical C to T substitution in exon 7 of the SMN2 gene results in
aberrantexon 7 splicing and the production of an unstable SMNA7
protein (3,5). However, the SMN2 gene still produces a small per-
centage of full-length (FL) Smn protein, enough to circumvent
embryonic lethality but not motor neuron degeneration. Disease
severity is dependent on SMN2 copy number; the more copies,
the lesser the disease impact (3,6).
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To explain the specific loss of spinal cord motor neurons in
SMA, various neuronal roles have been proposed for the Smn
protein, such as axonal outgrowth and pathfinding (7,8),
axonal transport (9,10), regulation of actin dynamics (11—14),
small nuclear ribonucleoprotein (snRNP) biogenesis (15—17)
and regulation of mRNA translation (18). More recently, non-
neuronal roles for Smn have been uncovered at the neuromuscu-
lar junction (NMJ) (19-21), in the muscle (22—24), and in the
heart (25—27). Furthermore, recent work from our laboratory
has identified a novel role for Smn in glucose metabolism and
pancreatic development g28). Analysis of an intermediate
SMA mouse model, Smn??~, revealed fasting hyperglycemia,
hyperglucagonemia, glucose resistance as well as a dramatic
increase in glucagon-producing a-cells at the expense of insulin-
producing [3-cells within pancreatic islets. Analysis of pancreat-
ic islets from deceased type 1 SMA children demonstrated
similar abnormalities in islet composition. A subset of these
patients also suffered glucose intolerance.

In the present study, we sought to determine if metabolic and
pancreatic defects observed in Smn”® ™~ mice are SMA-dependent
or can occur in the absence of any overt neurological abnor-
malities. To this end, we analyzed Smn heterozygous mice
(Smn™™), a model devoid of an overt SMA phenotype (4). We
report that non-pathological Smn depletion results in abnormal
a-cell localization within pancreatic islets, increased 3 cell
number over time, increased hepatic insulin and glucagon sensi-
tivity, and hyperinsulinemia. Our study uncovers and highlights
a functional role for Smn protein in pancreatic islet development
and glucose metabolism independent of canonical SMA path-
ology. These findings suggest carriers of SMN/ mutations and/
or deletions [and SMA patients undergoing partial Smn expression
restoration therapies (29,30)] may be at an increased risk of devel-
oping pancreatic and metabolic defects later in life. Thus, SMN
depletion, even ‘non-pathological’, may be a risk factor for the
age-dependent development of metabolic disorders.

RESULTS
Pancreatic Smn expression

We recently demonstrated dramatic defects in pancreatic islet
composition and glucose metabolism in an intermediate SMA
mouse model (28). However, it remains unclear if these abnormal-
ities were SMA-dependent or independent. To address this ques-
tion, we analyzed Smn heterozygous mice (Smn™ ). These
animals have reduced Smn levels (~50% of wild type) but do
not display any overt neurodegeneration and/or neuromuscular
phenotype typical of SMA pathogenesis (4). We first assessed
pancreatic Smn protein levels from P21 mice. Fluorescent immu-
noblot analysis demonstrates abundant levels of Smn protein in
wild-type pancreas with a significant reduction in Smn "'~ mice
(Fig. 1A and B). The heterozygotes therefore provide a useful
model to study pancreatic development and glucose metabolism
independent of the canonical SMA phenotype.

Smn*’~ mice do not display canonical SMA neuromuscular
pathology even at later stages

When first described, Smn™ ™ mice lacked the typical SMA
motor neuron loss (4). However, subsequent investigation
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suggested mild pathology later in life (31). We therefore
sought to characterize our Smn™ " line and establish whether
mild motor neuron and/or muscle SMA-like pathology was
present in our aged model (5 months and 1 year). We first quan-
tified motor neuron cell body number in the ventral horn of the
lumbar spinal cord. At 5 months, no significant difference was
observed between wild-type and Smn™~ littermates (Fig. 1C
and D). Another hallmark of early SMA pathology is NMJ de-
nervation, seen in muscles such as the transversus abdominis
(TVA) (21,32). Relative to wild type, TVA NMJs from
1-year-old Smn™~ mice appeared healthy and did not exhibit
signs of denervation (Fig. 1E). Greater than 98% of NMJ end-
plates from 1 year old Smn™ ™ mice were fully occupied, point-
ing to a general lack of motor axon degeneration. Finally, as
SMA mice are also characterized by severe skeletal muscle
atrophy (33), we measured the cross-sectional area of tibialis an-
terior (TA) myofibers from 5-month and 1-year-old mice. At
both time points, wild-type and Smn™’~ mice show similar fre-
quency distributions of TA myofiber area (Fig. 1F and G), sug-
gesting that Smn™ ™ mice, at least up to 1 year of age, do not
display skeletal muscle atrophy that normally typifies SMA.
Older Smn™™ mice are therefore devoid of motor neuron loss,
NMJ denervation and muscle atrophy, pointing to an absence
of the canonical SMA phenotype. These results are consistent
with our previous findings in Smn?®*% mice, another Smn-
depleted model, which appear phenotypically normal (32).
While we cannot fully consolidate discrepancies between our
characterization of the Smn™~ mouse model and that of others
(4,31), we are the first to go beyond spinal cord motor neuron
counts—taking into account neurodegenerative outcomes—
and convincingly demonstrate an absence of gross motor
neuron degeneration.

Smn depletion does not impact glucose metabolism
in 1-month-old mice

Smn®®~ mice, an intermediate SMA mouse model, display
fasting hyperglycemia and glucose resistance at a young age
(28). We assessed the impact of non-pathological Smn depletion
by fasting 1-month-old wild type and Smn™~ mice overnight,
followed by an intraperitoneal glucose tolerance test (IPGTT).
Comparison of both random-fed and fasting glucose levels
between groups did not reveal any gross metabolic abnormalities
(Fig.2A). The IPGTT curves also suggest the absence of glucose
defects in 1-month-old Smn-depleted mice, as both groups dis-
played similar glucose clearance over time (Fig. 2B). Further,
quantification of the area under the curve (AUC) for the
IPGTT revealed no significant differences (Fig. 2C).

We previously reported a dramatic increase in pancreatic islet
a-cell number at the expense of B-cells in young Smn?®~ mice
(28). We thus performed immunohistochemistry labeling for
insulin-producing (-cells and glucagon-producing a-cells on
pancreatic tissue of 1-month-old wild-type and Smn™~ mice
(Fig. 2D). Analysis revealed no significant difference in a- and
B-cell number between wild-type and Smn™ ™ mice (Fig. 2E).
Serum analysis from random-fed wild-type and Smn*~ mice
demonstrated no significant shift in circulating insulin or glucagon
levels (Fig. 2F). Our results, not unexpectedly, suggest normal
metabolic/pancreatic function during early development in a non-
pathological Smn-depletion mouse model.



3434 Human Molecular Genetics, 2014, Vol. 23, No. 13

A P21 B 29

WT Smn+/-

Smn/GAPDH
© o = =
°© o °o

HEwTr
NS [ smn+-

-
T

# motor neuron soma

on » P o

F WT Smn+/- G g 5 months = 1 year
<3
ol P B
5 : s 5 N Smn+/- %
6 o % 1 2
IE L G 7 g Y %
' \ | SEESESESS i ;
‘ ‘ E TA myofiber area (um?) 3 TA myofiber area (um?)
& =\
, - ed s
5
— b E E‘ 3 —WT .E £
g : 2 l‘! 2 =it E& 2 :Smnﬂ'-
a 3 ¥ =3 €T 4
B ) & 2 0+ 3 E
k ‘ A A - Eg °@2§%§?§5};‘m§’§%§ ag S

TA myofiber area (um?)

Figure 1. Smn™'~ mice do not display canonical SMA pathological hallmarks. (A) Fluorescent immunoblot analysis of Smn protein levels in the pancreas of P21 wild
type (WT) and Smn™ ™ mice shows high levels in WT animals with an observable decrease in the pancreas of Smn™ ™ mice. Actin served as a loading control. (B)
Quantification of Smn/Actin ratio from the pancreas of P21 WT (n = 3) and Smn™ ™ (n = 3) mice. (Data are mean + SD; r-test; *P = 0.02.) (C) Representative
images of motor neuron cell bodies within the ventral horn region of the lumbar spinal cord labeled with Nissl (green). Scale bar = 100 wm. (D) Quantification of
the number of motor neuron cell bodies within the ventral horn area of the lumbar spinal cord of 5—month-old wild-type (WT) and Smn ™~ mice shows no significant
difference between groups. (Data are mean + SD; r-test; NS = not significant.) (E) Representative images of TVA NMJs from 1-year-old WT and Smn™ ™ mice.
Neurofilament (NF) and synaptic vesicle protein 2 (SV2) denote the pre-synaptic portion of the NMJ (red) and Bungarotoxin (Btx) the postsynaptic portion
(green). NMJs from Smn ™~ mice are morphologically normal, with >98% complete innervation. Scale bar = 85 um. (F) Representative cross-sections of the tibialis
anterior (TA) muscle of 5-month and 1-year-old WT and Smn ™'~ mice stained with hematoxylin and eosin. Scale bar = 100 wm. (G) Frequency distribution histo-
grams of TA myofiber areas and their respective Gaussian fit reveal similar TA myofiber sizes between 5-month and 1-year-old WT and Smn™~ mice.
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Figure 2. Glucose metabolism, pancreatic composition and insulin and glucagon serum levels are similar between 1-month-old wild-type and Smn™’ ™ mice. (A)
Random fed and fasting glucose levels are not significantly different between WT (n = 4)and Smn™~ (n = 4)mice. (Dataaremean + SD; #-test; NS, not significant.)
(B) WT (n = 4) and Smn™~ (n = 4) mice were fasted overnight, followed by an IPGTT test. Comparison of IPGTT curves reveals similar glucose clearance in
1-month-old WT and Smn™ ™ mice. (Data are mean + SD; multiple #-test.) (C) Quantification of the IPGTT area under the curve (AUC) indicates no significant

difference between 1-month-old WT and Smn™~

mice. (Data are mean + SD; #-test; NS, not significant.) (D) Representative images of pancreatic islets from

WT and Smn™’~ mice co-labeled with insulin (B-cells, red) and glucagon (a-cells, green). Scale bar = 100 wm. (E) Quantification of the ratio of the number of
a-cells/number of B-cells per pancreatic islet in 1-month-old WT (n = 3) and Smn*’~ (n = 4) mice shows no significant difference in islet composition. (Data are
mean + SD; #-test; NS, not significant.) (F) Serum insulin (left) and glucagon (right) levels are not significantly different between random fed 1-month-old WT
(n=3)and Smn™~ (n = 4) mice. (Data are mean + SD; t-test; NS, not significant.)

High-fat diet influences glucose clearance and a-cell
localization in Smn-depleted mice

As 1-month-old Smn ™~ mice do not display metabolic/pancre-
atic abnormalities, we next assessed the Smn-depleted model
under metabolic stress conditions. P21 males were placed on
either a regular diet (RD; 18% calories from fat) or a high-fat
diet (HFD; 45% calories from fat) for 16 weeks. The mice
were weighed every 4 weeks. Weight curve comparisons demon-
strated similar weight gains between wild-type and Smn™*'~
mice on both RD and HFD (Fig. 3A).

To evaluate the effect of HFD on glucose metabolism in
Smn-depleted males, we performed an IPGTT on mice fasted
overnight following the 16-week diet. Comparison of
random-fed and fasting glucose levels for mice on both RD
and HFD revealed no significant difference between wild-type
and Smn™'~ animals (Fig. 3B). Analysis of RD IPGTT curves
also demonstrates normal glucose clearance at all time points
in the Smn-depleted model (Fig. 3C). Further, no difference in

AUC was observed for the two genotypes (Fig. 3D). Interesting-
ly, glucose clearance in Smn™" mice was affected by the
16-week HFD regimen. In wild-type mice, glucose levels
peaked at 30 min post-IP followed by a steady decline toward
baseline (Fig. 3E). Similarly, glucose levels peaked at 30 min
post-IP in Smn*’~ mice, but then failed to revert. Instead,
glucose levels plateaued over 90 min, indicating glucose intoler-
ance in Smn-depleted mice (Fig. 3E). Analysis of AUC for the
HFD, whereas higher in the Smn™' ™~ mice, was not significant
relative to wild type (Fig. 3F). Our results suggest that while
Smn™~ mice on RD tolerate large shifts in blood glucose, a com-
bination of HFD and Smn depletion manifests as an inability to
maintain glucose homeostatic balance.

We next assessed islet composition of mice placed on RD or
HFD. Pancreatic sections were co-labeled for insulin-producing
B-cells and glucagon-producing a-cells (Fig. 4A). On either the
RD or HFD, cellular composition for each islet (measured as an
a- to B-cell ratio) was similar between wild-type and Smn™ "~
mice (Fig. 4A—-C).
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Figure 3. Diet-induced obesity affects glucose clearance in Smn '~ mice. At P21,
WT[n = 5(RD), 4 (HFD)]and Smn™" [n = 4 (RD and HFD)] males were placed
either on a regular (RD) or high-fat diet (HFD) for 16 weeks. Mice were weighed
every 4 weeks. Atthe end ofthe 16-week diet, mice were fasted overnight, followed
by an IPGTT test. (A) Comparison of weight curves of mice on the RD (left) and
HFD (right) shows similar weight gains between WT and Smn™'~ mice. (Data
are mean + SD; multiple #-test.) (B) Glucose levels of random fed and fasted
WT and Smn™™ mice on both the RD (left) and HFD (right) are not significantly
different. (Data are mean + SD; two-way ANOVA; NS, not significant.)
(C) Comparison of IPGTT curves of WT and Smn*’~ mice on the RD reveals
similar glucose clearance between groups. (Data are mean + SD; multiple
t-test.) (D) The IPGTT AUC of WT and Smn ™™~ mice on the RD are not significant-
ly different. (Data are mean + SD; #-test; NS, not significant.) (E) Comparison of
IPGTT curves of WT and Smn™~ mice on the HFD displays significantly more
glucose in Smn™ ™ mice 120 min following the IP of glucose. (Data are mean

+ SD; multiple #-test; *P = 0.01.) (F) Comparison of the IPGTT AUC of
WT and Smn™~ mice on the HFD is not significantly different. (Data are mean

+ SD; t-test; NS, not significant.)

A significantloss of 3-cell mass was observed in the pancreas
of the Smn”®?’~ SMA model mice (28). Since a positive correl-
ation exists between [-cell mass and islet size (34), we

measured the area of the largest islets per pancreatic section
to determine the effect of non-pathological Smn-depletion on
B-cell mass. We found no significant difference in islet size
between wild-type and Smn™’~ mice on either the RD or
HFD (Fig. 4D), suggesting islet size is not altered when Smn
levels are reduced. We did, however, observe a significant in-
crease in abnormally located a cells within the islet core of
Smn’~ mice (Fig. 4E). Murine islets are typically composed
of'a B-cell core and a non-P-cell mantle. Importantly, previous
reports have highlighted the functional requirement of cell—
cell contact between neighbor B-cells (35-38). Aberrant
a-cell localization within Smn™~ islet cores may therefore
impede (3-cell function possibly altering the ability of the
mice to properly respond to spikes in blood glucose (as
observed in Fig. 3E).

Increased hepatic insulin and glucagon sensitivity
in Smn-depleted mice

Our previous work with the Smn?®'~ mice revealed an intriguing

phenotype—the mice were hyperglucagonemic but retained
normal insulin levels (28). We therefore explored whether a
similar phenotype was at play in Smn™ ™ mice placed on the
16-week RD or HFD. Analysis of serum insulin and glucagon
levels showed no significant difference between wild-type and
Smn™'~ mice for either the RD or HFD (Fig. 5A and B), suggest-
ing non-pathological Smn depletion does not affect circulating
levels of either hormone even in combination with a 16-week
metabolic stress diet.

Our initial work on the Smn’®~ SMA model mice also
revealed a significant increase in hepatic p-AKT (28), a marker
for increased insulin sensitivity (reviewed in 39). To determine
whether the observed increase would carry over into the
Smn’~ mice, we performed immunoblot analysis of livers
from random-fed wild-type and Smn™ ™ mice on both RD and
HFD. There was no significant difference in p-AKT levels
between wild-type and Smn heterozygotes on RD, suggesting
similar hepatic insulin sensitivities (Fig. 5C and D). However,
in HFD-fed wild-type mice, we observed a decrease in p-AKT
(relative to RD) (Fig. 5C and D), typical of diet-induced
hepatic insulin resistance (reviewed in 39). Interestingly, HFD
Smn™’~ mouse livers have significantly more p-AKT than
wild type (Fig. 5C and D), implying an increase in hepatic
insulin sensitivity. The observed increase suggests metabolic
stress coupled with partial Smn loss sensitizes the liver to
insulin. Taking into account normal insulin and glucagon
levels in HFD Smn™~ mice (Fig. 5A and B), we believe
insulin sensitization is compensatory for a general decrease in
ability of HFD Smn™ ™ mice to adequately clear high glucose
levels (as observed in Fig. 3E). However, we cannot exclude
the possibility that HFD Smn™ ™ mice are unable to produce
requisite levels of insulin over the time course measured (for
the forced glucose spike), as we assessed blood insulin at base-
line only. The earlier observed disruption of cell—cell contact
between {3 cells (and therefore function, see Fig. 4E) by a-cell
mislocalization could potentially explain such an outcome.

We next evaluated hepatic glucagon sensitivity in Smn-
depleted mice through p-CREB analysis, an upstream effector
of the hepatic glucagon signaling pathway (reviewed in
40,41). Livers from Smn™~ mice were analyzed to determine
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Figure 4. Abnormal localization of pancreatic islet a-cells in Smn ™~ mice s diet-independent. At P21, WT [n = 5 (RD), 4 (HFD)]and Smn™~ [n = 4 (RDand HFD)]
males were placed either on an RD or HFD for 16 weeks. At the end of the 16-week diet, whole pancreas was collected and sectioned. (A) Representative images of

pancreatic islets of WT and Smn ™~

mice on the RD and HFD co-labeled with insulin (3-cells, red) and glucagon (a-cells, green). Scale bar = 100 pm. (B and C)

Quantification of the ratio of the number of a-cells/number of B-cells per pancreatic islet in mice on the RD (B) and HED (C) shows similar islet composition between
WT and Smn™~ mice. (Data are mean + SD; #-test; NS, not significant.) (D) Islet size of WT and Smn™ ™ mice on both the RD (left) and HED (right) is not signifi-
cantly different. (Data are mean + SD; #-test; NS, not significant.) (E) Quantification of percentage of islets containing abnormally localized a-cells within the islet
core demonstrates a significant increase in Smn™ ™ mice on both the RD (left) and HFD (right). [Data are mean + SD; *P = 0.04 (RD) and 0.02 (HFD).]

if non-pathological Smn loss affects hepatic glucagon sensitiv-
ity. Livers from both RD- and HFD-fed Smn™~ mice had
increased p-CREB levels, suggesting hepatic glucagon sensi-
tization (Fig. SE and F). This increase in p-CREB levels was in-
dependent of diet type (in juxtaposition to p-AKT as seen in
Fig. 5C). We thus assessed whether increased hepatic glucagon
sensitivity, as measured by p-CREB and CREB expression, was
a commonality of Smn depletion (regardless of the total amount
of depleted protein). To address the question, we employed P2—
3 severe SMA mice (Smn '~ ;SMN2) and their non-pathological
Smn-depleted heterozygote littermates (Smn'~ ;SMN2) (42)
and P21 Smn’?~ mice, an intermediate SMA mouse model
(32,43). Interestingly, when normalized to actin loading
control, livers from P2—3 Smn™ "~ ;:SMN2 heterozygotes that
lack any overt neurological phenotype displayed increased
CREB levels and, subsec/luently, increased p-CREB levels rela-
tive to wild-type (Smn™";SMN2) littermates. Since there was
a similar increase in both total CREB and p-CREB expression,
there was no difference relative to wild-type mice when
p-CREB levels were normalized to total CREB (Supplementary
Material, Fig. S1A and B). CREB and p-CREB levels from livers
of the severe Smn '~ ;SMN2 SMA mice, while not significantly
different from wild type, trended higher. Following a similar
pattern, the livers of Smn*®~ mice contained higher p-CREB

and total CREB than wild-type mice (Supplementary Material,
Fig. SI1C). Here, the association of SMA pathology with
increased hepatic glucagon sensitivity is most likely due to the
hyperglucagonemia previously observed in the Smn”®~ mice
(28). As all murine models studied (irrespective of diet)
display increased p-CREB expression, aberrant hepatic gluca-
gon sensitization appears to be a common feature of Smn deple-
tion, whether it be mild or severe.

Similar to our p-AKT results, hepatic glucagon sensitivity
appears to be independent of serum insulin and glucagon
levels as these are found at normal levels in Smn™~ mice
(Fig. 5A and B). Although it remains unclear what causes this
increased p-CREB activation, it may participate in the decreased
glucose clearance ability of HFD Smn™ ™ mice by promoting
hepatic gluconeogenesis and thus keeping circulating glucose
levels high. Together, our results demonstrate that non-
pathological Smn depletion enhances both hepatic insulin and
glucagon sensitivity.

One-year-old Smn-depleted mice are heavier
and hyperglycemic

To account for possible long-term effects of hypomorphic Smn
depletion on pancreatic/metabolic homeostasis, we analyzed
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Figure 5. Increased hepatic insulin and glucagon sensitivity in Smn™' ™~ mice. At P21, WT [n = 5 (RD), 4 (HFD)] and Smn*’~ males [n = 4 (RD and HFD)] were
placed either on an RD or HFD for 16 weeks. At the end of the 16-week diet, serum and liver tissues were collected from random fed mice. (A) There is no significant
difference between insulin serum levels of WT and Smn ™™~ mice onboth the RD and HFD. (Dataare mean + SD; r-test; NS, not significant.) (B) There is no significant
difference between glucagon serum levels of WT and Smn™ ™ mice on both the RD and HFD. (Data are mean + SD; t-test; NS, not significant.) (C) Representative
immunoblots of p-AKT and total AKT protein in the livers of WT and Smn™ ™ mice on an RD and HFD. Images were cropped from the same immunoblot. (D)
Quantification of the p-AKT/total AKT ratios reveals that there is no significant difference between WT (n = 4) and Smn™'~ (n = 4) mice on the RD. On the
HFD, however, p-AKT/total AKT ratios of Smn™ ™ (n = 4) mice are significantly higher compared with WT (n = 4), suggesting increased hepatic insulin sensi-
tivity. [Data are mean + SD; #-test; NS, not significant (RD); ***P = 0.007 (HFD)]. (E) Representative immunoblots of p-CREB and total CREB protein in the

livers of WT and Smn™*~
significant increase in p-CREB levels in Smn™*'~

mice on an RD and HFD. Images were cropped from the same immunoblot. (F) Quantification of p-CREB/total CREB ratios reveals a
mice on both the RD (left) (n = 3) and HFD (right) (n = 3) compared with WT mice (n = 3 for RD and HFD),

indicative of increased glucagon sensitivity. [Data are mean + SD; f-test; ***P = 0.0003 (RD); **P = 0.0015 (HFD).]

male mice at 1 year of age. Smn™’~ mice were ~15-20%
heavier than wild-type littermates, suggesting general metabolic
dyshomeostasis (Fig. 6A). We next assessed glucose levels in
random fed and fasted mice. Blood glucose from random-fed
Smn*’~ mice was normal relative to age- matched controls
(Fig. 6B). However, when fasted, 1-year-old Smn™ ™ mice dis-
played hyperglycemia (Fig. 6B). To test for general defects in
glucose clearance/absorption (a possible explanation for the
aforementioned fasting hyperglycemia), we performed an
IPGTT. While IPGTT curves trend higher for Smn*’~ mice,
no significant difference between heterozygotes and controls
was observed at any time point (Fig. 6C). Concomitantly, there
was no change in IPGTT AUC between the two groups, suggest-
1ng normal glucose clearance/absorption in 1-year-old Smn™~
mice (Fig. 6D). Our results therefore point to an increase in
fasting glucose levels independent of defects in glucose
clearance/absorption in aging Smn-depleted mice. Precisely
how this contributes to increased weight gain remains to be
determined.

One-year-old Smn-depleted mice display pancreatic defects

We performed morphological and composition analysis of pan-
creatic islets from 1-year-old wild-type and Smn™ ™~ mice. Sur-
prisingly, and in stark contrast to our studies in Smn”®~ mice
where islets are primarily composed of a-cells (28), Smn™ ™~
islets at 1 year consisted of significantly fewer a-cells than
B-cells (Supplementary Material, Fig. S2), leading to signifi-
cantly lower «/f ratios (Fig. 7A and B). Furthermore, unlike
mice on the 16-week RD or HFD (Fig 4A and E), by 1 year,
there is no significant difference in the number of centrally
located a-cells between wild- type and Smn™’~ mice (Fig. 7C).
We also assessed islet size in Smn ™~ and control mice as a cor-
relative measure of B-cell mass (34). The trend was for larger
islets in Smn™~ mice relative to wild type (P = 0.05)
(Fig. 7D). Therefore, the phenotypic scenario depicted herein
demonstrates non-pathological Smn depletion gradually gives
rise to larger islets with lower o/ ratios compared with wild
type.
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Figure 6. Increased weightand fasting glucose levels in 1-year-old Smn™ ™ mice.
One-year-old WT (n = 4) and Smn™’~ (n = 4) males were weighed then fasted
overnight, followed by an IPGTT test. (A) One-year-old Smn™~ mice weighed
significantly more than 1-year-old WT mice. (Dataare mean + SD;#-test;**P =
0.0087.) (B) Random fed serum glucose levels are similar between WT and
Smn™'~ mice. Fasting serum glucose levels, however, are significantly higher
in Smn™~ mice compared with WT mice, suggesting a defect in glucose metab-
olism. (Data are mean + SD; two-way ANOVA; **P < 0.01; NS, not signifi-
cant.) (C) IPGTT curves between WT and Smn™~ mice. Although trending
higher than WT, at no single time point did Smn ™~ blood glucose deviate signifi-
cantly from WT. (Data are mean + SD; multiple #-test.) (D) Quantification and
comparison of the IPGTT AUCs shows no significant difference between WT and
Smn™™ mice. (Data are mean + SD; #-test; NS, not significant.)

One-year-old Smn-depleted mice display hyperinsulinemia
and increased hepatic glucagon sensitivity

We next determined the effect of natural aging on general meta-
bolic features of non-pathological Smn depletion. Interestingly,
we found that 1-year-old Smn™~ mice were hyperinsulinemic
(Fig. 8A). Unfortunately, we were unable to ascertain glucagon
levels at this age as multiple samples across both wild-type and
Smn™~ mice were below detectable levels (data not shown).
While no significant difference was observed for hepatic
p-AKT/AKT ratios between genotypes (a measure of insulin
sensitivity), there was extreme p-AKT intervariability among
Smn™~ mice, which was not seen in wild-type mice (Fig. 8B
and C). Analysis of hepatic p-CREB (a measure of glucagon sen-
sitivity) did, however, reveal increased p-CREB/CREB ratios in
Smn™’~ mice (Fig. 8D and E). As CREB regulates hepatic glu-
coneogenesis (44), we sought to determine if its increased
phosphorylation in Smn™~ livers reflects an overactive gluco-
neogenic program. A key driver of hepatic gluconeogenesis is
phosphoenolpyruvate carboxy kinase (Pckl or PEPCK), an
enzyme transcriptionally activated by CREB upon activation
of gluconeogenic signaling (45,46). Immunoblot analysis of
Pckl protein revealed elevated levels in 1-year-old Smn™~
livers relative to wild-type littermates (Fig. 8F and G), suggest-
ing increased induction of the glucagon-dependent CREB-Pck1
gluconeogenic pathway. This aberrant activation of the hepatic
glucagon signaling pathway and subsequent gluconeogenesis

Human Molecular Genetics, 2014, Vol. 23, No. 13 3439
A B'a
3 0.20 *k mwr
% 0.5 O Smn+/-
g 0.10
g
i 0.05
% 0.00:
c +§' NS mEwT
g g - O Smn+/-
oo
2 £
324
£ 820
]
-3 0
P=0.05
25000 — mwr
O smn+i/-

Figure 7. Aging decreases o/ B-cell ratio in pancreatic islets of Smn ™~ mice. (A)
Representative images of pancreatic islets from 1-year-old WT and Smn™ ™ mice
co-labeled with insulin (B-cells, red) and glucagon (a-cells, green). Scale bar =
100 wm. (B) Quantification of the ratio of the number of a-cells/number of
B-cells per islet in WT (n =4) and Smn™~ (n=4) mice. The /B ratio of
Smn™™ mice is significantly smaller compared with WT. (Data are mean +

SD; t-test; **P = 0.0023.) (C) Quantification of percentage islets with aberrant
a-cell localization. No difference in patterning was observed (WT, n =4 and
Smn™’” n = 4).(Dataaremean + SD; t-test; NS, not signiﬁcant.) (D) Compari-
son of average islet size between WT (n = 4) and Smn™ ™~ (n = 4) mice shows a
trend for larger islets in Smn*’~ mice. (Data are mean + SD; t-test; P = 0.05.)

may be responsible for the fasting hyperglycemia in Smn™~
mice (Fig. 6B). Further, hyperinsulinemia, loss of « cells and
increased islet size (see Figs 7B and D and 8A) could all be com-
pensatory mechanisms that arise over time to counteract
increased hepatic glucagon sensitization, the result of integrative
crosstalk between the liver and pancreas to affect and maintain
glucose and metabolic homeostatis (47,48).

However, itis also possible that increased hepatic p-CREB is a
direct consequence of Smn depletion. The protein arginine
methyltransferase 1 (CARM1) is a transcriptional co-activator
reported to activate CREB-Pck1 gluconeogenic signaling (49).
Interestingly, Smn protein was recently shown to govern
CARMI translation, as evidenced by increased CARMI1 levels
in the spinal cord of SMA mice as well as in primary fibroblasts
obtained from SMA patients (18). We tested the hypothesis that
reduced hepatic Smn levels could also result in increased
CARMI1 expression and subsequent CREB activation.
However, immunoblot analysis revealed hepatic CARMI
protein levels similar to wild-type mice at 1 year (Fig. 8H and
I), suggesting a tissue/cell-specific regulation of CARMI
mRNA by Smn.

Combined, our results suggest that over time, non-
pathological Smn depletion leads to increased body mass, with
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Figure 8. Hyperinsulinemia and increased hepatic glucagon sensitivity in
1-year-old Smn™*’~ mice. (A) Comparison of serum insulin levels from random
fed 1-year-old WT (n = 4) and Smn™~ (n = 4) males reveals hyperinsulinemia
inSmn™" mice. (Dataaremean + SD; r-test; *** P = 0.0006.) (B) Representative
immunoblots of p-AKT and total AKT protein in livers of 1-year-old WT and
Smn™™ mice. Images were cropped from the same immunoblot. (C) Quantifica-
tion of p-AKT/total AKT ratios reveals variability in hepatic p-AKT with no sig-
nificant differences between WT (2 = 3) and Smn™'~ (n = 3) mice. (Data are
mean + SD; rtest; NS, not significant.) (D) Representative immunoblots of
p-CREB and total CREB protein in livers of 1-year-old WT and Smn™™ mice.
Images were cropped from the same immunoblot. (E) Quantification of
p-CREB/total CREB ratios in livers of WT (n = 3) and Smn™~ (n = 3) mice
shows a significant increase in hepatic p-CREB in Smn™~ mice, suggesting
increased glucagon sensitivity. (Data are mean + SD; #-test; *P = 0.03.) (F) Rep-
resentative fluorescent immunoblots of Pckl and GAPDH protein in livers of
1-year-old WT and Smn*’~ mice. (G) Quantification of Pck1/GAPDH ratios in
livers of WT (n = 3) and Smn™~ (n = 3) mice shows a significant increase in
hepatic Pck1 levelsin Smn™ ™ mice, suggesting increased hepatic gluconeogenesis
(Data are mean + SD; #-test; **P < 0.01.) (H) Representative fluorescent immu-
noblots of CARM1 and GAPDH protein in livers of 1-year-old WT and Smn ™"~
mice. (I) Quantification of CARM1/GAPDH ratios in livers of WT (n = 3) and
Smn*’~ (n = 3) mice shows no significant difference in CARMI1 protein levels
between WT and mutants (Data are mean + .d.; ¢~test; NS, not significant.)

accompanying fasting hyperglycemia, decreased a-cell number,
hyperinsulinemia and hepatic glucagon sensitivity independent
of CARM1 up-regulation.

DISCUSSION

We are the first to identify a novel role for Smn protein in pancre-
atic/metabolic function independent of overt SMA neuropathol-
ogy. Indeed, non-pathological heterozygous Smn™'~ mice that
are metabolically stressed either by an HFD or natural aging
display compromised islet morphology and composition, prob-
lematic glucose clearance, increased weight, hyperinsulinemia,
aberrant (increased) hepatic insulin sensitivity and overall
increased hepatic glucagon sensitivity. Not only do these findings
hold import for our understanding of SMA pathophysiology, they
also provide novel insight into the molecular mediators of
glucose metabolism and pancreatic islet development.

We have previously shown that type I SMA patients, afflicted
with the most severe form of the disease, display an increased
number of glucagon-producing a-cells within islets as well as
abnormal glucose levels (28). Past reports have identified meta-
bolic abnormalities in SMA patients, including metabolic acid-
osis, abnormal fatty acid metabolism, hyperlipidemia and
hyperglycemia (50—53). Here, we highlight the fact that patients
with milder forms of SMA (types II, IIl and IV), may, overtime,
exhibit metabolic dysfunction that is a direct result of ‘low’ level
Smn protein reduction. Indeed, a type II adult SMA patient has
recently been described as developing diabetes mellitus and dia-
betic ketoacidosis (54). Of note, while the Smn™ ™ mice used in
this study display an array of metabolic abnormalities, their
overall phenotype is not typical of other diabetic models,
which are normally characterized by glucose intolerance,
random-fed hyperglycemia, hepatic insulin resistance, B-cell
hyperplasia and hyperglucagonemia. Thus, types I, III and IV
patients, and even symptom-free carriers, could develop a
subset of subtle and progressive pancreatic/metabolic defects
that may evade detection, and therefore, proper monitoring.
Our study also highlights the exacerbatory potential of environ-
mental and natural factors, such as an HFD and aging, on numer-
ous metabolic and pancreatic functions in non-pathological
Smn-depleted mice. Therefore, the presence and extent of poten-
tial symptoms arising in SMA patients or carriers may be inher-
ently linked to genotype, individual lifestyle and age.

The consistent increase in p-CREB at all ages studied was in-
triguing (16 weeks RD, 16 weeks HFD and 1 year), suggesting a
constitutively active hepatic glucagon-signaling pathway in
Smn™~ mice. It was interesting to note a similar increase in
hepatic p-CREB in P2 Smn™'~ ;SMN2 and P21 Smn*®’~ mice,
an intermediate SMA mouse model (see Supplementary Mater-
ial, Fig. S1). As we do not detect an increase in serum glucagon
levels at any time point measured in Smn™ ™ mice, the increase
in p-CREB is most likely a result of heightened glucagon sensi-
tivity. This heightened sensitivity is also independent of age and
diet, which leads us to postulate that the increase in glucagon sen-
sitivity is the driving force behind all other metabolic/pancreatic
defects observed in the Smn™ ™~ model. Typically, p-CREB pro-
motes hepatic gluconeogenesis (reviewed in 40,41) and our
results suggest increased activation of the CREB-Pck1 gluco-
neogenic program in the livers of Smn™ ™ mice. As a defense
against runaway glucose production, Smn-deficient mice may
modulate glucose homeostasis via «/B-cell ratio in the islets,
increased islet size, hyperinsulinemia and in some cases,
increased hepatic insulin sensitivity. This type of integrative
organ crosstalk, modulating the function of pancreas and liver,


http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu052/-/DC1
http://hmg.oxfordjournals.org/lookup/suppl/doi:10.1093/hmg/ddu052/-/DC1

has recently been described (47,48). Pancreatic compensation
for overactive glucagon-dependent hepatic gluconeogenesis
might explain why overall glucose levels are not abnormally
high in Smn™~ mice except when fasted at 1 year, where the
aforementioned compensatory mechanisms may no longer be
sufficient.

How reduction in SMN protein leads to up-regulation of
hepatic p-CREB remains unclear. In the present study, we
tested the theory that SMN’s previously described role as a trans-
lational regulator for CREB’s co-activator CARM1 (18,49)
could be responsible for increased CREB phosphorylation in
the livers of Smn*’™ mice. However, CARMI levels are un-
changed in Smn-depleted livers. Despite this, a direct relation-
ship between SMN and CREB may still exist as Smn has been
shown to also interact with PRMTS5 (55), another CREB
co-activator (56). Further, the SMN promoter region contains a
CREB docking site and the expression of the two is possibly
interdependent (57,58). Future studies should therefore aim at
identifying SMN effectors regulating, directly or indirectly,
hepatic glucagon and/or insulin pathways. It is also important
to take into consideration the more general function of CREB
as a transcription factor (reviewed in 59). Increased p-CREB ac-
tivity has the potential to dramatically alter the liver’s expression
profile, impacting a slew of downstream metabolic and pancre-
atic pathways. Identifying changes in overall gene expression
profiles may therefore provide mechanistic insight into SMN’s
potential role as affector of the hepatic CREB pathway.

Our work also places in stark contrast differences in pathology
between Smn?®’~ mice and the non-pathological Smn-depleted
Smn™’~ mouse model. Whereas islets from Smn?® ™ mice are
smaller, have a dramatic increase in a-cell number and are char-
acterized by hyperglucagonemia (28), Smn™~ mice instead
display normal glucagon levels, a decreased «/Bratio and hyper-
insulinemia at 1 year of age. The Smn™ ™ mice even gain weight
relative to controls, a phenotype, to the best of our knowledge,
undescribed in an Smn depletion mouse model. One explanation
is the necessity for SMN protein levels to be above a given
threshold during development. In the Smn?®~ model, SMN
levels are below threshold, the end result being an early and dra-
matic metabolic/pancreatic pathology, while Smn™ ™~ mice have
sufficient Smn protein to maintain metabolic/pancreatic homeo-
stasis early in development. Pathology in these mice only arises
later when either higher thresholds are required or SMN function
transitions in the maturing animal. It is clear that varying degrees
of SMN protein loss can have dramatically different effects on
glucose metabolism and islet development. The precise mechan-
isms underlying the dramatic shift painted by either model, not
only for metabolic/pancreatic function but for general outcome
as well, is a lingering question that needs to be addressed as
the field moves forward.

Our present findings expand upon our initial work in the
Smn®®~ model, validating SMN as a novel player in metabolic
and pancreatic homeostasis. The metabolic abnormalities
observed in Smn™'~ mice are independent of typical SMA
pathological hallmarks as the mice are devoid of an overt neuro-
logical and/or neuromuscular phenotype (4). It is thus possible
that SMN acts as a modifier or susceptibility gene in the develop-
ment of a subset of metabolic disorders. This could have impli-
cations for SMNI mutations and/or deletion carriers, who
represent 1 out of every 40 people, which typically express
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lower levels of SMN protein without presenting neuromuscular
symptoms. Furthermore, in light of the rapid progress in devel-
opment of therapeutic strategies that the field of SMA is current-
ly undergoing, metabolic/pancreatic pathologies must also be
considered following partial SMN expression restoration treat-
ments in SMA patients (29,30). Our work strongly suggests
that in the absence of Smn-dependent neuromuscular patholo-
gies, there is still potential for Smn-dependent metabolic compli-
cations as surviving SMA patients (without full life-long
restoration of SMN levels) age and acquire various lifestyle
habits.

MATERIAL AND METHODS
Antibodies

The primary antibodies used and the dilutions were as follows:
guinea pig anti-insulin (1:50; Dako), mouse anti-glucagon
(1:200; Abcam), mouse anti-actin (1:800; Fitzgerald), mouse
anti-Smn (1:5000; BD Transduction Laboratories), rabbit
anti-phospho-AKT (Ser473) (1:500; Cell Signaling), rabbit
anti-AKT (1:500; Cell Signaling), rabbit anti-phospho-CREB
(Ser133) (1:500; Cell Signaling), rabbit anti-CREB (1:500;
Cell Signaling), rabbit anti-Pck1l (1:1000; Abcam), rabbit
anti-CARM1 (1:5000; Bethyl Laboratories) mouse anti-2H3
(neurofilament 165 kDa, 1:100; Hybridoma Bank) and mouse
anti-SV2 (1:250; Hybridoma Bank). The secondary antibodies
used were as follows: donkey anti-guinea pig biotin-
SP-conjugated  (1:200;  Jackson Immuno Research),
streptavidin-Cy3-conjugated (1:600; Jackson Immuno Re-
search), Alexa Fluor 488 goat anti-mouse (1:500; Molecular
Probes), HRP-conjugated goat anti-rabbit IgG (1:5000;
Bio-Rad) and HRP-conjugated goat anti-mouse IgG (1:5000;
Bio-Rad).

Animal models

Wild-type and Smn ™~ mice are on a pure C57BL/6 background.
The Smn knock-out allele was previously described by Schrank
et al. (4) and Smn™'~ mice were obtained from The Jackson La-
boratory. The Smn”®~ mice were established in our laboratory
and maintained in our animal facility on a C57BL/6xCDl1
hybrid background (32,43). The 2B mutation consists of a substi-
tution of three nucleotides in the exon splicing enhancer of exon
7 (60). Smn™’~ ;SMN2 mice were obtained from Jackson La-
boratory (strain 005024) and used to generate the Smn ™+ ;SMN2
and Smn '~ ;:SMN2 mice. This mouse model carries a copy of the
human SMN2 gene and has previously been described (42). For
diet studies, P21 Smn™~ males were placed on an RD (Harlan
Teklad Lab Animal Diets, 20181; 18% calories from fat) or an
HFD (Harlan Teklad Lab Animal Diets, TD.06415;45% calories
from fat) for 16 weeks. All animal procedures were performed in
accordance with institutional guidelines (Animal Care and Vet-
erinary Services and Ethics, University of Ottawa).

Immunohistochemistry of pancreas sections

Whole pancreas was dissected from 1-month, 19-week and
1-year-old mice and placed overnight in 4% paraformaldehyde.
Tissues were embedded in paraffin and cut at a thickness of 4 wm.
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For immunohistochemistry, pancreas sections were first deparaf-
finized in xylene (3 x 10 min), fixed in 100% ethanol (2 x
10 min), rehydrated in 95% and 75% ethanol (5 s each) and
placed 5 min in 1 M Tris—HCI pH 7.5. The pancreas sections
were then incubated for 2 h at room temperature (RT) in blocking
solution [TBLS (10% NaNj3), 20% goat serum, 0.3% Triton
X-100]. This was followed by an overnight incubation at 4°C
with the primary antibodies. Sections were then washed three
times with PBS, incubated 1 hat RT with the secondary antibodies
and then washed three times with PBS. Hoechst (1:1000) was
added to the last PBS wash. Slides were mounted in Fluorescent
Mounting Medium (Dako). Images were taken with a Zeiss con-
focal microscope, employing a 20x objective, equipped with
filters suitable for FITC/Cy3/Hoechst fluorescence.

Immunohistochemistry of spinal cord sections

Mice were anesthetized with tribromoethanol (Avertin) and per-
fused transcardially with 4% paraformaldehyde. Spinal cords
were removed and post-fixed in 4% paraformaldehyde, followed
by 30% sucrose in PBS. The lumbar area of the spinal cord was
removed and flash-frozen in a mixture of OCT/30% sucrose.
Twenty-micrometer thick frozen sections were cut. For immu-
nohistochemical analysis of motor neuron number, sections
were first rehydrated 40 min in PBS followed by 10 min perme-
abilization in 0.1% Triton X. Sections were washed in PBS and
stained with Neurotrace 500/525 green fluorescent Nissl (1 in
500; Invitrogen). Sections were then washed in PBS, counter-
stained with DAPI and mounted in Dako Fluorescent mounting
media. Images were captured with a Zeiss Axiovert 200M micro-
scope and x 20 objective. Quantitative analysis was performed
on 3 mice per group, 10 sections per mouse.

NMJ immunohistochemistry

Tranversus abdominis (TVA) muscles were immunohisto-
chemically labeled to allow quantification of neuromuscular in-
nervation as described previously (21). Briefly, TVA muscles
were immediately dissected from recently euthanized mice
and fixed in 4% paraformaldehyde (Electron Microscopy
Science) in PBS for 15 min. Post-synaptic acetylcholine recep-
tors (AChRs) were labeled with a-bungarotoxin («BTX) conju-
gated to Alexa Fluor 488 for 10 min. Muscles were
permeabelized in 2% Triton X for 30 min then blocked in 4%
bovine serum albumin (BSA)/1% Triton X in 0.1 m PBS for
30 min before incubation overnight in primary antibodies and
visualized with Cy3-conjugated secondary antibodies. TVA
muscles were then whole-mounted in Dako Fluorescent mount-
ing media. Images were captured with a Zeiss confocal micro-
scope and Zeiss Axiovert 200M microscope. A minimum of
five fields of view (FOV) were quantified per muscle. For each
FOV, the percentage of fully occupied endplates was noted.
Fully occupied endplates were defined as motor endplates com-
pletely covered by the presynaptic terminal labeled with SV2
and NF.

Hematoxylin and eosin staining of TA sections

TA muscle sections (5 wm) were deparaffinized in xylene and
fixed in 100% ethanol. Following a rinse in water, samples

were stained in hematoxylin (Fisher) for 3 min, rinsed in
water, dipped 40 times in a solution of 0.02% HCI in 70%
ethanol and rinsed in water again. The sections were stained in
a 1% cosin solution (BDH) for 1 min, dehydrated in ethanol,
cleared in xylene and mounted with Permount (Fisher). Images
were taken with a Zeiss Axioplan2 microscope, with a 20 x ob-
jective. Quantitative assays were performed on three mice for
each genotype and five sections per mouse. The area of muscle
fiber within designated regions of the TA muscle sections was
measured using the Image J software.

Immunoblot analysis

Equal amounts of protein were separated by electrophoresis on
10% SDS—polyacrylamide gels and blotted onto a PVDF mem-
brane (Millipore). Membranes were blocked in 5% non-fat milk
in TBST [10 mm Tris—HCI pH 8.0, 150 mm NaCl and 0.1%
Tween 20 (Sigma)], and incubated overnight at 4°C with
primary antibody. Membranes were then incubated at RT with
secondary antibody for 1 h, followed by three TBST washes.
Signals were visualized using ECL or ECL plus detection kit
(Amersham). All blots used for comparison purposes (between
wild type and Smn*’~ mice) were done on the same gel and
then cropped (Figs 5C and E and 8B and D).

For fluorescent western blots, equal amounts of samples were
separated by electrophoresis on 8—12% SDS—polyacrylamide
gels and blotted onto a PVDF membrane (Millipore). The mem-
branes were blocked in Odyssey blocking buffer (LI-COR), then
incubated with the primary antibody overnight at 4°C. The mem-
branes were thenrinsed in TBST and incubated for 1 hat RT with
IRDye 688 or 800 (LI-COR) secondary antibody. Fluorescent
signals were detected using the Odyssey Infrared Imaging
System (LI-COR).

Glucose tests

All blood glucose readings were done using the OneTouch®Ul-
tra2® glucometer. Random-fed 1-month, 19-week and 1-year-
old mice were evaluated at the same time of day for non-fasting
glucose levels. For fasting glucose levels, 1-month, 19-week and
1-year-old mice were fasted overnight and glucose levels
recorded the following morning.

The IPGTT was performed on I-month, 19-week and
1-year-old mice fasted overnight. Mice were administered a
20% glucose solution (2 g glucose/kg body weight) through IP
injection the following morning. Glucose levels were measured
at0, 15, 30, 90 and 120 min in blood samples collected from the
tail vein.

Measurement of insulin and glucagon serum levels

Serum was collected from random-fed 1-month, 19-week and
1-year-old mice. Insulin and glucagon levels were measured
using the mouse Bio-Plex Pro™ diabetes magnetic bead-based
immunoassay (Bio-Rad) following manufacturer’s instructions.
Data acquisition and analysis were done using the Bio-Plex
200 Luminex-based reader and the accompanying Bio-Plex
Manager software.



Statistical analysis

All statistical analyses were done with the Graphpad Prism soft-
ware. When appropriate, a Student’s two-tail ¢-test, a multiple
t-test, a one-way analysis of variance (ANOVA) or a two-way
ANOVA comparison test was used. Data were considered sig-
nificantly different at P < 0.05.

SUPPLEMENTARY MATERIAL

Supplementary Material is available at HMG online.
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