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ARTICLE

Sex-specific alterations in glucose homeostasis and metabolic
parameters during ageing of caspase-2-deficient mice

CH Wilson', A Nikolic!, SJ Kentish?3, S Shalini', G Hatzinikolas?, AJ Page??, L Dorstyn' and S Kumar'

Gender-specific differences are commonly found in metabolic pathways and in response to nutritional manipulation. Previously, we
identified a role for caspase-2 in age-related glucose homeostasis and lipid metabolism using male caspase-2-deficient (Casp2~")
mice. Here we show that the resistance to age-induced glucose tolerance does not occur in female Casp2™~ mice and it appears to
be independent of insulin sensitivity in males. Using fasting (18 h) as a means to further investigate the role of caspase-2 in energy
and lipid metabolism, we identified sex-specific differences in the fasting response and lipid mobilization. In aged (18-22 months)
male Casp2™~ mice, a significant decrease in fasting liver mass, but not total body weight, was observed while in females, total
body weight, but not liver mass, was reduced when compared with wild-type (WT) animals. Fasting-induced lipolysis of adipose
tissue was enhanced in male Casp2™~ mice as indicated by a significant reduction in white adipocyte cell size, and increased

serum-free fatty acids. In females, white adipocyte cell size was significantly smaller in both fed and fasted Casp2~~ mice. No

difference in fasting-induced hepatosteatosis was observed in the absence of caspase-2. Further analysis of white adipose tissue
(WAT) indicated that female Casp2™~ mice may have enhanced fatty acid recycling and metabolism with expression of genes

involved in glyceroneogenesis and fatty acid oxidation increased. Loss of Casp2 also increased fasting-induced autophagy in both
male and female liver and in female skeletal muscle. Our observations suggest that caspase-2 can regulate glucose homeostasis

and lipid metabolism in a tissue and sex-specific manner.

Cell Death Discovery (2016) 2, 16009; doi:10.1038/cddiscovery.2016.9; published online 29 February 2016

INTRODUCTION

Metabolic processes including lipid metabolism and their con-
tribution to body composition are known to be regulated in a
gender-specific manner.! Caspase-2 is a proteolytic cell-death
enzyme known to have both apoptotic and non-apoptotic roles
affecting the stress response, genomic stability, tumorigenesis and
ageing.”” Although a function of caspase-2 in metabolism has
been suggested previously,®° information on sex-specific differ-
ences in caspase-2-deficient (Casp2~~) mice have not been well
documented. In the absence of exogenous stressors, Casp2~~
mice display only a mild phenotype of enhanced premature
ageing and altered body composition including reduced maximal
body weight, fat, bone mass and a decrease in epidermal skeletal
muscle mass (males only).2° Previously, we have shown that the
ageing phenotype is due, in part, to an increase in hepatic
oxidative stress-induced damage and impaired antioxidant
response,”® but the reason for altered body composition is yet
to be determined.

Recently, we identified a role for caspase-2 in the regulation of
age-related proteostasis, energy metabolism, lipid metabolism
and glucose homeostasis.'® We observed altered liver mitochon-
drial function in young (6- to 9-week-old mice) and aged
(18-24 month) Casp2~~ mice."® In addition, we found a reduction
in blood glucose levels in the fed and fasted state and improved
glucose tolerance in aged male Casp2~~ mice.'°

Caspase-2 has been linked to lipid metabolism by a number of
other studies, including evidence of transcriptional regulation of
human CASP2 sterol regulatory element-binding protein 2,
altered caspase-2 expression following high-fat diet feeding'?

and protection from type-l diabetes-induced bone marrow
adiposity in Casp2~~ mice.”® In addition, activation of caspase-2
may be important for lipoapoptosis (excess lipid-induced cell
death) as identified in studies using Xenopus oocytes and human
HepG2 cells.'* Despite these findings, no study has as yet
specifically focused on determining the in vivo role of caspase-2
in lipid metabolism.

Fasting is a form of nutritional and metabolic stress and used as
a means to study lipid metabolism. During fasting, nutritional
deprivation first results in depletion of hepatic glycogen stores
followed by lipolysis of white adipose tissue (WAT) and eventual
breakdown of muscle protein stores to ensure that energy
demands are continually met for survival.”>™"" WAT lipolysis
results in the release of free fatty acids (FFAs) and glycerol
into circulation for uptake and utilization by the liver and
skeletal muscle. Liver and skeletal muscle can directly oxidize
FFAs for energy supply.'®'®'® The liver also metabolizes FFAs to
ketone bodies for release and use by other organs, while
glycerol is primarily used for hepatic glucose production via
gluconeogenesis.'®'”?

Autophagy is also an important cell survival process, which is
induced following starvation to promote recycling of intracellular
components (including proteins and lipids) to provide substrates
for energy production.?’ Fasting-induced autophagic proteolysis
of skeletal muscle and liver is important for release of amino acids
into the circulation and has been shown to be important in the
maintenance of blood glucose levels.?'?? Interestingly, there is
evidence demonstrating that steady-state basal levels of autop-
hagy are enhanced in the absence of Casp2.2>%*
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In this study, we aimed to investigate the role of caspase-2 in
glucose and energy homeostasis, lipid metabolism and fuel
utilization through nutritional deprivation studies. In addition,
we have performed the first study to specially look at sex-specific
differences in the metabolism of aged Casp2™~ mice and
investigated in vivo autophagic flux in liver and skeletal muscle
tissue.

RESULTS

Caspase-2 alters glucose tolerance of aged mice

in a sex-dependent manner

Previously, we observed reduced fed and fasted blood glucose
levels in aged male Casp2™~ mice and protection from age-
induced glucose intolerance that was observed in WT mice
following glucose tolerance testing.'® Although aged Casp2™~
mice have increased oxidative damage, studies have shown that
increased ROS in mice can result in enhanced insulin sensitivity.'®
To determine if this was a reason for improved glucose tolerance
in aged male Casp2™~ mice, insulin tolerance testing was
performed following a 6-h fast. Although blood glucose was
significantly lower in male Casp2~~ mice (6.29+0.89 mmol/l
versus 8.49 + 1.1 mmol/l in WT mice) following fasting, there was
no difference in the response to intraperitoneal (i.p.) injection of
insulin (Figure 1a). As our previous findings were in male mice
only, we performed glucose tolerance testing on aged female
Casp2™~ mice but found no difference compared to WT mice
(Figure 1b). These results suggest that caspase-2 influences
glucose homeostasis in a sex-specific manner independent of
insulin signaling.
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Figure 1. Improved glucose tolerance in aged Casp2™~ mice does
not occur in females and is insulin-independent in males. (a) Insulin
tolerance test in aged male and (b) aged female WT and Casp2~'~
mice. Values are mean +S.D. (n=8-10). Unpaired t-test: ***P < 0.01.
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Sex-specific alterations in fasting-induced lipolysis of adipose
tissue in Casp2™~ mice

Glucose homeostasis can be related to body composition. As a
leaner phenotype has been previously observed in aged Casp2~~
mice,®® we wanted to investigate this further and focus on the
role of caspase-2 in lipid metabolism. First, the possible
contribution of food intake to body composition was determined
but no difference in average daily food intake was observed
(Supplementary Figure S1). To determine the contribution of
altered lipid mobilization and utilization to body composition in
Casp2™~ mice, animals were fasted for 18 h with ad libitum access
to water. Fasting body weights were significantly reduced in all
mice except WT females (Figures 2a and b). In males, Casp2
deficiency did not alter the total amount of body weight lost. In
females, Casp2~~ mice had a trend toward lower body weight in
both the fed and fasted state. The percentage of body weight lost
by female Casp2™~ mice following fasting was significantly higher
than WT mice (Figure 2b). Interestingly, fasting liver weight was
significantly reduced in male but not in female Casp2~~ mice
(Figure 2b). These findings suggested that caspase-2 influences
the response to fasting in a sex-specific manner.

In the fed state, serum cholesterol levels were significantly
reduced in Casp2™~ mice, independent of sex and increased upon
fasting (Figures 2c and d). This increase was not observed in WT
mice. Levels of serum triglycerides followed a similar pattern in
male Casp2™~ mice (Figure 2e). Serum FFAs and B-hydroxybuty-
rate (B8-HB), a ketone body produced in liver from B-oxidation of
fatty acids, were increased by fasting in all groups. However,
the increase in fasted serum FFA was significantly higher in
male Casp2™~ compared to WT mice (Figures 2c and d). Fasting
significantly increased serum glycerol levels in female WT mice
only (Figure 2d). This suggests that caspase-2 influences
cholesterol metabolism independent of sex.

To meet energy demands, prolonged fasting induces lipolysis of
WAT to release glycerol and FFAs into circulation for uptake by the
liver and oxidative tissues for fuel utilization. Histological analysis
of gonadal WAT (gWAT) revealed that 18 h of fasting induced a
significant decrease in white adipocyte cell size in male but not in
female Caspz_/_ mice (Figures 3a and b). In female Caspz_/_ mice,
adipocyte size of gWAT was significantly smaller compared to
WT mice in both the fed and fasted state (Figure 3b). Histological
analysis of interscapular brown adipose tissue (iBAT) revealed a
decrease in lipid-filled vacuoles in fasted male Casp2™~ mice but
not female or WT mice (Supplementary Figure S2). Combined with
the higher level of circulating FFAs, the decrease in adipocyte size
in aged Casp2~~ male mice is indicative of increased lipolysis of
adipose tissue.

Caspase-2-deficiency alters metabolic gene expression in fed
and fasted WAT

To further examine this altered lipolysis in Casp2™~ mice, we
assessed gene expression of two of the main lipolytic enzymes,
adipose triglyceride lipase (ATGL) and hormone-sensitive lipase
(HSL), and found significantly increased levels in fasted male
Casp2™~ mice (Figure 3c). In addition, pyruvate dehydrogenase
kinase 4 (PDK4), a key enzyme of glyceroneogenesis induced by
fasting,®® was significantly increased in fasted mice as was the
dual gluconeogenic and glyceroneogenic enzyme, phosphoenol-
pyruvate carboxykinase (PEPCK1; Figures 3c and d). In females,
fasting PEPCK1 levels were significantly higher in Casp2™~ mice
than WT mice and were accompanied by significant increase in
glycerol kinase (GYK) expression (Figure 3d). In addition, fasted
female Casp2~~ mice, also showed increased levels of fatty acid-
binding protein 4 (FABP4), peroxisome proliferator-activated
receptor-a (PPARa), PPARy coactivator 1a (PGCla), PGC18 and
ACOX1 (Figure 3d). Combined with the lack of fasting-induced
increase in serum glycerol levels, the data suggest that female

© 2016 Cell Death Differentiation Association
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Figure 2. Fasting induces sex-specific differences in body weight loss and liver mass of aged Casp2™~ mice. Total body weight and liver mass
of (a) male and (b) female fed and fasted WT and Casp2~'~ mice. Bar graph display percentage of body weight loss following fasting. Serum
parameters of (c) male and (d) female fed and fasted mice. Values are mean + S.D. (n =4-9). Unpaired t-test: *P < 0.05, **P < 0.01, ***P < 0.001

and ****P < 0.0001.

Casp2~~ mice have altered utilization of glyceroneogenesis for
recycling of fatty acids and increased fatty acid oxidation in WAT.
In contrast, in the fed state male Casp2™~ mice had significantly
reduced levels of the mitochondrial fatty acid transporter,

carnitine/palmitoyl-CoA transferase (CPT1a) similar to those found

© 2016 Cell Death Differentiation Association

in fasted WT mice (Figure 3c). This suggests that mitochondrial
B-oxidation of FFAs may be decreased in gWAT of male
CaspZ_/ ~ mice.

Consistent with other known gene expression changes
following lipolysis, levels of fatty acid synthase (FASN) and

Cell Death Discovery (2016) 16009

w



Caspase-2 in lipolysis and autophagy
CH Wilson et al

e

4

Casp2™~ mice; however, no significant differences in circulating
leptin levels were identified in the fed animals (Figures 3a and d;

the glucose-transport 4 (Glut4) were decreased in all groups
following fasting (Figures 3c and e). Gene expression of the

adipokine leptin was decreased in male but not in female

data not shown).
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Figure 3. Lipolysis of adipose tissue is increased in male Casp2~~ mice. Histological analyses of gWAT from (a) male and (b) female fed and
fasted WT and Casp2~~ mice (x20 magnification). Bar graphs show mean adipocyte size per field of view as measured in Image) from > 200
cells per mouse from three random fields of view (n =4-8). Metabolic gene expression in gWAT of (c) male and (d) female fed and fasted mice.
Values are mean +S.D. (n =4-8). One-way ANOVA (c and d) or unpaired t-test (a and b): *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.
Scale bar, 100 um.
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Figure 4. Fasting-induced hepatosteatosis develops in WT and Casp2~~ mice. Histological analysis of liver from (a) male and (b) female fed
and fasted WT and Casp2~~ mice (x20 magnification). Inset boxes display zoomed in region of image. Bar graphs show liver triglyceride levels
as measured by biochemical assay. Values are mean +S.D. (n=4-8). Values are mean +S.D. (n=4-8). Unpaired t-test: ***P < 0.001 and

**¥**¥P < 0.0001. Scale bar, 100 um.

Caspase-2-deficiency does not alter fasting-induced
hepatosteatosis or metabolic gene expression

Prolonged fasting in mice is known to reduce hepatocyte cell size
and liver mass.”® Although this may be accounted for by a
decrease in protein liver content, we first wanted to determine
other possible reasons for why fasting liver mass differed between
male WT and Casp2™~ mice. Histological analysis of liver,
demonstrating lipid droplet accumulation in fasted hepatocytes,
and measurement of liver triglycerides showed no difference
between genotypes (Figures 4a and b). This indicates that Casp2

© 2016 Cell Death Differentiation Association

does not affect fasting-induced hepatosteatosis in male and
female mice. Glycogen content can also influence liver mass and
was therefore determined in male mice; however, there was high
variability with no difference between genotypes (data not
shown). These results indicate that the difference in fasted male
liver mass is not due to altered glycogen content or altered lipid
uptake.

Fasting stimulates the liver at the level of gene expression
to increase pathways of gluconeogenesis while decreasing
lipogenesis.'” Consistent with this, in male and female WT and

Cell Death Discovery (2016) 16009
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Figure 5. Metabolic gene expression in the liver of fed and fasted WT and Casp2~~ mice. Metabolic gene expression in the liver of (a) male
and (b) female fed and fasted mice. Values are mean + S.D. (n =4-8). One-way ANOVA: *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

Casp2™'~ mice, fasting decreased hepatic gene expression of
lipogenic genes while increasing expression of gluconeogenic
PGC1a (Figures 5a and b). In addition, PPARy was decreased
in male WT and male and female Casp2™~ mice but not
WT females (Figures 5a and b). Differences between geno-
types were minimal, particularly in females, but interestingly in
fed Casp2™~ males, hepatic levels of HSL, PPARa and PGC18
were significantly decreased compared to WT mice (Figure 5a).
However, as ketone body production is similar to WT mice
(Figure 2c), it is unclear if liver FA oxidation is affected. In
contrast to gWAT, levels of CptTa were not altered in the liver of
male Casp2™~ mice (Figure 5a).

Cell Death Discovery (2016) 16009

Caspase-2 regulates fasting-induced autophagy in the liver and
skeletal muscle

Fasting-induced autophagy has been shown to play an important
role in the proteolytic breakdown of liver and skeletal muscle for
energy supply and maintenance of blood glucose levels.?"*?
Increased autophagy also contributes to a decrease in liver protein
content that, along with inhibition of protein synthesis, can
contribute to a decrease in liver mass during fasting.”® Therefore,
to investigate if autophagy was contributing to the phenotype of
male Casp2~~ mice, we assessed autophagic flux by immunoblot
analysis of autophagy proteins, LC3 and p62, after i.p. injection of
leupeptin in fasted mice (Figure 6). Leupeptin suppresses

© 2016 Cell Death Differentiation Association
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Figure 6.

Caspase-2 alters fasting-induced autophagy in the liver and skeletal muscle. Immunoblot analysis of LC3 and p62 in the liver and

muscle from (a and b) male and (c and d) female fed and fasted WT and Casp2~~ mice treated with or without leupeptin. Scatter plots display
densitometry analysis of LC3Il and P62 as determined using stain-free gels as described in the Materials and Methods section. Tubulin and
B-actin are provided as visual loading controls only. Values are mean +S.D. (n=4-5). One-way ANOVA (within genotype) or unpaired t-test
(pair-wise comparison between genotype): *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001.

autophagosome degradation by the lysosome thereby increasing
the reliability of measuring LC3II (located on the autophagosomal
membrane) protein as a marker of autophagy.>' Compared to WT
mice, fasting-induced autophagy indicated by increased LC3II
protein, was significantly higher in both male and female Casp2~~
liver and female quadricep skeletal muscle (Figures 6a—c). In WT
mice, fasting increased autophagy-associated LC3II levels in male
livers only (Figure 6a). In Casp2™~ females, expression of p62, an
interactor of LC3 on autophagosomes that increases following
prolonged starvation,?” followed a similar pattern to that of
LC3Il (Figures 6¢ and d). In male skeletal muscle, p62 levels were
significantly higher in Casp2™~ mice compared to WT mice,
even in the fed state. Interestingly, p62 levels were significantly
increased by fasting in male WT and Casp2™~ skeletal muscle,
despite no differences in LC3Il being detected between all
groups (Figure 6b).

© 2016 Cell Death Differentiation Association

AMPK and mTOR pathways in fed and fasted liver and skeletal
muscle

Autophagy is regulated by a number of signaling pathways that
respond to fasting, including the AMP-activated protein kinase
(AMPK; activator of autophagy) and mechanistic target of
rapamycin (mTOR; suppressor of autophagy) pathways. In general,
fasting results in activation of AMPK which, via negative feedback,
inhibits MTOR and thus autophagy. A previous report suggested
that autophagy enhanced in the absence of Casp2 involves AMPK
and mTOR signaling.>* We therefore assessed the activation of
these pathways in our samples to see whether they contributed to
the observed differences in levels of autophagy (Figure 7). As
demonstrated by immunoblot analysis, loss of Casp2 in both male
and female mice did not alter the activation of mTOR or AMPKa in
muscle or liver tissue (Figure 7 and Supplementary Figure S3).
However, in our hands phosphorylated and total mTOR were
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poorly detected in all quadricep skeletal muscle samples. It should
be noted that in fasted male WT liver, p-AMPKa levels were
clearly increased following leupeptin injection (Figure 7a and
Supplementary Figure S3a). Phosphorylation of downstream
targets of mTOR, including S6 ribosomal protein and eukaryotic
translation initiation factor (4EBP1), were also assessed. There were
no substantial differences in S6 activation (p-56/56) but fasting
decreased activation of 4EBP1 (p-4EBP1/4EBP1) in male WT liver,
and male and female skeletal muscle (Figure 7 and Supplementary
Figure S3). Furthermore, in male and female leupeptin-treated
skeletal muscle, loss of Casp2 resulted in a more substantial
decrease in p-4EBP1 following fasting when compared with fasted
WT mice (Supplementary Figures S3b and d). This suggests, at
least in this tissue, that inhibition of downstream components of
the mTOR pathway may contribute to increased autophagy in the
absence of Casp2. Interestingly, fasting appeared to increase p-S6
in both male and female livers (Figures 7a and d). Paradoxical
increases in p-S6 following fasting have been previously observed
in the liver.?®

DISCUSSION

Body composition is known to influence glucose tolerance and
homeostasis with ageing. In general, females are known to have
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higher body fat and altered fat distribution as compared to males
but are more insulin sensitive and have lower fasting blood
glucose levels and better glucose tolerance with age.”®** In the
present study, we show that the previously observed improved
glucose homeostasis of male Casp2™~ mice'® is likely indepen-
dent of insulin sensitivity and does not occur in female Casp2™~
mice. We have further demonstrated sex-specific differences in
body composition and lipid metabolism with male mice having
|ncreased lipolysis of adipose tissue upon fasting whereas female
Casp2™'~ mice have reduced adipocyte mass in both the fed and
fasted states. For the first time, we also demonstrate an in vivo role
for Casp2 in the response to fasting-induced autophagy in the liver
and skeletal muscle.

Sex-specific differences in glucose tolerance are known to occur
in other strains of mice. For example, male haplo-insufficient IGF-1
receptor (Igf1r’") mice (on the same C57BL/6 background as
Casp2™~ mice), become glucose intolerant with age while female
Igfir”= do not3® In addition, male, but not female, haplo-
insufficient Nedd4"~ mice have lower fasting blood glucose
levels.?’

As body composition differences were observed in both male
and female mice, it was thought unlikely that body composition in
male mice was the predominant reason for improved glucose
homeostasis with age. Differences in autophagic flux were also
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considered a possible reason for improved glucose tolerance in
male Casp2™~ mice. However, autophagy did not differ from
WT mice in the fed state and fasting increased autophagy
independent of gender in Casp2™~ mice. Regardless, the level of
autophagy in male Casp2™~ mice was still significantly higher
than their WT counterparts. In the absence of differences in fasting
hepatic triglycerides or glycogen content, this suggests that the
decreased fasting liver mass is due to increased autophagic
proteolysis of liver tissue.

Increased uptake of glucose into skeletal muscle was also
considered; however, this is unlikely due to our previous
observation of decreased epidermal skeletal muscle in aged males
only.? In addition, we observed no difference in Glut4 expression
in the quadriceps of Casp2™~ mice; however, this is not an
accurate representation of Glut4 function in skeletal muscle, which
often differs in cellular distribution and transport rather than at
expression level. Future studies will be needed using precise
approaches to clearly determine the contribution of glucose
uptake and utilization by both the liver and skeletal muscle.

The increase in fasting-induced lipolysis of adipose tissue in
male Casp2~~ mice, and the differing metabolic gene expression
profiles between male and female Casp2~~ mice suggest that
variance in fuel utilization may be the primary reason for altered
glucose homeostasis in males. Fasting is known to result in higher
serum glycerol levels in females compared to males following
fasting.> However, in female Casp2™~ mice, glycerol did not
increase following fasting, despite similar level of increased FFAs
and ketone bodies compared to WT mice. Gene expression
analysis of WAT suggests that glyceroneogenesis, a prominent
pathway involved in balancing the release of FFAs and glycerol
from WAT during fasting,'® may be enhanced in female Casp2™~
mice such that the release of glycerol into circulation is lower due
to it being re-esterified back to triglycerides. Another possibility
for lower fasting serum glycerol is that hepatic glycerol uptake is
increased in fasted female Caspz_/_ mice; however, this was not
investigated in this study. In addition, we detected no difference
in gene expression of glyceroneogenic or gluconeogenic
enzymes, which may indicate an increased utilization of glycerol
in the liver.

Tiwari et al.”> previously reported that the steady state level of
basal autophagy was increased by loss of Casp2 in isolated
primary MEFs, astrocytes, neurons, osteoclasts and cerebral cortex
tissue. Here, by using leupeptin as means of stabilizing LC3Il levels,
we have shown that in vivo loss of Casp2 significantly enhances
fasting-induced autophagy in the liver and skeletal muscle. While
basal levels of autophagy appeared to be unaltered in the fed
state of Casp2~/~ mice this group was not treated with leupeptin,
which may have allowed for subtle differences to be detected.
Tiwari et al. reported that loss of Casp2 modulation of autophagy
involves both the AMPK and mTOR pathways; however, we found
no conclusive evidence to support this in the liver and skeletal
muscle.

In conclusion, this study shows that Casp2 influences glucose
homeostasis and lipid metabolism in a sex-specific manner and is
involved in the regulation of fasting-induced autophagy to meet
energy demands.
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MATERIALS AND METHODS
Animals

Male and female WT and Casp2™~ mice on a C57BL/6J background®*?
were used for experimental studies at 18-22 months of age. Ethics for
approval for research using animals was obtained from SA Pathology/
Central Northern Adelaide Health Services Animal Ethics Committee, in
accordance with National Health and Medical Research Council of Australia
guidelines. Mice were housed in pathogen-free conditions with a 12-h
light-dark cycle (lights on at 0600 hours) with ad libitum access to
water and standard chow. Food intake was monitored over a 5-day period.
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Mice were killed at the same time of day in the light phase (1100 to
1300 hours) in fed (ad libitum) or fasted (18 h) state. Mice were provided ad
libitum access to drinking water. For assessment of autophagic flux, 18-h
fasted mice received an i.p. injection of a leupeptin solution at a dose of
15 mg/kg body weight or PBS as control, 1 h prior to killing the mice. All
animals were anesthetized, blood was collected by cardiac puncture and
killed by cervical dislocation. Collected tissues and serum were snap-frozen
in liquid nitrogen and maintained at —80 °C until analyzed.

Liver and serum biochemistry

Triglycerides were determined in the serum by automated analysis
(SA Pathology, Adelaide, SA, Australia). FFAs (serum), glycerol (serum),
triglycerides (liver) and glycogen (liver) were determined using commer-
cially available assay kits (BioVision, Milpitas, CA, USA; Sigma, St. Louis,
MO, USA).

Intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance
test (IPITT)

Glucose and insulin tolerance tests were performed as previously
described,'® by injecting glucose (i.p.) at 1 mg/kg body weight or insulin
(i.p.) at 0.5 U insulin/kg body weight.

Real-time quantitative PCR (qPCR)

Total RNA was extracted from frozen tissue, reverse transcribed and real-
time qPCR performed as previously described.'® Gene expression was
normalized to housekeeping gene (B-actin or TATA-binging protein (TBP))
and then expressed as fold change of WT mice fed using the 2724
method. See Supplementary Table S1 for primer sequences.

Immunoblotting and stain-free densitometry

Total proteins were isolated from tissues using RIPA buffer with the
addition of Halt protease and phosphatase inhibitor cocktail (Thermo
Fisher, Rockford, IL, USA) as previously described.'® Proteins (35 ug) were
resolved by 4-20% Criterion TGX Stain-Free Precast Midi Protein Gel
(Bio-Rad, Hercules, CA, USA), transferred to PVDF membrane and then
imaged using ChemiDoc Touch Imaging System (Bio-Rad) to allow for
stain-free normalization and quantification of proteins of interest3*3*
Specific proteins were detected using the following primary antibodies:
AMPKa (2793), p-AMPKa (Thr172, 40H9 #2535), 4EBP1 (53H11 #9644),
phospho-4BEP1 (Thr37/46, 236B4 #2855), mTOR (#2983), phospho-mTOR
(ser2481 #2974), S6 ribosomal protein (5G10 #2217), phospho-S6 ribosomal
protein (Ser240/244, D68F8) and XP (#5364; Cell Signaling Technology,
Beverly, MA, USA); B-actin and clone AC-15 (#A5441; Sigma-Aldrich,
St Louis, MO, USA); a-tubulin (#ab18251; Abcam, Cambridge, MA, USA);
caspase-2 (clone 11B4); LC3B/MAP1LC3B (NB100-2220; Novus Biologicals,
Littleton, CO, USA); and p62/SQSTM1 (MO01) clone 2C11 (#H00008878-M01;
Abnova, Littleton, CO, USA).

Histological analysis

Tissues fixed in HistoChoice (Sigma-Aldrich), were embedded in
paraffin, sectioned and stained with hematoxylin and eosin. Adipocyte
areas in gWAT were manually traced and quantified using Image)
software (NIH, Bethesda, MD, USA).

Statistical analyses

Statistical analysis was performed using GraphPad Prism software (v 6.0,
San Diego, CA, USA). Data are expressed as mean+S.D. or mean +S.E.M.
For pair-wise comparisons, a two-tailed unpaired t-test with Welch's
correction was used. For multi-group comparisons, one-way ANOVA was
used with Tukey's post hoc testing unless stated otherwise.

ABBREVIATIONS

4EBP1, eukaryotic translation initiation factor 4E-binding protein; AMPK,
AMP-activated protein kinase; BAT, brown adipose tissue; B-HB,
B-hydroxybutyrate; Casp2, caspase-2; FASN, fatty acid synthase; FFAs, free
fatty acids; gWAT, gonadal white adipose tissue; iBAT, interscapular brown
adipose tissue; IPGTT, intraperitoneal glucose tolerance test; IPITT,
intraperitoneal insulin tolerance test; LC3, microtubule-associated protein
1A/1B light chain 3; mTOR, mechanistic target of rapamycin; WAT, white
adipose tissue.

Cell Death Discovery (2016) 16009

o @



Caspase-2 in lipolysis and autophagy
CH Wilson et al

10

ACKNOWLEDGEMENTS

We thank the staff at the SA Pathology animal resource facility for help in maintaining
the mouse strains. Professor Jim Manavis and Dr. John Finnie are acknowledged for
their assistance with histopathology analyses. This work was supported by the
National Health and Medical Research Council (NHMRC) of Australia project grant
1021456 to SK, a Cancer Council Collaborative Research Fellowship to LD, a NHMRC
Early Career Research Fellowship to CHW (1073771) and SJK (1091586) and a NHMRC
Senior Principal Research Fellowship to SK (1002863).

COMPETING INTERESTS

The authors declare no conflict of interest.

REFERENCES

1 White UA, Tchoukalova YD. Sex dimorphism and depot differences in adipose

tissue function. Biochim Biophys Acta 2014; 1842: 377-392.

Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA. Induction of apoptosis

by mouse Nedd2 gene, which encodes a protein similar to the product of the

Caenorhabditis elegans cell death gene ced-3 and the mammalian IL-1beta-

converting enzyme. Genes Dev 1994; 8: 1613-1626.

Puccini J, Shalini S, Voss AK, Gatei M, Wilson CH, Hiwase DK et al. Loss of

caspase-2 augments lymphomagenesis and enhances genomic instability in

Atm-deficient mice. Proc Natl Acad Sci USA 2013; 110: 19920-19925.

Ho LH, Taylor R, Dorstyn L, Cakouros D, Bouillet P, Kumar S. A tumor suppressor

function for caspase-2. Proc Natl Acad Sci USA 2009; 106: 5336-5341.

Dorstyn L, Puccini J, Wilson CH, Shalini S, Nicola M, Moore S et al. Caspase-2

deficiency promotes aberrant DNA-damage response and genetic instability. Cell

Death Differ 2012; 19: 1288-1298.

Puccini J, Dorstyn L, Kumar S. Caspase-2 as a tumour suppressor. Cell Death Differ

2013; 20: 1133-1139.

Shalini S, Puccini J, Wilson CH, Finnie J, Dorstyn L, Kumar S. Caspase-2 protects

against oxidative stress in vivo. Oncogene 2015; 34: 4995-5002.

Zhang Y, Padalecki SS, Chaudhuri AR, De Waal E, Goins BA, Grubbs B et al.

Caspase-2 deficiency enhances aging-related traits in mice. Mech Ageing Dev

2007; 128: 213-221.

Shalini S, Dorstyn L, Wilson C, Puccini J, Ho L, Kumar S. Impaired antioxidant

defence and accumulation of oxidative stress in caspase-2-deficient mice. Cell

Death Differ 2012; 19: 1370-1380.

10 Wilson CH, Shalini S, Filipovska A, Richman TR, Davies S, Martin SD et al.
Age-related proteostasis and metabolic alterations in caspase-2-deficient mice.
Cell Death Dis 2015; 6: €1597.

11 Logette E, Le Jossic-Corcos C, Masson D, Solier S, Sequeira-Legrand A, Dugail |
et al. Caspase-2, a novel lipid sensor under the control of sterol regulatory
element binding protein 2. Mol Cell Biol 2005; 25: 9621-9631.

12 Jobgen W, Fu WJ, Gao H, Li P, Meininger CJ, Smith SB et al. High fat feeding and
dietary L-arginine supplementation differentially regulate gene expression in rat
white adipose tissue. Amino Acids 2009; 37: 187-198.

13 Coe LM, Lippner D, Perez Gl, McCabe LR. Caspase-2 deficiency protects
mice from diabetes-induced marrow adiposity. J Cell Biochem 2011; 112:
2403-2411.

14 Segear Johnson E, Lindblom KR, Robeson A, Stevens RD, llkayeva OR, Newgard CB
et al. Metabolomic profiling reveals a role for caspase-2 in lipoapoptosis. J Biol
Chem 2013; 288: 14463-14475.

15 Zechner R, Zimmermann R, Eichmann TO, Kohlwein SD, Haemmerle G, Lass A
et al. FAT SIGNALS—Ilipases and lipolysis in lipid metabolism and signaling. Cell
Metab 2012; 15: 279-291.

16 Hardie DG. Organismal carbohydrate and lipid homeostasis. Cold Spring Harb
Perspect Biol 2012; 4: pii: a006031.

17 Rui L. Energy metabolism in the liver. Compr Physiol 2014; 4: 177-197.

N

w

IS

w

(=)}

~N

[e]

O

18 Loh K, Deng H, Fukushima A, Cai X, Boivin B, Galic S et al. Reactive oxygen species
enhance insulin sensitivity. Cell Metab 2009; 10: 260-272.

19 Reshef L, Olswang Y, Cassuto H, Blum B, Croniger CM, Kalhan SC et al.
Glyceroneogenesis and the triglyceride/fatty acid cycle. J Biol Chem 2003; 278:
30413-30416.

20 Kroemer G, Marino G, Levine B. Autophagy and the integrated stress response.

Mol Cell 2010; 40: 280-293.

Ezaki J, Matsumoto N, Takeda-Ezaki M, Komatsu M, Takahashi K, Hiraoka Y et al.

Liver autophagy contributes to the maintenance of blood glucose and amino

acid levels. Autophagy 2011; 7: 727-736.

22 Bujak AL, Crane JD, Lally JS, Ford RJ, Kang SJ, Rebalka IA et al. AMPK activation of

muscle autophagy prevents fasting-induced hypoglycemia and myopathy

during aging. Cell Metab 2015; 21: 883-890.

Tiwari M, Sharma LK, Vanegas D, Callaway DA, Bai Y, Lechleiter JD et al.

A nonapoptotic role for CASP2/caspase 2: modulation of autophagy. Autophagy

2014; 10: 1054-1070.

24 Tiwari M, Lopez-Cruzan M, Morgan WW, Herman B. Loss of caspase-2-dependent
apoptosis induces autophagy after mitochondrial oxidative stress in primary
cultures of young adult cortical neurons. J Biol Chem 2011; 286: 8493-8506.

25 Wan Z, Thrush AB, Legare M, Frier BC, Sutherland LN, Williams DB et al.
Epinephrine-mediated regulation of PDK4 mRNA in rat adipose tissue.
Am J Physiol Cell Physiol 2010; 299: C1162-C1170.

26 Anand P, Gruppuso PA. The regulation of hepatic protein synthesis during fasting
in the rat. J Biol Chem 2005; 280: 16427-16436.

27 Sahani MH, Itakura E, Mizushima N. Expression of the autophagy substrate
SQSTM1/p62 is restored during prolonged starvation depending on transcrip-
tional upregulation and autophagy-derived amino acids. Autophagy 2014; 10:
431-441.

28 Goren HJ, Kulkarni RN, Kahn CR. Glucose homeostasis and tissue transcript con-
tent of insulin signaling intermediates in four inbred strains of mice: C57BL/6,
C57BLKS/6, DBA/2, and 129X1. Endocrinology 2004; 145: 3307-3323.

29 Macotela Y, Boucher J, Tran TT, Kahn CR. Sex and depot differences in adipocyte
insulin sensitivity and glucose metabolism. Diabetes 2009; 58: 803-812.

30 Bokov AF, Garg N, lkeno Y, Thakur S, Musi N, DeFronzo RA et al.

Does reduced IGF-1R signaling in Igf1r+/— mice alter aging? PLoS One 2011; 6:

€26891.

Li JJ, Ferry RJ Jr,, Diao S, Xue B, Bahouth SW, Liao FF. Nedd4 haploinsufficient mice

display moderate insulin resistance, enhanced lipolysis, and protection against

high-fat diet-induced obesity. Endocrinology 2015; 156: 1283-1291.

32 Rodriguez A, Marinelli RA, Tesse A, Fruhbeck G, Calamita G. Sexual dimorphism of

adipose and hepatic aquaglyceroporins in health and metabolic disorders. Front

Endocrinol 2015; 6: 171.

O'Reilly LA, Ekert P, Harvey N, Marsden V, Cullen L, Vaux DL et al. Caspase-2

is not required for thymocyte or neuronal apoptosis even though cleavage of

caspase-2 is dependent on both Apaf-1 and caspase-9. Cell Death Differ 2002; 9:

832-841.

34 Rivero-Gutierrez B, Anzola A, Martinez-Augustin O, de Medina FS. Stain-free
detection as loading control alternative to Ponceau and housekeeping protein
immunodetection in western blotting. Anal Biochem 2014; 467: 1-3.

35 Gurtler A, Kunz N, Gomolka M, Hornhardt S, Friedl AA, McDonald K et al. Stain-free
technology as a normalization tool in western blot analysis. Anal Biochem 2013;
433:105-111.

2

=

2

w

3

=

3

w

This work is licensed under a Creative Commons Attribution 4.0

BY International License. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated
otherwise in the credit line; if the material is not included under the Creative Commons
license, users will need to obtain permission from the license holder to reproduce the
material. To view a copy of this license, visit http://creativecommons.org/licenses/
by/4.0/

Supplementary Information accompanies the paper on the Cell Death and Discovery website (http://www.nature.com/cddiscovery)

Cell Death Discovery (2016) 16009

© 2016 Cell Death Differentiation Association


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	Sex-specific alterations in glucose homeostasis and metabolic parameters during ageing of caspase-2-deficient�mice
	Introduction
	Results
	Caspase-2 alters glucose tolerance of aged mice in a sex-dependent manner
	Sex-specific alterations in fasting-induced lipolysis of adipose tissue in Casp2&#x02212;/&#x02212; mice
	Caspase-2-deficiency alters metabolic gene expression in fed and fasted WAT

	Figure 1 Improved glucose tolerance in aged Casp2&#x02212;/&#x02212; mice does not occur in females and is insulin-independent in males.
	Figure 2 Fasting induces sex-specific differences in body weight loss and liver mass of aged Casp2&#x02212;/&#x02212; mice.
	Figure 3 Lipolysis of adipose tissue is increased in male Casp2&#x02212;/&#x02212; mice.
	Caspase-2-deficiency does not alter fasting-induced hepatosteatosis or metabolic gene expression

	Figure 4 Fasting-induced hepatosteatosis develops in WT and Casp2&#x02212;/&#x02212; mice.
	Caspase-2 regulates fasting-induced autophagy in the liver and skeletal muscle

	Figure 5 Metabolic gene expression in the liver of fed and fasted WT and Casp2&#x02212;/&#x02212; mice.
	AMPK and mTOR pathways in fed and fasted liver and skeletal muscle

	Figure 6 Caspase-2 alters fasting-induced autophagy in the liver and skeletal muscle.
	Discussion
	Figure 7 Analysis of AMPK and mTOR pathways in fed and fasted liver and skeletal muscle.
	Materials and Methods
	Animals
	Liver and serum biochemistry
	Intraperitoneal glucose tolerance test (IPGTT) and insulin tolerance test (IPITT)
	Real-time quantitative PCR (qPCR)
	Immunoblotting and stain-free densitometry
	Histological analysis
	Statistical analyses

	We thank the staff at the SA Pathology animal resource facility for help in maintaining the mouse strains. Professor Jim Manavis and Dr. John Finnie are acknowledged for their assistance with histopathology analyses. This work was supported by the Nationa
	ACKNOWLEDGEMENTS
	White UA, Tchoukalova YD. Sex dimorphism and depot differences in adipose tissue function. Biochim Biophys Acta 2014; 1842: 377&#x02013;392.Kumar S, Kinoshita M, Noda M, Copeland NG, Jenkins NA. Induction of apoptosis by mouse Nedd2 gene, which encodes a 
	REFERENCES


