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Antiadiposity effects of caloric restriction (CR) are associated with reduced insulin/IGF-1 signaling,
but it is unclear whether the effects of CR would be additive to genetically reducing circulating
insulin. To address this question, we examined female Ins1�/�:Ins2�/� mice and Ins1�/�:Ins2�/�

littermate controls on either an ad libitum or 60% CR diet. Although Igf1 levels declined as ex-
pected, CR was unable to reduce plasma insulin levels in either genotype below their ad libitum-fed
littermate controls. In fact, 53-week-old Ins1�/�:Ins2�/� mice exhibited a paradoxical increase in
circulating insulin in the CR group compared with the ad libitum-fed Ins1�/�:Ins2�/� mice. Re-
gardless of insulin gene dosage, CR mice had lower fasting glucose and improved glucose toler-
ance. Although body mass and lean mass predictably fell after CR initiation, we observed a sig-
nificant and unexpected increase in fat mass in the CR Ins1�/�:Ins2�/� mice. Specifically, inguinal
fat was significantly increased by CR at 66 weeks and 106 weeks. By 106 weeks, brown adipose tissue
mass was also significantly increased by CR in both Ins1�/�:Ins2�/� and Ins1�/�:Ins2�/� mice. In-
terestingly, we observed a clear whitening of brown adipose tissue in the CR groups. Mice in the
CR group had altered daily energy expenditure and respiratory exchange ratio circadian rhythms
in both genotypes. Multiplexed analysis of circulating hormones revealed that CR was associated
with increased fasting and fed levels of the obesogenic hormone, glucose-dependent insulino-
tropic polypeptide. Collectively these data demonstrate CR has paradoxical effects on adipose
tissue growth in the context of genetically reduced insulin. (Endocrinology 157: 2724–2734, 2016)

Caloric restriction (CR) has been reported to have ben-
eficial effects on body composition and glucose regu-

lation while ameliorating disease risk factors (1–4). Many
studies report that CR increases life span and decreases
age-related disease incidence in organisms as diverse as
yeast and mammals (5). The exact mechanisms of action
by which CR exerts its beneficial effects are not known. In
rodents and humans, long-term CR reduces fat stores (1,
2, 6, 7). Studies in Drosophila melanogaster and Caeno-
rhabditis elegans implicate cellular nutrient-sensing path-
ways, including insulin/Igf1 signaling, mechanistic target
of rapamycin, AMP kinase, and sirtuins as regulators of
CR-induced life span extension (8).

Insulin signaling and CR modulate many of the same
physiological parameters, including glucose homeostasis,

adiposity, and body weight, but the relationship between
insulin signaling and CR remains unclear despite extensive
study (8–12). Specifically, although long-term CR is ac-
companied by decreases in fasting insulin or increased in-
sulin sensitivity (4, 13–15), it has yet to be explicitly de-
termined whether a decrease in circulating insulin is
required for the improvements to glucose tolerance and
insulin sensitivity, and the concurrent hormonal altera-
tions that are seen with CR. It is also not known what role
circulating insulin plays in fat storage or body weight dur-
ing long-term CR. Specific molecular genetic manipula-
tions are required to determine whether the glucoregula-
tory and adiposity effects of CR in mammals are primarily
due to a reduction in circulating insulin (ie, whether they
might have additive effects).
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Mice and rats have two insulin genes, Ins1 and Ins2 (16,
17). We have previously established that reduced insulin
gene dosage in mice has moderate CR-like effects, includ-
ing the sustainedprotection fromdiet-inducedobesity (17,
18). Although the effects of CR are well established in mice
with normal insulin levels, the goal of the present study
was to investigate the effects of CR in mice with either one
or two insulin alleles. Specifically, we examined female
Ins2-null mice with full or partial Ins1 expression, both
with and without CR. We used this model because a pre-
vious report found that there was no difference in circu-
lating insulin upon deletion of only the Ins2 gene (19).
Remarkably, we report that Ins1�/�:Ins2�/� mice re-
sponded to CR with an unexpected increase in fat mass,
when compared with Ins1�/�:Ins2�/� littermate controls.
These results provide insight into the effects of CR in low
insulin conditions.

Materials and Methods

Experimental animals
Animal procedures were approved by the University of British

Columbia Animal Care Committee, in accordance with the
guidelines set out by the Canadian Council for Animal Care. The
Ins2 and Ins1 mutant alleles used were created at INSERM by
Jami and colleagues (20). Our study used only female mice be-
cause male Ins1�/�:Ins2�/� mice are more prone to developing
spontaneous, persistent hyperglycemia between 8 and 13 weeks
of age when housed in our specific-pathogen free facility (N.M.
Templeman, unpublished observations). Mice in our study were
of a mixed genetic background (predominantly C57BL/6 and
129 strains), and littermate controls were used exclusively. Mice
were fed LM-485 chow (Teklad Diet). Single mice were housed
in specific-pathogen free conditions on ventilated (50 air changes
per hour), autowater Ehret mouse cages at ambient room tem-
perature of 21°C. At 13 weeks of age, mice were randomly placed
into either an ad libitum-fed group or a CR group that was fed
90% of ad libitum for 1 week, 75% of ad libitum for 1 week, and
then maintained at 60% of the food intake of the same genotype
ad libitum controls. Food was administered using an automated
feeder (Fish Mate F14 Aquarium Fish Feeder) that would drop
preweighed food pellets into a cage hopper in three quasiequal
meals during the dark phase. The meals were dispensed 2, 5, and
8 hours after the initiation of the dark phase of the 12-hour light,
12-hour dark cycle (lights on at 7:00 AM). Mouse body masses
and food intake were measured weekly until 80 weeks of age. To
measure food intake of the ad libitum group, the amount of food
in the cage hopper was weighed weekly, accounting for any
spillage.

Glucose homeostasis and plasma analysis
Mice were fasted for 4 hours during the light phase initiated

at 8:00 or 9:00 AM to provide a postprandial state for glucose
homeostasis measurements and blood sampling. All CR mice
meal times were shifted later by 4–5 hours, 1 week prior to the
experiment, so that their final meal was given 1 hour prior to

fasting initiation as mice on CR ate food within approximately
30 minutes. At 6, 12, and 18 months of age, fasting and IP glu-
cose-stimulated (2 g/kg) insulin secretion were measured, as were
the blood glucose response to ip administrations of glucose (2
g/kg) or an insulin analog (0.75 U/kg of Humalog; Eli Lilly).
Blood glucose measurements were assessed with OneTouch
Ultra2 glucose meters (LifeScan Canada Ltd), and plasma insulin
levels were determined by mouse ultrasensitive insulin ELISA
kit (ALPCO Diagnostics), according to the manufacturer’s
instructions.

The area under the curve was calculated to evaluate the sta-
tistical differences in the glucose and glucose-stimulated insulin
secretion tests. Igf1, GH, and total adiponectin were determined
using the mouse/rat Igf1, GH, and adiponectin mouse ELISA kits
(ALPCO Diagnostics) according to the manufacturer’s instruc-
tions. The MAGPLEX mouse magnetic bead panel assay (Mil-
lipore) was used to measure leptin, active ghrelin, resistin, IL-6,
glucose-dependent insulinotropic polypeptide (GIP), and pep-
tide YY levels in fasting plasma samples collected from 48-week-
old mice, in accordance with the manufacturer’s instructions.
Blood collection for corticosterone measurement was completed
at the indicated times, each cage completed within 5 minutes to
minimize stress at the time of blood collection. Plasma was an-
alyzed using a mouse/rat corticosterone ELISA kit (ALPCO Di-
agnostics) in accordance with the manufacturer’s instructions.

Insulin content of isolated islets
Islet isolation was performed using collagenase and filtration

(21) in 66-week-old mice from all experimental groups. After
isolation the islets were hand picked and cultured in at 37°C and
5% CO2 at saturated humidity overnight RPMI 1640 medium
containing 10 mM glucose, 100 U/mL penicillin, 100 �g/mL
streptomycin, and 10% fetal calf serum (pH adjusted to 7.4 with
NaOH). Insulin content was determined by acidified-ethanol
extraction of protein from 10 medium-sized, quasispherical,
sonicated hand-picked islets. Sonicated samples were diluted to
the linear range of the mouse ultrasensitive insulin ELISA kit
(ALPCO Diagnostics) and insulin concentration determined ac-
cording to the manufacturer’s instructions.

Body composition and energy expenditure
Body composition was determined in vivo using dual-energy

X-ray absorptiometry (Lunar PIXImus densitometer; Inside
Outside Sales) in 48-week-old mice. Organ and fat depot con-
tributions to lean and fat mass were assessed by dissection. En-
ergy expenditure was examined in 58-week-old mice using met-
abolic cages (PhenoMaster; TSE Systems). Mice were housed and
acclimated in the experimental room for 3 days. Cages were then
placed in the environment-controlled chambers at 21°C for ox-
ygen and carbon dioxide gas exchange measurement and food
intake for the ad libitum group over 72 hours. Data from the first
light phase were excluded. Remaining data from two full light
cycles and three dark cycles were averaged. Total energy expen-
diture was calculated as previously described (22). Body tem-
perature measurements were taken using an infrared thermom-
eter held against the mouse abdomen until the temperature
reading stabilized.
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Tissue staining
Pancreata and adipose tissue depots were obtained from

106-week-old mice perfused with cold PBS followed by 4%
paraformaldehyde and then fixed for 24 hours in this solution,
embedded in paraffin, and cut into 5-�m-thick sections. Ad-
ipose tissue was stained with hematoxylin and eosin, whereas
pancreata sections were stained with polyclonal guinea pig
anti-(pan)insulin (Abcam) using an Alexa Fluor 647-conju-
gated secondary antibody (Life Technologies) and 4�,6�-di-
amino-2-phenylindole. Images were taken with identical ex-
posure times with ImageXPressMICRO (Molecular Devices),
and �-cell and total pancreas area were quantified with ImageJ
(National Institutes of Health, Bethesda, Maryland). Duode-
nal tissue was retrieved from 78- or 120-week-old mice fixed
for 24 hours in 4% paraformaldehyde, embedded in paraffin,
and cut into 5-�m-thick sections. Duodena were stained with
monoclonal mouse antiglucose-dependent insulinotropic polypep-
tide (3.65H) produced by Dr A. Buchan (23) using an Alexa
fluor 488-conjugated goat antimouse secondary antibody
(Life Technologies) and 4�,6�-diamino-2-phenylindole. Im-
ages with identical exposure times were taken with a Zeiss 200
M inverted microscope (Carl Zeiss), and GIP-positive cells
and villi were counted manually.

Statistical analysis
Data presented are mean � SEM. Values of P � .05 were

considered statistically significant. A two-way ANOVA with
multiple comparisons was performed with genotype and diet as
the two experimental factors for a given measurement at a spe-
cific age using Prism 6.0 (GraphPad Software). If significant in-
teractions were found, a one-way ANOVA with multiple com-
parisons was used to compare ad libitum Ins1�/�:Ins2�/�, CR
Ins1�/�:Ins2�/�, ad libitum Ins1�/�:Ins2�/�, and CR Ins1�/�:
Ins2�/�, with Bonferroni corrections.

Results

CR effects on insulin secretion and glucose
homeostasis

CR has been reported to rapidly decrease circulating
insulin in mice, rats, and humans (4, 12, 24), but it was
unknown whether this would still be the case in animals
with genetically reduced insulin. Our experimental design
used female Ins1�/�:Ins2�/� mice and female Ins1�/�:
Ins2�/� littermate controls. All mice in our study were
Ins2 null; it has been reported previously that Ins1 com-
pletely compensates in this genetic situation (19). We
started our study by asking whether CR could further de-
crease insulin levels in mice with reduced insulin gene dos-
age. Remarkably, CR did not further reduce islet insulin
content, �-cell area, or fasting insulin levels in female mice
with two or three insulin alleles inactivated, at any age
tested (Figure 1, A–C). In fact, CR unexpectedly increased
4-hour fasting plasma insulin in Ins1�/�:Ins2�/� mice at
53 weeks, with a similar trend after a 12-hour fast in 49-
week-old mice (Figure 1, D and E). The modest but sta-

tistically significant reduction in fasting insulin levels in ad
libitum-fed Ins1�/�:Ins2�/� mice relative to ad libitum-
fed Ins1�/�:Ins2�/� mice at 53 weeks (Figure 1D) is con-
sistent with what we have previously reported for
chow-fed males of the same genotypes (17). Whereas 53-
week-old Ins1�/�:Ins2�/� mice exhibited significantly
lower circulating insulin than their Ins1�/�:Ins2�/� litter-
mates with ad libitum feeding, CR abrogated this age-
dependent decline (Figure 1D). There was no effect of CR
on the dynamics of in vivo insulin secretion in response to
high glucose at any age tested (Figure 1F), indicating that
�-cell function was grossly normal. These data illustrate
that CR has the paradoxical effect of increasing circulating
insulin in 1-year-old mice with genetically reduced insulin
gene dosage. This suggests a physiological insulin floor
near which some of the expected effects of CR may be lost.

CR has typically been reported to improve glucose tol-
erance in mice (14, 24, 25). Indeed, CR decreased fasting
glucose levels and improved glucose tolerance at all ages,
regardless of insulin gene dosage (Figure 1, G and I). In-
terestingly, CR appeared to alter the rate of glucose re-
covery after insulin injection, although all mice reached a
similar minimal blood glucose level of approximately 3
mM (Figure 1H). No difference was seen in fasted gluca-
gon levels due to CR in this model, although most samples
were near or below the detection limit of the assay used
(Figure 1J). Unlike the surprising results we observed in
circulating insulin levels, CR did have the expected effect
of reducing Igf1 levels in our model, regardless of insulin
gene dosage (Figure 1K). This occurred despite the fact
that CR significantly increased GH levels in Ins1�/�:
Ins2�/� mice, but not Ins1�/�:Ins2�/� mice (Figure 1L).
These data demonstrate that some, but not all, of the ex-
pected effects of CR on glucose homeostasis were intact in
our low-insulin model.

CR reduces body mass but increases adiposity in
mice with reduced insulin gene dosage

CR has been observed to decrease body mass and ad-
iposity in nearly all models studied to date (1, 7, 26, 27),
possibly via reduced adipogenic insulin signaling. We
tracked the effects of CR on body mass over 80 weeks in
Ins1�/�:Ins2�/� mice and their Ins1�/�:Ins2�/� litter-
mates. CR caused mice of both genotypes to lose signifi-
cant body mass within 5 weeks (Figure 2, A and B). In-
terestingly, there was a small but consistent increase in
food intake in both the CR and ad libitum groups of the
Ins1�/�:Ins2�/� mice relative to their diet-matched Ins1�/�:
Ins2�/� littermates (Figure 2A), in line with the putative
role of circulating insulin in satiety (28). In the ad libitum
condition, the body weight of Ins1�/�:Ins2�/� mice was
indistinguishable from that of Ins1�/�:Ins2�/� (Figure
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Figure 1. Effects of CR and insulin gene dosage on circulating insulin concentrations. A, Diagram of gradual increase in level of caloric restriction in
which the percent of ad libitum food intake is given to calorie-restricted animals. B, Insulin immunopositive cell area normalized to total pancreatic area
(n � 3–4). C, Pancreatic islet of Langerhans insulin content (n � 6–7). D, 4-hour (n � 9–19) and 12-hour fasting plasma insulin (n � 3–4) (E).
F, Intraperitoneal glucose-stimulated (2 g/kg) insulin secretion after a 4-hour fast (n � 9–19). G, Intraperitoneal glucose (2 g/kg) tolerance test after a
4-hour fast. H, Insulin (0.75 U/kg) tolerance test after a 4-hour fast (n � 9–19). Four-hour fasting blood glucose (n � 9–19) (I), glucagon (n � 3–4) (J),
Igf1 (n � 9–11) (K), and GH (n � 9–16) (L) in female Ins1�/�:Ins2�/� or Ins1�/�:Ins2�/� mice. Results are mean � SEM at the indicated age. *, Statistical
significance indicated for P � .05; **, statistical significance indicated for P � .01; ***, statistical significance indicated for P � .001 between mice of the
same genotype; #, statistical significance indicated for P � .05 only between Ins1�/�:Ins2�/� mice on different diets. AUC, area under the curve;
Igf1, insulin-like growth factor-1; LOD, limit of detection.
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Figure 2. Effects of CR and insulin gene dosage on body composition. A, Food intake per mouse per day and weekly body mass of all mice
(n � 10–29). B, Weekly body mass for specific cohort (n � 7–9) (C) lean mass, fat mass, and body fat of mouse cohorts with added group of
Ins1�/�:Ins2�/� mice fed 60% of ad libitum-fed Ins1�/�:Ins2�/� mice (n � 5–7). D, Relative organ and fat tissue masses of 66-week and 106-
week-old mice (n � 4–9). E, Four-hour fasting plasma triglycerides, nonesterified fatty acids (NEFAs), and cholesterol (n � 3–7) of female Ins1�/�

Ins2�/� and Ins1�/�Ins2�/� littermates fed chow diet ad libitum or subjected to 40% calorie restriction. Results are mean � SEM with the
indicated age. **, Statistical significance indicated for P � .01 between mice of the same genotype; §, statistical significance indicated for P � .05
between mice on caloric restriction.
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2A), whereas CR Ins1�/�:Ins2�/� mice were modestly
heavier than their CR Ins1�/�:Ins2�/� littermate controls
(Figure 2A). However, controlling for increased food in-
take by pair feeding Ins1�/�:Ins2�/� mice to their CR
Ins1�/�:Ins2�/� littermates abrogated this difference
(Figure 2B). These data indicate that CR has the expected
effect of reducing whole body mass in the context of re-
duced insulin.

Next, we assessed the effects of CR on body composi-
tion using dual-emission X-ray absorptiometry at 48
weeks and dissection at 66 weeks and 106 weeks. Lean
mass was significantly reduced in Ins1�/�:Ins2�/� CR
mice and in pair-fed Ins1�/�:Ins2�/� mice, whereas CR
Ins1�/�:Ins2�/� mice had lean mass that was intermediate
between pair-fed and ad libitum Ins1�/�:Ins2�/� mice
(Figure 2C). Paradoxically, we found that CR increased
fat mass, both absolutely and as a percentage of body
mass, in Ins1�/�:Ins2�/� mice compared with their litter-
mates of the same genotype fed ad libitum (Figure 2C).
Dissection of mice at 66 and 106 weeks revealed that CR
decreased the relative size of several organs in both geno-
types, including liver and kidney (Figure 2D). Dissection
confirmed significantly increased inguinal white adipose
tissue (WAT) in CR mice of both genotypes (Figure 2D).
Interscapular brown adipose tissue (BAT) was also signif-
icantly increased by CR in both Ins1�/�:Ins2�/� mice and
Ins1�/�:Ins2�/� mice at 106 weeks (Figure 2D). CR re-
sulted in a significant elevation in fasting circulating trig-
lycerides, regardless of insulin gene dosage, but did not
affect fasting plasma nonesterified fatty acids or fasting
plasma cholesterol (Figure 2E). Additionally, we observed
that CR resulted in increased adipocyte size in the inguinal
WAT depot (Figure 3A). Strikingly, there was a clear in-
crease in the amount of lipid storage in BAT, leading to an
apparent whitening of this tissue, in CR mice (Figure 3B).
Collectively these data point to striking effects of CR on
body composition in mice with reduced insulin, including
an unexpected increase in fat accumulation in both WAT
and BAT depots.

Calorie-restricted mice have reduced energy
expenditure

Given the significant changes in body composition, in-
cluding a significant increase in BAT mass, we investigated
total energy expenditure and respiratory exchange ratio
using metabolic cages. CR led to a significant decrease in
daytime energy expenditure, but not nighttime energy ex-
penditure, normalized to lean mass (Figure 3C). We also
observed differences in the daily pattern of respiratory
exchange ratio cycling (Figure 3D), consistent with dif-
ferences in fuel use between ad libitum mice that are eating

for a longer period of each day vs the CR mice that are
consuming three discrete meals. However, ad libitum mice
still consumed most their food at night (Figure 3E). All
mice were more active during the night, and we observed
ad libitum Ins1�/�:Ins2�/� mice to be more active than
their CR littermates (Figure 3F). The ability for the CR
mice to reduce their energy expenditure may lie in the
ability for heterotherms to decrease their body tempera-
ture in response to low energy intake or low ambient tem-
perature. Indeed, this effect, known as torpor, may play a
role in our CR model (Figure 3G).

Caloric restriction alters metabolic hormone levels
To identify possible mechanisms for the increased ad-

iposity in CR mice, in addition to the relatively higher
fasting insulin levels (17, 18), we examined a panel of
hormones and adipokines involved in obesity and metab-
olism. Leptin, an adipokine involved in body weight main-
tenance and insulin sensitivity, was increased in CR mice
in both fasting and fed conditions (Figure 4A). Interest-
ingly, adiponectin, an insulin-sensitizing adipokine usu-
ally inversely related to fat mass, was increased in CR mice
despite these mice having increased fat mass (Figure 4B).
Circulating levels of the adipogenic incretin hormone,
GIP, were elevated in CR mice at both fed and fasted states
(Figure 4C). However, there was no difference in the num-
ber of GIP-producing K cells in the CR mice (Figure 4D).
CR had no statistically significant effect on IL-6, pancre-
atic peptide YY (PYY), active ghrelin, or resistin levels
(Figure 4, E–H). Unfortunately the levels of glucagon-like
peptide 1 were below detection in the plasma of all groups.
Similarly no effect was seen on circulating corticosterone,
an adipogenic circulating marker for stress (Figure 4I).
Collectively our data demonstrate that the increase in ad-
iposity is associated with elevated leptin, adiponectin, and
GIP in the context of low insulin.

Discussion

The goal of the present study was to evaluate the effects of
long-term CR in the context of reduced insulin gene dos-
age. The major finding of our study was that CR signifi-
cantly and specifically increased fat mass, while inducing
the expected reduction in lean mass, under conditions in
which insulin had already been significantly reduced at the
genetic level. The significant increase in fat mass was ob-
vious earlier in the Ins1�/�Ins2�/� mice, demonstrating
that it was a gene dosage-dependent effect, although cir-
culating insulin was paradoxically higher in this group.
This increase in adiposity is opposite to the established
depleting effects of moderate to severe CR on fat stores (1,

doi: 10.1210/en.2016-1102 press.endocrine.org/journal/endo 2729

D
ow

nloaded from
 https://academ

ic.oup.com
/endo/article/157/7/2724/2422762 by guest on 20 M

arch 2024



Figure 3. Effects of CR and insulin gene dosage on energy expenditure. Representative hematoxylin and eosin-stained sections of inguinal WAT
(A) and interscapular BAT (B), magnified �100. Scale bar, 200 �m. C, Energy expenditure (EE) normalized to lean body mass. D, Respiratory
exchange ratio (RER). E, Light- and dark-phase food intake. F, Spontaneous cage activity. G, Surface body temperature at different times of day in
74-week-old mice. Results are mean � SEM obtained over two light and three dark cycles (n � 3–9 per group). *, Statistical significance indicated
for P � .05; **, statistical significance indicated for P � .01; ***, statistical significance indicated for P � .001 between mice of the same
genotype. Meal times are indicated for calorie-restricted mice. AL, ad libitum.
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2, 7, 26, 27). The increased adiposity that we observed in
CR mice was also associated with increased concentra-
tions of leptin, adiponectin, and GIP, increased circulating
triglycerides, increased white adipocyte size, whitening of
BAT, and decreased energy expenditure per unit lean mass
observed during the light phase that resembled a torpor-
like state. The single time point for many hormone mea-
surements is a limitation of our study, and therefore, we
were not able to conclude whether the hormonal increases

observed on CR are age dependent. However, because
leptin is known to strongly correlate with body fat mass
and adiponectin increases with CR, it is likely that these
hormones were influenced by the CR length and the sub-
sequent increased adiposity seen in these mice. Ideally,
future studies would investigate the levels of various hor-
mones over the entire life span of these mice to determine
their dynamic changes as well as test the effects of CR given
at different ages and for different durations.

Our model and experimental design offered a unique
opportunity to examine the effects of CR, a dietary ma-
nipulation that typically dramatically decreases circulat-
ing levels of both Igf1 and insulin, in mice wherein insulin
is already reduced to the minimum required for glucose
homeostasis (ie, without causing diabetes). The CR diet
was unable to reduce circulating insulin levels in either
Ins1�/�:Ins2�/� or Ins1�/�Ins2�/� mice. Remarkably, at
1 year of age, CR Ins1�/�Ins2�/� mice exhibited increased
insulin levels relative to ad libitum-fed Ins1�/�Ins2�/�

littermates. This increase in circulating insulin was asso-
ciated with the early increase in fat mass observed in this
group, consistent with the adipogenic role of circulating
insulin (17).

One potential mechanism for the CR-induced fat ac-
cumulation in the context of low insulin is the incretin
hormone GIP. GIP is known to be adipogenic, increasing
the uptake of glucose and its incorporation into lipids (29).
Reduced adiposity on a high-fat diet has been reported in
GIP-deficient mice (30, 31), and GIP receptor knockout
mice exhibit decreased body, visceral, and subcutaneous
fat (32). Thus, it is possible that increased GIP found in CR
Ins2�/� mice acts on adipocytes to induce triglyceride
storage and increasing WAT size. We did not observe a
significant difference in duodenal K-cell count, suggesting
that this effect is likely to be at the level of GIP secretion
or in the robustness of the fat-storing response by the adi-
pocyte. It is possible that the K cells of the CR mice are
more sensitive to nutrients, and the consequent GIP re-
sponse is potentiated in these mice, as seen in the fed state
of the Ins1�/�Ins2�/� CR mice. However, this may not
explain the sustained higher levels of circulating GIP in CR
mice of both genotypes during the fasted-state. Whereas
GIP is best known for its ability to potentiate insulin se-
cretion, it remains unclear whether a long-term reduction
in insulin or CR is responsible for the increased GIP levels.
Our data point to important roles for a bidirectional islet-
gut axis in CR.

Our study revealed multiple effects on the hormone
milieu that contrast with the typical effects of CR. Nor-
mally, CR decreases circulating leptin levels along with fat
mass (4, 7, 14, 33). However, in the context of reduced
insulin gene dosage, leptin increases along with fat mass

Figure 4. Effects of CR and insulin gene dosage on hormonal milieu.
A, Fed and 4-hour fasted levels of leptin. B, Total circulating plasma
adiponectin in 66-week-old mice. C, Fed and 4-hour fasted plasma GIP
levels. D, GIP-positive duodenal cells per section normalized to number
of villi per section. E–H, Fed and 4-hour fasted levels of GIP, IL-6, PYY,
active ghrelin, and resistin of 58-week-old mice. I, Circulating
corticosterone at a given hour of the day in 74-week-old mice. Results
are mean � SEM (n � 3–9 per group). *, Statistical significance
indicated for P � .05; **, statistical significance indicated for P � .01;
***, statistical significance indicated for P � .001 between mice of the
same genotype. LOD, level of detection; VCO2, CO2 production.
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and therefore is not reduced as a function of CR itself.
Adiponectin levels are typically inversely related to total
fat mass and have been shown to increase with CR (34). In
our model, adiponectin levels increased despite the rise in
fat mass in CR mice, suggesting the diet may have a stron-
ger effect than fat mass on this hormone. Thus, our model
separates energy restriction from fat mass effects on cir-
culating adiponectin.

In fully wild-type mice, CR normally induces increased
spontaneous cage activity, but this was not seen in our
mice (14). However, in our genetically insulin-deficient
mice, we did find that CR, in the context of low insulin and
likely meal timing, caused significant alterations to circa-
dian metabolic rhythms. Specifically, mice with reduced
insulin gene dosage on CR maintain lower energy expen-
diture during the end of the dark phase and beginning of
the light phase, despite increased leptin, which increases
energy expenditure in other contexts. The observed de-
crease in energy expenditure in our CR mice is reminiscent
of torpor, a daily hypometabolic state that is caused by low
ambient temperature or by energy restriction in hetero-
therms. Torpor occurs near the end of night when body
temperature is lowered below 30°C temporarily and rest-
ing metabolic rate, thus energy expenditure, are decreased
(35). Indeed, CR mice had lower morning body temper-
ature than ad libitum mice. It is possible that the daily
induction of torpor, and the resulting exit of torpor re-
quiring BAT stimulation, was responsible for the signifi-
cant increase in BAT mass in CR mice. BAT is known to
undergo hyperplasia as a result of sympathetic nerve stim-
ulation that normally occurs to return body temperatures
to normal (36, 37). The size of BAT depots is also related
to insulin signaling (38), and further studies are required
todeterminehowCRinourmodel is causally related to the
BAT expansion.

CR is known to change expression of genes associated
with glucose, lipid, and mitochondrial metabolism in mul-
tiple tissues (39). The elevated levels of circulating trig-
lycerides in our CR mice suggest that increased de novo
lipogenesis from the liver and associated lipid trafficking

might compensate for the very low levels of insulin found
in our Ins2�/� model. In the WAT of CR rats, previous
studies have reported an increase in proteins involved in
fatty acid biosynthesis, glucose and lipid metabolism, and
mitochondrial biogenesis (40, 41), despite smaller white
adipocytes and smaller WAT size (40). Perhaps these pro-
cesses are augmented in our model, and the diet or lack of
Ins2 permits for more efficient storage such that even on
CR these mice store more fat than their ad libitum-fed
littermates. We are aware of only one other publication
wherein energy restriction was reported to lead to an in-
crease in body fat and a simultaneous decrease in lean mass
(in female C57BL/6 mice), although the CR diet was short
(3–4 wk) and unrestrictive (5% CR) (42).

One of the most consistent findings in animal models or
human studies of CR is a significant improvement in glu-
cose homeostasis (3, 11, 43). In the present study, we ob-
served the expected improvement in glucose tolerance
with CR but no difference in glucose-stimulated insulin
secretion. Insulin sensitivity was altered by CR, but it is
difficult with the limitations of insulin tolerance tests and
significantly different basal fasting glucose levels to dis-
tinguish whether our CR mice were insulin resistant. Only
30 minutes after insulin injection, their blood glucose had
fallen to the same level as ad libitum mice, but it reversed
more quickly and in many cases rose past the original
fasted level. This was not associated with significant dif-
ferences in glucagon during these tests (data not shown).
We speculate that these Ins2�/� mice are operating at a
physiological insulin floor in which any further decrease
could result in an insulin-deficient state, but the protective
mechanism at work in this context remains unclear. Insu-
lin-independent glucose uptake could be increased in the
CR mice, such that the rate of glucose uptake is increased
withnoeffecton insulin sensitivity.BecauseGIPand leptin
are both increased in this model under CR, they may act
to increase tissue glucose uptake independent of insulin, as
has previously been found (44, 45). Additional experi-
ments using clamp techniques would be required to more

Table 1. Antibody Table

Peptide/
Protein
Target

Antigen
Sequence
(if Known) Name of Antibody

Manufacturer, Catalog Number,
and/or Name of Individual
Providing the Antibody

Species Raised
(Monoclonal or
Polyclonal)

Dilution
Used

Insulin Antiinsulin Abcam, ab7842 Guinea pig;
polyclonal

1:250

GIP Mouse anti-GIP (3.65H) Dr A. Buchan Mouse; monoclonal 1:1000
Guinea pig IgG Goat antiguinea pig A-21450, ThermoFisher Goat; polyclonal 1:1000
Mouse IgG Goat antimouse IgG (H � L)

secondary antibody, Alexa
Fluor 488 conjugate

A-11001, ThermoFisher Goat; polyclonal 1:1000
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fully investigate these phenomena, but such additional
studies were beyond the scope of the current investigation.

Our study was the first to investigate CR in the context
of genetically reduced insulin, but there are still many lim-
itations and unanswered questions. For example, our ex-
perimental design could not capture the full range of cir-
culating insulin levels than can be achieved with genetic
manipulation. Ideally, additional arms of the study would
be used to study mice with one to four alleles of insulin,
rather than comparing one Ins1 allele to two Ins1 alleles,
as we did in the present study. Similarly, it would be in-
teresting in the future to study mice in which the insulin
gene dosage was acutely reduced, using Cre-lox technol-
ogy, in the context of CR to further assess the causal re-
lationship between diet, the islet-adipose axis, and the is-
let-gut axis.

Collectively our data provide new insights into the re-
lationship between long-term CR and the endocrine sys-
tem. Our work reveals that the complex interplay between
multiple organ systems and the hormonal milieu in re-
sponse to dietary restriction is significantly altered when
the vital nutrient-storing hormone insulin is reduced.
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