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Abstract
Aims/hypothesis Cc2−/− mice lacking the gene encoding the
carcinoembryonic-antigen-related cell adhesion molecule
2 (Cc2 [also known as Ceacam2]) exhibit hyperphagia that
leads to obesity and insulin resistance. This starts at
2 months of age in female mice. Male mutants maintain
normal body weight and insulin sensitivity until the last
age previously examined (7–8 months), owing to increased
sympathetic tone to white adipose tissue and energy expen-
diture. The current study investigates whether insulin
resistance develops in mutant male mice at a later age
and whether this is accompanied by changes in insulin
homeostasis.
Methods Insulin response was assessed by insulin and glu-
cose tolerance tests. Energy balance was analysed by indirect
calorimetry.

Results Male Cc2−/− mice developed overt metabolic abnor-
malities at about 9 months of age. These include elevated
global fat mass, hyperinsulinaemia and insulin resistance (as
determined by glucose and insulin intolerance, fed
hyperglycaemia and decreased insulin signalling pathways).
Pair-feeding experiments showed that insulin resistance re-
sulted from hyperphagia. Indirect calorimetry demonstrated
that older mutant male mice had compromised energy expen-
diture. Despite increased insulin secretion caused by Cc2 de-
letion, chronic hyperinsulinaemia did not develop in mutant
male mice until about 9 months of age, at which point insulin
clearance began to decline substantially. This was probably
mediated by a marked decrease in hepatic CEACAM1
expression.
Conclusions/interpretation The data demonstrate that at
about 9 months of age, Cc2−/− male mice develop a reduction
in energy expenditure and energy imbalance which, combined
with a progressive decrease in CEACAM1-dependent hepatic
insulin clearance, causes chronic hyperinsulinaemia and
sustained age-dependent insulin resistance. This represents a
novel mechanistic underpinning of age-related impairment of
hepatic insulin clearance.
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Abbreviations
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IRβ β Subunit of the insulin receptor
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qRT-PCR Quantitative real-time PCR
VMH Ventromedial nucleus of the hypothalamus
V
⋅
O2 Oxygen consumption

Introduction

The carcinoembryonic-antigen-related cell adhesion molecule
(CEACAM)2 is a transmembrane glycoprotein that belongs to
the carcinoembryonic antigen (CEA) family [1, 2]. Its gene is
distinct from that encoding CEACAM1, another member of
this family of proteins that is ubiquitously expressed [3] and
that regulates insulin sensitivity by promoting insulin clear-
ance [4, 5], which predominantly occurs in liver and to a lesser
extent in kidney [3].

CEACAM2 is expressed in kidney, spleen, testis and plate-
lets in addition to the crypt cells and the villi lining of the
intestinal segment beginning with distal jejunum [6–12]. It is
also expressed in the hypothalamus, including the ventrome-
dial hypothalamus (VMH), and other brain centres involved in
feeding behaviour, including hippocampus, striatum, olfacto-
ry bulb and the globus and ventral pallidus [6, 13, 14].
Consistently, the metabolic phenotype of mice with null mu-
tation of Cc2 (also known as Ceacam2) gene (Cc2−/−) shows
that CEACAM2 is involved in the central regulation of food
intake and energy expenditure, and in the sympathetic regula-
tion of brown adipogenesis [6, 15].

Whereas CEACAM2 is detected in pancreatic cells, in par-
ticular in non-beta cells, its null deletion does not influence
basal plasma levels of hormones (insulin, glucagon and so-
matostatin), nor does it affect islet areas or glucose-induced
insulin secretion in pooled Cc2−/− islets [12]. Instead,
CEACAM2 promotes glucose-stimulated insulin secretion.
This is mediated at least in part via a mechanism dependent
on glucagon-like peptide-1 (GLP-1), consistent with its ex-
pression in the distal intestinal villi [12]. In addition to its role
inmetabolism, CEACAM2 regulates spermatid maturation [7,
16] and platelet activation and adhesion [8].

Both male and female Cc2−/− mice display hyperphagia.
Given that plasma leptin level is normal at the onset of hyper-
phagia in both sexes, it is more reasonable to predict that
hyperphagia inCc2−/−mice is primarily caused by the absence
of CEACAM2 from brain centres that control feeding behav-
iour and rewards instead of changes in leptin sensitivity [17].
This notion is supported by the induction of brain CEACAM2
production that occurs at fasting and its suppression at
refeeding [6]. Studies in GLUTag entero-endocrine cells re-
vealed that glucose, but not insulin, rapidly suppresses Cc2
mRNA level at refeeding [12].

Hyperphagia causes obesity and insulin resistance in fe-
male Cc2−/− mice at 2 months of age, as demonstrated by
pair-feeding experiments [6]. In contrast, it fails to trigger
insulin resistance in male mutants up to 7 months of age [12,

15], probably because of the differential hypermetabolic state
in relation to activated sympathetic tone regulation of white
adipose tissue (WAT) and increased spontaneous activity in
male mutants [15]. Cc2−/− male mice remain lean and insulin
sensitive until 7–8 months of age, as demonstrated by
hyperinsulinaemic–euglycaemic clamp analysis [12]. They al-
so manifest elevated glucose-induced glucagon-like peptide 1
(GLP-1)-mediated insulin secretion with preserved beta cell
insulin secretory function at this age, as shown by
hyperglycaemic clamp analysis [12]. Thus, the current study
investigated whether chronic hyperphagia eventually causes
insulin resistance in older male mice, and whether this is ac-
companied by changes in insulin homeostasis.

Methods

Animals The generation and propagation of Cc2−/− mice on a
C57BL/6J genetic background (Jackson Laboratory, Bar
Harbor, ME, USA) has been previously described [6]. Male
mice (5–12 months of age) were housed with a 12 h dark/light
cycle, fed standard chow (Harlan, Teklad 2016, Harlan,
Haslett, MI, USA) ad libitum and kept in specific pathogen-
free conditions at the Division of Laboratory Animal
Resources at the University of Toledo. The Institutional
Animal Care and Utilization Committee (IACUC) approved
all procedures and animal experiments. For fasting, mice were
transferred from corn cob bedding to Alpha-dri Bedding
(Shepherd, Watertown, TN, USA).

Body compositionWhole-body composition was assessed in
awake mice by NMR technology (Bruker Minispec, Billerica,
MA, USA) [18]. Fat and lean mass were measured as percent-
age of total body weight.

Metabolic variables Retro-orbital venous blood was drawn at
11:00 h from overnight-fasted mice under pentobarbital anaes-
thesia (1.1 mg/kg body weight) to measure plasma insulin
(80-INSMSU-E01, ALPCO, Salem, NH, USA), C-peptide
(80-CPTMS-E01, ALPCO) and total GLP-1 levels (GLP1T-
36HK, Millipore, Temecula, CA, USA). The steady-state
C-peptide/insulin molar ratio was calculated as a surrogate
marker for insulin clearance [4, 18].Whole-blood glucosemea-
surements from tail snipping were made with a glucometer
from overnight-fasted and randomly fed mice (Accu-Chek,
Roche, Pleasanton, CA, USA). Plasma NEFA (NEFA-C;
Wako, Richmond, VA, USA) and triacylglycerol (Pointe
Scientific, Canton, MI, USA) were also measured. Tissue tri-
acylglycerol content was assayed, as described previously [18].

Intraperitoneal insulin tolerance test Animals were fasted
for 5 h starting at 07:00 h before being subjected to an i.p.
injection of Human Insulin Novolin (Novo Nordisk NDC
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0169-1833-11, Plainsboro, NJ, USA) at 0.75 U/kg body
weight. Blood glucose was measured from the tail vein at
0–180 min post insulin injection.

Glucose tolerance test At 5 days after the insulin tolerance
test, animals were fasted overnight from 17:00 h to 08:00 h
before receiving either an i.p. injection (1.5 g/kg body weight)
or an oral gavage (3 g/kg body weight) of glucose
(50% [wt/vol.] dextrose solution). Blood glucose level was
measured from the tail vein of awake mice at 0–120 min post
glucose administration.

Glycogen assay As previously described [19], livers were re-
moved frommice fasted and refed for 7 h, digested (100 mg) in
6% (wt/vol.) perchloric acid, and incubated in 1 mg/ml
amyloglucosidase for 2 h at 42°C. Glycogen assay reagent
(Sigma, Saint Louis, MO, USA) was added and samples were
incubated at room temperature for 15 min, analysed at A340 nm
and readings were converted to μg/mg wet tissue weight.

Western blot analysis Proteins were separated by
7% SDS-PAGE and immunoprobed with: polyclonal antibod-
ies (1:1000) against phospho-insulin receptor (pIRβ) (phospho-
Y1361) and IRβ (C18C4) (Abcam, Cambridge, MA, USA),
phospho-Ser473Akt and Akt (Cell Signaling, Danvers, MA,
USA); and custom-made polyclonal antibodies raised in rabbit
against mouse CEACAM1 (α-mCC1 Ab3759) and phospho-
CEACAM1 (α-pCC1) (Bethyl Laboratories, Montgomery,
TX, USA), as previously titrated and optimised [18]. Blots
were incubated with horseradish peroxidase-conjugated sheep
anti-mouse or donkey anti-rabbit IgG antibody (GE Healthcare
Life Sciences, Amersham, Sunnyvale, CA, USA), followed by
enhanced chemiluminescence.

Pair feeding The average daily food intake was assessed in
individually caged 9 month old mice over a 5 day period
before mutants were subjected to a pair-feeding regimen:
3.2 g food/day (0.5 g less than the Cc2−/−mice fed ad libitum)
for the first week, followed by 3.7 g vs 5.5 g of food/day to the
ad libitum-fed group in the second week.

Insulin secretion Overnight-fasted mice were anaesthetised
with pentobarbital (1.1 mg/kg body weight) before receiving
an i.p. glucose injection (3 g/kg body weight). Retro-orbital
blood was drawn at 0–120 min post glucose injection to mea-
sure insulin levels.

Immunofluorescence analysisMice were anaesthetised with
pentobarbital (1.1 mg/kg body weight), and pancreases were
dissected, weighed, fixed in Z-fixative, sectioned and immu-
nostained with anti-human insulin (Linco Research, Billerica,
MA, USA) and anti-mouse glucagon monoclonal antibodies
(Sigma), followed by aminomethylcoumarin (AMCA)-

conjugated donkey and Texas Red-conjugated donkey anti-
body (Jackson Immunoresearch, West Grove, PA, USA), re-
spectively [20]. Alpha and beta cell areas were calculated by
morphometric analysis using ImageJ software (http://rsb.info.
nih.gov/ij/) [21, 22], and the glucagon/insulin-stained area
was divided by total pancreas area.

Indirect calorimetry Indirect calorimetry was measured in
awake mice (n = 5/genotype), as described previously [18].
Mice were individually caged (CLAMS system, Columbus
Instrument, Columbus, OH, USA) for 3 days, after being ac-
climatised for 2 days, and had free access to food and water.
Spontaneous locomotor activity was measured with an optical
beam device quantifying horizontal and vertical movement

(x-, y- and z-axes). Oxygen consumption (V
⋅
O2) and heat

production (energy expenditure) were measured every
20 min and data were normalised per fat-free lean mass.

Quantitative real-time-PCR Total RNA was isolated with
PerfectPure RNA Tissue Kit (Fisher Scientific, Waltham,
MA, USA). cDNA was synthesised by iScript cDNA
Synthesis Kit (Bio-Rad, Hercules, CA, USA), using 1 μg total
RNA and oligodT primers (electronic supplementary material
[ESM] Table 1). cDNAwas evaluated with quantitative real-
time PCR (qRT-PCR) (StepOne Plus, Applied Biosystems,
Foster City, CA, USA), and mRNA was normalised to
Gapdh, as previously described [18].

Statistical analysis Data were analysed using one-factor
ANOVA analysis with Bonferroni correction or Student’s
t test and presented as means ± SEM. Values of p < 0.05 were
statistically significant.

Results

Age-dependent changes in body composition ofCc2−/−male
miceConsistent with previous reports [6, 12, 15], 5 month old
Cc2−/− male mice had body weight comparable with their
wild-type littermate (Cc2+/+) counterparts (Table 1). This
was accompanied by elevated lean mass, with a reciprocal
reduction in fat mass, as assessed by NMR analysis
(Table 1). Starting at 9 months of age, however, male mutants
began to gain more body weight (Table 1), with a significant
increase in fat mass and a reciprocal reduction in lean mass in
comparison with age-matched wild types (Table 1).

Age-dependent changes in insulin sensitivity and glucose
tolerance of Cc2− /− male mice As expected from
hyperinsulinaemic–euglycaemic clamp analysis [12, 15],
5 month old Cc2−/− male mice exhibited improved glucose
and insulin tolerance (Fig. 1a). However, starting at 9 months,
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they began to show intolerance to exogenous insulin (Fig. 1d)
and glucose (administered both i. p. [Fig. 1c] and orally ESM
Fig. 1]). They also started exhibiting elevated fed, but not
fasting, glucose levels in comparison with Cc2+/+ mice, with
a rise in plasma NEFA (Table 1).

Consistent with the emergence of insulin resistance at this
age, insulin excursion of approximately two to fourfold with
7 h of refeeding following an overnight fast induced phos-
phorylation of IRβ and Akt in the liver (Fig. 2a) and skeletal
muscle (Fig. 2b) of 5 month old but not 9 month old Cc2−/−

mice, as demonstrated by sequential immunoblotting with an-
tibodies against phosphorylated antibodies followed by re-
immunoblotting with antibodies against these proteins.
Similarly, CEACAM1 phosphorylation in response to insulin
was blunted in mutant mice livers, starting at 9 months
(Fig. 2a).

Hyperphagia drives insulin resistance in olderCc2−/−male
mice Cc2−/− male mice exhibited a significant increase in
daily food consumption at all ages (Fig. 2c; only 9 month
old mice are shown). This contributes to their higher body
weight than Cc2+/+ mice fed ad libitum (Fig. 2d). Subjecting
them to a pair-feeding regimen for 2 weeks to restrict their
food intake and reduce their body mass to a level comparable
to ad libitum-fedCc2+/+ mice (Fig. 2d) restored their tolerance
to exogenous insulin (Fig. 2e). This demonstrates that insulin
resistance in older Cc2−/− males is primarily caused by
hyperphagia.

Decreased energy expenditure in older Cc2−/− male mice
Indirect calorimetry analysis (Fig. 3) revealed that Cc2−/−

mice had higher energy expenditure (not shown) and

V
⋅
O2 consumption than age-matched Cc2+/+ males in both

light and dark cycles (shaded) at 5 months of age
(Fig. 3a), as previously shown [15]. Spontaneous physical
activity was also elevated in the 5 month old mutants
(Fig. 3b). However, starting at about 8 months, mutant
mice began to exhibit a decrease in energy expenditure

(not shown) and V
⋅
O2 consumption (Fig. 3c, e) without a

significant change in locomotor activity (Fig. 3d) until
about 12 months of age, at which point their physical
activity in the dark cycle declined, to become lower than
in wild-type mice (Fig. 3f).

Consistent with the skeletal muscle being a major site of
energy expenditure, mRNA levels of genes involved in fatty
acid transport (Cd36, Fatp1 [also known as Slc27a1]) and
β-oxidation (Pparα [also known as Ppara], Cpt1b, Cox2,
Ucp3) were higher in the 5 month old mutants than wild types,
but were lower at 12 months (Table 2). Consistently, the skel-
etal muscle triacylglycerol content was higher in 12month old
mutants relative to wild types (Table 1). This could be, in part,
related to a higher sympathetic nervous outflow to skeletal
muscle at 5 months of age that became lower at 12 months,
as suggested by the mRNA levels of the surrogate marker, the
adrenergic-β-receptor 2 (Adrb2) (Table 2) [23, 24].

We have shown that 5 month old Cc2−/− male mice exhibit
an increase in sympathetic tone to WAT [15]. Consistently,
mRNA levels of Ucp1, the adrenergic β receptors 2 and 3
(Adrb2 and Adrb3) and type 2 deiodinase (Dio2), a key gene
in brown adipose tissue [25], are elevated in gonadal WAT
from 5 month old, but not 12 month old, mutants (Table 2).
This agrees with insulin sensitivity, the overall lean phenotype
and the higher basal metabolic rate in 5 month old, but not
12 month old, Cc2−/− male mice.

Table 1 Plasma and tissue biochemistry in male mice at different ages

Characteristic 5 months 9 months 12 months

Cc2+/+ Cc2−/− Cc2+/+ Cc2−/− Cc2+/+ Cc2−/−

Body weight (g) 28.7 ± 0.3 29.9 ± 0.4 30.9 ± 0.2 40.6 ± 2.8* 33.7 ± 0.7 44.2 ± 5.0*

% Fat mass 9.2 ± 0.8 0.9 ± 0.1* 11.5 ± 0.6 18.3 ± 2.1* 12.4 ± 0.1 22.1 ± 0.2*

% Lean mass 64.7 ± 0.6 73.2 ± 0.7* 63.7 ± 0.5 58.3 ± 1.8* 62.2 ± 0.1 56.0 ± 0.2*

Fasting glucose (mmol/l) 4.8 ± 0.1 4.4 ± 0.3 4.6 ± 0.1 5.1 ± 0.3 4.7 ± 0.1 5.1 ± 0.4

Fed glucose (mmol/l) 9.3 ± 0.2 8.6 ± 0.2 8.9 ± 0.3 10.1 ± 0.2* 9.1 ± 0.3 10.3 ± 0.4*

Plasma NEFA (mmol/l) 0.4 ± 0.0 0.2 ± 0.0* NA NA 0.4 ± 0.0 0.5 ± 0.0*†

Plasma TG (mmol/l) 0.51 ± 0.01 0.35 ± 0.01* NA NA 0.54 ± 0.01 0.76 ± 0.01*†

Skeletal muscle
TG (μg/mg)

4.5 ± 0.1 2.8 ± 0.1* NA NA 4.7 ± 0.1 6.6 ± 0.1*†

Hepatic TG (μg/mg) 56.4 ± 0.6 55.8 ± 0.7 NA NA 57.5 ± 0.8 55.6 ± 0.9

Plasma GLP-1 (pmol/l) 1.2 ± 0.1 4.2 ± 0.8* 1.3 ± 0.2 4.0 ± 0.9* 0.9 ± 0.2 4.6 ± 0.7*

Male mice (n = 5–6/genotype) were fasted overnight before retro-venous blood was drawn

Values are expressed as means ± SEM
* p < 0.05 vs Cc2+/+ of the same age group; † p < 0.05 vs 5 month old Cc2−/− mice

NA, not applicable; TG, triacylglycerol
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Sustained enhanced insulin secretion in aged Cc2−/− male
mice Cc2−/− male mice manifested higher basal and oral
glucose-induced GLP-1 levels than age-matched wild-type
mice at 5 months of age [12]. As Table 1 shows, plasma
GLP-1 remained elevated in mutant mice up to 12 months
of age. Throughout all age groups, mutant mice had higher
acute insulin release in response to i.p. injection of glucose
relative to wild-type Cc2+/+ mice (Fig. 4a). The slight rise in
insulin excursion at 120 min post injection beginning at
9 months (Fig. 4b) is consistent with the development of in-
sulin resistance at this age. Of note, the increase in insulin
secretory function occurred without any significant change
in either alpha or beta islet cell area relative to total pancreas
in Cc2−/− mice, even at 12 months of age (Fig. 4d–g).

More robust age-dependent progressive decrease in hepat-
ic CEACAM1 in older Cc2−/− male mice Despite the rise in
insulin secretion, plasma insulin level was normal in 5 month
old mice, consistent with insulin sensitivity at this age [15].

This was probably a consequence of the approximately two-
fold increase in hepatic insulin clearance, as assessed by
steady-state C-peptide/insulin molar ratio (Fig. 5c). At
9 months, chronic hyperinsulinaemia began to develop in
male mutant mice, in parallel to the gradual reduction in insu-
lin clearance (Fig. 5c). Mechanistically, the age-related decline
in hepatic insulin clearance is probably due to reduced hepatic
content of CEACAM1 (Fig. 5d) which, on its phosphorylation
by the receptor, promotes receptor-mediated insulin uptake by
the hepatocyte to be targeted for degradation [4, 5]. Mice with
liver-specific inactivation or with null deletion of Cc1 gene
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(also known asCeacam1) manifest chronic hyperinsulinaemia
resulting from impaired insulin clearance [4, 5]. Of note, he-
patic Cc1 mRNA level appears to decline progressively with
age in both genotypes, reaching 25–50% of the original level
at 12 months of age (Fig. 5d).

The reduction in hepatic CEACAM1 level in Cc2−/− liver
at an older age is probably due to blunted insulin-induced
transcription of Cc1 under conditions of insulin resistance
(Fig. 5d) [26]. It could also be due to the rise in hepatic
Pparα mRNA (encoding peroxisome proliferator-activated
receptor [PPAR]α; Table 2) and its activation by elevated
levels of plasma NEFA (Table 1) that are transported into the
hepatocyte via cluster determinant 36 (CD36; Table 2) [27], as
suggested by the increase in mRNA level of PPARα’s tran-
scriptional targets (Cpt1 and Cd36) in 12 month old mutant
mice (Table 2). The decrease in hepatic CEACAM1 level (and
phosphorylation [Fig. 2a]) and increase in the expression of
genes involved in fatty acid β-oxidation (Pparα, Cpt1) is
consistent with restricted lipid accumulation in the liver of
older mutants (Table 1) [27].

Insulin suppresses hepatic glucose production by inhibiting
gluconeogenesis and stimulating net hepatic glucose uptake
and subsequent glycogen synthesis [28]. A higher fasting

Pepck (also known as Pck1) mRNA level in 12 month old
mice points to increased gluconeogenesis. However, this does
not translate into fasting hyperglycaemia (Table 1). Instead,
reduced G6Pase (also known as G6pc) mRNA levels and
increased hepatic glycogen content in older fasted (Fig. 5e)
and refed mice (Fig. 5f) points to elevated targeting of glucose
6-phosphate to the glycogen synthetic pathways in these mice
[27, 29].

Discussion

Previous reports showed that Cc2−/−male mice exhibit hyper-
phagia that fails to translate into obesity and insulin resistance
owing to increased energy expenditure. They also develop
increased glucose-induced insulin secretion, at least partly
via a mechanism depending on GLP-1 release. This study
shows that at ∼9 months of age, male mutant mice develop

Table 2 qRT-PCR analysis of mRNA levels of genes involved in fat
metabolism, brown adipogenesis and gluconeogenesis

5 months 12 months

mRNA Cc2+/+ Cc2−/− Cc2+/+ Cc2−/−

Skeletal muscle

Cd36 0.52 ± 0.04 1.16 ± 0.05* 0.42 ± 0.05 0.17 ± 0.02*†

Fatp1 0.72 ± 0.05 1.79 ± 0.10* 0.62 ± 0.04 0.30 ± 0.04*†

Pparα 0.55 ± 0.03 1.40 ± 0.08* 0.48 ± 0.05 0.21 ± 0.03*†

Cpt1b 0.76 ± 0.01 1.07 ± 0.03* 0.64 ± 0.05 0.36 ± 0.02*†

Cox2 0.62 ± 0.02 1.23 ± 0.02* 0.51 ± 0.01 0.31 ± 0.01*†

Ucp3 0.58 ± 0.03 1.30 ± 0.02* 0.54 ± 0.02 0.28 ± 0.01*†

Pdk4 0.56 ± 0.01 1.03 ± 0.05* 0.60 ± 0.02 0.38 ± 0.02*†

Adrb2 1.27 ± 0.04 2.73 ± 0.14* 1.22 ± 0.07 0.65 ± 0.07*†

WAT

Ucp1 1.70 ± 0.09 3.95 ± 0.09* 1.74 ± 0.08 1.95 ± 0.06†

Dio2 1.46 ± 0.08 6.10 ± 0.12* 1.43 ± 0.05 1.58 ± 0.09†

Adrb3 1.01 ± 0.06 3.19 ± 0.19* 1.21 ± 0.05 0.93 ± 0.08†

Adrb2 1.15 ± 0.05 2.17 ± 0.10* 1.04 ± 0.04 0.90 ± 0.04†

Liver

Cd36 1.24 ± 0.03 1.35 ± 0.03 1.60 ± 0.04† 2.49 ± 0.06*†

Fasn 0.33 ± 0.02 0.22 ± 0.02 0.26 ± 0.03 0.82 ± 0.03*†

Pparα 1.27 ± 0.03 1.16 ± 0.02 1.63 ± 0.04† 3.01 ± 0.13*†

Cpt1b 0.94 ± 0.03 1.05 ± 0.05 1.61 ± 0.03† 2.34 ± 0.05*†

Pepck 0.54 ± 0.05 0.47 ± 0.03 0.46 ± 0.07 1.24 ± 0.06*†

G6Pase 0.58 ± 0.04 0.68 ± 0.05 0.67 ± 0.04 0.21 ± 0.03*†

Mixed skeletal muscle (gastrocnemius and soleus), WAT and liver were
extracted from male mice (n = 5/genotype) at 5 and 12 months of age to
determine the mRNA level of genes by qRT-PCR in duplicate.

Values are expressed as means ± SEM
* p < 0.05 vs Cc2+/+ of the same age
† p < 0.05 vs 5 month old mice of the same genotype
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Fig. 3 Indirect calorimetry analysis. Cc2+/+ and Cc2−/− mice
(n = 5/genotype) were individually caged, given free access to food and
subjected to indirect calorimetry to analyse V

⋅
O2 (a, c, e), and spontane-

ous locomotor activity (b, d, f) over the 24 h period (starting at 06:00 h).
Graphs show average hourly data over each 12 h period of the light
(06:00–18:00 h) and dark (18:00–06:00 h) (shaded) cycles during the last
3 consecutive days. Values are expressed as means ± SEM. Black bars,
Cc2−/−; white bars, Cc2+/+; *p < 0.05 vs Cc2+/+ mice
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hyperphagia-driven insulin resistance. They also manifest a
decline in energy expenditure and physical activity. As
summarised in Fig. 6, this energy imbalance occurs together
with impaired hepatic insulin clearance that sustains chronic
hyperinsulinaemia, at least in part by failing to offset the per-
sistent increase in insulin secretion.

While hyperphagia occurs in both Cc2−/− male and female
mice, the age at which its resulting insulin resistance emerges
differs between groups, with female mice developing meta-
bolic derangement at 2months [6] andmalemice at∼9months
of age, as the current studies demonstrate. The delay in insulin
resistance in male mice is attributed to the counter-regulatory
effect of their early hypermetabolic state that offsets hyperpha-
gia and maintains insulin sensitivity at a young age [15]. This
includes complete fatty acid β-oxidation in skeletal muscle, a
main site of energy expenditure, and increased brown adipo-
genesis and sympathetic tone to adipose tissue [15] (Fig. 6). In
older mice, however, fatty acid β-oxidation in skeletal muscle

decreases at ∼9 months of age, leading to lipid accumulation
and lipotoxicity. As in other murine models of altered metab-
olism [30, 31], this could contribute to insulin resistance in
skeletal muscle, as manifested by glucose intolerance and
underlined by reduced insulin-stimulated Akt phosphoryla-
tion, a key mediator of glucose uptake [32]. Glucose uptake
in skeletal muscle becomes limited in parallel to an age-
dependent reduction in metabolically active lean mass and
an increase in visceral obesity [33]. Consistent with this, lean
mass decreased reciprocally to the increase in fat mass in older
Cc2−/− male mice. Given that CEACAM2 is not expressed in
skeletal muscle [9], it is likely that the progressive decrease in
energy expenditure in older mutants is caused by altered cen-
tral regulation of glucose uptake, resulting from loss of
CEACAM2 in the VMH [6], a main central regulator of glu-
cose uptake in skeletal muscle that acts via the sympathetic
nervous system [24].
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Fig. 5 Hepatic insulin clearance and glycogen content. (a–c) Cc2−/− and
Cc2+/+ mice were fasted overnight until 11:00 h on the next day to deter-
mine steady-state plasma insulin (a) and C-peptide (b) levels in triplicate
and calculate the C-peptide/insulin molar ratio (c) as a surrogate measure
of insulin clearance (n ≥ 6 mice for each genotype and age group). (d)
Cc1 mRNA content was analysed in triplicate in liver tissues from mice
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refed (f) mice (n ≥ 5 mice for each subgroup). Values are expressed as
means ± SEM. White, Cc2+/+; black, Cc2−/−. *p < 0.05 vs Cc2+/+ of the
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Fig. 4 Insulin secretion and areas of islet cells. (a–c) Glucose-mediated
insulin levels were measured at 0–120 min post i.p. injection of age-
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age group). Values are expressed as means ± SEM. *p < 0.05 in
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lated relative to pancreas area. Values, expressed as means ± SEM in
arbitrary units, are presented in the bar graphs below. Black squares and
bars, Cc2−/−; white circles and bars, Cc2+/+
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Moreover, young male Cc2−/− mice exhibit increased sym-
pathetic tone to WAT, consistent with increased brown adipo-
genesis in this depot and higher energy dissipation [15]. In
line with this, our study showed that they have increased
expression of the surrogate markers of brown adipogenesis
(Ucp1 and Dio2) [25] and activated sympathetic tone
(Ucp1, Adrb2 and Adrb3) [23] in their WAT. In contrast,
these markers are significantly reduced in older mutants.
Considering that CEACAM2 is not detected physiologically
in adipose tissue [9], reduced energy dissipation and sympa-
thetic tone in adipose tissues of aged Cc2−/− male mice is
probably mediated by its deletion from brain nuclei partici-
pating in the neuroendocrine regulation of energy balance,
such as VMH [34, 35].

Insulin resistance is heralded by chronic hyperinsulinaemia.
Cc2 deletion causes an increase in insulin secretion and an am-
plified acute excursion of insulin in response to glucose across
all age groups in male mutant mice. Elevated insulin secretion is
in part mediated by increased release of GLP-1 [12], an incretin
that potentiates glucose-stimulated insulin secretion from pan-
creatic beta cells [36–38]. This is supported by persistently

higher plasma GLP-1 levels and an intact beta cell area at
12 months of age.

Despite the increase in insulin secretion caused by Cc2
deletion at an early age, chronic hyperinsulinaemia does not
develop in mutant males until ∼9 months. At an earlier age,
elevated insulin secretion is countered by an increase in he-
patic insulin clearance as shown by the approximately twofold
higher steady-state plasma C-peptide/insulin molar ratio in the
young mutants. This is probably mediated by the induction of
hepatic CEACAM1 production by insulin, which increases
the transcription of the Cc1 promoter [26] to elevate mRNA
and protein levels of CEACAM1 [27]. At 9 months of age,
however, insulin clearance begins to decline substantially,
probably mediated by a progressive decrease in hepatic
CEACAM1 expression. Whereas this remarkable decrease
in Cc1 mRNA could stem from a compromised ability of
insulin to induce Cc1 transcription under conditions of
hyperphagia-driven insulin resistance, it could also result from
the activation of PPARα by fatty acids that are mobilised from
visceral adipose tissue [27, 39]. The decrease in hepatic
CEACAM1 level provides a positive feedback effect on fatty
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Fig. 6 Metabolic regulation in 5 month old (a) and 9 month old (b)
Cc2−/− male mice. Despite hyperphagia caused by Cc2 null deletion,
younger Cc2−/− mice (a) manifest a hypermetabolic state that includes
an increase in energy expenditure and fatty acid β-oxidation in skeletal
muscle, increased brown adipogenesis of the white adipose depot (brown
dots) and elevated sympathetic nervous system activation. Null deletion
of Cc2 leads to an increase in insulin secretion mediated by GLP-1 re-
lease. This induces hepatic CEACAM1 expression to promote insulin
clearance and maintain insulin at a physiological level to sustain insulin
sensitivity. Ametabolic switch occurs at an older age starting at∼9months
of age (b). This includes reduced brown adipogenesis and sympathetic
tone in adipose tissue, which leads to visceral obesity and increased

lipolysis and NEFA release. Excessive NEFA transport reduces fatty acid
β-oxidation in skeletal muscle and consequently, increases triacylglycerol
accumulation and insulin resistance in muscle. Additionally, NEFA trans-
port to the liver reduces hepatic CEACAM1 levels, an event that provides
a positive feedback mechanism on fatty acid β-oxidation. The resulting
increase in citrate production and its redistribution to the cytoplasm lead
to a rise in glucose 6-phosphate and its re-routing to the glycogen reple-
tion pathways. Moreover, the decrease in CEACAM1 mediates a de-
crease in insulin clearance, which fails to counter the increase in insulin
secretion, leading to chronic hyperinsulinaemia and sustained systemic
insulin resistance. EE, energy expenditure; FAO, fatty acid β-oxidation;
SNA, sympathetic nervous system activation
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acidβ-oxidation [27], and as such prevents lipid accumulation
in aged Cc2−/− livers. Additionally, an increase in fatty acid
β-oxidation produces acetyl-CoA that inhibits pyruvate dehy-
drogenase to prevent glycolysis and reroute pyruvate to
gluconeogenesis (supported by increased Pepck mRNA
levels). This also causes cytoplasmic citrate to inhibit
6-phosphofructo-1-kinase, increasing glucose 6-phosphate
production. With reduced glucose-6-phospatase levels, glu-
cose 6-phosphate is rerouted to the glycogen synthetic path-
ways [27, 29]. This is consistent with a role for CEACAM1 in
hepatic gluconeogenesis via regulating β-oxidation of
lipolysis-derived fatty acids [40], thus limiting fasting
hyperglycaemia that also, in part, results from increased insu-
lin secretion.

Whereas age-related hyperinsulinaemia, insulin resistance
and visceral obesity [41–43] are commonly associated with
reduced glucose uptake in skeletal muscle in parallel with a
reduction in metabolically active lean mass [33], decreased
fenestration in the liver sinusoidal endothelium and other
structural changes that reduce insulin uptake by hepatocytes,
and hence reduce insulin clearance, have recently emerged as
mechanisms underlying age-related hyperinsulinaemia and in-
sulin resistance [44]. The current study provides an alternative
mechanism of hyperinsulinaemia in older Cc2−/−male mutant
mice, implicating a progressive reduction in hepatic
CEACAM1-mediated insulin clearance that fails to counter
persistent GLP-1-mediated release of insulin in older mutant
mice. This points to compromised hepatic insulin clearance as
a major contributor to the chronic hyperinsulinaemic state that
develops in older Cc2−/−male mice, in agreement with several
clinical studies showing reduction in insulin clearance as a
critical player in the pathogenesis of metabolic abnormalities
associated with obesity, glucose intolerance and insulin resis-
tance [45–47].

More studies are needed to delineate the role of the decline
in hepatic CEACAM1 levels with age, but the current study is
the first to describe how altered hepatic insulin clearance
might contribute to age-related insulin resistance (Fig. 6).
More specifically, the data suggest that loss of CEACAM2
from critical brain centres involved in the regulation of food
intake causes hyperphagia, followed by insulin resistance (in-
cluding lipolysis). This lowers hepatic CEACAM1 level and
phosphorylation to impair hepatic insulin clearance and cause
an unmatched increase in insulin secretion, leading to chronic
hyperinsulinaemia and sustained insulin resistance with age.
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