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a-Calcitonin gene-related peptide («CGRP) isa neuropeptide thatis expressed in motor and sensory
neurons. It is a powerful vasodilator and has been implicated in diverse metabolic roles. However,
its precise physiological function remains unclear. In this study, we investigated the role of «CGRP
in lipid metabolism by chronically challenging «CGRP-specific knockout («CGRP™/") and control
mice with high-fat diet regimens. At the start of the study, both animal groups displayed similar
body weights, serum lipid markers, and insulin sensitivity. However, «CGRP™/~ mice displayed
higher core temperatures, increased energy expenditures, and a relative daytime (nonactive) de-
pressioninrespiratory quotients, which indicated increased B-oxidation. In response to fat feeding,
aCGRP™/~ mice were comparatively protected against diet-induced obesity with an attenuated
body weight gain and an overall reduction in adiposity across all the three diets examined.
aCGRP™/~ mice also displayed improved glucose handling and insulin sensitivity, lower im and
hepatic lipid accumulation, and improved overall metabolic health. These findings define a new
role for «CGRP as a mediator of energy metabolism and opens up therapeutic opportunities to
target CGRP action in obesity. (Endocrinology 151: 4257-4269, 2010)

alcitonin gene-related peptide (CGRP) is a 37 amino
Cacid neuropeptide that is expressed primarily in motor
and sensory neurons in both central and peripheral ner-
vous systems. CGRP belongs to the calcitonin peptide
family and is characterized by two posttranslational mod-
ifications that are important for activity, and which com-
prise an amidated C terminus and a cyclic N terminus
formed through a disulfide bridge (1). Two distinct ho-
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mologs, «CGRP and BCGRP, have been identified, which
differ by three amino acids in humans and by one amino
acid in rodents (2). «CGRP and calcitonin are derived via
tissue-specific alternative splicing of the primary tran-
script of the CALCA gene (3), whereas BCGRP is the sole
product encoded by a distinct CALCB gene (4).

Both «CGRP and BCGRP and their binding sites, are
widely distributed throughout the central nervous system,

Abbreviations: ACC, Acetyl coenzyme A carboxylase; ALP, alkaline phosphatase; ALT,
alanine transaminase; AMPK, AMP-activated protein kinase; AUC, area under the curve;
CGRP, calcitonin gene-related peptide; «CGRP ™~ , «CGRP knockout; «CGRP™*, aCGRP
control; CS, citrate synthase; fT3, free triiodothyronine; fT4, free thyroxine; GTT, glucose
tolerance test; 3-HAD, 3-hydroxyacyl coenzyme A dehydrogenase; H&E, hematoxylin and
eosin; ITT, insulin tolerance test; LME, linear mixed effects; pACC, phosphorylated ACC;
PAI-1, plasminogen activator inhibitor; pAMPK, phosphorylated AMPK; REML, restricted
maximum likelihood; RQ, respiratory quotient; TRPV1, transient receptor potential vanilloid
1; TSH, thyroid-stimulating hormone.
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including the hypothalamus, cerebellum, and spinal cord
(5-7). In the periphery, the B-isoform is expressed pre-
dominantly in enteric neurons of the gut (8), whereas
aCGRP is colocalized with the classical neurotransmit-
ter acetylcholine in cranial as well as spinal motoneu-
rons (9, 10). CGRP is also expressed in A8- and C-fiber
sensory nerve populations, where its release from var-
ious tissues, including skeletal muscle (11), is stimulated
via activation of the transient receptor potential va-
nilloid 1 (TRPV1) (12).

aCGRP is a potent vasodilator with widespread tissue
distribution (13). Interestingly, CGRP has been implicated
in biological roles by virtue of roles in insulin resistance
(14), food intake (15), cardiovascular conditioning (16),
neuromuscular junction biology (17), immune regulation
(18), and regulation of sympathetic outflow (19). How-
ever, the physiological importance of CGRP in several of
these processes still remains unclear in the light of previous
studies on knockout mice lines lacking expression of
aCGRP. Although some effects have been found in sym-
patheticactivity (20) and bone homeostasis (21), mice oth-
erwise exhibit apparently normal cardiovascular regula-
tion and neuromuscular development (22).

We showed previously that acute incubation of isolated
rat soleus muscle with exogenous «CGRP (100 nm) stim-
ulated muscle lipolysis with associated activation of AMP-
activated protein kinase (AMPK) and B-oxidation to a
level comparable with maximal 5-aminoimidazole-4-car-
boxamide-1-B-ribofuranoside and adiponectin stimula-
tion (23). However, it is still uncertain as to whether these
metabolic actions of CGRP on AMPK activation and
B-oxidation represent physiological or pharmacological
phenomena. On the basis of these findings, we proposed
that «CGRP released from sensory or motor neurons (11)
may regulate lipid metabolism.

To directly investigate the role of «CGRP in lipid ho-
meostasis within a physiological context, we investigated
a specific «CGRP knockout (¢«CGRP~'~) model, in which
the Calca gene has been modified to lack CGRP expression
while retaining normal calcitonin expression (21,22). De-
spite an absence of any obvious phenotype (22), this model
remains uncharacterized with respect to lipid handling. In
this study, we chronically challenged «CGRP™/~ and
aCGRP control («CGRP™*) mice with two high-fat diet
regimens. The mice were assessed for body weight and
metabolic status. These data demonstrate that «CGRP ™/~
mice were protected from diet-induced obesity, which was
associated with increased energy expenditure, improved
metabolic health, and insulin sensitivity. These findings
define a role for «CGRP in metabolic regulation and lipid
management.

aCGRP™~ Mice Protected from Diet-Induced Obesity

Endocrinology, September 2010, 151(9):4257-4269

Materials and Methods

Animals

C57BL/6 control («CGRP™™) and «CGRP™'~ mice were
kindly provided by Ronald Emerson, Vanderbilt University
School of Medicine (Nashville, TN) (22). «CGRP ™/~ mice were
backcrossed into the C57BL/6 background for at least 10 gen-
erations before these studies and maintained as separate ho-
mozygous and wild-type lines. Mice pairs were housed in a con-
trolled environment (12-h light, 12-h dark cycle; room
temperature, 22 * 2 C) with ad libitum access to food and water.
All procedures involving the use of animals were approved by the
University of Auckland Animal Ethics Committee. All experi-
ments were performed in male mice.

Before entry into these studies, all mice were maintained on a
standard colony diet (Teklad TB 2018; Harlan, Madison, WI).
Male mice between 39 and 45 d old and weighing between 19 and
23 g were recruited into either a baseline or fat-feeding study. For
the baseline study, mice were fed a control diet (10% fat,
12450B; Research Diets, New Brunswick, NJ) for 10 d (=49 d
of age) before being killed. For the fat-feeding study, mice were
fed either a control 10% fat diet,a 45% fatdiet (12451; Research
Diets), ora 60% fat diet (12492;Research Diets) for 182d (~224
d of age) before killing. Bodyweight and nonfasted blood glucose
measurements were performed weekly. Total food intake was
calculated as the weight of food lost from the “food hopper.” For
both the baseline study and the fat-feeding study, brief terminal
anesthesia was induced with 5% isoflurane in 2 liter/min O, and
maintained on 2% isoflurane in 2 liter/min O,. Blood was col-
lected directly from the vena cava. Mice were killed via cervical
dislocation while anesthetized. Tissues were collected, weighed,
and snap frozen in liquid N, or processed for histological
analysis.

Western blot analysis

Total protein was isolated from liver or red quadriceps muscle
in extraction buffer [20 mm Tris-HCI (pH 7.4), 1% Triton
X-100, 50 mm NaCl, 250 mMm sucrose, 50 mM NaF, and 5 mm
sodium pyrophosphate] and a protease inhibitor cocktail
(Roche, Basel, Switzerland); 50 pg of liver protein or 30 pug of red
quadriceps muscle protein were then separated by SDS-PAGE.

Hepatic morphology

Approximately S-mm? fresh liver samples were placed in
standard cryo-molds and covered in Tissuetek OCT compound
(Sakura Finetek, Inc., Tokyo, Japan). Tissues were then snap
frozen in liquid N,-precooled isopentane. Frozen sections were
cut at —20 C using a Leica Cryocut 1850 Cryomicrotome and
stained with either hematoxylin and eosin (H&E) (6 uM sections)
or Oil red-O (12-uM sections).

Glucose tolerance test (GTT) and insulin tolerance
test (ITT)

GTTs and ITTs, performed 7 d (or 4 d in the baseline study)
after the GTTs, were performed after a 4-h fast. Glucose (1 g/kg;
David Bull Laboratories, Lidcombe, Australia) or insulin (1
Ul/kg; Actrapid, Novo Nordisk Pharmaceuticals Ltd., Bagsveerd,
Denmark), was administered into the ip cavity and blood glucose
measured (Accu-Chek).
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Temperature distribution

A lubricated 2-mm rectal thermometer was inserted approx-
imately 10 mm inside the rectal cavity and the temperature re-
corded. Core body temperature was measured 2-5 d before the
end of either baseline or fat-feeding portions of the studies (same
room between 0900 and 1100 h, ambient temperature-con-
trolled room 19-21 C, two nonconsecutive days with the two
measurements averaged). Surface body temperature was mea-
sured at a similar time and conditions as the rectal tempera-
tures. Thermal images were then taken from 40 cm above the
mice and maximum surface temperature recorded from these
images with a Ti30 thermal imaging camera (Fluke Corp., San
Diego, CA).

Indirect calorimetry and locomotor activity

Indirect calorimetry was performed in 42- to 49-d-old
aCGRP*"* or «CGRP™/~ mice using an open-circuit system of
the Comprehensive Laboratory Animal Monitoring System (Co-
lumbus Instruments, Columbus, OH).

Mitochondrial enzyme activities

Enzymatic activities of citrate synthase (CS) and 3-hydroxya-
cyl coenzyme A dehydrogenase (3-HAD) were measured spec-
trophotometrically in liver, red quadriceps muscle, and epidid-
ymal adipose tissue homogenates. Briefly, 20—-50 mg of frozen
tissue were homogenized in a 1:10 volume (wt/vol) of ice-cold
homogenization buffer [100 mmol/liter " Tris-HCI (pH 7.5)]
using an Ultra Turrax homogenizer (IKA, Staufen, Germany)
and assayed as described previously (24). Data collection was
performed on a SpectraMax 340 plate reader (Molecular De-
vices, Sunnyvale, CA) and normalized to wet tissue weight.

Serum metabolites and hormones

Serum cholesterol, free fatty acid, high-density lipoprotein,
alkaline phosphatase (ALP), alanine transaminase (ALT), aspar-
tate transaminase, total protein, and triglyceride tests were per-
formed on a Synchron CX5CE (Beckham Coulter, Inc., Brea,
CA). Serum insulin, IL-6, leptin, monocyte chemotactic pro-
tein-1, total plasminogen activator inhibitor (PAI-1), resistin,
and TNF-a were measured using a commercially available kit
(mouse serum adipokine lincoplex kit; Millipore Corp., Bedford,
MA). Serum adiponectin and thyroid-stimulating hormone
(TSH) were measured using ELISA kits [mouse serum adiponec-
tin ELISA (Millipore Corp.) and mouse TSH ELISA, AKRTS-
010E; Shibayagi Co., Ltd., Gunma, Japan)]. Free triiodothyro-
nine (fT3) and free thyroxine (fT4) were measured using EIA kits
(fT3 EIA kit and fT4 EIA kit; Diagnostic Systems Laboratories,
Inc., Webster, TX).

Tissue triglyceride determination

Red quadriceps muscle and liver triglyceride were measured
using an latroscan Mark V"V thin-layer chromatography/flame
ionization detection system and a triple development as de-
scribed in Sewell (25).

Statistics and data analysis

All data are expressed as mean = SEM. Statistical analyses
were performed using GraphPad Prism version 4.2 (GraphPad
Software, San Diego, CA) for unpaired two-tailed # tests and SAS
version 9.1 (SAS institute, Cary, NC) or S-PLUS (Tibco Software,
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Palo Alto, CA) for two-way ANOVA and linear mixed effects
(LME) models fit using restricted maximum likelihood (REML).
The precise methods used are described in the figure legends. P <
0.05 was considered statistically significant.

Results

«CGRP™/~ mice displayed increased core
body temperature

Analyses undertaken on animals from the baseline
study (=49 d of age) showed a lower surface (~0.5 C; P <
0.05) and higher core temperature (by ~1 C; P < 0.05) in
aCGRP™/~ mice compared with «CGRP™'" mice (Fig.
1A). This difference was not observed during the final
week (between d 217 and 219) of the fat-feeding study
(data not shown). Analyses of individual organ weights
from the baseline study showed that «CGRP™/~ mice
had approximately 27% lighter epididymal fat pads,
and approximately 21 and 10% heavier spleen and liver
weights, respectively (Supplemental Table 1, published on
The Endocrine Society’s Journals Online web site at http:/
endo.endojournals.org). Soleus muscle, inguinal, and
mesenteric fat pad weights did not differ. Corresponding
analyses of serum metabolites showed an approximate
9% reduction (P < 0.05) in total cholesterol concentration
in «CGRP ™'~ mice but no differences in either triglyceride
or free fatty acid concentrations (Supplemental Table 1).
There were no significant differences in the thyroid hor-
mones, TSH and T4, or fT3.

aCGRP™/~ mice were protected against
diet-induced obesity

For the fat-feeding study, «CGRP™'~ or «CGRP*'*
mice were each randomized into one of three groups and
administered either the control 10% diet, 45 or 60% fat
diets until 224 d of age. Throughout the study, weekly
body weight measurements were recorded. Mean body
weights upon entry to the fat-feeding study for each of the
six experimental groups did not differ significantly (Fig.
1B). The contribution of diet, age, and genotype to the
growth curve trajectories was analyzed using a LME
model fit using REML. A significant interaction between
age and diet was identified, showing that both «CGRP ™/~
and «CGRP™" mice fed the 45% fat (P < 0.0001) and
60% fat (P < 0.0001) diets had greater rates of body
weight gain compared with respective mice fed the control
10% fat diet. There was also a significant interaction be-
tween age and genotype (P < 0.0001) showing that
aCGRP ™™ experienced a more rapid weight increase than
a«CGRP ™~ mice for all three diets. At the end of the fat-
feeding study, mean body weights of «CGRP™'* mice
were 16, 12, and 9% heavier than «CGRP™/~ mice on the
corresponding 10, 45, and 60% fat diets (Fig. 1B).
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FIG. 1. «CGRP™’~ mice exhibit a lean phenotype despite increased
food intake. A, Surface (n = 6/group) and core body temperature
(n = 12-14 mice/group) in mice at 49 d (baseline study).
Representative images taken using a thermal imager are shown.
Statistical significance was analyzed using unpaired Student’s t test. All
values are expressed as mean = sem. B, Weight and age-matched
aCGRP™~ (open circle) and «CGRP** (closed circle) mice were fed
from 42 d of age either a control 10% fat diet or one of two high-fat
diets containing 45 or 60% calories from fat (fat-feeding study). Body
weights were measured weekly and expressed as mean = sem (n =
12-14 mice/group). C, Corresponding blood glucose concentrations
as measured weekly (n = 12—14 mice/group). Both the weight
trajectories and blood glucose profiles were analyzed using a LME
model fit using REML and revealed significant age * diet (P < 0.0001)
and genotype * age interactions (P < 0.0001) for each of the three
diets. D, Total food intake (n = 6-7 mice/group) over the period of
42-224 d. E, Total food intake normalized to weight gain over the
period of 42-224 d (n = 6-7 mice/group). Statistical significance was
analyzed by two-way ANOVA and Tukey-Kramer post hoc analyses.
All values are expressed as mean =+ sem. *, P < 0.05; **, P < 0.01;
*x* P <0.001.
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Fasting blood glucose was measured weekly during the
fat-feeding study (Fig. 1C). At the start of the study, mean
fasting glucose concentrations for each of the six experi-
mental groups were not significantly different. However,
statistical analyses revealed a significant interaction be-
tween age and genotype (P < 0.0001), revealing increasing
divergence in blood glucose concentrations between
aCGRP** and «CGRP™'™ mice on the 45 and 60% fat
diets. These findings showed that the lower rate of weight
gain in the «CGRP ™/~ mice was associated with improved
glucose homeostasis in response to high-fat feeding.

Cumulative food intake over the duration of the fat-
feeding study was measured for each of the six experi-
mental groups. Over this period, the total calorie intake of
mice from both genotypes on the 60% fat diet was signif-
icantly higher than that of mice on the control 10% (P <
0.001) and 45% fatdiet (P < 0.001). «CGRP /™ mice also
showed a small yet significant increase in total food intake
over this period compared with «CGRP™* mice (P <
0.05) (Fig. 1D). This absolute increase in food intake for
a«CGRP ™~ mice translated into an overall increased ca-
loric intake when normalized for body weight gain over
the study period and across all diets (P < 0.001) (Fig. 1E).

Analyses of final organ weights from the fat-feeding
study at 224 d revealed a significant effect of dietary fat
content (P < 0.001) to increase liver weight for both
aCGRP ™~ and «CGRP™*"* mice (Supplemental Table 2).
Nevertheless, livers weighed on average approximately
40% less in «CGRP™/~ mice (P < 0.001) compared with
their wild-type counterparts across the three diets. Mean
spleen weight also mirrored this reduction (Supplemental
Table 2). There were also significant genotype effects on
adipose mass with overall lighter inguinal (P < 0.001)
and mesenteric (P < 0.01) but not epididymal fat pad
masses in «CGRP™'~ compared with «CGRP*'* mice.
Soleus muscles weighed significantly less (P < 0.05) in
aCGRP™'~ compared with «CGRP™* mice.

aCGRP~/~ mice displayed altered respiratory
quotient (RQ) and increased energy expenditure
Indirect calorimetry of baseline mice revealed a diver-
gence in both VO, (Fig. 2A) and VCO, (genotype * time
interaction, P < 0.001) (Fig. 2B). In particular, both pa-
rameters were higher in «CGRP™'~ compared with
aCGRP*'* mice with this difference first evident around
the transition from dark to light period. These changes
were reflected by apparently higher energy expenditure
over the same period (genotype * time interaction, P <
0.05) (Fig. 2C). «CGRP /™ mice also exhibited a decline
in RQs, beginning at the 2-h active period and continuing
for 1 h into the dark period, indicating a metabolic par-
titioning toward B-oxidation (genotype * time interaction,
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FIG. 2. Indirect calorimetry, feeding behavior, and locomotor activity in baseline «CGRP*/*

(closed circle) and «CGRP™~ (open circle) mice. Male mice between 39 and 45 d old and
weighing between 19 and 23 g were acclimated to respirometry chambers for approximately
72 h followed by a 24-h period of data collection. Chambers were equipped with two arrays
of infrared beams for continuous measurement of X-activity (horizontal) and Z-activity
(vertical). Infrared beam-breaks in both the x- and z-axes were quantified as counts. Studies
were performed under a 12-h light, 12-h dark cycle at a room temperature of 22 + 2 C.
During this period, VO, (A), VCO, (B), energy expenditure (C), RQ (D), food intake (E), water
intake (F), X-activity (G), and Z-activity (H) were measured. Values are expressed as mean =
sem (n = 10-12 mice/group). Mean = sem body weights of «CGRP*'* and aCGRP™~ mice
before acclimatization were 21.5 = 0.5 g (n = 10) vs. 20.9 + 0.3 g (n = 12, not significant),
respectively. The dark cycle between 6 and 18 h is shaded. A repeated measures analysis
using REML, assuming compound symmetry, was performed on the data (SAS version
9.1). Comparisons of a priori interest were contrasted and unadjusted P values are
shown. *, P < 0.05; **, P < 0.01; ***, P < 0.001.

P < 0.001) (Fig. 2D). This was associated with possible
variations in daily food intake (genotype * time interac-
tion, P < 0.05) (Fig. 2E). There was increased water intake
between 14 and 18 h in «CGRP ™/~ mice (genotype * time
interaction, P <0.001) (Fig. 2F). There were no significant
differences in physical activity over the 24-h period be-
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tween the two groups (genotype * time
interaction, not significant) (Fig. 2, G
and H).

«CGRP™’~ mice displayed
improvement in metabolic
markers of obesity and
insulin resistance

In the baseline study, there were no
differences in glucose handling between
a«CGRP ™~ and «CGRP*'" mice as an-
alyzed by unpaired Student’s # test on the
total area under the curve (AUC) (data
not shown). Intraperitoneal GTTs were
performed in animals from the fat-feed-
ing study at 119, 161, and 206 d (Fig. 3).
Statistical analyses for the fat-feeding
study (Supplemental Table 3) revealed,
as expected, impaired glucose handling
for both «aCGRP™'~ and «CGRP*'*
mice fed either the 45% fat or 60% high-
fat diets (P < 0.0001) compared with
mice fed the control 10% diet. Impor-
tantly, the effect of diet was genotype de-
pendent with more efficient glucose han-
dling in «CGRP™"~ mice compared with
aCGRP™* mice on the 45% (P <
0.0001) and 60% (P < 0.0001) diets at
all time points except for the 60% fat diet
at 206 d, where there was no difference.
There was also a significant genotype dif-
ference on the control 10% diet at 206 d.

Intraperitoneal ITTs were performed
at126,168,and 213 d (Fig. 4) and curves
analyzed by total AUC for each of the
three dietary groups (Supplemental Ta-
ble 4). Overall, ipITT responses mirrored
the differences observed for the ipGTT
responses for both «CGRP™'~ and
aCGRP*'* mice with a decrease for ei-
ther the 45% fat or 60% fat diets relative
to the control 10% diet. However, the
effect of diet was again genotype depen-
dent with more efficient insulin handlI-
ing in «CGRP™~ mice, relative to
aCGRP** mice on the 45 and 60% fat
diets at d 126 and 168. Otherwise, there

were no genotype differences on the 10% diet at these two
time points. At d 213, «CGRP ™/~ mice displayed better in-
sulin handling for both 10 and 45%. However, this effect
was attenuated on the 60% diets at 213 d. Overall, these
findings showed that «CGRP™/~ mice displayed improved



4262 Walker et al. aCGRP™~ Mice Protected from Diet-Induced Obesity
10% 45% 60%
30+
wf;%?‘ﬂ
0
30— T T 11 | T 1 I T T 1
s
E 204
161 days 2
8
E 10—&:&‘:@
[&]
0 T T 1T T T 1T T T 1
30+
20
206 days
10
0 T T 10 T T ] T T T 1
0 40 80 120
Time (min)

FIG. 3. «CGRP™~ mice display improved glucose handling. GTTs were
sequentially performed at 119, 161, and 206 d on the same aCGRP ™/~
(open circle) or aCGRP** (closed circle) animal cohort from the fat-
feeding study. Statistical analyses were performed on the total AUC using
a LME model fit using REML and are summarized in Supplemental Table 3.
Data are shown as mean = sem (n = 9—-16 mice/group).

glucose tolerance and insulin handling in response to fat feed-
ing. The data also suggest that this improvement can be over-
come by the extremes of high-fat diets and age.

In the baseline study, there was no difference between
the serum insulin concentrations of «CGRP™/~ and
aCGRP*'" mice (Fig. SA). However, in the fat-feeding
study, there were increased serum insulin concentrations
in both «CGRP~/~ and «CGRP ™/ mice on the 45% (P <
0.05) and 60% fat diets (P < 0.01) vs. the control 10%
diet. There was also a significant genotype effect (P <
0.01), showing lower overall serum insulin concentrations
in «CGRP ™™ mice across the three diets (Fig. SA).

Circulating levels of resistin were similar between 49-
d-old (baseline study) and 224-d-old mice (fat-feeding
study) fed the 10% fat diet (Fig. 5B). However, by 224 d,
resistin levels were increased in «CGRP™/~ mice admin-
istered either the 45 or 60% fat diets (P < 0.01) vs. the
10% fat diet and in «CGRP™'* mice administered the
60% fat diet (P < 0.01) vs. mice fed either the 10 or 45%
fat diets (Fig. 5B). Serum leptin levels were also elevated in
224-d «CGRP™’~ mice administered the 60% high-fat
diet vs. 10% diet (P < 0.001) (Fig. 5C). The effect of diet
was genotype dependent with a lower leptin serum con-
centration in «CGRP™/~ mice compared with « CGRP™*
mice relative to the 10% fat diet (P < 0.05) (Fig. 5C). These
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FIG. 4. «CGRP™/~ mice display improved insulin tolerance. ITTs were
sequentially performed at 126, 168, and 213 d on the same a«CGRP™/~
(open circle) or «aCGRP™* (closed circle) animal cohort from the fat-
feeding study. Total AUC was analyzed using a LME model fit using
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dietary-induced increases in resistin and leptin concentra-
tions occurred in the absence of significant differences in adi-
ponectin concentrations (Supplemental Table 5).

For the baseline study, soleus muscle triglyceride con-
tent was not significantly different between genotypes at
49 d (Fig. 5D). However, lipid analyses taken at 224 d for
the fat-feeding study showed significant triglyceride accu-
mulation in the soleus muscle of both «CGRP™'~ and
aCGRP*"* mice on the 45% (P < 0.001) and 60% fat
diets (P < 0.001) vs. the control 10% diet (Fig. 5D). There
was also a genotype effect (P < 0.001), showing lower
triglyceride content in «CGRP™/~ mice across all diets.
Overall, the leaner phenotype of «CGRP ™/~ mice was as-
sociated with improved glucose handling, improved insu-
lin sensitivity, lower hyperinsulinemia, and a reduction in
skeletal muscle triglyceride content.

Development of fatty liver induced by high-fat
feeding was attenuated in «CGRP™/~ mice

No gross differences in liver morphology were observed
between «CGRP ™"~ and «CGRP™/* mice from the baseline
study at 49 d, as indicated by H&E and Qil red-O staining
(Fig. 6A). However, for the fat-feeding study, both animal
groups showed fatty liver as a consequence of high-fat feed-
ing. As described above, compared with «CGRP™"*
livers weighed approximately 40% less in «CGRP ™/~ mice

mice,
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FIG. 5. The 224-d «CGRP™'~ mice display improved levels of serum biomarkers associated with obesity. A, Serum insulin concentrations. B, Serum
resistin concentrations. C, Serum leptin concentrations. D, Soleus muscle triglyceride content. Values are expressed as mean =+ sem (n = 9-12
mice/group, except soleus muscle, n = 5 mice/group). *, P < 0.05; **, P < 0.01; ***, P < 0.001. Analyses at 49 d were performed on a separate
animal cohort (baseline study). Statistical analyses were performed using two-way ANOVA and where a significant genotype * diet interaction was
observed, the post hoc Tukey-Kramer tests are represented by hashed symbols. #, P < 0.05; #, P < 0.001.

(Supplemental Table 2). Further, H&E staining revealed the
presence of lacunae in sections from both «CGRP ™/~ and
aCGRP** mice, consistent with loss of lipid during the
staining process; these appeared smaller and less dense in the
livers derived from «CGRP™/~ mice. Complementary Oil
red-O staining confirmed this observation showing smaller
and less dense globular droplets in «CGRP ™/~ mice livers
(Fig. 6A). Lipid droplets were distributed in a focal diffuse
manner that was more pronounced in «CGRP~/~ mice and
were associated with an apparent increase in pyknotic nuclei
content.

Collectively, these observations suggested that lower
lipid accumulation was a major contributing factor to the
decreased liver weight in «CGRP ™/~ mice compared with
aCGRP ™ mice in the fat-feeding study. Consistent with
visual inspection, quantitative measurements and analyses
showed that liver triglyceride content was increased in
both «CGRP™’~ and «CGRP™/* mice administered the
10% fat diet compared with their respective counterparts
at baseline (Fig. 6B). In the fat-feeding study, liver triglyc-
eride content was increased in «CGRP ™/~ mice on the 60%
(P <0.001) and 45% (P < 0.01) fat diets compared with the
control 10% diet and on the 60 vs. 45% fat diet (P < 0.05)
(Fig. 6B). The effect of fat-feeding was also genotype depen-
dent with lower liver triglyceride content in «CGRP ™/~ mice

administered the 10% (P < 0.001) and 45% (P < 0.05) diets
compared with «CGRP*'* mice (Fig. 6B).

Analyses showed that ALT concentrations did not dif-
fer between «CGRP™"* and «CGRP ™'~ mice in the base-
line study but were increased by approximately 10-fold in
aCGRP*" mice with age (fat-feeding study) (Fig. 6C). By
comparison, in the fat-feeding study, ALT concentrations
were lower in «CGRP '~ mice relative to «CGRP*'* mice
for all three diets (P < 0.001) (Fig. 6C). Plasma concen-
trations of PAI-1 were also increased in both «CGRP*/*
and «CGRP ™'~ mice in response to the 60% fat diet vs. the
45% fatdiet (P < 0.01) and in response to the 60% fat diet
vs. the control 10% diet (P < 0.001) (Fig. 6D). Neverthe-
less, overall levels were lower in «CGRP™/~ mice com-
pared with «CGRP™'" mice across the three diets (P <
0.05) (Fig. 6D). Collectively, these findings demonstrated
that the comparative overall reduction in liver triglyceride
content in «CGRP ™/~ mice was associated with improve-
ment in biomarkers of liver function.

Analyses of other terminal serum biomarkers from the
fat-feeding study (Supplemental Table 5) revealed a di-
etary effect on ALP concentrations that was genotype de-
pendent. However, absolute serum ALP concentrations all
fell within accepted normal ranges reported for mice (26,
27). Total serum protein concentration was slightly lower
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(P < 0.01) in «CGRP™’~ mice than in «CGRP""" mice
(Supplemental Table 5). Serum free fatty acid concentra-
tions were also significantly increased in response to the 45
and 60% fat diets vs. the control 10% fat diet in both
a«CGRP ™~ mice and «CGRP™'* mice. Total serum choles-
terol was also increased in «CGRP™'* and «CGRP ™~ mice
in response to the 45 and 60% fat diets vs. the control 10%
fat diet (Supplemental Table 5). Nevertheless, total serum
cholesterol levels were lower in «CGRP™/~ mice compared
with «CGRP™* mice across all three diets. Taken together,
these observations showed liver lipid accumulation was as-
sociated with an expected impairment in liver function, but
that these effects were attenuated in «CGRP™/~ mice.

aCGRP~/~ mice displayed an overall reduction in
adiposity with no evidence for altered immune or
thyroid function

Tissue analyses were consistent with overall lower ad-
iposity in «CGRP ™'~ mice (Supplemental Table 2). There
were no significant differences in the thyroid hormones,
TSH, and fT4. However, mean serum fI'3 concentration

was approximately 26 % lower (P < 0.001) in «CGRP ™/~
mice than «CGRP*" mice (Supplemental Table 5), pos-
sibly resulting from altered extrathyroidal metabolism.
Although TNF-a concentrations in «CGRP ™/~ mice were
increased in the baseline study, there were no significant
differences on circulating levels of monocyte chemotactic
protein-1 and IL-6 (Supplemental Table 5).

aCGRP~/~ mice displayed altered AMPK and acetyl
coenzyme A carboxylase (ACC) signaling and
expression in liver and skeletal muscle

Analyses of livers taken from 4-h fasted animals in the
baseline study revealed increased contents of both phos-
phorylated AMPK (pAMPK), and phosphorylated ACC
(pACC) but not total ACC content in «CGRP™/~ mice
(Fig. 7A). In the case of pACC, visual inspection of the
blots showed that the higher phosphorylated content was
due primarily to a 285-kDa protein band consistent with
the pACC-2 isoform (Fig. 7A). Total AMPK content was
not significantly different (data not shown). In the fat-
feeding study, there was no significant change in terminal
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liver pAMPK or total AMPK (data not shown) content
(Fig. 7B). However, both pACC and total ACC contents
were lower in «CGRP ™/~ mice on the control 10% fat diet,
indicating decreased ACC protein expression. In red quad-
riceps muscle, neither pAMPK content nor pACC content
differed significantly between «CGRP ™/~ and «CGRP*/*
mice from the baseline study (Fig. 7C). However, terminal
pAMPK content was significantly higher in «CGRP ™/~
mice compared with «CGRP*'* mice on the control 10%
fat diet (fat-feeding study) (Fig. 7D). There were no asso-
ciated changes in either pACC or total ACC contents.

Mitochondrial function was improved in liver and
skeletal muscle of «CGRP™/~ mice

CS activity was measured in liver and red quadriceps of
aCGRP ™/~ and «CGRP*'* mice. There were no significant

differences in maximal CS activity between «CGRP ™/~ and
aCGRP** mice in the baseline study in either of these tis-
sues (Fig. 8). However, in the fat-feeding study, CS activity
in the liver was lower in «CGRP~/~ and «CGRP™'* mice
fed the 45% (P < 0.001) and 60% (P < 0.001) fat diets vs.
the control 10% fat diet (Fig. 8A). Nevertheless, a small
but significant genotype effect was observed (P < 0.05),
showing increased CS activity in the livers of «CGRP ™/~
mice across all the diets (Fig. 8A). In red quadriceps mus-
cle, CS activity was increased in both «CGRP™/~ and
aCGRP ™" mice in response to the 45% (P < 0.01) and
60% (P < 0.01) fat diets vs. the control 10% diet (Fig.
8B). There was also a significant genotype effect (P <
0.05), showing increased red quadriceps CS activity in
aCGRP ™/~ mice vs. «CGRP™'* mice across all diets
(Fig. 8B).



4266 Walker et al. aCGRP™~ Mice Protected from Diet-Induced Obesity Endocrinology, September 2010, 151(9):4257-4269

A s 25 B ., [10% §45% §60% this strain to test whether ablation of

- " z & endogenous aCGRP expression gltered

z E . 860 . obesity-related issues with lipid ho-

g 15 L = {% “54 I meostasis and insulin resistance. In this

‘; ;CE; 1.0] 1.0 j 1 g E 1 study, the increased caloric intake in the

5% osl| (i £ 20 2 wild-type «CGRP™"* groups showed

. « | the expected increased weight gain, a

+H+ - +H+ /- progressive impairment of glucose han-

C o . D d'ling ?nd insulin sensitivity, hyperinsq—

< : 20 2.04 linemia, elevated skeletal muscle tri-

Eos 9% o glyceride content, and development of

g _E’ 06 E—; . ’ fatty livers with perturbed biochemical
3 g * £ Z1o= =] 10 profiles.

- o 8c In contrast, the most striking find-

"f'; 0.2 g £F i ings were that «CGRP™/~ mice dis-

il g played lower body weight, improved

ks e I e i s glucose handling and insulin sensitiv-

T 49d 224 d 49 d 224 d ity, lower hyperinsulinemia, and lower

FIG. 8. Enzymatic markers of mitochondrial function in «CGRP*/* and aCGRP~’~ mice. CS overall adiposity compared with the

activities in liver (A), red quadriceps muscle (B), 3-HAD activities in liver (C), and red
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Corresponding measurements of 3-HAD were decreased
in the livers of baseline «CGRP ™'~ mice (P < 0.05) (Fig. 8C).
However, in the fat-feeding study, terminal liver 3-HAD ac-
tivity was increased in «CGRP™/~ and «CGRP™/* mice in
response to the 60% (P < 0.01) fat diets relative to the 45%
(P < 0.01) and control 10% fat diets (P < 0.001) (Fig. 8C).
There was also a significant genotype effect (P < 0.01), re-
vealing increased 3-HAD activity in «CGRP ™/ mice across
all diets (Fig. 8C). By contrast, in red quadriceps muscle, there
were no significant changes in 3-HAD activity in either the
baseline or fat-feeding studies (Fig. 8D).

Mitochondrial DNA copy number also revealed changes
in the relative ratio of mitochondrial cytochrome b DNA to
the genomic a-globin DNA levels. In the liver of 224 d mice,
there was a significant reduction in this ratio in «CGRP*'*
mice but not in «CGRP ™'~ mice on the 60% vs. 10% fat diet
(Supplemental Fig. 1A). By comparison, in red quadriceps
muscle at 224 d, there was a relative reduction in mitochon-
drial DNA copy number ratio in «CGRP ™/~ mice compared
with control mice (Supplemental Fig. 1B). There was also an
effect of the 45 % diet on this ratio in «CGRP ™'~ mice, which
was increased compared with the 10 and 60% fat diets (Sup-
plemental Fig. 1B).

Discussion

The genetically susceptible C57BL/6] mouse strain pro-
vides a useful model for diet-induced obesity (28). We used

aCGRP™* mice on equivalent diets.
Moreover, these improved characteris-
tics were associated with increased
overall caloric intakes in «CGRP™/~
mice over the fat-feeding trial period.
This increased food intake could reflect a physiological
role for CGRP in satiety as demonstrated in rats after cen-
tral administration of the CGRP receptor peptide antag-
onist, CGRP(8-37), which resulted in an increase in food
intake (29).

Accumulation of lipid within the liver is a characteristic
of obesity, leading to nonalcoholic fatty liver disease and
eventual nonalcoholic steatohepatitis (30). A terminal
metabolic snapshot from the fat-feeding study showed
that «CGRP™/~ mice fed the control diet and the two
high-fat diets displayed attenuated symptoms of fatty liver
dysfunction, as indicated by lower hepatic triglyceride
content, liver mass, and serum ALT concentrations.
aCGRP™/~ mice also exhibited lower high-density li-
poprotein-C and total cholesterol across all diets. De-
creased liver triglyceride contents also coincided with an
increased B-oxidation marker activity (3-HAD) in liver
and lower expression of ACC, an enzyme involved in
lipogenesis.

Triglyceride accumulation in skeletal muscle is closely
associated with the development of insulin resistance
(31). In skeletal muscle, lower triglyceride content in
aCGRP ™/~ mice was associated with higher activities of
the mitochondrial marker CS, in response to high-fat feed-
ing compared with «CGRP*"* mice. Notably, CS activity
increased in rat skeletal muscle after chronic pharmaco-
logical AMPK activation by 5-aminoimidazole-4-carbox-
amide-1-B-ribofuranoside (32). This suggests that the
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higher pAMPK content in red quadriceps of «CGRP ™/~
mice could be linked to increased CS activity and therefore
mitochondrial capacity.

We cannot discount other chronic compensatory back-
ground factors, for example, changes in the receptor ac-
tivity-modifying protein 1 and calcitonin receptor-like re-
ceptor subunits that comprise the CGRP receptor (33).
However, as indicated by the core body temperature and
indirect calorimetery data, increased energy expenditure
leading to a lower body weight gain and adiposity best
explains the associated metabolic resistance of « CGRP ™/~
mice to overfeeding. Although we did not include a sep-
arate food-restricted animal group to directly test this pos-
sibility, our experimental design using two concurrent
high-fat diets clearly defined a positive relationship be-
tween increased body weight gain and metabolic impair-
ment. In addition, the lower RQ, in conjunction with no
apparent change in energy expenditure in «CGRP ™/~
mice, observed during the less-active daytime indicates
elevated B-oxidation flux, and this could also contribute
to lower ectopic fat stores.

How could «CGRP mediate these observed effects on
energy expenditure? We found no evidence for altered
levels of circulating thyroid hormones between knockout
and wild-type mice. There is, however, a potential mech-
anistic link with A8- and C-fiber sensory nerves that co-
express CGRP and the heat-sensitive calcium channel re-
ceptor, TRPV1. These sensory nerves innervate core body
organs, such as the liver (34), brown fat (35), and skeletal
muscle (11, 36), and play a role in thermogenesis via reg-
ulation of TRPV1 (37). Their stimulation by capsaicin
results in hypothermia, whereas TRPV1 antagonists
evoke the reverse hyperthermic effects (37). Because
CGRP sensory nerve release occurs with activation of
TRPV1 (11, 12), it is possible that CGRP acts as a down-
stream mediator of TRPV1 and could therefore poten-
tially mediate the thermogenic actions of sensory nerves.
Consistent with this possibility is the absence of CGRP
sensory nerve release in Trpv1 knockout mice in response
to TRPV1 receptor activation (38).

There are strong similarities between our findings and
fat-feeding studies in Trpv1 knockout mice (39). Here, a
high-fat diet also resulted in a comparative decrease in
body weight gain, adipose mass, and liver lipid droplet size
relative to control mice (39). Although Trpr1 ™'~ mice
displayed similar calorie intakes and dietary lipid absorp-
tion, they showed increased thermogenic capacities rela-
tive to control mice (39). Similar to our findings with
aCGRP ™'~ mice, the Trpv1 knockout mice are thought to
be leaner due to elevated energy expenditure. Similarities
can also be drawn with chronic capsaicin-induced sensory
denervation in rats that results in depletion of CGRP and
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other neuropeptides (40). This study also reported a sim-
ilar phenotype as with «CGRP™'~ mice with decreased
body weight gain and adiposity in the face of high-fat diets
(41) and improved age-associated insulin resistance (42)
and glucose tolerance (43).

Recentevidence suggests that skeletal muscle may actin
a thermogenic capacity via mitochondrial uncoupling
(44). Tt is therefore potentially significant that TRPV1-
containing CGRP-positive sensory nerve fibers innervate
this tissue and may account up to 95% of total CGRP
content (36). CGRP is also expressed at the neuromuscu-
lar junction of motoneurons and cosecreted with acetyl-
choline in response to contraction-induced stimuli. It is
therefore quite possible that CGRP exerts multiple phys-
iological effects in skeletal muscle, and this may in part
explain why incubation of isolated rat soleus muscle with
exogenously administered CGRP acutely activates AMPK
and increases B-oxidation (23).

In summary, we provide exciting new data showing
that «CGRP ™/~ mice were protected against diet-induced
obesity. The attenuated gain in body weight was asso-
ciated with lower fat storage, lower hepatic lipid accu-
mulation, and a substantial improvement in metabolic
health. Before commencement of the fat-feeding study,
aCGRP ™/~ mice also displayed intrinsically higher base-
line core body temperature, lipid metabolism, and energy
expenditure. The remarkable similarities of this model
with the phenotypes of mice with either sensory denerva-
tion or disruption of Trpv1 strongly implicates CGRP as
a core mediator of sensory nerve action in energy metab-
olism. Further, because CGRP secretion from sensory
nerves is elevated in preobesity (43), attenuation of
aCGRP action may provide new therapeutic opportuni-
ties to regulate body weight in obesity.
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