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GPRCG6A is not Required for the Effects of a High-Protein
Diet on Body Weight in Mice

James S. Kinsey-Jones', Amin Alamshah’, Anne K. McGavigan', Eleanor Spreckley’, Katherine Banks',
Nicholas Cereceda Monteoliva', Mariana Norton', Gavin A. Bewick'?, and Kevin G. Murphy'

Objective: The G-protein coupled receptor family C group 6 member A (GPRC6A) is activated by
proteinogenic amino acids and may sense amino acids in the gastrointestinal tract and the brain. The
study investigated whether GPRC6A was necessary for the effects of low- and high-protein diets on
body weight and food intake in mice.

Methods: The role of GPRC6A in mediating the effects of a low-protein diet on body weight was investi-
gated in GPRC6a knockout (GPRC6a-KO) and wild-type (WT) mice fed a control diet (18% protein) or a
low-protein diet (6% protein) for 9 days. The role of GPRC6A in mediating the effects of a high-protein
diet on body weight was investigated in GPRC6a-KO and WT mice fed a control diet (18% protein) or a
high-protein diet (50% protein) for 5 weeks.

Results: A high-protein diet reduced body weight gain and food intake compared with a control diet in
both WT and GPRC6a-KO mice. A low-protein diet decreased body weight gain in GPRC6a-KO mice.
Conclusions: GPRC6A was not necessary for the effects of a low- or high-protein diet on body weight

and likely does not play a role in protein-induced satiety.

Obesity (2015) 23, 1194-1200. doi:10.1002/0by.21083

Introduction

Protein has a powerful satiating effect that is greater than that of carbo-
hydrate or fat (1). High-protein diets reduce food intake, facilitate
weight loss, and improve body composition in both humans and animal
models (2,3), but they are difficult to adhere to. Rodents have been
shown to avoid low-protein diets, resulting in reduced body weight
when ad libitum fed such a diet (4). In contrast, feeding rodents diets
moderately low in protein can cause initial periods of reduced food
intake, followed by a subsequent increase in food intake and body fat
which is thought to reflect a drive to increase protein intake (5,6). Diets
containing disproportionate amounts of specific amino acids can also
result in changes in food intake (7). However, although several possi-
bilities have been proposed (8), the precise mechanisms by which pro-
tein intake is sensed in order to modulate appetite remain to be eluci-
dated (9). Exploiting the systems by which protein suppresses appetite
may be a viable approach to the treatment of obesity (2).

The digestion of proteins results in the production of small peptides
and amino acids in the lumen of the gastrointestinal tract. Recent

evidence suggests that L-amino acids may be sensed by a group of
promiscuous G-protein coupled receptors which include the T1R1/
TIR3 heterodimer, the calcium sensing receptor (CaSR), and the
G-protein coupled receptor family C group 6 member A (GPRC6A).
Both human and mouse GPRC6A orthologs are activated by basic
L-amino acids, including arginine, lysine, ornithine, and several ali-
phatic amino acids (10). Arginine and lysine have been demon-
strated to reduce appetite in rodents, though the mechanisms by
which they mediate these effects are unclear (11). GPRC6A is
expressed in a wide range of tissues (12), suggesting it may serve a
diverse range of physiological functions, and there is interest in
GPRC6A as a potential novel target in therapeutic areas such as
metabolism, obesity, and endocrine function (13).

GPRC6a knockout (GPRC6a-KO) mouse models have previously
been used to investigate the physiological roles of GPRC6A. Pi et al.
generated the first global GPRC6a-KO mice by targeted deletion of
exon II (GPRC6a%*°" 2"/7)) (14). Exon II encodes for a minor part of
the venus fly trap domain of the receptor which contains an orthosteric
binding site for endogenous ligands. This mouse is reported to have

! Section of Investigative Medicine, Department of Medicine, Imperial College London, Hammersmith Hospital, London, UK. Correspondence: Kevin G.
Murphy (k.g.murphy@imperial.ac.uk) > Division of Diabetes and Nutritional Sciences, King’s College London, Guy’s Campus, London, UK.

Funding agencies: The section is funded by grants from the MRC, BBSRC, and NIHR, an Integrative Mammalian Biology (IMB) Capacity Building Award, an FP7-
HEALTH-2009-241592 EuroCHIP grant, and the NIHR Imperial Biomedical Research Centre Funding Scheme. JKJ and KGM are funded by BBSRC project grant BB/
1001816/1. NCM was funded by a British Society for Neuroendocrinology Student Summer Laboratory Experience Grant. MN was funded by a Society for Endocrinology

Summer Studentship.
Disclosure: The authors declared no conflict of interest.
Additional Supporting Information may be found in the online version of this article.

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium, provided

the original work is properly cited.

Received: 6 October 2014; Accepted: 19 February 2015; Published online 9 May 2015. doi:10.1002/0by.21083

1194 Obesity | VOLUME 23 | NUMBER 6 | JUNE 2015

www.obesityjournal.org



Original Article
OBESITY BIOLOGY AND INTEGRATED PHYSIOLOGY

multiple physiological abnormalities, including disrupted bone metab-
olism, feminization of the male mice, adiposity, and glucose intoler-
ance. Wellendorph et al. subsequently described another GPRC6a-KO
mouse, in which exon VI, containing the entire 7 transmembrane and
C-terminal region of the receptor, was disrupted (GPRC6a®*" 6/7))
(15). In contrast to the GPRC62°** 2~/ model, the GPRC6a®*" 6~/
) model has been reported to have a normal bone phenotype and nor-
mal glucose tolerance (15,16).

GPRC6a°*" /) mice with ad libitum access to standard chow
diet have normal food intake and body weight progression (15), but
GPRC6a™™ 2/ mice on the same diet have increased
adiposity (14). However, a recent study demonstrated that
GPRC6a°*" ®/7) mice show a similar phenotype when placed on
a high-fat diet, becoming hyperphagic and exhibiting increased body
weight and impaired glucose homeostasis (17). Therefore, despite
the differences between the knockout models, evidence suggests a
role for GPRC6OA in energy homeostasis and metabolism.

GPRCO6A expression has been reported in the alimentary system, spe-
cifically within gastrin expressing cells of the stomach (18), and in
pancreatic tissue, and it has also been detected in the mouse TC-6 pan-
creatic fi-cell line (19). It has been suggested that GPRC6A mediates
the effects of the amino acid L-arginine on insulin release from mouse
pancreatic islet (20), though this has not been found by all groups
(16). In addition, the bone-derived hormone osteocalcin has been
reported to enhance GPRC6A activity (21), though in a recent study
another group were not able to demonstrate osteocalcin agonism at
GPRC6A (22). Osteocalcin promotes beta cell proliferation and can
stimulate insulin release directly and indirectly via the release of
glucagon-like peptide-1 (GLP-1) from enteroendocrine cells, and these
effects are thought to be mediated by GPRC6A, as demonstrated using
an exon II pancreas-specific GPRC6a-KO mouse model (23). GLP-1
expressing L cells in the intestine sense nutrients in order to regulate
glucose and energy homeostasis (24). This data is thus in accord with
suggestions that GPRC6A acts as a nutrient sensor in the digestive sys-
tem (25), though the relative expression of GPRC6A in different
regions of the gut has not been reported. It has been proposed that
GPRC6A may sense amino acids in order to detect protein ingestion
and modulate food intake accordingly and thus may be a useful target
for pharmacological agents to treat obesity (13,26). However, the
physiological role of GPRC6A in mediating the response to altered
protein intake is unknown. We investigated the acute and chronic
effects of altered dietary protein concentrations on food intake and
body weight in wild-type (WT) and GPRC6a-KO mice to assess the
putative role played by GPRC6A in modulating protein-induced
changes in energy homeostasis.

Methods

Animals

The GPRC6a-KO model used in our studies was obtained from the
Knockout Mouse Project (KOMP) (27). The C57BL/6NTac inbred
mouse was used as the genetic background for developing the
GPRC6a-KO congenic strain (Taconic, USA). The deleted region con-
sisted of 16,596 base pairs, which completely covers the GPRC6a
locus. GPRC6a-targeted heterozygous C57B1/6N mice were bred to
produce homozygous GPRC6a-KO animals and WT littermate con-
trols. All experiments were conducted in 6-8 week old male mice indi-
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vidually housed on a 12 h light: 12 h darkness cycle under controlled
temperature and humidity. We found no difference in basal glucose
levels or in the response to an intraperitoneal glucose tolerance test
(IPGTT) between GPRC6a-KO animals and WT controls (Supporting
Information Figure S1). All animals were weight-matched prior to the
start of the chronic studies. Animal procedures were approved under
the UK Home Office Animals (Scientific Procedures) Act 1986.

GPRC6a expression in the gastrointestinal tract

A cohort of WT and GPRC6a-KO mice fed RM1 standard chow
diet (RM1 diet; Special Diet Services, Witham, Essex, UK) were
fasted overnight to avoid any effects of acute food intake on gene
expression. Mice were then decapitated and stomach, duodenum,
jejunum, ileum, and colon rapidly removed, snap frozen, and stored
at —80°C for RNA extraction and qPCR. Total RNA was extracted
from gastrointestinal tissues using TRI reagent (Sigma-Aldrich,
Poole, UK) in accordance with the manufacturer’s instructions.
Reverse transcription was carried out using the High Capacity
cDNA Reverse Transcription Kit (Life Technologies, Paisley, UK)
according to the manufacturer’s instructions. Real-time quantitative
PCR analysis was performed using TagMan Gene Expression Assays
and TagMan Universal PCR Master Mix (Life Technologies, Pais-
ley, UK) using the ABI Prism 7900 Sequence Detection System
according to the protocols provided by the manufacturer (Life Tech-
nologies, Paisley, UK). The relative mRNA transcript levels were
calculated according to the 27T method, with ACT being the dif-
ference in cycle threshold values between the GPRC6a mRNA
(Mm00467618_m1), TI1R1 mRNA (Mm00473433_ml), TIR3
mRNA (MmO00473459_g1) or CaSR mRNA (mCG130161), and the
hypoxanthine  phosphoribosyltransferase 1 (HPRT1) mRNA
(m00446968_m1) internal control. GPRC6a expression was also
measured using the same methodology in tissues from WT mice
from the chronic high protein intake study described below. For
these studies, expression analysis was carried out at the end of the
5-week-high-protein diet feeding. The animals were fasted overnight
prior to the cull and tissue collected as described above.

Acute and chronic effects of high protein intake
in GPRC6a-KO mice

The effects of an acute protein load on food intake were compared
in WT and GPRC6a-KO mice in a randomised paired cross over
study. Animals were orally gavaged with water or cooked chicken
breast (Supporting Information Table S1B) homogenised in water
(2 g/kg) during the early light phase following an overnight 16 h
fast. The chicken breast was pressure cooked, the fat removed by
centrifugation, and the chicken then homogenised in water according
to a previously published method (26). Food intake was measured at
1, 2, 4, 8, and 24 h postadministration.

To examine the role of GPRC6A in sensing chronically elevated
protein intake, WT control and GPRC6a-KO mice were given ad
libitum access to an 18% protein control diet or a 50% high-protein
diet (HP) (Supporting Information Table S1A) (Harlan Teklad,
Oxfordshire, UK). Diets were isocaloric and matched for fat content
(Supporting Information Table S1A). Body weight and food weight
were measured at least three times a week for 5 weeks. Animals
were then fasted overnight, culled and tissues collected from differ-
ent regions of the gastrointestinal tract for RNA extraction.
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Figure 1 (A) Relative expression of GPRC6a mRNA in different regions of the gas-
trointestinal tract of overnight fasted male WT mice fed a control diet. Data is pre-
sented as mean = SEM. *P<0.001 vs. stomach, duodenumn and ileum.
#P <0.01 vs. colon. TP <0.001 vs. stomach, duodenum, and ileum. n=7. (B) Rel-
ative expression of T1IR1, T1R3, and CaSR mRNA in different regions of the gas-
trointestinal tract in male WT and GPRC6a-KO mice fed a control diet. The
expression levels are relative to WT mice. Data is presented as mean = SEM.
n = 4-6 per group.

Effects of a low-protein diet

in GPRC6a-KO mice

To investigate the potential role of GPRC6A in mediating the
response to low protein intake, WT control, and GPRC6a-KO mice
were given ad libitum access to an 18% protein control diet (Sup-
porting Information Table S1A) or a 6% low protein diet (LP) (Sup-
porting Information Table S1A) (Harlan Teklad, Oxfordshire, UK).
Diets were isocaloric and matched for fat content (Supporting Infor-
mation Table S1A). Body weight and food intake were measured on
days 1-5 and 8-9.

Statistical analysis

All values are mean = SEM unless otherwise stated. Differences in
cumulative food intake and body weight data through time were
compared across experimental groups using generalized estimating
equation curve analysis (Stata 9.1; Statacorp, College Station, TX).
All other comparisons were made using either one way ANOVA fol-
lowed by Tukey’s test post hoc comparisons or multiple # test (Prism
6.03, GraphPad Software Inc). P < 0.05 was considered significant.
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Figure 2 The effect of oral administration of a protein load (HP) on acute O-1 h
food intake in the early light phase following an overnight fast in GPRC6a-KO mice.
Data is presented as mean=SEM. *P<0.05, HP vs. control in WT mice.
$P < 0.05, HP vs. control in GPRC6a-KO mice. n = 4-5 per group.

Results

GPRC6a expression in the gastrointestinal tract
We examined the expression of GPRC6a in different levels of the
gastrointestinal tract in mice. GPRC6a expression was detected in
all regions of the gastrointestinal tract investigated, with the highest
expression observed in the jejunum and colon (Figure 1A).

In addition to GPRC6A, CaSR and T1R1-T1R3 receptor complexes
have been suggested to mediate amino acid sensing in the gut (28). It
is therefore possible that the expression of CaSR and/or TIRI-T1R3
may be upregulated to compensate for the absence of GPRC6OA
expression. In order to investigate whether deletion of GPRC6A alters
the expression of these receptors, we measured their expression in
both WT and GPRC6a-KO mice. There were no significant differen-
ces in the expression of TIR1, T1R3, or CaSR in the regions of the
gastrointestinal tract examined between WT or GPRC6a-KO mice,
suggesting that expression of these receptors is not altered in the gut to
compensate for the loss of GPRC6A (Figure 1B).

Acute and chronic effects of high protein intake
in GPRC6a-KO mice

To investigate the role of GPRC6A in mediating the effects of high
protein intake, WT and GPRC6a-KO mice were orally administered
with a vehicle control or a high protein load. Acute oral administra-
tion of a protein load significantly reduced food intake in both WT
(0.694 = 0.027 g control vs. 0.496 = 0.089 g high protein load) and
GPRC6a-KO 0.650 = 0.032 g control vs. 0.370g 0.0576 high protein
load) mice in the O-1 h period following administration (P < 0.05)
(Figure 2). This was an acute affect, with no significant suppression
of food intake observed in WTs or GPRC6a-KO animals in subse-
quent time intervals monitored up to 24 h following administration
(data not shown).

To determine whether GPRCO6A is necessary for the chronic sup-
pression of food intake and body weight driven by high protein
(29), we placed WT and GPRC6a-KO mice on either a high-protein
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Figure 3 The effect of a high-protein (HP) diet on (A, B) body weight gain and (C)
cumulative food take in WT and GPRC6a-KO mice. Data is presented as mean-
+SEM. (A) and (C): *P < 0.05, HP diet vs. control diet in WT mice. *P < 0.05, HP
diet vs. control diet in GPRCB6A mice determined using generalized estimating
equation curve analysis for the entire 5 weeks. (B): *P < 0.05, HP diet vs. control
diet in WT mice. ®P < 0.05, HP diet vs. control diet in GPRC6A mice determined
using multiple t test. n = 6-7 per group.

or a control diet for 5 weeks. There was no significant difference
between the absolute body weights of animals between diet or geno-
type groups (day 0: 21.68 =0.90 g WT control vs. 22.41 £0.87 g
WT-HP, 21.05*1.18 g GPRC6a-KO-control vs. 2330+ 1.37 g
GPRC6a-KO-HP, P > 0.05; day 35: 31.96 £0.98 g WT control vs.
30.74+=0.95 g WT-HP, 3091 =1.50 g GPRC6a-KO-control vs.
31.35£1.35 g GPRC6a-KO-HP, P >0.05). However, ad libitum
access to a high-protein diet significantly reduced body weight gain

high-protein diet. To investigate whether a high-protein-diet modu-
lates the expression of GPRCOA in the gastrointestinal tract, we
measured GPRC6a mRNA expression in different regions of the
gastrointestinal tract of WT mice exposed to a control or a high-pro-
tein diet for 5 weeks. There was no significant difference in
GPRC6a expression in WT mice exposed to a high-protein diet
compared to those fed a control diet in any of the regions of the
gastrointestinal tract examined (Figure 4).

Effects of a low-protein diet
in GPRC6a-KO mice

In order to investigate the potential role of GPRC6A in mediating
the effects of a low-protein diet in mice, we placed both WT and
GPRC6a-KO mice on either low-protein or control diets for 9 days.
It has been shown that mice initially lose weight when placed on a
low-protein diet due to reduced food intake (30), though there is
often a subsequent increase in food intake (5,6). There was no sig-
nificant difference between the absolute body weights of animals
between diet or genotype groups (day 0: 21.65 = 1.98 g WT control
vs. 22.66 = 1.32 ¢ WT-LP, 22.32 = 0.98 g GPRC6a-KO-control vs.
22.27*1.07 g GPRC6a-KO-LP, P >0.05; day 9: 24.02*+1.44 ¢
WT-control vs. 24.35+0.70 g WT-LP, 24.78 = 1.00 g GPRC6a-
KO-control vs. 24.50 £0.81 g GPRC6a-KO-LP, P >0.05). How-
ever, GPRC6a-KO mice fed a low-protein diet displayed reduced
body weight gain compared to GPRC6a-KO mice on a control diet.
Although WT animals fed a low-protein diet had lower average
body weight gain, this effect was not significant (Figure 5A,B).
Both WT and GPRC6a-KO mice fed a low-protein diet had a lower
average food intake compared to those fed an 18% protein diet, but
these effects did not achieve statistical significance (Figure 5C).
These observations suggest that GPRC6A is not necessary for the
effects of a low-protein diet on body weight and food intake.
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Figure 5 The effect of a low-protein diet (LP) on (A, B) body weight gain and (C)
cumulative food intake in male WT and GPRC6a-KO mice. Data is presented as
mean += SEM. *P < 0.05 vs. LP diet group determined using generalized estimating
equation curve analysis for the entire 9 days. n = 7-8 per group.

Discussion

GPRC6A can act as a nutrient sensing receptor detecting L-amino
acids and has been suggested to regulate energy homeostasis in
response to protein intake. As such it has been proposed as a putative
target for antiobesity agents (13,31). Our data demonstrates that while
GPRCO6A is expressed throughout the murine gastrointestinal tract, it
is not necessary for the effects of low- or high-protein diets on energy
homeostasis in mice. GPRC6a ablation had no impact on the effects of
low- or high-protein diets in mice. We observed reductions in food

intake and body weight in both WT and GPRC6a-knockout mice
when animals were placed on low- or high-protein diets.

Rodents typically exhibit a reduction in body weight and food intake
when placed on a high-protein diet (29). In rats, consumption of a
high-protein diet for several days reduces cumulative food intake,
weight gain, and adiposity compared to a normal-protein diet control
(32). Two different GPRC6a knockout models have been generated
to investigate the molecular signaling and physiological role of the
receptor (13). These knockout models were generated by two differ-
ent molecular approaches which consisted of partial deletion of
GPRC6a exonic regions coding either the receptor seven transmem-
brane region (15) or part of the ligand binding site (14). Although
Pi et al. reported differences in basal blood glucose levels and
response to an IPGTT in their GPRC6a°*" /™) model (14), Smaji-
lovic et al. observed no differences in basal blood glucose levels or
in the response to an oral GTT in their GPRC6a"*" */“model
(16). We found no differences in basal glucose levels or in the
response to an IPGTT between WT and our GPRC6a-KO model, in
accord with the phenotype of the GPRC6a°**" /) model. While
discrepancies in the phenotypes of these models have been reported,
data from both suggests a possible role for GPRC6A in energy
homeostasis (14,17). The GPRC6A knockout model used in present
studies has the entire GPRC6a gene deleted. These studies therefore
demonstrate that GPRC6A is not necessary for the effects of low- or
high-protein diets on body weight.

The length of exposure to diets with altered protein content can
influence the effects observed. We subjected mice to 9 and 35 days
of low- or high-protein diets, respectively. However, it is possible
that a longer exposure might have revealed differences between the
cohorts. For example, a recent study investigating mice lacking
GPRC6a found they required exposure to a high-fat diet for over 4
months to demonstrate a significant difference in body weight com-
pared to WT controls, and only detected differences in percentage
body fat after 25 weeks (17).

Mice generally lose weight when initially exposed to low-protein diets
(30). In our WT mice, this effect did not achieve statistical signifi-
cance. Previous rodent studies have also demonstrated an increased
food intake and body fat associated with moderately low levels of die-
tary protein (5,6). The ratio of macronutrients and amino acids in the
diet can also modulate energy homeostasis. For example, a recent
study suggests that increased circulating levels of hepatic fibroblast
growth factor 21 (FGF21) function as a specific endocrine signal of
protein restriction in rodents, and mediate behavioral and metabolic
responses to protein restriction (33). The altered amino acid content in
our experimental diet may therefore have had subtle effects on energy
homeostasis that were not detected in our studies, and which may have
differed between GPRC6a knockout and WT mice.

There may be multiple overlapping systems mediating the effects of
dietary amino acids and proteins on food intake (2). The deletion of a
single receptor, such as GPRC6A, may not therefore be sufficient to
prevent the effects of altered dietary protein content on food intake.
The T1R1/T1R3 receptor heterodimer and the CaSR have also been
suggested to be involved in amino acid sensing in the gut. Recent
studies suggest TIR1/T1R3 may act as a sensor of amino acid avail-
ability that regulates the activity of the mammalian target of rapamy-
cin (34). Specific L-amino acids can stimulate anorectic gut hormone
release from isolated I-cells and rat small intestine through a CaSR-
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dependent mechanism (35,36). Furthermore, a recent study has dem-
onstrated that GPRC6A is involved in L-amino acid-induced GLP-1
secretion from the GLUTag enteroendocrine cell line (31). Deletion
of GPRC6a did not result in compensatory changes in expression of
the other two promiscuous L-amino acid receptors in the gastrointesti-
nal tract, though it is possible that the activity of these receptors may
be altered by, for example, altering their localization to the cell mem-
brane. In addition, exposure to a high-protein diet for 5 weeks seemed
to have no effect on the expression of GPRC6a in gastrointestinal
tract (Figure 4). However, it is possible that there were changes in
GPRC6A protein concentrations, even though we detected no signifi-
cant change in GPRC6a mRNA expression. Further studies investi-
gating this possibility will require the use of antibodies with demon-
strated specificity for GPRC6A.

Alternatively, other protein sensing mechanisms may compensate
for the absence of GPRC6A. GPR93, a G-protein coupled receptor
of the family A, is highly expressed on cholecystokinin (CCK)
releasing I cells in small intestine, and has been implicated in the
sensing of protein hydrolysate in the gastrointestinal lumen (37).
Peptone stimulates the release of CCK from STC-1 cells via a
GPR93 dependent mechanism (38). Mu-opioid receptors (MOR)
have recently been demonstrated to play a role in protein sensing.
MORs in neurons in the portal vein walls sense peptides in the
blood which are released into the portal circulation following inges-
tion of a high-protein meal. These peptides antagonise MORs, regu-
lating a gut-brain neural circuit that ultimately controls satiety and
food intake (39). Amino acid transporter systems may also be impli-
cated in protein sensing. Evidence suggests that in addition to their
transport role, amino acid transporters have receptor-like properties,
regulating nutrient induced signalling by sensing cellular amino acid
sufficiency. For example, the sodium-coupled neutral amino acid
transporter 2 (SNAT?2) has shown to have transceptor activity and
been implicated in glutamine-stimulated GLP-1 release from intesti-
nal L-cells (40). We used cooked chicken breast as a model of high-
protein food in our acute high-protein study (Figure 2) and observed
an acute reduction in food intake in mice orally gavaged with
chicken breast compared to water control. Although different protein
loads may have different chronic effects on food intake and body
weight, acute satiating effects can be difficult to detect in mice, and
therefore require large cohorts of animals to investigate. Although
water does not control for the differences in energy intake, it was
used in our acute study to control for the initial changes in stomach
distention caused by administration of the homogenised chicken
breast.

The expression of GPRCO6A in the gut, its activation by L-amino
acids, and its putative ability to mediate hormone release has sug-
gested that GPRCOA is a promising candidate for mediating the ano-
rectic effects of altered dietary protein. However, our studies suggest
that GPRC6A does not play a critical role in protein-mediated
changes in appetite and body weight and thus may not be involved
in protein sensing in the gut. O

Acknowledgments

The authors would like to thank the NIH knockout mouse program
for providing the GPRC6a knockout mice.

© 2015 The Obesity Society

Obesity

References

1. Halton TL, Hu FB. The effects of high protein diets on thermogenesis, satiety and
weight loss: A critical review. J Am Coll Nutr 2004;23:373-385.

2. Potier M, Darcel N, Tome D. Protein, amino acids and the control of food intake.
Curr Opin Clin Nutr Metab Care 2009;12:54-58.

3. Bensaid A, Tome D, Gietzen D, et al. Protein is more potent than carbohydrate for
reducing appetite in rats. Physiol Behav 2002;75:577-582.

4. Malta A, de Oliveira JC, Ribeiro TA, et al. Low-protein diet in adult male rats has
long-term effects on metabolism. J Endocrinol 2014;221:293-303.

5. Solon-Biet SM, McMahon AC, Ballard JW, et al. The ratio of macronutrients, not
caloric intake, dictates cardiometabolic health, aging, and longevity in ad libitum-
fed mice. Cell Metab 2014;19:418-430.

6. White BD, Porter MH, Martin RJ. Effects of age on the feeding response to
moderately low dietary protein in rats. Physiol Behav 2000;68:673-681.

7. Scharrer E, Baile CA, Mayer J. Effect of amino acids and protein on foot intake of
hyperphagic and recovered aphagic rats. Am J Physiol 1970;218:400-404.

8. Blom WA, Lluch A, Stafleu A, et al. Effect of a high-protein breakfast on the
postprandial ghrelin response. Am J Clin Nutr 2006;83:211-220.

9. Rebello C, Greenway FL, Dhurandhar NV. Functional foods to promote weight loss
and satiety. Curr Opin Clin Nutr Metab Care 2014;17:596-604.

10. Wellendorph P, Hansen KB, Balsgaard A, Greenwood JR, Egebjerg J, Brauner-
Osborne H. Deorphanization of GPRC6A: A promiscuous L-alpha-amino acid
receptor with preference for basic amino acids. Mol Pharmacol 2005;67:589-
597.

. Jordi J, Herzog B, Camargo SM, Boyle CN, Lutz TA, Verrey F. Specific amino
acids inhibit food intake via the area postrema or vagal afferents. J Physiol 2013;
591(Pt 22):5611-5621.

12. Wellendorph P, Brauner-Osborne H. Molecular cloning, expression, and sequence
analysis of GPRC6A, a novel family C G-protein-coupled receptor. Gene 2004;335:
37-46.

13. Clemmensen C, Smajilovic S, Wellendorph P, Brauner-Osborne H. The GPCR,
class C, group 6, subtype A (GPRC6A) receptor: From cloning to physiological
function. Br J Pharmacol 2014;171:1129-1241.

14. Pi M, Chen L, Huang MZ, Zhu W, et al. GPRC6A null mice exhibit osteopenia,
feminization and metabolic syndrome. PloS One 2008;3:e3858.

15. Wellendorph P, Johansen LD, Jensen AA, et al. No evidence for a bone phenotype
in GPRC6A knockout mice under normal physiological conditions. J Mol
Endocrinol 2009;42:215-223.

16. Smajilovic S, Clemmensen C, Johansen LD, et al. The r-alpha-amino acid receptor
GPRC6A is expressed in the islets of Langerhans but is not involved in L-arginine-
induced insulin release. Amino Acids 2013;44:383-390.

17. Clemmensen C, Smajilovic S, Madsen AN, Klein AB, Holst B, Brauner-Osborne H.
Increased susceptibility to diet-induced obesity in GPRC6A receptor knockout mice.
J Endocrinol 2013;217:151-160.

18. Haid D, Widmayer P, Breer H. Nutrient sensing receptors in gastric endocrine cells.
J Mol Histol 2011;42:355-364.

19. Pi M, Wu Y, Quarles LD. GPRC6A mediates responses to osteocalcin in beta-cells
in vitro and pancreas in vivo. J Bone Miner Res 2011;26:1680-1683.

20. Pi M, Wu Y, Lenchik NI, Gerling I, Quarles LD. GPRC6A mediates the effects of
L-arginine on insulin secretion in mouse pancreatic islets. Endocrinology 2012;153:
4608-4615.

21.Pi M, Faber P, Ekema G, Jackson PD, et al. Identification of a novel
extracellular cation-sensing G-protein-coupled receptor. J Biol Chem 2005;280:
40201-40209.

22. Jacobsen SE, Norskov-Lauritsen L, Thomsen AR, et al. Delineation of the GPRC6A
receptor signaling pathways using a mammalian cell line stably expressing the
receptor. J Pharmacol Exp Ther 2013;347:298-309.

23. Wei J, Hanna T, Suda N, Karsenty G, Ducy P. Osteocalcin promotes beta-cell
proliferation during development and adulthood through Gprc6a. Diabetes 2014;63:
1021-1031.

24. Parker HE, Gribble FM, Reimann F. The role of gut endocrine cells in control of
metabolism and appetite. Exp Physiol 2014;99:1116-1120.

25. Janssen S, Depoortere 1. Nutrient sensing in the gut: New roads to therapeutics?
Trends Endocrinol Metab 2013;24:92-100.

26. Kimura K, Nakamura Y, Inaba Y, et al. Histidine augments the suppression of
hepatic glucose production by central insulin action. Diabetes 2013;62:2266-2277.

27. Guan C, Ye C, Yang X, Gao J. A review of current large-scale mouse knockout
efforts. Genesis 2010;48:73-85.

28. Wauson EM, Lorente-Rodriguez A, Cobb MH. Minireview: Nutrient sensing by G
protein-coupled receptors. Mol Endocrinol 2013;27:1188-1197.

29. Journel M, Chaumontet C, Darcel N, Fromentin G, Tome D. Brain responses to
high-protein diets. Adv Nutr 2012;3:322-329.

30. Sorensen A, Mayntz D, Raubenheimer D, Simpson SJ. Protein-leverage in mice:
The geometry of macronutrient balancing and consequences for fat deposition.
Obesity 2008;16:566-571.

www.obesityjournal.org

Obesity | VOLUME 23 | NUMBER 6 | JUNE 2015 1199



Obesity

31.

32.

Oya M, Kitaguchi T, Pais R, Reimann F, Gribble F, Tsuboi T. The G protein-
coupled receptor family C group 6 subtype A (GPRC6A) receptor is involved in
amino acid-induced glucagon-like peptide-1 secretion from GLUTag cells. J Biol
Chem 2013;288:4513-4521.

Blouet C, Mariotti F, Azzout-Marniche D, et al. The reduced energy intake of rats
fed a high-protein low-carbohydrate diet explains the lower fat deposition, but
macronutrient substitution accounts for the improved glycemic control. J Nutr 2006;
136:1849-1854.

. Laeger T, Henagan TM, Albarado DC, et al. FGF21 is an endocrine signal of

protein restriction. J Clin Investig 2014;124:3913-3922.

. Wauson EM, Zaganjor E, Lee AY, et al. The G protein-coupled taste receptor

T1R1/T1R3 regulates mTORC1 and autophagy. Mol Cell 2012;47:851-862.

. Mace OJ, Schindler M, Patel S. The regulation of K- and L-cell activity by GLUT2

and the calcium-sensing receptor CasR in rat small intestine. J Physiol 2012;590(Pt
12):2917-2936.

36.

37.

38.

40.

GPRCG6A in Protein Sensing and Energy Balance Kinsey-Jones et al.

Wang Y, Chandra R, Samsa LA, et al. Amino acids stimulate cholecystokinin
release through the Ca2+—sensing receptor. Am J Physiol Gastrointest Liver Physiol
2011;300:G528-G537.

Choi S, Lee M, Shiu AL, Yo SJ, Aponte GW. Identification of a protein
hydrolysate responsive G protein-coupled receptor in enterocytes. Am J Physiol
Gastrointest Liver Physiol 2007;292:G98-G112.

Choi S, Lee M, Shiu AL, Yo SJ, Hallden G, Aponte GW. GPR93 activation by
protein hydrolysate induces CCK transcription and secretion in STC-1 cells. Am J
Physiol Gastrointest Liver Physiol 2007;292:G1366-G1375.

. Duraffourd C, De Vadder F, Goncalves D, et al. Mu-opioid receptors and dietary

protein stimulate a gut-brain neural circuitry limiting food intake. Cell 2012;150:
377-388.

Tolhurst G, Zheng Y, Parker HE, Habib AM, Reimann F, Gribble FM. Glutamine
triggers and potentiates glucagon-like peptide-1 secretion by raising cytosolic Ca*"
and cAMP. Endocrinology 2011;152:405-413.

1200

Obesity | VOLUME 23 | NUMBER 6 | JUNE 2015

www.obesityjournal.org



