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L-Arginine (L-Arg) is an insulin secretagogue, but the molecular mechanism whereby it stimulates

insulin secretion from �-cells is not known. The possibility that L-Arg regulates insulin secretion

through a G protein-coupled receptor (GPCR)-mediated mechanism is suggested by the high ex-

pression of the nutrient receptor GPCR family C group 6 member A (GPRC6A) in the pancreas and

TC-6 �-cells and the finding that Gprc6a�/]minus] mice have abnormalities in glucose homeostasis.

To test the direct role of GPRC6A in regulating insulin secretion, we evaluated the response of

pancreatic islets derived from Gprc6a�/]minus] mice to L-Arg. We found that the islet size and insulin

content were decreased in pancreatic islets from Gprac6a�/]minus] mice. These alterations were

selective for �-cells, because there were no abnormalities in serum glucagon levels or glucagon

content of islets derived from Gprac6a�/]minus] mice. Significant reduction was observed in both the

pancreatic ERK response to L-Arg administration to Gprc6a�/]minus] mice in vivo and L-Arg-induced

insulin secretion and production ex vivo in islets isolated from Gprc6a�/]minus] mice. L-Arg stimu-

lation of cAMP accumulation in isolated islets isolated from Gprc6a�/]minus] mice was also dimin-

ished. These findings suggest that L-Arg stimulation of insulin secretion in �-cells is mediated, at

least in part, through GPRC6A activation of cAMP pathways. (Endocrinology 153: 4608–4615,

2012)

G-protein-coupled receptors (GPCR) are involved in

normal pancreatic islet physiology and may be im-

portant in the pathophysiology and treatment of diabetes

(1). Mouse pancreatic islets express high levels of at least

28 different GPCR, of which several have been shown to

regulate insulin secretion in response to a variety of li-

gands, including adrenergic factors, melatonin, serotonin,

acetylcholine, somatostatin, glucagon and glucagon-like

peptide, and free fatty acids (2). In general, GPCR that

signal through the G�q and G�s pathways increase insulin

secretion, whereas GPCR that signal through the G�i

pathway inhibit insulin secretion (2).

GPCR family C group 6 member A (GPRC6A) was

identified among the 28 receptors expressed in pancreatic

islets (3–5). GPRC6A belongs to the C family of GPCR,

which are structurally characterized by a very large prim-

itive Venus fly trap extracellular domain that permits these

receptors to sense diverse ligands (6–11). Although closely

related to the calcium-sensing receptor, GPRC6A has dif-

ferent amino acid and cation specificities (6–13). Ligands

for GPRC6A include basic amino acids, such as L-arginine

(L-Arg), L-lysine, L-ornithine, and extracellular cations,

such as calcium, magnesium, and strontium, as well as

calcimimetics, osteocalcin, and testosterone (5, 14–17).

There is evidence that GPRC6A is coupled to G�i, G�q,

and G�s pathways in various cell culture models (5, 18).

In addition to expression in pancreatic islets, GPRC6A

is present in multiple tissues. Gprc6a�/� mice have com-

plex metabolic abnormalities, including obesity, glucose

intolerance, hepatic steatosis, insulin resistance, hyper-

phosphatemia, impaired mineralization, and defects in os-

teoblast function as well as several hormonal abnormal-

ities, including decreased testosterone, IGF-I, and insulin

and increased estradiol, LH, GH, and leptin (4, 19). These

complex abnormalities in of Gprc6a�/� mice and the wide

tissue distribution of GPRC6A suggest that the GPCR
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plays multiple biological functions, including regulation

of energy metabolism and sex hormone production

(4, 18).

There is emerging evidence for a direct role for

GPRC6A in regulating �-cell functions. In this regard,

Gprc6a is highly expressed in �-cells and pancreas (4, 15).

In addition, as noted above, ablation of Gprc6a results in

elevated serum glucose concentrations and decreased se-

rum insulin levels in Gprc6a�/� mice (4). GPRC6A also

mediates the effects of osteocalcin, a bone-derived insulin-

regulating hormone (20). These findings suggest that ac-

tivation of GPRC6A directly stimulates insulin secretion.

L-Arg was discovered to be a potent insulin secreta-

gogue over 45 yr ago (21) and has been used to evaluate

�-cell dysfunction in type 2 diabetes (22). The mechanism

whereby L-Arg regulates insulin secretion remains un-

known. L-Arg has multiple metabolic effects (23, 24), and

the prevailing notion is that amino acids, like glucose,

regulate insulin secretion in response to their catabolism as

metabolic fuels (25); however, L-Arg regulation of insulin

secretion does not appear to involve nitric oxide or met-

abolic products (26, 27). In addition, L-Arg and glucose

regulation of insulin secretion appear to be through dis-

tinct pathways, because �-cell-specific ablation of the in-

sulin receptor attenuated glucose-mediated insulin secre-

tion but had no effect on L-Arg stimulation of insulin

secretion (28). Because L-Arg is a ligand for GPRC6A, it is

possible that the effect of this amino acid on insulin se-

cretion ismediatedbyGPRC6Aexpressed in �-cells (5, 14,

15). In the current study, we examined the role of

GPRC6A in regulating insulin secretion and mediating the

response to L-Arg.

Materials and Methods

Animals
Mice were maintained and used in accordance with recom-

mendations as described in the Guide for the Care and Use of
Laboratory Animals (Institute on Laboratory Animal Resources,
Rockville, MD) and following guidelines established by the Uni-
versity of Tennessee Health Science Center Institutional Animal
Care and Use Committee. The animal study protocol used in
these studies was approved by the University of Tennessee
Health Science Center’s Institutional Animal Care and Use Com-
mittee. The Gprc6a�/� mouse model was created and genotyped
as previously described (4). We used Gprc6aflox/flox mice that we
generated and Ins2-Cre to selectively delete exons 2 and 3 of
Gprc6a in �-cells (18, 29).

Cell culture, reagents, and antibodies
A human embryonic kidney (HEK-293) cell line was obtained

from the American Type Culture Collection (Manassas, VA).
The cells were maintained in DMEM supplemented with 10%

fetal bovine serum and 1% penicillin/streptomycin (Invitrogen,
Carlsbad, CA) in humidified 5% CO2 at 37 C. L-Arg and fors-
kolin were purchased from Sigma Chemical Co. (St. Louis, MO).
Human full-length recombinant osteocalcin protein was pur-
chased from Novus Biologicals (Littleton, CO). BSA (fraction V)
was obtained from Roche Applied Science (Indianapolis, IN).
The anti-phospho-ERK1/2 MAPK antibody and anti-ERK1/2
MAPK antibody were purchased from Cell Signaling Technol-
ogy (Danvers, MA). Mouse Ultrasensitive Insulin ELISA kit was
obtained from ALPCO Immunoassays (Salem, NH). The cAMP
enzyme immunoassay kit was obtained for Cayman Chemical
(Ann Arbor, MI).

Immunofluorescence staining
The paraffin sections were deparaffinized and blocked in 5%

normal goat serum for 1 h at room temperature. For double-
fluorescence immunohistochemical localization of glucagon and
insulin, the rabbit antiglucagon and guinea pig antiinsulin anti-
bodies (1:100; Invitrogen) were applied after blocking and re-
vealed using Alexa Fluor 488 goat antirabbit IgG and Alexa
Fluor 594 goat anti-guinea pig antiinsulin antibodies (1:400;
Invitrogen). Sections were placed in SlowFade Gold antifade re-
agent (Molecular Probes, Eugene, OR) with a cover glass and
were examined under an Olympus BX51 microscope (Olympus
Optical, Tokyo, Japan) at a magnification of �200.

Mouse islets isolation and ligand stimulation
Primary islets were isolated using a modified method as de-

scribed (30, 31). Briefly, after dissection and mincing, pancreata
were digested with 3 ml/pancreas of a collagenase P (1 mg/ml;
Roche) solution in complete Hanks’ balanced salt solution [1�

supplemented with 20 mM HEPES (pH 7.4) and 2 mM CaCl2] for
15 min in a 37 C shaking water bath. Islets were subsequently
purified through a Histopaque 1083 density centrifugation
(Sigma). After centrifugation, the islet layer was transferred into
petri dishes with wash buffer (Hanks’ balanced salt solution with
10 mM HEPES and 1% fetal bovine serum; Invitrogen) then
handpicked and cultured in low-glucose medium (RPMI 1640
with 5.6 mM glucose; Invitrogen) for 1 h before being treated for
1 h with high glucose (16.7 mM) or L-Arg (10 mM) as indicated.
The insulin stimulation index was calculated as the ratio of media
insulin concentrations in high glucose divided by the insulin con-
centration in low-glucose conditions.

Real-time RT-PCR
For quantitative real-time RT-PCR assessment of insulin and

glucagon gene expression, we isolated and reverse transcribed
2.0 �g total RNA from the islets of Gprc6a�/� and Gprc6a�/�

mice after 1 h stimulated with low glucose (5.6 mM), high glucose
(16.7 mM), and 10 mM arginine. PCR contained 100 ng template
(cDNA or RNA), 300 nM each of forward and reverse primer,
and 1� iQ SYBR Green Supermix (Bio-Rad Laboratories, Her-
cules, CA) in 50 �l. Samples were amplified for 40 cycles in an
iCycler iQ real-time PCR detection system (Bio-Rad) with an
initial melt at 95 C for 10 min, followed by 40 cycles of 95 C for
15 sec and 60 C for 1 min. PCR product accumulation was
monitored at multiple points during each cycle by measuring the
increase in fluorescence caused by the binding of SybrGreen I to
double-stranded DNA. The threshold cycle of tested-gene prod-
uct from the indicated genotype was normalized to the threshold
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cycle for cyclophilin A. The primers for mouse insulin consisted
of mIns1.For313: ggggagcgtggcttcttcta and mIns1.Rev452:
acaatgccacgcttctgcc; formouseglucagonconsistedofmGCG.For145:
gaagacaaacgccactcacaandmGCG.Rev472: tggtgctcatctcgtcagag;and
for the cyclophilin A consisted of CycA.For: ctgcactgccaagactgaat and
CycA.Rev:ccacaatgttcatgccttct.Dissociationanalysiswasusedtocon-
firm the presence of a single transcript and lack of primer-dimer am-
plification in all PCR.

Measurement of total and phospho-ERK by

Western blot
To prepare total protein from mouse pancreas, L-Arg (at con-

centration from 0.4, 2, and 4 g/kg) or PBS vehicle was injected
into the ip cavity of wild-type (Gprc6a�/�) and Gprc6a�/� mice,
and the pancreas was harvested after 20 min for assessment of
ERK phosphorylation (32, 33). ERK activation will be assessed
by immunoblotting using anti-phospho-ERK1/2 MAPK anti-
body (Cell Signaling Technology) corrected for the total amount
of ERK using an anti-ERK1/2 MAPK antibody (Cell Signaling
Technology).

Measurement of cAMP accumulation
Untransfected HEK-293 (controls) and HEK-293 transfected

with mouse Gprc6a cDNA (17) were cultured (105 cells per well)
in triplicate in DMEM supplemented with 10% fetal bovine se-
rum and 1% penicillin/streptomycin. Cells were cultured for 48 h
followed by overnight incubation in DMEM/F12 containing 0.1%
BSA to achieve quiescence. Quiescent cells were treated with 20 mM

L-Arg and 100 nM forskolin for 30 min at 37 C. Then the reaction
was stopped, and cells were lysed by replacing 0.5 ml 0.1 N HCl.
cAMP levels were measured by using a cAMP enzyme immunoas-
say kit (Cayman Chemical) under the manufacturer’s protocol.

Statistics
We evaluated differences between groups by one-way

ANOVA, followed by a post hoc Tukey’s test. Significance was
set at P � 0.05. All values are expressed as means � SEM. All
computations were performed using the Statgraphic statistical
graphics system (STSC Inc., Rockville, MD).

Results

Deletion of Gprc6a attenuated

pancreas mass, islet size, serum

levels, and pancreatic contents of

insulin

We found that pancreas mass was

significantly reduced in 16-wk-old

Gprc6a�/� mice compared with wild-

type littermates (Fig. 1A). We found no

difference in serum glucagon concen-

trations between Gprc6a�/� mice com-

pared with wild-type mice, but we ob-

served a 44% reduction in the serum

insulin level (Fig 1B), similar to previ-

ous reports (4), and a 2-fold-reduction

in the ratio of serum insulin to glucagon

in Gprc6a�/� mice compared with

wild-type mice (Fig. 1C). We also used

Ins2-Cre and Gprc6afloxed/floxed mice to

selectively delete Gprc6a in �-cells in

vivo. We found that both insulin and

C-peptide levels were significantly re-

duced in Gprc6a�-cell-cko mice (Fig 1D),

which is similar to reductions in insulin

levels we found in global Gprc6a�/�

mice (4). In addition to reduction of

pancreatic mass (Fig 1A), immunohis-

tological analyses showed an apparent

decrease in number of islets, islet size,

and intensity of insulin immunoreactiv-

ity (Fig. 1E, upper panel), whereas

�-cells, identified by glucagon expres-

sion, were reduced to a lesser degree

FIG. 1. Serum levels and pancreatic content of glucagon and insulin from wild-type and

Gprc6a�/� mice. A, Comparison of pancreas mass in 16-wk-old male Gprc6a�/� and

Gprc6a�/� mice. B and C, Comparison of serum glucagon and insulin levels (B) and ratio of

insulin to glucagon (C) from wild-type and Gprc6a�/� mice at age 16 week. D, Comparison

of serum insulin and C-peptide levels in mice of selectively deleted Gprc6a in �-cell (Gprc6a�-

cell-cko). E, Fluorescence image of islets from wild-type and Gprc6a�/� mice. Sections of

pancreas were deparaffinized and stained with antibodies for insulin (red) and glucagon

(green). F, Comparison of pancreatic content of glucagon, insulin, and ratio of insulin to

glucagon from wild-type and Gprc6a�/� mice at the age of 16 wk. Values represent single

determinations and the mean � SEM. *, Significantly different between wild-type and

Gprc6a�/� mice (P � 0.05; n � 4).
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(Fig. 1E, bottom panel). Quantitative data will be needed

to assess the contribution of reduced �-cell mass to the

reductions in serum insulin levels; however, the pancreatic

content of insulin in Gprc6a�/� mice was significantly

lower, whereas the glucagon content was not changed in

Gprc6a�/� mice compared with wild-type littermates

(Fig. 1F). The ratio of pancreatic content of insulin to

glucagon was also significantly lower in Gprc6a�/� mice

compared with wild-type littermates (Fig. 1F). Combined,

these results indicated that deletion of Gprc6a leads to

abnormalities only in �-cells without significant effects on

�-cells.

Expression of Gprc6a in pancreas

We quantified Gprc6a expression in the pancreas with

other tissues by quantitative real-time PCR. Gprc6a was

most highly expressed in salivary glands, pancreas, lungs,

and mammary tissues (Fig. 2A). We found that Gprc6a

was more highly expressed in pancreas compared with

other tissues involved in regulating energy metabolism. In

this regard, expression of GPRC6A message in the pan-

creas (0.0011 � 0.00008) was 8.8-, 9.8-, and 27.8-fold

greater than liver (0.00013 � 0.000013), muscle

(0.00012 � 0.000008), and fat (0.00004 � 0.000006),

respectively (Fig. 2A).

Pancreatic ERK response to L-Arg administration in

vivo in wild-type and Gprc6a�/� mice

To establish a linkage between GPRC6A receptor ac-

tivation and pancreatic response in vivo, we examined the

impact of loss of Gprc6a on the capacity of L-Arg to stim-

ulate phospho-ERK activity in pancreas isolated from

wild-type and Gprc6a�/� mice after the ip administration

of L-Arg. We found that L-Arg treatment at the dose of 0.4,

2, and 4 g/kg stimulated ERK activity in pancreas of wild-

type mice, but this response was markedly attenuated in

Gprc6a�/� mice (Fig. 2B).

L-Arg regulates insulin secretion through GPRC6A in

isolated mouse islets

We assessed Gprc6a message expression by quantita-

tive RT-PCR in islets derived from wild-type and

Gprc6a�/� mice. We found that independent of the cul-

ture conditions [i.e. both in the presence of high glucose

(16.7 mM) or 10 mM L-Arg and 5.6 mM glucose], insulin

message expression was significantly lower in islets de-

rived from Gprc6a�/� mice compared with wild-type mice

(Fig. 3A, left panel). This response was selective for insu-

lin, because the glucagon expression was not attenuated in

Gprc6a�/� mice by these treatments (Fig. 3A, right panel).

Next, we examined the response of pancreatic islets

isolated from wild-type and Gprc6a�/� mice to changes in

media glucose or L-Arg concentrations. In low-glucose me-

dia (5.6 mM), insulin concentrations were 27.6 � 4.1 and

60.7 � 8.32 ng/ml, respectively in islets derived from wild-

type and Gprc6a�/� mice (Fig. 3B, left panel). Incubation

of islets with high glucose resulted in media insulin con-

centrations of 93.5 � 28.2 and 85.8 � 9.51 ng/ml, re-

FIG. 2. Gprc6a message levels in normal male mouse tissues. A,

Gprc6a was predominantly expressed in salivary gland, pancreas, lung,

and mammary gland in male mice. Expression was assessed by real-

time PCR using total RNA derived from wild-type male mouse tissues

as indicated. Values represent single determinations and the mean �

SE (n � 3). Gprc6a expression is relative to the level of the cyclophilin

control gene. B, Gprc6a deficiency attenuated the pancreatic response

to systemic L-Arg administration by ERK phosphorylation. Western blot

analysis of ERK phosphorylation in pancreatic tissue assessed 20 min

after injection of L-Arg at concentrations as indicated shows loss of

arginine-mediated ERK activation in the pancreas obtained from

Gprc6a�/� mice but markedly stimulated ERK activity in the pancreas

of wild-type mice. Representative blots are shown. The results were

verified in three or more independent experiments. Values represent

the mean � SE. *, P � 0.05; **, P � 0.001 significantly difference

between control and L-Arg administration mice.
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spectively, in wild-type and Gprc6a�/� mice. This resulted

in a stimulation index that was significantly lower in

Gprc6a�/� mice compared with wild-type controls (1.4

vs. 3.4, respectively) (Fig. 3B, right panel). We have pre-

viously shown 10 mM L-Arg activates GPRC6A in cell cul-

ture (15). Treatment of isolated islets from wild-type mice

with L-Arg at concentrations of 10 mM in the presence of

low glucose resulted in a stimulation index of 3.3, but islets

isolated from Gprc6a�/� mice displayed a stimulation in-

dex of only 2.2 in response to L-Arg, which was signifi-

cantly less than wild-type controls (Fig. 3B).

L-Arg stimulates accumulation of cAMP through

GPRC6A

cAMP is involved in the regulation of insulin secretion

in �-cells (34). To elucidate whether stimulation of

GPRC6A mediates cAMP accumulation, we investigated

cAMP second messenger signaling in HEK-293 cells stably

transfected with GPRC6A, a model in which L-Arg, os-

teocalcin, and Zn2�, the ligands of GPRC6A, have been

previously shown to activate ERK (5, 14). We found that

20 mM L-Arg, 60 ng/ml human recombinant osteocalcin,

and 100 mM Zn2� resulted in significant increments in

cAMP accumulation in HEK-293 cells expressing Gprc6a

but not in untransfected control HEK-293 cells that do not

express Gprc6a (Fig. 4A). We also assessed L-Arg-stimu-

lated cAMP accumulation in isolated islets from wild-type

and Gprc6a�/� mice. We found that the level of cAMP was

significantly increased in wild-type islets stimulated with

10 mM L-Arg, but this response was attenuated in the islets

isolated from Gprc6a�/� mice (Fig. 4B).

Discussion

There is growing evidence supporting a role of the nutrient

receptor GPRC6A in regulating pancreatic �-cell function

(35). In the current study,we showthat Gprc6a transcripts

FIG. 3. �-Cell dysfunction in Gprc6a�/� mice. A, Expression of insulin

(left) and glucagon (right) message levels in isolated islets from wild-

type and Gprc6a�/� mice by quantitative real-time PCR. B, Islets from

Gprc6a�/� mice showed impaired glucose and L-Arg stimulation index.

Stimulation index was attenuated in response to high glucose and L-

Arg in isolated islets from Gprc6a�/� mice. Expression of insulin but

not glucagon was attenuated in islets from Gprc6a�/� mice compared

with the islets from wild-type mice. Values represent single

determinations and the mean � SE. *, Significantly difference between

wild-type and Gprc6a�/� mice (P � 0.05; n � 4).

FIG. 4. L-Arg stimulated GPRC6A-mediated intracellular cAMP

accumulation. A, The ligands of GPRC6A simulated cAMP

accumulation in HEK cells transfected with Gprc6a. The HEK cells

transfected with Gprc6a or without the plasmid cDNA of Gprc6a were

incubated in DMEM containing 0.1% BSA quiescence media and

exposed to the extracellular L-Arg, osteocalcin (Ocn), and Zn2� at

indicated concentrations for 20 min, and cAMP levels were

determined. Nontreated cells were used as control. All results were

verified in at least three independent experiments. *, Significantly

difference between control HEK cells and HEK cells transfected with

Gprc6a (P � 0.05; n � 6). B, cAMP accumulation was altered in

isolated islets from Gprc6a�/� mice. Isolated islets were incubated in

low-glucose media for 1 h, and then the islets were exposed to 10 mM

L-Arg. After 20 min, the islets were lysed, and cAMP levels were

measured as described in Materials and Methods. *, Significantly

difference between no treated and treated 10 mM L-Arg islets from

wild type mice (P � 0.05; n � 4).
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are expressed at higher levels in pancreas relative to other

tissues. In addition, we found that L-Arg administration, a

known ligand for GPRC6A, stimulated ERK activation in

the pancreas in vivo and that L-Arg added to cells express-

ing GPRC6A in vitro and to pancreatic islets ex vivo stim-

ulated cAMP accumulation through GPRC6A-dependent

mechanisms. L-Arg in the presence of low-glucose media

also stimulated insulin secretion in islets from wild-type

mice similar to that of high glucose; however, the L-Arg-

stimulated insulin secretion index was significantly atten-

uated in islets isolated from Gprc6a�/� mice. The low

insulin and C-peptide levels in Gprc6a�-cell-cko mice also

are consistent with a direct role of GPRC6A in �-cells to

regulate serum insulin. The observation that L-Arg regu-

lates insulin secretion through GPRC6A is similar to os-

teocalcin, another known GPRC6A ligand, regulation of

insulin secretion through GPRC6A-dependent mecha-

nisms (15).

L-Arg activation of GPRC6A only partially accounted

for L-Arg effects on insulin secretion. Because glucose and

other amino acids stimulate insulin secretion through non-

receptor mechanisms, L-Arg may also regulate insulin se-

cretion through these metabolic pathways (23, 24, 36, 37).

The facts that L-Arg and osteocalcin activate GPRC6A in

pancreas and TC-6 mouse �-cells and regulate insulin se-

cretion in vitro and in vivo (15), however, indicate that

GPRC6A is also important in mediating L-Arg effects on

�-cell function. Taken together, these data provide the

compelling evidence that GPRC6A is a biologically rele-

vant GPCR in �-cells that mediates the effects of L-Arg and

other GPRC6A ligands on insulin secretion.

In vivo studies in Gprc6a�/� mouse models also found

reduced size of pancreatic islets and reduced insulin con-

tent in the whole pancreas and reduced insulin message

expression in isolated islets, along with reduced circulat-

ing insulin levels, but no alterations in serum glucagon

levels or glucagon content of pancreas or glucagon mes-

sage expression in isolated islets. This suggests for the first

time that GPRC6A may also regulate �-cell mass in ad-

dition to insulin secretion. We also found that the stimu-

latory effect of L-Arg on insulin secretion and its attenu-

ation in islets from Gprc6a�/� mice was correlated with

commensurate increases and attenuated cAMP response

in islets isolated from wild-type and Gprc6a�/�, respec-

tively. We also showed that GPRC6A is coupled to gen-

eration of cAMP in HEK-293 cells overexpressing

GPRC6A. Thus, GPRC6A is coupled to signaling path-

ways known to regulate insulin production and secretion

and survival of pancreatic �-cells (17, 18, 38).

Despite the compelling evidence of impaired insulin se-

cretion and low �-cell mass in Gprc6a�/� mice, basal in-

sulin secretion was unexpectedly increased ex vivo in islets

from Gprc6a-deficient mice. The fact that Gprc6a�/�

mice have higher basal insulin levels per islet ex vivo, but

low serum insulin levels in vivo, suggests a complex rela-

tionship between GPRC6A regulation of insulin secretion

and the capacity of the islets to produce insulin, which is

determined by insulin content and number. Alternatively,

differences between �-cell function in vivo and ex vivo

may reflect differences in GPRC6A coupling to G�s, G�i,

and G�q pathways, which have different effects on insulin

secretion and, depending on which pathway predominates

in the in vivo and ex vivo setting, could either stimulate or

inhibit insulin secretion. The loss of GPRC6A in fat, mus-

cle, liver, or other tissues leading to alterations in insulin

resistance could also lead to compensatory changes in in-

sulin secretion by �-cells in vivo that are not reflected in

islets ex vivo. Additional studies on insulin secretion in

�-cell-specific knockouts of Gprc6a and assessment of

GPRC6A signaling pathways will be necessary to assess

potential different roles of GPRC6A in regulating basal

and ligand-stimulated insulin secretion.

The clinical significance of L-Arg activation of

GPRC6A is not yet clear. Gprc6a is expressed in multiple

tissues in addition to pancreatic �-cells, and L-Arg has

multiple metabolic effects other than regulation of insulin

secretion. Indeed, treatment of mice with L-Arg, but not

L-alanine, prevents the effects of high-fat diet or mutant

leptin receptors to induce metabolic syndrome (MetS) (39,

40). L-Arg supplementation also attenuates the severity of

MetS in humans (41, 42), whereas low arginine concen-

trations increase the risk factor for MetS (43). In addition,

arginine, ornithine, and lysine (the three principal amino

acid ligands for GPRC6A) (14), but not other amino acids,

stimulate GH release (44, 45), suggesting GPRC6A, which

is also expressed in the hypothalamus and pituitary gland,

may regulate the secretion of additional hormones (45).

In conclusion, the islets from Gprc6a�/� mice exhibit

impaired glucose- and L-Arg-mediated insulin secretion ex

vivo. GPRC6A, which is activated by osteocalcin, basic

amino acids, calcium, and testosterone (5, 15, 17), may be

a common receptor mediating the responses of �-cells to

multiple insulin secretagogues.
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