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The stimulatory G protein �-subunit (Gs�) couples hormone and other receptors to the generation
of intracellular cAMP. We previously showed that mice with liver-specific Gs� deficiency [liver-
specific Gs� knockout (LGsKO) mice] had reduced adiposity and improved glucose tolerance asso-
ciated with increased glucose-stimulated insulin secretion, pancreatic islet hyperplasia, and very
high serum glucagon and glucagon-like peptide 1 (GLP-1) levels. Because GLP-1 is known to stim-
ulate insulin secretion and to have effects on energy balance, we mated LGsKO mice with germline
GLP-1 receptor (GLP-1R) knockout mice (Glp1r�/�) and compared LGsKO to double-knockout (LGs/
Glp1r�/�) mice to determine the contribution of excess GLP-1R signaling to the LGsKO phenotype.
Loss of the GLP-1R failed to reverse most of the metabolic features of LGsKO mice, including
reduced fat mass, increased glucose tolerance, and second-phase glucose-stimulated insulin se-
cretion, islet cell hyperplasia, and very high glucagon and GLP-1 levels. However, loss of GLP-1R
impaired first-phase insulin secretion in mice with or without liver-specific Gs� deficiency. Thus,
excess GLP-1 action (or at least through GLP-1R) does not contribute to the LGsKO metabolic
phenotype, and other unknown factors involved in the cross talk between the liver Gs�/cAMP
pathway and pancreatic islet function need to be further elucidated. (Endocrinology 152:
0000–0000, 2011)

Glucose metabolism is regulated by complex neuronal
and hormonal systems to maintain blood glucose in a

narrow range. In the fed state, insulin stimulates glycoly-
sis, glycogen synthesis, and glucose uptake by peripheral
tissues and inhibits hepatic gluconeogenesis to lower
blood glucose, whereas in the fasted state, insulin levels are
low and glucose levels are maintained by various coun-
terregulatory hormones (e.g. glucagon, epinephrine, and
glucocorticoids) that stimulatehepatic glucoseproduction
(HGP) via glycogenolysis and gluconeogenesis. Activation
of the glucagon receptor in liver stimulates HGP by coupling
to the stimulatory G protein �-subunit (Gs�) to generate in-
tracellular cAMP, which stimulates cAMP-dependent pro-
tein kinase. In addition to directly phosphorylating meta-

bolic enzymes to enhance HGP, cAMP-dependent protein
kinase also phosphorylates the transcription factor cAMP-
response element-binding protein (CREB). Phospho-CREB
stimulates the expression of the transcription factor per-
oxisome proliferator-activated receptor coactivator 1� (1,
2), which in concert with coactivators induces expression
of gluconeogenic genes (2–4). Insulin counteracts the ac-
tions of cAMP/CREB/peroxisome proliferator-activated
receptor coactivator 1� by a variety of mechanisms (5–8).
Subjects with type 2 diabetes may have elevated glucagon
levels and excessive HGP even when blood glucose levels
are high (9).

To study the effects of disrupting glucagon signaling in
the liver on glucose metabolism, we previously generated
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mice with liver-specific Gs� deficiency [liver-specific Gs�

knockout (LGsKO) mice] (10). LGsKO mice develop a
number of abnormalities in glucose and energy metabo-
lism, including reduced adiposity, increased liver weight,
improved glucose tolerance associated with increased in-
sulin sensitivity, increased glucose-stimulated insulin se-
cretion, and enlarged pancreatic islets associated with
very high serum glucagon and glucagon-like peptide 1
(GLP-1) levels. Although under normal circumstances
GLP-1 is primarily secreted by intestinal L cells, results
from other mouse models of hepatic glucagon resistance
suggest that the high GLP-1 levels in LGsKO mice may
result from alternative processing of proglucagon in
pancreatic �-cells rather than by increased secretion
from the intestine (11, 12).

GLP-1 exerts multiple insulinotropic actions on pan-
creatic �-cells by activating a receptor that is coupled to
the Gs�/cAMP pathway (13). GLP-1 enhances glucose-
stimulated insulin secretion by synergizing with glucose to
inhibit ATP-sensitive potassium channels (KATP) (14–16)
and stimulates insulin gene expression and insulin biosyn-
thesis (15, 17). In addition, GLP-1 promotes �-cell differ-
entiation, proliferation, and neogenesis (18–20) and re-
duces �-cell apoptosis through a cAMP signaling pathway
(21). However, GLP-1’s actions are not limited to the
�-cell, and the GLP-1 receptor (GLP-1R) has been shown
to be expressed in other tissues including lung, stomach,
and brain (22). In the central nervous system, GLP-1 has
many actions, including inhibition of food and water in-
take and promotion of satiety and weight loss, nausea,
memory enhancement, and neuronal survival (13). As
would be predicted by the important role of GLP-1 in
pancreatic �-cell function, mice with germline inactiva-
tion of the GLP-1R (Glp1r�/�) exhibit glucose intolerance
with diminished insulin levels, although they have normal
body weight and feeding behaviors (23).

Because LGsKO mice have very high circulating GLP-1
levels, we wished to determine whether the actions of
GLP-1 could explain any of the metabolic phenotype of
LGsKO mice, particularly the reduced adiposity, im-
proved glucose tolerance, increased glucose-stimulated in-
sulin secretion, and islet expansion. Accordingly, we gen-
erated LGsKO mice that also had germline loss of the
Glp1r and examined the metabolic phenotype of LGs/
Glp1r�/� mice. Our findings show that enhanced signal-
ing through GLP-1R probably plays little role in the de-
velopment of the LGsKO phenotype.

Materials and Methods

Generation of LGsKO and germline LGs/Glp1r�/�

double-knockout mice
Mice with loxP recombination sites surrounding Gs� exon 1

(E1fl/fl; E1fl/�) were mated with mice carrying an albumin pro-

moter-cre recombinase transgene (Alb-cre) to generate mice with
liver-specific Gs� deficiency (LGsKO) as previously described
(10). The heterozygous (E1fl/�; Alb-cre�) or homozygous (E1fl/fl;
Alb-cre�) LGsKO mice were then bred with Glp1r�/� mice (23)
to generate mice that were homozygous for both the liver-specific
Gs� deletion and the germline Glp1r inactivating mutation (LGs/
Glp1r�/�). Because the E1fl allele has no effect on Gs� expression
or phenotype, all E1�/�or Alb-cre� littermates were used as con-
trols. Mice were genotyped by PCR of mouse tail DNA as pre-
viously described (10). The presence of the Alb-cre transgene was
determined using an albumin-specific forward primer (5�-AG-
GAACCAATGAAAT GCGAGG-3�) and a cre-specific reverse
primer (5�-CCCCAGAAATGCCAGATTACG-3�). Disruption
of the Glp1r gene was determined using the following primers:
Glp1r forward, 5�-ACATCCACCTGAACCTGTTTGC-3�;
Glp1r reverse, 5�-TGATAGGAGAGGAGCCCCATCCCAC-
3�; Neo forward, 5�-AGAGGCTATTCGGCTATGACTG-3�;
and Neo reverse, 5�-TTCGTCCAGATCATCCTGATC-3�. An-
imals were maintained on a 12-h light, 12-h dark cycle (0600–
1800 h) and a standard pellet diet (NIH-07, 5% fat by weight).
Animal experiments were approved by the National Institute of
Diabetes and Digestive and Kidney Diseases Animal Care and Use
Committee. Except where noted, all metabolic studies were per-
formed in 2- to 4-month-old male mice unless otherwise indicated.
Histological studies were performed on both male and female mice.

Measurement of food intake, body composition,
and metabolic rate

Body composition was measured in nonanesthetized mice us-
ing the Echo3-in-1 NMR analyzer (Echo Medical Systems,
Houston, TX). Oxygen consumption rate was measured by in-
direct calorimetry using an eight-chamber Oxymax system with
one mouse per chamber (Columbus Instruments, Columbus,
OH; 2.5-liter chambers with wire mesh floors, using 0.6 liters/
min flow rate, 90-sec purge, and 60-sec measure). Total and
ambulating motor activities were determined by infrared beam
interruption (Opto-Varimex mini; Columbus Instruments).
Food intake was measured as previously described (10).

Biochemical assays
Serum insulin, glucagon, leptin, and adiponectin levels were

measured using RIA kits, and glucose-dependent insulinotropic
polypeptide (GIP) levels were measured using an ELISA kit (Mil-
lipore, Billerica, MA). Serum glucagon levels were measured by
an RIA with less than 0.1% cross-reactivity to oxyntomodulin
and no detectable reactivity to other pancreatic peptides (Milli-
pore; GL-32K). GLP-1 levels were measured using an ELISA kit
(Millipore; EGLP-35K) that measures only active forms of
GLP-1 (7–36 amide; 7–37) and that does not recognize other
inactive forms of GLP-1. Free fatty acids (FFA) and triglycerides
were measured using reagents purchased from Roche Diagnos-
tics (Branford, CT) and Thermo Scientific (Middletown, VA),
respectively. Serum glucose levels were measured using a Glu-
cometer Elite (Bayer, Tarrytown, NY).

Glucose and insulin tolerance tests
For glucose and insulin tolerance tests, overnight-fasted mice

were administered glucose (2 mg/g body weight ip) or insulin
(Humulin; 0.75 mIU/g ip), respectively. In each study, tail blood
was collected before (time 0) and at indicated times after injec-
tion for measurement of glucose using the glucometer. Areas
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under the curves (AUC) for the glucose tolerance tests were cal-
culated after subtracting the baseline glucose from each time
points. AUC for insulin tolerance tests indicate negative excur-
sion of percent glucose from the baseline and were calculated by
subtracting each time point from the baseline. To examine short-
term glucose-stimulated insulin secretion, glucose (3 mg/g ip)
was administered and blood was taken through the tail vein at
indicated time points to measure glucose and insulin.

Immunohistochemistry and islet morphology
Dissected mouse pancreata were rapidly frozen on dry ice and

sectioned at a thickness of 10 �m. For immunohistochemistry,
the cryosections were fixed in 4% formaldehyde for 10 min,
washed with PBS, and placed in 3% H2O2 for 10 min. After
blocking in 10% normal goat serum, the sections were incubated
with mouse antiinsulin (Invitrogen, Carlsbad, CA), or rabbit
antiglucagon (Lab Vision, Fremont, CA) at 1:500 dilution, 4 C
overnight, followed by incubation with secondary antibodies
that were labeled with rhodamine or Cy2 (Jackson ImmunoRe-
search, West Grove, PA). The sections were counterstained with
methyl green. For islet morphology, sections were stained with
hematoxylin and eosin, and islet size was calculated by using
AlphaEaseFC software (Alpha Innotech, Santa Clara, CA).

Statistical analysis
Statistical significance among groups was determined using

one- or two-way ANOVA with Tukey’s posttest, with differ-
ences considered significant at P � 0.05.

Results

Effect of Glp1r inactivation on body composition,
energy balance, serum glucose, and insulin levels
in LGsKO mice

HeterozygousorhomozygousLGsKOmicewerebredwith
germline GLP-1R receptor knockout mice (Glp1r�/�) to

generate liver-specific Gs� and whole-body
Glp1r�/� double-knockout mice (LGs/
Glp1r�/�). There were no differences in body
weight, body composition, or tissue weights
between control and Glp1r�/� mice (Fig. 1).
Compared with control and Glp1r�/� mice,
LGsKO and LGs/Glp1r�/� mice exhibited no
difference in survival (number of expected
pups at weaning) or body weight (Fig. 1A) but
had reduced fat mass and increased lean mass
(Fig. 1B) and reduced epididymal white adi-
pose tissue weights (Fig. 1C). In addition both
LGsKO and LGs/Glp1r�/�mice had signifi-
cantly increased liver and kidney weights com-
pared with control and Glp1r�/� mice, with
liver weights being even higher in LGs/
Glp1r�/� than in LGsKO mice (Fig. 1C).
LGsKO mice had greater pancreas weights
than control or Glp1r�/� mice (Fig. 1C). Pan-
creas weights also tended to be higher in LGs/

Glp1r�/� mice, although the difference did not reach
statistical significance. There were no differences in
heart or interscapular brown adipose tissue weights be-
tween the four groups (Fig. 1C). All the findings con-

FIG. 1. Body weight, body composition, and organ weights of 6- to 7-month-old
male mice. A, Body weight; B, body composition; C, organ weights expressed as
percentage of total body weights (n � 5–10 per group). BAT, Brown adipose tissue;
WAT, epididymal white adipose tissue. Results are expressed as mean � SEM. *, P �
0.05 vs. controls; #, P � 0.05 vs. Glp1r�/� mice; x, P � 0.05 vs. LGsKO mice.

FIG. 2. Energy expenditure and activity studies in 5- to 6-month-old
male mice. A, Resting and total O2 consumption (vO2); B, total and
ambulatory (Amb) activity levels; C, resting and total respiratory
exchange ratio (RER, vCO2/vO2) measured over 24 h at 22 C (n � 6–
10 per group). Results are expressed as mean � SEM.
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cerning body weight, body composition, and organ
weights in LGsKO mice were consistent with our pre-
viously published results (10).

We next examined energy balance in the four groups of
mice. There were no differences in food intake measured
over 14 d among the four groups of mice (data not shown),

consistent with what was previously reported for LGsKO
mice (10) and Glp1r�/� mice (23). There were also no
significant differences between the four groups in resting
or total energy expenditure rates (O2 consumption), total
and ambulatory activity levels, or respiratory exchange
ratios (ratio of CO2 produced to O2 consumed) measured

over 24 h at ambient temperature (22 C), al-
though the activity levels tended to be some-
what lower in both LGsKO and LGs/Glp1r�/�

mice (Fig. 2). Overall, these results indicate
that loss of GLP-1 signaling through its recep-
tor did not affect the phenotype in LGsKO
mice with regard to body composition or en-
ergy balance.

As shown in Table 1, we saw no statistical
differences between the four groups in serum
insulin, FFA, triglyceride, GIP, or leptin lev-
els, although insulin, FFA, triglyceride, and
leptin levels tended to be lower in LGsKO
mice than in the other groups. Based upon a
one-way ANOVA, glucose levels were signif-
icantly lower in LGsKO mice compared with
Glp1r�/� mice but not compared with con-
trols or LGs/Glp1r�/� mice. Although the
difference between glucose levels of control
and LGsKO mice were not significantly dif-
ferent based on one-way ANOVA (Table 1),
the data do show a significant effect of the
LGsKO genotype by two-way ANOVA (P �

0.004) and a significant difference between
these groups when analyzed by t test (P �

0.02), similar to what we previously reported
when only these two groups were being studied
(10). Glucose, insulin, FFA, triglyceride, and
leptin levels tended to be higher in LGs/
Glp1r�/� mice compared with LGsKO mice.
Serum adiponectin levels were similarly re-
duced in LGsKO and LGs/Glp1r�/� mice com-
pared with both controls and Glp1r�/� mice.

FIG. 3. Glucose and insulin tolerance tests on overnight-fasted 2- to 3-month-old
mice. A, Intraperitoneal glucose tolerance test after administration of glucose (2 mg/
g body weight ip); B, oral glucose tolerance test after oral glucose administration by
gavage (2 mg/g body weight); C, insulin tolerance test after insulin administration
(0.75 mU/g body weight ip). Panels on the left show glucose levels at each time
point of the studies, and panels on the right show AUC of glucose using time 0
glucose as baseline. For insulin tolerance tests, each time point is the percent
decrease from 100% as baseline. Results are expressed as mean � SEM (n � 4–8 per
group). *, P � 0.05 vs. controls; #, P � 0.05 vs. Glp1r�/� mice.

TABLE 1. Serum chemistries in randomly fed 2- to 3-month-old male mice

Control Glp1r�/� LGsKO LGs/Glp1r�/�

Glucose (mg/dl) 214 � 8 250 � 14 144 � 16b 185 � 30
Insulin (ng/ml) 1.58 � 0.47 2.06 � 0.90 1.04 � 0.36 1.89 � 0.68
FFA (mM) 0.28 � 0.03 0.28 � 0.03 0.22 � 0.04 0.28 � 0.05
Triglycerides (mg/dl) 212 � 39 207 � 21 82 � 45 235 � 39
GIP (pg/ml) 77 � 19 124 � 25 89 � 28 87 � 21
Leptin (mg/dl) 8.90 � 2.68 9.97 � 2.60 3.14 � 1.08 6.66 � 2.96
Adiponectin (�g/ml) 8.10 � 0.58 7.69 � 0.22 4.86 � 0.56a,b 3.88 � 0.44a,b

Data are expressed as mean � SEM (n � 5–10 per group).
a P � 0.05 vs. control.
b P � 0.05 vs. Glp1r�/� by one-way ANOVA.
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Effect of Glp1r inactivation on glucose tolerance
and glucose-stimulated insulin secretion in LGsKO
mice

We performed ip and oral glucose tolerance tests on
male mice. Consistent with previously reported results
(23), Glp1r�/� mice had significantly impaired glucose
tolerance compared with controls after either ip or oral
glucose administration (Fig. 3, A and B). In contrast, LG-
sKO mice had markedly improved glucose tolerance in
both the ip and oral glucose tolerance tests, consistent with
our previously published results (10). LGs/Glp1r�/� mice
exhibited glycemic excursion profiles comparable to
LGsKO mice with very similar AUC on both the ip and
oral glucose tolerance tests, indicating that improved glu-
cose tolerance in LGsKO mice is not a reflection of en-
hanced signaling through the GLP-1R.

Intraperitoneal insulin tolerance tests showed similar
overall insulin sensitivity among the four groups with no
differences in the AUC between groups (AUC being calcu-
lated using the percent change from baseline at each time
point) (Fig. 3C). We also saw no difference in the AUC be-
tween groups when calculated using absolute glucose values
as opposed to percentage of baseline glucose (data not
shown). At the later time points (120 and 150 min), glucose

remained lower in the LGsKO mice and,
to a lesser extent in the LGs/Glp1r�/�

mice, consistent with an impaired coun-
terregulatory response.

To measure the rapid insulin response
to glucose, insulin levels and insulin/glu-
cose ratios were measured at 0, 2.5, 5,
and 15 min after administration of a
higher dose of glucose (3 mg/g body
weight ip) (Fig. 4A). Control mice had a
rapid first-phase insulin response with a
peak at 2.5 min, and this peak was en-
hanced in LGsKO mice, as previously re-
ported (10). The presence of the Glp1r�/�

mutation reduced the first-phase response
to a similar extent in control and LGsKO
mice, and two-way ANOVA confirmed
that both LGsKO and Glp1r�/� muta-
tions had independent effects on first-
phase insulin secretion with no interac-
tion between them. As previously noted
(10),LGsKOmicehadenhanced second-
phase insulin secretion (insulin levels and
insulin/glucose ratios at 5 and 15 min).
However, the presence of the Glp1r�/�

mutation had no independent effect on
second-phase insulin secretion in mice ei-
ther with or without the LGsKO muta-
tion. Therefore, the enhanced second-

phase insulin response in LGsKO mice does not appear to be
dependentonGLP-1Rsignaling,althoughGLP-1Rsignaling
has an independent effect on first-phase response in both
LGsKO mice and mice without disruption of liver Gs�

expression.
We also examined the increase in insulin in response to a

somewhat lower glucose dose over longer time periods (2
mg/g ip, Fig. 4B). In this experiment, both LGsKO and LGs/
Glp1r�/� mice showed comparable glucose and insulin re-
sponses, with insulin levels similar to those of control and
Glp1r�/� mice despite the fact that lower glucose levels were
achieved, consistent with what we previously observed in
LGsKO mice (10). Insulin to glucose ratios after 20 min
were higher in LGsKO and LGs/Glp1r�/� mice than in con-
trols and Glp1r�/� mice. This confirms that LGsKO mice
have greater insulin responses than might be expected based
upon the rise in glucose but this difference was not the result
of excess GLP-1 action at its receptor.

Glp1r deletion does not reverse the high serum
glucagon and GLP-1 levels and pancreatic islet
hyperplasia in LGsKO mice

We had previously shown that LGsKO mice have
markedly elevated serum glucagon levels, presumably a

FIG. 4. Glucose-stimulated insulin responses. A, Short-term insulin response to high-dose
glucose (3 mg/g body weight ip); B, longer-term insulin response to glucose (2 mg/g body
weight ip) showing glucose (upper panels), insulin levels (middle panels), and insulin to
glucose ratios (lower panels) for each study. Results are expressed as mean � SEM (n � 4–11
per group). Two-way ANOVA showed that both the LGsKO and Glp1r�/� independently
affected first-phase insulin secretion (insulin levels and insulin to glucose ratios at 2.5 min),
whereas at later time points representing second-phase insulin secretion, only the LGsKO
mutation had a significant effect.
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response to hepatic glucagon resistance, as well as ex-
tremely elevated active GLP-1 levels that, based upon find-
ings in similar models, may be due to aberrant processing
of excess proglucagon to GLP-1 in pancreatic �-cells (10).
Our present results confirmed the marked elevation in glu-
cagon and active GLP-1 levels in LGsKO mice and showed
that both glucagon and active GLP-1 levels were similarly
increased in LGs/Glp1r�/� mice (Fig. 5, A and B). There-
fore, elevation of the levels of these circulating hormones
in LGsKO mice does not appear to result from increased
GLP-1 action. Moreover, loss of the GLP-1R did not lead
to a further increase in serum active GLP-1 levels. There
were no significant differences in glucagon or GLP-1 levels
between Glp1r�/� and control mice. Similar results were
obtained when active GLP-1 was measured in plasma
rather than serum (data not shown).

Our previous study showed that LGsKO mice devel-
oped markedly enlarged islets with an increased propor-
tion of �-cells (10). Histological analysis in the present

study revealed markedly enlarged islets
in both LGsKO and LGs/Glp1r�/�

mice compared with control and
Glp1r�/� mice (Fig. 5C). Quantitative
analysis demonstrated that average and
total islet areas were similarly increased
in both LGsKO and LGs/Glp1r�/�

mice, whereas there were no differences
in average or total islet areas between
control and Glp1r�/� mice (Fig. 5, D
and E). Immunohistochemistry of islets
using glucagon- and insulin-specific
primary antibodies showed the typical
distribution pattern of cells within the
islet in control and Glp1r�/� mice, with
the majority of centrally located cells
being insulin-secreting �-cells and pe-
ripherally located cells being glucagon-
secreting �-cells. In contrast, islets from
both LGsKO and LGs/Glp1r�/� mice
exhibited greater glucagon immuno-
positivity (85 and 82% of total islet
area vs. 5 and 9% in control and
Glp1r�/� mice, respectively), with glu-
cagon-staining cells now expanding
from the periphery into the central por-
tion of the islet (Fig. 5F). There also
were a greater number of insulin-stain-
ing cells per islet. Hence, excess GLP-1
action is not required for islet and �-cell
expansion in LGsKO mice.

Discussion

The purpose of this study was to determine the contribu-
tion of significantly elevated GLP-1 levels and the GLP-1R
in LGsKO mice to the metabolic phenotype resulting from
loss of Gs� signaling in the liver. To do this, we introduced
a whole-body inactivation of the Glp1r gene into LGsKO
mice. It appears that the classical GLP-1R does not play a
substantial role in the LGsKO phenotype, because in most
respects the features of LGsKO mice, including reduced
adiposity, improved glucose tolerance, increased second-
phase insulin secretion, excess glucagon and GLP-1 secre-
tion, and pancreatic islet hyperplasia, were not reversed in
LGs/Glp1r�/� mice. Our previous work showed LGsKO
mice to have reduced adiposity, although the mechanism
was unclear because we were unable to observe differences
in food intake or energy expenditure (10). Although
GLP-1 is known to work via the central nervous system to
promote increased satiety and weight loss (13), GLP-1

FIG. 5. Serum glucagon and active GLP-1 levels and islet histology in 3- to 4-month-old
male mice. A and B, Serum glucagon (A) and active GLP-1 (B) levels (in log scale) in fed
mice (n � 5–10 per group); C, representative hematoxylin- and eosin-stained sections
showing islets at �200 and �400 original magnification; D and E, average islet area (D)
and total islet area (E) as percentage of total pancreatic area (n � 4 – 6 per group); F,
representative immunohistochemistry of islets stained for glucagon (green, left column),
insulin (red, middle column), and merged images (right column). Results are expressed as
mean � SEM. *, P � 0.05 vs. controls; #, P � 0.05 vs. Glp1r�/� mice.
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action through the known GLP-1R appears not to play a
role in the reduced adiposity of LGsKO mice, because this
effect was not reversed in LGs/Glp1r�/� mice. One caveat
of our study is that we cannot rule out the possibility that
excess GLP-1 is affecting the LGsKO phenotype through
mechanisms independent of GLP-1R.

Loss of GLP-1R signaling had no effect on the increased
glucose tolerance observed in LGsKO mice, even though
the Glp1r�/� phenotype was associated with significantly
impaired glucose tolerance. This finding is partially ex-
plained by the fact that LGsKO mice have increased in-
sulin sensitivity (10), a factor that did not appear to be
reversed in LGs/Glp1r�/�mice. In addition, the increase in
second-phase insulin secretion and �-cell mass observed in
LGsKO mice was not affected by loss of the GLP-1R, de-
spite the fact that GLP-1 is an insulinotropic agent that
promotes insulin secretion and synthesis and �-cell mass
expansion (24). One potential explanation for the lack of
a significant change in phenotype attributable to loss of
the GLP-1R in LGsKO mice would be compensatory up-
regulation of the other incretin GIP, which has been pre-
viously observed in Glp1r�/� mice (25). However, we saw
no increase in circulating GIP levels in LGs/Glp1r�/� mice.
An alternative explanation is that GLP-1, or GLP-1-de-
rived peptides, continue to enhance insulin sensitivity and
promote weight loss through GLP-1R-independent mech-
anisms (26, 27). On the other hand, the enhanced first-
phase insulin response observed in LGsKO mice was re-
duced in LGs/Glp1r�/� mice, and the first-phase response
observed in controls was absent in Glp1r�/� mice, indi-
cating that GLP-1R signaling is critical for first-phase in-
sulin secretion regardless of the physiological context.

The excess glucagon and GLP-1 secretion and �-cell
hyperplasia observed in LGsKO mice was also not re-
versed in LGs/Glp1r�/� mice, indicating that this pheno-
type is not the direct result of excess GLP-1 action medi-
ated through the GLP-1R. The �-cell hyperplasia in
LGsKO mice is not likely to be due to excess glucagon
action on �-cells because glucagon receptor knockout
mice with impaired glucagon action at the liver and hy-
perglucagonemia also develop �-cell hyperplasia despite a
loss of glucagon receptors in all tissues including islets
(11). Moreover, it has been shown that there is little or no
expression of glucagon receptors in most pancreatic
�-cells (28). Finally, prohormone convertase 2-deficient
(PC2�/�) mice, which have low glucagon levels due to
disrupted processing of proglucagon, also develop �-cell
hyperplasia (29), which is reversed by glucagon replace-
ment (30). It therefore appears that �-cell hyperplasia in
LGsKO mice and similar models is the result of chronic
hypoglycemia and/or other feedback signals from the liver
to the islet in response to reduced glucagon signaling.

It is known that changes in hepatic signaling pathways
can affect glucose homeostasis via altering pancreatic islet
function. In addition to the effects of impaired hepatic
glucagon signaling on �-cell growth outlined above, it has
also been shown that disruption of hepatic insulin signal-
ing in liver-specific insulin receptor knockout mice causes
increased islet and �-cell mass and hyperinsulinemia (31).
Mechanisms underlying the potential inter-organ commu-
nication between the liver and pancreatic islets have not
been well elucidated. A recent study has shown that acti-
vation (phosphorylation) of ERK in liver induces pancre-
atic �-cell proliferation through neuronal signals involv-
ing afferent fibers from the liver in the splanchnic nerve
and vagal efferents to the pancreas (32). It seems likely that
the disruption of hepatic Gs�/cAMP signaling in the liver
can trigger multiple hormonal, metabolic, or neuronal sig-
nals that feed back onto the pancreatic islets.
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