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Uncontrolled hepatic glucose production contributes significantly to hyperglycemia in patients with type 2 dia-
betes. Hyperglucagonemia is implicated in the etiology of this condition; however, effective therapies to block 
glucagon signaling and thereby regulate glucose metabolism do not exist. To determine the extent to which 
blocking glucagon action would reverse hyperglycemia, we targeted the glucagon receptor (GCGR) in rodent 
models of type 2 diabetes using 2′-methoxyethyl–modified phosphorothioate-antisense oligonucleotide (ASO) 
inhibitors. Treatment with GCGR ASOs decreased GCGR expression, normalized blood glucose, improved glu-
cose tolerance, and preserved insulin secretion. Importantly, in addition to decreasing expression of cAMP-reg-
ulated genes in liver and preventing glucagon-mediated hepatic glucose production, GCGR inhibition increased 
serum concentrations of active glucagon-like peptide-1 (GLP-1) and insulin levels in pancreatic islets. Together, 
these studies identify a novel mechanism whereby GCGR inhibitors reverse the diabetes phenotype by the dual 
action of decreasing hepatic glucose production and improving pancreatic β cell function.

Introduction
Under normal physiologic conditions, glucagon secretion is regulat-
ed by changes in systemic glucose and insulin concentrations. Unger 
hypothesized that disruption of the glucagon-insulin bihormonal 
relationship contributes to the manifestation of diabetes mellitus 
(1). Several studies have since tested this hypothesis, and accumulat-
ing evidence supports a pathophysiological role of glucagon in the 
development and progression of diabetes. Basal glucagon is inap-
propriately elevated (2), and its suppression is impaired following 
food consumption (3) in type 2 diabetes. Increased hepatic glucose 
production resulting from elevated glucagon and/or dysregulation 
of postprandial glucagon secretion likely contribute to hyperglyce-
mia and worsen glucose tolerance in type 2 diabetes.

Pharmacological intervention to suppress glucagon activity is 
proposed to improve insulin action in the liver and help restore 
normal hepatic glucose metabolism, thus decreasing hypergly-

cemia. Glucagon analogs that act as competitive antagonists, 
including [N α-trinitrophenyl-His1, homo-Arg12]glucagon, [des-
His1,Glu9]glucagon-NH2, and [des-His1, des-Phe6,Glu9]glucagon-
NH2, transiently lower blood glucose in streptozotocin-induced 
(STZ-induced) diabetic rats (4–6). Antiglucagon mAbs improve 
glycemia in STZ-induced diabetic rats, alloxan-induced diabetic rab-
bits, and ob/ob mice (7–9). Further, Bayer 27-9955, a small molecular 
weight competitive glucagon receptor (GCGR) antagonist, is effica-
cious in glucagon challenge experiments in healthy adult humans 
(10). However, efficacy data from chronic studies in diabetic rodents 
or humans administered this molecule have not been disclosed.

Recently, mice have been generated lacking GCGR (11, 12) or 
the enzyme required to process functional glucagon, prohormone 
convertase 2 (PC2) (13). Glucose homeostasis is relatively normal in 
these animals, yet both plasma glucose and insulin are slightly reduced. 
In addition, deletion of either gene results in α-cell hyperplasia, with 
Gcgr KO mice also displaying hyperglucagonemia (11–13). These data 
provide information about the physiological effects resulting from 
inhibition of glucagon signaling but do not indicate whether inhibit-
ing this pathway will improve glucose control in diabetes.

To test the hypothesis that inhibiting glucagon action will decrease 
hepatic glucose output and reduce hyperglycemia in type 2 diabetes, 
we identified and tested 2′-methoxyethyl modified phosphorothio-
ate GCGR antisense oligonucleotides (ASOs). Exploiting modified 
ASOs of this class to inhibit the GCGR is advantageous over other 
chemical platforms because these compounds effectively decrease 
expression of targeted genes in specific tissues such as the liver (14). 
In addition, these molecules possess extended half-lives that mini-
mize compound dosing regimens (15). The inherent specificity and 
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in vivo stability of antisense inhibitors enables characterization of 
the biological effects of inhibiting the GCGR in type 2 diabetes.

Results
GCGR ASOs lower plasma glucose in diabetic rodents. Several potent 
GCGR ASO inhibitors were identified and characterized in dose-
response studies using primary mouse and rat hepatocytes (Figure 1, 
A and B). To test the efficacy of GCGR ASOs to treat hyperglycemia, 
7–8 week-old ob/ob and db/db mice were dosed two times per week 
with either GCGR ASOs (148359, 180475), a generic control ASO 
(141923) whose sequence does not match any known transcripts in 
the mouse or rat genomes, a mismatch GCGR ASO (298682) whose 
sequence is identical to GCGR ASO 180475 except for 7 internal 
bases, or saline for 4 weeks (Figure 1C, Table 1, and data not shown). 
Whereas hyperglycemia continued to worsen over time in saline- and 
control ASO–treated ob/ob mice, animals treated with GCGR ASOs 
showed a dramatic reduction in plasma glucose. In fact, GCGR ASO 
180475 lowered glucose into the normal range. At the end of the 4-
week treatment period, liver GCGR mRNA was reduced by 85–95% 
(Figure 1D). Similar glucose lowering efficacy and target reduction 

were observed in db/db mice undergoing GCGR ASO treatment com-
pared with administration of saline, the generic control ASO, or the 
mismatch GCGR ASO (Table 1 and data not shown); furthermore, 
plasma triglycerides in db/db mice were lowered following GCGR 
ASO treatment (Table 1). Interestingly, the lowering of plasma tri-
glyceride levels was paralleled by similar decreases in liver triglycer-
ide content in some animals administered GCGR ASOs (Table 1 and 
data not shown). The reduction in plasma glucose and triglycerides 
in db/db mice by GCGR ASO 180475 is similar to that reported in 
studies testing GCGR ASO 148359 for 3 weeks (16). A comparison 
of metabolic parameters from normal and diabetic rodents treated 
for 4 weeks with GCGR ASOs is presented in Table 1.

The time-dependent antidiabetic properties of GCGR ASOs were 
further investigated in a more detailed time course analysis of glucose 
lowering and target reduction in 8-week-old Zucker diabetic fatty 
(ZDF) rats. Animals were dosed for 4 weeks with either the control 
ASO or GCGR ASO 180475 followed by a 4-week washout period 
during which there was no treatment. Liver GCGR mRNA decreased 
dramatically to 50% of that in controls within 24 hours after the first 
dose of GCGR ASO and to 70% of controls 48 hours after the sev-

Figure 1
GCGR ASOs decrease GCGR mRNA and lower plasma glucose in ob/ob mice. Mouse (A) or rat (B) primary hepatocytes were treated with the 
indicated ASO concentration for 4 hours as described in Methods. Following oligonucleotide treatment, cells were cultured for an additional 16–18 
hours. Total RNA was extracted, and GCGR mRNA expression was assessed by RT-PCR. GCGR expression was normalized to total RNA in 
the same samples using Ribogreen. Data are expressed as percent of saline-treated controls. (C) Nonfasted plasma glucose in 8-week-old male 
ob/ob mice treated twice per week (every 3.5 days) by subcutaneous injection with saline (filled squares), GCGR ASO 148359 (open triangles), 
GCGR ASO 180475 (open circles), or control ASO 141923 (filled inverted triangles) for 4 weeks. All ASOs were administered at 25 mg/kg. Data 
are the mean values ± SEM of eight mice per treatment group. In overall comparisons, glucose lowering in animals treated with GCGR ASO 
148359 and GCGR ASO 180475 was significantly different compared individually with saline- and control ASO–treated animals (P < 0.05 adjusted 
using Tukey's t test). (D) Liver GCGR mRNA reduction in ob/ob mice. GCGR mRNA was measured by real-time quantitative RT-PCR from livers 
of ob/ob mice treated for 4 weeks [i.e., end of the treatment period described in (C)] with saline (black bar), GCGR ASO 148359 (light gray bar), 
GCGR ASO 180475 (white bar), and control ASO 141923 (dark gray bar). GCGR mRNA was normalized to total RNA in the same samples using 
Ribogreen. Data are the mean values ± SEM of four mice per treatment group (P < 0.05 using Student’s t test).
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enth dose (Figure 2A). This was paralleled by a significant drop in 
plasma glucose within 48 hours after the initial GCGR ASO dose and 
reached maximal efficacy 48 hours after the seventh dose (Figure 2B). 
During the washout phase, hyperglycemia and GCGR expression in 
the liver began to rebound within 10 days, but even one month after 
the final dose, efficacy was still observed as plasma glucose and target 
mRNA levels in washout animals remained below pretreatment levels 
(Figure 2, A and B). Glucose lowering achieved by the twice per week 
dosing schedule and the gradual rebound of GCGR mRNA during 
the washout period are both consistent with the extended half-lives 

of 2′-methoxyethyl–modified phosphorothioate ASOs, which typi-
cally range from 9 to 19 days (14, 15). Plasma insulin levels fell during 
the treatment phase in both control and GCGR ASO–treated ani-
mals (Figure 2C). In the control group, falling insulin levels occurred 
as glucose levels rose. This is likely the result of progressive β cell fail-
ure, which typically occurs in ZDF rats between 8 and 12 weeks of 
age (17). In contrast, in GCGR ASO–treated ZDF rats, insulin levels 
fell as glucose levels also decreased (Figure 2C). Here, this finding is 
likely a result of reduced glycemic stimulus rather than β cell failure. 
Importantly, the very robust initial insulin response to a mild rise in 

Table 1
Metabolic parameters of GCGR ASO–treated rodents

  Body weight  Plasma glucose  Plasma triglycerides  Liver triglycerides  Plasma insulin  Plasma glucagon  Plasma active 
  (g) (mg/dl) (mg/dl) (mg/g) (ng/ml) (pg/ml) GLP-1 (pM)
ob/ob mice
 Saline 54.3 ± 1.6 448 ± 64 148 ± 28 220 ± 27 41.2 ± 9.4 566 ± 46 19.6 ± 7.2
 GCGR ASO 53.0 ± 1.9 144 ± 7A 100 ± 8 87 ± 7 A 33.0 ± 6.0 10581 ± 2479 274.7 ± 46.8 A

db/db mice
 Saline 42.9 ± 1.5 631 ± 64 361 ± 58 n.d. 9.7 ± 2.4 252 ± 69 7.7 ± 0.7
 Control ASO 44.7 ± 1.1 642 ± 47 274 ± 33 n.d. 12.6 ± 2.3 352 ± 59 5.5 ± 1.0
 GCGR ASO 46.4 ± 0.5 220 ± 14 A 97 ± 7 A n.d. 12.2 ± 2.8 7265 ± 415 A 75.7 ± 13.9 A

db+/? lean mice
 Control ASO  28.0 ± 1.0 196 ± 12 121 ± 7 9.1 ± 1.1 n.d. 80 ± 1 n.d.
 GCGR ASO 27.6 ± 1.0 164 ± 4 A 83 ± 6 A 7.1 ± 0.6 n.d. 362 ± 40 A n.d.
ZDF rats
 Control ASO 403 ± 12 417 ± 38 640 ± 105 23.5 ± 1.6 5.0 ± 1.9 136 ± 7 17.0 ± 2.7
 GCGR ASO 404 ± 8 143 ± 15 A 250 ± 25 A 17.0 ± 2.3 4.4 ± 0.5 548 ± 20 A 184.0 ± 8.4 A

SD rats
 Saline 344 ± 4 116 ± 3 106 ± 26 10.3 ± 0.6 2.7 ± 0.3 56 ± 11 12.1 ± 0.2
 GCGR ASO 327 ± 5 104 ± 7 139 ± 58 12.3 ± 1.5 1.3 ± 0.2 A 855 ± 122 A 113 ± 21A

All data are from animals that were treated twice per week (every 3.5 days) by subcutaneous injection with saline, GCGR ASO 180475, or Control ASO 
141923 for 9 total doses. AP < 0.05. n.d., not determined.

Figure 2
Time course analysis of GCGR mRNA reduction and plasma glucose lowering in ZDF rats. (A) Liver GCGR mRNA reduction in ZDF rats. 
Seven-week-old male ZDF rats were treated twice per week (every 3.5 days) by subcutaneous injection with control ASO 141923 (filled inverted 
triangles) or GCGR ASO 180475 (open circles) at 25 mg/kg for 9 doses (last treatment on day 28) followed by a washout period of equal duration. 
GCGR mRNA was measured by real-time quantitative RT-PCR from livers of 5 animals removed from the study at each time point. Eukaryotic 
18S ribosomal RNA was measured and used to normalize RNA input. Data are the mean values ± SEM of five rats per treatment group. In overall 
comparisons during the treatment period, target reduction by GCGR ASO 180475 was significantly different when compared with that in control 
ASO–treated animals (P < 0.05 adjusted using Tukey's t test). (B) Nonfasted plasma glucose in ZDF rats treated as described in (A). Data are 
the mean values ± SEM of five rats per treatment group. In overall comparisons during the treatment period, glucose-lowering by GCGR ASO 
treatment showed significant differences when compared with that in control ASO–treated animals (P < 0.05 adjusted using Tukey's t test). (C) 
Nonfasted plasma insulin in ZDF rats treated as described in (A). Data are the mean values ± SEM of five rats per treatment group. No significant 
changes were observed during the treatment period; however, individual comparisons between GCGR ASO– and control ASO–treated animals 
on days 38 and 56 (washout period) were significant (P < 0.05).
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plasma glucose in the GCGR ASO–treated rats during the washout 
phase is consistent with improved β cell function compared with 
that in the control animals. Further evidence for this is presented 
below (Figures 8 and 9).

GCGR ASO treatment results in α-cell hypertrophy, hyperplasia, and revers-
ible hyperglucagonemia. In addition to dramatic effects on glucose low-
ering, GCGR ASO treatment resulted in marked hyperglucagonemia 
in both normal and diabetic rodents (Table 1). This level of hyper-
glucagonemia is similar to that observed in Gcgr KO mice (11, 12). 
Elevated concentrations of plasma glucagon in GCGR ASO–treated 
rodents were accompanied by pancreatic α cell hypertrophy, and α 
cell hyperplasia was observed in some models (Figure 3). α-cell hyper-
trophy, characterized by an increase in individual cell size without 
an appreciable change in cell number, was present in islets of db+/? 
lean and ob/ob mice treated for 30 days (Figure 3). In addition to dis-
playing α cell hypertrophy, db/db mice and ZDF rats exhibited α cell 
hyperplasia characterized by increased numbers of hypertrophied α 
cells distributed most prominently along the periphery of individual 
islets but also extending into central regions of islets (Figure 3). Fur-
ther characterization was performed by counting glucagon-stained 
cells of islets from saline or GCGR ASO–treated db/db mice. The first 
10 islets encountered in individual sections from control and treated 

animals (n = 5 animals per group) were selected for analysis regard-
less of appearance, and images were captured digitally. Glucagon 
immunopositive and immunonegative islet cells were manually 
counted. The islets from GCGR ASO–treated db/db mice showed an 
approximately 2-fold increase in the number of glucagon positive cells 
(saline, 28.1 ± 2.5% of islet cells; GCGR ASO, 53.5 ± 1.7% of islet cells). 
In addition, pancreatic islets in animals with α cell hyperplasia were 
qualitatively enlarged and, in the case of ZDF rats, more irregular in 
contour compared with their saline-treated counterparts. Although 
GCGR mRNA was reduced in islets isolated from GCGR ASO–treated  
db/db mice (Figure 8C), there is little evidence supporting direct 
ASO-mediated pharmacology in these cells (our unpublished data). 
Because α cells are believed to have fewer GCGRs compared with 
other islet cell types (18), the increased α cell population in treated 
animals could account for the measured differences. Alternatively, 
lower levels of islet GCGRs may have been the result of a compensa-
tory response to hyperglucagonemia.

Treatment of db+/? lean mice for 13 weeks with GCGR ASOs 
resulted in a remarkable 30-fold induction of plasma glucagon 
that returned to normal following an 8-week washout period (Fig-
ure 4B), at which time GCGR mRNA levels in the liver also normal-
ized (Figure 4C). During the treatment period, hyperglucagonemia 

Figure 3
GCGR ASO treatment results 
in α cell hyperplasia. Glucagon 
immunostaining of representa-
tive pancreas sections from 11- to 
12-week-old db+/?, ob/ob, db/db 
mice, and ZDF rats, which had 
been treated twice per week 
(every 3.5 days) by subcutaneous 
injection with control ASO 141923 
(upper panels) or GCGR ASO 
180475 (lower panels) at 25 mg/
kg for 9 total doses. Original mag-
nification, db+/?, ×40; others, ×20).

Figure 4
Hyperglucagonemia induced by GCGR ASO treatment is reversible. (A) Seven-week-old male db+/? mice were treated twice per week (every 3.5 
days) by subcutaneous injection with saline (filled squares), GCGR ASO 180475 (open circles), or control ASO 141923 (filled inverted triangles). 
ASOs were administered at 25 mg/kg for the first 9 doses and at 10 mg/kg for an additional 18 doses (last treatment on day 91) followed by a treat-
ment-free washout period of 8 weeks. Nonfasted plasma glucose was measured every two weeks, and the data are expressed as the mean ± SEM 
of 8 mice per treatment group. (B) Nonfasted plasma glucagon was measured every two weeks from the animals described in (A), and the data are 
expressed as the mean ± SEM of 8 mice per treatment group. (C) GCGR mRNA was measured by real-time quantitative RT-PCR from the livers of 5 
animals removed from the study at the time points indicated. Eukaryotic 18S ribosomal RNA was measured and used to normalize RNA input. Data 
are the mean values ± SEM of 5 mice per treatment group (P < 0.05 using the Student’s t test).
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was coincident with pancreatic–α cell hypertrophy and hyperplasia 
and an equivocal increase in BrdU incorporation in islets of indi-
vidual db+/? animals at day 91 (data not shown). Importantly, 
however, there was no increase in the severity of α cell hyperplasia 
following the 8-week recovery period as BrdU immunolabeling in 
GCGR ASO–treated animals was indistinguishable from that of 
saline and control ASO–treated animals (data not shown).

Because very high levels of serum glucagon are present in ani-
mals receiving GCGR ASOs, it is possible that these concentrations 
might induce hyperglycemia, particularly as hepatic GCGR levels 
gradually return to normal following treatment withdrawal. It is 
therefore significant that at no time during the treatment or wash-
out periods did animals with hyperglucagonemia exhibit hypergly-
cemia (Figure 4A). In fact, GCGR ASO–treated animals showed a 
moderate decrease in fed plasma glucose at all time points tested. 
This reversal of hyperglucagonemia is analogous to the reversal of 
α cell hyperplasia observed in Pc2 KO mice treated with exogenous 
glucagon by mini-osmotic pump (13). Indeed, it appears both 
glucagon and its receptor must be functional in order to maintain a 
feedback loop that restrains α cell growth and subsequent glucagon 
secretion. The exact nature of this feedback loop is unclear, but it is 
not believed to be driven by hypoglycemia (19).

GCGR ASOs decrease glucagon-stimulated hepatic glucose production with-
out causing hypoglycemia. To assess whether the reduction in GCGR 
mRNA correlates with a reduction in functional GCGR number, a 
homologous competition assay was performed using hepatocyte 
membranes prepared from db/db mice treated with control or GCGR 
ASOs. 125I-glucagon binding was effectively competed by increasing 
concentrations of unlabeled glucagon in control membrane samples 
(Figure 5). The calculated apparent Bmax was 180.3 ± 38.7 fmol recep-
tor/mg protein. Binding of glucagon to membrane samples from 
mice treated with GCGR ASOs was low by comparison, nearing the 
limits of detection of the assay. The apparent Bmax for these samples 
was 25.8 ± 12.9 fmol receptor/mg protein. Thus, functional GCGR 
expression is decreased approximately 85% by GCGR ASO therapy 
and is in accord with quantitative RT-PCR results.

Consistent with a reduction in the number of GCGRs present on 
the cell surface of hepatocytes, expression levels of key downstream 
regulatory genes that control glucagon-mediated hepatic glucose 
production were decreased in Sprague-Dawley (SD) and ZDF 
rats undergoing GCGR ASO therapy. The mRNA levels of several 
gluconeogenic and glycogenolytic enzymes, including glucose-6-
phosphatase, phosphoenolpyruvate carboxykinase, fructose-1,6-
bisphosphatase, and glycogen phosphorylase were decreased (Fig-
ure 6, A and B). Further, transcript levels for these enzymes correlate 
with levels of liver glycogen. In the fed state, there was no difference 

in liver glycogen between control and GCGR ASO–treated groups. 
However, in the fasted state, liver glycogen in GCGR ASO–treated 
db/db mice was maintained at the level of fed animals, whereas in 
controls, liver glycogen was decreased (Figure 6C). To confirm that 
GCGR ASO therapy results in decreased glucagon-stimulated glu-
cose output, glucose production was measured from liver slices 
obtained from SD rats treated with GCGR ASOs. There were no 
significant difference in basal rates of glucose production between 
the saline- and GCGR ASO–treated groups (saline = 664.7 ± 56.8 mg 
glucose/g liver/2 h; GCGR ASO = 541.5 ± 44.3 mg glucose/g liver/2 
h). Glucagon stimulated a 3.4-fold increase in glucose production 
in the saline-treated group (2267 ± 350 mg glucose/g liver/2 h;  
P < 0.05), whereas it failed to induce a significant change in the ASO-
treated animals (870.4 ± 111.3 mg glucose/g liver/2 h). Glucose pro-
duction was stimulated 1.9-fold by epinephrine over basal in both 
groups (saline = 1241 ± 78 mg glucose/g liver/2 h; GCGR ASO = 
1058 ± 87 mg glucose/g liver/2 h). This is in contrast to Gcgr–/– mice, 
which are more sensitive to epinephrine stimulation compared with 
their WT littermates (12). It is likely that incomplete receptor KO  in 
GCGR ASO–treated animals or embryonic effects in Gcgr null mice 
account for this difference.

Since glucagon is believed to be essential for maintaining fast-
ing and postprandial glucose homeostasis, GCGR ASOs have the 
potential to induce hypoglycemia. As mentioned previously, db+/? 
lean mice treated for 13 weeks with GCGR ASOs had a moder-
ate decrease in fed plasma glucose (Figure 4A). After 4 weeks of 
GCGR ASO treatment — when GCGR reduction reaches maximal 
levels — db+/? lean mice were subjected to periods of fasting up to 
24 hours (Figure 7). Although the GCGR ASO–treated group dis-
played a 10–30% reduction in plasma glucose, at no time did ani-
mals reach adverse levels of hypoglycemia. It is likely that GCGR 
ASO–treated animals avoid hypoglycemia during fasting by main-
taining normal catecholamine- and glucocorticoid-stimulated 
hepatic glucose production, in addition to possessing low num-
bers of residual GCGRs. This is in contrast to Gcgr KO mice, which 
become hypoglycemic during periods of fasting (12).

GCGR ASOs improve pancreatic β cell function. The intestinally-derived 
incretin hormone, glucagon-like peptide-1 (GLP-1), has positive 
effects on glucose-stimulated insulin secretion as well as on β cell sur-
vival and islet neogenesis (20, 21). Gcgr KO mice are reported to have 
elevated levels of GLP-1 (13). The studies presented here determine 
that plasma concentrations of active GLP-1 [GLP-1 (7-36 amide) and 
GLP-1 (7-37)] are increased 10- to 20-fold in both normal and diabetic 
rodents treated with GCGR ASOs (Table 1). To determine the source 
of the elevated GLP-1, mRNA was isolated from pancreatic islets and 
intestines (colon, ileum, and jejunum) from animals treated with 

Figure 5
GCGR ASO treatment decreases glucagon binding to liver membranes. Glucagon bind-
ing to liver membranes was assessed by homologous competition in the presence of 0.1 
nM 125I-labeled glucagon in filter binding analysis as described in Methods. Results are 
expressed in fmol/mg membrane. Each value represents the mean ± SEM of duplicate 
conditions from the liver membranes of 11-week-old db/db mice (n = 3 per treatment 
group), which had been treated twice per week (every 3.5 days) by subcutaneous injec-
tion with control ASO 141923 (filled inverted triangles) or GCGR ASO 180475 (open 
circles). Receptor expression as percentage of control is shown in the inset. The white 
bar represents the average Bmax ± SEM for GCGR ASO–treated samples versus control 
ASO (gray bar) (P < 0.05).
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GCGR ASOs, and preproglucagon transcripts were measured by real-
time quantitative RT-PCR. Preproglucagon mRNA increased 5-fold 
in islets from treated animals compared with controls (Figure 8C); 
however, it was not altered in intestinal tissues (data not shown), sug-
gesting that the increase in plasma GLP-1 is derived from pancreatic α 
cells. Further, islets isolated from GCGR ASO–treated animals had a 3-
fold increase in active GLP-1 (Figure 8A), and immunohistochemistry 
with anti–GLP-1 antibodies identified the presence of GLP-1 in 
glucagon-stained cells (data not shown). Taken together, these data 
indicate that pancreatic α cells are the source of the elevated plasma 
GLP-1 observed in animals treated with GCGR ASOs.

The striking increase in active GLP-1 induced by GCGR ASO 
therapy would be expected to enhance glucose-stimulated insu-
lin secretion in vivo. To test this hypothesis, intraperitoneal glu-
cose challenges were given to normoglycemic SD rats or 15-week-
old ZDF rats undergoing treatment with saline or GCGR ASO 
180475. In the basal state, the GCGR ASO–treated SD rats showed 
no differences in glucose or insulin compared to saline controls 
(Figure 9, A and B). Following a glucose challenge, glucose excur-
sion in GCGR ASO–treated animals was reduced (Figure 9A), and 
a robust insulin response was observed (Figure 9B). In ZDF rats, 
GCGR ASO treatment had a striking effect in normalizing fasting 

glucose and the glucose excursion curve (Figure 9C); furthermore, 
basal insulin levels were elevated 2.5-fold by GCGR ASO treat-
ment, and there was a much more pronounced insulin response 
to a glucose challenge (Figure 9D). The finding that 15-week-old 
ZDF rats treated with GCGR ASOs could respond to a glucose 
challenge prompted analysis of islets of treated animals. Indeed, 
insulin content and preproinsulin 1 mRNA in islets of db/db mice 
treated with GCGR ASOs were elevated 2-fold (Figure 8, B and C). 
Taken together, these results suggest that the elevation of active 
GLP-1 in GCGR ASO–treated animals leads to increased glucose 
sensitivity of pancreatic β cells and promotion of β cell survival in 
these models that undergo an age-dependent islet involution.

Changes in adiposity are not observed in rodents treated with GCGR ASOs. 
Gcgr–/– mice have reduced adipose tissue mass, which suggests that 
glucagon action may be involved in the regulation of whole body 
composition (12). However, the studies performed here did not 
identify significant changes in adiposity in animals treated with 
GCGR ASOs. For example, there was no change in whole body adi-
pose tissue mass in db+/? mice undergoing GCGR ASO treatment 
for 8 weeks compared with controls (saline: lean mass = 79.65%,  
adipose mass = 14.87; GCGR ASO: lean mass = 78.99%, adipose 
mass = 14.95%) as assessed by quantitative magnetic resonance 

Figure 6
GCGR ASO treatment affects gluconeogenic and glycogenolytic enzyme gene expression and glycogen content in liver. (A) Expression of genes 
encoding gluconeogenic and glycogenolytic enzymes in GCGR ASO–treated SD rats. Real-time quantitative RT-PCR was used to profile gene 
expression from the livers of SD rats treated with GCGR ASO 180475 or saline for 4 weeks. Hepatic GCGR, glucose-6-phosphatase catalytic 
subunit (G-6-Pase [cat]), phosphoenolpyruvate carboxykinase, cytosolic isoform (PEPCK-C), fructose-1,6-bisphosphatase (F-1,6-Bpase), and 
glycogen phosphorylase (GP) mRNA levels showed significant differences when compared to control ASO–treated animals (P < 0.05 using the 
Student’s t test). Differences in the mRNA levels of GK and PPARγ were not observed. Rat 36B4 ribosomal phosphoprotein mRNA was mea-
sured and used to normalize RNA input. Data are the mean values ± SEM of 5 rats per treatment group. (B) Expression of genes encoding glu-
coneogenic and glycogenolytic enzymes in GCGR ASO–treated ZDF rats. Real-time quantitative RT-PCR was used to profile gene expression 
from livers of ZDF rats treated as described in (A). (C) Glycogen was measured as described in Methods in liver samples from 11-week-old db/db 
mice (n = 5 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (black bar), 
GCGR ASO 180475 (white bar), or control ASO 141923 (gray bar) for 9 total doses. ASOs were administered at 25 mg/kg. GCGR ASO–treated 
mice had increased liver glycogen in the fasted state (P < 0.05) with no significant change in the fed state.
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analyses (22). Similarly, epididymal white adipose tissue was not 
reduced in db/db mice (saline = 2.27 ± 0.05 g; GCGR ASO = 2.33 ± 0.11 
g) treated with GCGR ASOs for 4 weeks. Further, differences in 
serum levels of circulating free fatty acids in control versus GCGR 
ASO–treated db/db mice (saline = 1.39 ± 0.05 mEq/L; GCGR ASO = 
1.28 ± 0.09 mEq/L) or ob/ob mice (saline = 0.64 ± 0.1 mEq/L; GCGR 
ASO = 0.68 ± 0.08 mEq/L) were not observed. Incomplete receptor 
KO in GCGR ASO–treated animals or embryonic effects in Gcgr–/–  
mice may account for these differences. Future studies in animal 
models of diet-induced obesity will be needed to further evaluate 
the relationship between glucagon action and adiposity.

Discussion
Because glucagon is elevated in patients with type 2 diabetes (2) and 
because normalizing glucagon levels during oral glucose challenge 
tests improves metabolism (3), blocking hepatic glucagon action is 
likely to improve glycemic control in diabetes. Data reported here 
support this hypothesis since 2′-methoxyethyl–modified phospho-
rothioate-antisense oligonucleotides specific to the GCGR reduce its 
expression in liver and lower blood glucose in diabetic rodents. Con-
sistent with blocking glucagon action, GCGR ASO therapy decreas-
es glycogenolytic and gluconeogenic enzyme gene expression and 
prevents glucagon-mediated hepatic glucose production. Impor-
tantly, GCGR ASO treatment also leads to an increase in pancreatic 
α cell expression of active GLP-1. As a result, islet insulin content 
is increased, insulin secretion is preserved, and glucose tolerance is 
improved. In addition to identifying mechanisms whereby GCGR 
ASO inhibitors improve glucose control, the studies presented here 
demonstrate the long-term effects of targeting glucagon action in 
several rodent models of type 2 diabetes. Although it is clear that 
GCGR ASO treatment improves glucose control through hepatic 
and islet effects, the data do not definitively exclude or support an 
effect on extrahepatic insulin sensitivity.

Gcgr KO mice have slightly reduced plasma levels of glucose and 
insulin (11, 12); however, the impact of inhibiting this pathway 
on glucose homeostasis in diabetic models is unclear. Previous 
studies testing antiglucagon molecules indicate that transient 
antagonism of glucagon action in the liver would decrease hepatic 
glucose production (7, 8, 10). These data provided initial proof-
of-concept evidence that such molecules might be useful in the 
treatment of postprandial hyperglycemia and likely have utility 
in treating impaired glucose tolerance and type 2 diabetes. How-
ever, clinical development of small molecular weight and peptide 
GCGR antagonists has largely failed for technical reasons (23), and 
thus, studies evaluating the chronic effects of inhibiting this target 
are needed. As an alternative therapeutic approach, we targeted 
the GCGR mRNA with specific 2′-methoxyethyl-modified phos-

Figure 7
GCGR ASO treatment does not result in adverse hypoglycemia in 
nondiabetic mice. Nonfasted plasma glucose in 11-week-old male db+/? 
mice, which had been treated twice per week (every 3.5 days) by sub-
cutaneous injection with control ASO 141923 (gray bars) or GCGR ASO 
180475 (white bars) at 25 mg/kg for a total of 9 doses. Plasma glucose 
was analyzed in samples obtained from different groups of five animals, 
which were random fed (6:00 AM sampling) or fasted for 6, 12, or 24 
hours (fasting started at 6:00 AM). Data are the mean values ± SEM of 
five mice per treatment group. Significant differences (P < 0.05) were 
observed in the fed state and after a 12 hour fast.

Figure 8
GCGR ASO treatment increases islet GLP-1 and insulin content. (A) Islets were isolated as described in Methods from 12-week-old male db/db 
mice (n = 5–6 per treatment group), which had been treated twice per week (every 3.5 days) by subcutaneous injection with saline (black bar) or 
GCGR ASO 180475 (white bar) at 25 mg/kg for a total of 9 doses. Five replicates of 10 islets from each animal were extracted with acid ethanol 
overnight at 4°C, and GLP-1 was assayed by ELISA. Results are expressed as mean ± SEM. P < 0.05. (B) Islet insulin content was assayed by 
RIA using samples prepared as described in (A). Results are expressed as mean ± SEM. P < 0.05. (C) Real-time quantitative RT-PCR was used to 
profile gene expression from islets of 10-week-old male db/db mice (n = 9 per treatment group), which had been treated twice per week (every 3.5 
days) by subcutaneous injection with saline (black bar) or GCGR ASO 180475 (white bar) at 25 mg/kg for a total of 9 doses. Islets were isolated as 
described in Methods, and 200 islets from 3 individuals were pooled to give one sample for RNA extraction. Islet GCGR, preproglucagon (proGCG), 
Brain-4 (Brn4), and insulin-1 (Ins1) levels showed significant differences when compared to saline-treated animals (P < 0.05 using Student’s t test). 
Differences in the mRNA levels of insulin-2 (Ins2), glucose transporter-2 (Glut2) and glucokinase (GCK) were not observed. Mouse 36B4 ribosomal 
phosphoprotein mRNA was measured and used to normalize RNA. Data are the mean values ± SEM of 3 samples per treatment group.
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phorothioate ASOs. The use of this class of compound to inhibit 
the GCGR is advantageous because these molecules effectively 
decrease gene expression in hepatocytes (14).

Reduced GCGR expression by GCGR ASOs results in α cell 
hypertrophy, hyperglucagonemia, and, in several cases, α cell 
hyperplasia, similar to what is observed in GCGR-deficient mice 
(11, 12). Although not observed in either KO mice or ASO-treated 
animals, necrolytic migratory erythema — a distinct skin lesion 
often observed in areas of the lower trunk — is associated with 
hyperglucagonemia in glucagonoma patients (24). The etiology of 
this condition is unknown; however, excessive glucagon action in 
the liver likely contributes to its manifestation because amino acids 
and other gluconeogenic precursors are mobilized from the periph-
ery to constitutively drive hepatic glucose production. Because 
glucagon signaling in the liver is blunted by GCGR ASO treat-
ment, the perpetual state of catabolism occurring in glucagonoma 
patients is unlikely to occur, thus preventing the development of 
this condition. In addition to elevated glucagon levels, GCGR ASO 

therapy stimulates pancreatic α cell hyperplasia in some 
rodent models. Published reports on Gcgr KO mice do 
not indicate evidence of α cell neoplastic transformation 
(11, 12), and we observed no pancreatic neoplasms in ani-
mals treated with GCGR ASOs for 4 months. To date, 
one report describes loss of function GCGR mutations 
in humans. Here, a 51-year-old male was found to have 
hyperglucagonemia and an islet cell pseudoadenoma, 
both of which were clinically silent (12, 25). Accumulat-
ing evidence indicates that feedback mechanisms play a 
role in the plasticity of islet tissues and that hyperplasia 
may be reversible when feedback inhibition is reestab-
lished. When considering this therapeutic approach for 
humans, it is important to point out that differences 
exist across species in the physiological mechanisms that 
islets utilize to respond to increases in hormone demand. 
For example, β cells within rodent islets predominantly 
proliferate to meet the insulin need, while in humans, 
neogenesis (and not proliferation) occurs to satisfy an 
increasing demand for insulin (26).

Due to the key role that glucagon plays in stimulating 
hepatic glucose production, other possible adverse effects 
of targeting the GCGR include hypoglycemia and exces-
sive accumulation of liver glycogen. Importantly, neither 
condition results from GCGR ASO therapy. Blood glu-
cose levels in treated animals fasted for 24 hours were 
reduced by only 15%. It is likely that redundancy in coun-
ter-regulatory signals such as glucocorticoids and cate-
cholamines compensates for decreased glucagon signal-
ing to maintain glucose levels within the normal range. 
As expected in the fasted state, hepatic glycogen stores in 
diabetic rodents undergoing GCGR ASO therapy were 
higher than those in control animals; however, these lev-
els did not exceed those of fed controls.

In addition to effects in the liver, the studies present-
ed here also demonstrate that inhibiting the GCGR 
increases circulating levels of the insulinotropic peptide, 
GLP-1. Normally, biosynthesis of active GLP-1 occurs via 
specific processing of the proglucagon precursor within 
enteroendocrine L cells located in the proximal and dis-
tal ends of the small intestine (27). Importantly, however, 
a small proportion of pancreatic α cell proglucagon is 

also normally posttranslationally cleaved to yield bioactive GLP-1 
(28, 29). Analysis of islets and intestinal tissues from GCGR ASO–
treated animals revealed that increased pancreatic preproglucagon 
expression, combined with an expanded α cell population, leads to 
increased α cell GLP-1 processing, thereby accounting for the ele-
vated plasma GLP-1 levels. The observance of an increase in GLP-1 
in GCGR ASO–treated rodents that possess higher than normal 
levels of circulating glucagon is similar to findings in STZ-treated 
rats where elevated glucagon accompanies a concurrent increase in 
α cell–derived GLP-1 (30).

The ability of GLP-1 to stimulate insulin gene transcription, bio-
synthesis, and secretion (21), in addition to its involvement in stimu-
lating islet neogenesis and preventing β cell apoptosis (20), suggests 
that therapies tailored to increasing GLP-1 will not only effectively 
treat the diabetic condition but also may modify or reverse pro-
gression of the disease. Indeed, clinical studies testing GLP-1 and 
GLP-1 mimetics such as AC2993/Exendin-4 and NN2211 have 
demonstrated effective GLP-1–mediated pharmacology in diabetic 

Figure 9
GCGR ASO therapy improves pancreatic β cell function. (A) An intraperitoneal glucose 
challenge (2 g glucose/kg body wt) was performed on 9-week-old male SD rats (n = 5 
per treatment group), which had been treated twice per week (every 3.5 days) by sub-
cutaneous injection with saline (filled squares) or GCGR ASO 180475 (open circles) for 
8 doses. ASOs were administered at 25 mg/kg. Blood samples were taken at the indi-
cated time points, and plasma glucose levels were determined. Results are expressed 
as mean ± SEM. Inset depicts the log of the area under the glucose excursion curve 
(AUC) for saline (black bar) and GCGR ASO (white bar). P < 0.05. (B) Plasma insu-
lin levels for the indicated time points during the glucose challenge described in (A). 
Results are expressed as mean ± SEM. Inset depicts the log of the area under the insu-
lin excursion curve for saline (black bar) and GCGR ASO (white bar). P < 0.05. (C) An 
intraperitoneal glucose challenge (2 g glucose/kg body wt) was performed on 15-week-
old male ZDF rats (n = 5 per treatment group), which had been treated as described 
in (A). Results are expressed as mean ± SEM. Inset depicts the log of the area 
under the glucose excursion curve for saline (black bar) and GCGR ASO (white bar).  
P < 0.05. (D) Plasma insulin levels for the indicated time points during the glucose 
challenge described in (C). Results are expressed as mean ± SEM. Inset depicts the 
log of the area under the insulin excursion curve for saline (black bar) and GCGR ASO 
(white bar). P < 0.05.
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patients (21). The elevation of GLP-1 in GCGR ASO–treated animals 
is consistent with the observed pancreatic effects in these animals, 
including an increase in islet insulin content and the preservation 
of β cell function as demonstrated by an improvement in glucose 
tolerance with preserved insulin secretion. GLP-1 levels achieved 
by GCGR ASO therapy are similar to or exceed those shown to be 
efficacious in humans by exogenous dosing (31) and in rodents via 
ablation of dipeptidyl peptidase–IV (DPP-IV) activity (32). In addi-
tion, because of recent evidence describing intraislet signaling (33), 
α cell produced GLP-1 may have local β cell effects within islets. This 
suggests that high levels of circulating GLP-1 may not be needed to 
achieve efficacy and could ameliorate dose-related side effects asso-
ciated with exogenous GLP-1 administration.

A reduction in serum and liver triglycerides by GCGR ASO treat-
ment was observed in several studies described here. These results 
are similar to observations made in Gcgr–/– mice (12); however, the 
mechanisms involved leading to this reduction are unclear at this 
time. Although this is an exciting result that suggests additional posi-
tive effects related to the metabolic syndrome may result from GCGR 
ASO therapy, studies in additional models will be required to better 
assess the effects of this treatment on overall lipid metabolism.

Type 2 diabetes mellitus is a progressive disease characterized 
by impaired insulin secretion, a decline in pancreatic β cell func-
tion, and chronic insulin resistance in liver and muscle. Because 
of the central roles that the liver and pancreas play in the control 
of glucose homeostasis, directly targeting these tissues with ther-
apeutic agents has the potential to modify or delay progression 
of type 2 diabetes. Molecules such as the GCGR ASO that induce 
antidiabetic pharmacology at both of these metabolic sites may 
offer patients more effective treatment options. Clinical studies 
with human-specific GCGR ASO molecules will be required to 
test this hypothesis. The successful development of GCGR ASO 
inhibitors or dual pharmacophores possessing similar combinato-
rial actions will likely improve glucose control in diabetic patients, 
while avoiding such complications as hypoglycemia, weight gain, 
and fluid retention that are often observed with other therapies.

Methods
Design and identification of lead GCGR ASO inhibitors. A total of 140 
ASOs targeting rodent GCGR sequences were designed as 20 base 
full-phosphorothioate chimeric 2′-O-(2-methoxy)-ethyl modified 
ASOs. These molecules represent a class of 20 base chimeric ASOs 
in which an RNase H-sensitive stretch of ten 2′-deoxy residues 
is flanked on both sides with a stretch of five 2′-O-(2-methoxy)-
ethyl modifications. These modifications increase mRNA binding 
affinity and confer nuclease resistance. Such a chimeric design 
provides an attractive pharmacological and toxicological profile 
while maintaining the highly efficient RNase H terminating mech-
anism (34). Following detailed in vitro characterization of the lead 
molecules from initial screens, rodent GCGR ASO ISIS 148359 
(hybridizes to bases 227–246 of mouse GCGR sequence NM 
008101.1 and bases 277–296 of rat GCGR sequence M96674.1) 
and GCGR ASO ISIS 180475 (hybridizes to bases 1348–1367 of 
mouse GCGR sequence NM 008101.1 and bases 1398–1417 of 
rat GCGR sequence M96674.1) were identified as two of the most 
potent GCGR ASOs. Control ASOs used in these studies were of 
the same chemistry, design, and length as the active GCGR ASOs. 
ISIS 141923 is a generic chemistry control that does not have per-
fect complementarity to any gene in public databases (sequence 
5′-CCTTCCCTGAAGGTTCCTCC-3′). ISIS 298682 (sequence 5′-

GCGATTTCCCGTTTTGACCT-3′) is a sequence specific 7 base 
mismatch to GCGR ASO ISIS 180475.

In vitro treatment of primary hepatocytes with GCGR ASOs. GCGR 
ASOs were screened in primary mouse and rat hepatocytes for their 
ability to reduce GCGR mRNA levels. Primary hepatocytes were 
isolated as previously described and plated onto collagen-coated 
plates (35). Hepatocytes were treated with an ASO and Lipofec-
tin (Invitrogen, Carlsbad, California, USA) mixture for 4 hours in 
serum-free William’s E media (Invitrogen). Following incubation, 
ASO reaction mixture was replaced with normal growth media 
(William’s E media with 10% FBS), and cells were incubated under 
normal conditions for an additional 16–20 hours.

Animal care and treatments. C57Bl/eOlaHsd-Lepob (ob/ob) male mice, 
C57Bl/KsOlaHsd-Lepdb (db/db) and lean (db+/?) male mice, and SD 
male rats were purchased from Harlan (Indianapolis, Indiana, USA). 
ZDF/GmiCrl-fa/fa (ZDF) male rats were purchased from Charles 
River Laboratories (Wilmington, Massachusetts, USA). Animals 
were acclimated for one week prior to study initiation. Mice were 
housed five per cage and rats housed one per cage in polycarbonate 
cages with filter tops. Animals were maintained on a 12:12 hour 
light-dark cycle (lights on at 6:00 AM) at 21°C. All animals received 
deionized water ad libitum. ZDF and SD rats and db/db (obese and 
lean) mice received 5008 Formulab Diet (PMI Nutrition Interna-
tional, Brentwood, Missouri, USA), while ob/ob mice received 5015 
Mouse Diet (PMI Nutrition International) ad libitum. All animals 
were maintained in accordance with the Institutional Animal Use 
and Care Committee of Eli Lilly and Company and the NIH Guide 
for the Use and Care of Laboratory Animals. ASOs were prepared in 
normal saline, and the solution was sterilized through a 0.2 μm fil-
ter. Animals were dosed with ASO solutions or vehicle (saline) twice 
per week (separated by 3.5 days) via subcutaneous injection. Before 
the initiation of each study and once weekly during the study, 
blood was collected by tail clip without anesthesia into EDTA 
plasma tubes containing trasylol (Serologicals Proteins, Kankakee, 
Illinois, USA) and DPP-IV inhibitor (Linco Diagnostic Services, St. 
Charles, Missouri, USA). Food intake and body weights were mea-
sured weekly. For glucose challenge tests, rats were fasted overnight. 
The next morning, blood samples were taken for determination of 
fasting glucose and insulin. An intraperitoneal glucose challenge 
(2 g/kg body weight) was administered to conscious unrestrained 
animals, and blood glucose and insulin were measured at 2, 5, 10, 
30, and 60 minutes after glucose injection.

Plasma metabolic measurements. Plasma levels of glucose and 
triglycerides were determined on the Hitachi 912 clinical chem-
istry analyzer (Roche Diagnostics, Indianapolis, Indiana, USA). In 
addition, plasma levels of glucagon, insulin, and active GLP-1 were 
determined by radioimmunoassay, ELISA, and/or Luminex immu-
noassay (Linco Diagnostic Services). Cross reactivity of the active 
GLP-1 ELISA assay with glucagon, GLP-1 1–36 amide, 1–37, 9–36 
amide and 9–37, or GLP-2 is undetectable.

Liver glycogen and liver slice methods. For liver glycogen determina-
tion, a 100 mg liver sample was digested in 0.5 ml of 1M KOH for 
30 minutes in a 70°C water bath. Samples were vortexed every 10 
minutes. Samples were centrifuged briefly to pellet tissue frag-
ments, and a 100 μl sample of the supernatant was removed and 
neutralized with 17 μl of 17.4 M acetic acid. Glycogen was enzy-
matically cleaved to glucose by the addition of 500 μl of 0.3 M 
acetate buffer (0.3 M sodium acetate, 0.3 M acetic acid) with 0.5% 
amyloglucosidase followed by overnight incubation at 37°C. Glu-
cose was measured in the supernatant using the Hitachi 912 clini-
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cal chemistry analyzer, and glycogen content was reported as μmol 
glucose/mg liver tissue. Hepatic glucose production analysis from 
liver slices was performed immediately following necropsy. Livers 
were removed and placed in ice-cold slicing buffer [Krebs-Henseleit 
Bicarbonate Buffer (KHB) pregassed with O2, 20 mM glucose, 20 
mM mannitol]. A core was removed from the right lateral lobe 
using a Tissue Coring Press (Alabama Research and Development, 
Munford, Alabama, USA), and cores were sliced with a Krumdi-
eck Tissue Slicer (Alabama Research and Development, Munford, 
Alabama, USA). Slices were transferred, 2 slices per vial, into 2 ml 
preincubation buffer (KHB, 5.0 mM glucose, 1.0 mM glutamine, 
0.5 mM lactate, 34 mM mannitol) and incubated at 29°C in a shak-
ing water bath for 1 hour. Slices were transferred 2 slices per vial 
into 2 ml wash buffer (KHB, 40 mM mannitol) for 20 minutes at 
29°C in a shaking water bath. Slices were transferred 2 slices per 
vial into 2 ml of final incubation buffer (KHB, 40 mM mannitol ± 1 
μM glucagon or 5 μM epinephrine) and placed back into the 29°C 
shaking water bath. After 2 hours, 100 μl of final incubation buffer 
from each vial was analyzed for glucose on the Hitachi 912 clinical 
chemistry analyzer. Liver slices were weighed, and glucose produc-
tion per gram of liver tissue was calculated.

Islet isolation and hormone content analyses. Mice were sacrificed by 
cervical dislocation. The common bile duct was cannulated with 
a 27-gauge needle- and the pancreas was distended with 3 ml of 
Hanks’ buffer (Sigma-Aldrich, Taufkirchen, Germany), containing 
2% BSA (Applichem, Darmstadt, Germany) and 1 mg/ml collage-
nase (Serva, Heidelberg, Germany). Subsequently, the pancreas was 
removed and digested in Hanks’ buffer at 37°C. Islets were purified 
on a Histopaque-1077 (Sigma-Aldrich) gradient for 15 minutes at 
750 g. Islets were cultured overnight in RPMI-1640 medium con-
taining 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomy-
cin (Invitrogen, Karlsruhe, Germany). For insulin and active GLP-1 
content determination, islets were lysed in 75% ethanol and 1.5% 
concentrated HCl. Insulin was determined by radioimmunoassay 
and GLP-1 by ELISA (Linco Diagnostic Services).

RNA isolation. Total RNA was isolated from primary hepatocytes 
using the RNeasy 96-kit (QIAGEN Inc., Valencia, California, USA), 
from isolated islets using TRIzol Reagent (Invitrogen, Carlsbad, Cali-
fornia, USA), or from frozen liver tissue by homogenization in Lys-
ing Matrix D shaker tubes (Qbiogene Inc./Bio101 Systems, Carlsbad, 
California, USA) containing TRIzol Reagent. RNA isolated from tis-
sues was treated with DNase I (Ambion Inc., Austin, Texas, USA), reex-
tracted in TRIzol, and resuspended in DNAse/RNAse–free distilled 
water (Invitrogen, Carlsbad, California, USA). RNA concentrations 
were determined from spectrophotometric absorption at 260 nm.

Reverse transcription. Reverse transcription (RT) reactions were per-
formed using the SuperScript First-Strand Synthesis System for 
RT-PCR (Invitrogen, Carlsbad, California, USA). As per the man-
ufacturer’s protocol, 20 μl reactions contained RT buffer, 50 units 
of SuperScript II reverse transcriptase, random hexamers, dNTPs, 
MgCl2, DTT, RNaseOUT, and 700 ng of total RNA. Two indepen-
dent RT reactions for each RNA sample were performed. No RT con-
trol reactions for each sample contained all reaction components 
except SuperScript II. Reactions were incubated at 25°C for 10 min-
utes, 42°C for 50 minutes, and 70°C for 15 minutes. Following RT, 
samples were diluted by adding DNAse/RNAse free distilled water.

Real-time quantitative RT-PCR. Real-time quantitative PCR was 
performed using the 5′ fluorogenic nuclease assay and an ABI 
7900 Prism (PE Applied Biosystems, Foster City, California, USA) 
to determine the relative abundance of assayed mRNAs. Samples 

were normalized using Ribogreen (Molecular Probes Inc., Eugene, 
Oregon, USA) or by determining the relative abundance of either 
36B4 mRNA or 18S RNA. The 5′ terminus of fluorogenic probes 
was labeled with FAM (6-carboxy-fluorescein) or VIC and the 3′ ter-
minus contained the quenching dye TAMRA (6-carboxytetramethyl-
rhodamine). Primers and probes were synthesized by Biosearch Tech-
nologies Inc. (Novato, California, USA) or PE Applied Biosystems. 
Primer and probe sequences were as follows: mouse GCGR forward 
primer 5′-ATTTCCTGCCCCTGGTACCT-3′, mouse GCGR reverse 
primer 5′-CGGGCCCACACCTCTTG -3′, mouse GCGR Taqman 
probe 5′-CCACAAAGTGCAGCACCGCCTAGTGT-3′; mouse 36B4 
forward primer 5′-GGCCCGAGAAGACCTCCTT-3′, mouse 36B4 
reverse primer 5′-TCAATGGTGCCTCTGGAGATT-3′, mouse 36B4 
Taqman probe 5′-CCAGGCTTTGGGCATCACCACG-3′; rat GCGR 
forward primer 5′-TCGCGAACCGACCGAT-3′, rat GCGR reverse 
primer 5′-AAAATATCCCTGGCCGATCC-3′, rat GCGR Taqman 
probe 5′-CACCTCTTGGTTCTCGCATCCTCCG-3′; rat 36B4 for-
ward primer 5′-TTCCCACTGGCTGAAAAGGT-3′, rat 36B4 reverse 
primer 5′-GCCGCAGCCGCAAATGC-3′, rat 36B4 Taqman probe 
5′-AGGCCTTCCTGGCCGATCCATC-3′; rat glycogen phosphory-
lase (GP) forward primer 5′-TGAACACTATGCGCCTCTGG-3′, rat 
GP reverse primer 5′-CCGACATTAAAGTCTTGAAGGTTAAA-3′, 
rat GP Taqman probe 5′-CGGCCCGAGCACCCAATGA; rat glycerol 
kinase (GK) forward primer 5′-GGAGACCAGCCCTGTTAAGCT-3′, 
rat GK reverse primer 5′-GTCCACTGCTCCCACCAATG-3′, rat GK 
Taqman probe 5′-CTGATTTCCATGGCAGCCGCG-3′; rat PPARγ 
forward primer 5′-GCTGGCCTCCCTGATGAATA-3′, rat PPARγ 
reverse primer 5′-GCTTCCGCAGGCTTTTGA-3′, rat PPARγ Taqman 
probe 5′-AGGGACAAGGATTCATGACCAGGGAGTTC-3′. Taqman 
primer-probe sets for the following genes were obtained from PE 
Applied Biosystems (Taqman Assays-on-Demand Gene Expression 
Products) rat glucose-6-phosphatase catalytic subunit (catalog no. 
Rn00565347) and 18S rRNA (catalog no. 4310893E). PCR reactions 
were run in triplicate 20 μl reactions that contained Universal Master 
Mix (PE Applied Biosystems), 4 pmols of each forward and reverse 
primer, 3 pmols of probe, and cDNA. Two-step PCR cycling was car-
ried out as follows: 50°C 2 minutes for 1 cycle, 95°C 10 minutes for 
1 cycle, and 95°C 15 seconds, 60°C 1 minute for 40 cycles.

GCGR binding assay. For filtration binding analysis, 15–20 μg of 
membrane from control ASO- or GCGR ASO–treated db/db mice 
were incubated with 0.1 nM 125I-glucagon (2000 Ci/mmol, Perki-
nElmer, Boston, Massachusetts, USA) and the indicated con-
centrations of unlabeled glucagon (Eli Lilly and Co., Indianapo-
lis, Indiana, USA) in buffer containing 50 mM HEPES, 1 mM 
MgCl2, 5 mM EGTA, 0.005% Tween 20, 0.1% BSA, and EDTA-free 
protease inhibitor cocktail (Roche Diagnostics). Assays were per-
formed under steady state conditions in the presence of excess 
labeled ligand on 96-well MultiScreen-HV 0.45 μm filter plates 
(Millipore, Bedford, Massachusetts, USA). Following incubation 
for 2 hours at room temperature, plates were rapidly washed by 
filtration with ice-cold buffer (20 mM Tris, pH 7.4) and dried for 
45 minutes at 50°C. Following the addition of Optiphase Super-
mix (PerkinElmer), plates were counted on a Wallac Microbeta 
scintillation counter. Data analyses were performed using Graph-
Pad Prism software and expressed as mean ± SEM. Data obtained 
for samples from animals treated with GCGR ASOs neared the 
limits of detection for the assay and curve-fitting parameters. 
In order to derive a numerical value for apparent Bmax, the Kd 
was fixed at the average value (0.69 ± 0.2 nM) obtained from the 
samples from the control ASO-treated animals.
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Immunohistochemistry. Representative sections of the pancreas 
were fixed in 10% neutral buffered formalin for 24–36 hours, 
processed to paraffin embedment, and sectioned at 4 microns. 
Deparaffinized sections were immunohistochemically labeled for 
glucagon using an avidin-biotin immunohistochemistry procedure 
to qualitatively assess pancreatic islet cell populations. Antigen 
retrieval was accomplished by microwaving in 0.1 M sodium citrate 
buffer (pH 6.0) (Zymed Laboratories Inc., San Francisco, California, 
USA) at 98°C for 13 minutes. Endogenous peroxidase activity was 
blocked with 0.3% hydrogen peroxide for 30 minutes while nonspe-
cific protein binding was blocked with Power Block (Biogenex, San 
Ramon, California, USA) for 7 minutes. Sections were labeled for 
glucagon (rabbit polyclonal, 1:200, Dako Corporation, Carpinteria, 
California, USA) for 30 minutes at room temperature followed by 
further incubation with a biotinylated secondary antibody for an 
additional 30 minutes. Signal amplification and visualization were 
accomplished by incubation in an avidin-biotin complex solution 
(Vectastain ABC Elite; Vector Laboratories Inc., Burlingame Cali-
fornia, USA) and chromogenic development with diaminobenzi-
dine (Vector Laboratories Inc.). Sections were counterstained with 
Mayer’s hematoxylin and permanently mounted.

Statistics. Data are represented as mean ± SEM and were com-
pared using Student’s t test. Repeated measures analysis of vari-
ance was used to assess the statistical significance between time 
courses. Tukey's t test was used to adjust P values for multiple 
comparisons. The null hypothesis was rejected at P < 0.05.
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