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Inactivating mutations in the insulin receptor results in extreme
insulin resistance. The resulting hyperglycemia is very difficult to
treat, and patients are at risk for early morbidity and mortality
from complications of diabetes. We used the insulin receptor
antagonist S961 to induce severe insulin resistance, hyperglyce-
mia, and ketonemia in mice. Using this model, we show that
glucagon receptor (GCGR) inhibition with a monoclonal antibody
normalized blood glucose and β-hydroxybutyrate levels. Insulin
receptor antagonism increased pancreatic β-cell mass threefold.
Normalization of blood glucose levels with GCGR-blocking anti-
body unexpectedly doubled β-cell mass relative to that observed
with S961 alone and 5.8-fold over control. GCGR antibody block-
age expanded α-cell mass 5.7-fold, and S961 had no additional
effects. Collectively, these data show that GCGR antibody inhibi-
tion represents a potential therapeutic option for treatment of
patients with extreme insulin-resistance syndromes.
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Inactivating mutations in the insulin receptor are found in pa-
tients with Donohue (also called “leprechaunism”), Rabson–

Mendenhall, and type A insulin-resistance syndromes (1–9).
Patients who survive the first years of life develop persistent
hyperglycemia, which is very difficult to treat (10). High doses of
insulin, insulin-like growth factor 1 (IGF-1), and the leptin an-
alog metreleptin have been used with limited success to achieve
the hemoglobin A1c target (11–13). Therefore, these patients
are in need of an efficacious therapy to normalize their blood
glucose levels and reduce the risk of early morbidity and mor-
tality from diabetic complications (14).
In normal individuals, plasma insulin levels increase during

hyperglycemia to promote glucose disposal in peripheral tis-
sues and reduce hepatic glucose output. On the contrary,
glucagon is secreted during periods of fasting to increase he-
patic glucose output and thereby restore normal glucose levels.
In patients with extreme insulin-resistance syndromes, the lack
of insulin receptor signaling results in glucose underutilization
and loss of suppression of hepatic glucose output, resulting in
severe hyperglycemia (14, 15). Plasma glucagon levels are
normally suppressed during hyperglycemia but, unexpectedly,
are not repressed and might even be slightly increased in
some patients with severe insulin resistance (13, 16, 17).
The excess of glucagon and lack of insulin signaling leads to
the overproduction of hepatic glucose, contributing to the
diabetic state.
It is well established that glucagon receptor (GCGR) in-

hibition decreases hyperglycemia in animal models of type 1 (18,
19) and type 2 diabetes (20–23) and in patients with type 2 di-
abetes (24). The improvement in glycemic control results pri-
marily from reduced hepatic glucose output as shown in mice
(23) and humans (25). In this study, we extend these data to show
that GCGR antibody blockade reduces blood glucose levels to
normal levels in a mouse model of extreme insulin resistance.
Our findings suggest that GCGR inhibition represents a potential

therapeutic option for patients with extreme insulin-resistance
syndromes.

Results
REGN1193 Prevents Insulin Receptor Antagonist-Induced Hyperglycemia
in Mice. To test if GCGR inhibition prevents insulin receptor an-
tagonist-induced hyperglycemia, we used a recently described fully
human GCGR-blocking antibody, REGN1193 (20), derived using
VelocImmune technology (26, 27). In particular, we wanted to test
if application of a maximal dose of REGN1193 (10 mg/kg) (20)
before administration of the insulin receptor antagonist S961 would
be sufficient to prevent an increase in blood glucose levels. We di-
vided mice into four groups. One group received control antibody;
in this group blood glucose remained unchanged at 200 mg/dL (Fig.
1A). The second group of mice received REGN1193 (10 mg/kg) at
days 0, 6, and 14; this administration lowered blood glucose to
120 mg/dL for the duration of the study. The third group of mice
received control antibody and was infused at day 7 with a maximal
dose of insulin receptor antagonist S961 (20 nmol/wk) for the
duration of the study. Consistent with previous reports (28, 29),
S961 caused severe insulin resistance associated with hyperglyce-
mia and hyperinsulinemia (Fig. 1 A and B). The fourth group of
mice was dosed with REGN1193 (10 mg/kg) at day 0, which low-
ered blood glucose to 125 mg/dL. At day 7, these mice were in-
fused with S961 (20 nmol/wk), which increased blood glucose levels
to 200 mg/dL (Fig. 1A). Although the blood glucose levels in the
mice infused with S961 and dosed with REGN1193 were in the
normal range, we observed marked increases in plasma insulin
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levels similar to those in mice receiving control antibody and S961
(Fig. 1B). Consistent with our previous study (20), we found that
REGN1193 increased plasma glucagon levels, an effect that was
independent of S961 administration (Fig. 1C). Importantly, circu-
lating β-hydroxybutyrate levels were elevated in mice infused with
S961 (Fig. 1D). The increased plasma β-hydroxybutyrate returned

to normal levels in mice simultaneously treated with S691 and
REGN1193 (Fig. 1D). REGN1193 had no effect on plasma
β-hydroxybutyrate levels in insulin-sensitive mice. No differences in
plasma nonesterified fatty acid levels or body weight were observed
between the treatment groups (Fig. 1 E and F).

GCGR Inhibition Reverses Insulin Receptor Antagonist-Induced Expression
of Phosphoenolpyruvate Carboxykinase in the Liver. Western blot ana-
lysis revealed that levels of the rate-limiting gluconeogenic enzyme
phosphoenolpyruvate carboxykinase (Pepck) were reduced by 70% in
livers of mice treated with REGN1193 (Fig. 2). On the contrary,
Pepck levels increased 2.3-fold in livers of mice infused with S961,
an effect that was reversed to 30% below baseline by REGN1193
(Fig. 2 A and B). Thus, the relative levels of glucagon and insu-
lin signaling regulate Pepck expression, as demonstrated pre-
viously (30–32). These data suggest that GCGR blockade with
REGN1193 prevents severe insulin resistance-induced hypergly-
cemia in mice, in part by suppressing gluconeogenesis and hepatic
glucose output.

REGN1193 Reverses Insulin Receptor Antagonist-Induced Hyperglycemia
in Mice.Next, as an important first step in understanding if GCGR
blockage with REGN1193 could potentially be used to manage
blood glucose levels in patients with severe insulin resistance, we
tested if GCGR antibody inhibition could reverse insulin re-
sistance-induced hyperglycemia in mice. To this end, we infused
mice with S961 (20 nmol/wk) for 14 d, a treatment that resulted in
persistent hyperglycemia and hyperinsulinemia (Fig. 3 A and B).
Administration of REGN1193 (10 mg/kg) at day 4, after hyper-
glycemia and insulin resistance was already established, rapidly
normalized the hyperglycemia, but did not lower blood glucose to
below-normal levels as observed in mice treated with REGN1193
alone (Fig. 3A). The hyperinsulinemia and hyperglucagonemia
were more pronounced in mice that received both receptor an-
tagonists (Fig. 3 B and C). The insulin resistance-induced increase
in plasma β-hydroxybutyrate levels was reversed in mice receiving
REGN1193 (Fig. 3D). In agreement with our previous report (20),
we found that REGN1193 increased circulating amino acid levels
(Fig. 3E). Interestingly, S961 also increased plasma amino acid
levels but to a lesser extent than REGN1193. Inhibition of both
insulin and glucagon receptors caused an additive increase in
plasma amino acid levels (Fig. 3E). We did not observe changes in
body weight (Fig. 3F).

GCGR and Insulin Receptor Antagonism Increase α- and β-Cell Masses.
We found that REGN1193 increased pancreas weight by 19%,
an effect that was larger (33%) in the presence of both REGN1193
and S961 (Fig. 4A). RNA in situ hybridization (RNA ISH) us-
ing probes to glucagon (Gcg) and insulin 2 (Ins2) was used for
morphometric analysis of pancreas sections. REGN1193 in-
creased α-cell mass 5.7-fold (Fig. 4 B and D). In agreement with
our previous study (28), we found that S961 administration in-
creased β-cell mass threefold (Fig. 4 C and E). REGN1193 did
not affect β-cell mass (Fig. 4 C and E). Unexpectedly, β-cell mass
doubled in the simultaneous presence of S961 and REGN1193
compared with S961 alone and increased 5.8-fold over control

Fig. 1. GCGR-blocking antibody prevents hyperglycemia in severely insulin-
resistant mice. (A) Fed blood glucose from chow-fed C57BL/6 male mice
before and at multiple time points after s.c. injections (10 mg/kg) of
REGN1193 or isotype control antibody (n = 6–8 mice per group). Two groups
of mice received either REGN1193 or control antibody and were infused with
S961 (20 nmol/wk) starting at day 7 and for the duration of the study. The
other two groups of mice were infused with saline under the same condi-
tions. (B–F) Plasma levels of insulin (B), glucagon (C), β-hydroxybutyrate (D),
and nonesterified fatty acids (E) and body weight (F) from mice dosed as
described in A. Values are shown as mean ± SEM. Statistical analysis was
conducted by one- or two-way ANOVA with Bonferroni posttest. P values
are comparisons to the Control group. aP < 0.05; bP < 0.01; cP < 0.001; dP <
0.0001; eP < 0.01 for REGN1193 and P < 0.05 for REGN1193 + S961.

Pepck

β-actin

Control                   REGN1193               Control + S961       REGN1193 + S961      A B

Fig. 2. Glucagon and insulin receptor antagonism regulates liver Pepck expression. (A) Western blot of Pepck and β-actin loading control for liver from the
four treatment groups described in Fig. 1. (B) Densiometric analysis of A (n = 4 mice per group). Values are shown as mean ± SEM. Statistical analysis was
conducted by one-way ANOVA with Bonferroni posttest. P values are comparisons to the Control group. aP < 0.05; cP < 0.001.

2754 | www.pnas.org/cgi/doi/10.1073/pnas.1621069114 Okamoto et al.

www.pnas.org/cgi/doi/10.1073/pnas.1621069114


mice (Fig. 4 C and E). It is important to note that the further
expansion of the β-cell mass took place in settings of blood
glucose levels in the normal range (compare with Fig. 3A). The
α-cell mass was increased slightly (1.6-fold) by S961 and in the
simultaneous presence of REGN1193 (1.4-fold over REGN1193
alone) (Fig. 4 B and D). S961 increased the islet number per total

pancreas area by 49%, whereas the combined treatment with
S961 and REGN1193 increased islet number per area by 82%
(Fig. 4F). The additional increase in β-cell mass in the simulta-
neous presence of REGN1193 and S961 is unlikely to result from
transdifferentiation of α cells into β cells, because we did not
observe a single glucagon-insulin double-positive cell in more

Fig. 3. GCGR-blocking antibody reverses hyperglycemia in severely insulin-resistant mice. (A) Fed blood glucose from chow-fed male C57BL/6 mice before
and at multiple time points after s.c. administration of REGN1193 or control antibody (10 mg/kg; n = 8 mice per group). Two groups of mice received either
REGN1193 or control antibody and were infused with S961 (20 nmol/wk) for 14 d starting at day 0. The other two groups of mice were infused with saline
under the same conditions. (B–F) Plasma levels of insulin (B), glucagon (C), β-hydroxybutyrate (D), and amino acids (E) and body weight (F) from mice dosed as
described inAwere quantified. Values are shown asmean ± SEM. Statistical analysis was conducted by one- or two-way ANOVAwith Bonferroni posttest. P values
are comparisons to the Control group. aP < 0.05; bP < 0.01; cP < 0.001; dP < 0.0001.
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Fig. 4. Glucagon and insulin receptor antagonists increase α- and β-cell masses in mice. (A) Pancreas weights from chow-fed male C57BL/6 mice treated with
REGN1193 and S961, as described in the legend of Fig. 3. (B and C) Representative RNA ISH images of a pancreas section from one mouse from each of the
four treatment groups stained for glucagon (B) or insulin (C). Images in B and C are taken at the same magnification (10× objective lens). (D–F) α-Cell mass (D),
β-cell mass (E), and islet number per total pancreas area (F) for the four treatment groups (n = 8 mice per group). Values are shown as mean ± SEM. Statistical
analysis was conducted by one-way ANOVA with Bonferroni posttest. P values are comparisons to the Control group. cP < 0.001; dP < 0.0001.
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than 100 examined islets (Fig. S1). In summary, we observed
compensatory increases in α- and β-cell masses when glucagon
and insulin signaling was inhibited: The β-cell mass doubled in
insulin-resistant mice when glucagon signaling was blocked, and
this effect took place at blood glucose levels in the normal range.

Discussion
We report here the use of a severe insulin-resistance mouse
model to explore if antibody blockade of GCGR signaling could
potentially improve glycemic control in patients with Donohue,
Rabson–Mendenhall, and type A insulin-resistance syndromes.
We show that the fully human monoclonal anti-GCGR antibody
REGN1193 reversed the hyperglycemia and the increase in
plasma β-hydroxybutyrate induced by the insulin receptor an-
tagonist S961. The hyperglucagonemia and expansion of α-cell
mass in the presence of REGN1193 was comparable in insulin-
sensitive and -resistant mice. Furthermore, the S961-induced
hyperinsulinemia and the increase in β-cell mass occurred in
both hyperglycemic mice and mice with blood glucose levels in
the normal range. Unexpectedly, the expansion of β-cell mass
was greater in mice with inhibited rather than normal GCGR
signaling. Collectively, these data suggest that GCGR blockade
with REGN1193 represents a potential treatment option to im-
prove blood glucose levels and reduce the risk for early morbidity
and mortality from complications of diabetes in patients with
extreme insulin resistance. A potential risk associated with this
approach is expansion of α-cell and β-cell mass.
Inactivating mutations in the insulin receptor gene are found

in patients with syndromes of severe insulin resistance. It has
been established that the degree of impairment of insulin binding
by the cells of patients with severe insulin resistance is inversely
correlated with the duration of the patient’s survival (33). The
Donohue syndrome or leprechaunism is the most extreme form.
Patients with Rabson–Mendenhall syndrome and type A insulin
resistance have slightly milder insulin resistance because their
inactivating mutations do not lead to complete loss of insulin
receptor function (33). Despite residual insulin receptor func-
tion, hyperglycemia is extremely difficult to treat in patients with
Rabson–Mendenhall syndrome (10). High concentrations of insu-
lin, IGF-1, and metreleptin have only limited efficacy in patients
with even the mildest forms of the syndrome (11–13). There are
case reports that patients with type A insulin resistance can be
controlled with insulin and metformin combined (34). Therefore,
additional therapies are needed to help normalize blood glucose
levels. Our data also suggest that REGN1193 can be used to pre-
vent medically induced insulin resistance and hyperglycemia. For
example, cancer patients treated with oncology products that in-
hibit components of the insulin-signaling cascade (e.g., PI3K in-
hibitors) can experience acute insulin resistance and hyperglycemia.
We used the insulin receptor antagonist S961 to generate a

mouse model of severe insulin resistance to test if GCGR inhi-
bition with REGN1193 would reduce hepatic glucose production
and hyperglycemia. It has been shown previously in mice and
humans that GCGR inhibition lowers blood glucose primarily by
reducing hepatic glucose production (23, 25). The rationale for the
study was that patients with severe insulin-resistance syndromes
have normal or even slightly elevated plasma glucagon levels
despite hyperglycemia (16, 17). The hyperglycemia results from
enhanced hepatic glucose output caused by the lack of insulin
suppression and abnormally high glucagon signaling. This etiology
is supported by the observation that levels of the key gluconeogenic
protein Pepck were elevated in livers of mice infused with the in-
sulin receptor antagonist. Importantly, Pepck levels were reduced
to below normal by REGN1193 in insulin-resistant mice. Consistent
with this result, we found that REGN1193 prevented or reversed
hyperglycemia in the S961-treated mice. These data suggest that
REGN1193 might be an effective mechanism for lowering blood
glucose levels in patients with severe insulin-resistance syndromes.

Our data confirm previous findings that GCGR antibody in-
hibition causes hyperglucagonemia and α-cell hyperplasia (20,
35). Amino acids mediate these effects via an mTOR-dependent
mechanism (36). Elevated circulating amino acid levels arise
from reduced uptake and conversion of amino acids into glu-
coneogenic precursors in the livers of mice with inhibited GCGR
signaling (22, 36). We also observed an increase in pancreas
weight, which previously has been shown to be secondary to in-
creased circulating amino acid levels (36). The hyperglucagonemia,
α-cell hyperplasia, and increase in pancreas weight following GCGR
inhibition were induced in both insulin-sensitive and -resistant mice.
Our data suggest a potential risk for α-cell hyperplasia following
chronic REGN1193 treatment of patients with severe insulin-
resistance syndromes. This suggestion is supported by the observation
that marked hyperglucagonemia and α-cell hyperplasia was reported
in carriers of inactivating mutations in GCGR (37, 38).
Therapeutic antibodies to GCGR normalize blood glucose in

preclinical models of type 2 diabetes (20, 23, 35). However,
GCGR inhibition improves but does not normalize blood glu-
cose levels in diabetic and insulin-deficient mice (18, 39, 40),
indicating that residual β-cell mass is required to normalize
blood glucose in settings of reduced GCGR signaling. We now
demonstrate that GCGR inhibition can normalize blood glucose
levels in mice with extreme insulin resistance. These mice have
increased β-cell mass and insulin secretion to help compensate
for the insulin resistance. The effects of insulin on IGF receptors
are unlikely to account for the ability of GCGR-blocking anti-
body to normalize blood glucose levels because S961 binds and
blocks these receptors with high affinity (41). Leptin could me-
diate this effect because it has been shown to normalize blood
glucose levels in mice with no β cells (42, 43). An alternative
explanation is that β cells secrete a factor that reduces glucose
absorption in the gut or promotes insulin-independent glucose
uptake in peripheral tissues to help normalize blood glucose levels.
This factor is not present in diabetic mice with no β cells and might
explain why GCGR inhibition could only improve, but not nor-
malize, blood glucose levels (18, 39, 40). Further studies are re-
quired to determine the mechanism by which extreme insulin
resistant-induced hyperglycemia is reversed following inhibition of
glucagon signaling.
Our study shows that the expansion of β-cell mass induced by

insulin receptor inhibition does not require concomitant hyper-
glycemia. This finding is surprising, because glucose has been
shown to be an important β-cell mitogen (44, 45). We have ex-
cluded a role for ANGPTL8 as the long-sought betatrophin to
mediate insulin resistance-induced expansion of the β-cell mass
(28), as first proposed by Yi et al. (29). Inhibition of insulin re-
ceptors on β cells is unlikely to account for the effects, because
mice with specific deletion of insulin receptors in β cells have
normal β-cell mass (46). One potential candidate is serpinB1, a
liver-derived secreted protein that regulates β-cell mass (47).
However, whether sepinB1 is secreted from the liver and pro-
motes expansion of β-cell mass in normoglycemic mice remains
to be determined. An unexpected finding was that the β-cell mass
doubled in insulin-resistant mice treated with the GCGR-blocking
antibody. We speculate that the elevated plasma amino acid levels
in mice with both glucagon and insulin receptor inhibitors could
be responsible for the enhancement in the β-cell mass.
Uncontrolled diabetes can be associated with ketoacidosis.

The plasma β-hydroxybutyrate level is raised in ketosis. This level
is easily measured and often serves as a marker for ketoacidosis.
We found that β-hydroxybutyrate plasma levels were strongly
elevated in mice treated with S961. Ketoacidosis is normally
treated with insulin to promote glucose utilization and reduce
fatty acid and amino acid metabolism. Unexpectedly, we demon-
strate that the administration of the GCGR antibody effectively
prevented or reversed the insulin resistance-induced increase in
circulating β-hydroxybutyrate levels. This result is unlikely to be
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secondary to increased glucose utilization caused by the severe
insulin resistance or reduced fatty acid uptake, because plasma
levels did not differ among the treatment groups. Because amino
acids serve as important substrates for ketogenesis in the liver (48,
49), we propose that reduced amino acid uptake and metabolism
can account for the normalization of β-hydroxybutyrate levels.
These data suggest that GCGR-blocking antibody may be used to
treat ketoacidosis in highly insulin-resistant diabetics and in pa-
tients with severe insulin resistance caused by inactivating muta-
tions in the insulin receptor.
In this study, we provide evidence that the inhibition of GCGR

signaling is a potential therapeutic option for the management of
severe hyperglycemia in patients with extreme insulin resistance
caused by inactivating mutations in their insulin receptors. Patients
with syndromes of severe insulin resistance are in high need for better
medications to manage their severe hyperglycemia, which often re-
sults in early morbidity and mortality from complications of diabetes.

Materials and Methods
In Vivo Studies. We previously have described the in vitro and in vivo char-
acteristics of REGN1193, a potent monoclonal GCGR-blocking antibody (20).
This antibody was used in all studies in this report. The GCGR antibody and
isotype control antibody were diluted with sterile PBS. C57BL/6 mice (10-wk-
old males; Taconic) were housed (five mice per cage) in a controlled envi-
ronment (12-h light/dark cycle, 22 ± 1 °C, 60–70% humidity) and were fed ad
libitum with standard chow (PicoLab Rodent Diet 20 EXT IRR 5R53; LabDiet).
The insulin receptor antagonist S961 (41) was administrated at 20 nmol/wk
by osmotic minipumps (Alzet 2002) as described earlier (28). In the treatment
study, 32 mice were equally divided into four groups. The first group was
infused s.c. with PBS by osmotic minipumps from day 0 and was injected s.c.
with 10 mg/kg of hIgG4 isotype control antibody (control antibody) on days
4, 11, and 18. The second group was infused s.c. with PBS from day 0 and was
injected s.c. with 10 mg/kg of REGN1193 on days 4, 11, and 18. The third
group was infused s.c. with S961 from day 0 and was injected s.c. with 10 mg/kg
of control antibody on days 4, 11, and 18. The fourth group was infused s.c. with
S961 from day 0 and was injected s.c. with 10 mg/kg of REGN1193 on days 4, 11,
and 18. Mice were bled on days 0, 4, 7, 11, 14, 18, and 21 for blood glucose
measurements. Plasma was collected at baseline and days 4, 11, and 21 to
determine insulin, glucagon, β-hydroxybutyrate, and amino acid levels. For
the prevention study, 29 mice were divided into four groups of six to eight
mice per group. The study was conducted as described above, except that
the mice were dosed s.c. with 10 mg/kg of control antibody or REGN1193 on
days 0, 6, and 14 and were infused s.c. with PBS or S961 by osmotic mini-
pumps from day 7. Mice were bled on days 0, 3, 6, 10, 14, 17, and 21 for
blood glucose measurements. Plasma was collected at baseline and days 6,
14, and 21 to determine insulin, glucagon, β-hydroxybutyrate, and non-
esterified fatty acid levels. All procedures were conducted in compliance

with protocols approved by the Regeneron Pharmaceuticals Institutional
Animal Care and Use Committee.

Blood Chemistry. Blood glucose was determined using ACCU-CHEK Compact
Plus (Roche Diagnostics). Plasma glucagon and insulin levels were determined
using Mercodia glucagon and insulin ELISA. Plasma β-hydroxybutyrate and
nonesterified fatty acids were assayed in a Beckman Coulter UniCel DxC 800
Synchron Clinical System (Beckman Coulter). Plasma amino acid was quan-
tified using an L-amino acid quantification kit (Sigma).

Histology. Pancreata were fixed in 10% (vol/vol) neutral-buffered formalin
solution for 48 h, embedded in paraffin, and sectioned onto slides. Pancreas
tissue and cells were permeabilized and hybridized with combinations of
mRNA probes for mouse Gcg and Ins2 according to the manufacturer’s in-
structions (Advanced Cell Diagnostics). A chromogenic or florescence kit was
used to amplify mRNA signal (Advanced Cell Diagnostics). Areas of gluca-
gon- and insulin-positive cells were measured using Halo digital imaging
analysis software (Indica Labs). The percent of glucagon- and insulin-positive
areas relative to the whole pancreas area were calculated. We calculated α-
and β-cell mass by multiplying the α- and β-cell area for each animal by the
weight of the animal’s pancreas. Islet number was measured by counting the
number of insulin-positive islets on a section with the use of Halo digital
imaging analysis software and was normalized by the entire pancreas area
of the section.

Western Blotting. Liver samples were lysed with ice-cold RIPA buffer (50 mM
Tris, 150 mM NaCl, 1 mM of EDTA, 50 mM NaF, 10 mM β-glycerophosphate,
5 mM sodium pyrophosphate dibasic, and 1% Nonidet P-40) in the presence
of protease and phosphatase inhibitor mixtures (Thermo-Fisher), 1 mM DTT,
and 2 mM Na3VO4. Total sample lysates were mixed with 6× SDS loading
buffer (Alfa-Aesar) and were boiled for 5 min. Protein samples (10–100 μg)
were loaded and separated on 4–20% (wt/vol) gradient SDS/PAGE gels (Bio-Rad)
and transferred to PVDF membranes. The membranes were blocked for 1 h
with 5% (wt/vol) BSA in 1× TBS supplemented with 0.1% Tween20 (Bio-Rad)
and were incubated with antibody against Pepck (1:250; Abcam). Bound anti-
body was detected using HRP-conjugated anti-rabbit antibody (1:10,000;
Jackson ImmunoResearch) and enhanced chemiluminescence reagent (Thermo-
Fisher). Band intensities were quantified using Image J software.

Data Analyses. Data are expressed as mean ± SEM. Statistical analyses were
performed using Prism 6.0 software (GraphPad). All parameters were ana-
lyzed by one-way or two-way ANOVA; a threshold of P < 0.05 was consid-
ered statistically significant. If a significant F ratio was obtained, post hoc
analysis was conducted with Bonferroni posttests.
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