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A B S T R A C T

Glucagon is an essential regulator of glucose homeostasis, particularly in type 2 diabetes (T2D). Blocking the
glucagon receptor (GCGR) in diabetic animals and humans has been shown to alleviate hyperglycemia and
increase circulating glucagon-like peptide-1 (GLP-1) levels. However, the origin of the upregulated GLP-1 re-
mains to be clarified. Here, we administered high-fat diet + streptozotocin-induced T2D mice and diabetic db/db
mice with REMD 2.59, a fully competitive antagonistic human GCGR monoclonal antibody (mAb) for 12 weeks.
GCGR mAb treatment decreased fasting blood glucose levels and increased plasma GLP-1 levels in the T2D mice.
In addition, GCGR mAb upregulated preproglucagon gene expression and the contents of gut proglucagon-de-
rived peptides, particularly GLP-1, in the small intestine and colon. Notably, T2D mice treated with GCGR mAb
displayed a higher L-cell density in the small intestine and colon, which was associated with increased numbers
of LK-cells coexpressing GLP-1 and glucose-dependent insulinotropic polypeptide and reduced L-cell apoptosis.
Furthermore, GCGR mAb treatment upregulated GLP-1 production in the pancreas, which was detected at lower
levels than in the intestine. Collectively, these results suggest that GCGR mAb can increase intestinal GLP-1
production and L-cell number by enhancing LK-cell expansion and inhibiting L-cell apoptosis in T2D.

1. Introduction

Glucagon was originally thought to be a hyperglycemic hormone
opposing the effect of insulin; however, it has emerged as a multi-
faceted hormone with biological regulatory roles not only in glucose
homeostasis but also in energy metabolism and gastric motility [1].
Since excess glucagon plays a key role in diabetes-associated hy-
perglycemia, it is considered an attractive therapeutic target [2] and
several studies have evaluated the anti-hyperglycemic effect of blocking
glucagon signaling via the glucagon receptor (GCGR) [3–5]. REMD
2.59, a human GCGR monoclonal antibody (mAb), and REMD-477,
another human GCGR mAb that differs by only one amino acid and has
an affinity for the GCGR equivalent to that of REMD 2.59, have de-
monstrated promising anti-diabetic effects in humans and rodent
models of type 1 diabetes (T1D) and type 2 diabetes (T2D) [6–12].
Previously, we showed that treating T1D and T2D mice with the GCGR
mAb could alleviate hyperglycemia and increase glucagon-like peptide-
1 (GLP-1) levels in the circulation [6,7]. However, the origin of GLP-1

upregulation remains to be further clarified.
GLP-1 is derived from the post-translational processing of proglu-

cagon, which is encoded by the preproglucagon (Gcg) gene. Gcg is
expressed in enteroendocrine L-cells throughout the gut, in pancreatic
α-cells, and in the brainstem [13]. Intestinal proglucagon is processed
by prohormone convertase 1/3 (PC1/3) to convert it into multiple
proglucagon-derived peptides (PGDPs), including GLP-1, GLP-2, oxy-
ntomodulin and glicentin [14]. Gut PGDPs, particularly GLP-1, have an
effect on glucose metabolism and GLP-1-based therapies are now used
to manage T2D [15,16]. Several studies have indicated that pancreatic
α-cells could also be a source of GLP-1 in the setting of pancreatic in-
jury, and pancreas-derived GLP-1 is necessary for glucose regulation
[17]. Previously, we found that pancreatic α-cells can express PC1/3,
which processes proglucagon into GLP-1 after GCGR blockage in T1D
mice [6]. However, the main origin of GLP-1 production after GCGR
blockage remains controversial.

In this study, we investigated the source of elevated GLP-1 after
GCGR blockage. First, we determined whether GCGR mAb increased
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plasma GLP-1 levels in high-fat diet + streptozotocin (HFD/STZ)-in-
duced T2D mice and diabetic db/db mice. Next, we systematically ex-
amined PGDPs production in different intestinal regions after GCGR
mAb treatment, analyzed the numbers of enteroendocrine L-cells and
LK-cells coexpressing GLP-1 and glucose-dependent insulinotropic
polypeptide (GIP), and detected L-cell apoptosis in these two T2D
mouse models. Furthermore, we evaluated PGDPs production in the
pancreas of HFD/STZ-induced T2D mice treated with GCGR mAb.

2. Materials and methods

2.1. Animal models and treatment

All animal experimental procedures were conducted at Peking
University Health Science Center and were approved by the
Institutional Animal Care and Use Committee (No. LA2017286).
National guidelines for the care and use of laboratory animals were
followed closely. To produce a mouse model of moderate T2D, eight-
week-old male C57BL/6 N mice were fed a HFD (45 % fat, 35 % car-
bohydrate and 20 % protein) for 16 weeks, followed by a single in-
traperitoneal injection of STZ (Sigma-Aldrich, Saint Louis, MO) at a
dose of 50 mg/kg body weight. One week after STZ injection, the dia-
betic condition was confirmed. Male db/db mice were purchased from
the Nanjing Biomedical Research Institute of Nanjing University
(Nanjing, Jiangsu, China) as a typical T2D model. Diabetes was con-
firmed by a fasting blood glucose level of 11.1 mmol/L or higher.
Animals were divided into groups with similar body weight and blood
glucose level distributions.

The HFD/STZ-induced T2D and db/db mice were then administered
REMD 2.59 (5 mg/kg; REMD Biotherapeutics, Camarillo, CA) or saline
(control) weekly via intraperitoneal injection for 12 weeks. A portable
OneTouch Ultra glucometer (LifeScan, Milpitas, CA) was used to mea-
sure fasting blood glucose levels. Levels exceeding 33.3 mmol/L (upper
detection limit) were recorded as 33.3 mmol/L.

2.2. Collection of intestinal and pancreatic tissues

The whole intestine was collected and flushed with phosphate-
buffered saline before the small intestine was divided into four equal
sections, as described previously [16]: first quarter, duodenum; second
quarter, jejunum; and final quarter, ileum. The first 1 cm of the duo-
denum, jejunum and colon, and the last 1 cm of the ileum were used to
measure peptide contents. The next 1 cm portion of each section was
used for mRNA analysis, and the remaining sections were used for
immunofluorescent staining and morphometric analysis (sFig. 1). Pan-
creatic tissue was taken from the same position on the pancreatic tail.

2.3. Quantitative RT-PCR

Total RNA was extracted with Trizol and cDNA was synthesized
using a RevertAid First Strand cDNA Synthesis kit (Cat: K1622, Thermo
Fisher Scientific, Waltham, MA) according to the manufacturer’s in-
structions. Quantitative RT-PCR was performed on a QuantStudio 5
Real-Time PCR System (Thermo Fisher Scientific) with SYBR qPCR Mix
(Cat: QPS-201, Toyobo, Osaka, Japan). All reactions were performed in
triplicate and gene expression was calculated using the 2−ΔΔCT method
with Gapdh as a reference gene. The following primer sequences were
used: Gcg forward 5′-GCTTATAATGCTGGTGCAAG-3′ and reverse
5′-TTCATCTCATCAGGGTCCTC-3′; GIP forward 5′-TGAAGACCTGCTCT
CTGTTG-3′ and reverse 5′-CTGCGTACCTTGGACCTC-3′; and Gapdh
forward 5′-TGCACCACCAACTGCTTAGC-3′ and reverse 5′-GGCATGGA
CTGTGGTCATGAG-3′.

2.4. Measurement of plasma and tissue PGDPs

Plasma, intestinal tissue, and pancreatic tissue peptide contents

were measured using the following ELISA kits according to the manu-
facturer’s instructions: active GLP-1 ELISA kit (Cat: EGLP-35 K,
Millipore, Bedford, MA), total GLP-1 ELISA kit (Cat: EZGLP1T-36 K,
Millipore), GLP-2 ELISA kit (Cat: RSCYK142R, Yanaihara Institute Inc.
Shizuoka, Japan), glucagon ELISA kit (Cat: DGCG0, R&D System,
Minneapolis, MN), and GIP ELISA kit (Cat: #EZRMGIP-55 K, Millipore).
Plasma samples were collected before mice were sacrificed. Sections of
intestine (1 cm) and pancreatic tissue (30 mg) were homogenized in 1
mL of lysis buffer containing protease inhibitor, phosphatase inhibitor,
dipeptidyl peptidase-4 inhibitor (50 μmol/L) and aprotinin (1 μg/mL).
Peptide levels were normalized to total protein concentration as de-
termined by BCA protein analysis.

2.5. Immunofluorescent staining

Intestinal tissues were fixed in formalin, embedded in paraffin, and
cut into 5-μm thick sections. For immunofluorescent staining, the sec-
tions were heated for antigen retrieval, blocked with goat serum, and
incubated overnight with primary antibodies at 4 °C and with sec-
ondary antibodies for 1 h at room temperature. Cell nuclei were stained
with 4′, 6-diamidino-2-phenylindole (DAPI, 1 μg/mL; Sigma-Aldrich)
and images were taken using a Leica TCS SP8 confocal fluorescence
microscope (Leica Microsystems Inc., Wetzlar, Germany). The following
antibody dilutions were used: mouse anti-GLP-1 (1:1000; Cat: ab23472,
Abcam, Cambridge, MA); rabbit anti-GIP (1:1000; Cat: ab209792,
Abcam); rabbit anti-caspase 3 (1:1000; Cat: A5013, Selleckchem,
Houston, TX); Alexa Fluor 594-conjugated AffiniPure goat anti-mouse
IgG (H + L) (1:800; Cat:115−585-003, Jackson ImmunoResearch
Laboratories, West Grove, PA); and Alexa Fluor 488-conjugated
AffiniPure goat anti-rabbit IgG (H + L) (1:800; Cat: 115−545-003,
Jackson ImmunoResearch Laboratories).

2.6. Cell counting

Enterocytes were counted based on the number of immunopositive
cells per epithelial area (cells/mm2 epithelium), which was obtained by
H&E staining and quantified using Image-Pro Plus 6.0 (Media
Cybernetics, Bethesda, MD). At least 15 independent slides (spaced at
least 1 mm) were counted per mouse, with 4–6 mice per group. A
minimum of 500 villi and crypts were scored per mouse.

2.7. Statistical analysis

Data are expressed as means± S.D. or median (interquartile range).
Statistical differences were determined by Student’s t test (two-tailed),
or Mann-Whitney test when appropriate. Statistical analyses were
performed by GraphPad Prism 7.0 (GraphPad Software Inc., San Diego,
CA). A P value< 0.05 was assumed statistically significant.

3. Results

3.1. GCGR mAb promotes gut PGDPs production in HFD/STZ-induced T2D
mice

In HFD/STZ-induced T2D mice, a 12-week treatment with GCGR
mAb significantly lowered fasting blood glucose levels (Fig. 1A) and
increased plasma active GLP-1 levels (Fig. 1B). In addition, Gcg ex-
pression and active GLP-1 content were higher in the jejunum, ileum,
colon, and pancreas of the GCGR mAb-treated group than the saline
control group (Fig. 1C-D). Similarly, total GLP-1 in ileum, colon and
pancreas (Fig. 1E), and GLP-2 in duodenum, jejunum and ileum
(Fig. 1F) were remarkably increased by the GCGR mAb treatment.
Notably, the active and total GLP-1 contents were lower in the pancreas
than in the intestine, albeit they were also upregulated by the GCGR
mAb treatment (Fig. 1D–E). Glucagon was detected in the intestines but
at extremely low levels compared to the pancreas (Fig. 1G). GCGR mAb
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treatment significantly increased glucagon content in the ileum, colon,
and pancreas (Fig. 1G), whereas plasma GIP levels, GIP mRNA ex-
pression and GIP content in the intestine and pancreas were not dif-
ferent (Fig. 1H and I, sFig. 2).

3.2. GCGR mAb increases intestinal L-cells density in HFD/STZ-induced
T2D mice

To ascertain whether the rise in production of gut PGDPs was as-
sociated with an increase in the number of intestinal GLP-1-producing

Fig. 1. Production of gut proglucagon-derived peptides (PGDPs) in high-fat diet + streptozotocin (HFD/STZ)-induced type 2 diabetic (T2D) mice treated with GCGR
mAb or saline for 12 weeks. GCGR mAb (REMD 2.59; 5 mg/kg), or saline were intraperitoneally administered once a week to male HFD/STZ-induced T2D mice. (A)
Fasting blood glucose levels. (B) Fasting plasma levels of active GLP-1. (C) Preproglucagon (Gcg) mRNA expression. Active GLP-1 (D), total GLP-1 (E), GLP-2 (F), and
glucagon (G) contents. (H) Fasting plasma levels of GIP. (I) GIP content. The contents of intestinal peptides were normalized to total protein concentration, in
different regions of the intestine after 12-week GCGR mAb treatment. n = 5-6 mice per group. Data are shown as mean± S.D. *P<0.05 vs. Saline. Duo, duodenum;
Jej, jejunum; Panc, pancreas.
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L-cells, we determined the L-cell density in different intestinal regions.
Immunofluorescent staining indicated that the GCGR mAb significantly
increased the density of GLP-1 positive cells in the jejunum, ileum, and
colon compared to the saline control (Fig. 2A and B), consistent with
the pattern of intestinal Gcg expression and GLP-1 content induced by
GCGR mAb.

3.3. GCGR mAb increases intestinal LK-cell density and decreases the
number of apoptotic L-cells in HFD/STZ-induced T2D mice

To determine the possible origin of the increased intestinal L-cells,
we analyzed the density of LK-cells, which coexpressed GLP-1 and GIP,
and the number of apoptotic L-cells in different intestinal regions.
GCGR mAb increased the density of LK-cells in the ileum and colon
(Fig. 2A and C). On the other hand, GCGR mAb decreased the number
of cells positive for overall caspase 3 (a widely used cell apoptosis
marker) in the duodenum, ileum, and colon compared to the control

Fig. 2. Histological analysis of intestinal L- and LK-cells in HFD/STZ-induced T2D mice treated with GCGR mAb or saline for 12 weeks. (A) Representative intestinal
immunofluorescent staining images of GLP-1 and GIP. Cells indicated by boxes are enlarged in the fifth column. Scale bar =50 μm. Quantification of L-cell (B) and
LK-cell (C) density in different intestinal regions. n = 15-20 sections per mouse with 5-6 mice per group. Data are expressed as means± S.D. *P<0.05 vs. Saline.
Duo, duodenum; Jej, jejunum.
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group (Fig. 3A and B). Importantly, GCGR mAb treatment also reduced
the number of caspase 3 and GLP-1 double-positive cells (apoptotic L-
cells) in the ileum and colon (Fig. 3C and D), and reduced the ratio of
these double-positive cells to the total number of GLP-1-positive cells in
all intestinal regions (Fig. 3C and E). Together, these results suggested
that the increase in L-cell mass induced by GCGR mAb was at least
partially due to the promotion of LK-cell expansion and inhibition of L-
cell apoptosis.

3.4. GCGR mAb promotes gut PGDPs production and increases intestinal L-
cell density in db/db mice

Similar to the results obtained from the HFD/STZ-induced T2D
mice, db/db mice treated with GCGR mAb displayed significantly lower
fasting blood glucose levels and higher plasma active GLP-1 levels
(sFig. 3A-B). In addition, GCGR mAb treatment significantly upregu-
lated Gcg expression level and total GLP-1 content in the jejunum,
ileum, and colon (Fig. 4A and C) and increased active GLP-1, GLP-2,
and glucagon contents in the ileum and colon (Fig. 4B, D, and E),
whereas plasma GIP levels, intestinal GIP mRNA expression and GIP
content were not different (Fig. 4F, sFig. 3C-D). Moreover, an increased

Fig. 3. Histological detection of L-cell apoptosis in HFD/STZ-induced T2D mice treated with GCGR mAb or saline for 12 weeks. (A) Representative intestinal
immunofluorescent staining image for caspase 3. Scale bar =50 μm. (B) Quantification of overall caspase 3-positive cells in the intestine. (C) Representative
immunofluorescent staining image for caspase 3 and GLP-1 in the colon. Cells indicated by boxes are enlarged in the fifth column. Scale bar =50 μm. Quantification
of the number of apoptotic L-cells (D) and the ratio of these cells to total L-cells (E) in different intestinal regions. n = 15-20 sections per mouse with 5-6 mice per
group. Data are expressed as means± S.D. or median (interquartile range). *P<0.05 vs. Saline. Duo, duodenum; Jej, jejunum.
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density of L-cells was observed in the ileum and colon after GCGR mAb
treatment as well as LK-cells in the jejunum and ileum (Fig. 4G–I). Si-
milarly, the number of caspase 3 and GLP-1 double-positive cells and
ratio of these double-positive cells to the total number of GLP-1-positive
cells in the ileum and colon were markedly reduced by the GCGR mAb
treatment in db/db mice (Fig. 4J, sFig. 4), indicating that GCGR mAb
treatment inhibited L-cell apoptosis.

4. Discussion

The main source of the elevated GLP-1 production following GCGR
blockade has been a topic of considerable debate and controversy
[7,11,18]. Since previous studies have indicated that elevated GLP-1
levels are involved in the anti-diabetic effects of GCGR blockade [11], it
is vitally important to explore the origin of the elevated GLP-1 to elu-
cidate the mechanism underlying the anti-diabetic effects of GCGR mAb
in T2D and maintain long-term endogenous GLP-1 secretion. The gut is

Fig. 4. Production of gut PGDPs and histological analysis of intestinal L-cell density, LK-cell number, and L-cell apoptosis in db/db mice treated with GCGR mAb or
saline for 12 weeks. (A) Gcg mRNA expression. Active GLP-1 (B), total GLP-1 (C), GLP-2 (D), glucagon (E) and GIP (F) contents. n = 4-5 mice per group. (G)
Representative intestinal immunofluorescent staining image for GLP-1 and GIP. Cells indicated by boxes are enlarged in the lower panels. Scale bar =50 μm.
Quantification of L-cell (H), LK-cell (I) and apoptotic L-cell (J) density in different intestinal regions. n = 15-20 sections per mouse with 4-5 mice per group. Data are
shown as mean±S.D. *P<0.05 vs. Saline. Duo, duodenum; Jej, jejunum.
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the main source of naturally produced GLP-1 [19] and gut-derived GLP-
1 is essential for regulating glucose homeostasis [16], therefore, we
systematically evaluated GLP-1 production in different regions of the
intestine. Our study demonstrated that GCGR mAb treatment upregu-
lated Gcg expression, alongside total and active GLP-1 contents in in-
testinal tissues, suggesting that circulating GLP-1 upregulation caused
by GCGR mAb treatment may primarily derive from the intestine.

The findings of this study are consistent with data from our previous
study [7] which demonstrated that gut-derived GLP-1 is a source of the
plasma GLP-1 upregulated by GCGR mAb treatment in T2D mice.
However, pancreatic α-cells could also be a source of GLP-1 under
certain conditions, such as insulin resistance, chemical damage and
inflammation [20–22]. In this study, we found pancreatic active and
total GLP-1 contents were detectable, and GCGR mAb increased pan-
creatic GLP-1 content in HFD/STZ-induced T2D mice. Recent data from
our and other groups have shown that GCGR mAb promoted pancreatic
α-cell hyperplasia in normal mice, diet-induced obese mice, and dia-
betic mice, and pancreatic α-cells could express PC1/3, which is re-
sponsible for processing of proglucagon into GLP-1 [6,23,24], sug-
gesting that plasma GLP-1 upregulation may also be derived from
pancreatic α-cells. Therefore, the intestine and pancreas could both be
sources of plasma GLP-1 production following GCGR mAb treatment.
Since the pancreas displays lower GLP-1 content and mass than the
intestine, and the gut enteroendocrine system is responsible for 95 % of
circulating active GLP-1; therefore, the intestine may be the main
source of increased GLP-1 production after GCGR mAb treatment. Fu-
ture studies in tissue-specific Gcg or Pcsk1 (gene encoding PC1/3)
knockout mice would help to elucidate the source of elevated circula-
tory GLP-1 levels.

Under physiological conditions, GLP-1 is mainly produced in in-
testinal L-cells [25]; therefore, we determined whether increased in-
testinal GLP-1 production was associated with elevated L-cell mass. We
found that GCGR mAb treatment increased the density of GLP-1-posi-
tive L-cells in the jejunum, ileum, and colon in HFD/STZ-induced T2D
mice, as well as in the ileum and colon of db/db mice, suggesting that
increased intestinal L-cell mass contributes to elevated GLP-1 produc-
tion in the intestines. Subsequently, we explored the possible reasons
underlying increased intestinal L-cell mass following GCGR mAb
treatment. We found that some enteroendocrine cells coexpressed GLP-
1 and GIP, known as LK-cells [26]. GCGR mAb treatment significantly
increased the number of LK-cells in the small intestine and colon of T2D
mice, suggesting that enhanced LK-cell expansion may be responsible
for the observed increase in intestinal L-cell mass. L-cells in different
regions of gut are known to display various patterns of hormone, ion
channel, transporter, and receptor expression [26,27], and the re-
lationship between L-cells and LK-cells remains unclear. Therefore, we
were unable to determine the percentage of GLP-1 production due to L-
cells or LK-cells based on their density. Since GLP-1 and GLP-2 can
inhibit apoptosis [28,29], we investigated whether GCGR mAb treat-
ment affected L-cell apoptosis. The number of apoptotic L-cells was
significantly reduced in the small intestine and colon, indicating that L-
cell apoptosis inhibition is another contributor toward increased in-
testinal L-cell mass in GCGR mAb-treated T2D mice.

Previously, we reported that T2D mice treated with GCGR mAb
displayed an increased density of ileal GLP-1-positive L-cells as eval-
uated by immunofluorescent staining [7]. However, this evidence was
insufficient to demonstrate that elevated plasma GLP-1 levels definitely
originate from the intestines after GCGR blockage. Therefore, in this
study, we examined Gcg gene expression, total and active GLP-1 con-
tent, and L-cell density in the duodenum, jejunum, ileum, and colon
after GCGR mAb treatment. We found that GCGR mAb increased Gcg
expression, total and active GLP-1 contents, and L-cell density in the
small intestine and colon of T2D mice, suggesting that the intestine is a
main source of elevated plasma GLP-1 levels after GCGR blockade.
Besides, our previous study showed that GCGR mAb treatment pro-
moted L-cell proliferation and increased the number of LK-cells in the

ileum of T2D mice [7]; however, the effect of GCGR mAb on L-cell
apoptosis and LK-cell expansion in different regions of the intestine
remained unclear. In this study, we evaluated the density of GLP-1 and
GIP double-positive cells and the number of caspase 3 and GLP-1
double-positive cells in different regions of the intestine. GCGR mAb
treatment increased the number of LK-cells but reduced the number of
apoptotic L-cells. Together with data from our previous study [7], these
findings indicate that increased intestinal L-cell mass induced by GCGR
mAb is likely due to enhanced LK-cell expansion, inhibited L-cell
apoptosis, and stimulated L-cell proliferation.

Previous studies have indicated that glucagon could be produced
along the entire intestinal tract and might account for hyperglucago-
nemia in patients with T2D [30,31]. We further investigated whether
gut glucagon production was regulated by GCGR mAb treatment.
Consistently, this study found that glucagon was produced in the in-
testine, albeit at much lower levels than in the pancreas. GCGR mAb
treatment upregulated glucagon production in both the intestine and
pancreas of T2D mice, which was probably a compensatory response in
endogenous glucagon production secondary to GCGR blockage. Glu-
cagon mainly promotes glucose production by binding to GCGR to
stimulate gluconeogenesis and glycogenolysis, and GCGR mAb lower
blood glucose levels mainly by inhibiting this interaction [32]. In-
creased circulating GLP-1 levels may also underlie these anti-diabetic
effects, consistent with the finding that knocking out the GLP-1 receptor
or supplementing its specific antagonist exendin (9–39) reduces the
hypoglycemic effects of GCGR mAb treatment [11].

In summary, GCGR mAb treatment increases the production of
PGDPs, particularly GLP-1, in the small intestine and colon of T2D
mice, surpassing their production in the pancreas. In addition, GCGR
mAb treatment increases the intestinal L-cell mass, which is associated
with increased LK-cell number and reduced L-cell apoptosis. Therefore,
these findings emphasize the importance of the intestine in GLP-1
production induced by GCGR blockage and help to elucidate the hy-
poglycemic mechanisms of GCGR mAb in T2D.
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