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Abstract

BACKGROUND

Impaired hypoglycaemic counterregulation has emerged as a critical concern for
diabetic patients who may be hesitant to medically lower their blood glucose
levels due to the fear of potential hypoglycaemic reactions. However, the patho-
genesis of hypoglycaemic counterregulation is still unclear. Glucagon-like
peptide-1 (GLP-1) and its analogues have been used as adjunctive therapies for
type 1 diabetes mellitus (T1DM). The role of GLP-1 in counterregulatory dys-
function during hypoglycaemia in patients with T1IDM has not been reported.

AIM
To explore the impact of intestinal GLP-1 on impaired hypoglycaemic counterreg-
ulation in type 1 diabetic mice.

METHODS

T1DM was induced in C57BL/ 6] mice using streptozotocin, followed by intraperi-
toneal insulin injections to create TIDM models with either a single episode of
hypoglycaemia or recurrent episodes of hypoglycaemia (DH5). Immunofluor-
escence, Western blot, and enzyme-linked immunosorbent assay were employed
to evaluate the influence of intestinal GLP-1 on the sympathetic-adrenal reflex and
glucagon (GCG) secretion. The GLP-1 receptor agonist GLP-1(7-36) or the
antagonist exendin (9-39) were infused into the terminal ileum or injected
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intraperitoneally to further investigate the role of intestinal GLP-1 in hypoglycaemic counterregulation in the
model mice.

RESULTS

The expression levels of intestinal GLP-1 and its receptor (GLP-1R) were significantly increased in DH5 mice.
Consecutive instances of excess of intestinal GLP-1 weakens the sympathetic-adrenal reflex, leading to dysfunction
of adrenal counterregulation during hypoglycaemia. DH5 mice showed increased pancreatic 8-cell mass, cAMP
levels in 0 cells, and plasma somatostatin concentrations, while cAMP levels in pancreatic a cells and plasma GCG
levels decreased. Furthermore, GLP-1R expression in islet cells and plasma active GLP-1 levels were significantly
increased in the DH5 group. Further experiments involving terminal ileal infusion and intraperitoneal injection in
the model mice demonstrated that intestinal GLP-1 during recurrent hypoglycaemia hindered the secretion of the
counterregulatory hormone GCG via the endocrine pathway.

CONCLUSION

Excessive intestinal GLP-1 is strongly associated with impaired counterregulatory responses to hypoglycaemia,
leading to reduced appetite and compromised secretion of adrenaline, noradrenaline, and GCG during hypo-
glycaemia.

Key Words: Glucagon-like peptide-1; Impaired hypoglycaemic counterregulation; Type 1 diabetes; Intestine; Pancreas
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Core Tip: Glucagon-like peptide-1 (GLP-1) is an incretin hormone primarily produced by specific enteroendocrine L-cells in
the intestines. The role of GLP-1 in impaired hypoglycaemic counterregulation in type 1 diabetes mellitus (T1DM) has not
been reported. In this study, a model of recurrent hypoglycaemia in TIDM mice was established, and it was found that
excessive intestinal GLP-1 is strongly associated with impaired counterregulatory responses to hypoglycaemia, leading to
reduced appetite and compromised secretion of adrenaline, noradrenaline, and glucagon during hypoglycaemia.
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INTRODUCTION

Patients with type 1 diabetes mellitus (TIDM) are prone to iatrogenic hypoglycaemia due to the administration of insulin
or sulfonylureas, which occur an average of 1-2 times per week. Notably, approximately 40% of TIDM patients
experience severe hypoglycaemia[1-3]. Severe hypoglycaemia events can manifest as symptoms such as confusion, coma,
seizures, and, in extreme cases, death[4]. Studies indicate that hypoglycaemia contributes to up to 10% of fatalities in
individuals living with diabetes[5].

When hypoglycaemia occurs in healthy individuals, the body perceives a decrease in blood glucose levels and initiates
counterregulatory responses to restore glucose levels. Insulin secretion decreases when glucose levels decrease to 4.4-4.7
mmol/L, while glucagon (GCG) and adrenaline secretion begin to increase when glucose levels reach 3.6-3.9 mmol/L. At
approximately 3.2 mmol/L, symptoms such as palpitations, tremors, anxiety, sweating, and hunger manifest due to
autonomic nerve excitement, prompting the body to take corrective measures for hypoglycaemia. These symptoms of
autonomic hypoglycaemia are commonly referred to as hypoglycaemia warnings. When glucose drops to 2.8 mmol/L,
neuroglycopenic symptoms, such as cognitive impairment, epilepsy, or coma, appear|[6].

Recurrent hypoglycaemia[7], defined as multiple episodes within a day or consecutive episodes across multiple days,
especially if each episode lasts for more than 30 min, can lead to impaired hypoglycaemic counterregulation. This
impairment includes decreased GCG secretion and compromised sympathetic nerve excitation, ultimately affecting the
body's ability to regulate hypoglycaemia[6]. Impaired hypoglycaemic counterregulation has emerged as a critical concern
for diabetic patients who may be hesitant to medically lower their blood glucose levels due to the fear of potential
hypoglycaemic reactions. Clinical studies have demonstrated that hypoglycaemic warning symptoms can be reversed
after 2 wk of hypoglycaemia prevention in TIDM patients. After preventing hypoglycaemia for 3 mo, neuroendocrine
counterregulation, such as GCG and adrenaline secretion, normalizes[8]. However, the pathogenesis of impaired
hypoglycaemic counterregulation is still unclear, making it challenging to develop effective prevention and treatment
strategies for hypoglycaemia.

GCG-like peptide-1 (GLP-1) is an incretin hormone primarily produced by specific enteroendocrine L-cells in the
terminal ileum and colon through the preproglucagon (PPG) gene[9,10]. When GLP-1 in the intestines binds to its
receptor (GLP-1R), it can activate brain neurons related to autonomic nerves, stimulate adrenal medulla secretion, and
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elevate blood catecholamine levels[11,12]. Additionally, GLP-1 can enhance insulin release and suppress GCG secretion
by interacting with the GLP-1R on pancreatic islet cells[8,13]. Moreover, by influencing the GLP-1R on vagal afferent
nerve fibers and afferent neurons in the gastrointestinal tract, GLP-1 can delay gastric emptying, reduce intestinal
peristalsis and gastric acid secretion, and stimulate a satiation signal, thereby leading to weight loss and an improvement
in body mass index[8,14,15]. Therefore, GLP-1 and its analogues are commonly used in the clinical treatment of type 2
diabetes mellitus and as adjuvant therapies for TIDM. Given that GLP-1 can induce hypoglycaemia and satiety, what role
does GLP-1 play in counterregulation dysfunction and even loss of hunger awareness during hypoglycaemia in patients
with TIDM? There are currently no reports available on this topic. Therefore, this study aimed to establish a recurrent
hypoglycaemia model in T1DM mice to investigate changes in GLP-1 expression in the intestinal tract, explore the
mechanisms underlying hypoglycaemic counterregulatory dysfunction and awareness impairment, and further provide
experimental evidence for the prevention and treatment of hypoglycaemia in T1IDM patients.

MATERIALS AND METHODS

Establishment of a recurrent hypoglycaemia model in T1IDM mice

Male C57BL/6] mice aged 10 wk and weighing 22.5 + 0.5 g were obtained from the Experimental Animal Center at
Shandong Second Medical University (No. 2019SDL029; Shandong Province, China). The mice were allowed to acclimate
and fed at room temperature (approximately 25 °C) for 1 wk prior to the study. To induce T1DM, all mice were fasted for
6 h, followed by intraperitoneal administration of 220 mg/kg streptozotocin (STZ) dissolved in 0.01 mol/L citrate buffer
(pH 4.2). The successful establishment of the TIDM model was confirmed on the third day post-STZ injection when
postprandial blood glucose levels in the tail vein blood of mice reached = 16.7 mmol/L, indicating the onset of diabetes. A
model of recurrent hypoglycaemia in TIDM mice was created using a standardized protocol with modifications[13-15].
T1DM mice were injected with short-acting insulin after a 6-h fast, resulting in blood glucose levels decreasing to less
than 3.9 mmol/L (approximately 3.3 + 0.5 mmol/L) for more than 60 min, representing a single episode of hypo-
glycaemia. Beginning on day 15 of diabetes, hypoglycaemia was induced once every 3 d for a total of 5 consecutive
episodes to establish a recurrent hypoglycaemic model in TIDM mice (DH5 group). On the 27" day of diabetes,
coinciding with the final hypoglycaemia episode in the DH5 group, a second group of TIDM mice underwent the same
procedure to induce hypoglycaemia once, creating the TIDM one hypoglycaemia model (DH1 group).

Throughout the modeling process, the activity status of the model mice was closely monitored, and the plasma
adrenaline and pancreatic noradrenaline levels were measured using enzyme-linked immunosorbent assay (ELISA) to
evaluate the hypoglycaemic counterregulatory response. Pentobarbital sodium was administered intraperitoneally,
followed by the collection of retroocular plasma, ileum, colon, and pancreas samples from the mice. Some tissue samples
were fixed in 4% paraformaldehyde and processed into paraffin sections, while others were stored in a freezer at -80 °C.

Intraterminal ileum catheterization and infusions

On the 25" day after diabetes induction, following the 4th hypoglycaemic episode, the mice in the DH1 and DH5 groups
were subcutaneously administered 0.05 mg/kg buprenorphine for preoperative analgesia. Anaesthesia was induced with
3% isoflurane and maintained at 2%. The abdomen and neck were prepared by shaving and disinfecting with iodine. A
midline incision was made in the abdomen to remove the ileum. A 25 G needle was used to puncture the end of the ileum
5 cm from the ileocecal valve, and Micro-Renathane Tubing (Braintree Scientific, United States) was inserted into the
puncture hole. Purse-string sutures were placed around the catheter. A small incision was made on the back of the neck,
and the catheter was subcutaneously introduced, fixed in the interscapular area, and sutured. Subcutaneous adminis-
tration of 0.05 mg/kg/d of buprenorphine was provided for analgesia on the day of surgery and for 2 d postoperatively.
Exendin (9-39) amide (Abcam, United Kingdom) or GLP-1(7-36) amide (AnaSpec, United States) was freshly prepared in
sterile saline. They were infused at a dose of 100 pmol/kg in 1 mL at a rate of 0.5 mL/min through an external catheter
and administered 10 min before the conclusion of the final hypoglycaemic session.

Intraperitoneal injections

Mice in the DH5 group were injected intraperitoneally with either 5 pg of exendin (9-39) or 5 pg of GLP-1(7-36) 20 min
before the conclusion of the final hypoglycaemic session. Plasma samples were then collected and prepared for
subsequent experiments.

ELISA analysis

Adrenaline ELISA kit (Sin-troch, China), GLP-1-Active Form Assay Kit (Immuno-Biological Laboratories, Japan), GCG-
ELISA Kit (Cloud-Clone, China), and SST-ELISA Kit (Cloud-Clone, China) were used to analyze the levels of adrenaline,
active GLP-1, GCG, and somatostatin (SST) in the plasma of the mice in each group, respectively. A noradrenaline ELISA
kit (Sin-troch, China) was used to assess the level of noradrenaline in pancreatic tissue homogenates of the model mice.
ELISA was conducted following the instructions of the respective kits.

Immunofiuorescence staining

Intestinal paraffin sections (5 pm thick) were deparaffinized in water, microwaved for repair, and blocked with 10% goat
serum (Solarbio, China) at 37 °C for 30 min, after which mouse anti-GLP-1 antibody (Abcam, United Kingdom, 1:200) was
added at 4 °C overnight. Subsequently, the sections were incubated in the dark with a fluorescently labeled secondary
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antibody at 37 °C for 50 min and mounted with DAPI (Solarbio, China) sealing reagent.

Five fluorescently stained sections were extracted from mouse tissue (0.2 mm between sections), and ten randomly
selected fields of view from each section were observed under a 200 x fluorescence microscope. The integrated optical
density (IOD) values in each image were subsequently calculated using Image-Pro Plus 6.0.

Multilabel immunofluorescence staining with tyramide signal amplification

Pancreatic paraffin sections (5 pm thick) were deparaffinized in water, microwaved for repair, and blocked with 3%
hydrogen peroxide and 10% goat serum at 37 °C for 30 min. Subsequently, rabbit anti-cAMP antibody (Abcam, United
Kingdom, 1:100) was added, and the sections were incubated overnight at 4 °C. The sections were incubated with a
biotin-labeled goat anti-rabbit secondary antibody (ZSGB-BIO, China) at 37 °C for 50 min, followed by incubation with
horseradish peroxidase-labeled streptavidin for 30 min. Tyramide working solution (APExBIO, United States, 1:800
dilution, containing 0.3% hydrogen peroxide) was then added, and the sections were incubated at room temperature for
10 min. After washing with PBS, the sections were blocked with serum for 50 min and incubated with mouse anti-GCG
(BOSTER, United States, 1:200) or mouse anti-SST (Santa Cruz Biotechnology, United States, 1:200) antibody at 37 °C for
1.5 h, followed by incubation with a fluorescently labeled secondary antibody at 37 °C for 50 min. Finally, the sections
were mounted with DAPI sealing reagent.

The statistical analysis was in line with the immunofluorescence staining process.

Western blot analysis

Frozen intestinal tissues were homogenized and ultrasonically lysed to extract proteins, which were quantified using the
bicinchoninic acid method. Each sample contained 30 pg of protein, which was transferred to a PVDF membrane using a
wet method and then blocked with 5% skim milk for 2 h at room temperature on a shaker. Mouse anti-GLP-1 (1:2000),
mouse anti-GLP-1R (DSHB, United States, 1:1000), or mouse anti-B-actin (Proteintech, United States, 1:10000) antibody
was individually added and incubated overnight at 4 °C with shaking. The next day, the membranes were incubated with
a secondary antibody (Proteintech, United States, 1:5000) for 2 h at room temperature and then visualized using enhanced
chemiluminescence reagent. Data analysis was conducted using Image-Pro Plus software, and the relative expression of
the target protein was calculated as the ratio of the optical density of the target protein to that of B-actin.

Statistical analysis

Statistical analyses were conducted using SPSS 25.0 software, while GraphPad Prism 9.0 software was utilized for
creating visual representations. Normally distributed measurement data are expressed as the mean + SE. Comparisons
between two groups were assessed using the ¢ test, while comparisons among multiple groups were analyzed using one-
way ANOVA. P < 0.05 was considered to indicate statistical significance.

RESULTS

A recurrent hypoglycaemia model is successfully established in T1DM mice

The blood glucose and body weight of model mice meet the modeling criteria: The flow diagram of the modeling
process is presented in Figure 1A. Prior to STZ injection, there were no significant differences in blood glucose levels
among the groups (P > 0.05). On the first day of diabetes, blood glucose levels significantly increased and exceeded 16.7
mmol/L (P <0.01). By the seventh day of diabetes, a significant decrease in body weight was observed in each group (P <
0.01). These elevated blood glucose levels and decreased body weight align with the criteria for diabetes modeling, as
shown in Table 1. On the 15" day of diabetes, fasted diabetic mice experienced hypoglycaemia, with 1 episode every 3 d,
for a total of 5 episodes. The fluctuations in blood sugar levels are illustrated in Figure 1B. Following insulin injection
during these episodes, blood glucose levels in the DH5 and DH1 groups decreased to 3.3 £ 0.5 mmol/L within 60 min.
Since fasting blood glucose levels < 3.9 mmol/L can induce hypoglycaemia syndrome in diabetic patients, the blood
glucose levels during repeated hypoglycaemic episodes in this study met the criteria for postdiabetes hypoglycaemia
modeling.

Activity state, plasma adrenaline, and pancreatic noradrenaline levels in DH5 model mice reflect the development of
impaired hypoglycaemic counterregulation: This study revealed activity changes in DH5 model mice during episodes of
hypoglycaemia, as indicated by increased activity and foraging behaviors during the first two episodes, which gradually
decreased during subsequent episodes. This decrease in activity is consistent with the decrease in hypoglycaemic
warning symptoms resulting from impaired counterregulation.

To further clarify whether activity changes in DH5 mice are linked to impaired hypoglycaemic counterregulation,
sympathetic response indices such as plasma adrenaline and pancreatic noradrenaline were measured using ELISA. The
results indicated that plasma adrenaline and pancreatic noradrenaline levels were significantly lower in the DH5 group
than in the diabetic mice (DM) and DHI1 groups (P < 0.01; Figure 1C and D), suggesting that DH5 group mice exhibit
impaired hypoglycaemic counterregulation.

Recurrent hypoglycaemia leads to an increase in expression of intestinal GLP-1 and its receptors

GLP-1 is predominantly present in L cells in the distal small intestine and colon. This study aimed to assess changes in
GLP-1 expression in the distal ileum and colon using immunofluorescence staining and Western blot analysis. Active
GLP-1-positive cells were primarily located in the glandular epithelium, with occasional presence in the covering
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Table 1 Blood glucose levels on the first day of diabetes and body weight on the seventh day of diabetes (mean * SE)

Blood glucose (mmol/L) Body weight (g)
S Before diabetes On the 1¢ day of diabetes Before diabetes On the 7* day of diabetes
DM 72404 224+0.8" 233102 205+ 0.6
DH1 73+03 253+0.7° 234402 19.6 0.8"
DH5 75+04 234+18° 229+03 19.9+0.3"

2P < 0.01 vs blood glucose before diabetes.
PP < 0.01 vs body weight before diabetes.

DM: Diabetic mice; DH1: Diabetic mice with a single hypoglycemic episode; DH5: Diabetic mice with five hypoglycaemic episodes.

A
DM {,,.:g | I Diabetes Period |
e
DHI1 ;‘ I I Diabetes Period | |
'L‘\ o
DHS5 ,—q | I Diabetes Period | Recurrent hypoglycemia |
-
.
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- 3 DM Za0q 2 b
g 30 Episodel & moH 2 = oM
32 £ = -Episode 2 S 3 DH5 2304 = orit
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Figure 1 Diabetic mice with five hypoglycaemic episodes exhibit impaired hypoglycaemic counterregulation. A: Flow chart depicting the
modeling process, with some content sourced from Scidraw; B: Fluctuations in blood glucose levels in diabetic mice following repeated insulin interventions; C:
Alterations in plasma adrenaline levels; D: Changes in pancreatic noradrenaline levels. All the data are presented as the the mean + SE. 2P < 0.01 vs diabetic mice; ®
P < 0.01 vs diabetic mice with a single hypoglycaemic episode; PBG: Postprandial blood glucose; DM: Diabetic mice; DH1: Diabetic mice with a single hypoglycemic
episode; DH1: Diabetic mice with a single hypoglycaemic episode; DH5: Diabetic mice with five hypoglycaemic episodes.

epithelium. The fluorescence images revealed a greater number of GLP-1-positive cells in the DH1 and DH5 groups than
in the DM group. The GLP-1 IOD in the colon was significantly greater in the DH1 and DH5 groups than in the DM
group (P < 0.01; Figure 2A). Since the ileum and colon are relatively long, further verification is needed to determine the
total amount of GLP-1 reflected by the GLP-1 IOD in these sections. Therefore, Western blot experiments were conducted,
and the results indicated that GLP-1 levels tended to increase sequentially in the DM, DH1, and DH5 groups, with a
significant increase in the colon (P < 0.01; Figure 2B and C, Supplementary material).

Given that intestinal GLP-1 primarily acts through neighboring GLP-1Rs, this study aimed to investigate changes in
intestinal GLP-1R expression through Western blot analysis. The results indicated a sequential increase in GLP-1R levels
in the DM, DH1, and DH5 groups, with a significant increase observed in the colon of the DH5 group (P < 0.01; Figure 2B
and C). These results suggest heightened levels of intestinal GLP-1 and GLP-1R expression in the DH1 and DH5 groups,
indicating an enhanced paracrine effect, especially in the DH5 group.

Excessive intestinal GLP-1 is closely associated with impaired secretion of the counterregulatory hormones

adrenaline and noradrenaline during hypoglycaemia
Adrenaline and noradrenaline serve as vital markers of the body's stress response. To investigate the role of intestinal
GLP-1 in the stress response through paracrine effects, the levels of plasma adrenaline and pancreatic noradrenaline were
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Figure 2 Elevated levels of glucagon-like peptide-1 and glucagon-like peptide-1 receptor in the intestines in response to hypoglycaemia.
A: Immunofluorescence staining showing glucagon-like peptide-1 (GLP-1) expression in the ileum and colon, with GLP-1 in green and cell nuclei in blue. Scale bars =
50 um; B: Western blot analysis of GLP-1 and its receptor (GLP-1R) protein expression in the ileum; C: Western blot analysis of GLP-1 and GLP-1R protein
expression in the colon; D: Enzyme-linked immunosorbent assay (ELISA) results showing changes in plasma adrenaline levels after terminal ileal infusions in diabetic
mice with a single hypoglycemic episode (DH1) and diabetic mice with five hypoglycaemic episodes (DH5); E: ELISA results showing changes in pancreatic
noradrenaline levels after terminal ileal infusions in the DH1 and DH5 groups. The data are presented as the mean + SE. P < 0.01 vs diabetic mice (DM); °P < 0.01
vs DH1 group; °P < 0.05 vs DM group; DM: Diabetic mice; DH1: Diabetic mice with a single hypoglycemic episode; DH5: Diabetic mice with five hypoglycaemic
episodes; GLP-1: Glucagon-like peptide-1; GLP-1R: Glucagon-like peptide-1 receptor; I0D: Integrated optical density.

measured following infusions of the GLP-1R agonist GLP-1(7-36) or the antagonist exendin (9-39) into the terminal ileum.
GLP-1(7-36) increased plasma adrenaline and pancreatic noradrenaline levels in DH1 mice (P < 0.01), while exendin (9-
39) decreased adrenaline and pancreatic noradrenaline levels (P < 0.01). In contrast, neither GLP-1(7-36) nor exendin (9-
39) affected plasma adrenaline or pancreatic noradrenaline levels in DH5 mice (P > 0.05; Figure 2D and E). These results
indicate that heightened intestinal GLP-1 expression in DH1 mice can enhance sympathetic nerve excitation and
adrenaline secretion, whereas excessive intestinal GLP-1 expression in DH5 mice hinders the activation of the
sympathetic response following repeated hypoglycaemia. Excessive intestinal GLP-1 expression in DH5 mice appears to
be linked to dysfunction in the secretion of hypoglycaemic counterregulatory hormones such as adrenaline and
noradrenaline.

Excessive intestinal GLP-1 is closely related to impaired secretion of the counterregulatory hormone glucagon during

hypoglycaemia

Intestinal GLP-1 participates in secretion of the counterregulatory hormone glucagon during hypoglycaemia through
its endocrine effect: To further confirm impaired hypoglycaemic counterregulation in DH5 mice, the plasma level of
GCG, another indicator of hypoglycaemic counterregulation, was measured using ELISA. The results showed a
significant increase in plasma GCG levels in the DH1 group and a significant decrease in the DH5 group (P < 0.01;
Figure 3A), supporting the conclusion of impaired hypoglycaemic counterregulation in DH5 mice.
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Figure 3 Intestinal glucagon-like peptide-1 regulates plasma glucagon levels through endocrine pathways. A: Changes in plasma glucagon
(GCG) levels measured by enzyme-linked immunosorbent assay (ELISA); B: Alterations in plasma GCG levels measured by ELISA after terminal ileal infusion in
diabetic mice with five hypoglycaemic episodes (DH5); C: Changes in plasma GCG-like peptide-1 (GLP-1) levels measured by ELISA; D: Alterations in plasma GCG
levels measured by ELISA after intraperitoneal injection in the DH5 group. All the data are presented as the mean + SE. P < 0.01 vs diabetic mice; °P < 0.01 vs
diabetic mice with a single hypoglycemic episode; °P < 0.01 vs control group; “P < 0.01 vs group receiving intraperitoneal GLP-1(7-36) injections; DM: Diabetic mice;
DH1: Diabetic mice with a single hypoglycemic episode; DH5: Diabetic mice with five hypoglycaemic episodes; GLP-1: Glucagon-like peptide-1; GCG: Glucagon.

This study investigated the relationship between plasma GCG levels and intestinal GLP-1 secretion in DH5 mice.
ELISA tests conducted after infusion of GLP-1(7-36) or exendin (9-39) revealed no significant changes in plasma GCG
levels in the DH5 group (P > 0.05; Figure 3B), suggesting that the reduction in plasma GCG levels in the DH5 mice was
not due to the paracrine effect of intestinal GLP-1. However, higher plasma GLP-1 levels were detected in the DH5 group
than in the DM and DH1 groups (P < 0.01; Figure 3C), indicating an enhanced endocrine effect of GLP-1 in the DH5
group. Further experiments using intraperitoneal injections demonstrated that GLP-1 has an effect on GCG secretion in
DH5 mice through endocrine pathways. Following the injection of GLP-1(7-36), there was a significant decrease in plasma
GCQG levels, whereas injection of exendin (9-39) led to a significant increase (P < 0.01; Figure 3D).

Elevated plasma GLP-1 levels enhance function of pancreatic 8 cells through endocrine pathways, leading to
suppression of pancreatic a cell secretion: To investigate the endocrine impact of intestinal GLP-1 on the pancreas, the
expression of pancreatic GLP-1R was assessed using immunohistochemistry. The DH5 group exhibited significantly
greater GLP-1R expression than the DM and DH1 groups (P < 0.01; Figure 4A). Given the scarcity of pancreatic f cells in
T1DM mice, GLP-1R is predominantly expressed on pancreatic 6 cells. To demonstrate the influence of GLP-1 on 6 cells
through its receptor, the area of SST-positive cells was measured. Surprisingly, the area of SST+ cells in the pancreas was
significantly greater in the DH5 group than in the DM and DH1 groups (P < 0.01; Figure 4B and C). The signaling
molecule cAMP plays a crucial role in the secretion of pancreatic SST. To investigate changes in SST secretion in
pancreatic 6 cells, the cAMP IOD values of these cells were assessed using immunofluorescence. The results revealed a
significantly greater cAMP IOD in the pancreatic 6 cells in the DH5 group than in the DM and DH1 groups (P < 0.01;
Figure 4D). SST secreted by pancreatic d cells can enter the bloodstream. To further evaluate SST secretion from
pancreatic 6 cells, the concentration of SST in plasma was measured using ELISA, and the results were consistent with the
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Figure 4 Intestinal glucagon-like peptide-1 inhibits glucagon secretion through endocrine effects. A: Inmunohistochemistry showing pancreatic
glucagon-like peptide-1 receptor (GLP-1R) levels, with GLP-1R in brown. Bars = 20 pym; B: Immunofluorescence staining showing somatostatin (SST) + cAMP
expression in the pancreas, with SST in green, cAMP in red, and cell nuclei in blue. Bars = 20 um; C: Pancreatic SST* cell area; D: CAMP integrated optical density
(10D) in pancreatic 6 cells; E: Enzyme-linked immunosorbent assay results showing changes in plasma SST levels; F: Immunofluorescence staining showing GCG +
cAMP expression in the pancreas, with GCG in green, cAMP in red, and cell nuclei in blue. Bars = 20 pm; G: Pancreatic GCG+ 10D; H: CAMP 10D in pancreatic o
cells. All the data are presented as the mean + SE. 2P < 0.01 vs diabetic mice; ®P < 0.01 vs diabetic mice with a single hypoglycemic episode (DH1); °P < 0.05 vs
DH1 group; DM: Diabetic mice; DH1: Diabetic mice with a single hypoglycemic episode; DH5: Diabetic mice with five hypoglycaemic episodes; GLP-1: Glucagon-like
peptide-1; GLP-1R: Glucagon-like peptide-1 receptor; |OD: Integrated optical density.

cAMP findings (Figure 4E). Taken together, these results indicate that the elevated levels of intestinal GLP-1 in DH5 mice
enhance SST secretion in pancreatic 6 cells through endocrine mechanisms.

SST can inhibit GCG secretion from pancreatic o cells through paracrine effects. Next, the synthesis and secretion of
GCG by pancreatic a cells were assessed using immunofluorescence staining and ELISA. The results of immunofluor-
escence staining revealed a significant difference in the pancreatic GCG IOD between the DH1 and DH5 groups and the
DM group. Specifically, the DH5 group exhibited lower GCG levels than the DH1 group (P < 0.01; Figure 4F and G),
suggesting a reduction in GCG synthesis in pancreatic a cells of the DH5 mice. Additionally, the cAMP IOD in pancreatic
a cells was greatest in the DH1 group but significantly lower in the DH5 group than in the DM and DH1 groups (P < 0.01;
Figure 4H). cAMP is a crucial indicator of GCG secretion, suggesting reduced GCG secretion from pancreatic o cells in
DHS5 mice. Furthermore, plasma GCG levels were significantly decreased in the DH5 group (Figure 3A). These results
showed that GCG synthesis and secretion by pancreatic a cells were increased in the DH1 group but decreased in the
DHS5 group. In summary, the elevated levels of intestinal GLP-1 in the DH5 group may suppress GCG secretion from
pancreatic a cells via SST released by pancreatic 6 cells through endocrine pathways, leading to impaired hypoglycaemic
counterregulatory responses.

Qﬁ;@ WID | https://www.wjgnet.com 1772 August 15,2024 | Volume15 | Issue8 |



Jin FX et al. Excessive intestinal GLP-1 impairs hypoglycaemic counterregulation

DISCUSSION

Establishment of an impaired hypoglycaemic counterregulatory model

Numerous studies have demonstrated that diabetic mice induced by a high dose of STZ injection are commonly utilized
as models for TIDM[16,17]. While most research on recurrent hypoglycaemia typically focuses on nondiabetic animals,
there have also been reports of recurrent hypoglycaemia in TIDM rats[18-20]. Sankar et al[7] investigated different animal
species, onset methods, and nervous system changes during hypoglycaemia, highlighting that recurrent insulin-induced
hypoglycaemia in rodents (rats and mice) is the optimal approach for establishing a model of recurrent hypoglycaemia
with impaired hypoglycaemic counterregulation. They observed that episodes of hypoglycaemia lasting 30 min or longer,
totaling 90 min, can notably alleviate autonomic symptoms, leading to impaired hypoglycaemic counterregulation[7]. In
this study, based on previous modeling experiences, male C57BL/6] mice were chosen as model organisms. Blood
glucose levels on the third day after intraperitoneal STZ injection increased by > 16.7 mmol/L, remaining consistently
above this threshold thereafter, accompanied by a significant reduction in the weight of the mice. These findings strongly
indicate the successful establishment of diabetic models.

In this experiment, rapid-acting insulin was administered intraperitoneally to lower blood glucose levels to 3.3 + 0.5
mmol/L for 60 min, meeting the criteria for diabetic hypoglycaemia with fasting blood glucose levels < 3.9 mmol/L.
Previous studies have indicated that experiencing 2-3 episodes of hypoglycaemia per week can result in impaired
hypoglycaemic counterregulation[6,18-20]. In this study, a hypoglycaemic frequency of 1 episode every 3 d was utilized
for modeling, with the number of hypoglycaemic episodes increasing to 5 instead of the typical 3 reported in previous
literature[20]. This adjustment aimed to further solidify and enhance the impaired hypoglycaemic counterregulation,
creating a more robust model.

Observations following 3 episodes of hypoglycaemia revealed that DH5 mice exhibited reduced activity, excitement,
and foraging behavior during hypoglycaemia. To investigate the potential link between changes in mouse activity in the
DHS5 group and impaired hypoglycaemic counterregulation, ELISA analyses were performed, which revealed lower
levels of plasma adrenaline and pancreatic noradrenaline in the DH5 group than in the DM and DHI1 groups. Given that
adrenaline plays a significant role in increasing blood glucose levels and that sympathetic axons can stimulate GCG
secretion by contacting pancreatic a cells[21,22], the decreased levels of plasma adrenaline and pancreatic noradrenaline
in DH5 mice suggest the development of impaired hypoglycaemic counterregulation.

Excessive intestinal GLP-1 is closely associated with impaired secretion of the counterregulatory hormones

adrenaline and noradrenaline during hypoglycaemia

Research has shown that the primary source of endogenous GLP-1 is predominantly L-cells in the terminal ileum and
colon, particularly in the terminal colon. GLP-1 secretion is typically low in the fasting and interprandial states but
increases rapidly during meal intake, depending on the meal size, and is closely linked to gastric emptying[15,23]. In this
study, immunofluorescence and Western blot analyses revealed an increase in intestinal GLP-1 levels in TIDM mice
following a single hypoglycaemic episode in the absence of food intake, with a further significant increase observed after
multiple hypoglycaemic events. The question arises as to why intestinal GLP-1 levels rise in a fasting state.

Several studies have demonstrated a correlation between hypoglycaemia and oxidative stress[24]. Hypoglycaemia has
been found to increase oxidative stress markers in nondiabetic individuals, individuals with diabetes, individuals who
have undergone bariatric surgery, and in experimental cell cultures[24-27]. Furthermore, existing knowledge from both
experimental and clinical studies indicates that GLP-1 or GLP-1 analogues play a significant role in antioxidant activity,
offering therapeutic potential against micro- and macrovascular diabetic complications[28,29]. In this study, we invest-
igated whether the elevated intestinal GLP-1 levels observed in DH1 and DH5 mice are linked to hypoglycaemic
oxidative stress or whether they represent the body's protective response to such stress. Further research is needed to
address this question.

However, recent research has shown that GLP-1 can serve as a crucial neuromodulator in the body's response to stress.
Activation of intestinal GLP-1R leads to c-Fos expression in neurons located in autonomic control regions in the rat brain
and adrenal medulla, which in turn promotes adrenal medullary secretion and increases the circulating levels of
catecholamines[11,30,31]. The nucleus tractus solitarius (NTS) is identified as a crucial region involved in processing
autonomic stress responses in both acute and chronic situations[32]. Through various techniques such as optogenetics
and in vivo ganglion imaging, Erika found that the NTS plays a crucial role in processing visceral afferent information and
transmitting it to spinal cord nuclei[12]. PPG neurons in the NTS receive monosynaptic input from vagal sensory neurons
in the nodose ganglion and act directly on the sympathetic nuclei of the spinal cord to regulate adrenal secretion activity
[33-36]. Studies have indicated the presence of GLP-1Rs in vagal afferent fibers and vagal neurons in the lamina propria
and submucosa of the gastrointestinal tract[15]. Chemogenetics-mediated activation of GLP-1Rs in vagal afferent fibers
can trigger c-Fos expression in NTS neurons, while blocking sympathetic nerve activity can diminish or eliminate the
GLP-1R stress response[11,37]. Therefore, Diz-Chaves et al[38] proposed the concept of an intestinal GLP-1-neural reflex
pathway, suggesting that intestinal GLP-1 can act on GLP-1R to activate the autonomic nerve and upload signals to the
NTS PPG neurons, which in turn relay the signals to the sympathetic nerve, contributing to stress responses. Thus,
intestinal GLP-1 has emerged as a critical neuromodulator that enhances the body's stress responses[38].

Hypoglycaemia, a detrimental condition of the body, can induce stress by activating the autonomic sympathetic
nervous system[38]. In this study, after inducing stress from a single hypoglycaemic episode, the DH1 group showed
higher levels of intestinal GLP-1 expression than the DM group, as evidenced by immunofluorescence and Western blot
analysis. Moreover, Western blot analysis also demonstrated a noticeable upwards trend in GLP-1R expression in the
intestine. Additionally, ELISA results indicated a significant increase in plasma adrenaline and pancreatic noradrenaline
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levels in DH1 mice, which exhibited hyperactive and agitated behaviors. These findings imply that increased intestinal
GLP-1 levels resulting from hypoglycaemia can initiate an intestinal GLP-1-neural reflex, triggering stress responses and
activating the autonomic sympathetic nervous system. To validate the involvement of intestinal GLP-1 in the stress
response to hypoglycaemia-induced sympathetic activation, the GLP-1R agonist GLP-1(7-36) or the antagonist exendin (9-
39) was infused into the terminal ileum. The findings indicated that GLP-1(7-36) increased plasma adrenaline levels in
DH1 mice, while exendin (9-39) had an inhibitory effect, further supporting the role of intestinal GLP-1 in stress
responses to hypoglycaemia-induced sympathetic stimulation.

In addition, this study revealed that under conditions of recurrent hypoglycaemia, the expression of intestinal GLP-1
and GLP-1R in DH5 mice was greater than that in the other groups. Interestingly, the plasma adrenaline levels in the DH5
mice were significantly lower, and the mice did not exhibit typical excitement or foraging behavior during
hypoglycaemia. These results indicate that intestinal GLP-1 levels continue to rise under recurrent hypoglycaemic stress,
while sympathetic excitatory responses are significantly reduced. The discrepancy between single and recurrent hy-
poglycaemia may be partially explained by the impact of excessive stress on the adrenal gland, resulting in its
hypertrophy and decreased sensitivity. Previous studies have shown that recurrent hypoglycaemic stress can induce
adrenal gland hypertrophy and reduce sensitivity[39]. Ma et al[40] showed that a single hypoglycaemic stress can irritate
the sympathoadrenal reflex, but recurrent stimulation can decrease adrenaline secretion and increase neuropeptide Y
(NPY) secretion from chromaffin cells in the adrenal glands. Additionally, inhibition of NPY or NPY Y1 receptor
signaling in adrenal chromaffin cells, either transgenically or pharmacologically, prevented the attenuated adrenaline
release induced by recurrent hypoglycaemia[40]. Therefore, it is speculated that excessive intestinal GLP-1 due to
recurrent hypoglycaemia may overly stimulate the sympathetic-adrenal reflex, leading to decreased plasma adrenaline
levels in DH5 mice. Further experiments using ileum infusions of GLP-1(7-36) or exendin (9-39) in DH5 mice did not
reveal a significant impact on adrenaline secretion, further confirming the above speculation. In summary, excessive
intestinal GLP-1 due to recurrent hypoglycaemia can lead to overactivation of the sympathoadrenal reflex, resulting in
impaired hypoglycaemic sympathetic-adrenal counterregulation.

Excessive intestinal GLP-1 is closely related to impaired secretion of the counterregulatory hormone glucagon during
hypoglycaemia

The major hormones involved in hypoglycaemic counterregulation include adrenaline and GCG. In this study, the
plasma GCG levels of the DH5 mice were significantly lower than those of the DH1 mice. To investigate the reason
behind this decrease, this study measured plasma adrenaline and pancreatic noradrenaline levels in DH5 mice following
terminal ileum infusion of GLP-1(7-36) or exendin (9-39). There were no significant changes in plasma epinephrine or
pancreatic norepinephrine levels. Therefore, changes in GCG levels in DH5 mice experiencing recurrent hypoglycaemia
are not related to the paracrine effect of intestinal GLP-1, indicating that alterations in GCG levels in DH5 mice are not
due to the paracrine effect of intestinal GLP-1.

Previous research has demonstrated that peripheral dipeptidyl peptidase-4 (DPP-IV) degrades intestinal GLP-1, and
the remaining undegraded GLP-1 enters the liver through the portal vein, with only approximately 10%-15% entering the
systemic bloodstream in the active form to act on pancreatic islets[9,10]. In this study, the DH5 mice exhibited a
significant increase in plasma levels of active GLP-1, which was more than 4 times greater than that in the DH1 group,
indicating that intestinal GLP-1 has enhanced endocrine effects on DH5 mice. Furthermore, intraperitoneal injection of
GLP-1(7-36) or exendin (9-39) in DH5 mice resulted in a decrease in plasma GCG levels following GLP-1(7-36) injection
and an increase after exendin (9-39) injection. These findings suggest that GLP-1 can potentially suppress GCG secretion
through endocrine pathways in DH5 mice.

To explore the underlying mechanism of GCG reduction in DH5 mice, this study focused on endocrine cells in the
pancreas. Given the scarcity of pancreatic p cells in patients with TIDM, more attention has been given to the effect of
GLP-1 on pancreatic a and 6 cells. Previous research has shown that GLP-1R expression in & cells is significantly greater
than that in o cells, with only approximately 1% of o cells expressing GLP-1R[41]. The increased expression of GLP-1R in
the pancreas of the DH5 mice in this experiment indicated an enhanced effect of GLP-1 on pancreatic  cells. Studies by
Orgaard et al[42] using pancreatic perfusion demonstrated that GLP-1 can boost SST secretion while inhibiting GCG
secretion through GLP-1R[42,43]. In contrast, blocking SST receptor 2, which is primarily found in a cells, can abolish the
paracrine effect of GLP-1 on GCG secretion. Therefore, it is hypothesized that the suppressive effect of recurrent
hypoglycaemia on GCG secretion might be due to the endocrine activity of GLP-1, which promotes SST release from
pancreatic 6 cells, ultimately leading to the suppression of GCG secretion from pancreatic a cells.

In this study, it was unexpectedly discovered for the first time that the pancreatic 6-cell mass in DH5 mice was
significantly greater than that in DM and DH1 mice, indicating that the increase in pancreatic 6 cells is additional new
evidence of impaired hypoglycaemic counterregulation. However, an increase in pancreatic 6 cells may not necessarily
improve function. As cAMP is the main signaling molecule that plays a dominant role in SST secretion, this study
revealed that the cAMP levels in the pancreatic 6 cells of DH5 mice were significantly elevated, accompanied by a
noticeable increase in plasma SST levels, indicating a significant increase in SST secretion. Moreover, in the present study,
the cAMP levels in pancreatic a cells were reduced in DH5 mice, indicating that GCG secretion in DH5 mice decreased.
Overall, the increase in pancreatic 8 cells in DH5 mice, under the influence of the oversecretion of GLP-1, enhances SST
secretion, which in turn inhibits adjacent pancreatic o cells and decreases their GCG secretion. Ultimately, excessive
intestinal GLP-1 induced by recurrent hypoglycaemia may impair the secretion of the counterregulatory hormone GCG
during hypoglycaemia.
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Excessive intestinal GLP-1 is closely related to impaired appetite during hypoglycaemia

The NTS can receive signals from the visceral vagus nerve and plays a crucial role in regulating food intake[44]. Rats
treated with intravenous GLP-1 demonstrate a reduction in food intake, which is reversed after transection of the
subphrenic vagus nerve[45]. Acting as a prandial satiation signal to suppress food intake, intestinal GLP-1 reduces meal
size and increases intermeal intervals[15,46]. In addition, recent studies using optogenetic and chemogenetic approaches
in transgenic mice have shown that intestinal GLP-1 causes gastric distention and reduces appetite[47]. Intravital
measurements of calcium transients have confirmed that ileal myenteric neurons expressing GLP-1 receptors are robustly
responsive to GLP-1[47]. By the selective ablation of ileal myenteric neurons, the effects of intestinal GLP-1 can be
eliminated, while chemogenetic stimulation of these neurons is sufficient to recapitulate the gastric anorectic effects of
GLP-1[47]. Therefore, it is speculated that the decrease in foraging behavior during hypoglycaemia observed in the DH5
mice in this study is related to satiety induced by excessive intestinal GLP-1 and intestinal GLP-1R. The decreased
appetite during hypoglycaemia in DH5 mice may be closely related to the activation of the central response through the
neural pathway of intestinal GLP-1 and GLP-1 receptors to suppress food intake.

Currently, decreased awareness of hunger during hypoglycaemia in patients is generally believed to be linked to
alterations in energy sources within brain neurons. As glucose levels in the brain repeatedly decrease, there is a shift in
the energy supply from glucose to lactate or ketones, resulting in reduced motivation to take the initiative to eat[48]. This
study, along with related research on the connection between GLP-1 and appetite, provides new experimental evidence
on the excessive increase in intestinal GLP-1 and expands on the theoretical understanding of the lack of hunger
awareness during hypoglycaemia.

CONCLUSION

In conclusion, the increased expression of intestinal GLP-1 in the DH5 model of T1DM mice is a crucial factor con-
tributing to impaired counterregulatory responses to hypoglycaemia. The administration of GLP-1 or its agonists in
T1DM treatment should be carefully monitored to avoid adverse effects. Proper dosing is crucial for effective TIDM
therapy, as excessive amounts may worsen the impaired counterregulatory response to hypoglycaemia, leading to
decreased appetite and compromised secretion of adrenaline, noradrenaline, and GCG during hypoglycaemia.
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