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Abstract. The aim of the present study was to establish a 
mouse model of acute hyperglycemia, which may be utilized 
to detect the glucose concentration-dependent hypoglycemic 
activity of the glucagon-like peptide-1 derivative, 6-KTP. The 
results demonstrated that the first 30 min following the intra-
peritoneal injection of 2 g/kg glucose into C57BL/6J mice was 
the optimum time for assessing the hypoglycemic activity of 
potential therapeutic methods for diabetes. There was a linear 
association between the dose of 6-KTP and hypoglycemic 
activity between 0.2 and 1.2 mg/kg. The resulting model may 
serve as template for developing cost-effective in vivo models 
to test similar therapeutics.

Introduction

Diabetes mellitus is a major health concern, with an estimated 
~300 million patients diagnosed globally, and with type 2 
diabetes mellitus (T2DM) accounting for >90% of all cases (1). 
Glucagon like peptide-1 (GLP-1) derivatives in combination 
with first-line therapeutics are the preferred regimen for 
the treatment for patients with T2DM due to the promotion 
of β‑cell proliferation and the efficacy of non‑violent hypo-
glycemia (2). The half-life of biological GLP-1 is <4 min, 
as it is degraded in the plasma by dipeptidyl-peptidase-IV 
(DPP‑IV) (3). Prolonging the half‑life of GLP‑1 or its deriva-
tives has attracted a notable amount of research attention, 
particularly GLP-1 receptor agonists, due to their short 
half-life and the functional properties of GLP-1 receptor acti-
vation, including the inhibition of glucagon secretion and the 
stimulation of insulin secretion, each in a glucose-dependent 
manner (3). The current GLP‑1 derivative strategy includes the 
modification of residues required for degradation by DPP‑IV 

and structural modifications (4,5). For example, arginine 
(34th residue) in liraglutide is replaced by lysine, and the 
addition of a 16-carbon fatty acid chain on the 24th lysine 
residue may abrogate DPP-IV-mediated degradation, thereby 
prolonging its half-life (6).

GLP-1 is secreted in response to increasing blood glucose 
levels and serves to reduce the glucose concentration (7). At 
present, the majority of studies on this have utilized a T2DM 
db/db or ob/ob model mice with their leptin receptor gene or 
leptin gene knocked out, in order to determine the efficacy of 
GLP-1-derived therapeutics in vivo (8,9). Knockout T2DM 
mice are costly, and the construction cycle of these mice may be 
time-consuming and, thus, not suitable for higher-throughput 
identification of potential therapeutic methods.

The acute hyperglycemia mouse model refers to a model of 
instant hyperglycemia incited by an intraperitoneal injection 
of glucose (IPG) in fasting healthy mice. The phase of instant 
hyperglycemia in the mouse occurs prior to the first phase of 
insulin secretion, typically 30‑60 min following IPG, which is 
subsequently followed by the slower second phase of insulin 
secretion when normoglycemia is attained (10). Prior to the 
first phase of insulin secretion, normal mice injected intraperi-
toneally with glucose are in a state of hyperglycemia; however, 
physiologically, the mice will attempt to maintain a high blood 
glucose level until the hyperglycemic blood is detected (10). 

A GLP-1 receptor agonist drug, 6-KTP, was utilized in the 
present study as described previously (11). The GLP-1 deriva-
tive 6-KTP consists of an albumin-binding domain (ABD), a 
protease‑cleavable linker (LK) and native GLP‑1 (7‑37), and 
is formed by the covalent conjugation of GLP-1 with albumin 
mediated by thrombin and DPP-IV proteins present in the 
blood (11).

The reaction time for the first phase of insulin secretion 
varies with different strains of mice (12). The period within 
which 6-KTP exerts its hypoglycemic effect should be deter-
mined in the acute hyperglycemic period prior to the first phase 
of insulin and GLP-1 secretion. Therefore, the best-suited 
mouse model of acute hyperglycemia should be determined 
first.

The blood glucose levels in acute hyperglycemia mice are 
relative to the glucose quantity administered. Acute blood 
glucose levels may exceed the upper limit of a blood glucose 
meter (33.2 mmol/l) if the glucose quantity administered is 
too high, and too low a quantity of glucose may result in an 
insufficient or lack of initiation of a hyperglycemic response 
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in the mouse model (13). Therefore, the determination of an 
optimum glucose quantity for IPG is required.

The hypoglycemic effect of 6-KTP is exerted in a 
glucose-dependent manner. 6-KTP does not initiate a 
glucose-lowering mechanism if the blood glucose level lies 
within the physiological range, particularly if the administra-
tion of 6-KTP occurs too soon following IPG (11). However, if 
6‑KTP release is overly delayed, it may overlap with the first 
phase of insulin secretion. Therefore, the optimum time point 
of 6-KTP activity must be determined, and should hypotheti-
cally lie in the time frame prior to the first phase of insulin 
secretion (11).

The present study aimed to determine the ideal mouse 
model for acute hyperglycemia, the optimum glucose quantity 
and the optimum time point for the injection of 6-KTP.

Materials and methods

Intraperitoneal glucose tolerance test (IPGTT). Male KM 
and male C57BL/6J mice (4-6 weeks old, average of 20 g per 
mouse, a total of 24 mice) were purchased from the Guangdong 
Medical Laboratory Animal Center (Guangzhou, China). The 
mice were fed commercial mouse food (finely ground, auto-
claved, low-fat diet) and housed under controlled conditions 
(~22˚C and 45-55% humidity, with a 12/12-h light/dark cycle) 
for the entire experiment duration. All mice ate and drank 
freely. All in vivo experiments were ethically approved by 
The Jinan University Ethics Committee of Animal Welfare 
(Guangdong, China).

Following an overnight fast (16 h), each animal was injected 
intraperitoneally with glucose (50% glucose solution, 2 g/kg 
body weight). Blood samples were collected from the tail vein 
following 0, 5, 10, 15, 20, 30, 60, 120 and 180 min (n=8 per 
mouse model). Blood glucose concentrations were measured 
using OneTouch Ultra (Johnson & Johnson, New Brunswick, 
NJ, USA).

6-KTP was obtained from The Laboratory of Biochemistry 
and Molecular Biology, Jinan University (Guangdong, China). 
6-KTP consists of three functional domains, an ABD (amino 
acid sequence, LPHSHRAHSLPP), a protease cleavable linker 
(LK; amino acid sequence, FNPRKTP) and bioactive GLP‑1.

Intraperitoneal glucose injection. IPGTT was performed on 
male C57BL/6J mice (n=8 per glucose mouse model) with 
a glucose dose of 0, 0.5, 2.0 and 4.0 g/kg body weight. The 
group of 0 g/kg glucose dose was injected with PBS. Blood 
samples for glucose testing were collected from the tail vein.

Injection of 6‑KTP. Acute hyperglycemic male C57BL/6J 
mice (n=8 per 6‑KTP mouse model) were subcutaneously 
injected with 0.2, 0.3, 0.6, 0.9, 1.2, 1.5 and 1.8 mg/kg 6-KTP. 
Blood samples for measuring the blood glucose concentration 
were collected from the tail vein at 0, 10 and 30 min.

Male C57BL/6J mice (n=8 per mouse model) were subse-
quently injected with 6‑KTP (1.8 mg/kg body weight) at 60, 
30 and 0 min prior to IPG. Blood samples for measuring the 
blood glucose concentration were collected from the tail vein 
at 0, 10 and 30 min.

Acute hyperglycemic male C57BL/6J mice (n=8 per 6‑KTP 
mouse model) were subcutaneously injected with 0.25, 0.5, 

0.75 and 1 mg/kg 6-KTP to determine the association between 
the 6-KTP dose and the functional effects on blood glucose 
concentration. Blood samples for measuring the blood glucose 
concentration were collected from the tail vein at 0, 10 and 
30 min.

Definition of 6‑KTP hypoglycemic activity in the acute hyper‑
glycemia mouse model. The 6-KTP hypoglycemic activity 
unit was defined as follows: i) A unit of 6‑KTP hypoglycemic 
activity (U), Δ area under the curve (AUC)0‑30 min for 6-KTP 
per 100 mmol/l min-1 was defined as one unit in acute hyper-
glycemia mice; ii) the specific activity of 6‑KTP (U/µg), the 
number of units of hypoglycemic activity per 1 µg 6-KTP in 
the acute hyperglycemia mouse model.

The conditions for defining a 6-KTP hypoglycemic 
activity unit were as follows: i) 4-6 week-old male C57BL/6J 
mice following 16 h fasting; ii) subcutaneous injection with 
100 µl 6-KTP or PBS and a simultaneous intraperitoneal injec-µl 6-KTP or PBS and a simultaneous intraperitoneal injec- 6-KTP or PBS and a simultaneous intraperitoneal injec-
tion of 100 µl glucose solution at a concentration of 0.4 g/ml; 
iii) blood samples for blood glucose detection were collected 
from the tail vein at 0, 10 and 30 min.

Statistical analysis. All data were expressed as the 
mean ± standard error of the mean. Statistical significance was 
determined using a Student's t-test for comparison between two 
groups, or a one- or two-way analysis of variance for compari-
sons between multiple groups, as appropriate, followed by a 
Student-Newman-Keuls post hoc test. All statistical analyses 
were performed using GraphPad Prism 6 and SPSS (GraphPad 
Software, Inc., La Jolla, CA, USA). P<0.05 was considered to 
indicate a statistically significant difference. AUC0‑30 min was 
calculated using GraphPad Prism 6.

Results

C57BL/6J mice are the best suited strain for constructing 
an acute hyperglycemia mouse model. Acute hyperglycemia 
in mice was induced by an IPG and induced insulin secre-
tion within 30 min (Fig. 1). Different strains of mice exhibit 
varying rates and time frames of increased insulin secretion 
following IPG (9). The C57BL/6J and KM mice, each of which 
are widely used in pharmacological research due to the low 
cost of attaining and maintaining these strains (14,15), were 
assessed for their suitability for an acute hyperglycemia mouse 
model following IPG. There was no significant difference 
between the blood glucose levels following the first 15 and 
30 min of IPG when compared with the same strain at each 
time point (P<0.05; Table I), although the blood glucose levels 
were significantly higher in the C57BL/6J strain compared 
with KM mice following 15 and 30 min of IPG (P<0.001; 
Fig. 1). Therefore, the C57BL/6J strain was selected for the 
subsequent generation of an acute hyperglycemia mouse 
model.

IPG with 2 g/kg glucose is the optimum dose for an acute 
hyperglycemia mouse model. The optimum dose of glucose 
for the acute hyperglycemia mouse model was determined 
by injecting mice with four different doses of glucose. The 
optimum concentration should ideally not exceed the limits 
of detection by conventional blood glucose meters, but should 
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increase the blood glucose concentration sufficiently to induce 
a hyperglycemic response. In mice injected with 0.5 g/kg 
glucose, the glucose level only differed significantly compared 
with that in the control group subsequent to 15 min, and was 
not sustained (P<0.05; Fig. 2); thus, it was deemed unsuitable. 
In mice treated with 4 g/kg glucose, the blood glucose level 
approached (and possibly exceeded) the upper limit of the 
measuring equipment (Fig. 2). The peak glucose level in the 
group injected with 2 g/kg was sufficiently high enough to 
induce a significant hyperglycemic response compared with 
the control group, which was maintained for ≥30 min, whilst 
being measurable using the available equipment (P<0.001; 
Fig. 2).

Injection of 6‑KTP at 0 h is the optimum time point for 
a maximal hypoglycemic effect. The timing of a subcuta-
neous injection of 6-KTP should be such that a maximal 
hypoglycemic effect is initiated prior to first‑phase insulin 
secretion. Injection of 6-KTP at 0 h was determined to be 
the optimum time point for 6-KTP to exert its effects, with 
a significant difference in blood glucose compared with the 
placebo group (P<0.001; Fig 3). All mice were injected with 
2 g/kg glucose.

Dose‑effect association between 6‑KTP and hypoglycemic 
activity. The AUC0‑30 min revealed a linear association between 
the 6-KTP dose and hypoglycemic activity (Table II). Between 
0.2 and 1.2 mg/kg 6‑KTP, the linear regression equation 
was y=100.2+234.9x, with an r2 value of 0.9705 (Fig. 4). 

The quantitative association between 6‑KTP dose and the 
functional effect on blood glucose levels was verified by 
using different 6-KTP doses. The recovery was calculated as 
described previously (16) for the different doses of 6-KTP, and 
was quantified by the equation ≤100±15% (between 0.2 and 
1.2 mg/kg 6-KTP; Table III).

Discussion

In the present study, an acute hyperglycemic C57BL/6J mouse 
model was developed. An intraperitoneal injection of 2 g/kg 
glucose alongside an injection of 6-KTP was used to deter-
mine the blood glucose-lowering effect of 6-KTP at various 
concentrations. The results demonstrated a linear association 
between 6‑KTP dose and hypoglycemic activity. An equation 
for calculating the effect of each 6-KTP dose was developed 
based on these results. 

At present, potential therapeutic methods for T2DM are 
primarily tested for biological activity using a mouse model 
of T2DM, but this method has certain disadvantages. The low 
success rate of constructing a mouse model of T2DM is likely 
to result in the mice succumbing to mortality or low blood 
glucose in mice (17,18). Meanwhile, ordering T2DM mice is 
costly. A rapid detection method for measuring the activity 
of GLP‑1 derivatives over a period of 30 min was established 
in the present study. The acute hyperglycemic mouse model 
was readily inducible by an intraperitoneal injection of 
2 g/kg glucose solution into fasting C57BL/6J mice. The acute 

Figure 2. Blood glucose concentration following intraperitoneal injection at a 
range of glucose doses. *P<0.05 and ***P<0.001 vs. the 0 g/kg group. Dashed 
line, limit of detection.

Figure 1. Blood glucose concentration following intraperitoneal injection of 
glucose in C57BL/6J and KM mice. ***P<0.001 vs. KM mice.

Table I. Blood glucose concentration of C57BL/6J and KM mice at 15 and 30 min following an intraperitoneal injection of 
glucose.

Mouse strain (time) Blood glucose concentration, mM SEM P-value

C57BL/6J (15 min) 26.97 0.61 0.183
KM (15 min) 17.8 0.74 0.173
C57BL/6J (30 min) 22.18 0.81 0.377
KM (30 min) 14.12 0.65 0.344

SEM, standard error of the mean.
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hyperglycemic mouse model may be used for pharmacody-
namic studies in the early stages of drug screening, shortening 
the drug screening cycle. At present, a 6‑KTP‑specific phar-
maceutical formulation has been developed, and the acute 
hyperglycemic mouse model may be used to verify whether 
the formulation will affect the biological activity of 6-KTP by 
this rapid testing method.

In the present study, 6-KTP was prepared strictly in 
aseptic conditions. Subsequent to the completion of the test, 
the mice were in good health and revealed no notable side 
effects although no toxicology test was performed on the mice. 
Toxicology tests examining the impact of 6-KTP in mice will 
be performed in subsequent studies.

In conclusion, a rapid detection method for GLP-1 
derivatives to lower blood glucose levels was established. This 
method has the advantages of rapid detection and low cost, and 

Figure 3. Blood glucose concentration following injection of 6‑KTP at varying time points prior to the administration of 2 g/kg glucose. (A) Injection of 6‑KTP 
at 0 h prior to a glucose injection resulted in the largest decrease in blood glucose levels in the first 30 min. **P<0.01 and ***P<0.001 vs. placebo. (B) Total blood 
glucose levels in the first 30 min from (A). Injection of 6‑KTP at 0 h resulted in the largest decrease in blood glucose over the first 30 min. ***P<0.001 with 
comparisons shown by lines. The AUC value in (B) was calculated between 0‑30 min from (A). AUC, area under the curve.

Figure 4. Standard curve of the dose-effect association of 6-KTP with blood 
glucose ΔAUC0‑30 min values. ΔAUC0‑30 min=AUC0‑30 min of the phosphate buff-
ered saline group-AUC0‑30 min of the respective 6-KTP dose. AUC, area under 
the curve.

Table III. Calculated and experimental values of ΔAUC0‑30 min values of different 6-KTP doses.

Dose of 6-KTP, mg/kg Experimental value, mmol/l min-1 Calculated value, mmol/l min-1 Recovery, %

0.25 147.6 158.9 107.7
0.5 193.7 217.7 89
0.75 256.2 276.4 92.7
1 322.4 335.1 96.2

ΔAUC0‑30 min=AUC0‑30 min of the phosphate buffered saline group-AUC0‑30 min of the respective 6-KTP dose. AUC, area under the curve.

Table II. ΔAUC0‑30 min of different doses of 6-KTP in the acute hyperglycemia C57BL/6J mouse model.

 6-KTP dose, mg/kg
 -------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
AUC (mmol/l min-1) PBS 0.2 0.3 0.6 0.9 1.2 1.5 1.8

aΔAUC0‑30 min 0 126.6±48.5 179.2±49.6 255.8±25.1 325.2±10.3 365.8±22.5 357.8±15.8 370.7±17.8

aΔAUC0‑30 min=AUC0‑30 min of the PBS group-AUC0‑30 min of the respective 6-KTP dose. AUC, area under the curve; PBS, phosphate buffered 
saline.
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may serve as a template to develop mouse models for other 
similar therapeutics.
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