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Abstract

Inducing hyperglycemia in animal models is crucial for preclinical research on antidiabetic 

drug development, especially when genetically diabetic test animals are unavailable. 

Various methods have been employed to elevate the glycemic levels in test animals. Despite 

the common use of alloxan monohydrate, streptozotocin, and dextrose monohydrate to 

induce hyperglycemia in animal models, their comparative effects on glycemic control 

and pancreatic histopathology remain insuf¿ciently explored. Speci¿cally, the extent 
of pancreatic impairment induced by these agents, particularly in stable hyperglycemic 

conditions. This study aims to evaluate and compare the effectiveness of these three agents 

in inducing hyperglycemia in mice, focusing on their impact on pancreatic histology, in 

order to identify the most suitable agent for modeling type 2 diabetes based on glycemic 

stability and minimal pancreatic impairment. Our protocol involved dividing the mice into 

six groups of ¿ve each with a control group. Mice in Groups A and D were exposed to 
alloxan monohydrate 0.12 mg/gram body weight, Groups B and E to streptozotocin 0.05 
mg/gram body weight, and Groups C and F to dextrose monohydrate 6 mg/gram body 
weight, inducing hyperglycemia for nine days following a seven-day acclimatization 

period. Pancreatic histopathological examination included assessments of cytoplasmic 

vacuolization, fat in¿ltration, and islet deformation. The study found that alloxan 
monohydrate was more effective than dextrose monohydrate and streptozotocin in inducing 

and maintaining hyperglycemic stability in mice. Histopathological analysis showed that 

dextrose monohydrate and streptozotocin posed a lower risk of pancreatic impairment, 

while alloxan led to noticeable islet deformation and cytoplasmic vacuolization. Our 

¿ndings suggest that dextrose monohydrate and streptozotocin are preferable for modeling 
type 2 diabetes due to their stability and relatively mild effects on pancreatic histology.
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Introduction

Diabetes is now the world’s most signi¿cant 
health issue1, 2, and is ruled by hyperglycemia3,4. 

Persistently high glycemic levels may signify 

an insulin de¿ciency brought on by the death 
of pancreatic beta cells, a reduction in glucose 

receptor sensitivity, or the degradation of 

tissue receptors4,5, among other serious 

implications6.

Throughout the preclinical stage of developing 

an anti-diabetic drug, test animals with diabetic 

pathological characteristics should be readily 

available7,8,9. Mice are among the alternative 

study animals employed in laboratories10,11,12, 

because of their ease of handling13, excellent 

adaptability, and physiological similarities 

to humans14. In such studies, diabetic mouse 

models such as Akita mice, NOD-mice, and 
Ob-mice are typically employed15.

To the genetically diabetic test animals 

is unavailable, alloxan monohydrate and 

streptozotocin are regularly employed to 

induce diabetes in mice15,16. Alloxan, a toxic 
glucose analogue, targets pancreatic beta 

cells via the GLUT2 transporter, generating 
reactive oxygen species (ROS) that cause 

oxidative stress and necrosis, impairing 

insulin secretion17. Initially, alloxan induces 

a transient hypoglycemic phase due to brief 

insulin stimulation before extensive beta-cell 

damage occurs17,18. In contrast, streptozotocin 

alkylates DNA in beta cells, inducing stable 
diabetes through DNA fragmentation, ROS 
production, and depletion of NAD+ and ATP, 
leading to irreversible beta-cell damage19,20.

As demonstrated in prior research, alloxan 
monohydrate induction for one day increased 

glycemic levels to 127 mg/dL21, and induction 

for three or more days increased it to 164-
270 mg/dL22, 23. Meanwhile, three days 

of streptozotocin induction increased the 

glycemic level to 137 – 273 mg/dL6,24,25, 

whereas seven days of dextrose monohydrate 

induction resulted in a glycemic index of 148 

– 155 mg/dL8,9.

Despite the common use of alloxan 

monohydrate, streptozotocin, and dextrose 

monohydrate to induce hyperglycemia in 

animal models, their comparative effects on 

glycemic control and pancreatic histopathology 

remain insuf¿ciently explored. Speci¿cally, 
the extent of pancreatic impairment induced 

by these agents, particularly in stable 

hyperglycemic conditions. This study aims 

to evaluate and compare the effectiveness of 

these three agents in inducing hyperglycemia 

in mice, focusing on their impact on pancreatic 

histology, in order to identify the most suitable 

agent for modeling type 2 diabetes based on 

glycemic stability and minimal pancreatic 

impairment.

Methods

Materials and equipment 

Hyperglycemia-inducing preparations included 

alloxan monohydrate (Sigma-Aldrich). Louis, 
MO), streptozotocin (Sigma-Aldrich, St. 
Louis, USA) and 40% dextrose monohydrate 
(Otsuka, Malang, Indonesia). Metformin 

(Dexa Medica Palembang, Indonesia) and Na-

CMC (Dai-ichi Kogyo Seiyaku, Kyoto, Japan) 

were used in the intervention preparations. 

The induction preparation solvent was citrate 

buffer (pH 4.5). A glucose strip package and 
glucometer (easytouch) were used to measure 

the glycemic index. Consumable supporting 

protocols included handscoons, 1 ml and 5 
ml syringes, blood lancets, and aquadests. 

Supporting instruments for the protocols 

include analytical scales, beaker glass, mouse 

cages, markers, mortars, stampers, and oral 

probes.

Ethical clearance and animal 

Under registration number KE/FK/0328/
EC/2022 by the Medical and Health Study 
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Ethics Committee Ethics of Universitas 
Gadjah Mada’s Faculty of Medicine approved 
the study protocols. Our study involved 36 
male mice of the Balb/c strain with a weight 

range of 25-30 grammes and gestation period 
of 2-3 months. All mice were obtained from 
the Pharmacy Laboratory of Gadjah Mada 
University, Yogyakarta, Indonesia.

 

Diabetic-Induced Assay and Evaluation 

A total of 36 mice were divided into six 
groups of ¿ve primary test animals and 
one reserve animal. Following a seven-

day acclimatisation period12, all test groups 

underwent a nine-day hyperglycemia 

modelling induction period, followed by a 

¿ve-day intervention period11. 

To induce hyperglycemia, alloxan 

0.12 mg/gram body weight (BW) was 

administered intraperitoneally in groups A 
and D, streptozotocin 0.05 mg/gram BW 
intraperitoneally in groups B and E, and 
dextrose monohydrate 6 mg/gram BW 
orally in groups C and F. The induction 

period lasted nine days in a row12. Following 

hyperglycemia in all subjects, groups A, 
B, and C were treated with 0.065 g/g BW 
metformin orally, whereas groups D, E, and F 
were treated with Na CMC orally (placebo). 

Indeed, dextrose monohydrate was induced 

in groups C and F throughout the intervention 

period12. At the end of the acclimatization 
period, the glycemic index of all mice was 

measured for the baseline study, then again 

on the ninth day to evaluate the achievement 

of hyperglycemia modeling, and on the 

fourteenth day to demonstrate the stability 

of the glycemic index following metformin 

intervention11. 

Histopathology assessment

For pancreatic histopathology assessment, 

the mice were sacri¿ced by neck dislocation, 
and the pancreas was removed and prepared 

in 10% formalin for histological examination 

(Bio-Optica). Hematoxylin Eosin (HE) 
staining was used to prepare and interpret the 

preparations at the Anatomy and Pathology 
Laboratory, Faculty of Medicine, Gadjah 
Mada University. The preparations were 

examined with an Olympus CX 33 microscope 

(magni¿cations of 40x, 100x, and 400x), 
shot with a SIGMA Full-HD Microscope 
Camera, and processed with ToupLite for 
Windows x64 version 2.1.17118.20200518. 
Pancreatic histopathological examination 

features included cytoplasmic vacuolization, 

fat in¿ltration, and islet deformation, with 
impairment scales of 0 (none), 1 (mild), 2 

(moderate), and 3 (severe)26. 

Results and Discussion

Stability of Glycemic Index Performance 

Throughout the nine-day experiment, both 

groups of alloxan-induced mice demonstrated 

glycemic indices of 479 mg/dL (Group A) 
and 363 mg/dL (Group D). In response to the 
induction of hyperglycemia, Group A, which 
received a ¿ve-day metformin intervention, 
exhibited a noticeable decrease in glycemic 

index (333.6 mg/dL). Conversely, Group D, 
serving as the negative control, exhibited a 

continued upward trend, reaching a glycemic 

index of 428 mg/dL (Figure 1). 

Similarly, over the nine-day period, both 

sets of streptozotocin-induced mice showed 

initial glycemic indices of 181 mg/dL (Group 
B) and 140 mg/dL (Group E). Following 
the induction of hyperglycemia, Group 
B, treated with metformin for ¿ve days, 
displayed a signi¿cant reduction in glycemic 
index to 165 mg/dL. In contrast, Group E, 
the negative control, exhibited an ongoing 

elevation, reaching a glycemic index of 245 
mg/dL (Figure 2).

In the case of mice induced with dextrose 

monohydrate, the nine-day period showed 

initial glycemic indices of 217 mg/dL 
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(Group C) and 185 mg/dL (Group F). Post-
hyperglycemia induction, Group C, undergoing 
a ¿ve-day metformin treatment, demonstrated 
a notable decrease in glycemic index (176 mg/
dL). Meanwhile, Group F, functioning as the 
negative control, displayed an upward trend, 

ending at 197 mg/dL (Figure 3).

Based on the main results (Figure 4), the 

most substantial elevation in glycemic levels 

throughout the successive induction phase 

manifested in the following sequence: alloxan 

(371%), dextrose monohydrate (49%), 
and streptozotocin (26%). Following the 
conclusion of the intervention period, the 

percentage surge in glycemic levels exhibited 

a reduction across all three models: alloxan 

(228%), dextrose (21%), and streptozotocin 
(15%) (Table 1). 

The Pancreatic Histopathology Assesment

Based on the histopathological ¿ndings, 
evident damage is observed in pancreatic cells 

across all three inductions. The escalation in 

hyperglycemia corresponds to the grading 

of pancreatic cell impairment. Notably, the 

control group, devoid of any intervention, 

exhibited more pronounced damage compared 

to the groups undergoing metformin 

intervention (Figure 5).

In the modeling induction accompanied by 

metformin intervention, the alloxan group 

exhibited a moderate degree of damage in 

the parameters of cytoplasmic vacuolation 

and alterations in islet shape. In contrast, 

the streptozotocin and dextrose groups 

demonstrated mild damage in both of these 

parameters. Notably, there were no indications 

of lipid in¿ltration damage in any of the groups 
subjected to metformin intervention (Table 2).
 

Conversely, in the modeling induction 

without metformin intervention (control 

groups), all three induction model groups 

manifested severe damage in the parameters 

of cytoplasmic vacuolation and changes 

in islet shape (Table 2). In relation to the 

parameter of lipid in¿ltration, only the alloxan 
modeling group displayed mild damage, while 

the remaining groups showed no discernible 

signs of damage (Figure 6).

This study compares the effects of alloxan 

monohydrate, streptozotocin, and dextrose 

monohydrate on glycemic stability and 

pancreatic impairment. Empirical data on 
hyperglycemia-inducing agents are provided 

to guide researchers in selecting appropriate 

agents for modeling type 2 diabetes, 

considering stability and relative impacts on 

pancreatic histology.

Our ¿ndings identify alloxan monohydrate 
as the most reliable hyperglycemic agent, 

showing a sustained 228% increase in 
glycemic levels. Interestingly, dextrose 

monohydrate demonstrates a higher stability 

index (21%) compared to streptozotocin 
(15%). These results expand on previous 
studies, which mainly documented glycemic 

elevation ranges for alloxan (164–270 mg/
dL)22,23, streptozotocin (136.8–273.5 mg/
dL)6,24,25, and dextrose monohydrate (148.25–
155 mg/dL)8,9,27.

A signi¿cant new discovery in our study 
points to the high stability index of 

alloxan monohydrate following metformin 

intervention is associated with prolonged 

pancreatic damage, marked by cytoplasmic 

vacuolation and structural alterations in 

islet cells. The destructive action of alloxan 

monohydrate on the pancreas28,29 leads to 

reduced insulin levels4, as it in¿ltrates beta 
cells through the GLUT2 transporter, inducing 
necrosis through reactive oxygen species 

(ROS) production, generating hydrogen 

peroxide and hydroxyl radicals4,16,30. 
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Similar to alloxan monohydrate, streptozotocin 

targets beta cells via GLUT2 transporter4, 

leading to necrosis31, insulin de¿ciency and 
hyperglycemia30,32. By alkylating DNA in 
beta cells, it induces DNA fragmentation, 
ROS  production, and NAD+/ATP depletion, 
resulting in irreversible pancreatic damage19,20. 

In contrast, dextrose monohydrate exacerbates 

hyperglycemia33, which may lead to pancreatic 

beta cell damage and decreased insulin 

secretion due to the production of free radicals 

and reduced hexokinase activity while also 

compensatory energy sources8,9.

Our histopathological evaluation highlights 

cellular responses, particularly cytoplasmic 

vacuolation, islet shape alterations, and 

lipid in¿ltration26. The alloxan control group 

showed the highest vacuolation severity 

(score 3), indicating major cellular damage34. 

Additionally, islet shape alterations scored 3, 
suggesting potential impairment in glucose 

metabolism35,36,37. Metformin-treated groups 

showed no lipid in¿ltration, suggesting a 
protective effect38,39 possibly due to facilitating 

the regeneration of impaired Langerhans 
cells40,41. According to our ¿ndings, as in the 
majority of pancreatic cells42, necrotic beta 

cells disrupt insulin production, leading to 

hyperglycemia32, and occurs alongside the 

depletion of the islets of Langerhans43.

Conclusion

The study found that alloxan monohydrate 

was more effective than dextrose 

monohydrate and streptozotocin in inducing 

and maintaining hyperglycemic stability in 

mice. Histopathological analysis showed that 

dextrose monohydrate and streptozotocin 

posed a lower risk of pancreatic impairment, 

while alloxan led to noticeable islet deformation 

and cytoplasmic vacuolization. Our ¿ndings 
suggest that dextrose monohydrate and 

streptozotocin are preferable for modeling 

type 2 diabetes due to their stability and 

relatively mild effects on pancreatic histology.
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Table 1. Percentage increase in glycemic levels in mice induced with alloxan mono-
hydrate (A), streptozotocin (B), and dextrose monohydrate (C) over nine days, 

along with subsequent stability after a fi ve-day metformin intervention.

Table 2. Histopathological evaluation of pancreatic tissue parameters in represen-
tative test animal treatment groups.

Value Interpretation: Normal Morphology (0), Mild Impairment (1), Moderate Impairment (2), Severe Impair-

ment (3).
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Figure 1. Measurement results of glycemic index in alloxan monohydrate-induced 
mice within the metformin intervention group (Group A) and the Control Group 

(Group D).
 

Solid lines depict the glycemic achievement progression after the induction phase (day-
9), and dashed lines represent the stability of glycemic index attainment after the ¿ve-day 
intervention (day-14).

Figure 2. Measurement results of glycemic index in streptozotocin-induced mice 
within the metformin intervention group (Group B) and the control group (Group E). 

Solid lines depict the glycemic achievement progression after the induction phase (day-9), 
and dashed lines represent the stability of glycemic index attainment after the ¿ve-day inter-
vention (day-14).
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Figure 3. Measurement results of glycemic index in dextrose monohydrate-induced 
mice within the metformin intervention group (Group C) and the control group 

(Group F). 

Solid lines depict the glycemic achievement progression after the induction phase (day-
9), and dashed lines represent the stability of glycemic index attainment after the ¿ve-day 
intervention (day-14).

Figure 4. Glycemic index measurements in mice encompassed three distinct induc-
tion modalities: alloxan monohydrate (A), streptozotocin (B), and dextrose mono-

hydrate (C). 

Continuous lines illustrate the progression of glycemic attainment post the induction 
phase (day 9), while dashed lines delineate the stability of glycemic index achievement 
subsequent to the ¿ve-day intervention (day 14).
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Figure 5. Histopathological examination of pancreatic tissue (100x magnifi cation) 
in representative samples from six induction variants: alloxan (a and d), strepto-

zotocin (b and e), dextrose (c and f). 

Groups a, b, and c underwent metformin intervention, whereas groups d, e, and f were 
utilized as controls. Islet shape alterations are denoted by red circles, and cytoplasmic 
vacuolation is indicated by green circles.

Figure 6. Histopathological examination of pancreatic tissue (40x Magnifi cation) in 
representative samples of test animals subjected to alloxan induction as the control. 

The area of mild lipid in¿ ltration is demarcated by the yellow circle.


