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ABSTRACT

One of the most common health problems today, diabetes is a serious, chronic, and complex disease charac-
terized by high blood glucose levels. Nowadays, experimental diabetes models are being developed to study
existing diabetes in depth, to improve diabetes medications, or to develop new medications. The protocols
developed to date to create an experimental diabetes model are finalized in different time intervals and
depending on various factors. With these models, which can be designed in vivo and in vitro, a picture similar
to type | and type 2 diabetes can be created. In this review, we aimed to present the methodology, advan-
tages, and disadvantages of all currently used experimental diabetes models in the light of current literature.
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Introduction

Diabetes mellitus (DM) is a serious, chronic, and complex disease characterized by high blood
glucose levels due to ineffective use of the hormone insulin or insufficient production of the
hormone insulin. Clinically, hyperglycemia results from the deficiency or insufficiency of insulin,
the hormone that enables the conversion of circulating glucose into energy in the cell.' Diabetes
is divided into 4 subclasses: type |, type 2, specific diabetes due to other causes (such as neonatal
diabetes), and gestational diabetes.? Today, the prevalence of DM is increasing. This situation,
which is one of the most important health problems in the world, causes it to maintain its popu-
larity. The World Health Organization reports that 6.4% of the adult population has diabetes.
While 7.8% were projected to have DM in 2030, today this rate has exceeded expectations.
Although the majority are diagnosed with type 2 DM, 8.3% of the population is thought to be
individuals diagnosed with DM.2* Cardiovascular mortality and morbidity are increased by the
presence of nephropathy, neuropathy, and retinopathy caused by the presence of DM. The pres-
ence of free oxygen radicals, changes in serum proteins, endothelial dysfunction, and changes in
acute phase proteins produced from the liver play a role in the formation of these complications.*
To control DM and its complications, patient awareness in terms of components such as proper
nutrition, regular exercise, blood glucose control, use of appropriate pharmacological treatment,
and awareness of the effects and side effects of the treatment used is important for patient wel-
fare. In particular, lifelong medication use is one of the most important components in terms of
patient adherence to treatment.® Expenditures on treatment and care for DM and its complica-
tions are increasing rapidly and seriously reducing the quality of life of individuals. Glycemic control
of patients is essential to prevent long-term micro- and macrovascular complications.® Currently,
various pharmacologic agents have been developed to provide glycemic control. These agents
lower blood glucose levels by inhibiting various glucose transporters and carbohydrate digestive
enzymes and maintain lipid and glucose homeostasis through peroxisome proliferator-activated
receptor activation. Glucose transporter (GLUT) and sodium—glucose co-transporter families
stand out as the current approach because they are proteins involved in glucose transport.”” In
this context, scientists continue to conduct research to further investigate the mechanisms of
existing drugs and to develop new therapeutic approaches. The popularity of studies on DM and
its complications also makes DM experimental methods popular. These experimental methods
can be designed in vivo or in vitro and can be used specifically for DM subtypes. Each of the
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experimental DM models has both advantages
and disadvantages. The experimental model
occurs at different time intervals and depending
on various factors.'® The aim is to bring together
the DM experimental methods used today with
an up-to-date perspective.

In Vitro Diabetes Models

Experimental diabetes models mainly aim to
prevent hyperglycemia, which forms the basis
of diabetes. The digestion of carbohydrates
from the food we eat and their passage into
the bloodstream is the first step. Therefore, it is
among the most common methods to evaluate
the in vitro activities of enzymes responsible for
the digestion of carbohydrates (such as alpha-
glycosidase and alpha-amylase) in the first place
of agents expected to have antidiabetic activity
in studies. The conversion of physiological glu-
cose to sorbitol and fructose leads to sorbitol
accumulation in some tissues due to increased
hyperglycemia in diabetic patients. Especially in
tissues and cells such as lenses, nerves, kidneys,
and erythrocytes, the lack of sorbitol dehydro-
genase enzyme leads to sorbitol accumulation in
these tissues and cells and leads to the devel-
opment of diabetic complications. Therefore,
agents that inhibit aldose reductase enzyme
activity prevent sorbitol accumulation and are
therefore an important parameter used in
experimental studies. Glucagon-like peptide-|
(GLP-1) analogs, which are of great importance,
have been used in the treatment of both dia-
betes and obesity in recent years. By inhibiting
the dipeptidyl peptidase-4 (DPP-4) enzyme that
degrades endogenous GLP-1, it increases GLP-1
levels, leading to glucose-dependent insulin
secretion, delaying gastric emptying, and sup-
pressing appetite. In studies evaluating antidia-
betic activity, DPP-4 activity is now also tested.
Demonstration of these enzyme activities in
vitro are tests that should be guiding especially
in plant-based studies before in vivo experimen-
tal studies, contributing to the study in both time
and economic terms.

In vitro cell culture study is another impor-
tant phase in which antidiabetic activity can be
demonstrated before the use of experimental
animals. In untreated patients with hyperglyce-
mia, which forms the basis of diabetes, insulin

+ slet isolation and insulin secretion studies also
shed light on islet transplantation studies.

Insulin resistance models in vitro are growing in
popularity.
* Type 2 diabetes-induced high-fat diet/strepto-

zotocin model is the best way and has high simi-
larity according to the clinical findings.

resistance develops in peripheral organs and
blood glucose cannot be used by target cells.
Subsequently, increased insulin secretion leads
to desensitization of beta cells after a while
and the ability to secrete insulin is impaired.
Some experimental models allow these steps
to be performed in cell culture studies. In dia-
betic patients, insulin resistance is the most
common problem in muscle, fat, and liver cells.
Therefore, cells such as the C2CI2 mouse
myoblast cell, the 3T3-LI mouse adipose cell,
and the human liver cell are hyperglycemia-
induced human hepatocarcinoma (HepG2)
cells in which insulin resistance can be experi-
mentally induced. They are the most preferred
cells in the studies. Finally, experimental pro-
tocols are available to investigate the efficacy
of antidiabetic agents on insulin secretion.
Islet isolation from the pancreas can be per-
formed in the first instance, and insulin secre-
tion response can be tested in the appropriate
environment. Insulinoma cells could instead be
obtained and the effects of insulin secretion
tested on them. The first part of this review
brings together studies on the abovemen-
tioned systems.

In Vitro Enzyme Activity

Alpha-Glycosidase Activity

Glycosidases are a common group of enzymes
that break the glycosidic bond between 2 sac-
charide molecules. Glycosidases play key roles in
several important biological processes such as
lysosomal catabolism of glycoconjugates, post-
translational modification of glycoproteins, and
intestinal digestion. Preparations of glycosidase
inhibitors serve as effective tools to realize the
biological property of glycoprotein and to inves-
tigate the reaction and structure mechanisms of
glycosidases.'!

Alpha-glucosidase released from intestinal cells
hydrolyzes oligosaccharides and polysaccha-
rides into monosaccharide units such as glucose
and fructose in the small intestine. In humans,
a-glycosidase inhibitors are used to control type
2 DM and hyperglycemia. These can reduce car-
bohydrate intake and prevent the development
of postprandial hyperglycemia. The inhibitory
effect of the enzyme is therefore considered as
a model of experimental diabetes. |2

The inhibitory effect of a-glucosidase was
determined by partially modifying the previ-
ously described methods. All samples (20
pL), an enzyme solution (10 pL, | unit/
mL), and potassium phosphate buffer (50
pL, 50 mM, pH 6.9) were mixed and incu-
bated at 37°C for 5 minutes. After adding

p-nitrophenyl-a-p-glucopyranoside (20 pL, 3
mM) as a substrate to start the reaction, the
mixture should again be incubated at 37°C for
30 minutes. Following incubation, 0.1 M sodium
carbonate (50 pL) should be added to stop the
reaction. Acarbose is used as a positive con-
trol and results are obtained by measuring the
amount of nitrophenol at 405 nm using a micro-
plate reader. The percentage inhibition of all
samples is calculated with the formula: Inhibition
(%)= (1 — Asample/Acontrol) x 100."

Another method used to evaluate the inhibition
effect of a-glycosidase is to mix phosphate buf-
fer (pH 7.4, 75 L), 5 pL of different concentra-
tions (10-30 pg/mL) of antidiabetic agents and
a-glycosidase enzyme solution (20 pL) prepared
in phosphate buffer (pH 7.4). After pre-incuba-
tion, 50 pL of p-nitrophenyl-p-glycopyranoside
in phosphate buffer (pH 7.4, 5 mM) was added,
the solution was re-incubated at physiological
temperature (37°C), and the absorbance was
measured at 405 nm.'*">

Alpha-Amylase Activity

Recently, antioxidants are known to inhibit
enzymes such as butyrylcholinesterase, acetyl-
cholinesterase, a-amylase, carbonic anhydrase,
and a-glycosidase, which are associated with dis-
eases such as type 2 DM, Alzheimer's disease,
and glaucoma. Alpha-amylase inhibitory prop-
erty is therefore experimentally evaluated as a
measure of antidiabetic efficacy.

Alpha-amylase inhibition effects

In principle, | g starch should be dissolved in 50
mL NaOH solution (0.4 M) and heated at 80°C
for 20 minutes. It should then be made up to
00 mL at pH 6.9 and using distilled water. Then,
35 pl starch solution, 35 pL phosphate buffer
(pH 6.9), and 5 pL antidiabetic agent should be
mixed. After incubation at 37°C for 20 minutes,
20 pL of enzyme solution should be added and
incubated again for 20 minutes. The reaction
should be completed by adding 50 pL of 0.l
M HCI and absorbance measured at 580 nm.
One unit of a-amylase enzyme is the amount
of enzyme that releases |.0 mg of maltose from
starch in 3 minutes at 20°C, pH 6.9.'¢

Aldose Reductase Activity

Aldose reductase (AR), the first rate-limiting
enzyme in the polyol pathway, belongs to the
aldo-keto reductase superfamily and is a mono-
mer containing 315 amino acid residues. This
overproduction of AR and sorbitol dehydro-
genase in the polyol pathway and depletion of
reduced Nicotinamide adenine dinucleotide
phosphate (NADP*) and oxidized Nicotinamide
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adenine dinucleotide (NAD™), cofactors of this
process, cause various metabolic process disor-
ders such as nephropathy, retinopathy, cataracts,
and neuropathy. The aforementioned metabolic
abnormalities are the primary targets of diabetic
complications in tissues involved in insulin-inde-
pendent glucose uptake and are responsible for
early tissue damage in organs.

In order to uncover new AR inhibitors, the syn-
thesis, characterization, and biological activity
of a series of novel acyl hydrazones are being
investigated.'”

Aldose reductase activity is determined with |
™M Na-phosphate (pH 5.5), 0.1 mM reduced
form of NADP* (NADPH), and pL-glyceralde-
hyde (4.7 mM). The enzyme assay is based on a
decrease in NADPH concentration at 340 nm.'®

Dipeptidyl Peptidase-4 Activity

The incretin hormones GLP-1 and glucose-
dependent insulinotropic  polypeptide (GIP)
are released from enteroendocrine cells in the
small intestine in response to the presence of
nutrients. These hormones facilitate glucose
regulation by stimulating insulin secretion in a
glucose-dependent manner while suppressing
glucagon secretion. In patients with type 2 DM,
impaired insulin response to GLP-1 and GIP
results in hyperglycemia. Dipeptidyl peptidase-4
inhibitors block the breakdown of GLP-I and
GIP to increase levels of the active hormone.
Dipeptidyl peptidase-4 inhibitors have been
shown to provide glycemic control in clinical
trials.””

Dipeptidyl peptidase-4 inhibitor screening kit is
used in the literature. Briefly, each of the samples
(10 pL) with different concentrations in DMSO
should be pipetted into a 96-well plate, and then
diluted assay buffer (30 pL), a diluted human-
recombinant DPP-4 enzyme solution (10 pL),
and diluted fluorogenic substrate, Gly-Pro-am
inomethylcoumarin (AMC) (50 plL) should be
added. Sample should be added for negative and
positive control. The 96-well plate should be
incubated at 37°C for 30 minutes with shaking.
After incubation, the fluorescence of the free
AMC group resulting from the reaction should
be monitored in an excitation wavelength range
of 350-360 nm and an emission wavelength
range of 450-465 nm using a microplate reader.
The percentage inhibition is calculated using the
following formula.

% inhibition=[(OD control — OD sample)/
(OD control)] x 100%, where OD control is
the absorbance of the negative control and OD
sample is the absorbance of the sample.?

Insulin Secretion

Nowadays, potassium channel blockers such
as sulfonylureas are used in the treatment of
diabetes-induced insulin secretion disorders in
pancreatic beta cells. In normal physiology, potas-
sium channels, which are the most basic step in
insulin secretion, depolarize the membrane, and
potassium channels close when glucose enter-
ing the cell with Glut-2 contributes to adenos-
ine triphosphate (ATP) production. Calcium
then enters the cell and insulin secretion is
stimulated. Experimental studies may therefore
include a sulfonylurea agent as a positive control
for insulin secretion. Glucose-dependent insulin
secretion is the most preferred method in insu-
lin secretion experiments. But not all beta cells
respond to glucose.

Islet Isolation and Insulin Secretion In Vitro
Rat and mouse species are widely used in islet
isolation studies?'”> When the prices of the
materials to be used in the experiment are
evaluated, the most economical application is
on mice. However, the small size of the mouse
is the most important factor that makes the
attempt difficult during the pancreas removal
phase.

Studies do not recommend direct removal
of the pancreas and enzyme exposure. This
practice reduces the efficiency in the number
of islets to be isolated. Therefore, collagenase
enzyme solution prepared for better quality
islet isolation is injected through the biliopan-
creatic duct. Besides, hemostatic clamps should
be placed to the right and left of the opening
of the duct into the duodenum. Then, 2 mL
of cold enzyme solution is slowly administered
through the biliopancreatic duct with the help
of a 23G needle tip, and the pancreas is allowed
to swell. The pancreas is carefully removed and
placed in a 50 mL sterile tube containing serum-
free medium. After 10-15 minutes in a 37°C
water bath, serum medium is added and shaken

vigorously by hand for 20 seconds. In this way,
the pancreas is also mechanically broken down.
Then, centrifugation is done.

The key part of separating islets is to create a
density gradient. Solutions such as histopaque
are used for this. Here, the solution should not
be mixed, especially when adding histopaque
before centrifugation. After centrifugation,
the islet layer between the histopaque and the
medium should be carefully transferred into a
50 mL tube. Histopaque removal is then per-
formed. The islets are collected and counted
with a pipette under the microscope.?**

They were then kept in RPMI medium contain-
ing 10% fetal bovine serum (FBS) in a 5% CO,
incubator and the medium should be changed
every other day. Staining with dithizone (zinc
staining) can be performed to show the pres-
ence of insulin in the islets. For demonstrating
the effects of the agents on insulin release, iso-
lated islets are transferred to 24-well plates (at
least 20 islets per well). Then, to test glucose-
dependent insulin secretion, the groups were
added substances in an Hank's Balanced Salt
Solution (HBSS) solution containing 5.5 mM and
6.5 mM glucose. The medium should be col-
lected | hour after administration of the sub-
stances and measured with the Insulin ELISA kit.
The periods here vary (Table ).

Insulin Secretion in Insulinoma Cells In Vitro
Islet isolation for in vitro insulin secretion is costly
and difficult, which has led to the use of insuli-
noma cells for this purpose.**3¢ Easy reproduc-
tion in culture and the ability to form secretion
with glucose stimulation are its most important
advantages.*’*’

Nevertheless, since they are cancer cells, they
are also the cells preferred in anticancer activ-
ity studies. Insulinoma cells of rat and mouse
origin are currently preferred® Although

Table I. [slet Isolation Procedure Differences

Animal Type Enzyme Medium Time Reference
Balb/c mice Collagenase p RPMI-1640 25
C57BL/6 Collagenase 4 RPMI-1640 10-15 minutes 26
Swiss albino mouse Collagenase X RPMI-1640 15 minutes 27
BALB/c Collagenase | and Il CMRL-1066 14 minutes 28
C57BL/6 Collagenase V RPMI-1640 |5 minutes 29
SD rat Collagenase 4 RPMI-1640 10-15 minutes 26
W rat Collagenase XI RPMI-1640 30
LEW rat Collagenase V RPMI-1640 20-25 minutes 31
Rat Collagenase IV RPMI-1640 4 minutes 32
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Table 2. Insulin Secreted Insulinoma Cell Lines

Cell Line Source Glucose Transporter GSIS Reference
MIN6 Mouse insulinoma Glut-2 Yes 34
INS-1 Rat insulinoma Glut-2 Yes 41
INSI-E Rat insulinoma Glut-2 Yes 42
Beta-TC 6 Mouse insulinoma Glut-2 Yes 43, 44
RIN-5F Rat insulinoma Glut-2 Yes 45

human-derived cells such as EndoC-BHI are
now in use, they are not yet widespread.

The MIN6, INS-I, and INSI-E are the best
insulin-secreting insulinoma cells, but these cells
are very difficult to access even commercially.
Therefore, cells such as Beta-tc-6 and RIN-5F
which are easier to culture and better to pur-
chase, are becoming increasingly common.
These cells also respond well to sulfonylureas.
A review of the literature shows that there are
many differences in the methodology of these
cells used experimentally. Optimization studies
should therefore be planned at the beginning of
the experiment (Table 2) 344!

Insulin Resistance

Insulin resistance is the receptor insensitivity
that develops at the cell level against increased
insulin secretion when hyperglycemia is not
controlled. Insulin receptors are a family of
tyrosine kinase receptors.®*’ Insulin receptor
substrates | and 2 are the most important
intracellular messengers mediating the action
of insulin. Thanks to these substrates, PI3K/
AKT/mTOR and RAS/MAPK activation occur
and the physiological effects of insulin are real-
ized.®®* The activities of receptors and sub-
strates and the activities of transport systems
(such as Glut-1, -2, -3, and -4) that allow glu-
cose to enter the cell are therefore among the
most basic parameters.

With Hyperglycemia-Induced Human
Hepatocarcinoma Cell

In the diabetic population, the risk of developing
liver cancer is 2 to 3 times higher and hypergly-
cemia is the major causal factor driving tumor

cells to aggressive metabolic growth. Studies
have been conducted by measuring HepG2 cell
proliferation. Hyperglycemia-induced human
hepatocarcinoma, a human hepatocellular carci-
noma cell line, should be obtained as a cell line.
This cell line is glucose-sensitive and should not
be propagated at high concentrations. Growth
of cells should be performed in a solution con-
taining 10% FBS and an antibiotic or antimycotic
solution containing streptomycin, amphotericin
B, and penicillin, and | or 2 g/L glucose such as
Dulbecco's modified Eagle’s medium (DMEM)
or EMEM. Agents such as high-dose insulin,
high-dose glucose, high-dose insulin and glucose,
palmitic acid, and tumor necrosis factor-alpha
(TNF-a) are used to induce insulin resistance
in HEPG2 cells. What matters here is the dose
used and the duration of exposure.

The development of insulin resistance was
tested by checking whether cells consume glu-
cose in the presence of insulin. This is either
based on glucose consumption in the cell
medium or by fluorescence measurement of
intracellular glucose using 2-NBDG, which is
more accurate. Periodic acid—Schiff (PAS) stain-
ing can also be performed to show the change
in glycogen stores in liver cells.*® There are many
different methods in the literature (Table 3).°>'=*

With 3T3-LI Cell

Adipose tissue secretes cytokines that mediate
systemic effects on obesity and insulin resistance.
The antidiabetic drugs used cause metabolic
differences and differences in gene expression
profiles in 3T3-LI adipocyte cells. These cells
are therefore used in experimental diabetes
research. The important fact is that 3T3-L1 cells

Table 3. Insulin Resistance Procedures in HepG2 Cell Lines

Substance Used Dose Duration Additional Information Reference
Glucose +insulin 25 mmol+ 10— M 24 hours Low glucose DMEM 51
Palmitic acid 0.25 mM 24 hours DMEM 52
Glucose 30mM 48 hours Low glucose EMEM 53
Insulin 10¢M 48 hours DMEM 54

DMEM, Dulbecco’s modified Eagle’s medium.

are fibroblast cells in the first place and that they
are differentiated into adipose tissue.

The mouse pre-adipocyte 3T3-L| cell line is cul-
tured in DMEM supplemented with 10% bovine
calf serum, 100 units/mL penicillin, and 100 pg/
mL streptomycin and used for research. Cells
should be incubated at 37°C in 5% CO,. They
were kept for 48 hours for proliferation and
differentiation in a medium supplemented with
1 0% FBS (Invitrogen), | pM insulin, 0.5 mM 3-iso
butyl- | -methylxanthine (IBMX), and 0.5 pg/mL
dexamethasone. This should be followed by 2
more days in media containing | pM insulin.®®
Excess palmitic acid is favored to induce insulin
resistance, which is also related to the presence
of adipose tissue in 3T3-LI cells. Still, agents
such as insulin, TNF-a, and dexamethasone can
be used to induce insulin resistance in studies
(Table 4).5¢%*

The development of insulin resistance was tested
by checking whether cells consume glucose in
the presence of insulin. This is either based on
glucose consumption in the cell medium or by
fluorescence measurement of intracellular glu-
cose using 2-NBDG, which is more accurate. Oil
red O staining for lipid accumulation in fat cells is
a gold standard test.

With C2CI2 Cell

Antioxidant substances were found to ame-
liorate palmitate-induced insulin  resistance
in C2CI12 myocytes and 3T3-LI adipocytes.
This cell line is therefore used in research. The
C2C12 mouse skeletal muscle cell lines must be
obtained to establish cell culture and must be dif-
ferentiated (from myoblast to myotubule cells)
to be used experimentally. Dulbecco's modified
Eagle’s medium, 10% FBS, 100 units/mL penicillin,
and 100 pg/mL streptomycin should be supple-
mented. Cells should be supplemented with 2%
horse serum to initiate differentiation. All cells
should be incubated at 37°C with 5% CO,.*
Myokines suppress lipid-induced inflammation,
leading to attenuation of insulin resistance in
mouse skeletal muscle. Therefore, appropriate
regulation of inflammation may improve lipid-
mediated insulin resistance in skeletal muscle
cells (Table 5).'%2 The development of insulin
resistance was tested by checking whether cells
consume glucose in the presence of insulin. This
is either based on glucose consumption in the
cell medium or by fluorescence measurement
of intracellular glucose using 2-NBDG, which is
more accurate.

In Vivo Diabetes Models
Both type | and type 2 DM are multifacto-
rial diseases in which a very complex genetic
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Table 4. Insulin Resistance Procedures in 3T3-LI Cell Lines

Substance Used Dose Duration Additional Information Reference
TNF-a 10 ng/mL 5 days DMEM 56
Palmitic acid 0.5mM 24 hours DMEM 57
Dexamethasone | pM 72 hours DMEM 58
Insulin 150 nM 5 days DMEM/FI12 59

DMEM, Dulbecco’s modified Eagle’s medium; TNF-a, tumor necrosis factor-alpha.

architecture interacts with environmental fac-
tors to contribute to disease development. Early
studies were based on modeling diabetes in
dogs by removing part or the entire pancreas.
Today, DM can be modeled in many animal
species by chemical, surgical (pancreatectomy),
viruses, and genetic alterations. Mice and rats
are more commonly used in diabetes models, as
in other experimental models.

Models of Type | Diabetes

Type | diabetes can be modeled by a variety
of different mechanisms to reduce insulin pro-
duction, ranging from chemical ablation of beta
cells to spontaneous generation of autoimmune
diabetic rodents. The most commonly used and
accepted model is the chemical-induced model.
The most preferred model of type | diabetes
is the streptozotocin-induced model. Rats and
mice are more frequently preferred as experi-
mental animals.

Streptozotocin-Induced

treptozotocin = (STZ), a metabolite  of
Streptomyces achromogenes, was discovered in
[959. A study conducted discovered that STZ
causes diabetes after intravenous administra-
tion. Streptozotocin is suggested to exert its
diabetes-inducing effect, which is also proven
by histological examinations, only by inhibiting
insulin secretion without necrosis of f cells. In
a study monitoring  cells after STZ administra-
tion by electron microscopy, it was determined
that STZ did not necrosis f cells but exerted
its effect by degranulating B cells. Thanks to the
glucose molecule in its structure, STZ inhibits
insulin secretion by binding to glucoreceptors in
the plasma membrane.®

Alloxan and STZ are considered the most
potent diabetogenic chemicals ever used in dia-
betes research. Both chemicals are used as cyto-
toxic glucose analogs that tend to accumulate
in pancreatic p cells that secrete insulin via the
glucose transporter (GLUT?). Streptozotocin is
preferred to alloxan because it is less toxic and
more stable. Streptozotocin acts as a nitrozourea
analog. The mechanism of action of the toxicity
of STZ is related to the DNA-alkylating effect of
its methylnitrozourea component. Methyl group

transfer from STZ to the DNA molecule causes
damage and leads to DNA fragmentation.®*

The first 3 days are the most important stage in
the STZ-induced diabetes model. Due to beta-
cell destruction, insulin released leads to severe
hypoglycemia and the death of the experimental
animal. Dextrose should be added to their water
for the first 3 days to prevent this. It should be
followed up in the first 24 hours and isotonic
should be given orally and intraperitoneally if
necessary. At the end of the third day, animals
with fasting blood glucose above 200 mg/dL can
be considered diabetic.

Streptozotocin-induced diabetes is more com-
monly recognized as type |. Blood glucose and
weight should therefore be monitored regularly
in these studies. It is important to keep the num-
ber of experimental animals in the number of
groups high. Experiment duration can last from
|5 days to 6 months depending on the model to
be built. There are various protocols to induce
diabetes in mice using STZ. Mice, especially
Balb/c, are more resistant to STZ than rats. On

average, up to 200 mg/kg is given. In the first
protocol, STZ is administered in low doses but
repeatedly. This results in less damage to the
islets of Langerhans but more loss of activity
of B cells. This method, commonly used for the
induction of type | diabetes, is based on intra-
peritoneal administration of STZ at a dose of 40
mg/kg for 5 days. Another model of diabetes-
induced using STZ involves a single administra-
tion of high-dose STZ. The high dose of STZ
produces a pattern of diabetes within 48 hours,
but it should be noted that this dose is highly
toxic to P cells in the pancreas. Although this
protocol, which can raise blood glucose levels
above 500 mg/dL, is more toxic than multiple
STZ doses, it is still highly preferred because it
achieves the desired result in a single injection. It
was further reported that STZ 65 mg/kg intra-
peritoneally was administered to evaluate dia-
betic agents and to investigate the pathogenesis
of type | diabetes. In another protocol, nicotin-
amide is given simultaneously with STZ admin-
istration. Nicotinamide partially protects against
STZ toxicity. In addition to approximately 60%
loss of B-cell function, this protocol produces
more stable and moderate hyperglycemia.®*%

To create an STZ-induced DM model, rats
weighing 140 to 300 g were administered a
single dose of STZ (35-70 mg/kg) dissolved in
0.1 M citrate buffer (pH 4.5) by intraperitoneal
injection after an overnight fast. Control rats
of the same age are injected with citrate buf-
fer only. Streptozotocin is used as a model of
type | diabetes because it causes damage to all
B cells®®7* (Table 6)7>%

Table 5. Insulin Resistance Procedures in C2CI2 Cell Lines

Substance Used Dose Duration Additional Information Reference
Palmitic acid 200 uM 24 hours DMEM + horse serum 6l
Palmitic acid 500 pM 8 hours DMEM + horse serum 62
DMEM, Dulbecco’s modified Eagle’s medium.

Table 6. STZ-Induced Type | Diabetes Model in Rats and Mice

Type STZ Dose Experiment Duration Reference
C57BL/6) mice 50 mg/kg/day for 5 days 16 hours 75
Kunming mice 50 mg/kg/day for 5 days 10 hours 76
Balb/c mice 100 mg/kg 14 days 77
Balb/c mice 200 mg/kg 14 days 78

SD rat 35 mg/kg 6 weeks 79
Rat 90 mg/kg 3 months 80

SD rat 50 mg/kg 3 months 8l

SD rat 60 mg/kg 30 days 82
SD, Sprague-Dawley; STZ, streptozotocin.
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Table 7. HFD/STZ-Induced Type 2 Diabetes Model in Rats and Mice

Type Diet Duration of Diet Before STZ STZ Dose Reference
SD rat 58% Fat 3 months 30-35 mg/kg 92
SD Rat 59% Fat 8 weeks 25 mg/kg 93
SD Rat 40% Fat 2 weeks 35 mg/kg 94
W rat 40% Fat 2 weeks 40 mg/kg 95
W rat 22% Fat 4 weeks 30 mg/kg 96
C57BL/6 mice 58% Fat 12 weeks 40 mg/kg x 5 days 97
C57BL/6 mice 60% Fat 2 weeks 60 mg/kg 98
ICR mice 60% Fat 8 weeks 50 mg/kg 99
C57BL/6 mice 45% 4 weeks 40 mg/kg x 2 days 100
HFD, high-fat diet; SD, Sprague-Dawley; STZ, streptozotocin; W, Wistar.

Models of Type 2 Diabetes

To understand the pathophysiology and com-
plications of type 2 diabetes, numerous ani-
mal models have been developed.®® These
animal models include models of insulin resis-
tance and/or models of beta cell failure. On
the other hand, many animal models of type 2
diabetes use obese animals. It better reflects
the situation in humans as obesity is closely
associated with the development of type
2 diabetes. In most cases, these models are
genetic models with obesity, glucose intoler-
ance, and/or insulin resistance leading to high
blood glucose levels. Both the development
and progression of diabetic complications are
influenced by several factors, including obesity,
insulin resistance, hyperglycemia, and hyper-
lipidemia.?” The most preferred model of type
2 diabetes is the high-fat diet (HFD) and low-
dose STZ-induced model. It can be induced
in both rats and mice. The most important
factor in the choice of experimental animal
species is cost. At the same time, the choice
of an HFD is of great importance in these
models. Studies on fatty diets generally favor
diets containing 45%-60% fat. A 60% fat diet
model can be chosen if the model needs to be
developed in a shorter period, if the animals
need to be fed, cared for, etc,, and if cost is a
constraint.®

High-Fat Diet and Streptozotocin-Induced
Low-dose STZ (30-40 mg/kg), which causes
partial damage to B cells, can sometimes be
administered in combination with repeated
doses and an HFD (containing an average of
40%-60% fat) to create a model of type 2 dia-
betes.®” Animals that develop obesity after being
fed an HFD for a certain period are given low-
dose STZ to cause partial destruction of pan-
creatic beta cells, thus creating a model that may
be close to the physiopathology of human type
2 diabetes ¢

When the literature is examined, C57BL/6)
was preferred as a mouse strain, especially in
the HFD/STZ-induced type 2 diabetes model.
[t is therefore very important to monitor blood
glucose, HbA I ¢, and weight during the experi-
ment. Again, it is important for the compatibility
of the model that the increase in cholesterol
levels associated with obesity is shown in total
cholesterol, low density lipoprotein (LDL), trigly-
seride (TG), and high density lipoprtoein (HDL)
levels. Depending on the organ to be studied,
the demonstration of glucose transports such
as insulin receptors, insulin receptor substrates,
Glut-1, -2, -3, and -4 by molecular or biochemi-
cal techniques constitute the most basic stages
of the study®®' In these studies, obesity devel-
ops due to an HFD, unlike the type | diabetes
model (Table 7).°%1%0

Conclusion

Diabetes is a disease that remains unpopular
because all its mechanisms are still unclear and
there are many questions about it. Different
methods have been developed and used up
to the present to experimentally induce diabe-
tes. The advantages and disadvantages of each
method should be selected by considering the
specific area to be elucidated, and the strategy
of the study should be determined accord-
ingly. Each method's advantages and disadvan-
tages should be selected by considering the
specific area to be elucidated and the strategy
of the study should be determined accord-
ingly. In conclusion, it is clear from this review
that experimental diabetes can be induced by
various methods in studies designed to advance
medicine.
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