
The prevalence of diabetes has risen dramatically in the last 
decades in countries of all income levels being considered one of 
the fastest-growing public health problems in the world (40).

Type 2 diabetes mellitus (T2DM) accounts for around 90% of 
all cases of diabetes and appears following the interaction 
between the predisposing genetic factors and lifestyle (e.g., lack 
of physical activity, overweight, and improper diet). T2DM is a he-
terogeneous, multifactorial disorder characterized by hypergly-
caemia due to deficient insulin secretion by pancreatic islet β-
cells, tissue insulin resistance, and an inadequate compensatory 
insulin secretory response (32,35). 

In the early stages of the disease, the pancreas of T2DM pa-
tients increases insulin production to compensate for an elevated 
glycaemic index. As the disease progresses, these increased plas-
ma insulin levels become insufficient to restore normal glycaemia. 

The increased, persistent levels of hyperglycaemia in patients 
with T2DM can cause damage to various organ systems, leading 
to the development of disabling and severe complications, the 
most frequent of which are microvascular (retinopathy, nephro-

pathy, neuropathy) and macrovascular complications leading to 
an increased risk of cardiovascular diseases, including athero-
sclerosis, heart attack, cerebral ischemic attacks, and peripheral 
ischemia syndrome (15, 16, 26). 

Animal models are precious resources for biomedical re-
search, including the effects of diets on metabolism and different 
metabolic syndromes. Rodent models play a vital role in the ex-
ploration of the pathophysiology and complications of T2DM, as 
they allow the combination of genetic and functional characteri-
zation of the syndrome (1,26). Moreover, diabetic animal models 
are essential for investigating and developing novel drugs for dia-
betes and its associated conditions. The mouse is the most co-
mmon animal model used in human health research, particularly 
in diabetes research. This species is often selected for its wide 
availability, short life cycle, tractable nature, ease of mainte-
nance, and abundant genetic resources. Also, a wide variety of 
specific reagents are available for research purposes (6,8). 

The study aimed was to evaluate the effectiveness of diet-in-
duced T2DM using two different diets: a hypercaloric, high-fruc-
tose diet (ICD - in-house) and a standardized purified diabetes 
diet (Altromin 1064, Altromin, Germany). 

Another purpose of the present study refers to the formula-
tion, preparation, and standardization of an in-house purified diet 
that might induce T2DM in C57BL/6 mice, in comparison with an 
existing standardized diabetes diet. 

The onset of T2DM was evaluated on the basis of serum glu-
cose level, food intake, body weight, biochemical and haemato-
logical profile, and finally by histopathological examination of co-
llected organs. The study was conducted in both male and female 
C57Bl/6 mice to reveal gender-specific changes if any.
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 Diabetul zaharat de tip II este o afecțiune metabolică cronică 

frecvent întâlnită, reprezentând o amenințare globală pentru sănă-

tatea publică. Disponibilitatea unui model animal optim pentru  

diabetul de tip II este crucială în înțelegerea complexității mecanis-

melor patogene care stau la baza producerii acestei boli și a nume-

roaselor patologii asociate. Scopul acestui studiu a fost reprezentat 

de evaluarea diabetului de tip II indus prin administrarea unor die-

te purificate, cu scopul de a crea un model experimental de șoarece 

pentru testarea suplimentelor alimentare și agenților terapeutici în 

acest sindrom metabolic. Un grup de șoareci C57BL/6 a primit ad 

libitum o dietă purificată hipercalorică îmbogățită cu fructoză, pro-

dusă in-house, iar al doilea grup a primit o dietă purificată comer-

cială standardizată în inducerea diabetului, pentru o perioadă de 60 

de zile. În cadrul experimentului au fost evaluate următoarele: sta-

rea clinică, aportul alimentar, greutatea corporală, valoarea glice-

miei, parametrii hematologici și biochimici. In ziua finală au fost re-

coltate probe de organe (ficat, rinichi și pancreas) pentru examenul 

necropsic și analiza histopatologică. Rezultatele obținute au arătat 

faptul că administrarea dietei hipercalorice purificate îmbogățite cu 

fructoză pe o perioadă de 60 de zile a fost optimă pentru instalarea 

diabetului de tip II la șoarecii C57BL/6.
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MATERIALS AND METHODS

Ethics statement
This study was carried out in compliance with the principles of 

ethics and in accordance with the provisions of EU Directive 63/ 
2010 on compliance with the rules for the care, use, and protec-
tion of animals used for scientific purposes. The study was favou-
rably evaluated by the Ethics Committee of the „Cantacuzino” 
National Medical-Military Development Research Institute and 
approved by the national competent authority. The animals were 
provided by Băneasa SFP (Specific Pathogen Free) Animal Facility 
area for rats and mice of „Cantacuzino” National Medical-Military 
Development Research Institute, Bucharest. 

All aspects related to animal housing and care were under-
taken in accordance with the national and international regula-
tions concerning animal testing. The food and the water were ad-
ministered ad libitum during the entire experiment period. During 
the study, the animals were housed under standard conditions, 
10 mice per cage, in individually ventilated cages (IVC system), 

otemperature 18-24 C, humidity 35 -75%, and in light-controlled 
conditions (12 h/12 h light and dark cycles). 

Diets
Purified diets are diets wherein each nutrient is provided by 

one or more purified ingredients, which essentially contain one 
main nutrient and little to no non-nutrient chemicals. Due to the 
fact that purified ingredients are refined and easily digested, un-
like cereals in natural diet composition, purified diets allow re-
searchers to better define the nutritional requirements of ani-
mals, in order to induce a certain metabolic syndrome. For ICD 
in-house diet, protein, carbohydrates, and fat requirements for 
T2DM induction were calculated using Microsoft EXCEL, based on 
analytical components of each ingredient, components declared 
by each manufacturer. The quantity of fructose needed to induce 
diabetes was established at 60 % for the ICD diet, in comparison 
to 57 % in Altromin 1064 diet. Vitamins and minerals ingredients 
were added in the form of specific mixtures for mice. The diet pre-
paration process has taken place at „Cantacuzino” National Me-
dical-Military Development Research Institute, Băneasa Station. 
The institute is a producer of natural diets for laboratory animals 
in a factory with a 1000 kg/hour capacity. Because of the small 
amount of purified diet needed for the present study, the ICD diet 
was manufactured in the laboratory, not in the animal feed fac-
tory. For the recipe, the powder ingredients were weighed sepa-
rately and placed in a dish and the solid ingredient (fat) was a-
dded after it was melted in a bain-marie. Ingredients were mixed 
for 15 minutes and made into dough with the addition of bi-
distilled water. The slurry obtained was granulated in a granulator 
GRAMILL GRM30 through a sieve of 8 mm and then stored in a 

orefrigerator at 2-8 C to minimize oxidation. The chemical com-
position and nutritional values of the in-house purified diet and 
Altromin diet are presented in Table 1 and Figure 1.

Animals
C57BL/6 mice, males, and females, 9 weeks old, weighing 

18-21 g were used in this study. Mice were divided into two 
groups, based on the received diet. Each group was divided into 2 
sub-groups with an equal number of males and females (n=10 for 
each gender). Group 1 received an in-house purified hypercaloric 
diet enriched with fructose (ICD) and group 2 received a purified 
standardized diabetes diet (Altromin 1064), for 60 days. As an 
attempt to reduce the number of laboratory animals used in re-
search (according to 3R principles - reduction, replacement, and 
refinement), no control group was formed for the present study. 
The reference interval for blood parameters was based on the 
average values obtained in a previous study on C57BL/6 mice fed 
with a standard diet, for animals provided by the same animal 
facility and the use of the same analysis laboratory (9).

Mice were daily inspected and food intake was recorded for 
each group weekly. Weight measurements were performed for 
each mouse every 14 days during the entire feeding period. Blood 
collection from the retro-orbital sinus was performed on days 0, 
30, and 60, under general anaesthesia, using a cocktail of ace-

promazine (5 mg/kg; Farmavet, Romania) and ketamine (100 
mg/kg; Farmavet, Romania). For haematological tests, blood 
was sampled in EDTA pre-conditioned tubes and IDEXX ProCyte 
Dx 5 Diff analyzer was used. For biochemistry, blood was sampled 
in lithium–heparin pre-conditioned tubes and tests were per-
formed on VetTest 8008 Chemistry Analyzer.

On the final day, animals were euthanized using anaesthetic 
overdose and organs were collected for necropsy and histopatho-
logical examination (liver, kidneys, and pancreas).

Table 1
The values of the main physicochemical parameters 

and metabolized energy specific to each diet

Fig. 1. The values of the main physicochemical parameters 
for each diet

Statistical analysis 
All data are shown as mean values for each group. Statistical 

comparisons were performed using the Microsoft Excel T-test for 
independent groups and one-way analysis of variance for compa-
rison of means of parameters within the same group. P-values < 
0.05 were considered statistically significant.

RESULTS AND DISCUSSIONS

The results of the weight measurements during the 60 days 
study are graphically represented in Figures 2 and 3, as an ave-
rage per group for each diet. In males, weight gain was similar for 
both groups: 15.11% for the ICD diet and 15.85% for the 1064 
diet. In females, recorded weight gain was 16.26% for the ICD 
group and 8.73% for the 1064 group.

Food intake was determined weekly for each diet and an ave-
rage consumption/animal/day was calculated for the entire fee-
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ding period. 1064 group recorded the highest food consumption, 
with an average of 2.82 g/mouse/day in males and 2.71 g/mouse 
/day in females, compared to 2.43 g/mouse/day in males and 
2.39 g/mouse/day in females for the ICD group. The results of 
the food intake are graphically represented in Figure 4.

Fig. 2. Weight measurement in males 
along 60 days study

Fig. 3. Weight measurement in females 
along 60 days study

Fig. 4. Average food consumption/ mouse/day (g) 
for each diet (measured weekly)

For biochemistry, plasma was tested with the semi-automatic 
analyzer IDEXX VetTest 8008, in a dry system, after centrifuga-
tion and storage at -20°C. 

The tested biochemical parameters included: glucose (GLU), 
urea (BUN), uric acid (URIC), alanine aminotransferase (ALT), 
aspartate aminotransferase (AST), alkaline phosphatase (ALPK), 
cholesterol (CHOL) and triglycerides (TRIG). 

For T2DM, the most relevant biochemical parameter was 
blood glucose, hyperglycaemia being an indicator of this meta-
bolic dysfunction (Tables 2 and 3).

Table 2
Biochemical values in males fed with the ICD diet 

compared to the control group. Values are given as 
means for each group and significant differences are 

analysed using an unpaired Student's T-test. 
P-values < 0.05 were considered statistically significant

Table 3
Biochemical values in females fed with the ICD diet 
compared to the control group. Values are given as 

means for each group and significant differences are 
analysed using an unpaired Student's T-test. 

P-values < 0.05 were considered statistically significant
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In males, the average blood glucose level on day 30 was 
216.66 mg/dl for the ICD group and 163.66 mg/dl for the 1064 
group. On day 60, the average blood glucose level was 353.25 
mg/dl for the ICD group and 341mg/dl for the 1064 group.

In females, the average glucose level on day 30 was 230.66 
mg/dl for the ICD group and 170.33 for the 1064 group. On day 
60, the blood glucose level reached 339.75 mg/dl for the ICD 
group and 254.25 mg/dl for the 1064 group. Blood glucose levels 
during the study in males / females, compared to the control 
group, are represented in Figures 5-7.

Fig. 5. Blood Glucose evolution (mg/dl) 
during the 60 days study in males/females

Fig. 6. The values of GLU measurement (mg/dL) 
along the 60 days study (males)

Fig. 7. The values of GLU measurement (mg/dL) 
along the 60 days study (females)

Results showed mildly elevated liver transaminase levels: ALT 
(U/L) was increased in both males and females on day 30 for the 
ICD group compared to the control group. On day 60, ALT was 
increased only in females from the ICD group (Fig. 8). AST (U/L) 
level was higher on day 30 for both genders fed with the ICD diet, 
compared to the control group (Fig. 9). The lipid profile showed an 
increase in blood CHOL (mg/dl) in the ICD group for both genders 
(on days 30 and 60) compared to normal ranges. TRIG values (mg 
/dl) were also mildly increased on days 30 and 60 for females fed 
with the ICD diet, compared to the control group (Figures 10-11).

Fig. 8. The values of ALT (U/L) measurement 
along the 60 days study

Fig. 9. The values of AST (U/L) measurement 
along the 60 days study

Fig. 10. The values of CHOL (mg/dL)) measurement 
along the 60 days study

Fig. 11. The values of TRIG (mg/dL)) measurement 
along the 60 days study

Haematological analysis showed an increased white blood 
count (WBC) for the ICD group on days 30 and 60 in both gen-
ders, compared to the control group. For the 1064 group, the 
WBC was higher on study day 30. Results also revealed high 
lymphocyte blood levels on days 30 and 60 for both genders, 
compared to the control group. Other haematologic parameters 
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registered low-degree variations and there were not considered 
statistically relevant for the present study. Haematological re-
sults are presented in Tables 4 and 5.

Table 4
Haematological parameters in males fed with the ICD 

diet compared to the control group. Values are given as 
means for each group and significant differences are 

analysed using an unpaired Student's T-test. 
P-values < 0.05 were considered statistically significant

Table 5
Haematological parameters in females fed with the ICD 
diet compared to the control group. Values are given as 

means for each group and significant differences are 
analysed using an unpaired Student's T-test. 

P-values < 0.05 were considered statistically significant

For histological examination, organs collected on the final day 
were fixed immediately in formalin 10% (Chemical, Romania) 
and paraffin-embedded for routine histological processing. 

A 4 μm section obtained from each paraffin block was stained 
with haematoxylin and eosin (H&E) and evaluated using a light 
microscope with specific image analysis software (Olympus SC 
50) (Fig. 12). For the ICD group, liver examination showed cyto-
plasmic microvacuolations and steatoid degeneration in hepato-
cytes. The cells around the central vein are filled with different si-
zes fat droplets. For the 1064 group, hepatocyte steatosis was 
encountered only in females. Histological changes in kidney ti-
ssues of ICD and 1064 groups showed mild mesangial cell proli-
feration in both genders. In females (group ICD) kidney exami-
nation also showed tubulointerstitial fibrosis in the renal cortex, 
discretely extended into the medulla area, with mild distal tubule 
– dilation.The histopathological sections of pancreatic tissue from 
both tested groups showed normal pancreatic islets architecture, 
surrounded by a very fine layer of connective tissue. 

Pancreatic tissue examination also showed a normal exocrine 
pancreatic acinar architecture.

Even though some non-clinical studies (in vitro and in silico) 
are available and got improved in the last decades, animal models 
remain the effective option in understanding the complex aetio-
logy, pathogenesis, and multi-systemic interactions present in 
T2DM. In vivo models may be developed by two principal mecha-
nisms: disease induction (using specific diets/drugs) or genetic 
manipulation (17,21,39). Mouse models have proven invaluable 
in the basic science of T2DM by identifying the roles of inflamma-
tion, insulin resistance and potential treatments (18). C57BL/6 is 
one of the most commonly used mouse strains for diabetes 
studies and several rodent models of T2DM are described in the 
literature (10, 20, 21, 33, 34, 36).

The use of unidirectional enriched diets presents an increased 
interest in current research for further development of new the-
rapeutic strategies. Large-scale use of purified diets has become 
a necessity for inducing different metabolic syndromes, including 
T2DM. The purpose is to reduce possible variations and to ensure 
a low level of contaminants in the diets, in order to fulfil the spe-
cific objectives of the preclinical studies. Diet combinations for in-
ducing metabolic syndromes in animals vary in the literature, 
such as high-fat (2), high-fat/high-fructose (41), or high-fat/ 
high-sucrose (28). C57BL/6 mice display symptoms of glucose 
intolerance as early as 6 weeks of age (13) and are highly 
susceptible to the development of obesity, insulin resistance, and 
overt type 2 diabetes when placed on a high-fat diet (36).

The present study refers to the development and evaluation 
of a diet-induced murine model of T2DM by using two different 
diets: a hypercaloric diet enriched with fructose (ICD - in-house) 
and a standardized purified diabetes diet (Altromin), for 60 days. 

Herein, weight measurements on the final day showed that 
the ICD group registered 15.11% weight gain in males and 
16.26% in females. Several mechanisms have been proposed to 
explain the increased body mass gain associated with fructose in-
take. Fructose has been suggested to increase the palatability of 
food, with consequent overeating, although an increased body 
mass index (BMI) is not always correlated with a high-fructose 
diet (2). As type 2 diabetes is closely linked to obesity, most of the 
current animal models of T2DM gain weight, reflecting the human 
condition where obesity is associated with diabetes development.

Biochemical results showed that fasting glucose levels for the 
ICD group increased by day 30, measuring 216.66 mg/dL in 
males and 230 mg/dL in females. By day 60, the average blood 
glucose level reached 353.25 mg/dL in males and 339.75 mg/dL 
in females. Diabetes is defined in mice as a fasting glucose level 
>250 mg/dL, whereas normal fasting glucose levels and predia-
betes were defined as <200 mg/dL and between 200 and 250 
mg/dL, respectively (13). The lipid blood profile showed an in-
crease in cholesterol values (mg/dL) in the ICD group for both 
genders, more significant on day 60, compared to normal ranges. 
Triglyceride values (mg/dL) were mildly increased for the same 
group, compared to the control. In another study of diet-induced 
diabetes, mice demonstrated significantly elevated total choles-
terol levels after 10 weeks of diet, and this trend continued over 
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the remainder of the 30-week intervention. Circulating triglyce-
rides were also significantly elevated in plasma (26). Lipid abnor-
malities in T2DM, often termed “diabetic dyslipidaemia”, are ty-
pically characterized by high triglycerides and high total chole-
sterol with a low level of high-density lipoprotein cholesterol 
(HDL-„good cholesterol”) (16). In diabetes, many factors may 
affect blood lipid levels, due to the interrelationship between 
carbohydrates and lipid metabolism. Therefore, any disorder in 
carbohydrate metabolism leads to a disorder in lipid metabolism 
and vice versa (23). The lipid abnormalities are prevalent in dia-
betes mellitus because insulin resistance or deficiency affects key 
enzymes and pathways in lipid metabolism (14). Early detection 
and treatment of lipid abnormalities can minimize the risk of 
atherogenic cardiovascular disorder and cerebrovascular acci-
dents in patients with type 2 diabetes mellitus (25). Herein, hae-
matological analysis showed an increase in WBC for the ICD 
group on days 30 and 60 in both genders, compared to the control 
group. For the 1064 group, the WBC was higher on study day 30. 
Results also revealed high lymphocyte blood levels on days 30 
and 60 for both genders, compared to the control group. In-
creased WBC and their inflammatory phenotype in diabetes may 
play a pivotal role in micro and macroangiopathy (37). Inflamma-
tion is a central pathogenic mediator in all aspects of T2DM and 
murine high-fat diet-induced pathologies including the cardio-
vascular system (31). An elevated leukocyte count even within 
the normal range was associated with chronic complications and 
can be used to predict the development of micro and macrovas-
cular complications in patients diagnosed with type 2 diabetes 
(27). Histologic organ analysis revealed cytoplasmic micro-vacu-
olation and steatosis degeneration in hepatocytes, while kidney 
examination showed mesangial cell proliferation. 

In another study of a mouse diabetic model, the structure of 
the cells in the hepatic lobule was disorganized, with inflamma-
tory cells infiltration, deformed hepatocytes, and lipid vacuoles in 
the cytoplasm (24). In T2DM, hepatic steatosis is the biochemical 
result of an imbalance between complex pathways of lipid meta-
bolism and is associated with an array of adverse changes in glu-

cose, fatty acid, and lipoprotein metabolism across all tissues of 
the body (12). When glucose levels are elevated in the context of 
T2DM, this provides a further substrate for triglyceride synthesis. 
Additionally, impaired very low-density lipoprotein (VLDL) secre-
tion, which commonly occurs with insulin resistance, further con-
tributes to hepatic fat accumulation (30). As mentioned before, 
persistent levels of hyperglycaemia are also a leading cause of 
kidney disease, although not all patients with T2DM develop renal 
dysfunction (29). Renal impairment in energy-dense diet-fed 
mice was confirmed histologically with evidence of glomerular 
hypertrophy, glomerular mesangial expansion, and thickening of 
the basement membrane (26). Renal fibrosis is thought to be a 
primary pathological event leading to glomerular and tubular 
malfunction and degeneration in diabetic nephropathy (38). Me-
sangial cell proliferation has been identified as a major factor 
contributing to glomerulosclerosis, which is a typical symptom of 
diabetic nephropathy. Increased amounts of mesangial cells de-
velop as glucose stimulates the synthesis of most collagens and 
matrix glycoproteins normally expressed within the mesangium.

In our study, histopathological examination of pancreatic ti-
ssue from both tested groups showed normal pancreatic islets ar-
chitecture, surrounded by a very fine layer of connective tissue.

To mimic late-stage T2DM symptoms observed in humans, 
mice fed with a high-fat/high-fructose diet can be treated with 
low doses of streptozotocin (STZ), a chemical derived from 
Streptomyces achromogenes that is particularly toxic to the insu-
lin-producing beta cells of the pancreas in mammals (4). While 
mice treated with high doses of STZ are considered a model of 
type 1 diabetes, when the drug is administered at low doses, it 
mimics the partial loss of islet cells in the advanced stages of 
T2DM (3). Despite all progress made in diabetes mellitus re-
search, a significant limitation is that mouse models do not en-
tirely demonstrate the similarities for islet pathology observed in 
humans with T2DM (7). Appropriate animal models are still re-
quired and further studies will reduce the gap between preclinical 
and clinical research for a better understanding of the pathophy-
siology and potential therapeutic agents. 
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CONCLUSIONS

The obtained results showed that the administration of the 
purified hypercaloric, high-fructose diet, for 60 days, led to the 
development of T2DM in C57Bl/6 mice. This fact indicates that 
the purified in-house diet can be used for standardizing animal 
models of T2DM, providing an important tool for testing food su-
pplements and medication used in this metabolic dysfunction.
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