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ABSTRACT 
This study aimed at investigating the alteration of lipid serum profile and 
histopathological damage in Psammomys obesus fed different high calorie 
diets. Animals were randomly assigned to four groups. P. obesus of the control 
group were fed with a Low-Calorie natural Diet, the Chenopodicae plant (0.42 
kcal/g). The three other groups were fed high calorie diets rich in 
carbohydrates and protein or rich in carbohydrates and fat (~3.5 - 4.7 
kcal/g). Lipid serum profile was assessed bimonthly during seven-month diets. 
The recorded energy intake was significantly high in the groups fed high calorie 
diets compared with the control group. Body weight was significantly increased 
in animal groups fed high calorie diets. All Psammomys obesus fed high-calorie 
diets developed dyslipidemia with the distinction of different sub-groups 
developing or not obesity and diabetes. High calorie diets rich in 
carbohydrates and fat induced a remarkable increase in lipid serum 
biomarkers indicating a fast induction of dyslipidemia from the first month of 
the experiment with a significant increase in transaminase activities after two 
months revealing pronounced hepatotoxicity and nephrotoxicity which were 
confirmed by a significant increase in liver and kidney relative weight and 
adiposity index. Severe histological alterations were recorded in obese, 

diabetic and dyslipidemic Psammomys obesus with a noticeable hypertrophy of 
the adipocytes, glomeruli and islets of Langerhans, as well as increased hepatic 
lipid droplet accumulation, apoptosis, necrosis and inflammation. A significant 
decrease in the thickness of the whole retinal layer was also observed after 
seven-months diet.  Animals fed Low-calorie natural diet don’t show any signs 
of obesity, dyslipidemia or diabetes. The high calorie diets induced rapid and 
severe changes in body weight, severe metabolic syndrome and 
histopathological features causing organ structural and functional injuries. 
Psammomys obesus seems like an excellent model for studying nutritional 
pathophysiological-metabolic disorders including obesity, diabetes, 
dyslipidemia and their complications, particularly diabetic retinopathy, 
comparable to those of human metabolic processes. 
Keywords: High calorie diet, Psammomys obesus, obesity, dyslipidemia, 
type 2 diabetes. 
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Abbreviations  
AI               Atherogenic index 
ALAT        Alanine amino-transaminase 
ASAT        Aspartate amino-transaminase 
EI               Energy intake 
FC              Food consumption  
FI               Food intake 
GCL          Ganglion cell layer  
HCD          High Calorie Diets 
HCD 0       High Calorie standard laboratory 
granules rich in carbohydrate and protein 
HCD 1       High Calorie Diet 1: formulation 1 
developed at the laboratory rich in carbohydrate 
and fat 
HCD 2       High Calorie Diet 2: formulation 2 
developed at the laboratory rich in carbohydrate 
and fat 
HDL          High density lipoprotein  
INL            Inner nuclear layer  
IPL             Inner plexiform layer 
LCD           Low Calorie Diet 
LDL           Low density lipoprotein  
NONDD    Non-Obese Non-Diabetic, Dyslipidemic  
NONDND Non-Obese, Non-Diabetic, Non 
Dyslipidemic  
ODD         Obese, Diabetic, Dyslipidemic  
ONDD      Obese Non-Diabetic, Dyslipidemic  
ONL         Outer nuclear layer 
OPL          Outer plexiform layer 
P. obesus Psammomys obesus 
POS          Photoreceptor outer segment  
RPE          Retinal pigment epithelium  
T2D          Type 2 diabetes 
TC            Total cholesterol 
TG            Total triglycerides 
 

Introduction 
Food-related metabolic disease is an 
internationally major problem1. Poor quality diets 
and high consumption of high calorie diets (HCD) 
rich in fats and/or sugars, with low amounts of 
minerals, vitamins, antioxidants and other 
micronutrients are considered to be the root cause 
of the development of obesity1,2 and its 
complications, mainly diabetes and diabetic 
retinopathy3. Obesity is also considered a major 
underlying risk factor for the development of 
various chronic pathologies including type 2 
diabetes mellitus (T2D), dyslipidemia, diabetic 
nephropathy, cardiovascular diseases, cancer, 
hypertension and nonalcoholic fatty liver disease4,5. 
This risk is three to seven times higher in obese 
patients than in normal weight individuals and could 
play an important role in boosting the development 
of diabetic retinopathy6. Obesity and overweight 
result from an imbalance between food 
consumption, basal metabolism, and energy 

expenditure. They are characterized by excessive 
accumulation of fat in adipose tissue which can be 
harmful to health1,7. Furthermore, obese subjects are 
often characterized by a state of dyslipidemia in 
which plasma total triglycerides (TG) are increased, 
high density lipoprotein concentrations (HDL) are 
lowered, and LDL apolipoproteins (apo-B100) are 
increased. The central distribution of fat therefore 
plays an important role in lipid abnormalities7. On 
the other hand, diabetes mellitus is related to a lipid 
metabolic abnormality. The increase in diabetic 
cases has been related to the consumption of HCD, 
obesity, and sedentary lifestyles8. Understanding 
the physiopathology associated with diet related-
chronic diseases requires the use of animal models 
close to human physiology and physiopathology. 
Several animal models have been used to study 
these chronic diseases such as obesity, diabetes and 
their complications9. The sand rat Psammomys 
obesus (P. obesus), is an arid-adapted gerbil with a 
low-calorie herbivorous diet consisting essentially of 
chenopodiaceae10. When subjected to a standard 
HCD for laboratory rodents, the animal becomes 
obese in a similar way to humans and develops 
hyperinsulinemia, dyslipidemia, hepatic metabolism 
dysfunction, myocardial anomalies and T2D11. 
Moreover, it may spontaneously develop a 
disabling complication of diabetes, diabetic 
retinopathy12. Therefore, P. obesus gerbil was used 
as a reliable model of diabetic complications 
including T2D when fed a HCD in captivity. 
 
To our knowledge no study has been previously 
conducted to investigate the kinetics of biochemical 
blood markers in P. obesus fed different high-
calorie diets for seven months. Besides, the 
histopathological alterations in the retina, liver, 
kidney, pancreas and adipose tissues at three-
month and seven-month high-calorie diets were 
investigated and compared.  
 

Methods 
ANIMALS, DIET AND EXPERIMENTAL PROTOCOLS 
In the present study, we have used 28 mature male 
P. obesus species (Gerbillidae family), aged from 2 
to 3 months (98–107 g weight), trapped in 
BOUHEDMA Park in the south of Tunisia with the 
authorization of the Tunisian Agriculture Ministry 
(approval number: 2019/548). P. obesus were 
transferred to the laboratory, which was 
maintained under controlled conditions (22–25˚C, 
40 ± 10% hygrometry and 12:12 hours of light and 
dark cycles). Upon their arrival in the laboratory, 
the animals were numbered, weighed, and placed 
in a large and furnished space together. After a 
week of acclimation, animals were separated into 
individual cages and they were fed exclusively on 
the Chenopodiaceae plant (Low–Calorie natural 
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Diet: LCD) with water ad libitum. After an initial 
adaptation period of one week, P. obesus were 
randomly distributed into four groups as follows:  

- The first group (LCD) (n=7): received the low-
calorie diet of the Chenopodiaceae family 
(Salicornia arabica) with the following 
composition: water 81.63 %; ash 8.42 %; fats 
0.48 %; proteins 3.09 %; carbohydrates 6.38 
% and an energetic value (EV) of 0.42 kcal/g 
wb).  

- The second group (n=7): fed with a High 
Calorie standard laboratory granule (EL 
BADR, Bizerte, Tunisia; HCD 0) rich in 
carbohydrate (61 %) and protein (19.5 %), 
EV (~3.5 kcal/g).  

- The third group (n =7): fed with a High Calorie 
Diet 1 (HCD 1) rich in carbohydrate (58 %) 
and fat (19 %), EV (~4.5 kcal/g). 

- The fourth group (n=7): fed with a High 
Calorie Diet 2 (HCD 2) rich in carbohydrate 
(55 %) and fat (23 %), EV (~4.7 kcal/g).  

The experiment was conducted over a period of 7 
months. 
 
ETHICS STATEMENT 
Animal treatment and experiment conformed to the 
“Guide for the Care and Use of Laboratory Animals 
published by the US National Institutes of Health 
(NIH publication No. 85–23, revised 1996). The 
present protocol was approved by the local ethics 
committee. The Ethical Committee on Medical and 
Animal Research of the National Veterinary 
Medicine School, E.N.M.V of Tunisia (Approval 
Number: CEEA-ENMV 23/20). All efforts were 
made to minimize animal suffering and reduce the 
number of animals used. 
 
BODY WEIGHT AND NUTRITIONAL MEASUREMENTS  

Psammomys obesus, were weighed, once a week. 
The percentage of the P. obesus initial body weight, 
% Pi, is calculated as follows: 

 

% 𝑃𝑖 =
𝑃𝑡×100

𝑃𝑖
          Eq.01 

 
Where Pt, is P. obesus weight at time t and Pi is its 
initial weight. 
 

Animals are considered obese, O, when the weight 
change is equal or superior to 150%13. The 
nutritional estimation was determined by food 
consumption (FC), food intake (FI) and energy intake 
(EI)13. Food consumption was determined according 

to Eq.02. Food intake was defined as the ability of 
animals to convert feed energy consumed into body 
weight and was measured according to Eq.03. 
Energy intake was calculated according to Eq.0414. 
The daily food consumption was measured at the 
same time. 
 

Formulas: 

 

• FC (g) =  quantity of food supplied −  quantity of food remaining after 24h  Eq. 02 

• FI (%/𝑑𝑎𝑦) =
FC (g/day)

Animal weight (g)
× 100       Eq. 03 

• EI (
kcal

day
) = FC (

g

day
)  × dietary metabolizable energy (kcal/g)   Eq. 04 

 
Where dietary metabolized energy is calculated 
by using energetic value of each diet. 
 
BLOOD SAMPLING AND SERUM BIOCHEMICAL 
PARAMETERS MONITORING 
Blood was collected bi-monthly by retro-orbital 
sinus puncture using a capillary hematocrit first 
before starting high calorie diet feeding (day 0), 
glycemia was estimated using Accu-Chek Blood 
Glucose Meters (Accu-Chek® Active, Roche, 
Germany). Animals were considered diabetic when 
glycemia was more than or equal to 2 mg/dL15,16. 
Serum lipid parameters such as Total Cholesterol 
(TC), Total tri-Glycerides (TG), Low-Density 

Lipoprotein (LDL), High-Density Lipoprotein (HDL) 
and serum activities of transaminases, Aspartate 
Amino-Transferase (ASAT) and Alanine Amino-
Transferase (ALAT) were assessed on an Architect 
C8000 analyzer using the respective reagent kits 
(Abbott Laboratories, Abbott Park, IL, USA). 
Furthermore, the Atherogenic Index (AI), was 
determined according to Friedewald equation13. 
 
Animals are considered dyslipidemic when total 
cholesterol (TC) ≥ 2.00 g/L and/or low-density 
lipoprotein cholesterol (LDL) ≥ 1.60 g/L and/or 
triglycerides (TG) ≥ 1.50 g/L and/or high-density 
lipoprotein cholesterol (HDL) < 0.40 g/L13. 

 

𝑨𝑰 =
(𝑻𝑪−𝑯𝑫𝑳)

𝑯𝑫𝑳
                          Eq.05 
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SACRIFICE AND ORGANS WEIGHTING  
After seven months of experimentation, the animals 
were weighted and sacrificed by decapitation in 
order to minimize the handling stress and the trunk 

blood collected. The eyes, kidneys, liver and 
adipose tissue were removed, cleaned, and 
weighted, and the relative weights were 
determined.  

 

Relative organ weight (%) =
organ weight

final body weight 
× 10      Eq.06 

 
adiposity Index (Ia) was calculated as following13: 
 

Ia = AT (g)

Animal weight (g)
× 100         Eq.07 

 
 
Where AT is the weight of adipose tissue 
 
HISTOPATHOLOGICAL ANALYSES  
Small pieces of liver, pancreas, adipose tissue, and 
kidneys were fixed in a 10% buffered neutral 
formalin solution and the eye of P. obesus was 
enucleated and conserved in a solution of buffered 
paraformaldehyde phosphate (4%). After 
embedding these organ pieces in paraffin, they 
were sectioned at 5 µm and stained with 
hematoxylin-eosin. Sections were examined using 
light microscopy (Leica, DM750, Leica 
Microsystems, Wetzlar, Germany). The thickness of 
retinal layers, the number of apoptotic cells, 
necrotic cells and lipid droplets in the liver and the 
size of each glomerular, adipocyte and islet were 
measured by the ImageJ software version 1.53 
(Rasband, ImageJ, National Institutes of Health, 
Bethesda, MD, USA). Analyses were performed and 
compared between animals from different 
experimental groups. 
 
STATISTICS 
Statistical analysis was performed using SPSS 
system version 22 (SPSS Inc., Chicago, IL, USA). 
Results were presented as means ± SD for each 
group of animals. The results from each 
experimental group were compared using one-way 
analysis of variance (one-way ANOVA) followed 
by Tukey’s post hoc test between the four diets 
(LCD, HCD 0, HCD 1 and HCD 2). A value of 
p<0.05 was considered to be statistically 
significant.  
 

Results  
EFFECT OF HIGH-CALORIE DIETS ON 
ANTHROPOMETRIC PARAMETERS 

1. Effect of high-calorie diets on energy intake 
and food consumption 
Figure 1 shows the average values of energy 
intake, EI (Figure 1a), food intake, FI (Figure 1b) 
and food consumption, FC (Figure 1c) for animals 
submitted to different diet groups (LCD: Low 
Calorie Diet and High-Calorie groups: HCD 0, HCD 
1 and HCD 2) during 7 months. The EI (kcal/g/day) 
varied from 43.36 ± 5.63 (month 1) to 37.12 ± 
4.01 (month 7) in HCD 0, from 49.92 ± 6.45 (month 
1) to 36.88 ± 5.62 (month 7) in HCD 1 and from 
38.40 ± 4, 70 (month 1) to 30.16 ± 2.67 (month 7) 
in HCD 2. The values of EI are significantly (p<0.05) 
higher than those of the control group, LCD ranging 
from 23.10 ± 2.1 (month 1) to 25.20 ± 2.42 (month 
7) (Figure 1a). 
 
Food consumption values (FC) (Figure 1b) of animals 
fed high calorie diets (HCD 0, HCD 1 and HCD 2) 
were lower than those of animals fed the LCD 
(ranging from 46.67 ± 5.77 g bh/day (1 month) to 
56.67 ± 5.77 g bh/day (7 months). 
 
The dietary attractiveness of the LCD appears to be 
higher than that of the high-calorie diets (HCD 0, 
HCD 1 and HCD 2) (Figure 1b). Due to the higher 
caloric values of HCD 0 (3.48 kcal/g), HCD 1 (4.47 
kcal/g) and HCD 2 (4.64 kcal/g) compared with 
the LCD (0.42 kcal/g), animals fed the high-calorie 
diets have a higher EI than animals fed the LCD 
(p<0.05). 
 
On the other hand, after 7 months of 
experimentation, the FC of HCD 1 and HCD 2 
groups decreased (Figure 1c) and the EI increased 
(Figure 1a) compared to P. obesus fed the HCD 0.  
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Figure 1. Estimation of energy intake (EI) (a), food consumption (FC) (b) and food intake (FI) (c) evaluated in 
the 1st, 3rd, 5th and 7th months for animals subjected to different diets. The results are expressed as means ± SD; 
Histograms with different letters are significantly different between animal groups (Tukey’s post hoc test, p 
<0.05). N=28 total. 
 
2. Psammomys obesus sub-groups distinction 
according to weight gain and biochemical 
parameters dysfunction 
According to the percentage of their initial body 
weight, glycemia and biochemical parameters 
evolution, different groups and subgroups of 
animals are distinguished: 

-Group 1, LCD, animals remain during seven months 
of monitoring, Non-Obese, Non-Diabetic, Non 
Dyslipidemic: NONDND, 
-Group 2, submitted to standard high–calorie diet 
HCD 0, is divided into 2 subgroups: Non-Obese 
Non-Diabetic, Dyslipidemic (NONDD) and Obese, 
Diabetic, Dyslipidemic (ODD), 

https://esmed.org/MRA/index.php/mra/article/view/5171
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-Group 3, submitted to high–calorie diet HCD 1, is 
divided into 2 subgroups: Obese Non-Diabetic, 
Dyslipidemic (ONDD) and Obese Diabetic 
Dyslipidemic (ODD), 
-Group 4, submitted to high–calorie diet HCD 2, is 
divided into 2 subgroups: Obese Non-Diabetic 
Dyslipidemic (ONDDa) and Obese Non-Diabetic 
Dyslipidemic (ONDDb). 
62% of animals receiving HCD 0 rich in carbohydrate 
and protein remained Non-Obese and Non-Diabetic 
but became Dyslipidemic (HCD 0 NONDD) after 
three months, whereas 38% of animals developed 
Obesity, T2D and Dyslipidemia (HCD 0 ODD) after 
one-month. 100% of animals receiving HCD 1, rich in 
carbohydrates and fat developed Obesity and 
Dyslipidemia within month one. Overall, 33% of the 
animals contracted Obesity and Diabetes (HCD 1 
ODD) and 67% developed Obesity with 
Dyslipidemia but Non-Diabetes (HCD 1 ONDD). 75% 
of animals fed HCD 2, rich in carbohydrate and 
richer in fat than HCD 1, developed Obesity and 
Dyslipidemia (HCD 2 ONDD) from the first month, 
whereas 25% of animals were Dyslipidemic but 
remained Not Obese and Non-Diabetic (HCD 2 
NONDD) during three months. This subgroup 
developed Obesity after three months until the end of 
the experiment (seven months) (HCD 2 ONDD). 
 
3. Effect of high-calorie diets on animals’ body 
weight 
At the beginning of the experiment, no significant 
differences were noted in body weight evolution (as 
a percentage of initial weight) between the four P. 
obesus groups (Figure 2), but these differences 

became noticeable during the second week of the 
diet. The body-weight decreased. This reduction in 
body weight is probably linked to the reduction in 
food consumption. Weight returned to normal and 
became significantly elevated up to 3 months 
between control animals and the different sub 
groups (HCD 0 ODD, HCD 1 ONDD, HCD 1 ODD 
and HCD 2 ONDD) (p<0.05), with the exception of 
subgroup HCD 2 ONDDb, for which there was no 
significant change (p>0.05) in weight at 3 months. 
HCD 2 ONDDb showed an increase in body weight 
(150%) after 3 months, and this remained stable up 
to 7 months. Obesity was established from day 30 
in the HCD 2 ONDDa subgroup (Figure 2c), from 
day 60 in the HCD 0 ODD (Figure 2a), HCD 1 
ONDD and HCD 1 ODD (Figure 2b) subgroups, and 
after day 90 in the HCD 2 ONDb subgroups. 
However, from five months to the end of the 
experiment (7 months), the weight of the HCD 0 
ODD, HCD 0 NONDD and HCD 1 ONDD subgroups 
decreased considerably, with the exception of HCD 
1 ODD, HCD 2 ONDDa and HCD 2 ONDDb (Figure 
2). Throughout the 7 months of the different HCD, 
an extension of obesity, characterized by a sharp 
increase in body growth in the HCD 0 ODD, HCD 1 
ONDD, HCD 1 ODD and HCD 2 ONDD subgroups, 
was observed. Average body weight gain 
increased in control animals, LCD (13%) and the 
HCD 0 NONDD (33.15%), HCD 0 ODD (97.73%), 
HCD 1 ONDD (11.66%), HCD 1 ODD (70.09%) 
and HCD 2 ONDDa (54.71%) and HCD 2 ONDDb 
(47.06%) subgroups respectively, (p<0.05) (Figure 
2). 
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Figure 2. Body weight (% of initial body weight) in P. obesus subject to different diets for seven months. The 
results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each captivity 
time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each group. 
 
4. Effect of high-calorie diets on relative organ 
weights 
The relative liver weights of the different animal 
groups are shown in Figure 3a. After 7 months, HCD 
0, HCD 1 and HCD 2 induced hypertrophy of the 
liver. Indeed, there was a significant increase in 
relative liver weight in the subgroups receiving the 
HCD 0, HCD 1 and HCD 2 diets, with values of 4.61 
± 0.61% in HCD 0 NONDD; 6.01 ± 0.1% in HCD 
0 ODD; 3.76 ± 0.28% in HCD 1 ONDD; 5.03 ± 
0.08% in HCD 1 ODD; 2.71 ± 0.23% in HCD 2 
ONDDa and 2.54 ± 0.21% in HCD 2 ONDDb, 
respectively, compared with 2.59 ± 0.03% in the 
LCD groups (p< 0.05). 
 
As shown in Figure 3b, the relative weight of the 
kidney increased significantly in HCD groups after 
7 months (p<0.05). Along with kidney hypertrophy, 
renal function was altered in obese and diabetic 
rats. 

 
The weight of adipose tissue in each group is shown 
in Figure 3c. High-calorie diets rich in carbohydrates 
and protein (HCD 0) or rich in carbohydrates and fat 
(HCD 1 and HCD 2), induced an enlargement of the 
adipose tissue (Figure 3c). After 7 months, the 
adiposity index increased significantly in sub-
groups subjected to HCD 0, HCD 1 and HCD 2 with 
values of 1.91 ± 0.24% in HCD 0 NOND; 3.88 ± 
0.31% in HCD OD; 3.99 ± 0.43% in HCD 1 OND; 
4.85 ± 0.05% in HCD 1 OD; 4.47 ± 0.13% in HCD 
2 ONDa; 4.57 ± 0.14% in HCD 2 ONDb, 
compared with the LCD groups (0.15 ± 0.06%) (p 
< 0.05).  The increase in body weight of P. obesus 
under a HCD is strongly associated with an increase 
in adiposity index (Figure 3c), confirming the 
obesogenic properties of HCD 1, rich in fats and 
richer in carbohydrates and HCD 2, rich in 
carbohydrates and richer in fats than in HCD 0, rich 
in carbohydrates and protein. 
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Figure 3. Evolution of relative weight of liver (a), kidney (b) and adiposity index (c) for different subgroups of 
P. obesus during 3 and 7 months. The results are expressed as means ± SD; Histograms with different letters 
are significantly different between animal groups (Tukey’s post hoc test, p <0.05). N=7 animals for each group. 
 
EFFECT OF HIGH-CALORIE DIETS ON BLOOD 
BIOCHEMICAL PARAMETERS 
1. Impact of high-calorie diets on glycemia 
Figure 4 shows no significant variation in glycemia 
levels throughout the experiment in the control (LCD) 
group during 7 months (p>0.05) (Figure 4). For the 
HCD 0 OD subgroup, mean glycemia values varied 
significantly, from 98 ± 20 mg/dL at the beginning 

of the experiment to 309 ± 76 mg/dL after 3 
months and 370 ± 76 mg/dL after 7 months of the 
HCD (p<0.05), in comparison with the HCD 0 
NONDD and LCD groups. Diabetes was established 
after one month of receiving HCD. Mean glycemia 
values in the HCD 0 ODD subgroup reached 501 ± 
76 mg/dL at month 7, compared with 432 ± 16 
mg/dL in the HCD 1 ODD subgroup.  
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In summary, diabetic P. obesus subjected to HCD 0 
and HCD 1 showed a markedly significant increase 
in glycemia levels compared with control as well as 
the HCD 0 NONDD, HCD 1 ONDD, HCD 2 ONDDa 
and HCD 2 ONDDb subgroups (Figure 4; p<0.05). 

In fact, both subgroups HCD 0 OD and HCD 1 OD 
became diabetic at day 30. High-calorie diet rich 
in fat and richer in carbohydrates (HCD 1), can be 
retained for a rapid induction of diabetes.  

 

             

 

 
Figure 4. Evolution of glycemia (mg/dL) in P. obesus subject to different diets for seven months. The results are 
expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each captivity time are 
significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each group. 
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2. Lipidemia Kinetics 
2.1.  KINETICS OF TOTAL CHOLESTEROL  
Figure 5 shows fluctuations in Total Cholesterol (TC) levels in all groups of P. obesus.  

            

 

 
Figure 5. Determination of Total Cholesterol (TC) (g/L) in P. obesus subject to different diets for seven months. 
The results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each captivity 
time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each group. 
The Total Cholesterol (TC) values in diabetic rats HCD 0 ODD and HCD 1 ODD and obese rats HCD 2 
ONDDa and HCD 2 ONDDb were significantly increased from month one to month seven. Diabetic rats, HCD 
0 ODD, showed an increase in hypercholesterolemia (3.12 ± 0.45 g/L at day 90). This was followed by a 
slight decrease at month 4 (1.67 ± 0.32 g/L). The TC level then increased after month 4 and stabilized until 
the end of the study (2.05 ± 0.46 g/L). In diabetic rats (HCD 1 ODD), serum TC increased to reach a 
maximum value of 7.85 ± 0.15 g/L from day 60 to day 90. At 3 months, this increase is followed by a 
decrease until month 7 (2.25 ± 0.50 g/L). In contrast, obese HCD 2 ONDD sub-groups show an increase in 
TC, reaching a maximum value of 5.32 ± 2.01 g/L on day 60. This increase is followed by a decrease after 
3 months. The TC level stabilizes up to 7 months, at 2.01 ± 0.35 g/L. P. obesus subjected to HCD 0, HCD 1 
and HCD 2 showed a very significant increase in TC level, superior to 2 g/L in 60th days when compared 
with the control group (p<0.05).  
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2.2.  KINETICS OF TRIGLYCERIDES 
Figure 6 illustrates the variation in the triglycerides 
level (TG) of the four groups as a function of the 
duration of diet administration. The triglycerides 
level varies throughout the experiment starting on 
the 15th day. The triglycerides level of the control 
group is 0.93 ± 0.08 g/L. Triglycerides value 
undergoes an increase to reach 1.10 ± 0.37 g/L at 
the end of this study. At the second and fifth months, 
the TG level of the HCD0 OD sub-groups reaches 
its maximum (10.43 ± 1.06 g/L). The level of 

triglycerides (TG) in the sub-group HCD 0 NONDD 
is significantly lower than in the HCD 0 OD and LCD 
groups (p<0.05). Diabetic and obese rats, HCD 0 
ODD (2.55 ± 1.06 g/L), HCD 1 ONDD (6.08 ± 
0.92 g/L), HCD 1 ODD (2.40 ± 0.52 g/L), HCD 2 
ONDDa (3.86 ± 0.14 g/L) and HCD 2 ONDDb 
(2.20 ± 1.12 g/L), subjected to a HCD showed a 
markedly significant increase in serum TG contents 
from month 3 to month 7 compared with LCD group 
and HCD 0 NONDD group (p<0.05) (Figure 6a).  

           

 

 
Figure 6. Determination of triglycerides (TG) (g/L) in P. obesus subject to different diets for seven months. The 
results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each captivity 
time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each group. 
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2.3.  KINETICS OF HIGH-DENSITY LIPOPROTEIN  
As shown in Figure 7, the level of High-Density 
Lipoprotein cholesterol (HDL) in the control group 
(LCD) was 0.37 ± 0.01 g/L on the 15th day. Then, 
it undergoes an increase to reach 0.80 ± 0.30 g/L 
after 7 months. A similar result was obtained in the 
sub-groups HCD 0 NONDD (Figure 7a). The level 
of HDL in the HCD 0 ODD subgroup was 
significantly higher (p<0.05) than in LCD and HCD 
0 ONDDb with a maximum value of 1.22 ± 0.09 
g/L on day 60. This increase is followed by a 
decrease to reach 0.70 ± 0.33 g/L at month 7. The 
normal HDL level reached at the end of this study 
could be explained by a kind of stress adaptation. 

The HDL level in diabetic P. obesus (HCD 1 ODD) is 
1.34 ± 0.59 g/L (Figure 7b); it decreased until the 
90th day, this decrease is then followed by an 
increase to reach 1.05 ± 0.17 g/L at the end of the 
study. The level of HDL in HCD 1 ONDD subgroups 
showed a highly significant increase after the 4th 
month (2.50 ± 0.52 g/L). Besides, the HDL level 
decreases slightly to 1.48 ± 0.17 g/L on day 210. 
In fact, it can be noticed that the level of HDL in HCD 
1 ODD was significantly different compared with 
the LCD group (p <0.05). Moreover, in obese rats, 
HCD 2 ONDDa, the level of HDL was significantly 
different compared to the HCD 2 ONDDb subgroup 
and the LCD group (p <0.05). 
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Figure 7. Determination of High-Density Lipoprotein (HDL) (g/L) in P. obesus subject to different diets for seven 
months. The results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each 
captivity time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each 
group. 
 
2.4.  
2.5. KINETICS OF LOW-DENSITY LIPOPROTEIN 
Figure 8 shows the variation of Low-Density 
Lipoprotein cholesterol (LDL) in the four groups. On 
day 15, the level of LDL in the control group (LCD) 
was 0.77 ± 0.07 g/L. It undergoes a slight increase 
to reach 1.53 ± 0.30 g/L after the 7th month of the 
HCD. In diabetic rats, HCD 0 ODD and HCD 1 ODD, 
the LDL levels at the beginning of the 
experimentation are 1.70 ± 0.22 g/L and 1.34 ± 
0.84 g/L, respectively. After one month, these levels 
are significantly higher (2.30 ± 0.41 g/L and 3.52 
± 0.73 g/L, respectively) than those of rats in the 
LCD group (1.13 ± 0.55 g/L), HCD 0 NONDD (1.00 
± 0.48 g/L) (Figure 8a) and HCD 1 ONDD (0.78 ± 

0.25 g/L) (p<0.05) (Figure 8b). The LDL level 
undergoes a decrease in HCD 0 ODD and HCD1 
ODD, and then stabilizes until the end of the 
experiment. Low-Density Lipoprotein cholesterol 
levels in obese HCD 2 ONDDa rats were 0.35 ± 
0.17 g/L at the beginning of the diet, compared to 
0.77 ± 0.07 g/L in the LCD group and 1.89 ± 0.91 
g/L in the HCD 2 ONDD b subgroup (p<0.05) 
(Figure 8c). HCD 2 ONDDa showed a significant 
increase in LDL level to reach a maximum on the 
second month (6.37 ± 2.22 g/L), this increase 
stabilized and decreased until the end of the 
experiment compared to HCD 2 ONDDb and the 
LCD groups (p <0.05) (Figure 8c).  
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Figure 8. Determination of Low-Density Lipoprotein (LDL) (g/L) in P. obesus subject to different diets for seven 
months. The results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, c) for each 
captivity time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each 
group. 
 
2.6.  KINETICS OF ATHEROGENIC INDEX 
The Atherogenic Index (AI) is defined as the ratio of 
LDL to HDL. Figure 9 shows the variation of the AI 
in the animal subgroups as a function of time. On 
the 15th day, the AI of the control group was 0.59 
± 0.10. It undergoes an increase to reach a value 
of 0.99 ± 0.14 on the 75th day. Thereafter, there 
was a slight decrease until the end of this 
experiment to reach a value of 0.25 ± 0.11. AI in 
the HCD 0 ODD subgroup (Figure 9a) is 
significantly higher than in the LCD group and the 
HCD 0 ONDDb subgroup (p<0.05), it reaches a 
maximum value of 2.22 ± 0.35 on day 75 and then 

stabilizes from month 3 to month 7. The atherogenic 
index in obese rats (HCD 1 ONDD) was 0.83 ± 
0.25 on the 15th day and showed an increase at the 
end of this experiment (1.65 ± 0.43) while in HCD 
1 ODD, the rate of AI reached maximum values of 
4.37 ± 0.82 after one month and increased after 
seven months (Figure 9b). It should be noted that the 
level of AI in HCD 1 ODD was significantly higher 
than the level of AI in the HCD 1 ONDD and LCD 
groups (p<0.05). As a consequence, AI in P. obesus 
subjected to the high-calorie diets, HCD 0, HCD 1 
and HCD 2, increased significantly after 7 months 
(p<0.05). 
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Figure 9. Atherogenic index (AI) in P. obesus subject to different diets for seven months. The results are expressed 
as means ± SD. Means not sharing the same superscript letters (a, b, c) for each captivity time are significantly 
different between groups (Tukey’s post hoc test, p< 0.05). N=7 animals for each group. 
 
According to the results mentioned above, HCD 1 
and HCD 2 have been confirmed as formulations 
inducing dyslipidemia in P. obesus (100%) on day 

30. Whereas HCD 0 induces dyslipidemia in 40% 
of animals on day 30 and in 60% of animals on day 
90. 
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2.7.  KINETICS OF ASPARTATE AMINO-
TRANSFERASE, ALANINE AMINO 
TRANSFERASE AND LIVER WEIGHT OF 
PSAMMOMYS OBESUS 

Figure 10 and Figure 11 present Aspartate Amino-
Transferase (ASAT) and Alanine Amino-Transferase 
(ALAT) activities, which are considered the primary 
indicators of hepatocellular damage. The results of 
the time-dependent ASAT and ALAT assays 
revealed that obese and diabetic P. obesus fed the 
different high-calorie diets, HCD 0 and HCD 1, 
showed a significant increase in ASAT and ALAT 
levels from the 30th day of the experiment. In the 
control group (P. obesus fed Low-Calorie Diet, LCD, 
chenopodiaceae), ASAT and ALAT levels ranged 

from 100 to 120 U/L and 99 to 100 U/L, 
respectively. ASAT levels ranged from 55 to 280 
U/L in the HCD 0 ODD subgroup and from 56 to 
680 U/L in the HCD 1 ODD subgroup, while ALAT 
levels ranged from 64 to 210 U/L in the HCD 0 
ODD subgroup and from 64 to 180 U/L in the HCD 
1 ODD subgroup. 
 
These results revealed that the different high calorie 
diets (HCD 0, HCD 1, HCD 2) induced a significant 
increase in ASAT and ALAT activities, compared 
with LCD P. obesus whose high levels could be 
explained by stress due to captivity (Figure 10 and 
Figure 11).  
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Figure 10. Enzymatic activities of Aspartate Amino-Transferase (ASAT) (U/L) in P. obesus subject to different 
diets for seven months. The results are expressed as means ± SD. Means not sharing the same superscript letters 
(a, b, c) for each captivity time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 
animals for each group. 
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Figure 11. Enzymatic activities of Alanine Amino-Transferase (ALAT) (U/L) in P. obesus subject to different diets 
for seven months. The results are expressed as means ± SD. Means not sharing the same superscript letters (a, b, 

c) for each captivity time are significantly different between groups (Tukey’s post hoc test, p< 0.05). N=7 
animals for each group. 
 
HISTOPATHOLOGICAL CHANGES  
1. Effect of high calorie diets on 

histopathological changes in the liver 
The histological study carried out on liver tissue at 
months 3 and 7 in animals fed low-calorie (LCD) and 
high-calorie diets (HCD 0, HCD 1, HCD 2) confirms 
the biochemical results observed above. Indeed, the 
histology of P. obesus livers from the LCD group 
showed normal hepatic cell architecture, a clearly 
visible centro-lobular vein, the presence of normal 
bile ducts and the absence of any cellular necrosis 
or inflammation (Figure 12 a-b’’). Structural 
alterations were observed in the liver tissue of 
animals fed HCD. The microscopic analysis of 
histological sections from HCD rats revealed 
significant changes after 3 months, including the 
appearance of apoptotic and necrotic cells, 
significant cytoplasmic vacuolization with a major 

accumulation of lipid droplets, and damage to 
hepatic sinusoids with remarkable vascular 
congestions (Figure 12 b-b’’). At month 7 of the 
different HCD (Figure 12 d-d’’), severe alterations 
were observed in the liver tissue of groups HCD 0, 
HCD 1 and HCD 2, characterized by severe 
dilatation of the centrolobular vein, intense 
dilatation of the portal space and inflammatory 
infiltrates. The appearance of fibrosis, chromatin 
condensation and dislocation of the centrilobular 
vein were also noted, along with significant 
sinusoidal enlargement and extensive cytoplasmic 
vacuolization. On the other hand, we detected 
increased apoptotic and necrotic cells, and the 
formation of hepatic steatosis characterized by 
excessive accumulation of lipid droplets, especially 
TGs in cytoplasmic vesicles.  
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Figure 11.  Histological analysis of liver tissues by hematoxylin-eosin (H&E) staining during 3 months (a: 
magnification, 10×; scale bar = 200 µm), (b, b’, b’’: magnification, 40×; scale bar = 50 µm) and 7 months 
(c: magnification, 10×; scale bar = 200 µm), (d, d’, d’’: magnification, 40×; scale bar = 50 µm). 
CV: centrolobular vein, SI: sinusoids, H: hepatocyte, Ap: apoptic cell, Nc: necrotic cell, PVB: portal vein 
branch, PT: portal triad, HA: hepatic artery, BD: bile duct, LI: inflammatory leukocyte infiltrations. The 
continuous spherical heads arrows indicate: macrovesicular droplets; the discontinuous arrows indicate: 
microvesicular droplets. (e) Apoptic cells, (f) Necrotic cells and (g) Lipid droplet quantification expressed in 
percentage of the number of hepatic cells. Lipid droplet size quantification expressed in squared micrometer 
(µm2) during 3 months (h) and 7 months (i). Means ± SD for triplicate analyses. Values not sharing a common 
superscript differ significantly (Tukey’s post hoc test, p< 0.05). N=28 total. 
 
2. Effect of high calorie diets on 

histopathological changes in adipose tissue 
The histological architecture of the adipose tissue 
was analyzed in the different groups of P. obesus 
at 3 and 7 months. Sections from the LCD group 
(Figure 12A, A’) showed no abnormalities in 
adipocytes even after 7 months. Histological 
evaluation of the adipose tissue after 3 months in 
the different high-calorie diet groups, HCD 0, HCD 
1 and HCD 2, revealed an abnormal architectural 

observation (hypertrophied adipose cells, 
inflammation). By the 7th month of HCD, adipose 
damage was extensive, with numerous foci of 
inflammation (Figure 12 B’- G’). Adipocyte size was 
significantly greater after 7 months than after 3 
months of the various hypercaloric diets in the HCD 
2 group (70.61 ± 4.44 µm2), followed by the HCD 
1 (49.15 ± 2.42 µm2) and HCD 0 (35.09 ± 0.89 
µm2) groups, compared with the LCD group (13.74 
± 0.54 µm2) (Figure 12 a).  
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Figure 12. Histological analysis of adipose tissue by hematoxylin-eosin (H&E) staining (40× magnification; scale 
bar = 50 µm). Adipose sections of LCD (A-A’), HCD 0 (B-C, B’-C’), HCD 1 (D-E, D’-E’) and HCD 2 (F-G, F’-
G’). Ad: Adipose cell, M: Cell membrane, N: Nucleus, C: Cytoplasm, Red arrows: Inflammation. (a) Size of 
adipocytes are expressed in squared micrometer (µm2). Means ± SD for triplicate analyses. Values not sharing 
a common superscript differ significantly (Tukey’s post hoc test, p< 0.05). N=28 total. 
 
3. Effect of high calorie diets on 

histopathological changes in kidneys 
The architecture of kidney tissue in control P. obesus 
(LCD group) shows the presence of the same 
glomeruli with clearly marked membranes (Figure 
13 a). In fact, after 7 months, there were severe 
structural alterations in the cortical zone where 
Bowman's capsules adhered to the glomeruli, 
leading to an enlargement of Bowman's space, as 
shown by the red arrows. Granular degeneration 
of distal and proximal tubules, vascular congestion, 
inflammation (circle) and glomerular fragmentation 

(yellow arrows), were observed in the different 
HCD (Figure 13 a). These histological changes in 
kidney tissue were more marked after 7 months in 
the kidneys of the HCD 1 and HCD 2 groups than in 
those of the HCD 0 group (Figure 13 a).  
 
The HCD 2 (70.61 ± 4.44 µm2), HCD 1 (49.15 ± 
2.43 µm2) and HCD 0 (35.09 ± 2.43 µm2) groups 
showed a significant increase (p< 0.05) in 
glomerular size compared with the LCD group 
(13.74 ± 0.54 µm2) (Figure 13 b). 
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Figure 13. Histological sections of kidney in control (LCD) and treated (High Calorie Diet: HCD 0, HCD 1 and 
HCD 2) P. obesus during 3 and 7 months. (a) Sections were stained with hematoxylin–eosin (40× magnification; 
scale bar = 50 µm). G: Normal Glomeruli, GA: Glomeruli atrophy, PCT: Proximal convoluted tubules, DCT: 
Distal convoluted tubules, ADCT: Atrophy distal convoluted tubules, V: Vacuolization, Vs: Vascular congestion, 
IF: Inflammation (circle), Yellow arrows indicate: glomeruli fragmentation, red arrows indicate: Bowman’s space 
enlargement. (b) Size of glomerular are expressed in squared micrometer (µm2). Means ± SD for triplicate 
analyses. Values not sharing a common superscript differ significantly (Tukey’s post hoc test, p< 0.05). N=28 
total. 
 
4. Effect of high calorie diets on 

histopathological changes in the pancreas 
Histopathological examination of the pancreas of 
rats subjected to the different high-calorie diets 
(HCD 0, HCD 1 and HCD 2) revealed degenerative 
changes after 3 months such as morphologically 
remarkable lesions of islets and acinar cells and 

reduction of β-cells, apoptosis and necrosis in islet 

cells (Figure 14a). In addition, there is the 
accumulation of lipid droplets, congested blood 
vessels, vacuolated cells and dilated interlobular 
ducts. These changes are marked when compared 
with pancreatic sections from the LCD group, which 
show a typical histological organization. In terms of 

pancreatic tissue, the various high-calorie diets 
(HCD 0, HCD 1 and HCD 2 groups) induced at 
month 7, generalized pancreatic damage, with 

degeneration of the β-cells, which became 

atrophied, disappearance or shrinkage of the islets 
of Langerhans, numerous necrotic cells and 
numerous lipid droplets (Figure 14a). A significant 
increase (p<0.05) in pancreatic islet size was 
observed after 7 months in the HCD 2 (168.70 ± 
12.21 µm2) and HCD 1 (196.48 ± 12.02 µm2) 
groups compared with the LCD (88.28 ± 10.45 
µm2) and HCD 0 (120.98 ± 9.02 µm2) groups 
(Figure 14b).  
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Figure 14. Histological analysis of pancreas by hematoxylin-eosin (H&E) staining (40× magnification; scale bar 
= 50 µm) during 3 and 7 months (a). Stars indicate: Islet of Langerhans, IS: Interlobular septa, Ac: Acinar cells, 
BV: Blood vessels, LD: Lipid droplets, arrows indicate: reduced, dilated and congested islets cell with vacuolated 
cytoplasm, arrowheads indicate: Shredded islets with irregular contour, arrows with spherical heads indicate: 
dilated interlobular duct. (b) Size of islets are expressed in squared micrometer (µm2). Means ± SD for triplicate 
analyses. Values not sharing a common superscript differ significantly (Tukey’s post hoc test, p< 0.05). N=28 
total. 
 
5. Effect of high calorie diets on 

histopathological alterations in p. Obesus 
retina 

The four animal groups (LCD, HCD 0, HCD 1 and 
HCD 2) have distinct morphological modifications in 
the P. obesus retina. Low Calorie Diet (LCD) retinas 
showed regular layers with a thin inner limiting 
basement membrane (Figure 15a), whereas HCD 0 
retina slices showed a reduced thickness of retinal 
layers and thin irregular nuclear layers after 3 and 
7 months of hyperglycemia in comparison with LCD 
groups. This was also seen more reduction in HCD 1 
and HCD 2 retinas. The results of this study show 
that P. obesus retina has a thinned and scalloped 
appearance in the HCD 0 group and more in the 
HCD 1 and HCD 2 groups after 3 and 7 months of 
different HCD animal groups developing obesity, 
hyperglycemia and dyslipidemia. This study also 
indicates a larger cell density and a clear reduction 

in the number of cells in the ONL, INL and GCL in 
HCD 0 and more in HCD 1 and HCD 2 groups as 
compared with the LCD group (Figure 15a). This 
observation was confirmed by a quantitative 
measurement of retinal layer thickness at months 3 
and 7 (Figure 15 b-c). A significant decrease in the 
retinal pigment epithelium (RPE: ~ -59%, -38%, -
46% / -58%, -69%, -52%), photoreceptor outer 
segment (POS: ~ -35%, -68%, -57% / -7%, -62%, 
-34%), outer nuclear layer (ONL: ~ -27%, -41%, -
33% / -58%, -77%, -82%), outer plexiform layer 
(OPL: ~ -40%, -60%, -43% / -29%, -50% -43%), 
inner nuclear layer (INL: ~ -13%, -67%, -63% / -
36%, -53%, -32%), inner plexiform layer (IPL: ~ -
57%, -70%, -64% / -23%, -59%, -54%) and 
retinal ganglion cell layer (GCL: ~ -27%, -55%, -
43% / -74%, -82%, -66% )  was noticed in HCD 0, 
HCD 1 and HCD 2 versus LCD animals, respectively.  
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Figure 15. (a) Retinal morphology and (b-c) Quantitative measurements of retinal thickness in control (LCD) and 
treated (High Calorie Diet: HCD 0, HCD 1 and HCD 2) P. obesus during 3 and 7 months. Sections were stained 
with hematoxylin–eosin (40× magnification; scale bar = 50 µm). Data are expressed as means ± SD. Values 
not sharing a common superscript differ significantly (Tukey’s post hoc test, p< 0.05). N = 28 total.  
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Discussion 
The present study aims to investigate the influence 
of different high-calorie diets (HCD) on biochemical 
blood markers and histological organ damage in 
the Tunisian rodent model P. obesus over three and 
seven months. The animals fed high-calorie diets rich 
in carbohydrate and richer in fat, showed less food 
consumption than the other high calorie diet groups. 
This may be explained by the fact that a high-fat 
diet could induce food rejection in rats17. This result 
is similar to that observed in Wistar rats18. 
However, other studies report that a high-fat diet 
induces less satiety and therefore leads to higher 
levels of food intake19. These contradictory findings 
may be linked to the variable feeding behavior of 
animals under stressful conditions. During the second 
week of the different high-calorie diets rich in 
carbohydrates and fat, a significant reduction in 
body weight was observed in the different animal 
groups. This is probably due to a stage of 
adaptation to living in captivity and/or stressful 
conditions 20. 
 
After three and seven months of receiving the high 
calorie diets, P. obesus developed obesity by 
increasing lipid storage in metabolic organs such as 
adipose tissue and the liver. Similar studies showed 
that P. obesus develops obesity after 3 months of 
HCD (3.25 and 3.85 kcal/g, respectively)11, 12, 21. 
Several studies carried out on Wistar rats confirmed 
that the consumption of HCD (3.65 kcal/g) increases 
body weight and induces an accumulation of lipids 
in adipose tissue after 6 months of HCD22. The 
increase in body weight as a consequence of the 
increased storage of body fat has been observed 
in many studies investigating the relationships 
between diets supplemented with either fats or 
carbohydrates and induced metabolic 
disorders18,22, 23.  
 
Excessive fat and carbohydrate consumption can 
affect the liver24, leading to increased relative liver 
weight in P. obesus fed a HCD compared with a low-
calorie diet based on chenopodiaceae, as 
triglycerides accumulate in adipose tissue and liver. 
Similar results were observed in Wistar rats fed a 
high-fat diet25. In contrast to its inhibitory effect on 
cholesterol biosynthesis, cholesterol from food has 
been shown to stimulate hepatic fatty acid 
biosynthesis. Subsequently, these metabolic 
disorders can lead to serious diseases, including 
T2D and non-alcoholic fatty liver disease26. Rats 
fed HCDs showed an increase in TC and TG levels, 
which eventually triggered the development of lipo-
toxicity and lipid accumulation in the liver25. 
However, this accumulation of fat is considered non-
alcoholic fatty liver disease and evolves into 
steatosis27.  

After three and seven months, the adiposity index 
increases because of the increase in body weight in 
animals fed high calorie diets. Several studies 
suggest that hypertrophy of adipose tissue is found 
as soon as overweight appears and precedes 
hyperplasia28. In contrast, hyperplasia is a 
characteristic of severe or morbid obesity. Actually, 
adipose hypertrophy is an independent risk factor 
for developing T2D29. According to previous 
studies, animals subjected to HCD rich in sugars and 
oils exhibited hyperglycemia. In fact, the saturated 
fats in high calorie diets. are responsible for the 
increase in carbohydrate profiles30.  The high 
calorie diets were effective in promoting the 
development of metabolic disorders in different 
animal groups that are manifested by an increase 
in body weight and body fat accompanied by 
hyperglycemia which are the major characteristics 
of T2D qualified by diabesity. Similar results were 
found when P. obesus was subjected to a high 
calorie diet highlighting the appearance of the 
same physiological disorders31. Hyperglycemia is 
linked not only to hyperinsulinemia due to the high 
calorie diet but also to a decrease in the activity of 
insulin receptors especially since P. obesus naturally 
has a lower number of insulin receptors at the level 
of the liver and muscle32. In addition, 
hyperglycemia is linked to an increase in the 
proportion of pro-insulin in the bloodstream 

following hyper-stimulation of pancreatic β cells33. 

 
According to the literature, hypercholesterolemia is 
strongly associated with metabolic dysfunction and 
T2D, which confirms our results. Moreover, the oleic 
acid in corn oil used in food formulation (37%) can 
be converted to acetate and then to cholesterol in 
the presence of glucose34. Sugars associated with 
fats have also been shown to increase cholesterol 
biosynthesis or facilitate metabolic pathways 
leading to hypercholesterolemia34. During a seven-
month period of high calorie diet, the hepatic tissue 
can convert glucose into fatty acids, from which TG 
is manufactured and transported to the blood 
stream as very low-density lipoprotein cholesterol 
(VLDL) and stored as fat in the adipose tissue35. 
 
Metabolic syndrome and dyslipidemia, seem to be 
the result of the development of insulin resistance in 
peripheral tissues leading to an enhanced hepatic 
flux of fatty acids from dietary sources, 
intravascular lipolysis and adipose tissue resistance 
to the antilipolytic effects of insulin36. High levels of 
serum TG observed in high-calorie groups are 
generally associated with increased VLDL secretion, 
through which lipolysis could produce HDL34. This 
may explain the high levels of HDL observed in HCD 
1 ONDD after 7 months. The saturated fatty acids 
(14%) present in the corn oil could increase the 
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production of TG and TC by the liver and could also 
decrease the catabolism of LDL by repressing their 
receptors37, resulting in the high levels of LDL 
observed in HCD 1 ODD rats. HCD 1 ODD and HCD 
2 ONDD sub-groups had increased TC and LDL 
compared with the LCD group, and HCD 1 ODD 
sub-groups had the highest LDL concentrations. This 
fact was explained by the decreased HDL 
observed in HCD 1 ODD rats after 7 months, thus 
decreasing the reverse cholesterol transport from 
the bloodstream to the liver37. 
 
High-calorie diets rich in lipids and carbohydrates 
induced the disturbances in the P. obesus lipid 
profile. These metabolic disturbances could be due 
to diabetic stress after a sudden change in diet11. 
When P. obesus was fed a low-calorie natural diet 
composed of halophyte plants (Chenopodiaceae), it 
never developed any pathology11. After seven 
months in P. obesus fed high calorie diets, 
hyperglycemia and weight gain were observed in 
different subgroups (HCD 0 ODD, HCD 1 ONDD, 
HCD 1 ODD and HCD 2 ONDD) and were 
associated with dyslipidemia which is closely 
associated with obesity.  
 
The results of this study indicate that high calorie 
diets rich in lipids and carbohydrates induce glucose 
intolerance. Furthermore, the two subgroups HCD 0 
ODD and HCD 1 ODD showed a loss of body 
weight and T2D complications with hyperglycemia 
and dyslipidemia at month seven. These results are 
due to the adverse effect of high glucose levels on 
the pancreas, which induces apoptosis and 
pancreatic B-cell necrosis and consequently a 
considerable decrease in insulin levels38. Our results 
are similar to those reported by Sihali-Beloui et al. 
(2016)11.  Another study showed that chronic 
exposure of pancreatic islets to high amounts of 
nutrients (glucose, fatty acids), induces beta cell 
dysfunction and cell death, which results at the 
systemic level in a decrease in insulinemia39. The 
present study demonstrates that seven months of 
HCD enriched with sugar and oil were associated 
with an increase in circulating TC, TG, HDL and LDL 
levels, strongly suggesting a major dyslipidemia 
feature in P. obesus gerbils. Hyperlipidemia is also 
closely associated with the development of diabetic 
retinopathy6. The results of the present study are 
similar to those of Spolding et al. (2014)40. The 
serum ASAT and ALAT levels are also affected by 
stress and cortisol released by the adrenal glands. 
Adrenal insufficiency has been shown to correlate 
with the progression of liver disease and elevated 
ASAT and ALAT levels41. Moreover, similar results 
have already been reported by other researchers. 
Increased activity of aminotransferases (ALAT and 
ASAT) is an indicator of cellular leakage and failure 

of membrane functional integrity resulting from liver 
damage42. 
 
The increase in serum lipid profile and hepatic 
enzymes such as ASAT and ALAT activity levels is in 
agreement with the analysis of the histology of the 
various tissues such as the liver, adipose tissue, 
kidney, pancreas and retina. After seven months of 
high-calorie diets rich in different concentrations of 
carbohydrates and fats, liver damage was 
confirmed through increased apoptotic and necrotic 
cells, and the formation of hepatic steatosis 
characterized by excessive accumulation of lipid 
droplets. Spolding et al. (2014) reported that after 
4 weeks of the standard laboratory HCD enriched 
with 2% cholesterol, P. obesus contributes to the 
development of hepatic steatosis, comparable to 
that of humans40. 
 
High-calorie diet rich in fat and in carbohydrate 
induced severe alterations in adipose tissue that 
correlate with the development of obesity. Our 
results are in agreement with those of Jung & Choi 
(2014) who demonstrated that excess adipose 
tissue contributes to the development of metabolic 
diseases and leads to adipokine secretion and 
adipose tissue deregulation43. 
 
The effects of a high-calorie diet rich in fat on the 
renal structure of rats are responsible for obesity 
and may lead to renal deformities as a result of 
histopathological changes. Our study highlighted 
the association between high-calorie intake, 
obesity, and type 2 diabetes, which are known 
causes of renal disease. It is reported that obesity 
and type 2 diabetes can influence the progression 
of chronic kidney disease due to their direct effects 
on renal hyperfiltration, increased glomerular 
pressure, and podocyte damage44. These findings 
underscore the complex interplay between diet, 
metabolic disorders, and renal health, and they 
emphasize the potential role of HCD in the 
pathogenesis of diabetic nephropathy in rat 
models. For the pancreatic tissue, our results suggest 
that all alterations indicate physiological and 
metabolic alterations associated with diabetes and 
its complications. This result is in accordance with the 
findings of Madić et al. (2020)45. Moreover, it has 
been shown that high-calorie diets, especially those 
high in fat and carbohydrate, are associated with 
early impairments in the retina, which are linked to 
glucose metabolism deregulation46. Additionally, 
high-fat diets have been found to profoundly affect 
vision, retinal function, and various ocular tissues 
through a variety of mechanisms47. Three and seven 
months of obesity, diabetes and dyslipidemia 
induced by high calorie diets (HCD 0 richer in 
carbohydrates and protein than HCD 1 and HCD 2, 
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HCD 1 richer in fats and richer in carbohydrates 
than HCD 2, and HCD 2 richer in carbohydrates and 
richer in fats than HCD 1), caused major damage to 
the retina in P. obesus, affecting photoreceptors. 
These histological abnormalities of the retinal layers 
indicate diabetic retinopathy. These results are in 
agreement with those found in seven months 
diabetic P. obesus15 and Ins2Akita mice48. Many 
studies have shown that hyperglycemia leads to a 
significant decrease in the number of GCL cells, 
causes a loss of 20% to 25% of GCL in the 
peripheral retina in C57BL/6J mice at four months49 
and 44% of GCL in P. obesus at five to six months15, 
accompanied by a significant decrease in the 
thickness of the INL. Other studies in mice and rats 
demonstrate no loss of different cell layers, such as 
GCL during one year of diabetes50. 
 
The current study provides a baseline for a better 
understanding of nutritional pathophysiological-
metabolic disorders. Elucidating the morphological 
changes in liver, renal, retinal, and adipose tissue, 
would facilitate the design of new strategies to 
prevent hepatic, renal, adipose and visual 
dysfunction associated with both nutritional and 
metabolic pathologies. The effect of high-calorie 
diets on other biomarkers produced by the target 
organs will be explored in future studies. 
 

Conclusion 
Psammomys obesus subjected to seven-month high 
calorie diets showed an alteration of the serum lipid 
profile. The induced metabolic disorder leads to the 
accumulation of lipids and consequently the 
development of obesity, dyslipidemia 
(hypertriglyceridemia and hypercholesterolemia) 
with a subsequent increase in the activity of 
transaminases (ASAT and ALAT) associated with 

hyperglycemia. Histopathological examination of 
the liver, adipose tissue, kidneys and pancreas 
revealed the harmful effects of the different high-
calorie diets, manifested by the increased size of 
adipocytes, glomeruli and islets of Langerhans, as 
well as increased hepatic lipid droplet 
accumulation, apoptosis, necrosis and inflammation. 
Induced nutritional dyslipidemia and diabesity in P. 
obesus confirms that it is an excellent animal model 
for studying pathophysiological-metabolic 
disorders and their complications. It can be used in 
testing compounds toxicity, validating therapeutic 
and/or preventive new bioactive compounds that 
cannot be carried out directly in humans. 
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