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A B S T R A C T   

Researchers from different fields have studied the causes of obesity and associated comorbidities, proposing ways 
to prevent and treat this condition by using a common animal model of obesity to create a profound energy 
imbalance in young adult rodents. However, to confirm the harmful effects of consuming a high-fat and 
hypercaloric diet, it is common to include normolipidic and normocaloric control groups in the experimental 
protocols. This study compared the effect of three experimental diets described in the literature – namely, a high- 
fat diet, a high-fat and high-sucrose diet, and a high-fat and high-fructose diet – to induce obesity in C57BL/6 J 
mice with the standard AIN-93G diet as a control. We hypothesize that the AIN diet formulation is not a good 
control in this type of experiment because this diet promotes weight gain and metabolic dysfunctions similar to 
the hypercaloric diet. The metabolic data of animals fed the AIN-93G diet were similar to those of the high- 
calorie groups (development of steatosis and hyperlipidemia). However, it is important to emphasize that the 
group fed a high-fat diet had a higher percentage of total fat (p = 0.0002) and abdominal fat (p = 0.013) 
compared to the other groups. Also, the high-fat group responded poorly to glucose and insulin tolerance tests, 
showing a picture of insulin resistance. As expected, the intake of the AIN-93G diet promotes metabolic alter
ations in the animals like the high-fat formulations. Therefore, although this diet continues to be used as the gold 
standard for growth and maintenance, it warrants a reassessment of its composition to minimize the metabolic 
changes observed in this study, thus updating its fitness as a normocaloric model of a standard rodent diet.   

1. Introduction 

Obesity is a public health issue characterized by an imbalance in food 
intake and energy expenditure, which leads to accumulation of body fat 
(World Health Organization, 2014). This disease is growing worldwide 
at alarming levels, with overweight/obesity affecting 39% of the adult 
population and being a leading cause of death (World Health Organi
zation, 2017). Many research groups worldwide have been working to 
elucidate the mechanisms by which obesity induces physiological dys
functions has been done extensively using animal models (Nascimento 

et al., 2008). Although different types of animal models, mainly rodents, 
develop obesity from genetic mutations, inducing obesity via diet seems 
to be the most appropriate approach, especially considering that such a 
model should be as close as possible to humans (Kleinert et al., 2018). 

Dietary habits have a substantial impact on health and consequently 
on various chronic complications. For example, eating meals containing 
generous portions of fruits and vegetables has been associated with a 
lower risk of cardiovascular disease (CVD) and low overall mortality 
(Bray et al., 2017). On the other hand, increased industrialization, 
technological development, globalization, and easy access to food have 
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contributed to significant changes in dietary patterns, with increased 
consumption of caloric, low-cost food that are rich in saturated fat, so
dium, and in some cases low in essential nutrients (Buettner et al., 
2007). 

While a protective effect in the vegetable-rich diet may be related to 
the amount of potassium and dietary fiber or to lower bioaccessibility of 
phosphorus in the protein fraction (Nascimento et al., 2008), ingesting 
diets high in fat and simple sugar is related to obesity, insulin resistance 

(IR), increased adipose tissue mass, development of inflammation, and 
atherosclerotic plaque formation (Kleinert et al., 2018). Studies also 
show that diets rich in simple carbohydrates contribute to metabolic 
abnormalities that are often accompanied by hypertriglyceridemia, 
which is associated with insulin resistance (Martins et al., 2015). 

Hypercaloric and hyperlipidic diets are two of the most commonly 
used approaches in experimental studies due to their similarity to the 
eating habits currently observed in the population (Martins et al., 2015). 
Most diets used in the studies are either purified diets or diets modified 
by adding or removing ingredients to achieve a hyperlipidic and 
hypercaloric profile, as described by the American Institute of Nutrition 
(AIN-93) (Reeves et al., 1993). However, no standardization can be 
found for the formulation of obesogenic diets and the duration of 
experimental trials – variables that hinder comparing the results ob
tained between the studies (Buettner et al., 2007). 

To assess the damage caused by the ingestion of these hyperlipidic 
and hypercaloric diets, a parallel normocaloric and normolipidic control 
group is often used. Since the AIN-93G diet is used as a basis to produce 
hyperlipidic diets, the use of its original formulation as a control seems 
to be something interesting. However, animals fed this standard diet 
have shown hepatic steatosis and hyperlipidemia, leading researchers to 
question whether this type of formulation would be the best option for 
use as a lean control group (Silva et al., 2008; Ataíde et al., 2009; Farias 
Santos et al., 2015). We hypothesize that ingestion of normocaloric diet 
AIN-93G promotes weight gain and metabolic dysfunctions similar to 
the hypercaloric diet, raising the possibility of using it as a control. As 
such, this study investigates the effects of the low-fat purified diet 
(AIN-93G) compared with different experimental hypercaloric diets on 
mice. 

2. Methods 

2.1. Animals and diet 

Five-week-old C57BL/6 J male mice (n = 36) obtained from the 
Multidisciplinary Center for Biological Research of the Laboratory Ani
mal Science (CEMIB) at UNICAMP were housed in individual cages 
under controlled temperature (21 ± 2 ◦C), humidity (60–70%), and 
light/dark cycle (12-12 h) conditions. The mice had free access to water 
and the standard commercial diet for one week. After acclimation, the 
animals were randomized into four experimental groups fed 12 weeks 
with the following diets: 1) AIN group: considered low-fat diet; 2) HF 
group: High-fat diet; 3) HFHS group: High-fat and High-sucrose diet; 4) 
HFHF group: High-fat and High-fructose diet. The experimental diets 
were formulated following the AIN-93G formulation, but some modifi
cations in lipids source and carbohydrates were made to provide a high- 
fat and high-sugars diets. All diets formulations are described in Table 1. 

Food intake was controlled three times a week, calculating the dif
ference between food supply and leftover feed in the cages. After this 12- 
week period, the mice fasted for 6 h, were anesthetized with ketamine/ 
xylazine (300/30 mg/kg) and euthanatized by exsanguination (cardiac 
puncture). After blood samples were collected by cardiac puncture, 
some tissues (liver, heart, epididymal and inguinal adipose tissue, and 
brown adipose tissue) were weighed and stored for further analysis. All 
animal procedures were performed in accordance with the National 
Council for Animal Experiment Control (CONCEA) and approved by the 
Ethics and Animal Research Committee of the University of Campinas 
(Brazil) (protocol 4592-1/2017 and 4474-1/2018). 

2.2. Body composition 

Body weight gain was assessed once a week and food intake three 
times a week. Body compositions were evaluated at week 9 of the 
experiment under light sedation (100 mg/kg ketamine hydrochloride, 
10 mg/kg xylazine hydrochloride) using a computerized micro
tomography system (SkyScan 1178, Bruker, Massachusetts, EUA), as 

Table 1 
Diet composition (g/kg) per group.  

Ingredient AIN HF HFHS HFHF 

Casein 145 145 145 145 
Cornstarch 452.5a 172.5a 112.5a 112.5a 

Dextrinized cornstarch 132 132 132 132 
Sucrose 100 100 300 – 
Fructose – – – 300 
Soybean oil 70 40 210 210 
Lard – 310 – – 
Cellulose 50 50 50 50 
Mineral Mix 35 35 35 35 
Vitamin Mix 10 10 10 10 
L-Cystine 3 3 3 3 
Choline bitartrate 2.5 2.5 2.5 2.5 
TBHQ 0.014 0.014 0.014 0.014 
Calories (% provided by 

fat) 
15.8 58.3 40.2 40.2 

Calories (kcal)b 3999.9 5399.9 4699.9 4699.9 

Proximate composition  

AIN HF HFHS HFHF 
Moisture (%) 10.6 ±

0.19a 
5.4 ±
1.05b 

8.1 ± 0.25c 3.5 ±
0.15d 

Ash (%) 2.3 ±
0.04b 

2.6 ±
0.06ab 

2.4 ± 0.03b 2.7 ±
0.11a 

Protein (%) 12.2 ±
0.50b 

12.0 ±
0.97b 

13.6 ±
0.23ab 

14.1 ±
0.34a 

Lipids (%) 7.8 ±
0.34d 

32.7 ±
0.52a 

17.0 ±
0.39c 

21.1 ±
1.82b 

Carbohydrate (%) 67.1 47.3 59.0 58.56 

AIN - composition recommended by the American Institute of Nutrition AIN-93G 
diet (normolipidic and normocaloric); HF - hyperlipidic/hypercaloric and 
hypercaloric diet with added lard; HFHS - hyperlipidic, hyperlipidic and 
hypercaloric diet with increased concentration of soybean oil and sucrose; HFHF 
- hyperlipidic and hyperlipidic, high-fat and hypercaloric diet with increased 
concentration of soybean oil and added fructose. 

a The carbohydrates ingredients in the diet were changed according to the 
addition of soybean oil; and soybean oil was changed according to the sucrose 
and fructose content. 

b Calorie content of the diet was estimated by protein and carbohydrate 
content multiplied by 4 and lipids by 9. 

Table 2 
Weight gain and dietary intake after 12 weeks.   

AIN HF HFHS HFHF 

Initial body weight 
(g) 

20.0 ±
1.00 

19.9 ±
1.71 

20.6 ± 1.33 20.6 ±
1.61 

Final body weight 
(g) 

29.0 ±
0.97 

28.9 ±
1.02 

28.7 ± 0.63 28.4 ±
0.63 

Total weight gain 
(g) 

9.03 ±
0.83 

8.98 ±
0.86 

8.12 ± 0.57 8.39 ±
0.35 

Total food intakea 

(g) 
344.6 ±
10.9a 

235.6 ±
5.98c 

328.6 ±
7.36ab 

308.6 ±
5.09b 

Total energy intakea 

(kcal) 
1378.4 1272.2 1544.4 1544.4 

AIN = standard diet group AIN-93G; HF = High Fat Diet Group; HFHS = High 
Fat High Sucrose Diet Group; HFHF = High Fat High Fructose Diet Group. Re
sults are represented as mean ± standard error (n = 9 animals/group). Different 
letters on the same row mean statistical difference (p <0.05) between groups. 

a Total food and energy intake represent all food ingestion during the exper
imental protocol. 
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described by Doucette et al. (2015). 
Image acquisition was performed according to the following pa

rameters: 240 ms exposure time, 0.720 rotation step, 0.5 mm aluminum 
filter, 47 kV voltage source, 150 μA current source, 360◦ camera rota
tion, and 84.60 μm image pixel size. Scans lasted approximately 2 min 
and 40 s per animal. The 3D reconstructions were performed using the 

NRecon program (version 1.7.1.0, Bruker microCT, Massachusetts, 
EUA). Volume of interest (VOI) related to total fat was identified in the 
image by 605 slices above the acetabulum, while abdominal fat, our area 
of interest, was defined between the L1 to L6 vertebrae region. Fat 
distribution was illustrated using a single slice as a landmark, corre
sponding to the region between the L4 and L5 vertebrae in DataViewer 
(v1.5.4.6, Bruker microCT). A black and white scale was used to 
differentiate the muscle and fat regions, with the white border repre
senting the subcutaneous fat deposits, and the more central white part 
representing the visceral fat deposits located in the abdominal region of 
the mice. Both the analysis and the illustrations were performed using 
the CT Analyzer (v1.16.4.1 Bruker microCT) based on method note 
MN_092. 

2.3. Glucose homeostasis 

Glucose tolerance was assessed at week 10 using an oral glucose 
tolerance test (OGTT) after 6 h of fasting. Fasting blood glucose was 
measured briefly and immediately followed by gavage of glucose solu
tion (2 g/kg) at 15, 30, 60, 90, and 120 min. Insulin sensitivity was 
assessed at week 11 using the insulin tolerance test (ITT) after 2 h of 
fasting. Fasting blood glucose was measured briefly and immediately 
followed by an insulin bolus (0.5 U/kg, Novolin R, Novo Nordisk 
Bagsvaerd, Denmark) at 15, 30, 45, and 60 min. Blood glucose of the 
mice in both tests was monitored by tests collected through the tail vein 
using a Free Lite G-Tech® glucometer (Infopia Co., Ltd; South Korea). 

Fig. 1. X-ray images of abdominal fat obtained after microtomography of C57BL/6 J mice. (A) AIN group, (B) HF group, (C) HFHS group, and (D) HFHF group (n =
9/group). Images were collected in the same area of the lumbar region in all experimental groups. Areas indicated in white correspond to visceral and subcutaneous 
fats, while the areas in black correspond to muscle tissue of the animals. 

Table 3 
Serum and hepatic lipid profile of C57BL/6 J mice according to experimental 
group.   

AIN HF HFHS HFHF 

Serum lipid profile 
TG (mg/dL) 61.56 ±

5.79 
50.97 ±
1.41 

53.63 ±
3.47 

52.26 ±
4.18 

TC (mg/dL) 148 ±
8.24ab 

152.8 ±
5.32b 

139.2 ±
10.5ab 

119 ±
7.07a 

Hepatic lipid profile 
Total lipids (%) 6.8 ±

0.47ab 
8.5 ±
1.01ab 

10.8 ±
0.92a 

6.6 ±
0.80b 

TG (mg/g) 13.8 ±
0.81 

12.7 ±
0.54 

13.3 ±
0.63 

13.3 ±
0.67 

TC (mg/g) 5.1 ± 0.78 3.6 ± 0.52 3.8 ± 0.41 3.7 ± 0.40 
TBARS (nmol MDA/mg 

of tissue) 
0.09 ±
0.035 

0.08 ±
0.013 

0.08 ±
0.005 

0.08 ±
0.017 

AIN = standard diet group AIN-93G; HF = High Fat Diet Group; HFHS = High 
Fat High Sucrose Diet Group; HFHF = High Fat High Fructose Diet Group; TG =
Triglycerides; TC = Total Cholesterol. Results are represented as mean ± stan
dard error (n = 9 animals/group). Different letters on the same row mean sta
tistical difference (p <0.05) between groups. 
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2.4. Biochemical parameters 

Total cholesterol, triglycerides, alanine aminotransferase (ALT), and 
aspartate aminotransferase (AST) were measured by serum samples 
using LaborLab® commercial enzyme kits (LaborLab, Guarulhos/São 
Paulo, Brazil). 

2.5. Liver lipid deposition 

Total hepatic lipid content was assessed in accordance with Folch 
et al. (1957), followed by quantification of total cholesterol (TC) and 
triglycerides (TG) in lipid content extracted with Laborlab® commercial 
kits. Thiobarbituric acid reactive substances (TBARS) in hepatic tissue 

were quantified according to Ohkawa et al. (1979), using 1.1.3.3-tetrae
thoxypropane as a standard curve, with the results expressed as nmol 
MDA (malondialdehyde)/mg of tissue. For the histological evaluation of 
structural changes, liver samples were collected and fixed in 4% 
formalin (v/v). After dehydration in alcohol with different concentra
tion gradients, the samples were embedded in paraffin and sectioned at 
5–7 μm. Sections were stained with hematoxylin and eosin and classified 
according to Kleiner et al. (2005) using a Leica DMI 4000 B microscope 
(Switzerland). Histological evaluations were performed blindly (without 
identifying the group or diet) by a pathologist and a biologist. 

Fig. 2. Effects of diets on (A) fasting glucose, (B) aspartate aminotransferase, and (C) alanine aminotransferase (ALT) in serum of C57BL/6 J mice. Results are 
represented as mean ± standard error (n = 9/group). Different letters represent statistical difference (Anova followed by Tukey’s test; p <0.05). 

Fig. 3. Microscopic evaluation of lipid accumulation and hepatic damage. Qualitative analysis of ballooning and steatosis between the animals (n = 9/group).  

Fig. 4. Hematoxilin and Eosin (H&E) staining of a representative histological liver evaluation (n = 9/group). Magnification: 200x and 400x.  
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2.6. Metabolic data 

2.6.1. Gas chromatography-mass spectrometry (GC-MS) 
Hepatic metabolites were extracted according to the methodology 

proposed by Liu et al. (2018), with minor modifications. After 50 mg of 
liver tissue was weighed, 1 mL of extraction solution (chlor
oform-methanol: water, 2: 5: 2, v/v/v) was added for homogenization 
and the mixture was centrifuged at 17,741×g for 10 min at 4 ◦C. Su
pernatant aliquots (600 μL) were collected and transferred to previously 
identified microtubes, and then dried at 30 ◦C for 2 h and 30 min in a 
vacuum centrifuge before derivatization, which was conducted ac
cording to Liu et al. (2018). For each derivatized sample, 1 μL was 
injected in splitless mode into the HP 5890 Series II gas chromatography 
coupled to an HP 5970 Series Quadrupole Mass Selective Detector mass 

spectrometer (Agilent Technologies, Santa Clara, CA, USA). Chromato
graphic separation was performed using an HP5-MS capillary column 
(Agilent Technologies) with the following dimensions: 30 m length (plus 
10 m guard column), 0.25 mm inner diameter, and 0.25 μm film 
thickness. Helium was used as carrier gas at a flow rate of 1.1 mL/min 
and injector temperature at 250 ◦C. Initial oven temperature was 60 ◦C, 
where it was held for 1 min and then increased to 310 ◦C at a rate of 
10 ◦C/min. The mass spectrometer coupled to quadrupole mass analyzer 
was operated at 70 eV in the EI ionization source, and spectra were 
acquired over a 40–500 Da mass range at three scans per second. The 
quadrupole was operated at a temperature of 180 ◦C and the ionization 
source at 280 ◦C. A solvent cut-off of 5.9 min was applied. To monitor 
data quality and variation, a Quality Control (QC) sample was prepared 
to contain equal small aliquots of all other extracted samples. Moreover, 

Fig. 5. Oral glucose tolerance test (OGTT – A and B) and insulin tolerance test (ITT – C and D) in C57BL/6 J mice fed different diets. OGTT – fasting mice for 6 h and 
ITT fasting for 2 h. Data expressed as mean ± standard error (n = 9/group). Different letters represent the statistical difference (Anova followed by Tukey’s test; 
p <0.05). 

Fig. 6. Liver metabolomic analysis of C57BL/6 J mice fed different experimental diets. AIN (1-black) = standard diet group AIN-93G; HF (2-red) = High Fat diet 
group; HFHS (3-dark blue) = diet group High Fat High Sucrose; HFHF (4-light blue) = High Fat High Fructose diet group; CHOW (5-green) = data not shown (n = 9/ 
group). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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the order of preparation and injection of the samples used was ran
domized to avoid systematic biases. Peak detection, alignment and 
integration were performed using XCMS software (Smith et al., 2006). 

After processing the GC-MS data, a table was generated with the 
integrated area values for all the different variables extracted and then 
subjected to statistical analysis using the online platform MetaboAnalyst 
5.0 (www.metaboanalyst.ca), according to Xia and Wishart (2016). To 
correct for any deviations in intensities that might occur between in
jections, the data were normalized by the sum (analogous to Total Ionic 
Current normalization) and the liver sample mass and scaled using 

Pareto scaling. Multivariate statistical analysis and univariate ANOVA 
were performed using the Partial Least Squares Discriminant Analysis 
(PLS-DA), and variables with p <0.05 were considered significant. Data 
quality was assessed by observing the behavior of the instrumental 
replicas of the QC sample injections. Compound identity was attributed 
by NIST 2008 Mass Spectral Library and peak retention time using the 
AgilentFiehn GC/MS Metabolomics RTL Library version A.01.00 library. 

2.6.2. Ultra-high-performance liquid chromatography-mass spectrometry 
(UHPLC-MS) 

Hepatic metabolites were extracted in accordance with Wang et al. 
(2015), with minor modifications. Extracts were prepared using the 
same quantity of tissue and extraction solution as in the 2.6.1 section. 
The samples were then vortexed for 2 min, incubated for 30 min at 4 ◦C, 
and finally centrifuged at 12000 rpm for 10 min at 4 ◦C. A supernatant 
aliquot (600 μL) was collected from each sample, transferred to the 
corresponding microtubes, and dried in a vacuum centrifuge. Samples 
were then reconstituted in 250 μL (125 μL water and 125 μL acetonitrile) 
and centrifuged for 3 min at 13500 rpm. Two hundred microliters of 
each sample were transferred to their respective inserts. A QC sample 
was prepared as described above. LC-MS analyses were performed on a 
1290 Infinity Liquid Chromatograph (Agilent Technologies). Chro
matographic separation was performed using a 100 × 2.1 mm Poroshell 
120 EC-C18 (Agilent) column and 2.7 μm particle size. Acetonitrile 
(phase B) and water with 0.1% formic acid (v/v) (phase A) were used as 
mobile phase in positive and negative mode. Gradient elution was 
applied at a flow rate of 0.4 mL/min, and 3 μL of each sample was 
injected. The segmented gradient was applied as follows: from 0 to 6 
min, 5–60% of B; from 6 to 8 min, 60–95% of B maintained for 5 min; 
from 13 to 16 min returning to initial conditions, maintaining it for 4 
min. Mass spectra were acquired in centroid mode in the 100–1700 Da 
range using a 6550 QTOF mass spectrometer (Agilent). The samples 

Fig. 7. Analysis of the main liver component of C57BL/6 J mice fed different diets. (A) PLSDA graph for GC-MS data analysis of all groups, (B) PLSDA graph for LC- 
MS positive mode data analysis of all groups, and (C) PLSDA graph for LC-MS negative mode data analysis of all groups, where 1: AIN-93G; 2: HF diet; 3: HFHS diet; 
and 4: HFHF diet (n = 9/group). 

Fig. 8. Pathway Analysis of C57BL/6 J mice fed different experimental diets 
showing impacted metabolic pathways. 

Table 4 
Metabolites found in the different groups by GC-MS and LC-MS analysis.  

Name RT (s) mz (Da) Adduct p-value Source Compound Formula Level of identification 

M165T38 38 165.0429 [M-H]- 0.006522 LCMS (-) Homocysteinesulfinic acid C4H9NO4S 3 
M462T60 60 462.0688 [M-H]- 0.021363 LCMS (-) Adenylosuccinate C14H18N5O11P 3 
M1030T264 264 1029.586 [2 M-H]-515.298 0.004425 LCMS (-) Taurocholic acid C26H45NO7S 3 
M534T460 460.1824 534.296 [M+K]+ 495.332 0.001767 LCMS (+) LysoPC(16:0) C40H80NO8P 3 
M570T426 426.3977 570.2827 [M+H]+569.275 0.002561 LCMS (+) PS(22:6/0:0) C28H44NO9P 3 
M464T60 59.85675 464.0817 [M+H] 0.000646 LCMS (+) Adenylosuccinate C14H18N5O11P 3 
M387T364 363.673 387.1803 [M+H] 0.000755 LCMS (+) Isogingerenone B C22H26O6 3 
M225T311 311.3911 225.149 [M+H] 0.003404 LCMS (+) 13-Oxo-9,11-tridecadienoic acid C13H20O3 3 
M81T580 580.2942 80.51164 N/A 0.018187 GCMS [5951] L-serine 1 [9.706] C3H7NO3 2 
M101T952 951.7138 101 N/A 8.87E-06 GCMS [754] glycerol 1-phosphate [16.056] C3H9O6P 2 
M100T1474 1473.879 100.215 N/A 0.004091 GCMS [6255] maltose 1 [24.702] C12H22O11 2  
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were analyzed in both positive and negative ionization mode, according 
to the following instrumental parameters: VCap of 3,500 V for positive 
mode and 2,800 V for negative mode; 175 V fragment voltage, 60 V 
Skimmer voltage, 750 V OCT 1 RF Vpp, nebulizer gas temperature of 
260 ◦C, sheath gas temperature of 300 ◦C, drying gas of 12 L/min and 
sheath gas flow rate of 12 L/min. 

After loading the data files in the XCMS software, the obtained data 
matrix was normalized and scaled as described in section 2.6.1. Uni
variate ANOVA and multivariate data analysis were carried out using 
Partial Least Squares Discriminant Analysis (PLS-DA), and variables 
with p-value <0.05 were considered statistically significant. Data 
normalization, scaling, and univariate and multivariate statistical ana
lyses were performed using MetaboAnalyst 5.0. Data quality was 
assessed by observing the behavior of the instrumental replicas of the QC 
sample injections as described above. Statistically significant metabo
lites were annotated and identified by comparing the exact compound 
mass and fragmentation profile with the available databases (METLIN, 
Lipid Maps, and KEGG). Metabolite identity was assigned according to 
the Metabolomics Standards Initiative criteria classifications (Sumner 
et al., 2007; Salek et al., 2013). 

2.7. Statistical analysis 

The results obtained in the biological assay were expressed as mean 
± standard error. Parametric results were analyzed by one-way ANOVA 
test for variance analysis, followed by Tukey’s test for comparison of 
means, with 5% significance level. Non-parametric results were 
analyzed by the Kruskal-Wallis test. Statistical analysis was performed 
using GraphPad Prism 5.0 software (GraphPad Software, Inc. La Jolla, 
CA, USA). 

3. Results and discussion 

Since the goal of a hypercaloric diet is to develop obesity, we eval
uated the body weight gain between the normocaloric and hypercaloric 
groups but found no statistical difference (Table 2). The weight gain is 
the first point to be evaluated regarding using the standard AIN-93G diet 
as a control. Other studies have also reported no statistical difference 
between the weight of HF-fed mice compared to the normocaloric and 
normolipidic control diet group (Ramalho et al., 2017; Kakimoto and 
Kowaltowski, 2016; Klurfeld et al., 2021), probably due to its compo
sition or texture. 

Body fat distribution is an important factor in understanding the 
relationship between obesity and metabolic disorders (Timmers et al., 
2011). Despite the evidence that increased adipose tissue alone can 
offset inflammation, diet composition, especially the type of fat and 
carbohydrate used, may also be a key factor in triggering this process 
(Magne et al., 2010). Fig. 1 shows the qualitative assessment of 
abdominal fat composition (visceral and subcutaneous), a representa
tive image obtained by microtomography of the mice in the different 
experimental groups. We clearly observe a higher accumulation of fat in 
the abdominal region in the HF group compared with the other exper
imental groups. Interestingly, the intake of AIN-93G, a diet used as a 
normocaloric standard, appears to deposit more fatty tissue than the 
HFHF diet. It was expected that consuming a diet rich in fructose would 
increase the accumulation of the fatty acid because of its impact on 
lipogenesis (Herman and Samuel, 2016); however, the control diet was 
worse than the HFHS diet. This result is another indication that the 
AIN-93G could not be a good option as a control diet. 

The relationship between abdominal visceral fat accumulation and 
mortality is well established in the literature, as is the contribution of 
this type of fat deposition to developing insulin resistance and hyper
tension, both criteria for metabolic syndrome (Nauli and Matin, 2019; 
Ribeiro Filho et al., 2006; Wajchenberg, 2000). It is unquestionable that 
the higher lipid intake in the HF diet contributed to the higher lipid 
absorption compared with the other groups. But the differences among 

AIN, HFHS, and HFHF in visceral abdominal fat deposits observed in the 
images are more subtle, although both hypercaloric diets provided 2.2 
and 2.7 times more lipids than AIN, respectively. 

Studies show that many variables contribute to weight gain; in our 
study, however, the mice showed no differences in the amount of dietary 
intake, except the HF group, which ingested more calories than HFHS 
and HFHF (Table 2). Besides, the animals received no stimulus to engage 
in physical activity, indicating that diet composition, digestion, and 
nutrient absorption had a greater impact on the observed results. 

We observed no difference in fasting glucose between the AIN group 
and the mice fed high-fat diets, which does not represent that the ani
mals do not have alterations in carbohydrate metabolism since we 
observed a similar metabolic profile between the groups. To elucidate 
the impact of the diets on the serum lipid profile, we evaluated serum TC 
and TG and found that the intake of high-fat diets did not change the 
mice’s TG level when compared to the control diet (Table 3). This is 
another point that highlights the doubt about using the AIN diet as a 
control because there are expected differences in the lipid profile and 
glucose tolerance among the lean group compared to the fat group. 
Therefore, to elucidate the real impact of this diet on carbohydrate and 
lipid metabolism alterations, an experiment comparing the intake of the 
AIN diet and other types of normocaloric and normolipidic diets should 
be performed. It is important to emphasize that the HF group had the 
highest TC level, followed by AIN and HFHS, corroborating the study by 
Dias et al. (2014), which observed that saturated fat sources might not 
be significantly associated with increased blood lipid levels. Moreover, 
Muniz et al. (2019) noted that although a rich lard diet promotes weight 
gain, dyslipidemia was observed in the animals only when cholesterol 
was added to the diet. 

Fructose intake has been associated with obesity due to its differ
ential intestinal absorption compared with glucose, since the transporter 
(GLUT-5) is regulated according to fructose bioaccessibility (Stanhope 
et al., 2018; Noelting and DiBaise, 2015). Besides, the increasing use of 
high fructose corn syrup by the food industry has raised the interest of 
the scientific community to elucidate the real impact of this high fruc
tose intake on health. In the present study, adding fructose to the 
high-fat diet, at 25.5% of energy content, did not promote changes in 
body weight gain, serum, and hepatic TG levels, or fasting glucose when 
compared with the other HF groups (Tables 2 and 3, Fig. 2). However, 
HFHF intake exhibited lower serum cholesterol compared to HF 
(Table 3). 

Velázquez et al. (2019) showed the impact of prolonged consump
tion of a high-fat diet in the development of non-alcoholic fatty liver 
disease. In the present study, however, eating high-fat diet for a 12-week 
period did not alter some liver markers, such as plasma transaminases 
(alanine aminotransferase and aspartate aminotransferase), when 
compared with the normocaloric and normolipidic control groups 
(Fig. 2B and C). We observed no changes in the hepatic total lipid 
content (Table 3 and Fig. 3). In agreement, it is observed in the literature 
that the intake of saturated fatty acids can upregulate non-alcoholic liver 
disease pathways, contributing to intrahepatic triglyceride accumula
tion in the tissue and the development of insulin resistance (Parks et al., 
2017). 

Qualitative histological assessment of the liver tissue (Figs. 3 and 4) 
showed incidence of hepatocytes ballooning in all experimental groups – 
one of the first histological findings of the lesion, although it is revers
ible. However, only the AIN, HF, and HFHS diets showed incidence of 
hepatic steatosis. These findings confirm the damaging effect of AIN diet 
on lipid accumulation in the liver. It also highlights a conflicting point 
about the established pattern of the AIN diet, considered normocaloric 
and normolipidic that also caused fatty liver in the mice. 

Among obesity-related metabolic disorders, insulin resistance is the 
most common (Hegarty et al., 2003). High-fat diets impairs insulin 
response likely by reducing fat oxidation, which results in lipid accu
mulation, increasing macrophage infiltration and releasing 
pro-inflammatory cytokines that contribute to reduced insulin signaling 
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(Hirabara et al., 2010; Nauli and Matin, 2019). 
Among the three high-calorie diets used in the present study, the diet 

prepared with 31% lard had the worst response (although the difference 
was not statistically significant), indicating the development of insulin 
resistance compared with the HFHS and HFHF groups (Fig. 5). 

Studies show that an HF diet decreases insulin sensitivity in the liver, 
skeletal muscle, and adipose tissue of rodents (Turner et al., 2007). Our 
data, however, show that not only the calories but also diet composition 
is responsible for insulin resistance development. Regarding lipid con
tent in liver tissue, we observed a statistically significant difference only 
between the HFHS and HFHF groups (Tabela 3). 

To verify if the intake of the different experimental diets would 
promote metabolic changes in the mice, we investigated the metabolic 
profile of the groups by GC-MS and LC-MS using liver samples (Fig. 6). 
We built PLS-DA models for each analysis (GC-MS and LC-MS) and 
performed univariate statistical analyses (Fig. 7). We carried out a 
metabolic pathway analysis by itemizing the metabolites in Fig. 8, listed 
in Table 4. We noted that the metabolic pathways found were classified 
according to exact mass and database search (level 3) and according to 
their mass and fragmentation profile (level 2) (Table 4). These data 
associated with body weight gain provide relevant information on the 
effects of the AIN formulation on the mice’s health, since they showed a 
similar metabolic profile to animals fed the hypercaloric diet. Based on 
the data observed in the metabolic profile analysis, we believe that a 
dietary strategy for the lean control groups could be the use of com
mercial diets, with different composition and normocaloric profile. 

The most important strength of our study is that we could prove that 
AIN intake promotes similar metabolic alterations to the consumption of 
a hyperlipidic and hypercaloric diet. On the other hand, the study lim
itation was missing a group fed with a commercial (chow) diet to 
demonstrate differences in weight gain. 

4. Conclusion 

Although the AIN formulation had been revised in recent years, our 
findings suggest that further reformulation might be needed, focusing on 
the ingredients selected to formulate the diet. Several research groups in 
the area have already used commercial feed as a control in obesity ex
periments, but we believe that formulating a more precise diet con
cerning the ingredients used would facilitate comparisons in the 
observed effects. The ingredients used to manufacture commercial diets 
are very different from those used in formulating experimental diets. 

In addition to diet composition, consistency may be an important 
parameter influencing the results. Finally, the data present in this study 
suggests that the AIN diet might not be the best control diet to be used in 
diet-induced obesity protocol. Therefore, we suggested that new diet 
formulations should be designed to be used as a control (normocaloric 
and normolipidic) and also perform new protocols to compare the ef
fects of AIN-93G intake and some commercial fed on animals’ carbo
hydrate and lipid metabolism. 
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