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ABSTRACT:  
 

Introduction: Type 2 diabetes (T2D), frequently accompanied by hyperinsulinemia, is 

associated with impaired taste sensitivity, which may affect dietary preferences and metabolic 

health.  

Objectives: This study investigates how a high-fat diet (HFD) and hyperinsulinemia 

influence fat taste perception through disruptions in calcium signaling, while also assessing 

key metabolic parameters such as glucose homeostasis, lipid profiles, oxidative stress, and 

inflammation in male C57BL/6J mice.  

 Methods: Mice (n=24) were fed either standard (STD) or high-fat diet (HFD) for 15 days, 

then subdivided into control, HFD, STZ, and HFD-STZ groups (n=6 each). T2D was induced 

in STZ and HFD-STZ mice via streptozotocin injections (40 mg/kg/bw/day, i.p). Fatty acid 

preference was evaluated using a two-bottle choice test, and calcium imaging was performed 

on isolated taste bud cells (TBC). Plasma lipid profiles, TBARS, SOD, GPx, TNF-α, IL-1β, 

and IL-6 levels were analyzed.  

 Results: The STZ group showed increased food and energy intake, while the HFD and HFD-

STZ groups exhibited reduced food intake but elevated energy consumption. Glycemia and 

insulinemia were significantly higher in the HFD, STZ and HFD-STZ groups, with the HFD-

STZ and mice displaying insulin resistance. Alterations in lipid profiles and oxidative stress 

markers were evident, particularly in the HFD and HFD-STZ groups, which also 

demonstrated elevated pro-inflammatory cytokines and reduced antioxidant activity. Our 

results revealed a decreased preference for fat in the HFD and HFD-STZ groups, which 

correlated with suppressed calcium signaling triggered by linoleic acid (LA). Also, the STZ 

group exhibited a slight preference for the fat solution, with a reduced calcium response in 

TBC.  

 Conclusions: These findings highlight the pivotal role of hyperinsulinemia, inflammation 

and oxidative stress associated to diabetes in impairing fat taste sensitivity and disrupting 

dietary regulation, emphasizing the importance of managing insulin levels for glycemic 

control and preserving sensory mechanisms crucial for healthy eating behaviors.  

 

1. Introduction 

Diabetes is a complex syndrome characterized by chronic hyperglycemia and is classified into type 1 diabetes 

(T1D), type 2 diabetes (T2D), specific forms of diabetes, and gestational diabetes mellitus (ADAPPC, 2024). 

Among these, T2D accounts for approximately 90% of all cases (Sun et al., 2022) and is marked by a 

progressive, non-autoimmune decline in the insulin-secreting capacity of pancreatic beta cells. This 

dysfunction is often accompanied by insulin resistance (IR) and metabolic syndrome (MS), both central to 

T2D pathogenesis. Pancreatic beta cells, the primary source of insulin, play a critical role in maintaining 
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glucose homeostasis by synthesizing, storing, and releasing insulin in response to metabolic fluctuations 

(Bartolomé, 2023). 

Unbalanced dietary patterns, particularly high-calorie Western diets, significantly contribute to beta-cell 

dysfunction. These diets promote dyslipidemia and oxidative stress, activating proinflammatory pathways that 

exacerbate insulin resistance and accelerate the progression of T2D (Galicia-Garcia, 2020). 

Experimental studies have shed light on the mechanisms underlying T2D. High-fat diets in mice induce 

insulin resistance and hyperinsulinemia without necessarily causing hyperglycemia (Varghese et al., 2020). 

Moreover, combining HFD with low-dose streptozotocin (STZ) effectively induces T2D in animal models, 

although outcomes vary depending on diet composition, STZ dosage, species, and age (Sing, 2024). The 

interaction between HFD and STZ exacerbates metabolic dysfunctions, including systemic inflammation and 

oxidative damage, pivotal factors in T2D development. Fernandez-Millan et al. (2022) emphasized the 

importance of inter-organ communication in T2D, particularly how beta cells interact with metabolic and non-

metabolic tissues, paving the way for novel research avenues. 

In addition to its impact on metabolic regulation, diabetes profoundly influences sensory functions, notably 

taste perception. This sensory process, governed by receptors located within the digestive tract, is essential for 

maintaining balanced food intake. Disruptions in taste perception can lead to imbalanced eating behaviors, 

contributing to malnutrition, overnutrition, and metabolic pathologies linked to prolonged high-fat diet 

consumption (Peinado et al., 2023).Studies consistently demonstrate a negative correlation between dietary fat 

consumption and fat taste sensitivity, with HFD consumers exhibiting diminished sensitivity to fat taste (Khan 

et al., 2020). 

Humans and rodents show a spontaneous preference for dietary lipids. Several studies suggest the existence of 

fat taste of as a sixth taste modality for the orosensory detection of dietary long-chain fatty acids (LCFAs) 

(Khan et al., 2020). CD36 and GPR120receptors located in taste bud cells (TBC), play a crucial role in the fat 

detection. LCFAs activation of these receptors triggers an increase in intracellular calcium concentration 

allowing the release of neurotransmitter which, by activating the afferent nerves, transmits fat-taste signal to 

the nucleus of solitary tract and the gustatory brain areas (Hichami et al., 2022) 

Diabetes, particularly T2D with elevated insulin blood level, directly impairs taste sensitivity.  Indeed, 

researchers have explored the potential impact of diabetes on taste sensitivity, revealing that changes in taste 

perception may influence the dietary choices of diabetic patients (Takai and Shigemura, 2020). Furthermore, 

Rohde et al. (2020) highlighted the importance of targeting taste receptors and sensory pathways as potential 

therapeutic strategies to mitigate diabetes-induced changes in food preferences and metabolic outcomes. 

Various hypotheses have been proposed to elucidate the association between fat-taste perception and obesity, 

including hedonic appetite, alterations in gut microbiota, impaired taste sensitivity, and elevated taste 

thresholds. However some studies have identified significant correlations between fat-taste perception and 

obesity, others report inconclusive findings, underscoring the complexity of this relationship. In light of these 

intricacies, this study aimed to investigate how HFD combined with T2D, influences fat perception in TBC 

through disruptions in calcium signaling. Additionally, we assessed metabolic parameters, including body 

weight, glucose homeostasis, lipid profiles, oxidative stress markers, and inflammatory responses, using male 

C57BL/6J mice as the experimental model. 

2. Methods 

2.1. Animal model and experimental design: 

Experiments were performed using The C57BL/6J male mice, purchased from Janvier lab (France). Animals 

were housed in suitable cages with a controlled environment (12h light/dark photocycle with constant 

temperature 25°C and humidity 60±5%). The study was conducted in accordance with the Declaration of 

Helsinki and European ethical guidelines regarding the care and use of animals in experimentation. All 

experimental protocols received approval from the Regional Ethical Committee of the University of Burgundy 

(Dijon, France). Twenty-four mice (n=24), with an average weight of 25.44±0.42 g, were randomly divided 

into two equal groups (n=12): a control group fed with standard diet (STD) and HFD group consumed high fat 

diet (HFD)(Table 1).  

Table 1. Composition of the diets. 

Ingredients Standard diet (%) High-calorie diet (HFD) (%) 
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Starch 66.80 40.07 

Proteins 16.10 14.60 

Fats      3.10 35.30 

Cholesterol   - 0.03 

Cellulose   3.90 2.70 

Vitaminsb 2.70 3.40 

Mineralsc 5.10 3.90 

Total energy (Kcal/100g diet) 359.5 536.65 

Fat energya (% of total energy) 8.00 60 

 

The diets were prepared in laboratory. The fatty acids composition of fats (%) in standard diet is 18.82 % 

saturated fatty acids (SFA), 26.38% monounsaturated fatty acids (MUFA) and 54.80% polyunsaturated fatty 

acids (PUFA). High-fat diet (HFD) contained 45.85% SFA, 40.02% MUFA and 14.13% PUFA. aValues of 

each macronutrient are expressed in percentage of total energy content.  
bAIN-93M vitamin mixture (g/100 g): thiamin HCl 0.06, ribofavin 0.06, pyridoxine HCl 0.07, niacin 0.3, 

calcium pantothenate 0.16, folic acid 0.02, biotin 2×10-3, menadione sodium bisulfite 8×10–3, sucrose 98.2, 

vitamin B12 0.1, vitamin A (500,000 U/gm) 0.8, vitamin D3 (400,000 U/gm) 25×10–3, vitamin E acetate (50 

U/gm) 1. gm: gram of matter 
cAIN-93M mineral mixture (g/100 g): calcium phosphate 50, sodium chloride 7.4, potassium citrate 222, 

potassium sulfate 5.2, magnesium oxide 2.4, manganese carbonate 0.35, ferric citrate 0.6, zinc carbonate 0.16, 

cupric carbonate 0.03, potassium iodate 1×10-3, sodium selenite 1×10-3, chromium potassium sulfate 55×10-3, 

sucrose 11.8. 

After 15 days of diet adaptation, each group was divided into two other groups (n=6): Control, HFD, STZ and 

HFD-STZ. STZ and HFD-STZ groups received an intraperitoneal injection of streptozotocin (STZ) (40 mg/kg 

bw) (Sigma-Aldrich, St. Louis, MO, USA) dissolved in citrate buffer (0.1M, pH= 4.5), for 4 consecutive days. 

STZ was prepared immediately prior the injection. The two other groups: Control and HFD were injected only 

by vehicle solution (0.1 M citrate buffer, pH 4.5). After the final injection, glycemia was measured to confirm 

the establishment of hyperglycemia, typically characterized by fasting blood glucose levels exceeding 7.0 

mmol/L (1.26 g/L).During the experimental period, mice had free access to water and diet.  

Body weight, food and water intake were monitored weekly. At the end of the experiment which lasted 5 

weeks, animals were fasted overnight then anesthetized with 2%isoflurane gas(C3H2ClF5O), sacrificed by 

cervical dislocation and fasting glycemia was determined from the tail vein by strips test (Accu-Chek Active, 

Roche Diagnostics, Mannheim, Germany). Tongues were cut from mice for papillae isolation. Blood plasma 

was collected and centrifuged at 1000g for 20 min at 4°C. Liver and adipose tissue were removed, rinsed with 

cold saline solution and weighed. All Samples were put in liquid nitrogen then stored at -80 °C until further 

analysis. 

2.2. Two-bottle preference test 

The experiments assessing spontaneous preference for a fatty acid solution were conducted using a two-bottle 

preference test, as previously described by Dramane et al. (2012).Six hours before the start of the experiment, 

mice were deprived of water intake. During the period of overnight, mice of each group were placed 

individually in cages, subjected to two bottles and they had to choose between a control and a test solution. 

The test solution included 0.2% linoleic acid (LA) (18:2 n-6) emulsified in 0.3 % xanthan gum (XG) (w/v) in 

water, while the control solution contained water with 0.3% XG (w/v).XG was used to emulsify the oil and to 

minimize differences of textural properties between both solutions. XG and LA were obtained from Sigma 

(St. Quentin Fallavier, France).  

2.3. Papillae and taste bud cells isolation  

Following the method previously described by El-Yassimi et al. (2008), taste bud cells (TBC) from lingual 

papillae were isolated using enzymatic digestion with a mixture of elastase and dispase (2 mg/mL each) in 

Tyrode’s buffer (120 mM NaCl, 5 mMKCl, 10 mM HEPES, 1 mM CaCl₂, 10 mM glucose, 1 mM MgCl₂, 10 

https://fr.wikipedia.org/wiki/Carbone
https://fr.wikipedia.org/wiki/Hydrogène
https://fr.wikipedia.org/wiki/Fluor
https://fr.wikipedia.org/wiki/Oxygène
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mM Na pyruvate, pH 7.4). The lingual papillae were carefully dissected under a microscope, and immediately 

after isolation, the TBC were used for calcium imaging experiments. 

2.4. Biochemical analyses 

2.4.1. Level of plasma insulin, HOMA-IR and QUICKI indices evaluation 

An ultrasensitive ELISA (Enzyme-Linked Immunosorbent Assay) kit from Merck-Millipore (EMD 

Millipore; EZRMI-13K; Darmstadt, Germany) was used according for the determination of plasma insulin 

according to the manufacturer’s instructions. It is based on the direct sandwich technique in which two 

monoclonal antibodies are directed against separate antigenic determinants on the insulin molecule. During 

incubation insulin in the sample reacts with enzyme (HRP)-conjugated anti-insulin antibody and anti-insulin 

antibody bound to microplate well. A simple washing step removes unbound enzyme labeled antibody. The 

bound HRP complex is detected by reaction with TMB substrate. The reaction is stopped by adding acid to 

give a colorimetric endpoint that is read using ELISA reader.  

Homeostasis model assessment of insulin resistance index (HOMA-IR) was calculated according to the 

formula of Haffner et al. (1997):  

HOMA-IR= fasting plasma glucose × fasting serum insulin/22.5.  

Quantitative insulin sensitivity check index (QUICKI) was calculated according to the formula of Katz et al. 

(2000): 

QUICKI = 1/ (log (fasting insulin) + log (fasting plasma glucose). 

2.4.2. Plasma lipid profiles 

Total Cholesterol (TC), triglycerides (TG) and high-density lipoprotein cholesterol (HDL-C) levels were 

determined by an enzymatic colorimetric assay, using commercial diagnostic kits (kit Biocon, Germany) and 

non-HDL cholesterol (non-HDL-C) is a calculated parameter derived by subtracting HDL-C from TC. Non-

HDL cholesterol provides an estimation of all cholesterol containing (atherogenic) particles LDL, triglyceride-

rich very low density lipoprotein and so-called remnant particles), thus providing a more accurate assessment 

of cardiovascular risk compared to LDL alone. 

2.4.3. Plasma and tissue lipid peroxidation assessment 

Plasma lipid peroxidation was assessed according to the method of Quintanilha et al. (1982) by the estimation 

of thiobarbituric acid reactive substances (TBARS). Malondialdehyde (Sigma-Aldrich, l’Isle d’Abeau, 

France) was used as a standard. One milliliter of diluted plasma was added to 2ml of thiobarbituric acid 

(TBA) (final concentration, 0.017 mmol/l), plus butylated hydroxytoluene (concentration, 3.36 μmol/l), the 

mixture was incubated at 100°C for 15 minutes. Following centrifugation (1,000 g for 10 min at 4°C), the 

absorbance of the supernatant was determined at 535 nm.  

In tissues, TBARS was measured by the complex formed between malondialdehyde (MDA) and TBA 

(Ohkawa et al., 1979). Briefly, 0.5g of tissue (liver or adipose tissue) was homogenized with 4.5 mL of KCl 

(1.15%). 0.1 ml of sodium dodecylsulfate (8.1%), 750 μl of acetic acid (20%), and 750 µl of TBA reagent 

(0.8%) were added to 100µl of homogenate and mixed. The reaction mixture was incubated at 95°C for 60 

min. Then it was cooled in ice and supplemented with 2.5 ml of n-butanolpyridine (15:1).  The sample was 

mixed, centrifuged at 4000g for 10 minutes. The upper phase was collected and used for measuring the 

absorbance at 532nm. 

2.4.4. Total antioxidant capacity 

The total antioxidant capacity (T-AOC) was assayed by using colorimetric assay Kit (FRAP Method). Under 

acid condition Fe3+-TPTZ can be reduced by antioxidants and produce blue Fe2+ and the antioxidant capacity 

of sample was determined by detection the absorbance at 593nm (MyBioSource, MyBioSource Inc., San 

Diego, CA, USA). 

2.4.5. Superoxide dismutase activity 

Superoxide dismutase (SOD, EC. 1.15.1.1) is a metalloenzyme that catalyses the dismutation of the 

supeoxideanion to molecular oxygen and hydrognperoxide.Atetrazolium salt was utilized in the assay for 

superoxide dismutase (kit Cayman,Cayman Chemicals, Ann Arbor, MI (USA)) to detect superoxide radicals 
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generated by hypoxanthine and xanthine oxidase. One unit of SOD was defined as the amount of enzyme 

needed to exhibit 50% dismutation of the superoxide radical. The absorbance value was recorded at 440 to 

460nm. 

2.4.6. Glutathion peroxidase activity 

Glutathione peroxidase (GPx, EC 1.11.1.9) is a selenoenzyme that reduces hydroperoxides, including 

hydrogen peroxide, to water or alcohols using reduced glutathione (GSH) as a substrate. This activity is vital 

for protecting cells from oxidative stress. The GPx assay (kit Cayman, Cayman Chemicals, Ann Arbor, MI 

(USA)) employs a coupled reaction with glutathione reductase (GR), where GPx oxidizes GSH to glutathione 

disulfide (GSSG), which is then recycled to GSH by GR in the presence of NADPH. GPx activity is measured 

by monitoring the decline in absorbance at 340 nm, reflecting NADPH oxidation. One unit of GPx is defined 

as the enzyme amount oxidizing 1 µmol of NADPH per minute under standard conditions. 

2.4.7. Measurement of proinflammatory cytokines: 

An in vitro ELISA kits were used for the determination of quantitative measurement of mouse Interleukin-1 

beta (IL-1β) (Cat. No: MBS824958), Interleukin-6 (IL-6)(Cat. No:MBS824703) or Tumor necrosis factor-alpha 

(TNF-α) (Cat. No: MBS825075) in plasma (MyBioSource, MyBioSource Inc., San Diego, CA, USA). These 

assays employ an antibody specific for Mouse IL-1β, IL-6 or TNF-α coated on a 96-well plate. Standards and 

samples are pipetted into the wells and IL-1β, IL-6 or TNF-α present in a sample are bound to the wells by the 

specific immobilized antibody. The wells are washed and biotinylated anti-Mouse IL-1β, IL-6 or TNF-α 

antibody are added. After washing away unbound biotinylated antibody, HRP-conjugated streptavidin is 

pipetted to the wells. The wells are again washed, a TMB substrate solution is added to the wells and color 

develops in proportion to the amounts of IL-1β, IL-6 or TNF-α bound. The Stop Solution changes the color 

from blue to yellow, and the intensity of the color is measured at 450 nm. 

2.5. Measurement of Ca2+ signaling  

As described previously by Dramane et al. (2012), isolated TBC were cultured in Willico-Dish wells 

containing RPMI complete medium, 10% fetal calf serum, 2 mM glutamine, 50 µg/mL penicillin–

streptomycin, and 20 mM HEPES, at 37 °C. Following an overnight incubation, the supernatant was 

discarded. The cells were further incubated for 30 min with 1µM of Fura-2/AM in a buffer containing: 110 

mM NaCl, 5.4 mM KCl, 25 mM NaHCO3, 0.8 mM MgCl2, 0.4 mM KH2PO4, 20 mMHepes, 1.2 mM CaCl2, 

10 mM Glucose pH 7.4 at 37°C. After the addition of test molecules to the wells, a Nikon TiU microscope 

employing a 40X oil immersion S-fluor objective (Nikon, Tokyo, Japan) was used to observe the fluctuations 

of intracellular free Ca2+ measured as the F340/F380 ratio. Equipped with Luca-S EM-CCD camera, the 

microscope could record real-time digital images with 16-bit resolution. ΔRatio served as a measure of the 

fluctuations in intracellular free Ca2+and it was calculated as the difference between the F340 and F380. 

2.6. Statistical analysis 

All calculations were carried out with six independent measures for each set of samples by calculating means 

± standard error of the mean (SEM) with the Statistica 8.1 software.  The significance of differences between 

groups was evaluated by using o two way ANOVA and Tukey’s honestly significant difference (HSD) test 

were performed to determine statistically significant differences between mean values (p<0.05): aHFD vs 

Control, bSTZ vs Control, cHFD-STZ vs Control, dHFD vs STZ, eHFD-STZ vs STZ, fHFD-STZ vs HFD. 

3. Results 

In a study conducted on male C57BL/6J mice, the STZ group demonstrated significantly higher food intake 

(p<0.05) and energy intake (p<0.001) compared to the control group (table 2). The HFD and HFD-STZ 

groups showed a significantly lower food intake than the control group (p<0.001). However, both the HFD 

and HFD-STZ groups had significantly higher energy intake (p<0.001) compared to the control group. 

Additionally, there was a significant increase in both food and energy intake in the HFD and HFD-STZ groups 

when compared to the STZ group (p<0.001). The HFD-STZ group had a higher energy intake than the HFD 

group (p<0.01). Conversely, there was no statistically significant difference in food consumption between 

these two groups. 

https://www.mybiosource.com/il6-mouse-elisa-kits/il-6/824703
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Upon comparing the different groups, it was noted that the HFD group showed a 19% increased in body 

weight compared to the control group. The HFD-STZ group had a 13% lower body weight compared to the 

HFD group and a 14% reduction when compared to the STZ group. Remarkably, the HFD group exhibited a 

substantial 25% increase in body weight compared to the STZ group (table 2). 

The relative liver weight comparisons were shown in table 2 revealed notable differences among the groups. 

The HFD group showed a 26% increase in relative liver weight compared to the control group, while the STZ 

group exhibited a 17% decrease. The HFD-STZ group had a 12% higher relative liver weight than the control 

group but demonstrated a 17% decrease compared to the HFD group. Additionally, the HFD-STZ group 

induced a 26% increase as compared to the STZ group. Most significantly, the HFD group showed a 40% rise 

in liver weight compared to the STZ group. 

 

Table 2. Body weight, food consumption, energy intake, relative organ weights of liver and adipose tissue, 

fasting glycemia and insulinemia, HOMA-IR and QUICKI indices of mice at the end of the experiment 

 

Values are means ± SEM of 6 mice per group. The Tukey test was used for statistical analysis, with a 

significance threshold set at p <0.05.Statistical comparisons were made as follows: aHFD vs Control, bSTZ vs 

Control, cHFD-STZ vs Control, dHFD vs STZ, eHFD-STZ  vs STZ, fHFD-STZ vs HFD 

Relative weight = [organ weight/body wheight] x 100. 

Our findings also revealed a significant increase in the relative weight of adipose tissue in the HFD and HFD-

STZ groups compared to the control group (p<0.001), with values 2.2- and 2-fold higher, respectively. 

Furthermore, both the HFD and HFD-STZ groups had significantly higher relative weights of adipose tissue 

compared to the STZ group (p<0.001), with values 2.6- and 2.3-fold higher, respectively. In diabetic mice on a 

HFD (HFD-STZ group), no significant difference was found compared to the HFD group (table 2). 

At the end of the experiment, fasting blood glucose levels in the STZ group increased by 30% compared to the 

control group, and this elevation was accompanied by a 51% increase in insulin levels (table 2). Both the HFD 

and HFD-STZ groups exhibited significantly higher fasting blood glucose levels and insulin release response 

compared to the control group (p<0.001). Compared to the STZ group, the HFD group exhibited significantly 

elevated fasting blood glucose (p<0.01) and insulin levels (p<0.001).  

The combination of STZ injection and HFD feeding (HFD-STZ group) in mice, resulted in a significant 

increase in both fasting blood glucose (p<0.01) and insulin levels (p<0.05) compared to STZ-induced mice on 

a standard diet. In HFD-STZ group, no significant difference was noted in fasting blood glucose compared to 

HFD group. Nevertheless, insulinemia was increased significantly (p<0.01). 

Groups  Control  HFD STZ    HFD-STZ 

Body weight (g) 26.82±0.42   33.06±0.55a,d 24.67±0.82b   28.60±0.33c,e,f 

Food consumption 

(g/day/mouse) 
  5.11±0.12    3.76±0.10a,d   4.76±0.14b   3.91±0.15c,e 

Energy intake  

(Kcal/day/mouse) 
18.37±0.32     20.18±0.16a,d  17.11±0.23b  20.98±0.17c,e,f 

Relative organ weights     

Liver   3.82±0.11   5.15±0.14a,d    3.16±0.25 b    4.26±0.11c,e,f 

Adipose tissue   1.26±0.13   2.82±0.18a,d 1.09±0.16   2.52±0.13c,e 

Glycemia (mmol/L)  5.12±0.14   9.21±0.50a,d   7.31±0.20b 10.32±0.35c,e 

Insulinemia ( IU/mL)  4.34±0.35 13.91±0.34a,d   8.89±0.43b   11.16±0.25c,e,f 

HOMA-IR  0.99±0.16   5.69±0.17a,d   2.89±0.13b     5.12±0.11c,e,f 

QUICKI  0.38±0.02      0.30±0.01a   0.33±0.01b         0.30±0.03c 
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Based on these measurements, we calculated HOMA-IR and QUICKI. Our findings revealed that the HFD, 

STZ and HFD-STZ groups exhibited elevated HOMA-IR values compared to the control group. Also, both the 

HFD and HFD-STZ groups showed higher HOMA-IR values than the STZ group. Whereas, no significant 

changes in the HOMA-IR index was observed in HFD-STZ vs HFD group. Regarding the QUICKI index, 

values were increased in all experimental groups as compared to the control group. 

As shown in table 3, plasma levels of TC, HDL-C, non-HDL-C, and TG increased by 46%, 32%, 54%, and 

60%, respectively, in the HFD group compared to the control group. Similarly, in the HFD-STZ group, these 

plasma lipid concentrations were elevated by 46%, 36%, 53%, and 66%, respectively. Inversely, the STZ 

group showed a reduction of 59% in HDL-C and 10% in TC, but an increase in non-HDL-C (+13%) and TG 

(+56%) compared to the control group. 

 

Table 3. Levels of plasma lipids and lipid peroxidation in plasma, liver and adipose tissue 

Groups  Control HFD STZ HFD-STZ 

Plasma lipids     

Total cholesterol (mmol/L)   1.85±0.12     3.40±0.28a,d 1.68±0.23 3.45±0.23c,e 

HDL-cholesterol (mmol/L)   0.86±0.02     1.26±0.11a,d  0.54±0.04b 1.35±0.09c,e 

Non-HDL cholesterol (mmol/L)   0.99±0.03     2.14±0.05a,d  1.14±0.02b 2.10±0.08c,e 

Triglycerides (mmol/L)   1.24±0.10   3.12±0.13a     2.85±0.15bb  3.65±0.14c,e,f 

Lipid peroxidation     

Plasma (nmol/mL) 48.41±1.28 67.91±0.71a  65.40±3.67b 77.10±2.40c,e,f 

Liver (nmol/mg proteins) 46.40±0.57 66.30±1.12a  66.70±0.71b 67.10±1.84c 

Adipose tissue (nmol/mg proteins) 43.01±1.41   54.80±1.70a,d  41.10±1.56 65.20±0.85c,e,f 

 

Values are means ± SEM of 6 mice per group. The Tukey test was used for statistical analysis, with a 

significance threshold set at p <0.05. Statistical comparisons were made as follows: aHFD vs Control, bSTZ vs 

Control, cHFD-STZ vs Control, dHFD vs STZ, eHFD-STZ vs STZ, fHFD-STZ vs HFD 

The HFD group exhibited elevated plasma TC (50%), HDL-C (66%), and non-HDL-C (47%) levels, with no 

significant difference in TG content compared to the STZ group. In addition, the HFD-STZ group 

demonstrated significant increases in plasma TC (+51%), HDL-C (+60%), non-HDL-C (+46%), and TG 

(+22%) compared to the STZ group. Whereas, no significant differences in plasma TC, HDL-C, and non-

HDL-C levels were observed between diabetic mice on HFD (HFD-STZ group) and those on HFD alone 

(HFD group). Nevertheless, plasma TG concentrations were significantly increased by 14% in the HFD-STZ 

group compared to the HFD group. 

Our data showed that in the STZ group compared to the control group, TBARS levels increased by 26% in 

plasma and 30% in the liver, with no significant difference in adipose tissue. Also, the HFD group exhibited 

elevated TBARS concentrations by 29%, 30%, and 21% in plasma, liver, and adipose tissue, respectively, 

compared to the control group. In the HFD-STZ group, TBARS levels remained elevated in plasma (+37%), 

liver (+31%), and adipose tissue (+34%) compared to the control group (table 3). 

The HFD group showed a 25% increase in adipose tissue TBARS concentrations compared to the STZ group, 

with no significant differences in plasma and liver. Compared to diabetic mice (STZ group), TBARS levels 

were significantly increased in plasma (p<0.01) and adipose tissue (p<0.001) in the HFD-STZ group, with no 

significant difference in the liver. In the HFD-STZ group, TBARS levels were elevated in both plasma (+12%) 

and adipose tissue (+16%) compared to the HFD group, with no significant difference in the liver (table 3). 

The study revealed a significant reduction in plasma T-AOC in the HFD, STZ, and HFD-STZ groups when 

compared to the control group, indicating a compromised antioxidant defense in these groups (table 4). 

Notably, the HFD-STZ group showed higher T-AOC than the HFD group, suggesting that the combination of 
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a HFD and STZ-induced diabetes may partially counteract the reduction in antioxidant capacity observed in 

the HFD group alone. 

Table 4.  Assessment of plasma total antioxidant capacity (T-AOC), antioxidant enzyme activities, and 

proinflammatory cytokine levels 

 

Values are means ± SEM of 6 mice per group. The Tukey test was used for statistical analysis, with a 

significance threshold set at p <0.05.Statistical comparisons were made as follows: aHFD vs Control, bSTZ vs 

Control, cHFD-STZ vs Control, dHFD vs STZ, eHFD-STZ vs STZ, fHFD-STZ vs HFD.  

IL-1 : Interleukin-1 , IL-6: Interleukin-6, TNF-ɑ: Tumor Necrosis Factor.  

 

Regarding pro-inflammatory cytokines (table 4), the STZ group exhibited significantly elevated plasma levels 

of TNF-α (p<0.01) and IL-6 (p<0.05) compared to control, indicating a heightened inflammatory response. 

IL-1  levels, however, did not show a significant change. In the HFD vs control group, there was a notable 

increase in IL-1 , IL-6, and TNF-α levels (p<0.001), reflecting the pro-inflammatory effects of a HFD. The 

HFD-STZ group displayed even higher levels of IL-1 , IL-6, and TNF-α compared to the control group 

(p<0.001), with a significant increase in TNF-α levels compared to the HFD group (p<0.01), highlighting the 

exacerbated inflammatory state in this group. 

The evaluation of antioxidant enzymes (table 4) showed a substantial reduction in SOD activity in both the 

liver and adipose tissue in the STZ, HFD, and HFD-STZ groups as compared to control. Specifically, SOD 

activity in the liver was decreased by 44% in the STZ group and by 66% in the HFD group, with the HFD-

STZ group showing a 53% reduction. In adipose tissue, SOD activity was decreased by1.5- fold in the STZ 

group and by 2.1-fold in the HFD group, while the HFD-STZ group exhibited a 1.9-fold reduction. 

Interestingly, the HFD-STZ group exhibited significantly higher liver SOD activity (p<0.001) compared to the 

HFD group, though no significant difference was noted in adipose tissue between these groups. 

Regarding GPx activity, the STZ group exhibited a significant reduction in the liver (p<0.001) but not in 

adipose tissue compared to control. The HFD group showed a pronounced decrease in GPx activity in both the 

liver (p<0.001) and adipose tissue (p<0.01). The HFD-STZ group demonstrated an even more substantial 

reduction in liver GPx activity (p<0.001) and a moderate decrease in adipose tissue (p<0.05) as compared to 

the control group. However, when comparing the HFD-STZ group to the STZ and HFD groups, no significant 

differences in GPx activity were observed in either liver or adipose tissue (table 4). 

A two-bottle preference test was employed to evaluate fat preference in mice (figure 1). The results 

demonstrated that mice on a standard diet (control group) displayed a pronounced preference for LA solution 

(p<0.01). Moreover, the STZ-induced diabetic mice showed a slight preference for the fat solution (LA)  

Groups     Control HFD STZ  HFD-STZ 

Plasma T-AOC (mmol/L)   1.61±0.13 0.60±0.15a  1.22±0.11b   0.85±0.10c,f 

Antioxidant enzymes activities          

Liver 

SOD (U/mg de proteins) 30.55±1.12 10.42±0.51a,d  17.12±0.62b    14.22±0.23c,e,f 

GPx(U/mg de proteins) 23.33±2.19   8.23±0.25a,d 12.23±1.58b 10.61±0.15c 

Adipose tissue     

SOD (U/mg de proteins) 23.55±2.11    11.47±1.52a,d 16.11±1.44b 12.55±1.26c 

GPx (U/mg de proteins) 10.17±1.33  5.11±0.88a,d 8.33±1.09   6.77±0.45c 

Pro-inflammatory cytokines     

IL-1  (pg/mL plasma)    7.71±2.31    50.30±14.11a    33.51±1.79    79.37±21.50c,e 

IL-6  (pg/mL plasma)   9.27±3.37 35.88±11.36a    30.55±2.48b  52.79±9.83c,e 

TNF-ɑ (pg/mL plasma)   7.47±3.22    30.44±3.55a    22.44±3.30b   42.44±2.02c,e,f 
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compared to Xanthan gum (XG) (p<0.05). However, in this group LA preference was markedly diminished 

compared to the control group (p<0.05). Interestingly, in HFD or HFD-STZ mice, no significant difference 

was noted between both solutions, these groups lost preference for fat.  

 

 

 

 

 

 

 

 

 

 

 

Figure 1. The two-bottle preference test assessment. 

Two-bottle preference test was employed to evaluate fat preference in mice. Animals were subjected to two 

bottles for 12h/overnight. The test solution included 0.2% Linoleic acid (LA) emulsified in 0.3% Xanthan 

gum (XG). The control solution contained water with 0.3% XG (w/v). Values are means ± SEM of 6 mice per 

group. The Tukey test was used for statistical analysis, with a significance threshold set at p<0.05.  

 

As shown in figure 2, LA triggered a rapid elevation in intracellular calcium levels in TBC from the control 

group. This response was decreased but not completely abolished in TBC from STZ group. However, in the 

HFD or HFD-STZ groups LA-induced increases of intracellular calcium concentration was completely 

abolished. \ 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Intracellular calcium measurement. 

 

Effect of linoleic acid (LA) on the changes in intracellular calcium in TBC from Control, STZ, HFD and 

HFD-STZ groups. As described in materials and methods, the changes in intracellular calcium (F340/F380) 

are shown in response to LA stimulation at 50µM in isolated TBC from mice papillae of each group (n=6). 
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4. Discussion 

In this study, we investigated the impact of a high-fat diet (HFD) combined with hyperinsulinemia on fat taste 

perception in taste bud cells (TBC), with particular emphasis on calcium signaling dysfunctions. Additionally, 

we examined the synergistic effects of combination of HFD and diabetes induced by STZ on critical metabolic 

parameters, including insulin resistance, hyperglycemia, dyslipidemia, oxidative stress (OS), and 

inflammation, a key characteristic of type 2 diabetes (T2D) progression. Our study identified significant 

differences in body weight (BW) across the groups, highlighting the complex metabolic interactions between 

HFD and STZ treatment. 

Rodent models maintained on high-fat diets are commonly used in cardiovascular disease research. 

Specifically, Wistar/Sprague-Dawley rats and C57BL/6 mice fed HFD are widely employed to study diet-

induced obesity (DIO) and insulin resistance due to their increased susceptibility to metabolic disturbances 

(Fontaine et al., 2016). The HFD group showed an increase in BW compared to the control group, consistent 

with the obesogenic properties of high-fat diets. Li et al. (2012) reported that combining HFD with STZ-

induced diabetes led to elevated blood glucose, lipids, and BW in mice. Similarly, Ji et al. (2023) attributed 

weight gain to higher caloric intake and impaired energy balance, which enhanced fat storage. Rodents fed an 

HFD for five weeks gained body weight and adjusted their body composition to accommodate excess energy 

intake, underscoring the variability in nutrient utilization that contributes to metabolic inefficiency and weight 

gain (Milhem, 2024). Conversely, the STZ group showed reduced body weight, consistent with findings by 

Guo et al. (2018) in a rat model. 

In our study, the HFD-STZ group exhibited an intermediate BW phenotype, suggesting a complex interaction 

between HFD and STZ. While the HFD promotes weight gain by increasing fat storage, the hyperglycemic 

and catabolic state induced by STZ counteracts this effect, leading to a reduced weight gain. Similar 

observations were made by Zhang et al. (2008), who found no significant BW difference between HFD-fed 

rats treated with low doses of STZ and controls. Conversely, Byrne et al. (2015) observed that HFD-fed rats 

treated with STZ experienced weight loss due to the catabolic effects of hyperglycemia. Our study also 

revealed significant metabolic changes in the HFD-STZ model, corroborating the findings of Vatandoust et al. 

(2018), who induced T2D in rats with a combination of high-fat, high-carbohydrate diets and STZ treatment. 

Regarding liver weight, the HFD group showed an increase, suggesting hepatic steatosis, a well-established 

consequence of high-fat diets. Meijer et al. (2010) emphasized the role of dietary fat content in the 

development of hepatic steatosis, regardless of caloric intake. Echeverría et al. (2019) found that HFD-fed 

mice exhibited liver oxidative stress and mitochondrial dysfunction, contributing to steatosis. In contrast, the 

STZ group showed reduced liver weight, likely due to the catabolic effects of insulin deficiency. Although 

direct studies linking STZ-induced insulin deficiency to decreased liver weight are limited, it is well-

documented that insulin deficiency increases protein catabolism, leading to weight loss, which may affect 

liver tissue as well. Both the HFD and HFD-STZ groups exhibited higher adipose tissue weight than the 

control, consistent with the role of high-fat diets in promoting visceral fat accumulation and metabolic 

dysfunction (Hariri and Thibault, 2010). 

When assessing food consumption and energy intake, the STZ group exhibited significantly higher food 

intake than the HFD and HFD-STZ groups, a hallmark of hyperphagia due to insulin deficiency (Sen et al., 

2011). Despite this, the STZ group had reduced energy intake, suggesting that while total food volume 

decreased, the caloric density of the diet contributed to metabolic imbalance and weight gain. This is 

supported by Magalhães et al. (2019), who found that rats subjected to HFD and STZ injections showed 

increased energy intake despite reduced food volume, leading to metabolic disturbances. 

In terms of fat taste perception, both the HFD and HFD-STZ groups lost preference for fat solution. 

Additionally, linoleic acid (LA) stimulation in TBC failed to induce a significant increase in intracellular 

calcium concentration ([Ca2+]i). This aligns with Djeziri et al. (2018), who reported that chronic HFD 

exposure in mice reduces fat preference, likely due to altered [Ca2+]i. Lipid sensors, such as CD36 and 

GPR120, play a critical role in fat taste perception, and their dysregulation may impair fat preference 

(Muthuswamy et al., 2024). Ozdener et al. (2014) found that obese mice exhibited reduced fat preference, 

correlating with decreased [Ca2+]i and CD36 receptor expression in TBC. Additionally, Maliphol et al. (2013) 
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demonstrated that diet-induced obesity (DIO) in mice reduces taste receptor responsiveness, particularly to 

sweet tastes, which could contribute to altered dietary preferences and exacerbate hyperglycemia. 

Our study also investigated the relationship between fat taste perception and blood insulin levels.  The HFD, 

STZ, and HFD-STZ groups showed higher insulin levels compared to the control group. This 

hyperinsulinemia was associated to a reduced preference for fat and a decrease of [Ca2+]i induced by LA in 

TBC in the STZ group when compared to the control group. This suggests a relationship between fat taste 

sensitivity and elevated blood insulin levels. Moreover, studies have highlighted the impact of insulin on taste 

sensitivity, with higher insulin levels potentially inhibiting taste progenitor cell growth and affecting some 

taste sensitivities (Doyle et al., 2018; Takai et al., 2019).  

Regarding glucose metabolism, STZ treatment induced a significant increase in fasting blood glucose and 

insulin levels compared to the control. Both the HFD and HFD-STZ groups showed elevated glycemia and 

insulinemia, consistent with the role of HFD in promoting insulin resistance and impaired glucose 

metabolism. Racine et al. (2024) reported that a combination of HFD and low-dose STZ induces 

hyperinsulinemia and insulin resistance in male C57BL/6J mice. Our findings align with Gheibi et al. (2017), 

who observed that low-dose STZ injections result in partial destruction of pancreatic β cells, leading to 

hyperglycemia in animals fed an HFD. To assess insulin resistance, we used the Homeostatic Model 

Assessment for Insulin Resistance (HOMA-IR). Our results revealed significantly higher HOMA-IR values in 

the HFD, STZ and HFD-STZ groups compared to the control. Notably, the HFD and HFD-STZ groups 

exhibited higher HOMA-IR values than the STZ group. Andonova et al. (2023) reported an increase in 

HOMA-IR and a concomitant decrease in HOMA-β, suggesting the development of insulin resistance and 

impaired beta-cells function in rats subjected to a HFD and a single dose of STZ.  

Our findings also showed impaired lipid profiles in the HFD and STZ groups with decreased HDL-C and total 

cholesterol (TC) levels in STZ vs control group, while, non-HDL-C and triglycerides (TG) were elevated, 

these results are consistent with the dyslipidemia observed in T2D (Magalhães et al., 2019). Both the HFD 

and HFD-STZ groups exhibited elevated TC, non-HDL-C, TG, and reduced HDL-C levels compared to the 

control, corroborating previous research showing that HFD feeding exacerbates dyslipidemia in STZ-induced 

diabetic mice (Wang et al., 2021). 

The study also highlighted oxidative stress, with a significant reduction in plasma total antioxidant capacity 

(T-AOC) in the HFD, STZ, and HFD-STZ groups. Interestingly, the HFD-STZ group showed a higher T-AOC 

than the HFD group alone, suggesting that the combination of HFD and STZ-induced diabetes partially 

mitigates the reduction in antioxidant capacity observed with HFD alone. Moreover, lipid peroxidation 

products, measured by thiobarbituric acid reactive substances (TBARS), were elevated in the HFD and HFD-

STZ groups compared to the control. 

Oxidative stress (OS) plays a central role in the pathogenesis of T2D and metabolic syndrome (He et al., 

2023). Our study found reduced activity of antioxidant enzymes superoxide dismutase (SOD) and glutathione 

peroxidase (GPx) in all experimental groups compared to the control, particularly in the liver and adipose 

tissue of the HFD-STZ group. This highlights the exacerbation of oxidative damage in the combined HFD and 

STZ model, consistent with previous research linking HFD-induced oxidative stress to impaired antioxidant 

defense (Lee et al., 2009; Lasker et al., 2019). 

This heightened inflammatory response likely amplified oxidative stress and metabolic disturbances, further 

impairing taste perception. Systemic inflammation has been shown to influence the regeneration and 

functionality of taste cells by affecting progenitor cell proliferation and differentiation (Takai et al., 2019). 

Pro-inflammatory cytokines are known to disrupt calcium homeostasis and impair receptor sensitivity in 

various tissues, including the gustatory system. Additionally, Obesity-induced low-grade inflammation alters 

the normal balance of proliferation and cell death in taste bud cells, resulting in a reduction in taste bud 

abundance and an inhibition of regeneration in C57BL/6 mice (kaufman et al., 2018). Moreover, the 

combination of HFD and STZ-induced diabetes aggravates insulin resistance, dyslipidemia, and oxidative 

stress, which may lead to cumulative damage to gustatory tissues. These disruptions may contribute to the 

reduced expression of lipid-sensing receptors, such as CD36 and GPR120, observed in obese models, 

ultimately leading to diminished taste sensitivity for dietary fats (Ozdener et al., 2014). Our study 

demonstrated that HFD feeding and STZ-induced hyperglycemia triggered inflammatory responses, as 
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evidenced by elevated levels of IL-1, IL-6, and TNF-α in the HFD and STZ groups. Notably, the HFD-STZ 

group showed even higher cytokine levels, suggesting that the combination of these factors exacerbates 

systemic inflammation, which is strongly linked to T2D and its complications (Jin et al., 2024). 

In conclusion, our research offers valuable insights into the interplay between taste perception and metabolic 

health. The combination of HFD and STZ-induced diabetes drives a cascade of metabolic dysfunctions, 

including insulin resistance, lipid dysregulation, heightened oxidative stress, and systemic inflammation. 

Future studies should further explore the role of insulin signaling in oral tissues particularly its influence on 

fat taste sensitivity, alongside exploring therapeutic avenues such as antioxidant and anti-inflammatory 

strategies, as well as customized dietary interventions, to mitigate the detrimental effects of HFD and STZ-

induced diabetes. Long-term research is crucial to uncovering the pathways through which these stressors 

accelerate disease progression, with the potential for identifying innovative therapeutic targets for T2D and its 

related complications. 
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