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Resumo 

A pré-diabetes é um estado intermédio entre a tolerância normal à glucose e a 

diabetes mellitus tipo 2 (DMT2), tem a obesidade como um dos principais fatores de risco 

e está associada a diversas complicações, incluindo a esteatose hepática. A progressão da 

esteatose hepática tem sido associada à disfunção da resposta ao stress do retículo 

endoplasmático (RE) e da autofagia. O estudo da pré-diabetes é dificultado pela escassez 

de modelos animais, sendo a maioria destes induzidos por dietas refinadas com um 

elevado teor de lípidos e/ou de hidratos de carbono. Estas dietas refinadas são geralmente 

comparadas com dietas controlo não refinadas; contudo, estas diferem marcadamente na 

composição nutricional, especialmente no conteúdo de fibras e fitoestrógenio, o que pode 

levar a diferenças fenotípicas inesperadas e a interpretações erróneas dos resultados. 

Embora as intervenções farmacológicas sejam indispensáveis para a controlo da DMT2, 

na pré-diabetes - um estádio em que a doença ainda não está totalmente estabelecida - as 

modificações do estilo de vida são recomendadas como intervenções de primeira linha. 

Os frutos vermelhos, incluindo o mirtilo, têm sido associados a efeitos benéficos em 

diversas condições, incluindo em doenças metabólicas e cardiovasculares, em função dos 

seus efeitos antioxidantes, anti-inflamatórios, hipolipemiantes e sensibilizadores da 

insulina, entre outros.  Considerando que a resistência à insulina, a dislipidemia, o stress 

oxidativo e a inflamação são os principais promotores da progressão da pré-diabetes e do 

desenvolvimento das suas complicações, a utilização do mirtilo pode ser uma intervenção 

nutracêutica valiosa nesta fase precoce da doença. No entanto, o potencial do mirtilo na 

prevenção da pré-diabetes em condições relevantes para a patogénese humana, bem 

como os mecanismos moleculares envolvidos permanecem em grande parte inexplorados. 

Este projeto tem como principais objetivos: 1) avaliar as alterações metabólicas, 

histológicas e moleculares num modelo animal de pré-diabetes induzidas por uma dieta 

rica em gordura e sacarose (HFHS), em comparação com dois tipos de dietas controlo e 

2) identificar os mecanismos moleculares responsáveis pelos potenciais efeitos protetores 

da suplementação de sumo de mirtilo (BJ) contra a progressão da pré-diabetes. 

Ratos Wistar machos foram alimentados durante 24 semanas com uma dieta 

refinada HFHS indutora de pré-diabetes, uma dieta refinada (equiparada em nutrientes) 

com baixo teor em gordura (LFD) e uma dieta controlo-padrão não refinada (CD). Um 

quarto grupo foi alimentado com uma dieta HFHS suplementada com BJ (HFHS + BJ) a 

partir da 16ª semana, momento em que o fenótipo pré-diabético foi alcançado. O peso 
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corporal foi monitorizado ao longo de todo o estudo. Após o sacrifício, o fígado e os 

depósitos de tecido adiposo branco epididimal (TABe) e castanho interescapular (TACi) 

foram recolhidos e utilizados para análise histológica. O sangue foi utilizado para análise 

bioquímica. Marcadores de termogénese, stress do RE e de autofagia foram avaliados no 

TACi e no fígado, respetivamente, através da quantificação da expressão de algumas 

proteínas por Western blot. 

Os animais alimentados com HFHS apresentaram características de pré-diabetes, 

incluindo aumento da adiposidade e do peso corporal, hiperinsulinemia pós-prandial, 

intolerância à glicose e esteatose hepática, em paralelo com um aumento dos marcadores 

de termogénese UCP-1 e PGC-1α no TACi. Surpreendentemente, quando comparados 

com a CD, os animais alimentados com LFD apresentaram anomalias metabólicas 

consideráveis, tais como o aumento da massa de TABe, hiperinsulinemia pós-prandial, 

intolerância à glicose e esteatose hepática. A desregulação da resposta ao stress do RE e 

da autofagia foram também observadas nos grupos HFHS e LFD, quando comparados com 

o grupo CD. O consumo de BJ não afetou o ganho de peso corporal e adiposidade, porém 

atenuou a intolerância à glicose e inibiu as alterações induzidas pela dieta nos marcadores 

de termogénese, de stress do RE e autofágicos. Paralelamente, o BJ agravou o conteúdo 

sérico e hepático de triglicéridos. 

Em conjunto, os nossos resultados demonstraram que 24 semanas de dieta HFHS 

promovem um estado de pré-diabetes em ratos e que a gravidade das alterações 

metabólicas depende da composição nutricional da dieta controlo, salientando a 

importância da sua seleção cuidadosa na interpretação dos estudos metabólicos. Para além 

disso, combinada com uma dieta HFHS, a suplementação com mirtilo pode agravar o 

metabolismo lipídico num modelo de pré-diabetes em roedor; assim o consumo de mirtilo 

deverá ser devidamente ponderado nesta fase precoce da doença. 

 

Palavras-chave: Pré-diabetes, Modelos animais induzidos por dieta, Dietas controlo, 

Sumo de mirtilo, Intervenção nutracêutica, Autofagia, Resposta ao stress do retículo 

endoplasmático, Esteatose hepática. 
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Abstract  

Prediabetes is an intermediate state between normal glucose tolerance and type 2 

diabetes (T2DM), with obesity as a major risk factor and associated with many 

complications such as hepatic steatosis. The progression of hepatic steatosis has been 

associated with impaired endoplasmic reticulum (ER) stress response and autophagy. The 

study of prediabetes has been hampered by the scarcity of animal models, most of which 

are induced by refined diets with a high fat and/or sugar content. These refined diets are 

usually compared to unrefined control diets ("chow diet”); however, they markedly differ 

in nutritional composition, especially fiber and phytoestrogen content, which may lead to 

unanticipated phenotypic differences and erroneous interpretations of results. Although 

pharmacological interventions are indispensable for the management of T2DM, in 

prediabetes—a stage where the disease is not yet fully established—lifestyle modifications 

are instead recommended as first-line interventions. Red fruits, including blueberries, have 

been associated with beneficial effects in a variety of conditions, including metabolic and 

cardiovascular diseases, due to their antioxidant, anti-inflammatory, hypolipemic, and 

insulin sensitizing effects, among others. Considering that insulin resistance, dyslipidemia, 

oxidative stress and inflammation are the main drivers of prediabetes progression and the 

development of its complications, blueberry may be a valuable nutraceutical intervention 

in this early stage of the disease. Nonetheless, the blueberry potential to protect against 

prediabetes under conditions relevant for human pathogenesis and the molecular 

mechanisms involved remain largely unexplored.  

This project aims to: 1) evaluate metabolic, histological and molecular changes in an 

animal model of prediabetes induced by a high-fat high-sucrose (HFHS) diet compared to 

two types of control diets, and to 2) identify molecular mechanisms responsible for the 

putative protective effects of blueberry juice (BJ) supplementation against prediabetes 

progression.  

Male Wistar rats were fed for 24 weeks with a prediabetes-inducing refined HFHS 

diet, a nutrient-matched refined low-fat diet (LFD) and a standard unrefined control diet 

(CD). A fourth group was fed a HFHS diet supplemented with BJ (HFHS+BJ) starting at 

week 16, the point when the prediabetic phenotype was achieved. Body weight was 

monitored throughout the study. After sacrifice, liver and epididymal white (eWAT) and 

interscapular brown (iBAT) adipose tissue depots were collected and used for histological 
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analysis. Blood was used for biochemical analysis. Thermogenesis, ER stress and autophagy 

markers were assessed in the iBAT and liver, respectively, by Western blot analysis.  

HFHS-fed animals presented features of prediabetes, including increased body 

weight and adiposity, postprandial hyperinsulinemia, glucose intolerance and hepatic 

steatosis, in parallel with an increase in thermogenic markers UCP-1 and PGC-1α in iBAT. 

Surprisingly, when compared to CD, LFD-fed animals presented considerable metabolic 

abnormalities, such as increased eWAT mass, postprandial hyperinsulinemia, glucose 

intolerance and hepatic steatosis. Impaired ER stress response and autophagy were also 

observed in both the HFHS and LFD groups, when compared to the CD group. BJ 

consumption was devoid of effect on body weight gain and adiposity, but attenuated 

glucose intolerance and decreased the diet-induced alterations in thermogenic, ER stress 

and autophagic markers. In parallel, BJ aggravated serum and hepatic triglyceride content.  

Together, our findings demonstrate that 24 weeks of HFHS diet models prediabetes 

in rats and that the severity of metabolic alterations depends on the nutrient composition 

of the control diet, highlighting the importance of its careful selection in interpreting 

metabolic studies. Furthermore, whole blueberry supplementation worsened lipid 

metabolism in a prediabetic rat model; thus, the blueberry consumption at this early state 

of the disease should be carefully considered.  

 

Keywords: Prediabetes, Diet-induced animal models, Control diets, Blueberry juice, 

Nutraceutical intervention, Autophagy, Endoplasmic reticulum stress response, Hepatic 

steatosis. 
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1.1. Prediabetes 

1.1.1. Definition and diagnostic criteria  

Prediabetes is an intermediate stage between normal glucose tolerance and the 

establishment of type 2 diabetes mellitus (T2DM), representing a high-risk state for 

diabetes development. It is typically defined as blood glucose levels above normal but 

below diabetes diagnostic thresholds (Hostalek, 2019; Tabák et al., 2012). Prediabetes is 

manifested by the presence of impaired fasting glucose (IFG), impaired glucose tolerance 

(IGT) or both, (Edwards e Cusi, 2016) and is simultaneously associated with insulin 

resistance and β-cell dysfunction (Tabák et al., 2012). 

There is currently a lack of consensus in the terminology of this condition as the 

term prediabetes has been criticized because that not all prediabetic patients will develop 

diabetes and that this term may imply that no intervention is necessary as no disease is 

present (Edwards e Cusi, 2016). As a consequence, in addition to prediabetes, alternative 

terms have been used to refer to this metabolic state, namely IFG, IGT, non-diabetic 

hyperglycaemia, and intermediate hyperglycaemia (International Diabetes Federation, 2019). 

For instance, an International Expert Committee assembled by the American Diabetes 

Association (ADA) suggested the use of “high-risk state of developing diabetes” while the 

term “intermediate hyperglycaemia” is preferred by the World Health Organization 

(WHO) and by the Direção Geral da Saúde (DGS) (Direção-Geral da Saúde, 2011; Tabák et 

al., 2012). 

The diagnostic criteria for prediabetes have evolved over time and, just like the 

terminology, are not uniform across organizations (Bansal, 2015; Tabák et al., 2012). The 

two most commonly used diagnostic criteria for prediabetes are from the WHO and from 

the ADA. Both definitions are based on fasting plasma glucose (FPG) concentrations, two-

hour plasma glucose concentrations during an oral glucose tolerance test (OGTT) and/or 

hemoglobin A1c (HbA1c) concentrations, having this last parameter been included 

recently (Beulens et al., 2019). 

To the WHO, high risk for developing diabetes relates to two distinct states, IFG 

defined as FPG of 6.1–6.9 mmol/L (in the absence of IGT) and IGT defined as postload 

plasma glucose of 7.8–11.0 mmol/L based on 2h OGTT or a combination of both (Tabák 
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et al., 2012). To the DGS, the definition of intermediate hyperglycaemia is based on the 

application of the same thresholds for IGT and IGF as the ones defined by the WHO 

(Diagnosis and classification of diabetes mellitus., 2011). The ADA, Although applying the 

same thresholds for IGT, ADA uses a lower cut-off value for IFG (FPG 5.6–6.9 mmol/L) 

and has additionally introduced HbA1c of 5.7–6.4% as a new category of high diabetes risk 

(Table 1) (Tabák et al., 2012).  

Table 1 – Comparison of prediabetes diagnosis criteria according to WHO, 

ADA and DGS Norm. 

Criteria/ 

Organization 

IGT 

(2-h PG during 75g 

OGTT) 

IFG 

(FPG) 
HbA1c 

WHO 
7.8-11.0 mmol/L 

(140-190 mg/dL) 

6.1-6.9 mmol/L 

(110-125 mg/dL) 
ND 

ADA 
7.8-11.0 mmol/L 

(140-190 mg/dL) 

5.6-6.9 mmol/L 

(100-125 mg/dL) 

5.7-6.4% 

(39-47 mmol/L) 

DGS 
7.8-11.0 mmol/L 

(140-190 mg/dL) 

6.1-6.9 mmol/L 

(110-125 mg/dL) 
ND 

ADA - American Diabetes Association; DGS - Direção Geral de Saúde; FPG - Fasting plasma glucose; 

IGT - Impaired glucose tolerance; IFG - Impaired fasting glucose; HBA1c - Glycated hemoglobin; 

ND - Not defined; PG - Plasma glucose; OGTT - Oral glucose tolerance; WHO - World Health 

Organization.  

1.1.2. Epidemiology of Prediabetes 

Based on 62 studies from 49 countries, the IDF estimated that the number of adults 

(20-79 years) with prediabetes worldwide in 2019 was 373.9 million (1 in 13 adults or 

7.5% of the world population in this age group) and projected to rise to 453.8 million 

(8.0%) by 2030 and 548.4 million (8.6%) by 2045 (International Diabetes Federation, 2019). 

In Europe, it was estimated that the number of adults with prediabetes in 2019 was 

36.6 million (5.5% of the regional adults in this age) and projected to rise to 39.7 million 

(5.9%) by 2030 and 40.3 million (6.1%) by 2045 (International Diabetes Federation, 2019). 

According to (Raposo, 2020) in 2018, 2.1 million adults (20-79 years) had 

prediabetes, representing 28.0% of the total Portuguese population and 41.6% of the 

population in this age group (Figure 1) (Raposo, 2020). 
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Figure 1 – Prevalence estimates of diabetes and intermediate hyperglycemia 

(prediabetes) in Portugal in 2018. IFG - Impaired fasting glucose; IGT - Impaired glucose 

tolerance. Taken from Annual Report of the Portuguese National Diabetes Observatory, Edition 

2019 (Raposo, 2020) - Diabetologia, S.P.D., Diabetes: Factos e Números - O Ano de 2016, 2017 

e 2018 - Relatório Anual do Observatório Nacional da Diabetes. 2019. 

1.1.3. Pathophysiological mechanisms of Prediabetes 

The progression from prediabetes to diabetes is a complex and continuous process 

characterized by several pathophysiological alterations, in particular the dysregulation of 

fasting glucose and postload glucose homeostasis due to defects in insulin sensitivity and 

secretion (Tabák et al., 2012).  This progression is mainly driven by the impairment of 

pancreatic β-cell function and insulin resistance, along with low-grade inflammation, 

oxidative stress, steatosis, lipotoxicity and glucotoxicity (Ferrannini, Gastaldelli e Iozzo, 

2011; Flier, 2000; Rocha et al., 2020).  

Even though genetic variants can predispose to an impaired β-cell function, elevated 

levels of free fatty acids (FFA) (lipotoxicity), hyperglycemia (glucotoxicity), low-grade 

inflammation and oxidative stress can worsen this scenario (Prato, Del, 2009).  

1.1.3.1. Insulin resistance and β-cell dysfunction  

Insulin resistance is characterized by the inability of insulin to (1) stimulate glucose 

uptake in skeletal muscle and adipose tissue, (2) inhibit adipose tissue lipolysis and (3) 

inhibit liver gluconeogenesis, resulting in the inability of cells to respond adequately to 

changes in glucose levels (Czech, 2020; Flier, 2000; Rocha et al., 2020). Insulin resistance is 
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already present in prediabetes, along with changes in β-cell mass and increased rates of 

insulin secretion, as shown in a study where insulin sensitivity was reduced and insulin 

secretion elevated 13 years before the onset of diabetes (Tabák et al., 2012). Nonetheless, 

insulin resistance appears to be the earliest metabolic abnormality that leads to 

prediabetes progression (Edwards e Cusi, 2016). During this period, insulin production 

increases (compensatory hyperinsulinemia) to compensate for insulin resistance and 

maintain glucose levels within normal range. Over time, different levels of genetic 

susceptibility allied with the increased workload lead to impaired β-cell function and 

insufficient insulin secretion. As a consequence, glucose levels increase rapidly and a 

hyperglycemic environment is established (Tabák et al., 2012). Long-term exposure to high 

glucose levels causes glucotoxicity, which promotes β-cell dysfunction and a decrease in 

insulin synthesis and secretion, as well as insulin resistance. In turn, insulin resistance and 

β-cell dysfunction promote hyperglycemia, leading to a vicious cycle with continuous β-

cell deterioration and the progression of prediabetes. Thus, insulin resistance and β-cell 

dysfunction promote each other and are the main drivers of prediabetes progression 

(Cernea e Dobreanu, 2013; Czech, 2020). 

In addition, insulin resistance and β-cell dysfunction have been associated with 

several distinct mechanisms of lipotoxicity such as (1) increased fatty acid oxidation and 

esterification (2) accelerated ceramide synthesis (3) accumulation of malonyl–CoA and 

long-chain fatty-acyl-CoA and (4) fatty acid-induced apoptosis and activation of 

endoplasmic reticulum (ER) stress (Prato, Del, 2009). 

Although the main molecular pathways of insulin resistance are not completely 

clarified, lipid accumulation in adipose and non-adipose tissues (liver and muscle) 

contributes to a chronic inflammatory state that plays a fundamental role in insulin 

resistance (León-Pedroza et al., 2015; Sokolowska e Blachnio-Zabielska, 2019). Furthermore, 

FFAs also play an important role in insulin resistance development, since increased FFA 

accumulation in hepatocytes leads to the inhibition of insulin-mediated suppression of 

glycogenolysis, thus promoting hyperglycemia (Boden, 2003). Additionally, elevated TG 

levels are correlated with the detrimental actions of FFAs on the insulin gene expression 

(Hagman et al., 2005). 

While under fasting conditions the majority of glucose consumption occurs in 

noninsulin-dependent tissues such as the brain and the nervous system, under abundant 

nutrient/ postprandial conditions, the majority of glucose is consumed by insulin-
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dependent tissues such as the muscle, adipose tissue and liver, as a result of nutrient-

stimulated insulin secretion (Prato, Del, 2009; Stumvoll, Goldstein e Haeften, 2005). The 

endogenous glucose production occurs mainly in the liver (85%) and, to a minor extent, 

in the kidneys (15%) (DeFronzo, 2004). The increase in plasma levels inhibits hepatic 

glucose production via glycogenolysis and gluconeogenesis, promoting skeletal muscle 

glucose uptake and inhibiting the release of FFAs by the adipose tissue (Figure 2) 

(DeFronzo, 2004; Stumvoll, Goldstein e Haeften, 2005). 

Insulin resistance in the adipose tissue increases lipolysis, which promotes the 

release of FFAs. The increase in FFA levels can induce gluconeogenesis, which in turn 

results in the increase of glucose levels leading to chronic hyperglycemia (Guilherme et al., 

2008; Lambadiari, Triantafyllou e Dimitriadis, 2015; Moreno-Indias e Tinahones, 2015). 

Furthermore, elevated levels of FFAs can result in lipotoxicity, as lipid deposition as TGs 

occurs in other tissues than adipose tissue, which have direct consequences. Fat 

accumulation in pancreas is a major determinant of β-cell dysfunction and the ectopic fat 

in the liver (hepatic steatosis),  is the major determinant of decreased hepatic insulin 

sensitivity resulting in fasting hyperglycemia, which is already present in prediabetic state 

and associated with T2DM progression (Tsalamandris et al., 2019). 

In prediabetes and T2DM, characterized by the impairment of insulin secretion and 

action,  insulin-mediated processes like peripheral glucose uptake and VLDL-TG secretion 

from hepatocytes, are compromised in both fasting and fed state (Kim et al., 2010; Kumar 

et al., 2019; Smith et al., 1999). As a result, a vicious cycle responsible for both the 

maintenance and worsening of the diabetic state is established, where insulin resistance in 

peripheral tissues leads to a hyperglycemic state that leads to an increase in circulating 

FFAs, which in turn worsen insulin secretion and insulin resistance (Prato e Tiengo, 2001; 

Stumvoll, Goldstein e Haeften, 2005). 



8 

 

Figure 2 – Skeletal muscle, liver adipose tissue, and cross talk in insulin resistance and 

obesity. VLDL - Very-low density lipoproteins; FFA - Free fatty acids; TG - Triglycerides; IR - 

Insulin resistance; Taken from: K. Albracht-Schulte et al. / Journal of Nutritional Biochemistry 58 (2018)  

1-16 (Albracht-Schulte et al., 2018). 

1.1.3.2. Oxidative stress and low-grade inflammation  

The functional state of β-cells correlates with the state of the disease status and its 

reversibility (DeFronzo, 2004; DeFronzo e Abdul-Ghani, 2011). β-cell growth and survival 

can be affected by multiple mechanisms such as oxidative stress, inflammation, 

mitochondrial dysfunction, and endoplasmic reticulum (ER) stress (Donath et al., 2008; 

Gloyn et al., 2008; Lenzen, 2008; Muoio e Newgard, 2008). 

Oxidative stress is defined as an imbalance between (1) the production and 

accumulation in cells and tissues of reactive oxygen species (ROS) - chemical species that 

result in activation or reduction of molecular oxygen or its reduction byproducts – and 

(2) the inability to detoxify these reactive products by a biological system (Nunes S, Soares, 

Pereira F, 2012; Pizzino et al., 2017). Oxidative stress may result from long-term exposure 

to high glucose levels , which increases the metabolic flux into the mitochondria 

promoting excessive  production (Cernea e Dobreanu, 2013). The increase in 

mitochondrial ROS production occurs through multiple pathways including increased 
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formation of advanced glycation end products (AGEs) from glucose auto-oxidation, the 

activation of classic isoforms of protein kinase C (PKC), and the increased activation of 

polyol and hexosamine pathways (Figure 3). The activation of these pathways also 

increases glucotoxicity, which can cause cellular injury (Nunes S, Soares, Pereira F, 2012). 

In hyperglycemic states, excessive ROS production can directly impair insulin 

synthesis and secretion by activating stress response pathways that damage β-cells (Cernea 

e Dobreanu, 2013; Luc et al., 2019). Moreover, oxidative stress disrupts the function and 

integrity of proteins, lipids and DNA (e.g., impair receptors and enzymes, induces lipid 

peroxidation, degrades polyunsaturated fatty acids of the membranes, damages pyrimidine 

and purine bases and induces aminoacids oxidation) (Cernea e Dobreanu, 2013). 

The close relationship between oxidative stress and prediabetes is well established, 

as hyperglycemia can lead to oxidative stress and, in turn, oxidative stress leads to 

impaired insulin secretion from β-cells and impaired glucose uptake in fat cells and muscle 

(Luc et al., 2019).  

 

Figure 3 – The vicious cycle between oxidative stress and hyperglycemia. AGE - 

Advanced glycation end-products; ROS - Reactive oxygen species; PKC - Protein kinase C; 

Original image adapted from (Kaneto et al., 2005; Robertson et al., 2003). 
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Low-grade inflammation also plays a significant role in the pathophysiology of 

prediabetes, being this state associated with high levels of numerous inflammatory markers 

and cytokines such as interleukin 6 (IL-6), C-reactive protein (CRP) and tumor necrosis 

factor-alpha (TNF-α). These important pro-inflammatory cytokines are involved in the 

development of insulin resistance in adipocytes and peripheral tissues through the 

phosphorylation of insulin receptor substrate-1 (IRS-1) and the enhancement of adipocyte 

lipolysis (Akash, Rehman e Liaqat, 2018; Luc et al., 2019; Wang et al., 2016). Moreover, the 

levels of some of these inflammatory markers vary along with the progression of the 

glycemic status (Luc et al., 2019). 

Hyperglycemia per se can lead to a state of systemic inflammation (León-Pedroza et 

al., 2015) and can induce chronic inflammation through various mechanisms by promoting 

upregulation of chemokines and cytokines and by modulating various pathways that 

converge towards nuclear factor kappa B (NF-kB) signaling (Luc et al., 2019). 

Proinflammatory cytokines (e.g., TNF-α, IL-6) promote the activation of three major 

inflammation-associated signaling pathways, the mitogen-activated protein kinase (MAPK) 

pathway, the NF-kB pathway, and the Janus kinase signal transducer and activator of 

transcription (JAK-STAT) pathway. TNF-α stimulates JNK and NF-kB pathways and IL-6 

activates JAK-STAT pathway (Chen et al., 2015). These pathways promote systemic 

inflammation that affects the liver, pancreas, muscle, and mainly the adipose tissue. As a 

consequence, the recruitment and infiltration of macrophages in these tissues occurs, 

particularly in the adipose tissue, which releases ROS, proinflammatory cytokines (e.g., 

TNF-α) and chemokines that perpetuate a local and systemic low-grade inflammation and 

establish a vicious cycle leading to pathophysiological processes such as insulin resistance 

(León-Pedroza et al., 2015). This chronic low-grade inflammation is a major cause of insulin 

resistance, making obesity the major risk factor for insulin resistance-related diseases such 

as prediabetes and T2DM (Chen et al., 2015; Clemente-Postigo et al., 2020). 

In addition to the effects of hyperglycemia on inflammation, the increase in FFA 

levels also contributes to inflammation by enhancing NF-KB signaling and the expression 

of TNF-α and IL-6 through the activation of toll-like receptors (e.g. TLR-4) in macrophages 

and adipocytes (Luc et al., 2019).   
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1.1.4. Risk factors and complications of Diabetes  

The progression of prediabetes to overt T2DM is influenced by several genetic and 

environmental factors. Although some risk factors are unmodifiable, such as age, sex, 

ethnicity and family history of T2DM, others can be modified by changing unhealthy 

lifestyle habits, such as alcohol and tobacco consumption, hypercaloric dietary regimens 

and sedentary lifestyle that lead to overweight and obesity (Beulens et al., 2019; Ntzani e 

Kavvoura, 2012; Tabák et al., 2012; Wu et al., 2020). Since unhealthy dietary patterns and 

sedentary lifestyle are major causes of diabetes, the implementation of healthy dietary 

habits plays a major role in the prevention of overt T2DM (Tsalamandris et al., 2019).  

Diabetic subjects develop multiple long-term complications. One of the main 

pathophysiological complications of prediabetes is nonalcoholic fatty liver disease 

(NAFLD), a condition characterized by excess lipid accumulation in hepatocytes (hepatic 

steatosis), its hallmark feature (Donnelly et al., 2005). Furthermore, diabetic patients have 

a higher incidence of both microvascular complications, such as nephropathy, peripheral 

neuropathy and retinopathy, and macrovascular complications, such as cerebrovascular 

disease, vascular cerebral accident, arterial coronary disease, peripheral vascular disease, 

or acute myocardial infarction (Tsalamandris et al., 2019).  

1.1.5. Obesity as a major risk factor for Prediabetes 

progression  

Obesity is defined by the WHO as abnormal or excessive fat accumulation that may 

impair health. The WHO considers obesity an “issue that has grown to epidemic 

proportions”, estimating that the worldwide prevalence of obesity nearly tripled between 

1975 and 2016 and that in 2016, about 13% of the world’s adult population (11% of men 

and 15% of women) were obese (World Health Organization, 2021). 

Obesity is a major risk factor for prediabetes progression, since obesity can induce 

and exacerbate hyperglycemia and insulin resistance promoting the progression from 

prediabetes to overt T2DM (Flier, 2000). The major modifiable risk factors that underlie 

obesity are sedentary lifestyles, associated with decreased energy expenditure, and 

unhealthy hypercaloric diets, associated with increased energy intake. Obesity is a state 

of positive energy imbalance, with energy intake exceeding energy expenditure, resulting 
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in an increase in body mass (Ailshul, 1975). It is well accepted that a positive energy balance 

leads to the initial fat accumulation in subcutaneous tissues and later in other tissue 

compartments (visceral tissues), accumulating in key organs such as the muscle, heart, 

pancreas, and liver. This fat deposition is also designated as ectopic lipid deposition 

(Tsalamandris et al., 2019). 

1.1.5.1. Adipose tissue overview 

The adipose tissue is a heterogeneous, complex structure composed mostly by 

adipocytes and other cell types, including endothelial cells, mesenchymal cells, fibroblasts, 

immune cells and preadipocytes (Suganami e Ogawa, 2010). Adipose tissue plays a crucial 

role in the regulation of energy homeostasis, by controlling both energy storage and 

expenditure, and also exerts important functions as an endocrine organ through the 

production and release of a vast number of metabolically active molecules, termed 

adipokines, that play a key role in crosstalk with other metabolic organs such as the brain, 

liver, muscle and pancreas. These mediators include leptin, adiponectin, resistin, TNF-α, 

IL-6, plasminogen activator inhibitor 1 (PAI-1), fatty acids, sex steroids and numerous 

growth factors, which are involved in inflammatory pathways and perform numerous 

functions at cardiovascular, endocrine, immunologic and metabolic level (Klaus, 2005; 

Tsalamandris et al., 2019). Metabolic disorders are often associated with insufficient or 

excessive adipose tissue mass. For example, the production and secretion of resistin, 

adipsin and leptin increases with obesity and are associated with insulin resistance, 

inflammation and an increased risk of other pathological conditions (Gustafson et al., 2009). 

Anatomically, adipose tissues can be classified according to their distribution or 

depot localization as subcutaneous adipose tissues (SAT) or visceral adipose tissue (VAT). 

While SAT is localized beneath the skin, VAT, also known as intrabdominal fat, is present 

mainly in the mesentery and omentum, surrounding the viscera in abdominal cavity and 

drains through the portal circulation to the liver (Mittal Balraj, 2019; Suganami e Ogawa, 

2010). This physical classification entails important functional implications. VAT produces 

a large amount of pro-inflammatory factors and harbors a large amount of inflammatory 

cells (macrophages and monocytes). Furthermore, VAT adipocytes are more 

metabolically active, more insulin-resistant and have a greater lipolytic activity than SAT 

adipocytes. On the other hand, SAT is the major source of leptin and adiponectin 

production, and only when SAT accumulation capacity is exceeded or impaired does this 
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energy accumulate in the VAT. (Suganami e Ogawa, 2010; Yamamoto et al., 2020). Visceral 

obesity is strongly correlated with the development and progression of diabetes and 

cardiovascular diseases as it contributes to systemic inflammation and oxidative stress that 

lead to insulin resistance. Furthermore, epidemiological studies showed that VAT 

accumulation is associated with increased metabolic risk and overall mortality while SAT 

expansion decreases the risk of T2DM development and ameliorates insulin sensitivity 

(Klaus, 2005; Luc et al., 2019; Mittal Balraj, 2019). 

Adipose tissues can also be broadly classified as white adipose tissue (WAT), brown 

adipose tissue (BAT), and beige adipose tissue (an intermediate phenotype between WAT 

and BAT). BAT is much less abundant than WAT and they differ in terms of localization 

and functions (Betz e Enerbäck, 2018; Suganami e Ogawa, 2010). In rodents, brown 

adipocytes are found in discrete areas such as interscapular, perirenal, intercostal, and 

cervical depots (Sanchez-Gurmaches, Hung e Guertin, 2016). Brown adipocytes are found 

in clusters scattered within WAT areas (Kaisanlahti e Glumoff, 2019) and derive from white 

adipocyte precursors, the beige adipocytes, by a transdifferentiation process known as 

WAT browning (Park, 2014). Beige adipocytes are localized within BAT and WAT 

(Montanari, Pošćić e Colitti, 2017) (Figure 4). 

The differentiation of BAT is regulated by multiple molecules. One of the most 

important is the peroxisome proliferator-activated receptor-gamma coactivator 1α (PGC-

1α), which regulates oxidative metabolism and mitochondrial biogenesis. Its genetic 

ablation results in impaired cold-induced adaptive thermogenesis due to the absence of 

adrenergic stimulus response via cAMP. Thus, PGC-1α is a crucial factor in thermogenesis 

regulation (Seale, 2010). 

BAT and beige adipose tissue are thermogenic tissues, playing a crucial role in energy 

expenditure, as they convert chemical energy stored in the form of triglycerides in lipid 

droplets into heat through mitochondrial activity, in a process called non-shivering 

adaptive thermogenesis. This process is facilitated by a mitochondrial carrier protein – 

thermogenin or uncoupling protein 1 (UCP-1), which is located on the inner membrane 

of mitochondria and is highly expressed in BAT (Betz e Enerbäck, 2018). High UCP-1 

expression is a defense mechanism against hypothermia and obesity. Cold exposure 

induces thermogenic activation, which promotes lipolysis. In turn, fatty acids derived from 

lipolysis induce UCP1-dependent heat production in activated beige and brown 

adipocytes. This way, thermogenesis promotes energy expenditure and fat loss as the 
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triglycerides in lipid droplets are converted into heat (Betz e Enerbäck, 2018; Ikeda e 

Yamada, 2020; Montanari, Pošćić e Colitti, 2017; Torres et al., 2019). Therefore, 

thermogenesis without ATP production (i.e., non-shivering thermogenesis) is an effective 

way of promoting energy dissipation and creating a negative energy balance. Thus, brown 

and beige adipocytes have sparked interest in the scientific community given their ability 

to positively modulate multiple metabolic conditions, including T2DM and obesity. In 

humans and rodents, glucose tolerance appears to be enhanced by activated 

thermogenesis in both brown and beige adipocytes (Czech, 2020; Kaisanlahti e Glumoff, 

2019). Furthermore, increased amounts of BAT are associated with decreased body fat 

mass and increased insulin sensitivity and oxidative capacity (Betz e Enerbäck, 2018).  

In contrast to BAT, the main function of WAT is to store excess energy as 

triglycerides after feeding and mobilize lipids in the fasting state to meet the energy 

demands of other tissues (Yamamoto et al., 2020). This way, WAT is the most important 

buffering system for lipid energy balance in the body due to its ability to accumulate and 

provide energy when needed (Park, 2014). 

Morphologically, while brown adipocytes contain many multilocular lipid droplets 

and a high number of mitochondria, white adipocytes have unilocular lipid droplets  and 

fewer mitochondria (Shinde, Song e Wang, 2021; Yamamoto et al., 2020). 

 

Figure 4 – Rodent fat pads. White adipose tissue depots are indicated in blue, fat pads with 

the ability to beige are indicated in yellow, classical brown adipose tissue deports are indicated in 

brown. eWAT - epidydimal white adipose tissue. Image taken from (Zhang et al., 2018). 
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1.1.6. Hepatic steatosis as a major complication of 

Prediabetes 

The liver also plays a prominent role in the pathophysiology of several metabolic 

disorders such as prediabetes and T2DM, since it is a key organ in the maintenance of 

lipid and glucose homeostasis. Pathophysiological processes include inflammation, 

oxidative stress, lipotoxicity, and glucotoxicity that can lead to impaired liver function and 

consequently liver injury (Ferrannini, Gastaldelli e Iozzo, 2011; Flier, 2000). 

Hepatic fat accumulation (steatosis), the hallmark feature of nonalcoholic fatty liver 

disease (NAFLD), is one of the main pathophysiological complications of prediabetes.  

NAFLD is the most common cause of liver disease worldwide, representing a major cause 

of hepatic morbidity and mortality as its global prevalence is estimated to range from 25% 

to 45% and increasing with the growing prevalence of diabetes and obesity (Donnelly et al., 

2005; Rinella, 2015; Younossi, 2019).  

NAFLD is a disease spectrum characterized by hepatic steatosis in the absence of 

chronic alcohol consumption and can progress to more severe forms, including 

nonalcoholic steatohepatitis (NASH), cirrhosis and ultimately hepatocellular carcinoma. 

This lipid accumulation in hepatocytes results from abnormalities in lipid metabolism, as 

the rate of the mechanisms that promote fatty acid input in the liver (increased fat and 

sugar intake from diet, lipolysis and de novo lipogenesis) surpass the rate of the mechanisms 

that promote fatty acid output (fatty acid β-oxidation and very-low-density lipoproteins 

export) (Donnelly et al., 2005). 

As the disease progresses, each state presents distinct histological findings.  NAFLD 

includes isolated hepatic steatosis and mild lobular inflammation, while NASH is 

characterized by the presence of steatosis and features of hepatocellular injury like tissue 

ballooning, a higher severity of inflammation with or without fibrosis. Cirrhosis is 

characterized by elevated scar tissue-like states that become more irreversible as the 

disease progresses and can culminate in hepatocellular carcinoma and death (Figure 5) 

(Pagliassotti, 2012; Rinella, 2015). 
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Figure 5 – Spectrum of nonalcoholic fatty liver disease (NAFLD). Hepatocyte cell 

ballooning (black arrows) and collagen bands surrounding liver nodules (white arrows). NASH - 

Nonalcoholic steatohepatitis. Image adapted from (Arab, Arrese e Trauner, 2018). 

 

Although indispensable, current pharmacological approaches for NAFLD and NASH 

are poor in efficacy and limited, as they demonstrated good results in inflammation and 

steatosis, but without reliable effects on fibrosis. Thus, the first approach to the 

management of this condition is based on the prevention of progression through the 

correction of the main risk factors (obesity, dyslipidemia, and insulin resistance) through 

life style modification strategies, such as weight loss and healthy dietary regimens, as these 

measures can reverse a steatotic liver state into a normal condition (Diehl e Day, 2017; 

Oseini e Sanyal, 2017).  Low levels of HDL and high levels of TGs are common findings 

among NASH patients, as well as elevated liver enzyme levels such as aspartate 

aminotransferase (AST) and alanine aminotransferase (ALT), which are indicators of liver 

injury (Dumitrascu e Neuman, 2018). The correction of transaminase blood levels is also 

one of the current strategies for NASH management to avoid its progression (Oseini e 

Sanyal, 2017).  

Histologically, hepatic steatosis can be classified in two types: microvesicular 

steatosis and macrovesicular steatosis. Microvesicular steatosis is characterized by 

hepatocytes with small lipid vesicles with less than 1 μm in diameter that may or not be 
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discernible. These hepatocytes are distended with foamy appearing cytoplasm and a 

typically centrally located nucleus. In macrovesicular steatosis, hepatocytes display large 

lipid droplets in which there is a single large vacuole of fat that fills up the hepatocyte and 

displaces the nucleus to the periphery (Tandra et al., 2011).  While in human settings 

microvesicular steatosis is considered potentially more malignant than macrovesicular 

steatosis, which is regarded as benign (Kristiansen et al., 2019; Tandra et al., 2011), the 

opposite occurs in rodent models, as macrovesicular steatosis is associated with worse 

disease phenotype progression (Kitamori et al., 2012; Piacentini et al., 2018). 

 

1.1.6.1.  Molecular mechanisms of hepatic steatosis 

a) The endoplasmic reticulum (ER) stress and the unfolded 

protein response (UPR) 

NAFLD comprises several metabolic changes that act synergistically in its 

development and progression, such as insulin resistance, lipotoxicity, and ER stress (Feng 

et al., 2014). Likewise, ER stress is also involved in prediabetes progression to T2DM and 

development of insulin resistance and is emerging as a key mechanism in metabolic 

diseases such diabetes and obesity (Green e Olson, 2011; Lupachyk et al., 2013; Wu et al., 

2017). ER stress is also associated with obesity, the major risk factor for hepatic steatosis 

and its progression (Zhang et al., 2014). This progression in promoted by a vicious cycle 

where hepatic lipid accumulation promotes the increase of 

phosphatidylcholine/phosphatidylethanolamine ratio that leads to the disruption of ER 

membrane. This promotes ER stress, which in turn leads to increased lipogenesis and 

VLDL secretion and decreased fatty acid oxidation, promoting steatosis (Baiceanu et al., 

2016; Veen, van der et al., 2017). 

The main functions of the endoplasmic reticulum involve the modification and 

processing of proteins and synthesis of intracellular proteins. It is also the main site of 

cholesterol synthesis (Li e Zhang, 2019; Pagliassotti, 2012). Most of the lipids synthetized 

in the ER are transported to other organelles and most of the newly synthesized proteins 

are inserted into membranes or secreted (Cooper, 2000). 

ER stress occurs when the protein folding capacity, protein biosynthesis, cell death 

or secretory pathways are compromised. ER stress occurs due to misfolded protein 

accumulation in the lumen of the ER that can be induced by overnutrition and metabolic 
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disorders like diabetes and obesity (Rocha et al., 2020). When cell homeostasis is 

compromised due to multiple stress factors, such as lipotoxicity (as in hepatic steatosis) 

or oxidative stress, a series of cell self-protection events are initiated in order to maintain 

cellular homeostasis (Li e Zhang, 2019). The cellular response to ER stress is called the 

unfolded protein response (UPR) which aims to preserve cellular function by three 

mechanisms: the interruption of protein translation to avoid the generation of more 

unfolded proteins; the activation of signaling pathways that promote the synthesis of 

molecular chaperones implicated in protein folding; and the activation of ERAD in order 

to reduce protein accumulation in ER through the degradation of unfolded/ misfolded 

proteins. However, if the UPR does not succeed in achieving its primary goal, it will 

promote apoptosis (Kawasaki et al., 2012; Rocha et al., 2020).  

The activation of the mammalian UPR encompasses three signaling branches: the 

double stranded RNA-dependent protein kinase-like ER kinase (PERK), the inositol-

requiring enzyme-1 (IRE-1), and the activating transcription factor 6 (ATF6). Under normal 

conditions, that is, in the absence of ER stress, these proteins are inactivated through 

association with the ER protein chaperone immunoglobulin heavy chain binding protein 

(BiP), also referred to as 78-kDa glucose-regulated protein (GRP78). However, under ER 

stress conditions, these proteins are activated through dissociation from GRP78 that is 

released and sequestered by unfolded proteins (Pagliassotti, 2012). 

Activation of IRE-1 promotes the splicing of X-box-binding protein-1 (XBP1s) 

mRNA which is then translated into the active XBP1. The active XBP1 promotes the 

expression of components related to the endoplasmic-reticulum-associated protein 

degradation (ERAD), to protein folding and quality control. The activation of IRE-1 

promotes the degradation of specific mRNAs localized in the ER proximities as an effort 

to decrease the production of proteins requiring folding in the ER lumen. Additionally, 

IRE-1 activates the c-Jun N-terminal kinase (JNK) and apoptosis signal-regulating kinase 1 

(ASK1) pathway through the binding of TNF receptor-associated factor 2 (TRAF2) 

(Baiceanu et al., 2016; Pagliassotti, 2012). 

Activation of ATF6 leads to its release from the ER membrane, then it is transferred 

to the Golgi apparatus where it is cleaved into an active form by the membrane-bound 

site-1 (S1P) and site-2 (S2P) proteases. This active form enters the nucleus and induces 

the expression of UPR components and chaperones (Baiceanu et al., 2016; Pagliassotti, 

2012). 
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When activated, PERK phosphorylates and inactivates the α-subunit of the 

translation initiation factor eIF2 (p-eIF2α) leading to a general decrease in protein 

translation initiation except for activating transcription factor 4 (ATF4), which induces the 

expression of factors involved in autophagy, apoptosis and antioxidant defense, such as 

DNA damage-inducible transcript 3 protein (C/EBP homologous protein; CHOP). ATF4 

also increases the expression of GADD34, a member of the growth arrest and DNA 

damage-inducible family of proteins, which enables the dephosphorylation of eIF2α and 

therefore reversal of translational attenuation (Figure 6 ) (Baiceanu et al., 2016; Pagliassotti, 

2012). 

 

Figure 6 – The unfolded protein response (UPR). ER - Endoplasmic reticulum; BIP - 

Immunoglobulin heavy-chain binding protein; PERK - PRKR-like ER kinase (PERK); eIF2α - 

Eukaryotic translation initiation factor 2α;  IRE-1 - Inositol-requiring protein 1;  XBP1 - X-box 

binding protein 1; ATF6α - Transcription factor 6α; ERAD - ER-associated protein degradation; 

CHOP - C/EBP homologous protein; GADD34 - Growth arrest and DNA damage-inducible 

protein 34; JNK - JUN N-terminal kinase;  P - Phosphorylation;  RIDD - Regulated IRE-1-

dependent decay;  ROS - Reactive oxygen species;  XBP1s - Transcriptionally active XBP1; XBP1u 

- Unspliced XBP1. Image taken from (Wang e Kaufman, 2014). 

 

Under physiological conditions, the liver undergoes transient ER stress responses; 

however, under pathophysiological conditions such as NAFLD, ER stress becomes chronic 

and so does the UPR. Chronic UPR activation has been demonstrated in livers of obese 

mice and rats. Although the aim of the UPR is to restore cellular homeostasis, its chronic 

activation in response to fatty liver may have deleterious consequences, as it promotes 

hepatic steatosis progression (Baiceanu et al., 2016).   
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b)  Autophagy 

Another  molecular mechanism associated with hepatic steatosis and dysregulated 

glucose metabolism is autophagy (Coccurello et al., 2018). Autophagy is a lysosomal 

catabolic process that ensures cell survival, maintains energy homeostasis during periods 

of nutrient deprivation and preserves genomic integrity by degrading pathogens or 

damaged cellular components. This process is activated by many stressors including 

pathogen infection, hypoxia, oxidative stress, nutrient starvation and can also be induced 

by the UPR as aggregated or misfolded proteins accumulate (González-Rodríguez et al., 

2014; Park et al., 2013; Rocha et al., 2020; Senft e Ronai, 2015).  

Indeed, there are three distinct types of autophagy, classified by how substrates are 

trafficked to the lysosomes for degradation: macroautophagy, microautophagy and 

chaperone-mediated autophagy (Rocha et al., 2020). Chaperone-mediated autophagy 

recognizes only proteins amenable to unfolding and translocate them directly into the 

lysosome for degradation (Tekirdag e Cuervo, 2018). Microautophagy refers to the direct 

invagination of cytosolic components by lysosomes for degradation. In contrast, 

macroautophagy, the major type of autophagy, sequesters and transports a heterogeneous 

set of cargo in vesicles, called autophagosomes, to the lysosome (Rocha et al., 2020). 

Although these pathways are mechanistically distinct, they all carry out degradation via 

the lysosome (Park et al., 2013; Rocha et al., 2020).  

In the presence of nutrients and cytokines, autophagy is inhibited by activation of 

mammalian target of rapamycin (mTOR), which regulates cellular processes, including 

autophagy, cell growth proliferation and protein synthesis  (Rocha et al., 2020; Witzig et al., 

2015). On the other hand, in the absence of nutrients and increased stress (nutrient 

starvation conditions, oxidative stress and UPR activation),  

mTOR is inhibited and autophagy is initiated (Khandia et al., 2019). In addition to the 

mTOR pathway, autophagy can be induced directly through the stimuli of the  

phosphoinositide-3-kinase (PI3K) complex which contains Beclin (a mammalian homolog 

of yeast Atg6), which also plays a major role in macroautophagy nucleation step (Pauly et 

al., 2017). A link between the UPR and autophagy has also been evidenced. PERK-eIF2α 

pathway is crucial for the induction of autophagy after ER stress, as ATF4 and its target 

gene CHOP transcriptionally regulate numerous autophagy-related genes (Atgs). 

Furthermore, IRE-1 is also implicated in autophagy activation as the JUNK and TRAF2-

dependent activation of IRE-1 results in the phosphorylation of Bcl-2, enabling Beclin 
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dissociation and therefore the activation of PI3K complex and autophagy (Senft e Ronai, 

2015).  

This complex process involves several phases: 1) induction and nucleation of 

phagophore; 2) elongation that leads to the formation of autophagosome; 3) following the 

maturation, the fusion of the autophagosome with the lysosome occurs to form the 

autolysosome, in which result in the cargo degradation. The digested components can 

then be used for energy production or biosynthesis of new products after being 

transported to the cytosol (Rocha et al., 2020). 

The nucleation step begins with phagophore formation, a double-membrane 

elongation structure that will constitute the autophagosome. This phase of autophagy 

starts with the interaction between the PI3K-II complex and the unc51 like kinase (ULK). 

As part of the PI3K complex, Beclin interacts via its BH3 domain with the anti-apoptotic 

family B-cell lymphoma 2 (Bcl-2), since it recruits autophagic proteins to a primordial 

autophagosomal structure. This interaction is regulated by numerous proteins capable of 

promoting and inhibiting the interaction Bcl-2/Beclin with the purpose of repress and 

activate autophagy. The binging of Bcl-2 to Beclin inhibits autophagy. In order to nucleation 

step to occur, it is required the dissociation between Bcl-2 and Beclin enabling the 

activation of PI3K complex and autophagy stimulation (Figure 7) (Decuypere, Parys e 

Bultynck, 2012; González-Rodríguez et al., 2014). 

The elongation step is coordinated through two ubiquitin-like conjugation systems: 

light chain-3 (LC3)-phosphatidylethanolamine (PE) and the ATGs proteins. In order to 

promote autophagosomal elongation, Atg12-Atg5-Atg16L forms a multicomplex that 

dissociates once the fully functional autophagosome is formed. This protein complex 

facilitates the conjugation of PE with LC3 (Ravikumar et al., 2009). Through the action of 

Atg4 and Atg3, the soluble form of LC3 (LC3-I) is converted in to the autophagic vesicle 

associated form LC3-II, a molecular marker for autophagosomes. LC3-II is essential for 

the expansion of the autophagic membrane and is present in both outer and inner surfaces 

of the autophagosome (Khandia et al., 2019; Park et al., 2013). Moreover, the elongation 

step involves the interaction between cargos that recognize each other through specific 

receptor proteins. The autophagic adaptor protein p62/Sequestosome-1 (p62/SQSTM1) 

is crucial for autophagosome formation. The p62/SQSTM1 tag the autophagy substrates 

with ubiquitin to degradation by interacting with autophagic proteins like LC3-II (Lamark, 

Svenning e Johansen, 2017; Park et al., 2013). The final steps consist in closure and 
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maturation, in which occurs the enclosure of the membrane resulting in the complete 

formation of the autophagosome. After this step, the autophagosome is ready to bind 

with the lysosome for cargo degradation (Tong, Yan e Yu, 2010). 

 

 
 

Figure 7 – Autophagolysosome formation. AMPK - AMP - activated protein kinase; mTOR 

- Mammalian target of rapamycin; ULK - Unc-51-like kinase 1; Bcl-2 - B-cell lymphoma 2; PI3K-III 

- Phosphoinositide 3-kinase class III; ATG - Autophagy-related proteins; LC - Light chain; 

SQSTM1/p62 - Sequestosome-1/p62; PE - Phosphatidylethanolamine; Original image adapted from 

(Bhattacharya et al., 2018) 

 
The role of autophagy in the pathophysiology of NAFLD was first suggested by the 

discovery that this pathway mediates the breakdown of intracellular lipids in hepatocytes 

and, through this process, it may prevent the progression of hepatic steatosis. Additional 

studies showed novel critical functions for autophagy, not only in hepatocytes but also in 

other hepatic cell types, such as stellate cells and macrophages, that regulate insulin 

sensitivity, hepatocellular injury, and carcinogenesis, arousing great interest in this 

mechanism due to its extensive implications in the progression of multiple metabolic 

diseases (Czaja, 2016).  

Due to its anti-steatotic properties, autophagy (lipophagy) is a mechanism of great 

interest as it may play a critical role in the prevention of NAFLD progression to NASH 

(Allaire et al., 2019). This mechanism is deregulated in many liver diseases and its function 

is decreased under several conditions that predispose to NASH (González-Rodríguez et al., 

2014).  In fact, the autophagic flux, a measure of autophagic degradation activity (Loos, Toit, 

du e Hofmeyr, 2014), is impaired in both humans with NAFLD and in murine models of 

NAFLD.  For instance, the blockade of the autophagic flux was reported in the liver of 
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mice fed with high fat diets (HFD) compared with mice fed with chow diets (CD), as an 

increase in LC3-II/LC3-I ratio and p62 was observed (Allaire et al., 2019; González-Rodríguez 

et al., 2014). In a vicious cycle where lipid accumulation promotes insulin resistance, and 

insulin resistance promotes lipid accumulation, both of these pathophysiological processes 

impair autophagy. In turn, the impairment of autophagy further worsens both insulin 

resistance and lipid accumulation (Allaire et al., 2019; González-Rodríguez et al., 2014). In 

this sense, autophagy plays a key role in both steatosis and prediabetes progression, 

making its modulation a potential therapeutic strategy to prevent disease progression. 

Although the relationship between autophagy and T2DM is well established, few 

studies have focused on the relationship between autophagy and prediabetes (Fakih et al., 

2020; He et al., 2020), which highlights the need to investigate further this link. Thus, well-

defined and characterized animal models mimicking the development and progression of 

prediabetes could be important tools to improve our understanding of the 

pathophysiological mechanisms underlying the evolution of prediabetes to T2DM and 

associated complications. 

1.1.7. Diet-induced animal models of Prediabetes 

In line with the global epidemic of T2DM, the increasing prevalence of prediabetes 

becomes an important concern within the scientific community. This increase in 

prediabetes prevalence is mainly due to detrimental lifestyle behaviors, including unhealthy 

eating habits (Tsalamandris et al., 2019). As mentioned above, interventions based on the 

management of risk factors through lifestyle modifications may prevent the progression 

of prediabetes (Tsalamandris et al., 2019; Wu et al., 2020).  However, the majority of the 

population fails to adhere to these lifestyle modifications  (Kim et al., 2014). Considering 

the difficulties in controlling this disease, as the epidemiological numbers continue to grow, 

it becomes imperative to increase our knowledge on the molecular mechanisms and 

therapeutic targets that will allow more effective strategies for prediabetes.  

Over the years, pre-clinical models of disease have been indispensable tools in this 

quest as a means to evaluate the effect of the various behavioral, environmental and 

genetic factors that lead to metabolic alterations. The most frequently used animal models 

of prediabetes are rodents (rats or mice) due to their small size, their short reproduction 

cycle, and their low cost (Cefalu, 2006). While there is a wide diversity of animal models 
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of both T2DM and obesity, animal models of prediabetes are scarce (Islam e Venkatesan, 

2016; Islam e Shannon, 2012). 

While some models show a genetic predisposition to the disease, others may 

develop the disease spontaneously or in a diet-induced manner (Brown e Setchell, 2001; 

Dawson, Ko e Dawson, 2010; Dourmashkin et al., 2005; Islam e Venkatesan, 2016). The most 

commonly used non-genetic rodent models of diabetes are those induced by partial 

pancreatectomy, or induced by alloxan or streptozotocin simultaneously with dietary 

modifications  (Islam e Loots, 2009; Lenzen, 2008). Some spontaneously or genetically 

induced models of diabetes are used as models for insulin resistance and prediabetes in 

the early stage of their lifespan (e.g., Goto Kakizaki rats, prediabetic BB-DP rats Zucker 

Diabetic Fatty (ZDF) rats, prediabetic Chinese hamster, prediabetic SHROB rats, and 

Otsuka Long Evan Tokushima Fatty Rats (OLETF). However, spontaneously or genetically 

induced models of diabetes are expensive compared with experimentally-induced non-

genetic models such as diet-induced models. Therefore,  spontaneously or genetically-

induced models of diabetes are not widely available and are not so suitable for routine 

pharmacological or nutraceutical screening of compounds that prevent prediabetes 

progression (Islam e Venkatesan, 2016). 

The prediabetic phenotype can be induced in rodents by a variety of dietary 

regimens. The most frequently used are high-fat diets (HFD), high-sugar diets (HSD), and 

a combination of both, for example the high-fat high-sucrose diets (HFHS). These diets 

vary greatly in their composition. The fat content in HFD ranges from 45 and 60% calories. 

HSD are the most diverse and can be administered alone or supplemented to an HFD, 

being fructose, sucrose and glucose, the most used sources of sugar. In HFHS diets, while 

fat content ranges from 20-60%, the carbohydrate content ranges from 10-60% in drinking 

water, diet or both (Preguiça et al., 2020). Changes in macronutrient composition of diets, 

such as the content of protein, fat, carbohydrate as well as water and fiber, considerably 

affect the induction and progression of disease phenotypes and their associated 

complications (Bray et al., 2002; Stanhope et al., 2018). Despite several studies in animal 

models have shown that the use of HSD (high-fructose and high-sucrose) promotes the 

development of glucose intolerance and insulin resistance (Chen et al., 2011; Oliveira et al., 

2014), fructose, sucrose and glucose display differences in terms of metabolic disruption. 

For instance, ad libitum access to fructose beverages increases adiposity and hepatic lipid 

accumulation in mice when compared to sucrose. Furthermore, several experimental 
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studies showed that dietary macronutrient composition is an important environmental 

factor for prediabetes development (Hafizur et al., 2015; Lozano et al., 2016; Saravanan et 

al., 2017). Therefore, hypercaloric diets should be carefully selected to achieve the most 

desired outcome as subtle changes in diet formulation, such as the physical  state and 

nutrient source, may affect the extent of the metabolic impairments (Preguiça et al., 2020). 

Although epidemiological studies on the prevalence of diabetes and sugar consumption 

suggest that HFHS diets are a greater risk factor for these metabolic disorders than HFD 

or HFS alone (Basu et al., 2013), the most appropriate model will depend on the scientific 

question to be addressed (King e Bowe, 2016). 

The phenotype of an animal model of prediabetes has been defined as increased 2h 

blood glucose values, hyperinsulinaemia, glucose intolerance, moderate/mild 

hyperglycaemia and hyperlipidaemia (Hafizur et al., 2015). In our previous studies, a 

prediabetic phenotype was successfully induced in Wistar rats by oral consumption of 

35% sucrose solution ad libitum for 9 weeks. This model displayed glucose intolerance, 

insulin resistance, hyperinsulinaemia and hypertriglyceridemia; however, obesity or fasting 

hyperglycaemia, two central features of the disease, were not observed (Nunes et al., 

2013). To overcome this limitation, in the present study, we fed Wistar rats with a solid 

high-fat high-sucrose (HFHS) diet for 24 weeks with the purpose of inducing a more 

aggravated prediabetic phenotype. Preliminary data from our group demonstrated that 

from week 12 onward the HFHS-induced animal model of prediabetes displayed increased 

body weight, and from week 16 onward displayed glucose intolerance along with normal 

levels of fasting glycaemia and insulinemia. However, at week 24, the HFHS-fed animals 

model displayed elevated postprandial insulin (unpublished data), which represents a 

compensatory feature of the prediabetic state (Elks et al., 2015; Marques et al., 2016) 

(Figure 8). 
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Figure 8 – Body weight evolution and glucose tolerance in response to 24 weeks of 

CD, LFD and HFHS diets in male Wistar rats. (A) Body weight (BW) evolution (grams). 

(B) Changes in blood glucose levels (mg/dl) at different time points after an intraperitoneal 

injection of a glucose solution (2 g/kg body weight, glucose tolerance test (GTT) assay) at week 

24. (C) Area under the curve (AUC) of GTT assay, expressed as milligrams per deciliter per 120 

minutes. CD - Chow diet; LFD - Low-fat diet; HFHS - High-fat high-sucrose. Data are presented 

as mean ± SEM (n = 4-8 per group); *p<0.05; **p<0.01 and ***p<0.001 vs CD; # p<0.05 and ### 

p<0.001 vs LFD.  

1.2. Refined vs Unrefined control diets 

Most  animal models of prediabetes are induced by refined diets with high fat and 

high sucrose content (HFHS) (Preguiça et al., 2020), which are usually compared with 

unrefined control diets (chow, CD). However, these diets differ markedly, not only in 

their refinement degrees, but also in their nutrient content (Lai, Chandrasekera e Barnard, 

2014; Pellizzon e Ricci, 2018). 

While unrefined control diets are mainly produced with a combination of 

ingredients based on cereal grains (e.g., soybean meal, corn, alfalfa, wheat, oats), purified 

diets are made of a combination of refined ingredients isolated from the whole food 

source, each ingredient supplying a main nutrient (e.g., fat from soybean oil) along with 

insoluble fiber (e.g., cellulose) (Almeida-Suhett et al., 2019). Another major difference 

between refined and unrefined diets is their content in phytoestrogen and sucrose. While 

chow diets (CD) have a high content in phytoestrogen and no sucrose, the opposite 

occurs in refined diets, in which the phytoestrogen is absent and sucrose is used as a 

carbohydrate source (Preguiça et al., 2020). Due to nutritional variations in cereal grains, 

batch consistency in unrefined diets is difficult to ensure, and because diet compositions 

are not fully disclosed by the manufacturers, data reproducibility is often questioned. In 

contrast, refined diets overcome this limitation by allowing the manipulation of individual 
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nutrients and enabling the assessment of the effects of a single nutrient on a given 

phenotype (Pellizzon e Ricci, 2020). 

Taking this into account, a refined low-fat diet (LFD) produced with the same 

ingredients as the refined high-fat high-sucrose (HFHS) diet may be a more appropriate 

control diet than the standard unrefined chow diet (CD). Nonetheless, despite several 

studies advising on the use of nutrient-matched refined control diets  (Pellizzon e Ricci, 

2018, 2018), there are also reports on the harmful metabolic effects of refined control 

diets (Blaisdell et al., 2014, 2017; González-Blázquez et al., 2020). For example, it is 

recognized that the healthy potential of cereal-based food can be deteriorated by 

processing strategies (Fardet, 2018). Therefore, it is also important to consider the 

potential unhealthy impact of refined ingredients on diets (Blaisdell et al., 2017) and to 

further investigate whether the most appropriate control diet for a refined HFHS diet is 

a standard unrefined chow diet (CD) or a nutrient-matched refined diet (LFD). 

1.3. Putative beneficial effects of blueberries on 

Prediabetes 

1.3.1. Health-promoting properties of blueberries 

Epidemiological evidence supports the notion that a balanced diet, rich in fruits and 

vegetables, has a positive impact on human well-being and health, playing an important 

role in the prevention of several pathologies (e.g., reduction of the risk of cardiovascular 

and metabolic disease and some forms of cancer). As phenolic compounds and other 

antioxidants are abundantly present in fruits and vegetables, their consumption may 

provide some potential health benefits (Neto, 2007; Rossi et al., 2009; Szajdek e Borowska, 

2008). 

Blueberries are among the most popular berries and are found in numerous forms 

in retail markets (fresh, frozen and processed). Blueberries belong to the genus Vaccinium 

of Ericaceae family, and Vaccinium corymbosum (V. corymbosum, highbush blueberries), 

Vaccinium ashei (V. ashei; rabbiteye blueberries) and Vaccinium angustifolium (V. angustifolium, 

lowbush blueberries) are the most predominant species when considering commercial 

production (Riihinen et al., 2008; Zhao, 2007). Given their polyphenolic content, blueberry 

incorporation into food products may confer them beneficial properties. Furthermore, 
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because consumers consider blueberries as healthy foods, their incorporation (either 

directly or through an extract) in diet may increase the commercial value of a food 

product while also possibly aiding in the improvement of its flavor, color or even shelf-life 

(e.g., through their antioxidant activity) (Lee, Durst e Wrolstad, 2002; Szajdek e Borowska, 

2008). 

1.3.2. Antidiabetic effects of blueberries 

Blueberries have been the focus of several studies that aim to characterize their 

health-promoting properties. Many of the beneficial properties of blueberries can be 

related to the presence of anthocyanins, flavonoids and other phenolic compounds. These 

beneficial effects may result from the action of isolated compounds, or from multiple 

compounds acting synergistically. The various anthocyanins, phenolic acids and other 

bioactive compounds present in blueberries have been recognized for their ability to 

provide and activate cellular antioxidant defenses, scavenge free radicals, inhibit the 

expression of genes that induce inflammation, and thus protect against injury and 

cytotoxicity induced by oxidant and inflammatory agents (Johnson e Arjmandi, 2013; Kang 

et al., 2015; Silva et al., 2020). Blueberries may have antioxidant and anti-inflammatory 

effects through different pathways, including inhibition of ROS production, such as 

hydroxyl radicals and superoxide, and the reduction of inflammatory cytokine levels, 

including TNF-α and IL-6, in addition to influencing other factors, such as the chemotactic 

protein of monocytes-1 (MCP-1). NF-kB appears to be a major pathway for the anti-

inflammatory effects of blueberries (Shi et al., 2017). Furthermore,  blueberries may 

possess other health benefits associated with the presence of bioactive compounds (Nunes 

et al., 2021; Silva et al., 2020), including prebiotic, antibacterial, anticancer and insulin 

sensitizers. In vitro (Martineau et al., 2006), in vivo (DeFuria et al., 2009; Grace et al., 2009; 

Martineau et al., 2006) and clinical (Stull et al., 2010) studies show that blueberry 

consumption exerts antidiabetic effects. (Martineau et al., 2006) evaluated the ability of a 

blueberry extract to increase the proliferation of pancreatic β cells in cell culture, 

suggesting a potential protection against β-cell injury, thus improving insulin sensitivity. 

Blueberries can protect against the development of glucose intolerance and increased 

glucose levels in circulation (Roopchand et al., 2013; Vuong et al., 2007), suppress appetite 

(Molan, Lila e Mawson, 2008), and normalize lipid markers (Prior et al., 2010).  Blueberry 
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reduced the concentration of glucose, TGs and cholesterol in the blood, increased glucose 

uptake, glucose tolerance and fatty acid oxidation (Shi et al., 2017). However, the cellular 

mechanisms that contribute to the antidiabetic effect of blueberries are not fully 

elucidated. Some studies in cell culture and in animals suggest that blueberry extracts 

enhanced glucose uptake (Martineau et al., 2006; Seymour et al., 2011), while others 

observed that blueberry anthocyanins did not increase the uptake of glucose in the L6 

myotube cell line (e.g., skeletal muscle cells) (Roopchand et al., 2013). However, these 

studies reported a reduction in glucose production in rat hepatocytes after the addition 

of blueberry anthocyanins. Anthocyanin rich extracts have been demonstrated to 

attenuate insulin sensitivity and hyperglycaemia, while a diet supplemented with blueberry 

powder has been shown to enhance glucose tolerance in post-menopausal mice and 

insulin sensitivity in humans (Elks et al., 2015; Stull et al., 2010; Takikawa et al., 2010). 

Moreover, blueberry juice and probiotics attenuated mitochondrial oxidative stress 

through elevation of reduced glutathione and superoxide dismutase levels while reducing 

ROS production in an animal model of NAFLD. The authors demonstrated that the 

modulation of SIRT1/PGC-1α pathway is a potential target of blueberry juice and 

probiotics against hepatic damage induced by NAFLD (Ren et al., 2019). Further animal 

research also showed that the attenuation of hepatic steatosis and enhancement of 

lipolysis following exposure of hepatic cells to blueberry polyphenols can be promoted by 

modulation of autophagy (Zhuge et al., 2020). Despite many studies pointing to the 

potential health benefits of blueberry-derived phytochemicals, the effectiveness of 

blueberry intake in prediabetes has not been established so far (Nunes et al., 2021).  

As an attempt to fill this knowledge gap, preliminary findings from our group 

demonstrated that blueberry juice (BJ) supplementation in an animal model of prediabetes 

induced by an HFHS diet was able to attenuate glucose intolerance without preventing 

body weight gain (unpublished data) (Figure 9). 
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Figure 9 – Effects of blueberry juice (BJ) supplementation on the body weight evolution 

and glucose tolerance of rats fed a high fat-high sucrose (HFHS) diet. (A) Body weight 

(BW) evolution (grams). (B) Changes in blood glucose levels (mg/dl) at different time points after an 

intraperitoneal injection of a glucose solution (2 g/kg body weight, glucose tolerance test (GTT) assay) 

at week 23. (C) Area under the curve (AUC) of GTT assay, expressed as milligrams per deciliter per 

120 minutes. CD - Chow diet; HFHS - High-fat high-sucrose; HFHS+BJ - High-fat high-sucrose plus 

blueberry juice; Data are presented as mean ± SEM (n = 6-8 per group); (A) * p<0.05 HFHS vs CD; 

# p<0.05 and ## p<0.01 HFHS+BJ vs CD; (B)(C) * p<0.05; ** p<0.01 and *** p<0.001 vs CD; ## 

p<0.01 and ### p<0.001vs HFHS+BJ 
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Aims 

Although pharmacological interventions are indispensable for the management of type 2 

diabetes (T2DM), lifestyle modifications are instead recommended as first-line interventions 

in stages where the disease is not yet fully established, such as in prediabetes, where subtle 

pathophysiological changes start to evolve in vital organs, including in the liver.  

As highlighted above, due to its anti-inflammatory, antioxidant, hypoglycemic and 

hypolipidemic properties, blueberry may be a valuable nutraceutical intervention with potential 

to prevent the progression of prediabetes to diabetes, as inflammation, oxidative stress, insulin 

resistance and dyslipidemia are the main drivers of prediabetes progression and the 

development of its complications, namely NASH. However, the potential of blueberry to 

protect against prediabetes under conditions relevant for human pathogenesis and the 

molecular mechanisms involved remain largely unexplored. It can thus be hypothesized that a 

nutraceutical approach based on blueberry supplementation may exhibit hepatoprotective 

effects in prediabetes progression and associated complications. 

Animal models of prediabetes are scarce and most are induced by diets rich in fat and/or 

sugar (HFHS). In most metabolic studies in animals, refined diets are compared with standard 

control unrefined diets (CD). However, differences in the nutritional composition (particularly 

phytoestrogen and fiber content) of these diets may lead to unanticipated phenotypic 

differences and an erroneous interpretation of results. 

 

Accordingly, the central aims of this thesis are:  

 

#1. To evaluate metabolic, histological and molecular alterations in an animal 

model of prediabetes induced by a high-fat high-sucrose diet in comparison with 

refined and unrefined control diets.  

 

#2. To identify molecular mechanisms responsible for the putative protective 

effects of blueberry juice supplementation in Prediabetes-associated metabolic 

dysfunction. 
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3.1 Experimental design 

3.1.1. Experimental setting I – Establishment and 

characterization of a diet-induced rodent model of 

prediabetes  

Given that unhealthy diets are a key risk factor for prediabetes progression, we 

decided to establish a prediabetic rat model induced by diet. Considering a wide range of 

commercially custom diets with distinct nutritional compositions available to induce 

disease phenotype, in Experimental Setting I, we aimed to establish and characterize the 

metabolic phenotypes induced by 24 weeks (chronic) intake of an unrefined control diet 

(CD), a refined low-fat diet (LFD) and a refined high-fat high-sucrose diet (HFHS). 

Although CD and LFD may be considered isocaloric, (3-4 kcal/g), they differ in terms 

of refinement process of ingredients. The nutritional composition of commercially 

available diets used in this study are presented in Table 2. 

Table 2 – Nutritional composition of CD, LFD and HFHS diets. 

Diet Composition 

Chow Diet 

(Mucedola 

4RF21) 

Low Fat Diet 

(TD.08485) 

High Fat High 

Sucrose Diet 

(TD.08811) 

Energy sources (% by weight) 

18.5% Protein 

53.5% Carbohydrate 

3.0% Fat 

17.3% Protein 

61.3% Carbohydrate 

5.2% Fat 

17.3% Protein 

47.6% Carbohydrate 

23.2% Fat 

Energy (Kcal/g) 

Protein: 0.74 

Carbohydrate: 2.14 

Fat: 0.27 

Total: 3.15 

Protein: 0.69 

Carbohydrate: 2.45 

Fat: 0.47 

Total: 3.6 

Protein: 0.69 

Carbohydrate: 2.09 

Fat: 1.90 

Total: 4.7 

Proteins (% by weight) 

  Casein --- 19.5 19.5 

  L-Cysteine --- --- 0.3 

  DL-Methionine --- 0.3 --- 

Carbohydrates (% by weight) 

  Starch 53.5 --- --- 

  Corn Starch --- 43.3 5.7 

  Maltodextrin --- 10.0 6.0 

  Cellulose --- 5.0 5.0 

  Sucrose --- 12.0 34.0 

Lipids (% by weight) 

  Soybean oil 3.0 1.3 2.0 

  Anhydrous Milkfat --- 3.7 21.0 

Vitamin/Mineral Mixes (% by weight) 

  Mineral Mix, AIN-93G-MX 

(94046)  
--- --- 4.3 

  Mineral Mix, AIN-76 (170915) --- 3.5 --- 

  Vitamin Mix, AIN-93-VX (94047) --- --- 1.9 
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  Vitamin Mix, Teklad (40060) --- 1.0 --- 

Fatty acids (% by weight) 

  Saturated fatty acids 22 --- 61 

  Mono-unsaturated fatty acids 22 --- 30 

  Poly-unsaturated fatty acids 56 --- 9 

 

In this experimental setting, twenty-two male Wistar rats (13-week-old) were used. 

Rats were housed two per cage in the vivarium of the Coimbra Institute for Clinical and 

Biomedical Research (iCBR), Faculty of Medicine, University of Coimbra, under controlled 

environmental conditions with temperature 22 ±1ºC, 50-60% relative humidity, a 12h-

light 12-h dark cycle, with tap water and food supplied ad libitum. Animal experiments 

were conducted according to the National and European Communities Council Directives 

of Animal Care and received approval (#9/2018) by the local (iCBR) Animal Welfare Body 

(ORBEA). 

After 2 weeks of acclimation period, rats were randomly divided into three groups 

and assigned to the following dietary regimens: CD (n=6); LFD (n=8) and HFHS (n=8). 

Body weight (BW) was monitored weekly and food and fluid intake twice per week.  

The design of Experimental Setting I is shown in Figure 10. 

 

Figure 10 – Experimental Setting I. CD - Chow diet; LFD - Low-fat diet; HFHS - High-fat 

high-sucrose. 
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3.1.2. Experimental setting II - Putative protective effects of 

blueberry juice in HFHS-induced metabolic dysfunction 

To assess the putative protective effects of blueberry juice (BJ), a fourth 

experimental group composed of eight male Wistar rats (13-week-old), were fed the 

HFHS diet and supplemented with BJ from week 16 until the end of the protocol (24 

weeks). At this time point (week 16), the early metabolic impairments were found in rats 

fed HFHS diet. In order to comply with the 3Rs Reduction Principle, the multiple 

evaluations carried out in the fourth experimental group (HFHS+BJ) were compared with 

the CD and HFHS experimental groups from the Experimental setting I. 

Blueberries (Vaccinium corymbosum L. from Cultivar: Liberty) were supplied by the 

Cooperativa Agropecuária dos Agricultores de Mangualde (COAPE) and stored at -80ºC 

until processing. In order to obtain a juice and to ensure that blueberry pulp, seeds and 

peel were all consumed, blueberries were weighed and blended with drinking water. To 

ensure that 25g of blueberry per kg of rat's BW were daily consumed, the volume of 

drinking water was adjusted. 

Animals were monitored weekly for BW and food consumption as in Experimental 

Setting I. Until week 16, fluid (water) intake was measured twice a week and after that 

point onward, fluid (BJ) intake was measured daily (Figure 11). 

Animal experiments were conducted according to the National and European 

Communities Council Directives of Animal Care and received approval (9/2018) by the 

local (iCBR) Animal Welfare Body (ORBEA). 
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Figure 11 – Experimental Setting II. CD - Chow diet; HFHS - High fat high sucrose; HFHS+BJ 

- High-fat high-sucrose plus blueberry juice. 

3.2 Tissue collection  

At week 24, animals were anaesthetized in a chamber saturated with isoflurane 

(IsoFlo®, Abbott) followed by intraperitoneal injection of 150 mg/kg of ketamine chloride 

(1 g/mL; Imalgene®) in chlorpromazine 2.5% (Largactil®). Blood was immediately 

collected through heart puncture to serum tubes (BD Vacutainer SST II 47 Advance) and 

then centrifuged at 3500 rpm for 15 minutes (4 ºC) and stored at -20 ºC. Upon sacrifice, 

rats were transcardially perfused with ice-cold PBS (1x) and epididymal white adipose 

tissue (eWAT), interscapular brown adipose tissue (iBAT) and liver were isolated, washed 

and weighed. Samples were divided into 3 sections for distinct purposes:  a first section 

was kept in a neutral buffered formalin solution to be used for histological analysis; for 

fluorescence microscopy, samples were placed in OCT CryoMatrix (6769006, 

ThermoScientific); for protein analysis, samples were snap frozen in liquid nitrogen. 

Samples were stored at -80 ºC for later analysis. 
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3.3 Liver, eWAT and iBAT histomorphology  

3.3.1. Hematoxylin and Eosin (H&E) staining 

Liver, eWAT and iBAT samples were formalin-fixed and embedded in paraffin wax. 

Cryosections (5 µm) from each block were deparaffinized in xylene and hydrated to a 

decrescent series of ethanol until distilled water. Afterwards, tissue sections were 

immersed in hematoxylin stain Solution, Gill 1 (Sigma Aldrich, Saint Louis, MO, USA) for 

2 minutes and washed in tap water. Then, they were counterstained with 0.5% aqueous 

eosin (Sigma Aldrich; MO, USA) for 30 seconds and then dehydrated, cleared, and 

mounted.  

3.3.2. Image analysis and data quantification 

3.3.2.1. Liver 

Two high-resolution images per animal, 5 to 7 animals per group, imaged at 40x 

magnification were captured under the same parameter settings for hepatocyte 

morphometry analysis using a Zeiss microscope Mod. Axioplan 332 2 (Zeiss, Jena, 

Germany). To evaluate the liver morphology and the degree of steatosis, approximately 

200 hepatocytes per animal were analyzed using the FIJI (ImageJ v2) plugin Cell Counter. 

Each acquired image was imported to ImageJ and analyzed individually. The number 

of total hepatocytes in each image was calculated by manually counting all the visible 

hepatocyte nuclei. The total number of hepatocytes with microvesicular steatosis 

morphology (microsteatotic hepatocytes - distended hepatocytes with foamy appearing 

cytoplasm; small lipid vesicles less than 1 µm in diameter that may or may not be 

discernible, with typically centrally located nucleus (Kristiansen et al., 2019; Sethunath et al., 

2018) and the total number of hepatocytes with macrovesicular steatosis morphology 

(macrosteatotic hepatocytes - cells with large fat vacuoles and peripherally displaced 

nucleus (Kristiansen et al., 2019; Sethunath et al., 2018) were also manually counted 

separately as showed in Annex 1. 

To assess the total steatosis score (%), the ratio between the total number of 

steatotic hepatocytes (number of hepatocytes with microvesicular steatosis plus the 
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number of hepatocytes with macrovesicular steatosis) and the total number of 

hepatocytes times 100 were calculated.  

𝑇𝑜𝑡𝑎𝑙 𝑆𝑡𝑒𝑎𝑡𝑜𝑠𝑖𝑠 𝑆𝑐𝑜𝑟𝑒 (%)

=
(𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑡𝑖𝑐 + 𝑀𝑎𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑡𝑖𝑐 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠)

𝑡𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠
× 100 

To assess the microvesicular steatosis score (%), the ratio between the number of 

hepatocytes with microvesicular steatosis and the total number of hepatocytes times 100 

were calculated.  

𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑠𝑖𝑠 𝑆𝑐𝑜𝑟𝑒 (%) =
𝑀𝑖𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑡𝑖𝑐 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠
× 100 

To assess the macrovesicular steatosis score (%), the ratio between the number of 

hepatocytes with macrovesicular steatosis and the total number of hepatocytes times 100 

were calculated.  

𝑀𝑎𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑠𝑖𝑠 𝑆𝑐𝑜𝑟𝑒 (%) =
𝑀𝑎𝑐𝑟𝑜𝑠𝑡𝑒𝑎𝑡𝑜𝑡𝑖𝑐 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠

𝑇𝑜𝑡𝑎𝑙 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 ℎ𝑒𝑝𝑎𝑡𝑜𝑐𝑦𝑡𝑒𝑠
× 100 

 

3.3.2.2. Epididymal white adipose tissue 

Five to ten high-resolution images per animal, 5 to 8 animals per group, were 

captured by a Axiocam 105 color (Zeiss, Jenna, Germany) camera under the same 

parameter settings for adipocyte morphometry analysis, using a Zeiss microscope Mod. 

Axioplan 332 2 (Zeiss, Jenna, Germany). Slides were imaged at 10x magnification. To 

quantify the mean adipocyte area, mean adipocyte diameter, adipocyte area distribution 

and adipocyte diameter distribution, an average of 512 adipocytes per animal were 

analyzed using the FIJI (ImageJ v2) plugin Adiposoft. 

Images were captured and imported into ImageJ software. To obtain a more precise 

quantification of adipocyte dimensions (area and diameter), the contrast between the 

adipocyte outlines (cytoplasmatic membrane) and the inner side of the adipocytes (lipid 

droplet) should be maximized to facilitate the recognition of the adipocyte outlines by the 

ImageJ plugin Adiposoft. To achieve this, each image acquired was splitted in three 

channels (red, green, blue). Of the three channels, the green-channel enabled a higher 
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contrast. As a consequence, only the green-channel image of each image acquired was 

saved through a screenshot for further analysis. All the green-channel images saved were 

imported again, one by one, into ImageJ software and analyzed by the ImageJ plugin 

Adiposoft as showed in Annex 2. 

To ensure that only adipocytes were counted, each image was manually inspected. 

The artifacts and broken adipocytes unduly analyzed and accounted by the software were 

recorded and eliminated manually from the output-excel sheet that contained the 

diameter and area data of all the adipocytes in each image. 

Mean adipocyte area and mean adipocyte diameter were calculated for each animal 

and for each group. In order to calculate the adipocyte area and diameter distribution, 

classes were defined for each parameter and all the data acquired by the software were 

assigned into the defined classes. 

3.3.2.3.  Interscapular brown adipose tissue 

Five high-resolution images per animal (5 to 8 animals per group) were captured by 

Axiocam 105 Color (Zeiss, Jenna, Germany) camera under the same parameter settings 

for adipocyte morphometry analysis, using a Zeiss microscope Mod. Axioplan 332 2 

(Zeiss, Jenna, Germany). Slides were imaged at 20x magnification. FIJI (ImageJ v2) plugin 

Adiposoft was used to quantify the mean lipid droplet area and distribution. 

iBAT images were captured and imported into ImageJ software as described in the 

eWAT section. Similarly, iBAT images were analyzed by the ImageJ plugin Adiposoft and 

showed in Annex 2. 

Mean lipid droplet area was calculated for each animal and for each group. In order 

to calculate the lipid droplet area distribution, classes were defined for each parameter 

and all the data acquired by the software analysis were assigned into the defined classes. 

3.4 Quantification of hepatic triglyceride levels  

Triglyceride (TG) content of liver samples was measured by an enzymatic 

colorimetric assay using a commercial kit (Ref.1155010, Triglycerides MR, Cromatest ®, 

Linear Chemicals, Barcelona, Spain). Briefly, 50 mg of frozen tissue was homogenized in 1 

mL of isopropanol. The homogenate was sonicated and then centrifuged at 3000 rpm for 
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5 minutes at 4ºC, and the supernatant was analyzed following the manufacturer’s 

instructions. 

3.5 Quantification of hepatic ALT and AST levels 

Serum aspartate aminotransferase (AST) and alanine aminotransferase (ALT) 

concentrations were determined through automatic validated methods and equipment 

(Hitachi 717 analyzer, Roche Diagnostics GMBH, Mannheim, Germany), as previously 

described in (Madureira et al., 2016).  

3.6 Protein expression by western blotting 

3.6.1. Protein extraction and quantification  

Approximately 100 mg of frozen iBAT and 50 mg of liver were homogenized by 

mechanical dissociation using a handheld tissue homogenizer in cold (4ºC) 

radioimmunoprecipitation assay (RIPA) lysis buffer containing 50 mM Tris-HCl (pH 8.0), 

150 mM NaCl, 0.1% (v/v) sodium dodecyl sulphate (SDS), 1% (v/v) Triton X-100, 5 mM 

ethylenediaminetetraacetic acid (EDTA), supplemented with 1 pill of protease inhibitor 

cocktail (11836170001, Roche Diagnostics GmbH, Germany), 1 mM of 

phenylmethylsulfonyl fluoride (PMSF) and 1 mM of sodium orthovanadate (Na3VO4). iBAT 

and liver homogenates were left on ice for 1 hour, and vortexed every 15 min. iBAT 

sample lysates were centrifuged for 15 min at 15,000 rpm at 4ºC and liver sample lysates 

were centrifuged for 20 min at 13,000 rpm at 4ºC. After centrifugation, the supernatant 

fractions (corresponding to total extracts) were collected and centrifuged again. This 

process was repeated three times in iBAT samples and twice in liver samples. After the 

last centrifugation, the supernatant fractions were collected and one aliquot (20 µL) of 

protein lysate of each sample was used to determine protein concentration. The 

remaining samples were stored at -80ºC. 

The protein concentration was determined using the bicinchoninic acid (BCA) assay 

(Pierce™ BCA Protein Assay Kit, Pierce Biotechnology, Rockfor, IL, USA) using bovine 

albumin serum (BSA) standard solutions. Absorbance reading was performed at 570 nm 

using BioTek Synergy™ HT and Gen5 Data Analysis Software after the plate was 
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incubated for 30 min at 37ºC. Total protein concentration in each sample was calculated 

considering the calibration curve obtained through the BCA assay. 

3.6.2. Polyacrylamide gel electrophoresis and 

immunodetection  

iBAT and liver protein samples were denatured with sample buffer (6x) (0.35 M 

Tris-HCl (pH 6.8), 30% (v/v) glycerol, 0.65 M dithiothreitol (DTT), 10% (w/v) SDS, 0.03% 

(w/v) bromophenol blue) for 5 minutes at 95ºC.  

For the western blot analysis, 10 μg of iBAT protein and 30 μg of liver protein were 

loaded per lane and separated by electrophoresis on a 10-15% SDS-polyacrylamide gel 

electrophoresis (SDS-PAGE) in running buffer (125 mM Tris-base, 950 mM glycine and 

0.5% (w/v) SDS, pH 8.3) at 70 volts for 20 minutes and then at 100 volts for 150-210 

minutes until the prestained marker (A8889.0500 Protein Marker VI (10-245), AppliChem 

GMbH, Germany) reached the desired level depending on the molecular weight of the 

target protein, at 4ºC. After electrophoresis and activation of 0.45 μm polyvinylidene 

difluoride (PVDF) membranes (Amersham™ Hybond™, GE Healthcare, USA), proteins 

were electro-transferred in transfer buffer (100 mM N-cyclohexyl-3-

aminopropanesulfonic acid (CAPS), pH 11) at 100 volts, for 90 minutes at 4ºC. Following 

protein transfer, Ponceau S staining (GB21.0500, GRiSP) was performed to assess the 

transfer quality and efficiency and to confirm equal amount of protein in each well. 

Distaining was performed with 0.1M NaOH and Tris-buffered saline (150 mM NaCl, 20 

mM Tris-HCl, pH 7,6) containing 0.1 % (v/v) Tween-20 (TBS-T) wash. Thereafter, in order 

to prevent non-specific binding, membranes were blocked in 5 % (w/v) non-fat dry milk in 

TBS-T or 5 % (w/v) bovine serum albumin (BSA) in TBS-T (Table 3), for 1 hour with 

agitation, at room temperature.  

Membranes were then incubated with primary antibodies (Table 3), overnight at 

4ºC with agitation. All the primary antibodies used in this thesis were subjected to 

validation as shown in Annex 3. 

After incubation, membranes were washed 3 times with TBS-T, for 10 minutes and 

incubated with adequate secondary antibodies (Table 3), for 1 hour at room temperature 

with agitation. After secondary antibody incubation, membranes were washed again 3 

times with TBS-T for 10 minutes. At the end of this procedure, the intensity of the bands 
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was detected by enhanced chemiluminescence substrate (ECL) (R-03031-D25, R-03025-

D25 WesternBright™ ECL and Peroxide, advansta, USA) and (R-03027-C50, R-03025-

C50, WesternBright™ Sirius and Peroxide, advansta, USA) in the ImageQuant™ LAS500 

(GE Healthcare Life Sciences). 

To ensure equal protein loading, membranes were reincubated with antibodies 

against housekeeping proteins, including β-tubulin, β-actin, glyceraldehyde 3-phosphate 

dehydrogenase (GAPDH), and calnexin (Table 3). Results were normalized against these 

loading proteins and expressed as percent of control. Optical density of the bands was 

quantified by densitometry, using Image J Software.  
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Table 3 – Primary and secondary antibodies used in Western blot analysis and 

experimental conditions. 

Antibody Reference Source 

Animal 

Origin 

Blocking 

Solution 

Solution Dilution 

Incubation 

Time 

Primary Antibodies 

Anti-PGC1α Ab191838 Abcam Rabbit 
5% Milk in 

TBS-T 

1% Milk in 

TBS-T 
1:1500 48h 

Anti-UCP1 Ab23841 Abcam Rabbit 
5% Milk in 

TBS-T 

1% Milk in 

TBS-T 
1:1500 24h 

Anti-eIF2α 5324 
Cell Signaling 

Technology 
Rabbit 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:2000 24 h 

Anti-Phospho-

eIF2α 
3398 

Cell Signaling 

Technology 
Rabbit 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:2000 24 h 

Anti-IRE1α 3294 
Cell Signaling 

Technology 
Rabbit 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-CHOP 2895 
Cell Signaling 

Technology 
Mouse 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-SQSTMI 

/p62 
5114S 

Cell Signaling 

Technology 
Rabbit 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-LC3 
PA1-

16931 

Thermo 

Fisher 

Scientific 

Rabbit 
5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Loading Controls 

Anti-β-tubulin T7816 Sigma-Aldrich Mouse 
5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-β-actin 
AB0145-

200 
Sicgen Goat 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-Calnexin 
AB0041-

200 
Sicgen Goat 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:1000 24 h 

Anti-GAPDH 
AB0049-

200 
Sicgen Goat 

5% BSA in 

TBS-T 

1% BSA in 

TBS-T 
1:5000 24 h 

Secondary Antibodies 

Anti-Rabbit 
R-0572-

050 
Advansta Goat  

Same as 

respective 

antibody 

1:10000 1 h 

Anti-Mouse 
R-05071-

500 
Advansta Goat  

Same as 

respective 

antibody 

1:10000 1 h 

Anti-Goat 
AB1011-

1000 
Sicgen Goat  

Same as 

respective 

antibody 

1:10000 1 h 
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3.7 Data processing and statistical analysis 

Results were expressed as mean ± standard error of the mean (SEM) using 

GraphPad Prism software, version 6.01 (GraphPad Software, Inc., La Jolla, CA, USA).  

The normality of the distributions was determined through the Kolmogorov-

Smirnov test. To analyze the differences between groups, when a normal distribution was 

observed, the parametric one-way ANOVA followed by Tukey Post´hoc test for multiple 

comparisons was used. Differences between two groups were analyzed using Unpaired t-

test with Welch´s correction. Differences were considered statistically significant at p 

values < 0.05. 
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4.1. Establishment of a Diet-induced Rodent Model of 

Prediabetes: Impact of Control Diet composition 

4.1.1.  Changes in body weight and fat mass  

The study of prediabetes has been hampered by the scarcity of animal models, most 

of which are induced by refined diets with high content of fat and/or sugar (Preguiça et al., 

2020). To characterize the metabolic phenotype of a diet-induced animal model of 

prediabetes and the role of the nutritional composition of control diets, 13-week-old male 

Wistar rats were fed for 24 weeks with a prediabetes-inducing refined high-fat high-

sucrose (HFHS) diet, in comparison with a nutrient-matched refined low-fat diet (LFD) 

and a standard unrefined control diet (CD) (Figure 12A). The detailed composition of the 

diets is presented in Table 2. The HFHS diet-fed group showed a significant increase in 

total body weight (BW) gain over the 24-week study period in comparison with the CD-

fed group (∼55% increase, p<0.05), while no significant differences were found between 

the LFD-fed group and the other two groups (Figure 12B). In line with an increase in BW 

gain, rats fed a HFHS diet also showed increased visceral epididymal white adipose tissue 

(eWAT) mass when compared with rats fed a CD (~150% increase, p<0.001) (Figure 

12C). Interestingly, the LFD group displayed a significantly higher eWAT mass in 

comparison to CD-fed animals (~90% increase, p<0.05) (Figure 12C). Similar results were 

found when the eWAT mass was normalized to the BW (Figure 12D).  
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Figure 12 – Body weight gain and epididymal white adipose tissue (eWAT) mass in 

response to 24 weeks of CD, LFD and HFHS diets in male Wistar rats. (A) Schematic 

diagram of the experimental design of the study. (B) Total body weight (BW) gain (g) at the end 

of the experiment. (C) eWAT weight (g). (D) eWAT weight expressed as a percentage of BW. 

Data are presented as mean ± SEM (n = 6-8 per group); *p<0.05; **p<0.01 and ***p<0.001, using 

a one-way ANOVA followed by a Tukey multiple comparison test. 

4.1.2. Histological analysis of eWAT  

Given our observations that HFHS feeding induced BW gain and adiposity, and that 

adipose tissue expansion may result from increased adipocyte size (hypertrophy) and/or 

adipocyte number (hyperplasia), we next used hematoxylin and eosin (H&E) staining of 

eWAT sections to evaluate changes in adipocyte size, diameter, and number in rats fed a 

CD, a LFD or a HFHS diet.  

Histological analysis revealed an increase in adipocyte size in HFHS and LFD groups 

in comparison with the CD group (Figure 13A). To further explore these changes, we 

performed a more refined quantitative histological analysis to determine cell size (area 

and diameter) (Figure 13B and C). Both HFHS and LFD groups presented a significant 

increase in the mean adipocyte area and diameter when compared to the CD group. 

Analysis of the frequency distribution of adipocyte area and diameter across the tissue 
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depot showed that both LFD- and HFHS-fed rats presented higher proportions of large 

adipocytes in combination with lower proportions of small adipocytes, when compared 

to CD-fed rats (Figure 13D and E). To further characterize the morphological changes of 

epidydimal white adipocytes, we quantified the number of adipocytes per section for each 

animal and found a negative correlation between adipocyte number per section and 

eWAT mass (r=0.593; p=0.0074) (Figure 13F). 

In combination, these findings indicate that the expansion of visceral adipose tissue 

observed in a HFHS diet-induced model of prediabetes and also in rats fed a control LFD 

results mainly from adipocyte hypertrophy rather than adipocyte hyperplasia.  
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Figure 13 – Analysis of the morphology and dimensions of adipocytes in eWAT. (A) 

Representative images of hematoxylin and eosin (H&E) staining of epididymal white adipose tissue 

(eWAT) sections showing adipocytes at 10× magnification (scale bar = 100 m). (B) Mean 

adipocyte area (m2) and (C) mean adipocyte diameter (m) in eWAT sections. (D, E) Frequency 

distribution (%) of adipocyte area (D) and diameter (E). (F) Negative linear correlation between 

the number of adipocytes per section and eWAT weight. Data are presented as mean ± SEM (n 

= 6-7 per group); *p<0.05 and **p<0.01, using a one-way ANOVA followed by a Tukey multiple 

comparison test.  
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4.1.3. Histological analysis and thermogenic markers in iBAT  

4.1.3.1. Histological analysis of iBAT 

Like WAT, BAT is also a highly active metabolic tissue playing a key role in energy 

homeostasis. However, while the major function of WAT is energy storage, BAT is 

primarily involved in energy expenditure. When BAT is activated, for example in response 

to an HFD, the rate of fatty acid oxidation increases, leading to heat production (Cernea 

e Dobreanu, 2013; Czaja, 2016; Mousovich-Neto et al., 2019). Considering that our findings 

indicate a positive energy balance manifested through increased BW gain and adiposity, 

and previous results indicate that the HFHS group had higher caloric intake (~492 

kcal/week) when compared to the LFD and CD groups (~420 and ~460 kcal/week, 

respectively), to investigate whether the weight gain observed in the HFHS diet-induced 

prediabetes model is due to increased caloric intake, decreased energy expenditure or 

both, we examined changes in lipid droplet size and number and the expression of key 

thermogenic markers in iBAT of rats fed with CD, LFD and HFHS diets. 

Although no significant differences were found between groups with respect to 

iBAT weight (Figure 14A), the visual inspection of the H&E-stained iBAT sections 

suggested a decrease in lipid droplet size of brown adipocytes in the LFD and HFHS groups 

compared to the CD group (Figure 14B). To quantify these differences, the number of 

lipid droplets per section and the mean lipid droplet area for each animal were determined 

(Figure 3C and D). The number of lipid droplets increased significantly in the HFHS group 

in comparison with LFD (~51% increase, p<0.05) and CD groups (~74% increase, p<0.01) 

(Figure 14C). Consistent with that, we also found a decrease in the lipid droplet areas of 

HFHS-fed rats in comparison with CD-fed rats (~57% decrease, p<0.001) and a trend 

towards a decrease when compared to the LFD-fed rats (p=0.057) (Figure 3D), suggesting 

an inverse relationship between lipid droplet number and lipid droplet area and supporting 

the previous qualitative results (Figure 14B).  

We next explored the frequency distribution of adipocyte lipid droplet areas among 

the three groups (Figure 14E). The frequency distribution of lipid droplet areas of iBAT 

adipocytes showed that HFHS increases the generation of smaller lipid droplets (<10 μm2) 

while reducing the number of larger lipid droplets (>20 μm2). The opposite pattern was 

seen in the CD group, whereas an intermediate pattern was seen in the LFD group. 
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When lipid droplet area was plotted as a function of iBAT weight, we found three 

distinct populations corresponding to each dietary group (Figure 14F). While CD-fed 

animals displayed a slight variation in iBAT weight along with high dispersion of adipocyte 

lipid droplet areas, HFHS-fed animals displayed a substantial variation in iBAT weight along 

with a slight variation in adipocyte lipid droplet areas. Consistently, LFD-fed animals 

displayed an intermediate populational distribution between the HFHS and the CD-fed 

animals.  

 

Figure 14 – Interscapular brown adipose tissue (iBAT) mass and adipocyte 

dimensions. (A) iBAT weight (g). (B) Representative images of hematoxylin and eosin (H&E) 

staining of iBAT sections showing adipocyte lipid droplets (LD) at 20× magnification (scale bar = 

50 m). (C) Mean LD number per section. (D) Mean LD area (m2). (E) Frequency distribution 

(%) of LD areas. (F) Scatter plot of the mean LD area in function of iBAT weight. Data are 

presented as mean ± SEM (n = 6-8 per group); *p<0.05; **p<0.01 and ***p<0.001, using a one-

way ANOVA followed by a Tukey multiple comparison test. 
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4.1.3.2.  Expression of thermogenesis markers in iBAT 

To further investigate if the positive energy balance in HFHS-fed rats was also caused 

by a decrease in energy expenditure, we evaluated thermogenesis activation through the 

measurement of protein expression levels of uncoupling protein-1 (UCP-1) and 

peroxisome proliferator-activated receptor-gamma coactivator-1alpha (PGC-1α) by 

Western blotting (Figure 15A and B). We found an increase in UCP-1 expression in HFHS 

diet-fed rats in comparison with both the LFD- (~123% increase, p<0.01) and CD-fed 

group (~163% increase, p<0.0001) (Figure 15A). Similarly, protein expression of PGC-1α 

was also significantly increased in the HFHS group in comparison with the LFD group 

(~191% increase, p<0.05) and the CD group (~188% increase, p<0.05) (Figure 15B), 

suggesting an increase in energy expenditure through thermogenesis activation in the 

HFHS-fed rats. 

Together, these results suggest that the increase in BW and adiposity observed in 

the HFHS diet-induced model of prediabetes was probably due to increased caloric intake.  

 

 

Figure 15 – Thermogenesis markers in interscapular brown adipose tissue (iBAT). (A) 

Immunoblotting of thermogenesis markers UCP-1 and (B) PGC-1α and their protein levels in 

iBAT protein extracts from rats fed with CD, LFD and HFHS diets for 24 weeks. Data are 

presented as mean ± SEM (n = 5-6 rats per group); *p<0.05; **p<0.01 and ****p<0.0001, using a 

one-way ANOVA followed by a Tukey multiple comparison test. 
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4.1.4. Analysis of hepatic phenotype 

We next focused our analysis on the liver, another metabolic organ that plays a key 

role in the regulation of glucose and lipid metabolism (Cotrozzi et al., 1997; Nguyen et al., 

2008) and is known to accumulate lipids derived from adipose tissue lipolysis and diet 

(Malone e Hansen, 2019; Smith e Adams, 2011). 

No significant differences in the absolute liver weights were found between groups 

(Figure 16A), despite a significant decrease in the relative liver weight was noted in the 

HFHS group (~21% decrease, p<0.01) (Figure 16B). There was also no difference between 

groups in the plasma levels of alanine transaminase (ALT) and aspartate aminotransferase 

(AST), two commonly used markers of liver injury (Figure 16C and D). However, we 

found a reduction in serum triglyceride levels of HFHS-fed rats when compared to LFD-

fed rats (~38% decrease, p<0.05) (Figure 16E), in parallel with an increase in hepatic 

triglyceride content when compared to both CD- (409% increase, p<0.001) and LFD-fed 

rats (~74% increase, p<0.05) (Figure 16F). LFD-fed animals also displayed an increase in 

the hepatic triglyceride content in comparison to CD-fed animals (~86% increase, p<0.05 

using student´s t-test) (Figure 16F), compatible with a fatty liver phenotype. 
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Figure 16 – Liver weight, hepatic enzymes and triglyceride content. (A) Absolute liver 

weight (LW, g). (B) LW expressed as a percentage of body weight (LW/BW). (C) Plasma levels 

(U/L) of alanine transaminase (ALT) (D) and aspartate transaminase (AST). (E) Serum and (F) 

hepatic triglyceride (TG) content. Data are presented as mean ± SEM (n = 6-8 per group); *p<0.05; 

**p<0.01 and ***p<0.001, using a one-way ANOVA followed by a Tukey multiple comparison test; 

unpaired t-test using Welch´s correction was used to compare differences between CD- and LFD-

fed group. 
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4.1.5. Histological assessment and quantification of hepatic 

steatosis  

To evaluate the presence of hepatic steatosis, we performed hematoxylin and eosin 

(H&E) staining, which detects steatosis by the presence of vacuoles. While CD-fed rats 

exhibit normal liver morphology, both LFD- and HFHS-fed rats exhibit vacuoles in the 

H&E-stained liver sections. 

 

Figure 17 – Histological evaluation of hepatic steatosis. Representative images of 

hematoxylin and eosin (H&E) staining of liver sections from male Wistar rats after 24 weeks of 

different dietary regimens showing normal (nonsteatotic), microsteatotic (red arrows) and 

macrosteatotic (black arrows) hepatocytes at 10× and 20× magnification (scale bar = 100 m). 
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We then quantified the total hepatic steatosis score by calculating the percentage 

of steatotic hepatocytes using H&E-stained liver sections. We found an increase in total 

steatosis score in the HFHS group when compared to the LFD (~53% increase, p<0.05) 

and CD-fed groups (~495% increase, p<0.0001). Surprisingly, LFD-fed animals also 

presented an increase in the percentage of steatotic hepatocytes when compared to CD-

fed animals (~289% increase, p<0.01) (Figure 18A).  

To further quantify the distinct steatotic phenotypes present in each group, we 

assessed the macrosteatosis and microsteatosis scores by calculating the percentage of 

macrosteatotic and microsteatotic hepatocytes, respectively. No differences in the 

macrosteatosis score were found between groups; however, marked differences were 

observed in the microsteatosis score, similarly to the total steatosis score (Figure 18B). 

Therefore, our findings showed that microsteatosis is the main contributor to 

overall steatosis, the predominant phenotype developed in the prediabetic animal model.  

 

 

Figure 18 – Quantitative assessment of hepatic steatosis. (A) Total steatosis score 

expressed as a percentage of hepatocytes. (B) Macrosteatosis and microsteatosis scores are 

expressed as a percentage of hepatocytes. Data are presented as mean ± SEM (n = 6-7 per group); 

*p<0.05; **p<0.01 and ****p<0.0001, using a one-way ANOVA followed by a Tukey multiple 

comparison test. 
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4.1.6. Molecular mechanisms associated with hepatic steatosis  

4.1.6.1. Endoplasmic reticulum stress response 

The endoplasmic reticulum (ER) stress is upregulated in hepatic steatosis (Zhang et 

al., 2014) and is now widely accepted as both a cause and a consequence of this pathology 

(Henkel, 2018). Furthermore, HFD-fed Wistar rats showed increased ER stress markers 

(Kandeil et al., 2019). Thus, ER stress may be an underlying mechanism of hepatic lipid 

overload. Therefore, we analyzed protein expression of ER stress markers by Western 

blotting in livers from all groups (Figure 19). 

Inositol-requiring enzyme 1 (IRE-1) expression was increased in both the HFHS and 

LFD groups when compared to the CD-fed group (~236% increase, p<0.01; ~178% 

increase, p<0.05) (Figure 19A). The expression of the total and phosphorylated forms of 

eukaryotic initiation factor 2-α (eIF2α and P-eIF2α) was increased in the HFHS group 

when compared to the CD group (~40% increase, p<0.05; ~120% increase, p<0.01). 

Moreover, P-eIF2α expression was also increased in the LFD group in comparison to the 

CD group (~91% increase, p<0.05) (Figure 19B and C). Finally, C/EBP homologous protein 

(CHOP) expression was increased in HFHS-fed rats in comparison with LFD (~64% 

increase, p<0.001) and CD groups (~95% increase, p<0.0001) (Figure 19D).  

These results indicate that the ER stress response is upregulated in the prediabetic 

animal model, suggesting an adaptive response to hepatic lipid accumulation.  
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Figure 19 – Endoplasmic reticulum (ER) stress markers in the liver. (A) Representative 

Western blot images of ER stress markers IRE-1, (B) eIF2α, (C) P-eIF2α and (D) CHOP, and their 

protein levels in liver protein extracts from rats fed with CD, LFD and HFHS diets for 24 weeks. 

Data are presented as mean ± SEM (n = 6 rats per group); *p<0.05; **p<0.01; ***p<0.001 and 

****p<0.0001, using a one-way ANOVA followed by a Tukey multiple comparison test. 
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4.1.6.2. Autophagy 

Impaired autophagy has been implicated in the pathogenesis of hepatic steatosis. For 

example, the autophagic function is decreased in the liver under conditions that 

predispose to the development of NASH (Czaja, 2016) and in insulin resistance states 

(Álvarez-Mercado et al., 2021). Furthermore, studies in hepatic tissue and murine 

hepatocytes demonstrated that autophagy inhibition promoted increased triglyceride 

storage (Ezquerro et al., 2016). 

To investigate the possibility that impaired autophagy may underlie hepatic lipid 

accumulation, we analyzed the expression of three classical autophagic markers, namely 

microtubule-associated protein 1 light chain 3-II (LC3-II), Beclin and protein 

p62/sequestosome-1 (p62/SQSTM1), by Western blotting (Figure 20). Although no 

statistically significant difference in LC3-II expression was found between groups, there 

was a trend towards an increase in the HFHS-fed group when compared to the CD group 

(~196% increase, p=0.063) (Figure 20B). We observed a significant increase in Beclin 

expression in HFHS-fed rats when compared with the LFD (~128% increase, p<0.01) and 

CD group (~181% increase, p<0.01) (Figure 20C). No statistical significance was found in 

the expression levels of p62, however, a clear trend towards increase was observed in 

the HFHS and LFD groups in comparison with the CD-fed group (~116% increase, 

p=0.067; ~119% increase, p=0.060) (Figure 20D).  

Our findings suggest that autophagy is upregulated in both prediabetic animal model 

and LFD-fed rats.  
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Figure 20 – Autophagy markers in the liver. (A) Representative Western blot images of 

autophagy markers LC3-II, Beclin and p62, and, (B) corresponding protein levels in liver protein 

extracts from male Wistar rats fed with CD, LFD and HFHS diets for 24 weeks. Data are 

presented as mean ± SEM (n = 6 rats per group); *p<0.05 and **p<0.01, using a one-way ANOVA 

followed by a Tukey multiple comparison test. 

 

Overall, the metabolic, histological, and molecular alterations induced by the refined 

HFHS diet are compatible with a prediabetic phenotype. Unexpectedly, when compared 
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also induced several metabolic and molecular abnormalities (Table 4). 

Table 4 – Summary of results of experimental setting I.  
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4.2. Effects of Blueberry Juice Supplementation on HFHS 

Diet-induced Prediabetes 

4.2.1. Effects of BJ on body and eWAT weight  

The importance of a healthy diet to prevent prediabetes progression is now well 

established, being nutraceutical approaches preferable to pharmacological interventions in 

a prediabetic state. Given that blueberries have antioxidant, anti-inflammatory and 

hypoglycemic properties, it might be an important nutraceutical tool in the prevention of 

prediabetes development to overt T2DM (Nunes et al., 2021). However, despite the 

beneficial effects of blueberries, the molecular mechanisms underlying their beneficial 

effects remain largely unknown.  

After investigating histological and molecular alterations in a diet-induced animal 

model of prediabetes, we next evaluated the ability of BJ supplementation (25g/Kg/day) to 

attenuate HFHS-induced alterations, and its effects on molecular mechanisms associated 

with hepatic steatosis. Considering the metabolic and molecular abnormalities induced by 

the LFD, we selected the CD as a control group for the subsequent analysis. 

Male Wistar rats (8-weeks-old) were provided three dietary regimens for 24 weeks: 

the standard control diet (CD), the prediabetes-inducing diet (HFHS), and the HFHS diet 

supplemented with BJ from week 16 to 24 (HFHS+BJ) (Figure 21A). Total body weight 

gain over the 24-week study period was significantly increased in both HFHS diet-fed 

group and in the group supplemented with BJ when compared with the CD-fed group 

(~62% increase, p<0.05; ∼55% increase, p<0.05, respectively) (Figure 21B). In line with an 

increase in body weight gain, rats fed with HFHS diet and rats supplemented with BJ also 

showed an increase in the visceral eWAT mass when compared with CD-fed rats (~151% 

increase, p<0.001; ~129% increase, p<0.01) (Figure 21C). Similar results were found when 

the eWAT weight was normalized to the body weight (Figure 21D).  
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Figure 21 – Body weight gain and epididymal white adipose tissue (eWAT) mass in 

response to 24 weeks of CD, HFHS and HFHS diet supplemented with blueberry juice 

(BJ) for 8 weeks. (A) Schematic diagram of the experimental design of the study. (B) Total body 

weight gain (g) at the end of the experiment. (C) eWAT weight (g). (D) eWAT weight is expressed 

as a percentage of body weight (BW). Data are presented as mean ± SEM (n = 6-8 per group); 

*p<0.05; **p<0.01; ***p<0.001 and ****p<0.0001, using a one-way ANOVA followed by a Tukey 

multiple comparison test. 
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4.2.2. Histological effects of BJ on eWAT 

Although our findings suggest that BJ supplementation was unable to attenuate body 

weight gain and adiposity induced by the HFHS diet, we next used H&E staining of eWAT 

sections to evaluate changes in adipocyte size, diameter and number per section of rats 

fed with CD, HFHS and HFHS+BJ. Histological analysis revealed no differences in 

adipocyte size between the HFHS and the HFHS+BJ groups, although both groups 

displayed increased adipocyte dimensions in comparison to the CD-fed group (Figure 

22A).  

To further explore these differences, we performed a more refined quantitative 

histological analysis by assessing cell size parameters (area and diameter). Corroborating 

the qualitative analysis of H&E histology, both HFHS and HFHS+BJ groups presented a 

significant increase in the mean adipocyte area and diameter when compared to the CD 

group (Figure 22B and C). 

We then explored the frequency distribution of adipocyte area and diameter across 

the tissue depot. This analysis showed that both HFHS and HFHS+BJ-fed rats presented 

higher proportions of large adipocytes together with lower proportions of small 

adipocytes when compared to CD-fed rats (Figure 22D and E). 

To further characterize the effects of BJ supplementation on the morphological 

changes of epidydimal white adipocytes induced by the HFHS diet, we quantified the 

number of adipocytes per section for each animal and found a negative correlation 

between adipocyte number per section and eWAT mass (r=0.661; p=0.0015) (Figure 11F). 

The overlapping pattern between the HFHS and HFHS+BJ groups in comparison with the 

CD group suggests that the increase in eWAT weight in both groups was mainly due to 

adipocyte hypertrophy rather than adipocyte hyperplasia, and that 8 weeks of BJ 

supplementation was unable to attenuate changes in adipose tissue morphology induced 

by HFHS diet. 
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Figure 22 – Analysis of the morphology and dimensions of adipocytes in eWAT. (A) 

Representative images of hematoxylin and eosin (H&E) staining of epididymal white adipose tissue 

(eWAT) sections showing adipocytes at 10× magnification (scale bar = 100 m). (B) Mean 

adipocyte area (m2) and (C) mean adipocyte diameter (m) in eWAT sections. (D, E) Frequency 

distribution (%) of adipocyte area (D) and diameter (E). (F) Negative linear correlation between 

the number of adipocytes per section and eWAT weight. Data are presented as mean ± SEM (n 

= 6-7 per group); *p<0.05 and **p<0.01, using a one-way ANOVA followed by a Tukey multiple 

comparison test. 
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4.2.3. Effects of BJ on iBAT morphology and thermogenic 

markers 

4.2.3.1. BJ attenuates HFHS-associated histological 

alterations in iBAT  

To understand the cause of the higher body weight and body fat in HFHS and 

HFHS+BJ rats, we examined changes in lipid droplet size and number, and also studied 

the expression of key thermogenic markers, in iBAT of rats fed with CD, HFHS and 

HFHS+BJ. 

iBAT weight was increased in the HFHS+BJ group when compared to the CD-fed 

group (~32% increase, p<0.05) (Figure 23A). We then examined H&E-stained iBAT 

sections. As described above (Figure 14B), the lipid droplet area of the HFHS group is 

smaller than that of the CD group. Surprisingly, we observed that the group supplemented 

with BJ displayed an increase in lipid droplet size when compared to the HFHS group 

(Figure 23B).  

To further evaluate the effects of BJ consumption on iBAT morphology and quantify 

these differences, the number of lipid droplets per section and the mean lipid droplet area 

for each animal were determined. The HFHS-fed group presented an increase in the 

number of lipid droplets per section in comparison to both the CD- and HFHS+BJ-fed 

groups (~82% increase, p<0.0001; ~60% increase, p<0.01) (Figure 23C), in parallel with a 

decrease in the mean area of the lipid droplets (~58% decrease, p<0.0001; ~53% decrease, 

p<0,001) (Figure 23D). 

We explored the frequency distribution of iBAT adipocyte lipid droplet areas among 

the three groups (Figure 23E) and observed that the HFHS+BJ group displayed fewer small 

lipid droplets (<10 μm2) and more large lipid droplets (>20 μm2) than the HFHS group. In 

contrast, when compared to the CD group, the HFHS+BJ group displayed more small 

lipid droplets (<10 μm2) and fewer large lipid droplets (>20 μm2). 

We then plot the lipid droplet area as a function of iBAT weight and found three 

distinct populational distributions corresponding to each distinct dietary regimen (Figure 

23F). HFHS+BJ-fed animals displayed greater dispersion in both lipid droplet area and 

iBAT weight than the HFHS- and CD-fed rats, presenting an intermediate distribution 

between the two groups.   
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Taken together, these results demonstrate that BJ supplementation may have 

attenuated morphological alterations in iBAT induced by HFHS diet. 

 

Figure 23 – Interscapular brown adipose tissue (iBAT) mass and adipocyte 

dimensions. (A) iBAT weight (g). (B) Representative images of hematoxylin and eosin (H&E) 

staining of iBAT sections showing adipocyte lipid droplets (LD) at 20× magnification (scale bar = 

50 m). (C) Mean LD number per section. (D) Mean LD area (m2). (E) Frequency distribution 

(%) of LD areas. (F) Scatter plot of the mean LD Area in function of iBAT weight. Data are 

presented as mean ± SEM (n = 6-8 per group); *p<0.05; **p<0.01; ***p<0.001 and ****p<0.0001, 

using a one-way ANOVA followed by a Tukey multiple comparison test.   
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4.2.3.2. BJ decreases HFHS-induced expression of 

thermogenic markers in iBAT 

To investigate if BJ supplementation affected thermogenesis activation in the 

prediabetic model, we measured the protein expression levels of the thermogenic 

markers UCP-1 and PGC-1α in iBAT by Western blotting (Figure 24A and B). 

When compared to CD, the HFHS-fed group displayed an increase in the expression 

of both UCP-1 and PGC-1α (~94% increase, p<0.001; ~80% increase, p<0.01). 

Surprisingly, BJ supplementation led to a decrease in UCP-1 expression, when compared 

to the HFHS group (~28% decrease, p<0.05), suggesting that BJ may have suppressed 

iBAT thermogenesis, thus, contributing to the positive energy balance reflected as an 

increase in body weight gain and adiposity.  

 

Figure 24 – Thermogenic markers in interscapular brown adipose tissue (iBAT). (A) 

Immunoblotting of thermogenic markers UCP-1 and (B) PGC-1α, and their corresponding protein 

levels in iBAT protein extracts from male Wistar rats fed with CD and HFHS diet for 24 weeks 

and HFHS diet supplemented with BJ for 8 weeks. Data are presented as mean ± SEM (n = 5-6 

rats per group); *p<0.05; **p<0.01 and ***p<0.001, using a one-way ANOVA followed by a Tukey 

multiple comparison test.  
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4.2.4. Effects of BJ on HFHS-induced hepatic steatosis 

Because HFHS diet induced hepatic steatosis and BJ has been shown to play a crucial 

role in liver protection in rats (Wang et al., 2010, 2013), we next investigated the putative 

hepatoprotective effects of 8-week BJ supplementation in a rat model of prediabetes. 

No significant differences were observed in liver weight among groups (Figure 25A). 

However, the relative liver weight was decreased in both the HFHS and HFHS+BJ groups 

in comparison with the CD group (~21% decrease, p<0.01; ~13% decrease, p<0.05, 

respectively) (Figure 25B). The plasma levels of liver injury markers ALT and AST were 

not different between groups (Figure 25C and D). However, we found an increase in 

serum triglyceride levels in the group supplemented with BJ when compared to HFHS-fed 

rats (~654% increase, p<0.05) (Figure 25E), in parallel with an increase in hepatic 

triglyceride content when compared to both CD- (~822% increase, p<0.0001) and HFHS-

fed rats (~409% increase, p<0.05) (Figure 25F). 

Thus, 8 weeks of BJ supplementation aggravated the fatty liver phenotype induced 

by the HFHS diet. 
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Figure 25 – Liver weight, hepatic enzymes and triglyceride content. (A) Absolute liver 

weight (LW, g). (B) LW is expressed as a percentage of body weight (LW/BW). (C) Plasma levels 

(U/L) of alanine transaminase (ALT) (D) and aspartate transaminase (AST). (E) Serum and (F) 

hepatic triglyceride (TG) content. Data are presented as mean ± SEM (n = 6-8 per group); *p<0.05; 

**p<0.01 and ****p<0.0001, using a one-way ANOVA followed by a Tukey multiple comparison 

test. 
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4.2.5. BJ aggravates the microsteatotic phenotype 

To further characterize the effects of BJ supplementation on the hepatic phenotype 

induced by the HFHS diet, we performed a qualitative assessment of hepatic steatosis in 

H&E-stained liver sections, which revealed the presence of vacuoles in both HFHS- and 

HFHS+BJ-fed rats.  

These qualitative results suggest the presence of fatty liver phenotype in both groups 

and that hepatic steatosis was not attenuated by BJ supplementation. 

 

Figure 26 – Histological evaluation of hepatic steatosis. Representative images of 

hematoxylin and eosin (H&E) staining of liver sections from rats after 24 weeks of different dietary 

regimens and 8-week BJ ingestion showing normal (nonsteatotic), microsteatotic (red arrows) and 

macrosteatotic (black arrows) hepatocytes at 10× and 20× magnification (scale bar = 100 m).  
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We quantified the total hepatic steatosis score by calculating the percentage of 

steatotic hepatocytes using H&E-stained liver sections. We found an increase in the 

percentage of steatotic hepatocytes in HFHS-fed rats relative to the CD-fed group (~497% 

increase, p<0.0001) (Figure 27A). A further increase was found in the group supplemented 

with BJ when compared to CD- (~658% increase, p<0.0001) and HFHS-fed rats (~27% 

increase, p<0.05).  

To further quantify the distinct steatotic phenotypes present in each group, we 

evaluated the percentage of macrosteatotic and microsteatotic hepatocytes. No 

differences in the macrosteatosis score were found between groups, despite significant 

differences in microsteatosis score were noted, similar to the total steatosis score (Figure 

27B). 

These results indicate that 8 weeks of BJ supplementation may have aggravated 

hepatic lipid deposition which was manifested as an increase in microsteatotic phenotype. 

 

Figure 27 – Quantitative assessment of hepatic steatosis. (A) Total steatosis score 

expressed as a percentage of hepatocytes. (B) Macro and microsteatosis scores are expressed as 

a percentage of hepatocytes. Data are presented as mean ± SEM (n = 6-7 per group); *p<0.05 and 

****p<0.0001, using a one-way ANOVA followed by a Tukey multiple comparison test. 
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4.2.6. Influence of BJ supplementation on molecular 

mechanisms associated with hepatic steatosis 

4.2.6.1. BJ attenuates HFHS-induced impaired endoplasmic 

reticulum stress response 

The association between ER stress and hepatic steatosis is widely accepted. 

However, no previous studies have addressed the effects of BJ supplementations on ER 

stress in the liver of prediabetic rats. 

Thus, to investigate the hepatic effects of BJ supplementation on ER stress in a HFHS 

diet-induced animal model of prediabetes, we analyzed protein expression of several well-

known ER stress markers, namely IRE-1, eIF2α, P-eIF2α and CHOP (Figure 28). The 

expression of all ER stress markers increased significantly in the HFHS group when 

compared to the CD-fed group (IRE-1: ~120% increase, p<0.01; eIF2α: ~80% increase, 

p<0.05; P-eIF2α: ~45% increase, p<0.05; CHOP: ~77% increase, p<0.01). Surprisingly, BJ 

supplementation significantly decreased the expression of IRE-1, P-eIF2α and CHOP when 

compared to the HFHS-fed group (IRE-1: ~49% decrease, p<0,01; P-eIF2α: ~28% 

decrease, p<0,05; CHOP: ~54% decrease, p<0,01), suggesting that BJ supplementation 

decreased the activation of the ER stress response in diet-induced prediabetic rats.  
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Figure 28 – Endoplasmic reticulum (ER) stress markers in the liver. Representative 

Western blot images of ER stress markers IRE-1, eIF2α, p-eIF2α and CHOP, and their 

corresponding protein levels in liver protein extracts from rats fed with CD, HFHS diet and HFHS 

diet supplemented with BJ for 8 weeks. Data are presented as mean ± SEM (n = 6 rats per group); 

*p<0.05 and **p<0.01, using a one-way ANOVA followed by a Tukey multiple comparison test. 
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4.2.6.2. BJ arrested HFHS-induced autophagy  

Although autophagy has been implicated in the pathogenesis of hepatic steatosis, no 

previous studies have addressed the effects of BJ supplementation on hepatic autophagy 

in rat models of prediabetes. 

Thus, to investigate the hepatic effects of BJ supplementation on autophagy 

activation induced by HFHS diet we analyzed the expression of several autophagy markers 

by Western blotting (Figure 29). Our results demonstrated a significant increase in LC3-

II and p62 and a trend towards an increase in Beclin expression in the HFHS group when 

compared to the CD-fed group (LC3-II: ~110% increase, p<0.05; p62: ~120% increase, 

p<0.05; Beclin: ~53% increase, p=0.097). The group supplemented with BJ displayed a 

decrease in Beclin (~47% decrease, p<0.05) and p62 expression (~57% decrease, p<0.01) 

in comparison with the HFHS group, suggesting that BJ supplementation may have 

arrested autophagy activation induced by the HFHS diet in the model of prediabetes.  
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Figure 29 – Autophagy markers in the liver. (A) Representative Western blot images of 

autophagy markers LC3-II, Beclin and p62, and (B) corresponding protein levels in liver protein 

extracts from rats fed with CD, HFHS diet and HFHS diet supplemented with BJ for 8 weeks. 

Data are presented as mean ± SEM (n = 6 rats per group); *p<0.05 and **p<0.01, using a one-way 

ANOVA followed by a Tukey multiple comparison test. 

 

Despite preliminary results demonstrated that BJ supplementation attenuated 

glucose intolerance, this set of results indicate that BJ impaired lipid metabolism given the 

deleterious metabolic, histological and molecular alterations observed in the liver and 

adipose tissue of a rat model of prediabetes induced by an HFHS diet (Table 5).  

 

Table 5 – Summary of results of experimental setting II. 
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Discussion 

Along with the increasing prevalence of prediabetes, there is a growing necessity to 

explore more about this condition and to develop effective therapeutic strategies to 

prevent its establishment and progression. This concern is accompanied by the need for 

new and improved animal models of prediabetes that adequately mimic the disease 

phenotype in humans. Additionally, taking into account the processing degree of control 

diets ingredients, there is a lack of consensus on the choice of the most appropriate 

control diet to compare with refined diets that induce the disease phenotype. Therefore, 

a major goal of this study was to investigate metabolic, histological and molecular 

alterations in a HFHS diet-induced prediabetic rat model in comparison with two control 

diets, a standard unrefined control diet (CD) and a nutrient-matched refined low-fat diet 

(LFD).  

In the present study, we used a solid HFHS diet, which displays several advantages 

when compared to HSD-induced prediabetes models previously used by our group, in 

which sucrose was supplemented in the beverage (Nunes et al., 2013). One of the major 

differences between the prediabetes model characterized in the present study and the 

previously mentioned is the introduction of high-fat content in the dietary regimen. 

Considering that the goal of an animal model is to mimic the human pathophysiology, it 

might be preferable that the way the disease phenotype is induced also mimics human 

settings. Thus, considering that Western diets have a high content in both carbohydrates 

and fat, and that epidemiological studies indicate that HFHS diets are a greater risk factor 

for metabolic diseases than HSD or HFD alone (Basu et al., 2013), we used a HFHS diet 

to induce the prediabetic phenotype. Furthermore, a solid HFHS diet presents advantages 

when compared to a HFD supplemented with sucrose in the beverage. For instance, while 

in HFD the fat content ranges from 55-60% kcal derived from fat, solid HFHS diets have 

40-45% kcal derived from fat, thus being more representative of the fat content in human 

Western diets (~30% calories from fat) (Kleinert et al., 2018). Moreover, HFHS diets may 

have up to three times the amount of sucrose than HFD and therefore, may be more 

appropriate to study sugar-related pathologies such as prediabetes. Additionally, although 

more expensive than the supplementation with sucrose in the beverage, the HFHS diet 

allows to ensure that the animals consume the same ratio of fat to sucrose throughout 

the study.  
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Considering that the features of prediabetes in rodent models are the presence of 

mild hyperglycaemia, glucose intolerance, insulin resistance, hyperinsulinaemia and 

hyperlipidemia (Hafizur et al., 2015), the HFHS-induced animal model successfully achieved 

a prediabetic phenotype because it displayed glucose intolerance and increased insulin 

levels from week 16 onwards,  representing compensatory hyperinsulinemia, which 

indicates that the animals reached the stage that precedes β-cell exhaustion (a T2DM 

hallmark). Furthermore, the fasting normoglycaemia observed reinforces the early stage 

of the disease which is a feature of prediabetes 

Contrarily to the previously used HSD model (Nunes et al., 2013), the HFHS model 

used in this study led to increased body weight gain (~55%) and adiposity (~155% increase 

eWAT mass), which is in line with a prediabetic phenotype, since obesity is a major risk 

factor of this disease. However, while HSD-induced model displayed hypertriglyceridemia 

(Nunes et al., 2013), HFHS-fed rats were normoglycemic. Interestingly, (Brom, van den et 

al., 2016) also reported an increase in body weight gain (26%) and a twofold increase in 

eWAT mass in a HFHS diet-induced Wistar model of prediabetes, along with 

hypertriglyceridemia. The discrepancies between our results and those reported by (Brom, 

van den et al., 2016) could be due to differences in the experimental design settings such 

as the duration of HFHS-feeding (24 weeks vs 8 weeks), and the age of the animals at the 

beginning of the study (13 weeks vs 4 weeks).  

Several studies have reported increased body weight gain and adiposity in Wistar 

rats fed HFD and HFHS diets (Fourny et al., 2021; Malafaia et al., 2013; Matias et al., 2018), 

and that the expansion of visceral fat depots (e.g., eWAT) in HFD-fed Wistar rats occurs 

mostly as a result of adipocyte hypertrophy (Moura e Dias, de et al., 2021), being the 

increased body weight and adiposity observed in the HFHS-fed rats in accordance with 

the literature.  

Surprisingly, we also found an increase in insulin levels in the LFD-fed group at week 

24 along with increased adiposity, without changes in body weight, suggesting the presence 

of metabolic abnormalities induced by the refined control diet. Although we observed no 

changes in body weight gain in the LFD-fed rats, there are reports that a refined diet may 

increase body weight in rats (Blaisdell et al., 2014) and adiposity in mice, probably due to 

the lack of fermentable fiber in the refined LFD, which is a major substrate that shapes 

microbiota composition (Chassaing et al., 2015; Dalby et al., 2017).  
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BAT is recognized as the major site for non-shivering thermogenesis, controlling 

whole-body energy expenditure and body fat due to the abundance of mitochondria with 

high expression of UCP-1 (Romestaing et al., 2007; Saito, 2013). It was hypothesized that 

Wistar rats first increase lipid storage in peripheral WAT and then overexpress UCP-1-

related thermogenesis markers in BAT as an adaptive process in response to excess lipid 

consumption (Romestaing et al., 2007). Considering that thermogenesis contributes 

roughly to 15-20% of total energy expenditure in rodents, the impact of this mechanism 

on energy balance and regulation of body weight is significant (Wood Dos Santos et al., 

2018). Previous reports showed an increase in thermogenesis and UCP-1 expression in 

rats during HFD feeding (Romestaing et al., 2007). This was further confirmed in our study, 

as the HFHS promoted a significant increase in thermogenic markers UCP-1 and PGC-

1α. Although many studies have reported an increase in brown adipocyte lipid droplet 

size due to HFD feeding (Wu et al., 2018), we observed a decrease in lipid droplet size in 

the HFHS-induced animal model of prediabetes. Interestingly, in a study using Wistar rats, 

the consumption of 10% sucrose solution for 21 days also resulted in a reduction in brown 

adipocyte lipid droplet size accompanied by an increase in UCP-1 and PGC-1α 

immunoexpression, without changes in BAT mass (Velickovic et al., 2018). The increase in 

thermogenesis markers in parallel with the decrease in lipid droplet size suggests that the 

lipid content present in BAT served as the main substrate for mitochondrial oxidation and 

provide the signal to uncouple mitochondria in BAT (Fedorenko, Lishko e Kirichok, 2012). 

Despite several studies reported larger iBAT depots along with increase in UCP-1 content 

in HFD-fed rats (Romestaing et al., 2007), likewise (Velickovic et al., 2018), we observed no 

differences in iBAT mass in the HFHS-fed group.  

The prediabetes model displayed significantly higher energy intake (~492 kcal/week) 

in comparison with both control groups (CD: ~460 kcal/week; LFD: ~420 kcal/week) 

(unpublished data), along with increased thermogenesis markers. Nonetheless, it displayed 

a positive energy balance reflected by increased body weight and adiposity. Thus, although 

BAT possesses the ability to increase thermogenic activity in response to high energy 

intake to prevent body weight gain (Hatting et al., 2017), in the present study, increased 

BAT activity was not sufficient to prevent diet-induced body weight gain.  

When compared to the CD group, the LFD group displayed an increase in adiposity 

without differences in total body weight gain, thermogenesis markers and brown 
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adipocytes lipid droplets size, suggesting that the increase in adiposity in the LFD group 

was not enough to induce alterations in BAT activity. 

The expansion of the adipose tissue is also associated with lipid mobilization 

(Shulman, 2014). Ectopic fat accumulation in the liver (hepatic steatosis) causes insulin 

resistance, playing a key role in prediabetes progression to T2DM (Byrne, 2013). In the 

present study, we observed that the HFHS diet-induced animal model of prediabetes 

exhibit increased levels of hepatic triglycerides and developed hepatic steatosis with the 

predominance of a microvesicular steatotic phenotype. Unexpectedly, control LFD-fed 

rats presented similar changes. In both groups, these alterations occurred without 

alterations in serum enzyme markers of hepatic injury, ALT and AST. 

(Kandeil et al., 2019) reported that Wistar rats fed a HFD for 12 weeks displayed 

microvesicular steatosis in parallel with increase in AST and ALT enzymes. However, 

hepatic steatosis may be present in Wistar rats without alteration in the levels of ALT and 

AST (Kučera et al., 2011; Zarghani et al., 2016; Zhang et al., 2014). While some studies in 

Wistar rats fed HFD report a macrovesicular steatotic phenotype (Zhang et al., 2014), 

others report a microvesicular steatotic phenotype (Kandeil et al., 2019; Kučera et al., 

2011). Nonetheless, a study evaluating steatosis phenotypes in HFD-fed Lewis, Wistar, 

and Sprague Dawley rats, concluded that, the hepatic steatosis morphologic features were 

strain-specific. While Lewis show solely microvesicular steatosis and Sprague Dawley 

show solely macrovesicular steatosis, Wistar rats developed both macro and 

microvesicular steatosis (Rosenstengel et al., 2011). 

Hepatic lipid overload due to enhanced de novo lipogenesis or increased free fat 

acids flux from diet or peripheral tissues has been associated with ER stress and impaired 

autophagy (Carreres et al., 2021; Ezquerro et al., 2016; Rada et al., 2020). Moreover, hepatic 

steatosis is a well-known trigger of ER stress in the liver (Wang, Wei e Pagliassotti, 2006). 

We found an increase in ER stress markers IRE-1, eIF2α, P-eIF2α and CHOP in the animal 

model of prediabetes in comparison to the control CD group, which might indicate an 

upregulation of the IRE-1 and PERK pathways of the unfolded protein response (UPR). 

Because a major function of the UPR is to maintain hepatic lipid homeostasis, the 

activation of this stress response plays a key role in the prevention of hepatic steatosis 

development and progression (Henkel e Green, 2013). Given that mice with genetic 

ablations of IRE-1 and eIF2α displayed dysregulated response to ER stress and exacerbated 

hepatic steatosis with the development of microvesicular steatosis phenotype (Rutkowski 
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et al., 2008; Wang et al., 2012), the increase in the ER stress markers observed in the 

present study might indicate that UPR upregulation is responding to ER stress, triggered 

by hepatic steatosis, in order to resolve it. Our results are consistent with previous studies 

showing impaired IRE-1/Xbp1 pathway of the UPR associated with hepatic steatosis, 

considering that Wistar rats fed a HFD displayed an increased expression of the ER stress 

genes CHOP, XBP1, and GRP78 in the liver, accompanied by intrahepatic fat accumulation 

(Kandeil et al., 2019). 

Wang et all reported an increase in CHOP expression in livers from rats fed a diet 

rich in saturated fat when compared with rats fed a diet enriched in polyunsaturated fat, 

which is also in agreement with our results, considering the composition of the diets used 

in this study (HFHS diet – saturated fat (61%), polyunsaturated (9%); and CD – saturated 

(22%), polyunsaturated (56%)) (Wang, Wei e Pagliassotti, 2006). We observed no 

differences in CHOP expression in the LFD-fed group when compared to the CD group, 

which might be due to the low amounts of both saturated and polyunsaturated fats 

present in the LFD. 

Surprisingly, the ER stress sensor IRE-1 was also increased in the LFD group when 

compared to the CD group, which might indicate that the refined LFD may also have 

deleterious effects in the liver by promoting ER stress. 

Autophagy impairment may also be an underlying cause of hepatic steatosis (Rada et 

al., 2020). Moreover (Cahová et al., 2010) demonstrated that autophagy is stimulated by 

high-fat or high-sugar diet-induced triglyceride accumulation in the liver from Wistar rats. 

In situations of nutrient abundance and absence of stress, Bcl-2 binds to Beclin and 

autophagy is inhibited. In contrast, in a situation of nutrient scarcity or stress, the Bcl-

2/Beclin complex dissociates and enables the nucleation phase of autophagy (Wei et al., 

2008). Thus, the observed increase of Beclin expression might indicate that the nucleation 

phase of autophagy is enhanced in both the animal model of prediabetes and in the control 

LFD group. The elongation phase is characterized by the lipid conjugation of LC3-I into 

LC3-II which results in the recruitment of ubiquitinated p62 bind to the cargo molecules 

destined for degradation and the enclosure of the autophagosome. The amount of LC3-II 

is closely correlated with the number of autophagosomes (Ohsumi, 2001) and both LC3-

II and p62 are degraded in conditions where autophagy is fully functional (Jeong et al., 2019; 

Larsen et al., 2010), being these markers usually used to assess autophagy. Although no 

significant differences were found between groups, we observed a trend towards the 
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increase in the expression of both LC3-II in prediabetic rats, and in p62 in prediabetic and 

LFD-fed rats. Overall, these results suggest that autophagy is being activated in both 

prediabetic and LFD-fed rats, which might be viewed as an adaptive response to the diet-

induced hepatic steatosis to resolve it in this early stage of disease. Whether autophagy 

activation will be a contributor to disease in advanced stages deserve further elucidation,  

Overall, the HFHS-fed rats successfully developed a prediabetic phenotype 

exhibiting glucose intolerance, hyperinsulinemia, increased body weight and adiposity, and 

hepatic steatosis. Furthermore, the upregulation of the UPR response and autophagy in 

the liver suggest an adaptive response to the diet-induced hepatic lipid accumulation to 

resolve it.  

Studies investigating the impact of refined diets on rodent phenotypes are scarce. 

Furthermore, while there are reports on the harmful effects of refined diets (Blaisdell et 

al., 2014, 2017; González-Blázquez et al., 2020), there are also studies advising the use of 

nutrient-matched refined control diets (Pellizzon e Ricci, 2018, 2018). Nonetheless, in the 

present study, the nutrient-matched refined control diet (LFD) displayed deleterious 

significant differences when compared to the unrefined standard control diet (CD) in 

multiple metabolic histologic and molecular parameters evaluated. Furthermore, our 

results suggest that the severity of prediabetic features depends on the nutrient 

composition of the control diet, underlining the importance of its careful selection in 

interpreting metabolic studies. Considering that the purpose of a control diet is to mimic 

conditions of a good health status, we consider the unrefined CD more suitable than the 

refined LFD to use as a control in the experimental setting II.  

The second major goal of this study was to identify the molecular mechanisms 

associated with the putative protective effects of BJ in a diet-induced animal model of 

prediabetes.  

BJ supplementation for 8 weeks did not affect HFHS diet-induced weight gain or 

adiposity. Similar findings were reported by (DeFuria et al., 2009) that showed that whole 

blueberry powder supplementation in HFD-fed mice did not protect against weight gain, 

adiposity or eWAT adipocyte hypertrophy.  

Despite the absence of effects of BJ in the total weight gain and in the eWAT 

hypertrophy, BJ supplementation decreased thermogenic markers UCP-1 e PGC-1α along 

with an increase in brown adipocyte lipid droplet size. These results suggest a decrease 
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in mitochondrial oxidation of the lipidic content present in brown adipocytes, resulting in 

a decrease in the signal to uncouple mitochondria (Fedorenko, Lishko e Kirichok, 2012). 

Although previous research from our group have showed no significant differences 

in energy intake between the prediabetic animals (~492 kcal/week) and the prediabetic 

animals supplemented with BJ (~505 kcal/week) (unpublished data), a decrease in the 

thermogenesis markers UCP-1 and PGC-1α was observed in the group supplemented 

with BJ. Considering that both groups displayed a positive energy balance manifested 

through the increase in total weight gain and adiposity, our results suggest that 

thermogenesis may not have played a significant role in body weight regulation, and that 

the decrease in BAT activity was not mainly influenced by lower caloric intake but rather 

by the BJ intake. 

 Bartelt and colleagues hypothesized that larger BAT mass could be a promoting 

factor of weight loss and triglyceride clearance (Bartelt, Merkel e Heeren, 2012). Although 

the iBAT mass was increased, no differences were found in body weight gain in the 

HFHS+BJ group compared to the control group. Furthermore, (Almeida, De et al., 2013) 

demonstrated that control rats with less BAT mass produced more heat and consequently 

expended more energy, in comparison with rats with larger BAT mass that where still 

hyperinsulinemic, hyperglycemic and obese. 

Despite no alterations in enzyme markers of hepatic injury (ALT and AST), BJ-

supplemented rats displayed an aggravated fatty liver phenotype, characterized by an 

increase in the total and microsteatosis scores, accompanied by increased serum levels of 

triglycerides. Considering that thermogenic activation may result in fat oxidation, 

contributing to liver protection (Romestaing et al., 2007), and that multiple studies 

demonstrated that increased BAT activity promotes the clearance of triglycerides 

(Wickramasinghe e Weaver, 2018), the apparently decrease in thermogenic activation 

observed in the prediabetic animals supplemented with BJ, may be one of the underlying 

causes of the increase in serum and hepatic TGs and hepatic steatosis score. Nonetheless, 

these results contrast with previous studies showing the efficacy of a wide variety of 

polyphenols in inducing thermogenesis and fatty acid oxidation (Wood Dos Santos et al., 

2018). For instance, a study using a phenolic blueberry extract in mice reported an 

improvement in genetically- and diet-induced metabolic syndrome, which was linked to 

improved hepatic lipid metabolism and increased energy expenditure in BAT (Guo et al., 

2019). 
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To the best of our knowledge, there is only one study reporting beneficial effects of 

a blueberry polyphenol (malvidin) on hepatic ER stress (Ma et al., 2020). Here, we found 

that BJ supplementation decreased the expression of the ER stress markers IRE-1, P-eIF2α 

and CHOP, suggesting the downregulation of the IRE-1 and PERK pathways, which might 

be one of the underlying causes of hepatic triglyceride accumulation. In contrast to our 

results, (Ma et al., 2020) showed that malvidin upregulated CHOP expression in activated 

rat hepatic stellate T6 cells (HSC-T6), being beneficial for the liver health.  

The supplementation with blueberry polyphenols has been associated with beneficial 

hepatic effects through autophagy induction. For instance, (Zhuge et al., 2020) reported 

that the supplementation with blueberry polyphenol extract in a mouse model of AFLD 

improved hepatic steatosis by lowering the hepatic triglyceride content, reporting a 

decrease in p62 and enhanced LC3-II/LC3-I proportion in the liver. Similarly, the 

downregulation of p62 and increase in LC3-II and Beclin was also associated with the 

induction of autophagy in mice supplemented with pterostilbene, an active constituent of 

blueberries (Wang et al., 2019). In contrast to these studies, we observed a decrease in 

the expression of Beclin and p62 and a trend towards the decrease in the expression of 

LC3-II in the group supplemented with BJ, suggesting that both nucleation and elongation 

phases of autophagy are downregulated. Thus, our findings indicate that BJ 

supplementation promoted the arrest of autophagy. Autophagy inhibition decreases the 

breakdown of lipid stores, resulting in hepatic triglyceride accumulation in mice. 

Moreover, it has been reported that diabetic OLETF rats, as well as obese leptin-

deficient ob/ob mice, displayed hepatic lipid accumulation associated with decreased 

autophagy levels (Ezquerro et al., 2016). Thus, the arrest in autophagy observed in the 

prediabetic model supplemented with BJ might be one of the underlying causes of the 

increase in serum and hepatic TGs content and hepatic steatosis.  

Despite our preliminary results demonstrated beneficial effects of BJ on glucose 

tolerance, in the present study we observed that BJ supplementation decreased 

thermogenesis markers in iBAT, downregulated ER stress response and arrested 

autophagy in the liver. Furthermore, BJ also increased serum and hepatic TG content and 

steatosis scores, without effects on body weight gain and adiposity.  

Considering the high fat and sucrose content in the HFHS diet, and the abundance 

of polyphenols in blueberries, the simultaneous consumption both may had elevated the 

functional workload in the liver, which may have promoted the exhaustion of the ER stress 
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response and autophagy. On the other hand, the downregulation of these stress response 

mechanisms could be due to a “metabolic energy shift” between these, to other 

mechanisms that might aid in the metabolization of the HFHS diet and the polyphenols 

present in BJ. There are other studies reporting distinct effects of blueberry derived 

polyphenols in both ER stress and autophagy (Ma et al., 2020; Zhuge et al., 2020). The 

discrepancies between our results and the previous mentioned reports could be due to 

multiple factors such as the dose administered, the duration of treatment and most 

probably due to the complex and highly variable polyphenolic composition of blueberries. 

Further studies should contribute to clarify if the blueberry composition, the dose 

and the duration of treatment are major causes for the worsening of lipid metabolism in 

the liver and adipose tissue in HFHS diet-induced prediabetic rats despite the 

improvement of glucose tolerance.  

 



 

 

 

 



 

 

 

 

 

 

 

 

Chapter VI 

Concluding Remarks 

 

 

 
 

 

 

 

 



 

 

 



 

95 

Concluding remarks 

Our study successfully characterized an animal model of prediabetes induced by a 

high-fat high-sucrose diet, which displayed glucose intolerance, hyperinsulinemia, 

increased body weight and adiposity, and hepatic steatosis (Table 6). Prediabetic rats 

exhibited an increase in iBAT thermogenesis markers, accompanied by an upregulation of 

hepatic autophagy and ER stress response, suggesting an adaptive response to the diet-

induced metabolic abnormalities at this early stage of disease.  

Rats fed a nutrient-matched refined control diet displayed significant metabolic 

abnormalities, namely adiposity and hepatic steatosis when compared to rats fed an 

unrefined standard control diet, suggesting that the severity of prediabetic features 

depends on the nutrient composition of the control diet, underlining the importance of 

its careful selection in interpreting metabolic studies.  

Despite the improvement of glucose tolerance, blueberry juice supplementation 

increased serum and hepatic triglyceride content, decreased thermogenesis markers in 

iBAT, downregulated ER stress response and arrested autophagy in the liver of prediabetic 

rats (Table 6). Further studies should be performed in order to elucidate whether the 

worsened lipid metabolism in the liver and adipose tissue induced by blueberry could be 

explained by its specific composition, by the dose used and/or by the duration of 

treatment. The results of this thesis recommend that blueberry consumption should be 

carefully considered at this stage of prediabetes.  

 

Table 6 – Summary of results. 

 

= – Unaltered; ↑ – Mild; ↑↑ – Exacerbated; ↑↑↑ – Severe. 
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Annex I 

Analysis of liver steatosis in histological sections using ImageJ 

software 

To assess hepatic steatosis, each H&E-stained liver histology image was uploaded 

individually into the ImageJ software (Supplementary Figure 1A). Using FIJI (ImageJ v2) 

plugin Cell Counter, we first manually selected each visible nucleus with the Type 1 color 

marker (blue) to count the total number of hepatocytes. After counting all hepatocytes, 

microsteatotic hepatocytes were selected using the Type 2 color marker (cyan blue), and 

macrosteatotic hepatocytes were selected using the Type 3 color marker (green) 

(Supplementary Figure 1B). The final Cell Counter data was then used for data 

representation (Supplementary Figure 1C). 
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Supplementary Figure 30 – Sequence of image analysis operations performed with 

Cell Counter plugin in liver sections. (A) Initial Image. (B) Type 1 (blue), Type 2 (cyan blue) 

and Type 3 (green) markers, indicating non-steatotic, microsteatotic and macrosteatotic 

hepatocytes, respectively. (C) Cell Counter data panel. 
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Annex II 

Semi-automated analysis of eWAT and iBAT histological sections 

using ImageJ software 

To quantify the size and number of adipocytes in white adipose tissue (eWAT) and 

the size and number of lipid droplets in brown adipose tissue (iBAT), each H&E-stained 

histology image was uploaded individually into the ImageJ software. The semi-automated 

image analysis procedure is shown in Supplementary Figure 2. Briefly, each eWAT and 

iBAT input image (Supplementary Figure 2A) was split into its three-color channels (red, 

green, blue). The green channel of each image was saved (Supplementary Figure 2B) and 

analyzed using FIJI (ImageJ v2) plugin Adiposoft. Adipocyte (in eWAT) and lipid droplet (in 

iBAT) numbers, areas and diameters were measured (Supplementary Figure 2C). Based 

on multiple optimization experiments, diameter thresholds were defined for white 

adipocytes and brown adipocyte lipid droplets. Incomplete adipocytes/lipid droplets 

touching the image borders, as well as with diameters below the predefined thresholds, 

were automatically excluded and removed from the output data datasheet. Finally, each 

image was visually inspected to ensure maximum accuracy is achieved. 
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Supplementary Figure 31 – Sequence of image analysis operations performed with 

Adiposoft plugin in eWAT and iBAT sections. (A) Initial image. (B) Green-channel. (C) 

Final measured image. The yellow circles represent the delimitations of the identified and 

quantified adipocytes and lipid droplets. 
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Annex III 

Antibody validation - Selectivity and specificity of antibodies 

Antibody validation consists in the demonstration of antibody reproducibility, 

specificity and selectivity in the context for which they are used. An antibody is considered 

validated if it produces a band or bands of the expected molecular weight(s) for its target 

protein. Bands at incorrect molecular weight or the presence of multiple bands could 

represent the breakdown products of the target protein, spliced variants, or different 

post-translational modification status, which should raise caution in the use of this 

antibody.  

To characterize the antibodies in terms of specificity and selectivity, liver and 

adipose tissue samples were separated by SDS-PAGE, transferred to PVDF membranes, 

blocked, and cut vertically into strips. Each strip was incubated with a different primary 

antibody and the corresponding secondary antibody, as detailed in Table 3 (Supplementary 

Figures 3 and 4). Although few antibodies produced multiple bands, the majority 

demonstrated specificity and selectivity for its target protein, as shown by the presence 

of a single band at the predicted molecular weight (Supplementary Figures 3 and 4). Only 

bands displayed at the predicted molecular weight were quantified and used for analysis.   
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Supplementary Figure 32 – Validation of primary antibodies in rat liver lysates by 

Western blot. A volume of liver tissue lysate corresponding to 30 g of protein was loaded in 

each lane. Ab. - Antibody; p.m.w. - predicted molecular weight. 
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Supplementary Figure 33 – Validation of primary antibodies in rat interscapular 

brown adipose tissue (iBAT) lysates by Western blot. A volume of brown adipose tissue 

lysate corresponding to 10 g of protein was loaded in each lane. Ab. - Antibody; p.m.w. - 

predicted molecular weight. 

 

 

Antibody validation - Linear dynamic range 

The linearity between protein amounts and signal intensities is imperative for 

quantitative use of Western blot. To obtain an accurate quantification, the linear dynamic 

range (LDR) for each target protein has to be determined. This enables the determination 

of the optimal quantity of protein to be loaded (avoiding weak signals and membrane 

saturation) and the selection of an appropriate loading control. 

To determine the LDR of target proteins, we performed Western blot using a serial 

dilutions of tissue samples, which allowed us to define the relationship between sample 

loading and band intensity. Since Western blot sensitivity is also dependent on the optimal 

primary antibody dilution, some primary antibodies dilutions were used to optimize 

linearity (Supplementary Figures 5 and 6). 

Overall, most antibodies demonstrated linearity, although for higher protein loading 

eIF2α, p-eIF2α and GAPDH antibodies did not. The dilution to half of GAPDH antibody 

enable better linearity for higher protein concentrations. The amount of protein loaded 

for analysis was within the LDR for all target proteins in each tissue (10 g in iBAT and 

30 g in liver).   
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Supplementary Figure 34 – Linear dynamic range (LDR) assessment of a variety of 

proteins and different antibodies dilutions in liver lysates from male Wistar rats. (A) 

Immunoblotting of target proteins and loading controls. (B) Relationship between the band 

intensity signal expressed as arbitrary units and the amount of protein loaded (between 10 and 40 

g). The LDR of eIF2a, p-eIF2a and GAPDH were also assessed in two distinct antibody dilutions. 
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Supplementary Figure 35 – Linear dynamic range (LDR) assessment of different 

proteins in liver and interscapular brown adipose tissue (iBAT) lysates from male 

Wistar rats. (A) Immunoblotting of LC3-1 and LC3-II in liver protein lysates and (B) their 

corresponding quantification. 10 to 40 g of protein were loaded. (C) Immunoblotting of LDR 

assessed proteins in iBAT and (D) their corresponding quantification. 5 to 30 g of protein were 

loaded. 
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