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Résumé 
 

L'obésité est une épidémie mondiale qui entraîne de nombreux problèmes de santé et constitue un 

facteur de risque pour le développement du diabète de type 2. A la Réunion, ces maladies sont largement 

répandues dans la population. L'obésité et le diabète ont en commun plusieurs perturbations métaboliques et 

sont impliqués dans la perte de l’homéostasie et de la plasticité cérébrales, contribuant au développement de 

troubles cognitifs. Les mécanismes à l'origine de ces altérations au niveau central ne sont pas bien compris. 

En outre, aucune thérapie n'a encore été établie pour prévenir les perturbations du cerveau dans ces 

pathologies. 

L'objectif de cette thèse est d'étudier l'impact de l'obésité/du diabète sur l'homéostasie et la plasticité 

du cerveau, puis de contrecarrer ces effets délétères à l'aide d’extraits de plantes médicinales réunionnaises. 

Pour ce faire, nous avons mis en place un protocole d'obésité induite par un régime alimentaire (DIO) chez 

le poisson zèbre (Danio rerio). Ce dernier apparaît comme un modèle pertinent pour mimer les perturbations 

métaboliques associées à l’obésité et au diabète, mais aussi pour étudier l’homéostasie et la plasticité 

cérébrale (ex : barrière hémato-encéphalique (BHE) et neurogenèse).  

Notre modèle DIO, établi par une surnutrition de poissons adultes pendant 4 semaines, a entraîné 

des troubles métaboliques et une perte d’homéostasie du système nerveux central (SNC). En effet, les 

poissons DIO présentaient une augmentation du poids corporel, et de l'indice de masse corporelle (IMC), une 

hyperglycémie, une stéatose hépatique et un déséquilibre de la balance redox. Dans le SNC, nous avons 

observé une augmentation de la perméabilité de la BHE, une neuro-inflammation, un stress oxydatif et une 

diminution de la neurogenèse. De plus, un changement de comportement locomoteur a été observé chez les 

poissons obèses. 

Dans une autre étape, nous avons étudié les possibles propriétés bénéfiques de deux plantes 

réunionnaises inscrites à la pharmacopée française : Antirhea borbonica (A. borbonica) et Psiloxylon 
mauritianum (P. mauritianum). Ces deux plantes sont traditionnellement utilisées pour leurs effets positifs 

sur les perturbations métaboliques : effets « anti-diabétiques » pour A. borbonica et « anti-

cholestérolémiques » pour P. mauritianum. Cependant, les données scientifiques soutenant ces propriétés 

font cruellement défaut. 

Tout d'abord, l'analyse chimique de l'extrait aqueux d'A. borbonica et de P. mauritianum a révélé 

une abondance en polyphénols corrélée à leurs propriétés antioxydantes. L'analyse par chromatographie en 

phase liquide avec spectrométrie de masse en tandem (LC-MS/MS) nous a permis de déterminer la nature 

des composés polyphénoliques de chaque extrait. Ensuite, nous avons réalisé des tests de toxicité selon la 

ligne directrice 36 de l'OCDE (Organisation de coopération et de développement économiques) (OCDE, 

2013). Ceci nous a permis de définir une concentration maximale non toxique pour chaque extrait.  

Le traitement avec l'extrait aqueux d'A. borbonica pendant les 4 semaines du protocole de 

surnutrition (DIO) a démontré des propriétés préventives contre les effets délétères de la suralimentation sur 

le SNC. En effet, A. borbonica a préservé la fonctionnalité de la BHE, a empêché l'augmentation du stress 

oxydatif cérébral et de la neuro-inflammation, mais a également normalisé la neurogenèse dans certaines 

régions.  

De même, l'extrait aqueux de P. mauritianum a été testé sur des poissons adultes surnutris (DIO) et 

sur des larves traitées par un régime riche en graisse (HFD). Le traitement avec P. mauritianum a empêché 

l'accumulation de lipides chez les larves HFD.  De plus, il a évité l'augmentation du poids corporel, de l'IMC, 

de la glycémie et le développement d’une stéatose hépatique chez les poissons DIO. De plus, P. mauritianum 

a montré un effet protecteur sur le SNC, probablement grâce à ses propriétés anti-obésogène de poids. Nous 

émettons l’hypothèse que P. mauritianum pourrait affecter de manière importante l'absorption et le 

métabolisme des lipides, probablement en modulant le microbiote intestinal. 

En conclusion, au cours de cette thèse, nous avons développé un modèle de surnutrition (DIO) simple 

et rapide induisant des perturbations périphériques et centrales similaires à celles rencontrées chez les 

mammifères. Pour la première fois, nous avons étudié la toxicité d'un extrait aqueux des deux plantes 

médicinales A. borbonica et P. mauritianum. Nous avons confirmé leurs effets bénéfiques à des 

concentrations non toxiques sur différents paramètres métaboliques et sur le cerveau en utilisant un modèle 

de poisson zèbre présentant des caractéristiques d'obésité et de prédiabète. Ensemble, ces données mettent en 

valeur l'utilisation du poisson zèbre pour mimer des maladies métaboliques et pour cribler des propriétés 

d’intérêts d’extraits de plantes médicinales. 

 

Mots-clés : barrière hémato-encéphalique, diabète, inflammation, neurogenèse, obésité, stress oxydatif, 

système nerveux central,  
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Abstract 
 

Obesity is a worldwide epidemic leading to many health concerns and is a risk factor for the 

development of type 2 diabetes. In Reunion Island, obesity and diabetes are widely spread among the 

population. Both diseases share several metabolic disorders and have been recently implicated in 

deteriorating brain health, contributing to cognitive impairments. The mechanisms behind the onset of 

altered brain homeostasis are not well understood. Besides, no therapy has yet been established to 

prevent brain disruptions. 

The aim of this thesis is to study the impact of obesity/prediabetes on brain homeostasis and 

cerebral plasticity, and then to alleviate these deleterious effects using medicinal plants from Reunion 

Island. To this end, we set up a diet-induced obesity (DIO) protocol in zebrafish (Danio rerio). Zebrafish 

recently emerges as a relevant model to mimic metabolic diseases (obesity and diabetes), and to 

investigate brain homeostasis and plasticity (i.e., blood-brain barrier (BBB) and neurogenesis).  

Our DIO model, established by overfeeding adult zebrafish for 4 weeks, resulted in metabolic 

disorders and loss of central nervous system (CNS) homeostasis. Indeed, DIO fish displayed increased 

body weight and body mass index (BMI), hyperglycemia, liver steatosis and disturbed redox balance. 

In the central nervous system, overfeeding led to BBB leakage, neuro-inflammation, cerebral oxidative 

stress and decreased neurogenesis. As well, a change in the locomotor behavior was observed in obese 

fish. 

In a next step, we tested the potential beneficial properties of two Reunionese plants registered 

in the French pharmacopeia: Antirhea borbonica (A. borbonica) and Psiloxylon mauritianum (P. 

mauritianum). Both plants were traditionally used for their positive effects on metabolic disruptions as 

“anti-diabetic” effects for A. borbonica and “anti-lipidemic” for P. mauritianum. However, the scientific 

data supporting these properties are lacking. 

First, the chemical analysis of aqueous extract of A. borbonica and P. mauritianum revealed 

their abundance in polyphenols, correlated to their antioxidant properties. LC-MS/MS analysis was used 

to determine the nature of the polyphenolic compounds in each extract. Next, we performed toxicity 

assays using OECD guidelines 36 (Organization for Economic Co-operation and Development) (OECD, 

2013) and defined a maximum non-toxic concentration for each extract.   

The overnight treatment with aqueous extract of A. borbonica (0.5g/L) during the DIO protocol 

demonstrated its preventive properties against the deleterious effects on the CNS induced by 

overfeeding. Indeed, A. borbonica preserved the BBB function, prevented the increase in cerebral 

oxidative stress, neuro-inflammation and normalized neurogenesis.  

Similarly, the aqueous extract of P. mauritianum (0.25 g/L) was tested on adult DIO zebrafish 

and in high-fat diet (HFD) treated larvae. The treatment avoided lipid accumulation in HFD larvae. It 

also prevented body weight increase, BMI, hyperglycemia and liver steatosis in adult DIO zebrafish. 

Furthermore, brain homeostasis seems to be preserved probably through P. mauritianum anti-weight 

gain properties. We suggested that P. mauritianum could significantly affect lipid absorption and 

metabolism possibly through the modulation of gut microbiota. 

In conclusion, during this thesis, we have developed a simple and rapid overfeeding (DIO) 

model inducing peripheral and CNS disruptions similar to those encountered in mammals. For the first 

time, we studied the toxicity of aqueous extract of the two medicinal plants A. borbonica and P. 

mauritianum. We confirmed their beneficial effects on different metabolic parameters and on the brain 

using zebrafish model of obesity and prediabetes. Together, these data highlight the use of zebrafish to 

mimic metabolic diseases and to screen the beneficial properties of medicinal plants extracts. 
 

Key words: blood-brain barrier, central nervous system, diabetes, inflammation, neurogenesis, obesity, 

oxidative stress. 

 

  



8 
 

List of scientific publications  
 

Publications related directly to this research study  

 

➢ Ghaddar B, Veeren B, Rondeau P, Bringart M, Lefebvre d'Hellencourt C, Meilhac O, 

Bascands JL, Diotel N 

Impaired brain homeostasis and neurogenesis in diet-induced overweight zebrafish: a 

preventive role from A. borbonica extract. Sci Rep Sep 2;10(1):14496. (2020) 

 

➢ Veeren B, Ghaddar B, Bringart M, Khazaal S, Gonthier MP, Meilhac O, Diotel N, 

Bascands JL. 

Phenolic Profile of Herbal Infusion and Polyphenol-Rich Extract from Leaves of the 

Medicinal Plant Antirhea borbonica: Toxicity Assay Determination in Zebrafish 

Embryos and Larvae. Molecules Sep 29;25(19):4482. (2020) 

 

➢ Ghaddar B, Bringart M, Lefebvre d'Hellencourt C, Meilhac O, Diotel N. 

Deleterious Effects of Overfeeding on Brain Homeostasis and Plasticity in Adult 

Zebrafish. Zebrafish May 21;18(3):190-206.  (2021) 

 

➢ Ghaddar B, Gence L, Veeren B, Bringart M, Bascands JL, Meilhac O, Diotel N. 

Aqueous extract of Psiloxylon mauritianum prevents obesity and associated deleterious 

effects in zebrafish. IJMC (submitted). (2022) 

 

➢ Ghaddar B, Diotel N.  

Zebrafish: A new promise to study the impact of metabolic 2 disorders on the brain. 

IJMC (review; submitted). (2022) 

 

Publications associated with this research study 

 

➢ Ghaddar B, Lübke L, Couret D, Rastegar S, Diotel N. 

Cellular Mechanisms Participating in Brain Repair of Adult Zebrafish and Mammals 

after Injury. Cells Feb 14;10(2):391. (review). (2021) 

 

➢ Cassam-Sulliman N, Ghaddar B, Gence L, Patche J, Rastegar S, Meilhac O, Diotel N. 

HDL biodistribution and brain receptors in zebrafish, using HDLs as vectors for 

targeting endothelial cells and neural progenitors. Sci Rep Mar 19;11(1):6439. (2021) 

  



9 
 

List of figures  
 

Figure 1: Body mass index illustration as an easy tool to estimate overweight and obesity. .............. 19 

Figure 2: Obesity and diabetes prevalence in the World, Europe and Reunion Island......................... 21 

Figure 3: The impact of obesity on different domains of health including the physical, mental, social 

and the spiritual ones. Adapted from (Djalalinia et al., 2015). ............................................................. 22 

Figure 4: Common health conditions related to obesity. ..................................................................... 24 

Figure 5: Nonalcoholic fatty liver (NAFL) as a result of obesity. ........................................................... 25 

Figure 6: Common health conditions related to diabetes. ................................................................... 28 

Figure 7: Mechanisms of reactive oxygen species (ROS)-induced endothelial dysfunction in response 

to hyperglycemia leading to potential stroke. ...................................................................................... 30 

Figure 8: Schematic representation of insulin secretion by the beta pancreatic cells in response to 

high blood glucose levels and insulin dependent glucose uptake by the tissues. ................................ 31 

Figure 9: Development of insulin resistance in case of obesity due to the increased plasma free fatty 

acids and adipokines secreted from the saturated adipocytes. ........................................................... 32 

Figure 10: Cellular constituents of the blood-brain barrier. ................................................................. 34 

Figure 11: The close proximity between the neural stem cells and the blood vessels in the neurogenic 

subventricular zone in the brain of mouse. .......................................................................................... 35 

Figure 12: Effects of obesity on the BBB and the brain......................................................................... 38 

Figure 13: Blood-brain barrier permeability comparison between diabetic and control rats. ............. 39 

Figure 14: Mechanisms suggested for the blood-brain barrier destruction in type 2 diabetes. .......... 40 

Figure 15: Examples of brain MRI of normal individual and individual of high body fat percentage. .. 41 

Figure 16: Brain maps of the associations between BMI and cortical thickness. ................................. 42 

Figure 17: Comparison of T2DM brain subjects with non-diabetic ones in term of functional 

connectivity and brain volume. ............................................................................................................. 43 

Figure 18: Schematic representation of neurogenesis in the central nervous system of embryonic 

vertebrates. ........................................................................................................................................... 45 

Figure 19: The dentate gyrus and subventricular zone neurogenic niches of the adult mammalian 

brain. ..................................................................................................................................................... 47 

Figure 20: Different regulators of adult neurogenesis. ........................................................................ 48 

Figure 21:  Notch signaling pathway in zebrafish and mouse. .............................................................. 49 

Figure 22: Number of surviving neural progenitors in the WKY and GK rats. ....................................... 51 

Figure 23: The advantages of using zebrafish model in science during all its developmental stages 

(embryo, larva and adult). ..................................................................................................................... 53 

Figure 24: Conservation of organ systems between zebrafish and humans and orthologue genes 

shared between the zebrafish, human, mouse and chicken genomes. ................................................ 54 

Figure 25: Organ regeneration in the zebrafish. ................................................................................... 54 

Figure 26: The use of zebrafish in biomedical research articles has been rising since the early 1990s.

 ............................................................................................................................................................... 55 

Figure 27: Three-dimensional Micro-computed tomography analysis in normally versus diet-included 

obesity models of zebrafish. ................................................................................................................. 57 

Figure 28: Adult zebrafish pancreas in comparison to human pancreas. ............................................. 59 

Figure 29:  Main brain subdivisions and neurogenic niches of zebrafish and mammalian brain. ........ 62 

Figure 30: Marker expression and morphology of distinct cell types at the ventricular zone of the 

telencephalon. ....................................................................................................................................... 63 

Figure 31: Cell composition of the neurogenic niches in zebrafish, mice and humans. ....................... 64 

Figure 32: Brain-brain barrier formation during early stages of development in the zebrafish. .......... 66 



10 
 

Figure 33: Major Food Bioactive Compounds sources and classification. ............................................ 67 

Figure 34: Classification and structure of polyphenols. ........................................................................ 68 

Figure 35: Beneficial effects of dietary polyphenols. ............................................................................ 69 

Figure 36: Neuroprotective intracellular signaling pathways conferred by polyphenols. .................... 70 

Figure 37: Major plants polyphenol and their beneficial health effects. .............................................. 72 

Figure 38: Medicinal plants in the Reunion Island registered in the French pharmacopeia. ............... 74 

Figure 39: Antirhea borbonica beneficial effects from traditional background and recent scientific 

records. .................................................................................................................................................. 76 

Figure 40: Psiloxylon mauritianum beneficial effects from traditional background and recent scientific 

records. .................................................................................................................................................. 77 

Figure 41: The molecular pathways of hyperglycemia induced oxidative stress production. ............ 212 

Figure 42: The blood–brain barrier (BBB) and oxidative stress. ......................................................... 213 

Figure 43: pathways od neuronal degeneration as a result of hyperglycemia induced oxidative stress.

 ............................................................................................................................................................. 215 

Figure 44: Model of neuro-inflammation and neurodegeneration cycle. .......................................... 216 

Figure 45: Simplified diagram of the microarchitecture of a neurogenic niche in the adult brain..... 219 

Figure 46: Pathophysiological links between T2DM and AD. .............................................................. 220 

Figure 47: Obesity and diabetes contributing to microvascular complications. ................................. 221 

Figure 48: Comparison of the polyphenolic content from the aqueous extracts of A. borbonica and P. 

mauritianum. ....................................................................................................................................... 223 

Figure 49: Gallic acid treatment improves body metabolism parameters in HFD mice. .................... 225 

 

 

List of tables 
 

Table 1: Description of the different types of diabetes. ....................................................................... 20 

 

 

 

 

 

 

 

 

 

 

 



11 
 

List of abbreviations  

 

AD: Alzheimer’s disease  

AGE: advanced glycated end products  

AGE-R: advanced glycated end products receptor 

AKT: Alpha serine/threonine kinase 

Ascl: Achaete-scute like  

Aβ: β-amyloid  

BBB: blood-brain barrier  

BDNF: brain derived neutrophic factor  

BMI: body mass index  

BMP: bone morphogenetic Protein 

CNS: central nervous system 

CRP: C-reactive protein  

CSF: cerebrospinal fluid 

DG: dentate gyrus 

DIO: diet-induced obesity 

fabp4: fatty acid binding protein  

FFA: free fatty acids  

Fgf: Fibroblast growth factor 

GAE: Gallic Acid Equivalent 

GLUT: glucose transporter 

GPx: glutathione peroxidase  

HDL: high-density lipoproteins  

Hes: hairy/enhancer of split  

HFD: high-fat diet 

4-HNE: 4-hydroxynonenal 

IGF-IR: insulin-like growth factor type 1 receptor  

IL-1β: interleukin 1 beta  

IL-6: interleukin 6 



12 
 

IL-8: interleukin 8 

IR: insulin receptor  

IPGTT: and intraperitoneal  

IκB: IkappaB kinase complex 

LDL: low-density lipoproteins  

MRI: magnetic resonance imaging  

NAFLD: nonalcoholic fatty liver disease  

NFκB: nuclear factor kappa B  

NICD: Notch intracellular domain  

NO: nitric oxide 

NSC: neural stem cells 

OB: olfactory bulb  

OECD: Organization for Economic Co-operation and Development 

OGTT: oral glucose tolerance test 

PCNA: proliferating cell nuclear antigen 

PI3K: Phosphoinositide 3-kinase  

PKC: protein kinase C  

Pparg: peroxisome-proliferator activated receptor gamma 

RMS: rostral migratory stream 

ROS: reactive oxygen species  

SFA: saturated fatty acids  

SGZ: subgranular zone  

SOD: superoxide dismutase  

Sox: sex determining region Y-box 

STZ: streptozotocin  

SVZ: subventricular zone of the lateral ventricles  

T2DM: type 2 diabetes mellitus  

TNFα: tumor necrosis factor-α  

WHO: world health organization 

Wnt: wingless-related integration site 



13 
 

 

  



14 
 

  



15 
 

General introduction  
 

 Obesity is a major health concern worldwide especially after the endemic values it 

reaches. Obesity is known to induce health complications as cardiovascular diseases, kidney 

diseases, liver steatosis and is a risk factor for developing type 2 diabetes mellitus (T2DM). The 

obese subjects are mostly considered in a prediabetic or a diabetic state due to the common 

metabolic disorders shared between obesity and T2DM. In addition, both obesity and diabetes 

are blamed for deteriorating the brain health. Dementia, cognitive impairments, development 

of Alzheimer’s disease and stroke are all at higher risk percentages in case of obesity and 

diabetes. Until now, these brain complications occur under not-well understood conditions and 

the treatments in this domain are limited. Thus, it is crucial to further investigate the 

mechanisms that lead to the development of these complications in the context of metabolic 

diseases such as obesity and diabetes. To this end, several animal models had been established, 

among them the diet-induced obesity and high-fat diet-induced obesity models.  

 Zebrafish is an attractive model to explore brain disorders resulting from metabolic 

diseases. Indeed, it can be used to develop obesity and prediabetic states under diet-induced 

obesity or chronic glucose exposure protocols. In addition, the health outcomes induced by such 

experimental procedures are similar to their mammalian counterparts. Similarly, zebrafish is 

widely used to investigate brain homeostasis, namely blood-brain barrier and neurogenesis. 

 Nowadays, several lines of evidences are documenting the potential beneficial role of 

polyphenols, naturally occurring secondary metabolites in food and plants, in the treatment of 

metabolic disorders resulting from obesity and/or diabetes. In Reunion Island, medicinal plants 

registered in the French pharmacopeia have been shown to be rich in polyphenols. These plants 

are traditionally used by the local population to combat several disorders resulting among others 

from obesity and diabetes. In this context, Antirhea borbonica (A. borbonica) and Psiloxylon 

mauritianum (P. mauritianum) are two Reunionese medicinal plants with traditional 

“antidiabetic” and anti-lipidemic” properties. Some data from our laboratory proved antioxidant 

and protective properties of these plants in different experimental models. Nevertheless, further 

investigations are required to confirm this suggested “antidiabetic” and “anti-lipidemic” 

properties. 

 Therefore, this study aims to develop a relevant diet-induced obesity model using 

zebrafish. After characterizing the deleterious impact of overfeeding on the body and on the 
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brain, we investigated the potential beneficial effects of the aqueous extract of these two 

medicinal plants, A. borbonica and P. mauritianum, in combating the negative outcomes of 

obesity/prediabetic state at the periphery and in the central nervous system. 
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I. Health risks of obesity and diabetes  
 

A. General knowledge on the epidemics 

  

1. Obesity definition 

  

 Obesity, as well as overweight, is defined as abnormal or excessive fat accumulation 

presenting health risks according to the World Health Organization (WHO, 2016a; Bluher, 

2020). It is a complex health issue resulting from a combination of factors including individual, 

behavioral and genetic ones. Obesity is associated with bundle of complications involving 

several metabolic disorders resulting from excess accumulation of body fats. The body mass 

index (BMI) appears as reliable and easy indicator of body fatness for most people, using simply 

the height and weight measurements (kg/m2) (Gray & Fujioka, 1991). Thus, individuals with 

BMI ranging between 25 and 30 kg/m2 are classified as overweight and those above 30 kg/m2 

are obese (WHO, 2021) (Fig. 1). 

 

 

 

Figure 1: Body mass index illustration as an easy tool to estimate overweight and obesity. 

The body mass index (BMI) is calculated by dividing the body weight in Kg on the square of the height in m2. 

Individuals with BMI below 18.5 Kg/m2 are considered underweight, between 18.5-24.9 Kg/m2 are normal weight, 

between 25-29.9 Kg/m2 are overweight, between 30-34.9 Kg/m2 are obese and above 35 Kg/m2 are considered 

extreme obese. References:  https://www.istockphoto. 
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2. Diabetes definition 

 

Diabetes is a chronic metabolic disorder characterized by a hyperglycemic state and is 

defined by fasting blood glucose exceeding 126 mg/dL (7 mmol/L). There are many different 

types of diabetes. Type 1 diabetes corresponds to an autoimmune disease destroying the beta 

cells of the pancreas. It consequently leads to a lack of insulin (insulinopenia), the main glucose-

lowering hormone, and so to hyperglycemia  (Redondo et al., 2020). This pathology accounts 

for approximatively 10% of diabetes. In contrast, type 2 diabetes mellitus (T2DM) represents 

almost 90% of diabetes and is induced by insulin resistance in which the cells do not respond 

correctly to insulin over time (Harreiter & Roden, 2019). This will progressively lead to a 

possible insulinopenia aggravating the resulting hyperglycemia. In addition to type 1 and type 

2 diabetes, many other diabetic states have been described: (i) gestational diabetes that develops 

during pregnancy in the 2nd or the 3rd trimester and it could increase the risk of developing type 

2 diabetes later in the life of the child (Coustan, 2013), (ii) monogenic diabetes (neonatal or 

MODY -Maturity Onset Diabetes of the Young) that is due to a strong genetic risk factor 

developing during adolescence and does not always require insulin, the treatment depends 

mostly on the location of the mutation that is in any of at least 14 different genes (Shepherd et 

al., 2016; Shields et al., 2017), and (iii) other diabetic reasons are referred to pancreatic exocrine 

diseases and chemical/drug induced diabetes (Redondo et al., 2020) (Table 1). According to 

WHO, the normal fasting blood glucose should be between 70 mg/dL (3.9 mmol/L) and 100 

mg/dL (5.6 mmol/L). A fasting blood glucose comprised between 100 to 125 mg/dL (5.6 to 6.9 

mmol/L) is considered as a pre-diabetic state. As mentioned above, in case of diabetes, the 

fasting blood glucose exceeds 126 mg/dL (WHO, 2016e).  

 

Table 1: Description of the different types of diabetes.  

Adapted from (Redondo et al., 2020). 

Type Description 

Type 1 diabetes Autoimmune beta cell destruction, usually leading to absolute insulin deficiency 

Type 2 diabetes Progressive loss of adequate insulin secretion, frequently with insulin resistance 

Gestational diabetes Diagnosed in the second or third trimesters, without overt diabetes prior to 

gestation 

Monogenic diabetes There are two subgroups: MODY, and neonatal diabetes 

Disease of the exocrine 

pancreas 
Pancreatitis, cystic fibrosis, and other disorders of the pancreas. 

Chemical or drug induced Caused by glucocorticoids, HIV/AIDS drugs, organ transplantation drugs 
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3. Prevalence of obesity and diabetes  

 

Obesity and diabetes, that are considered by World Health Organization as global 

epidemics, affect at least 650 million and 422 million people worldwide, respectively (WHO, 

2016d). In Europe, around 50% of the population are overweight (Marques et al., 2018) and 

10% are diabetic (WHO, 2016b).  

In Reunion Island, a French overseas department in the Indian Ocean, the prevalence of 

obesity and diabetes is high among the population. Around 45% of Reunionese are overweight, 

of which 28% are overweight and 16% are obese (Thibault, 2019). Similarly, the prevalence of 

diabetes among the Reunionese population is also high, with around 10% of the population 

estimated to be diabetic (clés, 2019).  

Obesity increases the mortality risk due to the cardiovascular complications (Whitlock 

et al., 2009). Diabetes similarly leads to high number of annual deaths so that by 2019, 1.5 

million deaths were attributed directly due to diabetes (WHO, 2016c). Due to the real threats 

of these two linked diseases on health, there is a serious global goal to restrict the wide and fast 

spread of obesity and diabetes by 2025 (WHO, 2016d) (Fig. 2).  

 

 
 

Figure 2: Obesity and diabetes prevalence in the World, Europe and Reunion Island.  

(A) Graph showing the increase in the number of diabetic and obese people worldwide from 1980 until 2045, with 

the total health expenditure of both diseases. (B)  European map showing the percentages of overweight individual 
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in the population. The highest percentages are found in Malta and Croatia (59%) and the lowest in Italy (46%) and 

France (47%) in 2019. (C) European map showing the percentage of diabetic individual (20-79 years) in the 

population. It varies from 5 to 9% among the countries in 2017. (D) The percentages of the overweight/obese and 

diabetic individuals among the population in the Reunion Island. References: (A) https://www.a-

mansia.com/obesity-and-diabetes-in-the-world/; (B) Over half of adults in the EU are overweight - 

ec.europa.eu/Eurostat; (C) DiabetesAtlas http://diabetesatlas.org; (D) (clés, 2019; Thibault, 2019). 

 

B. Effects of metabolic disorders on the body physiology  

 

1. Obesity effects on the body  

 

Obesity induces many adverse effects on body and impacts health at different levels: 

physical, mental, social and spiritual (Djalalinia et al., 2015) (Fig. 3). Beside the physical 

burden that will be explained more in details later, obesity leads in different domains to 

discrimination and social bias with a direct effect for some individuals at their self-esteem, 

mood disorders and even motivational disorders. Being at sometimes suffering from society 

rejection, ridicule and humiliation from the surrounding or the public impact their quality with 

outcomes on their personalities that could be more pronounced than the physical effect on health 

(Fig. 3) (Djalalinia et al., 2015). 

 

 
 

Figure 3: The impact of obesity on different domains of health including the physical, mental, social and the 

spiritual ones. Adapted from (Djalalinia et al., 2015). 
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Concerning the effect of overweight and obesity on the physical health, the excessive 

adiposity in high BMI individuals alters the metabolism of some lipoproteins (Stadler & 

Marsche, 2020), inflammatory pathways (Saltiel & Olefsky, 2017) and even epigenetic 

regulations such as DNA methylation (Wahl et al., 2017). It leads to many physiological 

disorders including hypertension, dyslipidemia, insulin resistance and hyperglycemia that could 

lead to severe complications affecting the physiology of key organs including the heart, the 

liver, the kidney and the lungs (Ramon-Arbues et al., 2019). Figure 4 provides an overview of 

the consequences of overweight and obesity on almost all body systems and physiology. 

Briefly, obesity has a deleterious impact on (i) the central nervous system with an increased 

occurrence of strokes, dementia and depression, (ii) the respiratory system resulting in 

breathing complications, (iii) the digestive tract causing several types of cancers and excess fat 

building in the liver, (iv) the cardiovascular system with increasing risk of heart attack and 

atherosclerosis, (v) the urinary system favoring kidney failure, and also (vi) on the reproductive 

system leading sometimes to pregnancy difficulties. In addition, obesity weakens the muscles 

and the bones leading to disabilities, fractures and joint pains (Sethi, 2020). 

Among these complications, 41% of the BMI related deaths in obese individuals are 

caused by the cardiovascular diseases (Collaborators et al., 2017; Henning, 2018). This relation 

is mainly due to the high adiposity and excess in body fats because of the high-fat intake (Stefan, 

2020) as explained below. Indeed, in healthy condition, the adipose tissue secretes hormones 

called adipokines (i.e., leptin, adiponectin) that have pleiotropic effects and notably a protective 

one on the myocardium. However, in case of obesity, the endocrine function of adipose tissue 

is disrupted with increased leptin secretion and reduced adiponectin one causing several 

cardiovascular problems (Fortuno et al., 2003; Jung & Choi, 2014). In parallel, the adipose 

tissue in case of obesity secretes proinflammatory cytokines as interleukin-1β, interleukin-8 

(IL-1β and IL-8) and tumor necrosis factor-α (TNFα) that impairs the cardiac functions (Elagizi 

et al., 2018). Alpert and his colleagues reviewed in details the impact of obesity on the heart at 

different levels including the cardiac morphology, cardiac performance and metabolic 

alterations that results finally in heart failure (Alpert et al., 2014). In brief, echocardiographic 

analysis show that obese patients have an increased left ventricle mass and wall thickness 

(Alpert et al., 2014). Myocardial dysfunction could occur by the accumulation of the excess of 

fatty acids and triglycerides in the parenchymal cardiac myocytes leading to their dysfunction 

and death (Alpert et al., 2014). Insulin resistance, hypertriglyceridemia, hyperglycemia,  
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Figure 4: Common health conditions related to obesity.  

Obesity has negative impacts on all the body systems including the central nervous system, cardiac system, 

digestive system, respiratory system and the reproductive system. From (Sethi, 2020). 



25 
 

increased low-density lipoproteins (LDL) and decreased high-density lipoproteins (HDL) levels 

are all factors impairing endothelium dependent vasodilation and vascular smooth muscle 

dysfunction with increased arterial stiffness; consequently, this situation develops to 

atherosclerotic vascular changes driving these cardiovascular complications (Papa et al., 2013). 

Obese individuals have also a great risk to develop nonalcoholic fatty liver disease 

(NAFLD) (Ruhl & Everhart, 2003). NAFLD is a liver abnormality condition in which the liver 

accumulates fatty acidy and triglycerides with or without inflammation and fibrosis (Fig. 5) 

The high level of free fatty acids (FFA) in the blood observed in case of obesity (from the 

adipose tissue) is proportional to the fat mass in both men and women (Mittendorfer et al., 

2009), and represents the excessive uptake of FFA in the liver (Fabbrini et al., 2010). In 

addition, cirrhosis (cryptogenic cirrhosis) and hepatocellular carcinoma are also associated with 

obesity (Marchesini et al., 2008).  

 

 

 

Figure 5: Nonalcoholic fatty liver (NAFL) as a result of obesity.  

(A) Illustration of healthy human liver and non-alcoholic fatty liver (NAFL). (B) Oil Red O staining of liver 

sections from normal mice with normal liver and (C) high-fat diet fed mice with NAFL. Note that the red color 

represents the fat accumulation in the hepatic section of the NAFL. (A) From https://hunterdongastro.com/non-

alcoholic-fatty-liver-disease-nafld/; (B) From (Li et al., 2020). 

  

 Obesity has also a deleterious impact on the kidneys and their function, leading among 

others to Chronic kidney disease (CKD) (Nehus, 2018), a pathology characterized by a 

progressive loss of kidney function. Recently, chronic inflammation was associated with 
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obesity and it was shown that abnormal lipid metabolism can lead to kidney injury (Nehus, 

2018). In addition, children with severe obesity display high prevalence of renal abnormalities 

(i.e., albuminuria and reduced kidney function i.e., the glomerular filtration rate GFR) 

associated with kidney injuries (Nehus, 2018). Furthermore, the glomerular filtration rate 

(GFR) of the kidneys appeared to be lower at higher BMI according to large population-based 

studies (Foster et al., 2008). Obesity is also a risk factor for kidney malignancies and 

nephrolithiasis (kidney stones), corresponding to hard deposits of minerals and salts formed 

inside the kidneys (Curhan et al., 1998; Bhaskaran et al., 2014). 

Other data also demonstrated an impact of obesity on lungs through unclear 

mechanisms. For instance, obese children and adults have greater risk for asthma disease, that 

is more severe, and respond less to medications compared to the non-obese asthma patients 

(Mittendorfer et al., 2009). Obesity also affects mechanically the respiratory function due to 

the accumulation of fats in the abdominal and thoracic cavities that elevates the diaphragm and 

increases the pleural pressure (Behazin et al., 2010). 

 

2. Obesity and stroke 

 

A pooled analysis on 97 cohort studies with 1.8 million participants have shown that 

overweight and obesity increased the risk of having stroke compared to normal individuals 

(excess risk 98% for overweight and 69% for obesity) (Lu et al., 2014). Unfortunately, obesity 

not only increases the risk factor for stroke occurrence but also worsens the neurological 

outcomes by exacerbating the ischemic brain injury (Haley & Lawrence, 2016). For instance, 

it increases the hemorrhagic transformation and microvascular damage (Boillot et al., 2013) as 

well as the risk of death after ischemic stroke by 40% (Lee et al., 2018). It is probably in links 

with vascular abnormalities, oxidative stress and chronic inflammation (Stapleton et al., 2008; 

Beyer et al., 2013; Kozakova et al., 2015). A study conducted by Lee and colleagues in 2021 

was aiming to evaluate the effect of the BMI on specific cognitive outcomes 3 months after 

stroke. In this study the post-ischemic stroke survivors undergo comprehensive standardized 

neuropsychological test to investigate the effect of BMI on the domain-specific and global 

cognitive functions. As a result, patients with high BMI (above 25 kg/m²) despite having normal 

global cognitive functions, suffer from lower phonemic and semantic word fluencies (frontal 

dysfunction: tested by Controlled Oral Word Association Test (COWAT) examination for the 

verbal fluency) than those with normal BMI (21-23 Kg/m²) (Lee et al., 2021). 
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3. Diabetes effects on the body 

 

 Diabetes induces many detrimental effects on the body and lead to macrovascular and 

microvascular complications. The macrovascular complications of type 2 diabetes are 

represented by cardiovascular diseases (heart attack, stroke, coronary artery disease, 

cardiomyopathy, arrhythmia and sudden death), cerebrovascular diseases and peripheral 

vascular disease (Viigimaa et al., 2020). In addition, the microvascular complications of 

diabetes involve the diabetic nephropathy, retinopathy and neuropathy (Faselis et al., 2020). As 

in case of obesity, diabetes also disturbs many of the metabolic body functions and damages 

many organs and tissues such as the brain, eyes, heart and nerves as illustrated below (Fig. 6).  

Among these complications, the cardiovascular diseases are considered as the main 

mortality cause in diabetic individuals  (Collaborators et al., 2017; Henning, 2018). Insulin 

resistance, hyperglycemia, hypertriglyceridemia, high LDL and low HDL levels are all factors 

impairing endothelium dependent vasodilation and vascular smooth muscle dysfunction with 

increased arterial stiffness. Consequently, atherosclerotic vascular changes occur and drive 

cardiovascular complications (Papa et al., 2013). In general, clot formation occurs after a 

cascade of events due to hyperglycemia that leads to oxidative stress, inflammation, insulin 

resistance, endothelial dysfunction and coagulation cascade activation (Stegenga et al., 2006; 

Kaur et al., 2018). In brief, chronic hyperglycemia leads to the formation of advanced glycation 

end products (AGE) and thus activating their receptors (AGE-R). AGE-R activation increases 

the superoxide production which decreases nitric oxide (NO) synthesis resulting decreased 

vasodilation.  

In parallel to the macrovascular complications, the chronic hyperglycemic condition in 

diabetes impacts the microvasculature leading to nephropathy, retinopathy and neuropathy 

(Faselis et al., 2020). Diabetic nephropathy could lead to end stage renal disease in 50 % of 

cases (Faselis et al., 2020). Similarly, diabetic retinopathy results from vasculopathy and is the 

major cause of blindness worldwide (Yau et al., 2012). This disease is mainly attributed to two 

main causes: diabetic macular edema (impaired central vision) and proliferative diabetic 

retinopathy that is the formation of new blood vessels in the retina, which can cause significant 

bleeding (Yau et al., 2012). Finally, diabetic neuropathy results from peripheral nerve 

dysfunction (Boulton et al., 2004). It affects around 50% of type 2 diabetic patients developing 

later to Charcot neuroarthropathy, foot ulceration and foot amputation (Hicks & Selvin, 2019). 
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Figure 6: Common health conditions related to diabetes.  

Diabetes has negative impacts on all the body system including the central nervous system, cardiac system, 

digestive system, respiratory system and the reproductive system. From   

https://www.healthline.com/health/73150. 
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4. Stroke in diabetes 

 

Diabetes is also a major risk factor for the initiation and deterioration of the 

cerebrovascular diseases. Regarding the type of the stroke, diabetic patients are more exposed 

to the ischemic stroke (x 1.5 to 3 times) (Folsom et al., 1999; Kissela et al., 2005). This type of 

stroke corresponds to the obstruction of a blood vessel by a blood clot and accounts for almost 

80% of stroke (Lithner et al., 1988). As well, the diabetic condition is an aggravating factor for 

stroke complications and death (Chen et al., 2016). Each 1% increase in glycated hemoglobin 

(hemoglobin A1c, a biomarker for the presence and severity of hyperglycemia) is faced by a 

1.37 times excess risk of stroke related death (UKPDS, 1998), showing the deleterious impact 

of diabetes on post-stroke survival. In addition, for diabetic patients who survived after stroke, 

the recovery was slower compared to non-diabetic ones (Jorgensen et al., 1994).  

The main factors explaining why diabetic individuals are more prone to have strokes, 

are briefly explained here (Fig. 7). First, hyperglycemia and hyperinsulinemia (due to insulin 

resistance) create oxidative stress due to the production of the reactive oxygen species (ROS) 

that damage the cells including the endothelial ones (Baynes & Thorpe, 1999; Valko et al., 

2004; Tangvarasittichai, 2015). The ROS also decreases the production of endothelium derived 

nitric oxide (NO), leading to vasoconstriction, platelet activation and increasing LDL 

deposition in the vascular wall (Chen et al., 2018a). Hyperglycemia also increased the advanced 

glycated end products (AGEs) that are glycosylated proteins and lipoproteins.  The later bind 

to their  receptors and  induce LDL deposition  within the vascular wall and increase the 

expression of atherosclerosis promoting agent genes (adhesion molecules and inflammatory 

mediators) (Singh et al., 2014). Furthermore, the high glucose concentration promotes its 

transfer through vessels wall independent of insulin; this consequently allow the activation of 

polyol pathway that transform glucose to sorbitol. This pathway is known to activate protein 

kinase C (PKC) isoforms that in turn increases the expression of atherosclerosis promoting 

genes, decrease vasodilation and damages the endothelial cells favoring thereby stroke 

occurrence (Ishii et al., 1996; Oyama et al., 2006) . 
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Figure 7: Mechanisms of reactive oxygen species (ROS)-induced endothelial dysfunction in response to 

hyperglycemia leading to potential stroke.  

Elevated glucose levels lead to vascular damage directly via by the accumulation of AGE and indirectly due to an 

imbalance between ROS production and NO bioavailability in the endothelium. Resulting endothelial dysfunctions 

are characterized by the proinflammatory responses, recruitment of leukocytes, impaired vasodilatation and 

accumulation of oxidized LDL particles causing the onset of cardiovascular complications. AGE: Advanced 

glycation end-products; eNOS: Endothelial nitric oxide synthase; LDL: Low density lipoprotein particles; 

NADPHox: Nicotinamide adenine dinucleotide phosphate oxidase; NO: Nitric oxide; O2•−: Superoxide anion; 

ONOO−: Peroxynitrite; PKC: Protein kinase C. From (Burgos-Moron et al., 2019). 

 

5. Mechanisms of insulin secretion and insulin resistance leading to type 2 

diabetes 

 

In normal  physiological conditions, after meals, blood glucose levels increase and the 

pancreatic beta cells take up glucose through the glucose transporter 2 (GLUT2) (Rorsman & 

Braun, 2013). Glucose uptake induces intracellular changes leading to the secretion of the 

insulin hormone that will be transported by the blood flow to reach its target that are adipocytes, 

muscular cells and hepatocytes (Rorsman & Braun, 2013). The binding of insulin to its receptor 

leads to intracellular signaling cascades resulting in the accumulation of glucose transporter 4 

(GLUT4) at the cell surface of adipocyte and muscles within 5 minutes of exposure to the 

hormone for insulin stimulated glucose transport and prevents the gluconeogenesis in the liver 

(Lebovitz, 2001; Leto & Saltiel, 2012) (Fig. 8). The mechanism by which overweight and 

hyperglycemia induce insulin resistance is further explained below.  
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Figure 8: Schematic representation of insulin secretion by the beta pancreatic cells in response to high blood 

glucose levels and insulin dependent glucose uptake by the tissues.  

(A) High blood glucose levels stimulate the beta cells of the pancreas for the glucose-stimulated insulin secretion. 

Briefly, glucose enters the cell through one of the glucose transporters GLUT2 and changes the ATP:ADP ratio 

that inactivates the ATP-sensitive potassium channel KATP. Closure of KATP in turn causes depolarization of the 

membrane opening voltage-gated Ca2+ channels. Finally, the influx of Ca2+ triggers exocytosis of insulin granules. 

Insulin is secreted to the blood.  (B) The insulin reaches the target tissues (muscles and adipose tissue) through the 

blood circulation. Insulin binding to its receptor (IR) leads to conformational changes of the receptor and its auto 

phosphorylation, activating thereby the tyrosine kinases that stimulate the recruitment of the insulin receptor 

substrate (IRS). IRS binds to and activates the regulatory subunit of phosphoinositide 3-kinase (PI3-K) and 

phosphorylates membrane phospholipids and phosphatidylinositol 4,5-bisphosphate (PIP2) on the 3′ position 

(PIP3). The complex activates the 3-phosphoinositide -dependent protein kinases-1 (PDK-1) resulting in activation 

of serine/threonine kinases (AKT). AKT is involved in the translocation of GLUT4 from cytosol to the plasma 

membrane, which further allows glucose uptake.  

 

C. The “Diabesity” concept: interrelation between obesity and the 

development of type 2 diabetes 

 

Strikingly, 80% of type 2 diabetic are considered obese (Centers for Disease & 

Prevention, 2004; Bhupathiraju & Hu, 2016). One of the main reasons behind the development 

of insulin resistance and type 2 diabetes is obesity (Boles et al., 2017). Any interference in 

insulin-insulin receptor (IR) signaling can abort the insulin mediated glucose uptake and 

consequently lead to insulin resistance and so to hyperglycemia (Lebovitz, 2001). In case of 

overweight or obesity, the high adiposity results in the increased secretion of FFAs and TNFα. 

The increased levels of FFAs in the blood block the insulin signaling through several 

mechanisms (fatty acid metabolite production as the acyl-CoA and interaction with the toll-like 

receptor-4 (TLR-4)) and thus avoid the addressing of GLUT4 to the membrane of insulin target 
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organs (muscles and liver). It results in insulin resistance and in the development of 

hyperglycemia as shown in figure 8 (Delarue & Magnan, 2007; Badawi et al., 2010; Sears & 

Perry, 2015). In addition, inflammatory mediators such as TNFα and IkappaB kinase complex 

(IκB) interferes with the downstream intracellular signaling of the insulin receptor. For 

instance, inflammation activates IκB, inducing the phosphorylation and degradation of the IκB, 

an inhibitor of the nuclear factor kappa B (NFκB). NFκB consequently translocate to the 

nucleus and induces the expression of the inflammatory cytokines such as IL-1β, IL-8 and 

TNFα. These later inhibits the Phosphoinositide 3-kinase / Alpha serine/threonine kinase 

(PI3K/AKT) pathway from insulin signaling and decreases GLUT4 translocation to the 

membrane and therefore glucose uptake (Fig. 9). 

 

 

 

Figure 9: Development of insulin resistance in case of obesity due to the increased plasma free fatty acids 

and adipokines secreted from the saturated adipocytes.  

Due to the storage saturation of fatty acids start, adipocytes release free fatty acids (FFA) and TNFα to the 

circulation. The FFAs induce insulin resistance through different mechanisms. a. FFA binding to the Toll Like 

receptor 4 (TLR4) leads to the activation of the NFκB that induces the transcription of the inflammatory cytokines 

as IL-8 and IL-1β that inhibit the insulin mediated GLUT4 translocation to the membrane and thereby the glucose 

intake. b. The FFA produces fatty acyl-CoA that also inhibits the activated insulin receptor from inducing the 

translocation of the GLUT4 to the plasma membrane. TNFα is internalized to the cell through TNFα receptor, 

TNFα activates the NFκB that in turns induces the transcription of the inflammatory cytokines (IL-8 and IL-1β). 

The inflammatory cytokines have an inhibitory effect on the insulin mediated GLUT4 translocation pathway. 

 

Considering the intrinsic links between obesity and diabetes, the “Diabesity” concept 

emerges to summarize these two widely spread worldwide diseases. In obese individuals, the 

high visceral adipose tissue strongly releases FFAs and inflammatory cytokines as TNFα (Sears 

& Perry, 2015). These products that results from adipose tissue metabolism are secreted to the 

blood circulation and reach different tissues as liver and muscles and induces insulin resistance 

(Fig. 9). The high level of FFAs as well as chronic inflammation also impact insulin clearance 
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(decrease) that is mainly ensure at 80% by the liver (Duckworth et al., 1998). Such troubles in 

insulin clearance will lead to hepatic insulin resistance and later to peripheral insulin resistance 

that will promote the development of type 2 diabetes (Lebovitz, 2001; Sears & Perry, 2015). 

Therefore, obesity was considered as the onset of type 2 diabetes development due to the 

associated chronic inflammation and insulin resistance. However, as previously mentioned, the 

etiology of diabetes is not as simple and other factors could contribute to the development of 

type 2 diabetes. Indeed, almost 20% of type 2 diabetics are not overweight or obese suggesting 

other physiological and molecular mechanisms responsible of the development of type 2 

diabetes in these cases (Dalton et al., 2003; Vaag & Lund, 2007). 

 Interestingly, at the level of the central nervous system, these metabolic diseases can 

lead to severe complications that we will develop in the next chapter. 

 

II. Impact of metabolic disorders on the brain: focus to the blood-

brain barrier and to neural stem cells 
 

A. Blood-Brain Barrier (BBB) 
 

1. Definition 

 

The blood-brain barrier (BBB) is a highly selective membrane separating the blood 

compartment from the nervous one. This barrier is composed of different cell types including 

endothelial cells from the cerebral microvessels (Risau & Wolburg, 1990; Begley & Brightman, 

2003), pericytes surrounded by the basal lamina, and astrocytic end-feet surrounding the brain 

capillaries (Correale & Villa, 2009) (Fig. 10). Endothelial cells express claudin 3 and 5, zonula 

occludens, establishing tight junctions between endothelial cells. These peculiar junctions 

prevent the paracellular movements and favors the transcellular pathway through the BBB 

(Wolburg & Lippoldt, 2002; Hawkins & Davis, 2005). In addition, the luminal (blood facing) 

and abluminal (brain facing) membranes of these endothelial cells are rich in specific transport 

systems that facilitates the transport of the required molecules and prevents the passage of 

unwanted compounds (Begley & Brightman, 2003). The pericytes are important for endothelial 

cell survival and proliferation/angiogenesis. They play a role in vesicle trafficking, in 

establishment of tight junctions and regulate the blood flow (Sweeney et al., 2016). Astrocytes 

ensure the cellular link between the BBB and the neurons of the CNS by interacting with the 
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endothelial cells with special transporters, receptors and channels (aquaporin-4) (Fig. 10). 

Besides, these astrocytic end-feet are vital for the integrity of the physical barrier of the BBB, 

for ionic and water homeostasis, and for the appropriate expression and polarization of 

transporters (transporter barrier) (Zenaro et al., 2017).   

The main function of the BBB is to (i) supply the crucial nutrients for the brain and 

exclude the harmful products from the brain creating a special sterile brain microenvironment 

(Abbott & Romero, 1996; Begley & Brightman, 2003), (ii) regulate the ionic transport within 

the brain to create optimal medium for proper neuronal signaling and functioning with the aid 

of specific ion transporters and channels (Abbott, 2004) and (iii) help the neurons to respond to 

any changes in the brain microenvironment due the close proximity between the neurons, BBB 

and the astrocytic connections (Zlokovic, 2008; Rhea & Banks, 2019). 

So far, the BBB is an important contributor to the brain homeostasis limiting the entry 

of harmful molecules (i.e., inflammatory and oxidative stress factors, immunogens). Its 

disruption is also strongly associated with increased neuro-inflammation and unbalanced redox 

status in the brain. 

 

 

 

Figure 10: Cellular constituents of the blood-brain barrier. 

The barrier is formed by endothelial cells, surrounded by basal lamina and astrocytic perivascular end-feet. 

Astrocytes provide the cellular link to the neurons. The figure also shows pericytes and microglial cells. 1. Brain 

endothelial cell express tight junctions. 2. The astroglial-endothelial communication occurs through the aquaporin-

4 and is necessary to maintain the BBB. From (Ahn & Kim, 2021). 
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Very interestingly, the BBB is in a close proximity with not only neurons and astrocytes 

but also with neural stem cells, and it is even sometimes in direct contact with NSCs by the 

integrin-laminin interactions (Shen et al., 2008; Tavazoie et al., 2008) (Fig. 11). According to 

Shen and his colleagues the vascular endothelial cell of the BBB can also secrete soluble factors 

that have the capability to stimulate the self-renewal of the neural stem cells (NSCs) and the 

neuron production (Shen et al., 2004). Furthermore, the angiogenesis process that allows the 

formation and the maintenance of the brain capillaries have been shown by several experiments 

to be coupled to adult neurogenesis (Palmer et al., 2000; Louissaint et al., 2002). Another line 

of evidence shows that the increase in the adult hippocampal neurogenesis was always 

associated with an increase in the cerebral blood volume of the dentate gyrus and increase in 

the density of the microvasculature (Pereira et al., 2007; Van der Borght et al., 2009). 

Therefore, all these findings emphasize that the endothelial and thereby the BBB cells are 

critical components of the NSC niche, and any changes in the BBB function could implicate its 

effects on the neurogenesis. 

 

 

 

Figure 11: The close proximity between the neural stem cells and the blood vessels in the neurogenic 

subventricular zone in the brain of mouse. 

Numerous GFAP-GFP+ NSCs (green) are located around blood vessels (Laminin, red) and envelop them. Several 

GFAP-GFP+ cell somas lie on the vessel walls. Note: The SVZ NSCs are a sub-population of the Type B cells 

expressing the astrocyte marker glial fibrillary acidic protein (GFAP). Scale bar: 50 µm. From (Shen et al., 2008). 

 

Despite being a tightly firmed barrier and a selective membrane, the BBB is subjected 

to several modifications that could alters its integrity (Abbott, 2005). For instance, the 

inflammation is a factor of weakening the BBB, by decreasing the expression of tight junctions 

and causing edema (Huber et al., 2001). Some inflammatory mediators in the periphery (i.e., 

histamine and bradykinin) could increase the permeability of the cerebral endothelium, having 

a short-lasting effect on the brain (Abbott, 2000). Starvation or hypoxia can also modulate the 
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expression of the glucose transporter (GLUT1) in the BBB to ensure higher glucose delivery to 

the brain (Drudge et al., 1975). Oxidative stress was shown also to upregulate the expression 

and to alter the function of P-glycoprotein (an efflux transporter responsible for the transport of 

several compounds across the BBB) (Nwaozuzu et al., 2003; Bauer et al., 2005). As well, 

strokes (Tran et al., 1999; Lo et al., 2003), trauma (Schwaninger et al., 1999), 

infectious/inflammatory process (Gaillard et al., 2003; Veldhuis et al., 2003), multiple sclerosis 

(Minagar & Alexander, 2003), Alzheimer’s disease (Berzin et al., 2000; Zlokovic, 2005), brain 

tumors (Liebner et al., 2000; Papadopoulos et al., 2001) and several other factors are reported 

to enhance the BBB breakdown.  

Obesity and diabetes are both critical factors that are known to affect the BBB integrity 

and function. Several experimental models prove this finding and these are more developed 

below.  

 

B.  Impact of metabolic disorders on BBB function 
 

1. Deleterious effect of obesity on the BBB 

 

A longitudinal study linked the midlife overweight and obesity with the lower integrity 

of the BBB in the late life (Gustafson et al., 2007). For instance, the integrity of the BBB of 

elderly human (70-84 years) was examined by measuring the cerebrospinal fluid/serum albumin 

ratio. It was shown that overweight/obese individuals have an increase in the cerebrospinal 

fluid/serum albumin ratio (Gustafson et al., 2007). As well, an increase in the serum levels of 

S100β (a marker of BBB disruption) was also observed in obese individual after high intensity 

workouts compared to the non-obese ones (Roh et al., 2017). Notably, the high intake of 

saturated fatty acids and high-fat diet (HFD) increases plasma amyloid beta and brain amyloid 

beta delivery, a protein well-known to be elevated in case of Alzheimer’s disease (AD) and 

dementia in both humans and rodent models, respectively (Hanson et al., 2015; Walker et al., 

2017). This reinforces the idea that in HFD/obese condition, the BBB is leaky leading to 

impaired metabolism of beta amyloids. 

 Several experimental models and researches have been conducted to study the 

implication obesity on the BBB physiology, and its role in deteriorating the brain health. In a 

study, rabbits were fed for 7 months with cholesterol-enriched diet.  BBB leakage was observed 

through the increased Immunoglobulin G (IgG) staining in the cortex of the HFD animals 
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(Ghribi et al., 2006). In another experimental attempt, Ouyang et al. used proteomics to assess 

the protein expression levels of the brain microvessels of HFD-fed and lean mice. They show 

the down regulation of several proteins involved in transport, cell cycle regulation, 

cytoskeleton, and scaffolding adaptors of the cerebral microvessels in the high-fat diet fed mice 

compared to the chow fed mice (Ouyang et al., 2014). Moreover, vimentin and tubulin -two 

important cytoskeleton proteins involved in the tight junction formation- are downregulated at 

the levels of BBB microvessels in obesity subjects (Ouyang et al., 2014).  

Several investigations discuss the role of the inflammation on BBB disruptions. HFD 

protocol performed in C57BL/6 mice induces systematic inflammation and BBB leakage, that 

were observed by the increased circulatory proinflammatory cytokines level and high presence 

of the immunoglobulin G in the hippocampus, respectively (Tucsek et al., 2014). In these mice, 

BBB disruption was associated to microglial activation and the occurrence of oxidative stress 

in the brain (Tucsek et al., 2014). Other factors to consider behind weakening the BBB integrity 

are saturated fatty acids (SFAs). Saturated fatty acid levels are known to be elevated in obese 

subjects (Zhou et al., 2020). These SFAs have the ability to activate the expression of the 

inflammatory cytokines in the endothelial cells of BBB, decreasing therefore its integrity. SFAs 

interact with the TLR4 at the endothelial cell surface and activate the MyD88 protein (Milanski 

et al., 2009), that in turns activates NFκB and induces endoplasmic reticulum (ER) stress. NFκB 

downstream signaling results in the upregulation of the proinflammatory cytokines as IL-1β, 

TNFα and IL6 (Hommelberg et al., 2009; Lawrence, 2009; Jais & Bruning, 2017). These 

proinflammatory cytokines are known to contribute to BBB dysfunction by the transcriptional 

repression of the tight junction proteins (Beard et al., 2014). Consequently, the decreased 

expression of the tight junction proteins impacts the BBB (Gustafson et al., 2007) and affects 

greatly brain health as shown in figure 12. 

Once the BBB integrity is weakened, the outcomes on the brain health and neurological 

functions are adverse. The exposure of rats to high saturated fat and glucose diet for 3 months 

shows remarkable decrease in the expression of genes involved in the tight junction 

establishment (Claudin 5 and 12) and increases the hippocampal BBB permeability as revealed 

through hippocampal sodium fluorescein extravasation assay. These impairments were 

associated with decreased hippocampal dependent learning and memory processes. Overall, it 

confirms that the high energy diet may disrupt the hippocampal function by decreasing the BBB 

integrity (Kanoski et al., 2010).  
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Figure 12: Effects of obesity on the BBB and the brain.  

Increased saturated fatty acids (SFA) concentration caused by high-fat diet (HFD) or obesity enhance NFκB-

mediated inflammation at the BBB via TLR4 receptor. This causes increased leukocyte extravasation, release of 

pro-inflammatory cytokines, and activation of microglia. From (Van Dyken & Lacoste, 2018). 
 

2. Deleterious effects of diabetes on the BBB 

 

Numerous recent findings support the causal association between T2DM and the 

breakdown of the BBB. However, the clinical data on human patients specifically concerning 

the association between T2DM and BBB leakage are so limited. In diabetic patients, the 

permeability of the BBB was evidenced by the (Magnetic Resonance Imaging) MRI brain 

imaging following intravenous gadolinium (Gd) diethylenetriamine pentaacetic acid (Gd-

DTPA), a chemical substance used to enhance the quality of magnetic resonance imaging (MRI) 

scans. Diabetic individuals show increased signal intensity in the brain compared to the normal 

ones 15 minutes after Gd-DTPA injection, confirming increased BBB permeability in diabetic 

individuals (Starr et al., 2003).  In addition, the analysis of the cerebrospinal fluid (CSF) 

proteins in diabetic patients reveals significantly higher total CSF proteins and albumin quotient 

than in the nondiabetic ones (Kobessho et al., 2008). In diabetic primate (rhesus monkey), 

contrast-enhanced MRI (DCE-MRI) revealed higher BBB permeability compared to the normal 



39 
 

ones. Beneath, the histological experimentations show decreased zonula occludens protein-1 

and leakage of immunoglobulin G emphasizing the contribution of diabetes in impairing the 

BBB integrity (Xu et al., 2017).   

Accumulating lines of evidences on mice and rats draw the relation between diabetes 

and the breakdown of the BBB integrity as well as the development of cognitive impairments. 

For example, the structural and functional integrity of BBB was investigated using a model of 

STZ injected rats and murine model of a high-fat high-sugar diet mimicking obesity-induced 

type 2 diabetes.  Immunohistochemistry analysis on cortical mouse brain sections show the 

decreased expression of the tight junction proteins (i.e., claudin-5 and occludens) associated to 

the destruction of the basal lamina and the increased expression and activity matrix 

metalloprotease in the diabetic brain microvessels compared to the normal ones (Hawkins et 

al., 2007; Sheikh et al., 2022). Three dimensional MRI scans in obese diabetic type 2 mice 

using a specific quantitative vascular biomarker documented that 84% of the brain display 

global capillary disruptions with the exception of prefrontal cortex, midbrain and cerebellum 

(Qiao et al., 2020) (Fig. 13). 

 

 
 

Figure 13: Blood-brain barrier permeability comparison between diabetic and control rats.  

Quantitative ultra-short time-to-echo, contrast enhanced imaging of BBB permeability for BBZDR/Wor rats (a 

model of type 2 diabetes) compared to the control BBB permeability. All areas in red correspond to the 

significantly greater permeability of the BBB in type 2 diabetic rats compared to the control ones and the yellow 

area corresponds to the normal BBB permeability. From (Qiao et al., 2020). 

 

 Zhao and his colleagues provide some clue to understand the mechanism behind the 

BBB disruption in type 2 diabetic mice. They observed increased BBB permeability, decreased 

protein expression of the tight junctions and increased levels of pro-inflammatory cytokines in 

the brain of diabetic mice. These lines of evidence document the role of the inflammation in 
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exacerbating the BBB leakage in type 2 diabetic mice models (Zhao et al., 2019). In addition, 

the increased level of oxidative stress in diabetic subjects is a contributor for BBB destruction 

by the degradation of the BBB tight junction or by inducing the apoptosis of the endothelial 

cells of the BBB (Lehner et al., 2011).  

The figure below summarizes the mechanisms behind BBB destruction and the 

development of cognitive impairment and dementia (Fig. 14). 

 

 

Figure 14: Mechanisms suggested for the blood-brain barrier destruction in type 2 diabetes. 

Type 2 diabetes is associated with chronic hyperglycemia and inflammation that induces the uncontrolled 

production reactive oxygen species, oxidative stress and the dysregulation of regulatory metalloproteases. These 

events promote the loss of tight junction proteins and disturb the architecture of the BBB. These events increased 

the permeability of the BBB and leads to immune cells infiltration to the brain causing further cerebral 

inflammation. Consequently, cognitive decline and dementia become a predicted outcome for the type 2 diabetic 

condition. ROS: reactive oxygen species; MMPs: metalloproteases; BBB: blood-brain barrier. From (Brook et al., 

2019). 

 

In diabetic insulin resistance mice model, the BBB impairment with neuro-

inflammatory state precedes the occurrence of cognitive decline and neurodegeneration that 

appears later (Takechi et al., 2017; Rom et al., 2019). Therefore, as a consequence of the 

disrupted BBB permeability, the neuronal and cognitive functions of the brain are altered too. 
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C. Effects of metabolic disorders on brain volume, cognitive functions 

and the development of Alzheimer’s disease  

 

1. Obesity, brain volume and cognitive function 

 

Interestingly, obesity also seems to impact the size of the brain. For instance, cerebral 

MRI of the brains of “normal/lean” people compared to those displaying stronger body fat 

percentage reveals that the brain volume of the subcortical grey matter is smaller in 

overweight/obese people and that brain ventricles are larger  (Dekkers et al., 2019) (Fig. 15).  

 

 

 

Figure 15: Examples of brain MRI of normal individual and individual of high body fat percentage.  

Coronal (top), axial (middle) and sagittal (bottom) brain MRI views of two women participants in the UK (age: 

65 years). The participant on the left has a body fat percentage of 13 % and the participant on the right has a body 

fat percentage of 49 %. The MRI data clearly show lower volumes of subcortical gray matter structures as noticed 

by the white arrows and increased ventricle dilatation as noticed by the pink arrows in the individual with higher 

total body fat percentage. From (Dekkers et al., 2019).  

 

Also, a negative association with BMI and the right prefrontal cortex thickness (thinner 

cortex) was shown, while a positive association with the left prefrontal cortex (thicker cortex) 

was observed (Vainik et al., 2018) (Fig. 16). Interestingly, Vainik and colleagues also study the 

links between cognitive functions and BMI. The results show that BMI is correlated negatively 

with cognitive flexibility, reading abilities, working memory and verbal memory.   

Furthermore, obesity increases the risk of dementia independently of type 2 diabetes 

(Pugazhenthi et al., 2017). Indeed, a study from Xu et al. noticed that overweight individuals 

(BMI: 25-30 Kg/m²) and obese ones (BMI> 30 Kg/m²) have a 1.71 and 3.88 higher risk of 

dementia, respectively (Xu et al., 2011). As well, higher BMI was shown to be linked to the 
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early onset of the AD with further advanced pathologies as (1) lower brain volumes, (2) several 

affected areas as the frontal, temporal, parietal, and occipital lobe regions and (3) ventricular 

expansion was associated with higher BMI (Ho et al., 2010; Chuang et al., 2016).  

 

 
 

Figure 16: Brain maps of the associations between BMI and cortical thickness.  

Parcel-based analysis identified negative associations (red areas) with BMI in right inferior lateral frontal cortex 

and bilateral entorhinal-parahippocampal cortex. Positive associations (blue areas) with BMI were found with the 

left superior frontal cortex, left inferior lateral frontal cortex, and bilateral parietal cortex parcels. BMI: body mass 

index; L: left; R: right. From (Vainik et al., 2018).  

 

A suggested mechanism for this observation is the low grade chronic inflammation 

occurring during obesity and its link with the central inflammation that deteriorates the brain 

tissue and cognitive functions over time (Anjum et al., 2018). The links between obesity and 

AD disease were attributed to several mechanisms as mentioned by (Picone et al., 2020): (i) a 

higher extracellular β-amyloid (Aβ) accumulation was observed similarly in the brain of HFD 

mice and several mechanisms links the chronic increased plasma Aβ in obese individuals to the 

possibility of its accumulation in the brain, (ii) the central inflammation and oxidative stress in 

obesity condition plays a critical role in the pathogenesis of the AD, (iii) the increased oxidative 

stress in obese subjects damages the BBB integrity and consequently results in altered 

cerebrovascular integrity in the hippocampus that is involved in learning and memory and found 

to be damaged AD cases. 

Together these data demonstrated that obesity has a strong impact on the brain, reducing 

its size and functions and increasing the risk of stroke and their subsequent complications. 
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2. Diabetes, brain volumes and cognitive function 

 

Interestingly, the prevalence of dementia and AD (up to 80% of ADs patients are 

diabetic) was shown to be higher in diabetic patients (Biessels et al., 2006; Kopf & Frolich, 

2009).  Diabetes was undoubtedly found to be strongly correlated with the incidence of AD and 

is considered as a main risk factor for its development (Ott et al., 1999; Kroner, 2009; Akter et 

al., 2011). In diabetic condition, both glucose intolerance and high levels of glycosylated 

hemoglobin were associated with dementia and lower cognitive function (Cukierman-Yaffe et 

al., 2009; Ohara et al., 2011). Several animal models studied the molecular links between 

diabetes and AD as increased Aβ protein, tau protein phosphorylation, plaque formation and 

increased ROS and oxidative stress in the brain (Rasool et al., 2021). A study was conducted 

between healthy patients and T2DM ones aiming to see the hippocampal functional 

connectivity using functional magnetic resonance imaging (fMRI, a MRI showing changes in 

regional brain activity based on increased neuronal metabolism in activated neurons) The fMRI 

shows lower functional connectivity in T2DM patients compared to the control ones (Zhou et 

al., 2010) (Fig. 17A). Moreover, T2DM exerts an effect on the brain, with whole brain volume 

being lower volume compared to the nondiabetic healthy people, and induces mild cognitive 

impairments and AD disease states (Li et al., 2016) (Fig. 17B). 

 

 
 

Figure 17: Comparison of T2DM brain subjects with non-diabetic ones in term of functional connectivity 

and brain volume.  

(A) Functional magnetic resonance imaging showing hippocampal functional connectivity for healthy controls 

(A1 and A2) and T2DM patients (B1 and B2). The color index from orange to yellow reflects the functional 

connectivity from low functional connectivity in orange to higher in yellow. Notice the dominance of the orange 

color in the brain of T2DM patient compared to the dominant yellow in the healthy control brains. 

(B) Graph showing whole brain volumes among 6 groups based on T2DM status. Note the decrease in the brain 

volume in all conditions associated with T2DM. HC: healthy controls; T2DM: type 2 diabetes mellitus; MCI: mild 

cognitive impairment; AD: Alzheimer disease. References: (A) (Zhou et al., 2010); (B) (Li et al., 2016). 
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D. Effect of metabolic disorders on neural stem cells and neurogenesis  

 

1. Embryonic neurogenesis  

 

Neurogenesis is the process leading to the production of neurons from neural stem cells 

(NSCs). This complex and highly orchestrated process involves the proliferation of NSCs, the 

migration and differentiation of newborn neurons as well as their survival and functional 

integration (Ming & Song, 2005). It has been documented in all the vertebrate species studied 

so far.  Neurogenesis is very high during embryogenesis and its existence was debated during 

adulthood. Indeed, at the beginning of the 20th century, the famous neuroanatomist Santiago 

Ramón y Cajal claimed “In the adult centers, the nerve paths are something fixed, ended, and 

immutable. Everything may die, nothing may be regenerated” (Colucci-D'Amato et al., 2006). 

Thus, adult neurogenesis was considered as an impossible process during almost one century. 

However, several studies from postnatal human brains, monkeys and rodents confirm the 

generation of new neurons during adulthood(Altman & Das, 1965; Altman, 1969; Kaplan, 

1985; Spalding et al., 2013). The advanced research techniques and the developed analysis have 

evidenced that adult neurogenesis occurs in the brain of adult mammals, including humans, in 

particular regions called neurogenic niches (Eriksson et al., 1998; Sanai et al., 2011; Spalding 

et al., 2013). 

Neurons are generated during the embryonic development and even until the early 

postnatal stages (Gotz & Huttner, 2005; Ming & Song, 2011; Paridaen & Huttner, 2014). 

During the first stage of development, the neuro-ectoderm will give the neural plate that will 

then provide the neural tube (Figure 18A). The walls of the neural tube are constituted of the 

neuroepithelial cells, with cell body close to the ventricular surface. These cells amplified by 

symmetric divisions and provide also some neurons by asymmetric divisions. They 

consequently constitute the first NSCs of the central nervous system. (Fig. 18B). However, 

these cells transform rapidly into radial glial cells. Morphologically, radial glial cells also 

display an oval/triangle shape soma close to the ventricular surface from which two cytoplasmic 

process extend: one short towards the ventricle and one long extending to the periphery of the 

neural tube (Noctor et al., 2002). Because of their morphology they were thought to be just as 

a scaffold supporting the neurogenesis process and directing the migration of the neurons 

(Rakic, 1972).  However, the recent findings uncover the role of the radial glial cells as a true 
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neural stem cell generating directly or indirectly neurons that migrate along radial processes 

(Malatesta et al., 2000; Hartfuss et al., 2001; Sahara & O'Leary, 2009).  

At the neurogenesis onset, radial glial cells divide symmetrically providing a pool of 

radial glial cells that will next switch from symmetric to asymmetric division. This results in 

the production of daughter radial glial cells and differentiating cells. These latter are either 

neurons or intermediate progenitors that divide further symmetrically for producing more 

neurons (Rakic, 2009; Lui et al., 2011). Embryonic neurogenesis is critical for the correct 

establishment of the brain neuronal circuitry regarding the distribution of the neurons and the 

formation of discrete neurogenic niches (Franco & Muller, 2013).  At the end of the 

embryogenesis, radial glia cells mostly disappear transforming into astrocytes, explaining the 

huge decreased in neurogenesis observed in postnatal brains. Nevertheless, a fraction of these 

radial glial cells set become quiescent cells and gives rise to the postnatal and adult neural stem 

cells (Fuentealba et al., 2015; Furutachi et al., 2015). The adult NSC shares common features 

with the embryonic radial glial cells as the expression of specific markers (Nestin, the 

progenitor transcription factor Sox2, and the brain lipid binding protein) (Lagace et al., 2007; 

Ninkovic et al., 2007; Giachino et al., 2014).  

 

 

 

Figure 18: Schematic representation of neurogenesis in the central nervous system of embryonic 

vertebrates.  

(A) Neural tube formation from the folding of the neural plate. 

(B) The symmetric division of the NEC and their transition to RGC that divide symmetrically and asymmetrically 

to produce the variety of the neural progenitor cells that localize in their corresponding layers. 
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The principal types of neural progenitor cells with their progeny produced are indicated by different colors. 

Additional neural progenitor cells types that are typically found in mammalian neocortex are indicated in the box. 

NEC: neuroepithelial cells; RGC: Radial glial cell; IP: Intermediate progenitors; Brg: Basal radial glial cells; DL: 

Deep layer neuron; UL: upper layer neuron; m: Macroglia (oligodendrocyte/astrocyte). From (Gammill & 

Bronner-Fraser, 2003). 

 

2. Adult neurogenesis  

 

In the adult brain, NSCs strongly contribute to brain plasticity by generating new 

neurons in both normal physiological (homeostatic) and brain damage conditions (Boldrini et 

al., 2018). Its abolition has strong effects on depressive like behaviors (Mateus-Pinheiro et al., 

2013) cognitive aspects (Winocur et al., 2006; Hollands et al., 2017; Pereira-Caixeta et al., 

2018), and brain repair mechanisms (Bacigaluppi et al., 2009; Cuartero et al., 2019). Although 

neurogenesis rate is low during adulthood, the persistence of neural stem cells in discrete niche 

still allows the maintenance of a weak but functional neurogenesis. In the brain of adult 

mammals, the two main neurogenic niches are (1) the subventricular zone of the lateral 

ventricles (SVZ) in which NSC generate neuroblasts migrating through the rostral migratory 

stream (RMS) to generate interneurons into the olfactory bulb (OB) and (2) the subgranular 

zone of the dentate gyrus (SGZ; DG) of the hippocampus that has been linked to learning, 

emotion and memory (Gage, 2000; Lindsey & Tropepe, 2006; Grandel & Brand, 2013) (Fig. 

19A). 

In the SVZ, the neurogenic niche is composed of 3 different types of cells: neural stem 

cells (also B cells) that generate transit amplifying cells (C cells) giving rise to neuroblasts (A 

cells) (Ming & Song, 2005) (Fig.19B, D). In the DG, 3 types of cells also coexist: neural stem 

cells (type 1) able to self-renew and generating type 2a and 2b progenitors. These later are also 

able to self-renew and generate the type 3 cells that in turn gives rise to neurons  (Ming & Song, 

2005; Obernier & Alvarez-Buylla, 2019) (Fig. 19B, C). In addition to these two regions (SVZ 

and SGZ), some data evidenced the existence of new born neurons in other regions of the brain 

as the hypothalamus that are thought to be contributing to some physiological processes like 

energy balance regulation (Kokoeva et al., 2005; Maggi et al., 2014; Rojczyk-Golebiewska et 

al., 2014), amygdala (Bernier et al., 2002), neocortex (Gould et al., 1999), medial preoptic area 

(MPOA) (Akbari et al., 2007) and the striatum (Dayer et al., 2005) . Several animal models and 

techniques have been developed to measure the proliferation of the neural stem cells (Saravia 

et al., 2004; Zhang et al., 2008), their migration (Akter et al., 2021) and the differentiation to 

neurons (Lazutkin et al., 2019). 
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Figure 19: The dentate gyrus and subventricular zone neurogenic niches of the adult mammalian brain.  

(A) A schematic representation of adult mouse brain neurogenic niches in a sagittal section: the subgranular zone 

in orange (SGZ) in dentate gyrus (DG) of the hippocampus and the subventricular zone in red (SVZ) in the lateral 

wall of the lateral ventricles (LV). The newborn neurons from the SVZ-derived migrate towards the olfactory 

bulbs (OB) along the rostral migratory stream (RMS).  

(B) Neurogenic niches cellular components: Neurogenic niches are constituted of neural stem cells (NSCs), glial 

cells (astrocytes, microglia and ependymal cells) and vascular cells (endothelial cells and pericytes).  

(C, D) SGZ and SVZ neurogenic niches illustrations: The color and shape of different cell types are shown in (B).  

(C) The SGZ neurogenic niche. NSCs (Radial type 1 cells) produces type 2a/b NPCs, that differentiate into type 

3 neuroblasts. Neuroblasts migrate (via the guide of astrocytes) and become mature neurons that finally integrate 

into the granular cell layer (GCL).  

(D) SVZ neurogenic niche: This niche is located underneath the ependymal lining (E) of the LV. It is composed 

of type B quiescent cells (NSCs), that could be activated to generate type C neural progenitor cells which rapidly 

proliferate to generate type A neuroblasts. Neuroblasts are capable of migrating long distances through the RMS 

reaching the OB where the maturation into interneurons occurs. Ce, cerebellum; Cx, cortex; Str, striatum. From 

(Batiz et al., 2015). 
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3. Regulation of neurogenesis  

 

Adult neurogenesis is a highly regulated process. Numerous intrinsic and extrinsic 

factors are involved its regulation as the epigenetics, non-coding RNA, transcription factors, 

metabolic and signaling pathways, hormones and immune responses (Mira & Lie, 2017; 

Stappert et al., 2018) (Fig. 20). Among the signaling pathways involved in neurogenesis 

regulation are Fibroblast growth factor (Fgf), Wingless-related integration site (Wnt), sex 

determining region Y-box (Sox), Steroids, brain derived neutrophic factor (BDNF), Bone 

Morphogenetic Protein (BMP) and Notch are important ones (Kizil et al., 2012; Diotel et al., 

2013; Horgusluoglu et al., 2017). 

 

 
 
Figure 20: Different regulators of adult neurogenesis. 

Adult neurogenesis is affected by several intrinsic factors and extrinsic factors as signal transduction pathways 

(Notch signaling that derives the neural stem cells quiescent), immune system (proinflammatory cytokines known 

to decrease neurogenesis), metabolic factors (Insulin Growth Factor 1 (IGF-I): that could induce neurogenesis) 

and epigenetic regulation (as histone modification that can influence the process of neurogenesis by activating or 

repressing gene transcription of the neural stem cells). Adapted from (Horgusluoglu et al., 2017). 

 

 Notch signaling is one of the most conserved signaling pathways in animals that 

regulates neurogenesis in constitutive and regenerative conditions. Notch signaling occurs 

through cell-to-cell communication:  the binding of Notch receptor to its ligands (jagged 1 and 

2 and delta like proteins) leads to the cleavage of Notch intracellular domain (NICD) and to its 

translocation of the to the nucleus (van Tetering & Vooijs, 2011) (Fig. 21). In the nucleus NICD 

activates the expression of downstream genes like members of the hairy/enhancer of split 
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transcription factor family (Hes genes in mammals) (Ohtsuka et al., 1999; Yeo et al., 2007). 

These proteins form a homodimer that inhibits the transcription of bHLH proneural genes, such 

as Achaete-scute like (Ascl), a transcription factors inducing the neurogenic fate in the absence 

of Hes proteins (Fischer & Gessler, 2007; Castro et al., 2011). The Hes proteins homodimers 

could also exert a negative feedback loop inhibiting thereby their own Notch induced 

expression (Lewis, 2003). Notch signaling is well conserved between taxa, from mouse and 

zebrafish regarding the adult neurogenesis. In both of them, Notch 1 is expressed in the 

activated proliferating progenitor cells and Notch 3 is expressed in both quiescent and activated 

NSCs (Ables et al., 2010; Chapouton et al., 2010; de Oliveira-Carlos et al., 2013; Kawai et al., 

2017). 

 
 

Figure 21:  Notch signaling pathway in zebrafish and mouse. 

The interaction between Notch receptor and its ligands Jagged/Delta, the NICD is cleaved and it translocates to 

the nucleus. In the nucleus, the NICD induces the expression of the downstream genes Hes in mouse. The Hes 

proteins form homodimers and bind to the promoter of bHLH proneural genes in order to inhibit neuronal fate. 

NICD: Notch intracellular domain; bHLH: basic helix-loop-helix; Hes: Hairy/enhancer of split. 

 

Hormones are also factors affecting greatly neurogenesis and can stimulate or inhibit 

the genesis of new neurons. For example, androgens (testosterone and dihydrotestosterone) 

were shown to have a positive effect on NSC survival aspect of neurogenesis but not in NSC 
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proliferation. In addition, these effects appear to be region specific (Jorgensen & Wang, 2020). 

As well, estrogens and namely 17β-estradiol can impact NSC proliferation, newborn cell 

differentiation, migration and survival with different effects according to the dose, type of 

estrogens, duration of exposure, and regions studied (Jorgensen & Wang, 2020). However, the 

stress hormones (glucocorticoids) are also important factors to consider in the endocrine 

regulation of neurogenesis. Several studies in rodents (mice and rats) have shown that 

glucocorticoid administration decreased neurogenesis (proliferation, survival and 

differentiation) (Murray et al., 2008; Brummelte & Galea, 2010) 

 

4. Effects of diabetes on the different aspects of neurogenesis  

 

Diabetes-related cognitive dysfunctions are usually attributed to the vascular 

complications (McCrimmon et al., 2012). However, recent data relate these disruptions to the 

brain plasticity and neuronal dysfunctions (Ozawa et al., 2011; Winner et al., 2011). Indeed, 

several researches on animal models link brain dysfunctions during diabetes to neurogenesis.  

 For instance, mice injected with streptozotocin (STZ, a molecule leading to pancreatic 

β-cell death through the generation of oxidative stress) display impaired insulin production and 

high fasting blood glucose levels (Islam & Loots du, 2009), mimicking type 1 diabetes. Those 

mice show impaired hippocampal neurogenesis associated with memory dysfunction 

(Stranahan et al., 2008). More specifically, these mice exhibit a reduction in SVZ and 

hippocampal neurogenesis, in NSC proliferation and survival correlated with a decreased 

expression of the brain derived neurotrophic factor (BDNF) and with increased levels 

glucocorticoids  (Beauquis et al., 2008; Guo et al., 2010; Hierro-Bujalance et al., 2020). This 

was also accompanied by neuronal loss and reduced synaptic plasticity (Kamal et al., 1999).  

 Similarly, the obese db/db mice (leptin receptor-deficient mice homozygous for the 

diabetes spontaneous mutation in the leptin receptor Leprdb) widely used to study type 2 

diabetes displayed also impaired hippocampal neurogenesis with decreased NSC proliferation 

associated with memory dysfunction (Stranahan et al., 2008). In addition, a decrease in the 

number of neuroblasts (Nestin+ and Doublecortin+) and immature neurons (Nestin- 

Doublecortin+) observed in db/db mice (Bonds et al., 2020). Similarly, in other models of 

hyperglycemia (Zucker diabetic rats models), decreased hippocampal NSC proliferation is 

observed (Lindqvist et al., 2006; Yi et al., 2009; Boitard et al., 2012), associated with a 

decreased in neuronal differentiation (Hwang et al., 2008; Yi et al., 2009; Bonds et al., 2020). 
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Furthermore, T2D rats (Goto-Kakizaki) exhibit a reduced survival of the new born cells 

generated by neuronal progenitors from the hippocampus, although the proliferation was 

increased in this model (Lang et al., 2009) (Fig. 22). In general, in most models, diabetes leads 

to a decrease of the different aspects of neurogenesis including proliferation, differentiation, 

cell survival and/or differentiation (Ho et al., 2013). 

 
 

Figure 22: Number of surviving neural progenitors in the WKY and GK rats.  

BrdU was injected twice a day for 5 days and the rats were killed on day 21 for assessing survival. Values are 

mean ± SD of n = 6 rats/group. In case of each rat, the number of BrdU+ cells were counted using 4 brain sections. 

Statistics: “a” for p<0.05 compared with the respective WKY group and “b” for p<0.05 compared with the 

respective proliferation group (One-way ANOVA followed by Tukey-Kramer multiple comparisons test). WKY: 

normoglycemic Wistar-Kyoto; GK: diabetic Goto-Kakizaki; SVZ: subventricular zone; DG: dentate gyrus. From 

(Lang et al., 2009). 

 

5. Effects of obesity on the different aspects of neurogenesis  

 

 In a way similar to what was observed in diabetic models, high-fat diet protocols that 

result in the development of obesity result in neurogenic impairments (i.e., depletion of NSCs, 

impairment of NSC activity, impaired neuronal functions (Li et al., 2012; Pintana et al., 2019). 

The analysis of obese ob/ob mice (homozygous for the obese spontaneous mutation in gene 

encoding leptin, Lepob) show a decreased hippocampal neurogenesis through the lower number 

of proliferative cells (phosphohistone H3+ cells) and neuronal differentiation (doublecortin+ 

cells) in the dentate gyrus of the hippocampus, compared to control littermates (Bracke et al., 

2019). In the hypothalamic neurogenic niche, a 4-month HFD induces a decreased in neural 

progenitor proliferation and a reduction in the survival rates of new born cells generated 

associated with impaired neuronal differentiation (Li et al., 2012). Thus, HFD exerts a negative 

effect on different aspect of neurogenesis: neural progenitor proliferation, newborn cell survival 
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and differentiation (Li et al., 2012). Strikingly, this impaired hypothalamic neurogenesis 

disturbs the renewal of neurons involved in the feeding behavior, favoring food intake.  

 Impaired neurogenesis is not only observed in normal physiological states in obesity 

and/or diabetic conditions, but also in regenerative ones. Indeed, obesity and/or type 2 diabetes 

impairs the neurological recovery after a stroke in association with decreased injury-induced 

neurogenesis occurring after brain damage (Pintana et al., 2019). This could partly explain the 

lower capacity to recover from brain damage. 

 Therefore, all these data above and many several others support the fact that both obesity 

and diabetes alter the neural stem cells environment, that is the neurogenic niches; mainly by 

impairing neurogenesis at the level of proliferation, differentiation and survival of the neural 

stem cells and the neural progenitor cells leading consequently to lower brain plasticity and 

cognition. 

 

III. Zebrafish as an emerging model to understand the impact of 

obesity and diabetes on the central nervous system  
 

A. Zebrafish (Danio rerio)  
 

1. Interesting facts for sciences 

 

The zebrafish (Danio rerio), belonging to Brachydanio genus and Cyprinidae family of 

the order Cypriniforms (McCluskey & Postlethwait, 2015), is a freshwater fish natively 

originating from South Asia (India, Pakistan, Bangladesh, Nepal and Bhutan) (Engeszer et al., 

2007; Vishwanath, 2010). It rests in a moderately flowing to non-flowing clear water (Engeszer 

et al., 2007; Spence et al., 2008; Arunachalam et al., 2013), of neutral to basic pH and 

temperature ranging between 16.5 to 34°C  (Engeszer et al., 2007; Arunachalam et al., 2013). 

Zebrafish has a laterally compressed fusiform shape and it can reach up to 1.8 cm to 5 cm 

maximum. Its life span ranges between 2 to 3 years and can reach 5 years in typical conditions 

(Gerhard et al., 2002; Spence et al., 2008; Arunachalam et al., 2013). In 1970s and 1980s 

zebrafish have been first used by the American biologist George Streisinger and his colleagues 

at the University of Oregon. 

 This robust little fish can produce hundreds of offspring each week, providing a large 

number of embryos for a wide variety of studies. The interests to use this model lies behind 
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several reasons as its low cost, ease maintenance, short reproductive cycle and generation time 

(around 3 months) (Detrich et al., 1999), its external fertilization and development, its 

transparency during embryogenesis that facilitates observational analysis notably for toxicity 

and screening assay (Chahardehi et al., 2020), and the conserved genetics and physiology of 

adult zebrafish with mammals. Among vertebrate model organisms, zebrafish have emerged as 

a prominent model in the studies concerning drug development and screening (MacRae & 

Peterson, 2015), regenerative medicine (Doane, 1984), and has been modified to produce 

many transgenic lines (Zhang, 1990) (Fig. 23). 

 

 
 

Figure 23: The advantages of using zebrafish model in science during all its developmental stages (embryo, 

larva and adult).  

 

 Interestingly, zebrafish share with mammals (rodents and humans) the main major 

organs and systems such as the cardiovascular system, the digestive system, and also the as the 

CNS (Williams & Hong, 2011) (Fig. 24A). This is notably due to the conserved genome 

homology and developmental processes. Indeed, zebrafish exhibit a high genomic homology 

with humans, 71% of human genes having at least one orthologue in zebrafish.  Furthermore, 

in pathological conditions, this homology increases to 82% of disease related genes (genes 

bearing morbidity descriptions in human) in common (Howe et al., 2013) (Fig. 24B). 

 

https://en.wikipedia.org/wiki/Drug_development
https://en.wikipedia.org/wiki/Regeneration_(biology)
https://en.wikipedia.org/wiki/Genetically_modified_organism
https://en.wikipedia.org/wiki/Transgenic
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Figure 24: Conservation of organ systems between zebrafish and humans and orthologue genes shared 

between the zebrafish, human, mouse and chicken genomes. 

(A) Common systems and organs shared between the zebrafish and human as the central nervous system, 

cardiovascular system digestive system including liver pancreas, gall bladder and intestine.  

(B) Genes shared across species between human, mouse, chicken and zebrafish. From (A) (Williams & Hong, 

2011); (B) (Howe et al., 2013). 

During decades, zebrafish have been extensively used in developmental biology to study 

embryonic development and notably the establishment of the central nervous system and 

differential regulation of gene expression (the way in which different genes are turned on and 

off in specific cells) (Walker & Streisinger, 1983; Streisinger et al., 1986). Nowadays, zebrafish 

is a reliable model for studying among others angiogenesis, muscular, cardiac, hepatic and renal 

development and functions, metabolic diseases, neurodegenerative diseases (Schuermann et al., 

2014; Goessling & Sadler, 2015; Chavez et al., 2016), genetics and cancer. In addition, 

zebrafish is also a very interesting model considering its capacity to regenerate successfully its 

main organs such as brain, heart, kidneys, liver, pancreas and also tail. Consequently, zebrafish 

play key roles in regenerative medicine research and helps to develop strategies for tissue 

recovery/repair in organism with poor regenerative capacity such as humans (Marques et al., 

2019) (Fig. 25).  

 
 

Figure 25: Organ regeneration in the zebrafish.  

Summary of some of the organs and tissues used for regeneration studies in zebrafish. Preferred injury models 

are annotated for each organ. From (Marques et al., 2019). 
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 Taking in consideration all these advantages, zebrafish had been used in plenty of 

scientific fields. the use of zebrafish in the literature has been largely increased with time since 

its first uses in science (Fig. 26). 

 

 
 

Figure 26: The use of zebrafish in biomedical research articles has been rising since the early 1990s.  

The line graph shows the number of publications indexed by PubMed under the term ’zebrafish' each year 

between 1990 and 2016. From (Adamson et al., 2018). 

 

2. Toxicity studies using zebrafish model  

 

Zebrafish is widely used to determine the toxicity of several compounds and 

biodiversity extract (Zhang et al., 2003; Kari et al., 2007). The toxicological and 

pharmacological fields take advantages of the zebrafish embryos and larva to test quickly the 

toxicity of wide variety of chemicals (Padilla et al., 2012; Truong et al., 2014; Noyes et al., 

2015). The previously mentioned advantages of zebrafish embryo and larva as transparency 

and external development allow to notice any impact of the chemical treatment with non-

invasive imaging (Garcia et al., 2016). The high offspring produced and the fast reproduction 

make testing wide variety of concentrations from different molecules more feasible than other 

models as in rodents. An interesting feature in the zebrafish toxicity studies is the possibility to 

add the chemicals or extracts to the water which serves as an easy and simple administration 

route (Garcia et al., 2016). Zebrafish express phase I (cytochromes-P450) and phase II (sulfo- 

and UDP-glucuronosyltransferases) drug metabolizing enzymes (Yasuda et al., 2009; Huang & 

Wu, 2010; de Souza Anselmo et al., 2018). The cytochromes P450 drug metabolizing enzymes 

in zebrafish are evolutionary conserved, having many orthologues with human (Goldstone et 

al., 2010). As shown by Richter al., zebrafish larva succeeded to be an alternative of the human 

hepatic metabolism for toxicological testing of a newly developed drug as they were able to 



56 
 

produce high number of metabolites that are most actual and close to that produced by human 

(Richter et al., 2019).  

For all these advantages, Food and Drug Administration (FDA) announced the zebrafish 

as a model to test toxicity and safety of drugs (Garcia et al., 2016). The zebrafish embryo 

toxicity tests are now standardized according to the Organization for Economic Cooperation 

and Development (OECD) test guideline 236 for acute toxicity testing of chemicals (Busquet 

et al., 2014). According to the OECD (guideline 236), different concentrations are tested on 20 

freshly fertilized zebrafish eggs until 96 hours post fertilization. Each day, five critical 

endpoints are checked for the acute toxicity, that are embryo coagulation, defective formation 

of somite, non-detached tail from the yolk sac and lack of heart beats (Busquet et al., 2014). At 

the end of the experiment the lethal concentration in which half of the embryos are coagulated 

(LC50) is calculated (Busquet et al., 2014).  

Above all, zebrafish is widely used to understand the human disease and several 

zebrafish models have been established to resemble or mimic the pathophysiological states in 

humans. It includes neurological disorders models (Gama Sosa et al., 2012), cardiovascular 

disease models 11967535 (Sehnert et al., 2002), cancer models (Liu & Leach, 2011) and 

metabolic disorder models (Seth et al., 2013). Considering the aim of this thesis, we will discuss 

some metabolic diseases models established in zebrafish. 

 

B. Zebrafish models of obesity and hyperglycemia models: similarities 

with humans 
 

1. The use of zebrafish to mimic obesity 

 

 Zebrafish have become a model to study metabolic diseases due to the conserved lipid 

metabolism, the presence of liver and pancreas, adipose tissue distribution, and the glucose 

homeostasis mechanisms (Zang et al., 2018). The regulation of energy homeostasis and 

metabolism remains largely conserved with mammals with important critical organs and tissues 

including muscles, digestive organs (liver, pancreas, gut) and adipose tissue (i.e., visceral, 

intramuscular and subcutaneous) (Lieschke & Currie, 2007; Schlegel & Stainier, 2007; Song 

& Cone, 2007). As well, insulin regulation, glucose homeostasis and appetite regulation are 
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also evolutionary conserved between zebrafish and mammals including human (Elo et al., 

2007; Flynn et al., 2009; Nishio et al., 2012).  

Consequently, obese zebrafish display human features of this pathology with increased 

body weight and body mass index resulting from lipid accumulation in the visceral adipocyte 

and subcutaneous ones (Fig. 27), higher levels of plasma triglyceride, dysregulated lipid 

metabolism pathways (i.e., PPAR gamma and leptin), nonalcoholic fatty liver (NAFD, also 

called hepatic steatosis) and hyperglycemia (Flynn et al., 2009; Oka et al., 2010; Landgraf et 

al., 2017). Interestingly, white adipose tissue in zebrafish displays a similar distribution than in 

humans and expresses same conventional adipocyte markers such as pparg and fabp4 

(peroxisome-proliferator activated receptor gamma and fatty acid binding protein) (Flynn et al., 

2009). 

 

 

 

Figure 27: Three-dimensional Micro-computed tomography analysis in normally versus diet-included 

obesity models of zebrafish.  

(A) Normally fed zebrafish three-dimensional image. Gray color indicates skeleton and yellow color means 

adipocyte tissue.  

(B) Overfed zebrafish three-dimensional image. Notice the visceral and subcutaneous yellow color.  

(C) Normally fed zebrafish cross-sectional images. Yellow color indicates visceral adipose tissue and orange color 

indicates subcutaneous adipocyte tissue.  

(D) Overfed zebrafish cross-sectional image. Notice the higher yellow and orange color in obese compared to 

normal fish. From (Zang et al., 2018). 

  

2. Models of obesity in the literature   

 

 To study obesity in zebrafish, a plenty of models have been established. It includes 

overfeeding models (diet-induced obesity and/or HFD protocols), transgenic models with 

overexpression of genes involved in obesity onset or mutant as explained below. Such models 

have been established in both larvae and adult zebrafish. Concerning the obesity induced 
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models in larvae, this could be achieved by overfeeding the larvae starting from the 7th day post 

fertilization. The overfed larva shows higher weight, size, BMI and triglyceride compared to 

the normally fed larva. In addition, the overfed larva suffers from hepatic steatosis and higher 

distribution of larval adipose tissue (Zheng et al., 2016).   

Adult zebrafish are also widely used to induce obesity.  For instance, a diet-induced 

obesity (DIO) protocol consisting in overfeeding fish with of c for 8 weeks (60 mg 

corresponding to 150 calories versus 5mg corresponding to 20 calories) induced an increased 

gain weight and BMI as well as a hypertriglyceridemia and liver steatosis in the overfed fish 

compared to control ones (Oka et al., 2010). Interestingly, the overfeeding of the fish with 

approximately the same amount of food (20 mg versus 60 mg of Artemia for CTRL and overfed 

groups, respectively) but for shorter period (4 or 6 weeks) leads to adverse effects. The over fed 

fish display higher body weight BMI, area of the adipose tissue, as well as the number, size, 

and density of adipocytes and altered obesity related genes (Montalbano et al., 2016; 

Montalbano et al., 2019; Montalbano et al., 2021a). Besides, other protocols using high-fat 

feeding led to increased visceral, subcutaneous, and total body fat compared to normally fed 

fish, associated with cardiovascular impairments (i.e., abnormal heart morphology) (Watson & 

Kerr, 1985; Vargas & Vasquez, 2017; Meguro & Hasumura, 2018).  

Similarly, genetic models can be used to mimic human obesity. For example, the 

overexpression of akt1 (known as protein kinase B), that cross with numerous signaling 

pathways and play a key role in adipocyte differentiation, lipogenesis and organism 

development, resulted in increased body weight, BMI, adipocyte hyperplasia, abnormal fat 

deposition and glucose intolerance (Chu et al., 2012), that constitute feature of the human 

pathology. 

Overall, the different models of obesity developed in zebrafish share common features 

with obese rodents and people. This proves the relevance of using zebrafish models in research 

to further study and understand the obesity pathogenesis and try to find therapeutics.  

 

3. The use of zebrafish to mimic hyperglycemia and diabetes 

 

Zebrafish also recently emerged as a relevant model to study diabetes and 

hyperglycemia. First, the pancreatic ultrastructure (cells organization) and function are 

conserved in zebrafish regarding insulin secretion regulation and glucose homeostasis (Fig. 

28A). Indeed, zebrafish have similar pancreatic development and cellular arrangement 
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compared to the mammalian pancreas, with conserved exocrine and endocrine functions (i.e., 

insulin producing β-cells), even if some difference exist as shown in the figure below (Argenton 

et al., 1999; Biemar et al., 2001; Kinkel & Prince, 2009) (Fig. 28B).  

 Beside the pancreatic similarity with mammals, zebrafish also exhibit conserved 

regulatory functions of the main organs involved in glucose homeostasis including skeletal 

muscles, adipocytes and liver (Maddison & Chen, 2017). Skeletal muscles are, as in mammals, 

the main organs for glucose disposal due to the presence of insulin sensitive glucose transporters 

the brown trout muscle glucose transporter (btGLUT with high sequence homology to GLUT4) 

(Planas et al., 2000; Maddison et al., 2015). In addition, Jurczyk et al. have shown a similar 

mechanism of glucoregulation in zebrafish embryos (held up by early developed zebrafish islet) 

that are conserved with embryonic and adult mammals (Jurczyk et al., 2011) indicating that 

zebrafish utilizes mammalian-like mechanisms to regulate glucose abundance. 

 

 
 

Figure 28: Adult zebrafish pancreas in comparison to human pancreas.  

(A) Zebrafish scheme showing the main digestive organs (liver, gallbladder, intestine and pancreas) with focus on 

the pancreatic endocrine and exocrine cellular organization that is similar to mammalian pancreas.  
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(B)  Pancreatic anatomy comparison between zebrafish and human in adult and embryonic stages. As in 

human, the pancreas development of the embryo and larva (2 to 7 days post fertilization) is in a solitary 

manner. However, during adulthood, the zebrafish pancreas is diffused through the mesentery but that of 

human remains a solitary organ. The pancreatic ultrastructure observed at the microscopic level is greatly 

similar between these species. From (A) (Yee et al., 2013); (B) (Hwang & Goessling, 2016).  
  

Above all, it is possible to measure the fasting blood glucose levels of the zebrafish and 

even perform the glucose tolerance test. The normal blood glucose level in zebrafish (50–75 

mg/dl) being close to the normal human blood glucose level (70–110 mg/dl) (Zang et al., 2015). 

Blood collection for measuring glycemia could be performed through several protocols (Eames 

et al., 2010; Velasco-Santamaria et al., 2011; Dorsemans et al., 2017a) that requires fish 

euthanasia. For example, after the fish death, one of the eyes is removed with a fine pincer to 

allow the blood to accumulate in the ocular cavity of the eyes; then the accumulated blood is 

taken rapidly for glycemic measurements or other analysis (Dorsemans et al., 2017a).  

However, repeated blood collection without sacrificing the fish has also been developed but is 

harder to set up (Zang et al., 2013; 2015). This method is used notably in the case of 

intraperitoneal or oral glucose tolerance test (IPGTT and OGTT, respectively). Insulin 

measurements are also available in zebrafish model (Olsen et al., 2012; Kimmel et al., 2015).  

Therefore, considering these general and overall homologies on metabolic organs and 

glucose homeostasis and regulation, between zebrafish and mammals (including humans) 

zebrafish is considered as a feasible model for better understanding diabetes and its 

complications.  

 

4. Developed zebrafish diabetes models in literature  

 

For mimicking type 1, chemical ablation of the pancreas could be inducted by 

intraperitoneal injection of drugs such as streptozotocin (STZ) and alloxan (Intine et al., 2013; 

Benchoula et al., 2019a). These molecules lead to pancreatic β-cell death through the generation 

of oxidative stress and have been widely used in mammals and resulting in impaired insulin 

production and high fasting blood glucose levels (Islam & Loots du, 2009). In zebrafish, several 

studies have demonstrated that injection of STZ and/or alloxan results in larva and adult’s 

hyperglycemia (Moss et al., 2009; Olsen et al., 2012; Nam et al., 2015; Benchoula et al., 

2019b). For mimicking type 2 diabetes in zebrafish, different approaches have been used 

including among other immersion protocols within water supplemented with glucose, the diet-

induced hyperglycemia and/or the genetic ones (Salehpour et al., 2021). The chronic 
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hyperglycemia model in adults increases the blood glucose levels (around 280 mg/dl) after 14 

days of glucose immersion (111mM) compared to the control fish (Capiotti et al., 2014a; 

Capiotti et al., 2014b; Dorsemans et al., 2017a). Chronic hyperglycemia decreased the gene 

expression of proteins involved in the tight junction of the BBB in addition to decreased brain 

cell proliferation in the neurogenic niches (Dorsemans et al., 2017b). Moreover, it leads to 

metabolic changes other than the increased blood glucose, as the increased levels of AGE 

protein levels in the eyes and decreased mRNA levels of insulin receptor in the muscles. These 

features were reversed when treated with “anti-diabetic” drugs (Capiotti et al., 2014a). 

Together, these data show the deleterious impact of hyperglycemia on the CNS as in mammals. 

Overfeeding was used also as an alternative model to mimic type 2 diabetes induced by 

obesity. The overfeeding of adult zebrafish increased the body weight, BMI, liver steatosis, and 

increased fasting blood glucose with higher insulin transcription levels in the liver, brain and 

muscles in the HFD fed fish compared to the CTRL fish (Meng et al., 2017; Zang et al., 2017). 

Similarly, the IPGTT and the OGTT tests reveal impaired glucose tolerance, a feature known 

in diabetic subjects with a potential increase in the insulin levels in the overfed fish compared 

to the normal ones. The use of “anti-diabetic” drug (metformin) ameliorates the hyperglycemic 

levels in the overfed group suggesting the relevance of this model to be used for type 2 diabetes 

investigations (Zang et al., 2017). 

Here is a brief overview on the genetic type 2 diabetes. The transgenic lines as the 

insulin receptor a/b (insra/b) is knock down model of liver specific insulin receptor a and b in 

larva (Yin et al., 2015). The knock down leads to hyperglycemia and insulin resistance. Another 

model using adult zebrafish of skeletal muscle insulin resistance with a dominant-negative 

insulin-like growth factor type 1 receptor (IGF-IR). It shows blunted insulin signaling and 

glucose uptake (Maddison et al., 2015).  

 

C. Zebrafish as a model to study brain plasticity including constitutive 

and regenerative mechanisms. 

  

1. Highly neurogenic regions conserved between zebrafish and mammals 

 

 The brain of adult zebrafish, despite being morphologically different than mammals and 

humans, has well conserved major brain regions such as telencephalon, diencephalon, 

mesencephalon and rhombencephalon (Kozol et al., 2016) (Fig. 29A). Very interestingly, in 
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contrast to mammals that display a limited neurogenesis during adulthood in mainly two regions 

(SVZ and DG of the hippocampus) (Fig. 29B), the brain of adult zebrafish displays a wide 

number of neurogenic niches spread all over the encephalon and exhibits a strong and intense 

neurogenesis and brain plasticity (Adolf et al., 2006; Grandel et al., 2006; Kaslin et al., 2008; 

Zupanc, 2008) (Fig. 29C). This peculiar feature is due to the maintenance of neural stem cells 

(mainly radial glial cells) after embryonic development along the ventricular layers of the 

zebrafish brain, while these cells disappear greatly transforming into astrocytes in mammals. 

Interestingly, proliferative assays using the proliferating cell nuclear antigen (PCNA) marker 

and BrdU labeling experiments have shown that these cells were still actively proliferating and 

generating new born neurons that integrate the neural circuitry after weeks from BrdU injection. 

(Grandel et al., 2006; Pellegrini et al., 2007). 

 

 
 

Figure 29:  Main brain subdivisions and neurogenic niches of zebrafish and mammalian brain.  

(A) Conservation of the main brain regions and their organization between human and zebrafish (similar colors 

corresponds to homologous region). 

(B) The main proliferating regions in rodent brain represented by the red color in sagittal section (top); coronal 

section at the level of the subventricular zone (SVZ) proliferating region in red (middle) and the subgranular zone 

(SGZ) of the dentate gyrus of the hippocampus (bottom). 

(C) The main proliferating regions in zebrafish brain represented by the red color in sagittal section (top); coronal 

section at the level of the anterior part of the telencephalon (middle) and the through the medial part of the 

telencephalon (bottom). Ce: cerebellum; D: telencephalic dorsal area; V: telencephalic ventral area OB: olfactory 

bulbs; Hyp, hypothalamus, RMS: rostral migratory stream. From (Bartel et al., 2020; Diotel et al., 2020). 

  

2. Similarities in zebrafish and mammalian neural stem cells   

 

 In zebrafish, the neural stem cells are commonly known as radial glial cells expressing 

well-characterized and specific markers such as intermediate filaments (GFAP and Nestin), the 

calcium binding protein (S100β), the estrogen-synthesizing enzyme (Aromatase-B) and the 
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brain lipid binding protein (BLBP) (Grandel et al., 2006; März et al., 2010; Than-Trong & 

Bally-Cuif, 2015; Jurisch-Yaksi et al., 2020). Thus, most of RGC markers in zebrafish are also 

labeling embryonic RGCs in mammals or the neurogenic astrocytes (B-cells and Type 1 NSCs, 

C-cells and Type 2 the transient amplifying cells and Type 3 neuroblasts) during adulthood 

(Diotel et al., 2020). Therefore, the brain of adult zebrafish brain is an interesting model to 

study neurogenesis and its regulation through stimulating and inhibiting factors. The molecular 

characterization of neural stem cells (März et al., 2010; Lindsey et al., 2012) shows different 

types of progenitors in the telencephalon of adult zebrafish (i.e., type 1, 2, 3a and 3b). The type 

1 are quiescent radial glial cells, type 2 are proliferating radial glial cells and type 3 cells are 

proliferative neuroblasts (Calvo-Ochoa et al., 2021). The proliferative cells from the ventricular 

zone corresponds to neural stem cells or progenitors. Each type of these cells has its own 

specific markers as shown in the figure below (März et al., 2010) (Fig. 30). 

 
 

Figure 30: Marker expression and morphology of distinct cell types at the ventricular zone of the 

telencephalon.  

(A) Cross section of the anterior telencephalon showing different types of neural cells with radial glia, progenitor 

and neuroblast markers.  

(B) Cross section of the medial telencephalon showing different types of neural cells with radial glia, progenitor 

and neuroblast markers.  

(C) The different types of neural stem cells (I, II, IIIa and IIIb) that are shown in A and B with their respective 

markers; at the bottom is an imunostaining representation of each cell type. From (März et al., 2010).  
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 In mammals (rodents and human) also there exist several types of neural stem cells and 

neural progenitors that are B-cells in the SVZ and Type 1 NSCs in the DG, C-Cells in the SVZ 

and Type 2 the transient amplifying cells in the DG and the A-cells in the SVZ and Type 3 

neuroblasts in the DG (Ghaddar et al., 2021b) (Fig. 31A,B). Therefore, zebrafish, rodents, and 

humans share similar features concerning the telencephalic neurogenic niches, type of NSCs 

and neural progenitors in addition to the type of newborn generated cells (Fig. 31C).  

 

 
 

Figure 31: Cell composition of the neurogenic niches in zebrafish, mice and humans.  

(A) The main neurogenic niches in the SVZ and the DG of the hippocampus in human 

(B) The main neurogenic niches in the SVZ and the DG of the hippocampus in mouse. In mammals, the NSCs are 

shown in grey (B-cells and Type 1 -T1-), the transient amplifying cells in light green (C-Cells and Type -T2-) and 

the neuroblasts in dark green (A-cells and Type 3 -T3-). 

(C) The main neurogenic niches in the subpallial ventricular zone (VZ), the dorsolateral telencephalon (Dl) in 

zebrafish. In zebrafish, type 1 and type 2 cells are quiescent and proliferative radial glial cells (RGC), respectively 

(quiescent and proliferative neural stem cells (NSCs)). Type 3 cells are proliferative neuroblasts. The 

neuroepithelial cells are NSCs from the subpallium. Ce: cerebellum; Cx: cerebral cortex; Dl: lateral zone of the 

dorsal telencephalic area; DG: dentate gyrus of the hippocampus; Dp: posterior zone of dorsal telencephalic area; 

HYP: hypothalamus; MO: medulla oblongata; OB: Olfactory bulbs; RGC: radial glial cell; RMS: rostral migratory 

stream; SVZ: subventricular zone VZ: ventricular zone; TEL: telencephalon; TeO: optic tectum. From (Ghaddar 

et al., 2021b). 

  

3. Zebrafish have a high capacity for brain repair  

 

 In addition to its high constitutive neurogenesis that shares similar features with 

mammalian neurogenesis, the brain of adult zebrafish also displays a strong regenerative 

capacity allowing to better understand the mechanisms sustaining brain repair mechanisms 
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(Grandel et al., 2006; Becker & Becker, 2008; Schmidt et al., 2014). Thus, brain injury can be 

easily performed through the insertion of a small needle via the skull or the nasal cavity that 

will lead to the telencephalon injury (Kroehne et al., 2011; Marz et al., 2011; Baumgart et al., 

2012). Similar process can also be done at the level of the optic tectum (Shimizu & Kawasaki, 

2021). Briefly after the lesions, cell death will occur and is followed by the recruitment of 

microglia that proliferate (Baumgart et al., 2012) become amoeboid and secrete 

proinflammatory cytokines  (Marz et al., 2011). Oligodendrocytes and OPCs are also recruited 

and proliferate (Marz et al., 2011). Finally, neural stem cells actively divide and generate new 

neurons to replace the dead ones starting from 2 days post lesion peaking between days 5 and 

8 post lesion (Marz et al., 2011; Baumgart et al., 2012). Importantly, it was shown that 

inflammation and microglia activation was essential to induce injury induced neurogenesis 

(Kizil et al., 2012; Kyritsis et al., 2012)  

 All these cellular events occurring during brain injury are common between the 

zebrafish and mammalian brain. However, zebrafish have the capability to repair its brain after 

a traumatic lesion without forming a glial scar and to totally recover its motor function that is 

not the case in the brain of mammals (Baumgart et al., 2012; Kishimoto et al., 2012; Ghaddar 

et al., 2021b). The similarities and differences of brain repair mechanism between the zebrafish 

and mammals have been reviewed in a review article that we published during my doctoral 

internship (Ghaddar et al., 2021b) (Annex 1, page 231).  

 

4. Conserved blood-brain barrier structure and function  

 

As in mammals, the zebrafish brain is protected by a BBB that helps maintain brain 

homeostasis (Eliceiri et al., 2011). Zebrafish also develop a BBB at 3 dpf, which is reported to 

be similar to happen during mammalian embryogenesis (Jeong et al., 2008; Xie et al., 2010) 

(Fig. 32). Furthermore, the BBB chemical penetration or exclusion profile has been shown to 

be the same between zebrafish and mammals (Fleming et al., 2013). In addition, specific 

molecular components of a functional BBB were identified in the zebrafish brain 

microvasculature as zonula occludens-1 and claudin 5 that are tight junction proteins as well as 

“astrocyte/radial glial” markers with endothelium (Jeong et al., 2008). Therefore, a high 

similarity exists between the zebrafish BBB and the mammalian one at cellular, structural,  

functional and developmental levels (Quinonez-Silvero et al., 2020), making zebrafish a 

reliable model to study brain disorders linked to BBB breakdown as strokes, AD and Parkinson 

disease (Quinonez-Silvero et al., 2020). 
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Figure 32: Brain-brain barrier formation during early stages of development in the zebrafish. 

(A)  Schematic representation of the early angiogenesis that occurs in the zebrafish larva showing the sprouting of 

the vessels at 36 hours post fertilization (hpf) and 48 hpf.  

(B) Confocal image of immunostaining for the brain capillaries in zebrafish in double transgenic embryos with 

pericytes (green) and brain capillaries (red) detection. The magnified square (a) shows the pericyte (green) in 

contact with the brain capillary (red).  

(C) Schematic representation of the neurovascular unit of the blood-brain barrier of the zebrafish embryo (60 hpf) 

composed of the endothelial cells wrapped by the pericytes and the glial cells sheath the brain capillaries. From 

(Quinonez-Silvero et al., 2020). 

  

 To summarize, taking all these facts in consideration, the zebrafish have emerged as an 

interesting model to study the brain plasticity and brain homeostasis with a focus on different 

aspects that are investigated in mammals as neurogenesis, blood-brain barrier and regeneration 

in brain injury conditions. 

 Therefore, zebrafish stands as an interesting model to study metabolic disorders (as in 

case of obesity and diabetes) and to investigate central nervous system homeostasis. It can be 

an integrative model to analyze the adverse effects of the obesity and/or diabetes on the brain, 

with specific highlights on brain plasticity (neurogenesis), regenerative capacities and brain 

protection (BBB functionality). This was partly discussed in a submitted review article (Annex 

2, page 249). This promising model can contribute to the better understanding of 

neurodegenerative processes that occur during metabolic disorders, and may help to find new 

synthetic or natural therapeutics.  
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IV. Plants as a source of new bioactive molecules 
 

A. Vegetal biodiversity and beneficial effects on health: focus on 

medicinal plants 

 

1. Dietary natural bioactive compounds: focus on polyphenols 

Accumulating lines of evidence are confirming the role of natural bioactive compounds 

in exerting a positive impact on body health (Biesalski et al., 2009; Bernhoft, 2010). 

Epidemiological evidences have shown that the diet rich in such compounds lowers the risk of 

having cancers, neurodegenerative disease, cardiovascular disease and diabetes 31480794 (Sofi 

et al., 2008; Mentella et al., 2019). On daily bases, our bodies are consuming considerable 

amount of these compounds when following a heathy diet composed among others of 

vegetables, fruits, grains, leaves, fish (Biesalski et al., 2009; Astley & Finglas, 2016. ). Among 

these bioactive compounds are the polyphenols, alkaloids, carotenoids, glucosinolates, 

terpenoids, saponins and vitamins (Camara et al., 2020) (Fig. 33)  

 

 

Figure 33: Major Food Bioactive Compounds sources and classification.  

An illustrative example of a source and compound is indicated for each class: polyphenols (chlorogenic acids in 

blueberry and raspberry fruits), phytosterols (stigmasterol in soybean), terpenoids (limonene in citrus fruits), 

polysaccharides (cellulose in flax seeds), carotenoids & tocopherols (β-carotene/vitamin A), glucosinolates 

(sulforaphane in broccoli), triterpenes (squalene from olive oil), alkaloids (caffeine in coffee beans), capsaicinoids 

(capsaicin in peppers), bioactive peptides (carnosine in red meat), and PUFAs (polyunsaturated fatty acids, 

docosahexaenoic acid—DHA, in different fishes). From (Camara et al., 2020). 

 

The dietary polyphenols are among the most interesting natural bioactive molecules 

studied so far (Tresserra-Rimbau et al., 2018). Until now, more than 8000 phenolic structures 

are discovered in the plant kingdom (Tsao, 2010; Cosme et al., 2020).  Polyphenols that are 
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considered as secondary metabolites are characterized by an aromatic ring with at least one 

hydroxyl group. They can exist as simple molecules (phenolic acids) or highly polymerized 

compounds (tannins) (Durazzo et al., 2019). According to their chemical structure, they are 

classified into two main groups: flavonoids and non-flavonoids (Durazzo et al., 2019) (Fig. 34).  

 

Figure 34: Classification and structure of polyphenols. 

The polyphenols are classified into two major families: the flavonoids and the non-flavonoids. Among the non-

flavonoids, phenolic acids, stilbenes, lignans and tannins are the main subfamilies. From (Camara et al., 2020).   
 

Like the natural bioactive compounds, the main dietary sources of polyphenols are fruit 

and beverages (fruit juice, tea, coffee, chocolate), and in less amounts in vegetable, dry legumes 

and cereals (Scalbert & Williamson, 2000). Approximately, the total daily intake is 1 gram 

(Scalbert & Williamson, 2000). As being part of the natural bioactive molecules, the natural 

polyphenolic families (flavonoids as an example) act on several signaling pathways and 

enzymes which enable them to display pleiotropic properties as anti-oxidant, anti-inflammatory 
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anti-oxidant, “anti-diabetic”, anticarcinogenic, neuroprotective, cardioprotective, 

antimicrobial, anti-adipogenic (Scalbert & Williamson, 2000; Umeno et al., 2016; Wu et al., 

2018) (Fig. 35). For example, quercetin is a dietary polyphenol belonging to the flavonoid 

family and having beneficial effects against body weight increase (Leiherer et al., 2016). In 

addition, it exhibits tissue specific anti-inflammatory property that prevents the low-grade 

inflammatory state in the in the adipocytes (Forney et al., 2018).  

 

 

 

Figure 35: Beneficial effects of dietary polyphenols. 

The dietary polyphenols harbor anti-inflammatory, anti-oxidant, anti-tumor, “anti-diabetic” and anti-obesity 

effects that make them beneficial against several disorders as metabolic disorders, hyperlipidemia, high blood 

pressure and bacterial infections. From  (Ray & Mukherjee, 2021). 
  

 Anti-obesity properties have been documented in some plants rich in polyphenols 

(especially flavonoids), as citrus extracts such as Citrus limon (Nuzzo et al., 2021), Citrus 

sinensis (Montalbano et al., 2019), Citrus aurantium  (Kim et al., 2012). Similar properties 

were also observed in other quercetin rich fruits such as Ficus opuntia  (Yeddes et al., 2013) 

and the white grape Vitis vinifera (Montalbano et al., 2021a), that are among the main 

constituents of the Mediterranean diet. These polyphenols exert beneficial effects on 𝛽-

oxidation and increased lipolysis (Kang et al., 2012), reducing lipid accumulation, decreasing 

pre-adipocyte differentiation, lipogenesis and inducting the adipocyte apoptosis (Seo et al., 

2014).   

 The special chemical structure of the polyphenols contributes to their beneficial 

bioactive properties. For example, the phenolic hydroxyl groups of the polyphenols are easily 

oxidized which gives them a high ability to delocalize uncoupled electrons and scavenge free 
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radicals (ROS and active nitrogen species) exhibiting thereby anti-oxidant activity (Kim et al., 

2014; Zheng et al., 2021). More interestingly, the ROS and nitric oxide scavenging property of 

the polyphenols confers their neuroprotective characteristic by inhibiting neuronal necrosis, 

enhancing anti-oxidant and cell survival pathways and inhibiting the proinflammatory 

pathways in the neuronal cells (Zhang et al., 2017) (Fig. 36). This property makes the 

polyphenols one of the most bioactive agents in neurodegeneration and tumor prevention 

(Squillaro et al., 2018). 

 

 

Figure 36: Neuroprotective intracellular signaling pathways conferred by polyphenols.  

The polyphenols counteract the ROS activities in the neural cells by enhancing the anti-oxidant pathways (Nrf-2 

and Keap), cell survival pathways (Akt pathway through the NGF/BDNF and Tkr receptor) and mitogenesis 

pathways (AMPK signaling pathway); Polyphenols inhibit however the proinflammatory gene transcription 

(through the TNFα and NFκB pathways) and apoptosis induction (caspases inhibition). ERK: extracellular signal-

regulated kinases ; JNK: The c-Jun N-terminal kinase ; Nrf-2: nuclear factor erythroid 2–related factor 2 ; TNFα: 

tumor necrosis factor alpha; NFκB: nuclear factor kappa-light-chain-enhancer of activated B cells; IκB: IkappaB 

kinase; PI3K: Phosphoinositide 3-kinases; Akt: protein kinase B; CREB: cAMP response element-binding protein; 

BCL2: B-cell lymphoma 2; AMPK: MP-activated protein kinase; NAD+: nicotinamide adenine dinucleotide; 

Sirt1: sirtuin1; PGC1α: proliferator-activated receptor gamma coactivator 1-α; ROS: reactive oxygen species. 

From (Di Meo et al., 2020). 

 

2. Focus on medicinal plants  

 

An alternative rich source of polyphenols, and other natural bioactive compounds, that 

has been used since long time ago by the traditional and modern health care systems are the 
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medicinal plants (Newman et al., 2003; Newman & Cragg, 2007). The plants until the 16th 

century and before the discovery of the iatrochemistry were used as the only source of treatment 

and prevention (Petrovska, 2012). Twelve recipes for drug preparation using 250 different 

medicinal plants were discovered written on a Sumerian clay slab from Nagpur, aging 5000 

years ago. In addition, 365 drugs originating from dried medicinal plants were described in 

“Pen T’Sao” book, a Chinese book written 2500 BC (Before Christ), many of which are still 

used until these days as cinnamon bark, podophyllum, the great yellow gentian and ephedra 

(Bottcher, 1965; Wiart, 2006). During the Middle Ages, the European physicians take 

advantage of the Arab works among them the heritage of Avicenna ‘Abu Ali ibn Sina’ (980-

1037 CE (Current era)) in which over 1000 medicinal plants have been described and prescribed 

to treat various diseases for many centuries (Tucakov, 1964; Petrovska, 2012; Buranova, 2015).  

The discovery of the isolation techniques in the 19th century serves as a turning point 

from using the medicinal plants to the use of the extracted alkaloids, glycosides, etheric oils,  

hormones and vitamins (Dervendzi, 1992). The pure form of the extracted drugs was replacing 

strongly the medicinal plants from which they were isolated (Petrovska, 2012). Recently, the 

medicinal plants are emerging again to the pharmacopeia with the decreasing efficiency of some 

drugs, the higher contraindications for their usage and the preference to come back to nature, 

the original source of all medications (Petrovska, 2012). Opium, Aconitum, Secale cornutum, 

Punica granatum, Ricinus are some examples of the old medicinal plants that have been 

restored back to the pharmacy for their valuable benefits in clinical studies and their active 

compounds. Some countries nowadays as Russia, Germany, France and the United Kingdom 

have separate herbal pharmacopoeias for plants with real medicinal values (Blumenthal, 1998; 

Petrovska, 2012)  

Briefly here are some examples for some famous consumed plants and their traditional 

uses and benefits: Cinnamon, Peppermint and Ginger are used to promote a “good” blood 

circulation. Certain aromatic plants such as Aloe and Barberry are used to reduce toxins in 

blood. They can be used in infusion, decoction, powder and some are edible (Ahvazi et al., 

2012). The traditional uses of some medicinal plants is believed to cure a wide variety of 

diseases through various properties: wound healing, anti-inflammatory, anti-oxidant, anti-

dysenteric, anti-hemorrhagic, decreasing in blood pressure, antibacterial, weight reducing 

(Ahvazi et al., 2012). 
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The phytochemical screening of plants shows their richness in secondary metabolites. 

In addition to the polyphenols that are mostly investigated, the medicinal plants are a good 

source of alkaloids, cardiac glycosides, flavonoids, saponins, steroids and terpenoids 

(Sasidharan et al., 2011). Phenols and flavonoids in the medicinal plants are the main bioactive 

components with high ROS scavenging and anti-oxidant properties (Mishra et al., 2013; Wang 

et al., 2016a; Wang et al., 2016b; Andreu et al., 2018). Anthocyanins, acid, mandelic acid and 

quercetin are some polyphenols conferring the anti-oxidant activity of certain medicinal plants 

investigated by research (Ipomoea batatas, Bauhinia variegata L., Opuntia ficus-indica, 

Aesculus indica, Polygonatum verticillatum) (Mishra et al., 2013; Andreu et al., 2018; Kumar 

Singh & Patra, 2018; Zahoor et al., 2018). A different set of phenolics as gliricidin 7-O-

hexoside, quercetin-7-O-rutinoside, Kaempferol, trihydroxyflavone, clindamycin and strictinin 

confers antibacterial properties for some medicinal plants investigated (Tsai et al., 2015; 

Dzotam et al., 2018; Geethalakshmi et al., 2018). Tungmunnithum reviewed in a similar way 

the main phenolic compounds of specific medicinal plants with specific anticancer, 

cardioprotective, immune system promoting, anti-inflammatory and skin protective effects 

(Tungmunnithum et al., 2018) (Fig. 37). 

 

 

Figure 37: Major plants polyphenol and their beneficial health effects.  

The phenolic acids, flavonoids and astragalus (known also as stilbenes) are some of the main polyphenolic families 

in the plants behind the neuroprotective, antitumor, antibacterial, anti-oxidant, gastro-protective, anti-

hyperglycemic and anti-lipidemic effects. From (Yan et al., 2021). 

However, the unconscious uses of medicinal plants and the wrong thoughts that 

medicinal plants are fully harmless and nontoxic should be taken in consideration. Several 

intoxication cases are recorded after the extensive use, wrong doses and even the consumption 
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of some poisonous plants leading to hepatotoxicity, gastrointestinal poisoning, nephrotoxicity, 

respiratory toxicity and cardiac poisoning (Farzaei et al., 2020). This fact uncovers the 

importance of the extensive research that should done for the clear and strict prescription, 

preparation, and consumption of the medicinal plants all over the word  

 

B. Reunion Island biodiversity  
 

Reunion Island is a biodiversity hotspot with a wide variety of plants used in the 

traditional medicine even since the 17th century (Lavergne, 1989). The geomorphology 

(volcanic island) and the geography of the Reunion Island provides a diversified flora since up 

to 30% of the plants are endemic (Strasberg et al., 2005). Its flora is constituted of 550 species 

among them 165 are single island endemics and 140 are Mascarene endemics species. Twenty-

seven of these plants have been registered in the French Pharmacopeia (Fig. 38). Several 

scientific records indicate beneficial effects of these plants, whereby of the 64 endemic plants 

from the Mascarene Islands (Reunion Island and Mauritius) have been discovered with anti-

plasmodial, anti-chikungunya virus and anti-oxidant activities (Ledoux et al., 2018). Some 

plants specific to the Reunion Island showed anti-malarial effect with in vitro and in vivo 

studies (Jonville et al., 2008). In addition, 8 endemic medicinal plants registered in the French 

Pharmacopeia from Reunion Island (Aphloia theiformis, Ayapana triplinervis, Dodonaea 

viscosa, Hubertia ambavilla, Hypericum lanceolatum, Pelargonium x graveolens, Psiloxylon 

mauritianum and Syzygium cumini) were analyzed for their anti-oxidant property and phenolic 

content. These plants harbor diverse polyphenolic content (as quercetin, chlorogenic acid, 

procyanidin and mangiferin) with a potent anti-oxidative property (Checkouri et al., 2020). An 

important proportion of the medicinal plants registered in the French Pharmacopeia are used 

traditionally for their believed “anti-diabetic”, anti-obesity, anti-oxidant, hypolipidemic and 

anti-inflammatory properties. The studies on these believed traditional effects of the plants are 

still limited which uncover the necessity to further investigate these effects with in vitro and in 

vivo models. Among the Reunionese medicinal plants registered in the French pharmacopeia 

Antirhea borbonica and the Psiloxylon mauritianum are interesting candidates in order to 

combat metabolic disorders. Their properties and use are described below. 
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Figure 38: Medicinal plants in the Reunion Island registered in the French pharmacopeia. 

Until now 27 of Reunion Island plants (most of them are endemic) are registered in the French pharmacopeia for 

their beneficial effects on health. Adapted from Bryan Veeren thesis manuscript. Ambaville : Hubertia ambavilla 

var. ambavilla ; Arbre du voyageur : Ravenala madagascariensis Sonn ; Ayapana : Ayapana triplinervis ; 

Badamier : Terminalia catappa L. ; Bois de demoiselle : Phyllanthus casticum ; Bois de joli cœur : Pittosporum 

senacia ; Bois maigre : Nuxia verticillata ; Bois d’olive blanc : Olea lancea Lam; Bois d’ olive noir : Olea 

europaea africana; Bois d’osto : Antirhea borbonica; Café marron : Coffea mauritiana; Change écorce: Aphloia 

theiformis; Faham: Jumellea Fragans; Fleur jaune : Hypericum lanceolatum; Guérit vite : sigesbeckia orientalis; 

Lingue café : Mussaenda arcuata; Patte poule : Vepris lanceolata; Tamarin : Tamarindus indica; Ti 

mangue : Psiadia dentata; Tombé : Leucas aspera; Bois jaune : Ochrosia borbonica; Bois de 

quivi : Turreathouarsiana; Liane d’olive : Secamone volubilis; Bois d’arnette : Dodonaea viscosa; Bois de peche 

marron : Psiloxylon mauritianum; Jamblon : Syzygium cumini; Vacoa : Pandanus utilis. 
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C. Antirhea borbonica (Bois d’Osto) 

 

Antirhea borbonica (vernacular name: Bois d’Osto), is an endemic tree from the 

Mascarene Islands mainly found in the humid forests of Reunion Island. Its leaves are 

commonly used for its healing properties or to stop bleeding. The decoction of this plant is also 

traditionally used against diarrhea, dysentery and bladder problems (Giraud-Techer et al., 

2016). Moreover, Reunionese people also use it as an herbal tea to improve the diabetic 

condition and to decrease hypercholesterolemia (Smadja & Marodon, 2016). Recently, 

accumulating scientific data characterize the main components and beneficial properties of A. 

borbonica. Selective liquid chromatography-tandem mass spectrometry for A. borbonica 

(aqueous and acetonic leaves extracts) identifies 19 polyphenols with the caffeic acid and its 

derivatives, flavonoids and hydroxybenzoic acid being the major ones (Delveaux et al., 2020; 

Veeren et al., 2020; Veeren et al., 2021).    

This rich polyphenol content of A. borbonica explains plenty of protective effects of this 

plant. For example, Human albumin and erythrocytes, exposed to glycation and oxidative 

damage, were protected by A. borbonica aqueous extract by decreasing oxidative/glycation 

markers for glycated albumin and restoring the deformability with reduced oxidative stress in 

the glycation/oxidative damaged exposed erythrocytes (Delveaux et al., 2020). In addition, 

according to recent data, the anti-inflammatory and anti-oxidant properties of the phenolic rich 

extract of A. borbonica confer an anti-inflammatory and anti-oxidant effect for the adipocytes 

(Marimoutou et al., 2015; Le Sage et al., 2017), curative anti-renal fibrosis effect in the in vivo 

renal fibrosis (unilateral ureteral obstruction) model of mice (Veeren et al., 2021). Moreover, it 

exhibits anti-apoptotic properties on oxidized low-density lipoproteins exposed endothelial 

cells (Bonneville et al., 2021) and a protective effect (anti-inflammatory, anti-oxidant) against 

hyperglycemia-mediated alterations in cerebral endothelial cells exposed to high glucose 

concentration and improve cerebrovascular damages a mouse stroke model (reduce cerebral 

infarct volume and neuro-inflammation) (Arcambal et al., 2020; Taile et al., 2020; Taile et al., 

2021). Finally, the median lethal concentration of the herbal infusion aqueous extract of A. 

borbonica, and the non-lethal concentrations was determined by Fish Embryo Acute Toxicity 

test according to (OECD) guidelines to be (LC50) 20.3 g/L and the 7.2 g/L respectively (Veeren 

et al., 2020).  

Taken together these data demonstrate the A. borbonica is rich in polyphenols namely 

in caffeic acid and its derivatives and flavonoids. Recent in vitro and in vivo data demonstrated 
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the capacity of A. borbonica to counteract oxidative stress, inflammation and apoptosis. 

Furthermore, it exerts a neuroprotective effect and anti-inflammatory effect that is supported 

by its main compound, the caffeic acid, according to the recent investigations (Arcambal et al., 

2020) (Fig. 39).  

 

 
 

Figure 39: Antirhea borbonica beneficial effects from traditional background and recent scientific records.  

Antirhea borbonica proved anti-inflammatory, anti-oxidant, antibacterial anti-apoptotic and cerebrovascular 

protective effects that could explains in part the mentioned traditional benefits of this plant. Note: red stars 

document the interests of studying this plant against obesity and diabetes.   

 

D. Psiloxylon mauritianum (Bois de pêche marron)  

 

Psiloxylon mauritianum (vernacular name: Bois de pêche marron), is an evergreen 

endemic medicinal plant from the Mascarene Islands (Mauritius and Reunion Islands). This 

plant has shown promising uses in traditional medicine (Mahomoodally et al., 2014). In 

Mauritius, the daily consumption of a Psiloxylon mauritianum leaves decoction twice a day is 

involved in the management of type 2 diabetes (Mootoosamy & Fawzi Mahomoodally, 2014). 

In addition, among the local people of Indian Ocean islands, Psiloxylon mauritianum wood 

decoction is considered and effective treatment of amenorrhea and dysentery (Gurib-Fakim & 

Brendler, 2004; Mahomoodally et al., 2014). In Reunion Island, the leaves are reported to be 

traditionally used to decrease the formation of uric acid and to eliminate the excess cholesterol 

from the body, as an astringent agent and against diarrhea (Rivière, 2007; Mahomoodally et al., 

2014) 

Some recent clinical data documented diuretic, antispasmodic and antiseptic properties 

of P. mauritianum. In addition, in vitro studies demonstrated the presence of two acids 

(corosolic acid and asiatic acid) with antibacterial effects mainly against Staphylococcus aureus 
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and other analyses confirm antiviral effect against early stages of dengue and zika virus 

infections (Clain et al., 2019; Sorres et al., 2020). Checkouri et al. investigated the polyphenol 

content of Psiloxylon mauritianum using infusion or decoction methods. P. mauritianum 

exhibited high polyphenol content and the main polyphenolic compounds were the quercetins 

(33% and 40% for the infusion and decoction respectively) and kaempferols (63% and 58% for 

the infusion and decoction respectively) (Checkouri et al., 2020).  

Taken together these data demonstrate that P. mauritianum is rich in polyphenols 

namely in quercetins and kaempferols. Recent in vitro data demonstrated the capacity of P. 

mauritianum to exhibit antibacterial, antiviral, anti-oxidative effects. However, the plenty of 

the traditional interesting benefits (antiviral, antibacterial, “anti-diabetic” and anti-cholesterol) 

of P. mauritianum and the lack in vitro and in vivo studies reveals the importance of 

investigating the effect of this plant in encountering the outcomes of diabetes and obesity (Fig. 

40). 

 

 

 

Figure 40: Psiloxylon mauritianum beneficial effects from traditional background and recent scientific 

records.  

Psiloxylon mauritianum proved anti-inflammatory, anti-oxidant, antibacterial antiviral and diuretic effects that 

could explains in part the mentioned traditional benefits of this plant. Note: red stars document the interests of 

studying this plant against obesity and diabetes.   

 

E. Model of obese zebrafish to screen preventive and therapeutic effects 

of plant extract 

 

Zebrafish model, in addition to its toxicity and drug screening advantages, is used as an 

in vivo reliable model to screen the beneficial properties of several dietary supplements 

especially in DIO models. For example, the green tea extracts tested on obesity model of 

zebrafish decreased the volume of visceral adipose tissue by modifying the expression of lipid 
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catabolism pathways (Hasumura et al., 2012; Meguro et al., 2015). The orange juice extracts 

(Citrus sinensis) and the white grape juice extract (Vitis vinifera) lowered similarly the adipose 

tissue on overfed obesity zebrafish model (visceral adipose tissue with orange juice extract and 

both visceral and subcutaneous for white grape juice extract) (Montalbano et al., 2019; 

Montalbano et al., 2021a). Besides, these juice extracts decreased the body weight and BMI as 

well as restoring the altered expression of some obesity related genes (leptin A, ghrelin, orexin, 

pro-opiomelanocortin and neuropeptide Y) (Montalbano et al., 2019; Montalbano et al., 

2021a).   

More interestingly, zebrafish serve not only as a convenient model to analyze the crude 

extracts of some dietary supplements, but also as a suitable model to test specific polyphenols 

in such plants extracts (Montalbano et al., 2021b). For instance, eriocitrin, an anti-oxidative 

flavonoid in lemon displays lipid lowering effect on the DIO zebrafish in a way similar to that 

observed in rat’s HFD model (Hiramitsu et al., 2014). Similarly, resveratrol that is also a natural 

polyphenol has been shown to exert anti-obesity effect on zebrafish by meliorating diet-induced 

dysregulation of lipid metabolism (Ran et al., 2017). Flavonoids, as kaempferols and baicalein, 

were also reported to have anti-adipogenic properties in zebrafish obesity models (Seo et al., 

2014; Torres-Villarreal et al., 2019). 

Taking in consideration from one side the rich polyphenolic contents of A. borbonica 

and P. mauritianum, their anti-oxidant, anti-inflammatory and the traditional lipid lowering 

properties, and from the other side the interest of using zebrafish in testing the polyphenol rich 

extracts of plants, it is becoming crucial to test the extracts of these two plants. To this end, the 

use of in vivo DIO model of zebrafish is a good alternative to ascertain their potential positive 

effects on the metabolic disorders.  
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Objectives 
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A. Thesis project  
 

 The prevalence of obesity and diabetes has been increasing over the years and is 

approaching global epidemic values. Obesity is a major risk factor for the development of type 

2 diabetes, with 80% of diabetic individuals being overweight. In addition, most overweight 

and obese individuals are in a pre-diabetic state with a high risk of developing type 2 diabetes. 

As previously demonstrated, both obesity and type 2 diabetes share common health effects, 

some of which are lethal. Central nervous system complications emerge among the physio-

pathological processes induced by obesity, prediabetes and diabetes. Early onset of dementia, 

decreased cognitive performance, higher risk of Alzheimer’s disease and higher risk of sudden 

brain strokes are all problems faced by people with obesity and diabetes, without any definitive 

treatments. Today, scientific research is striving to better understand the causes behind brain 

disruptions related to obesity and type 2 diabetes. This approach is crucial to discover new 

preventive and therapeutic treatments and/or strategies to combat CNS disorders resulting from 

obesity, prediabetes and diabetes.  

 In Reunion Island, obesity and diabetes are two main serious health concerns due to 

their high prevalence among the local population (45 % of adults are overweight, with 10% of 

men and 20 to 30% of women considered obese) (cnr-sante, 2011). In addition, The Reunion 

Island is considered the first French department in terms of people with diabetes (REF and say 

again the prevalence). This alarming situation must be taken into account in the medium and 

long term within the framework of public health for stroke, but above all for vascular dementia 

and AD. However, these two last diseases could be worrying in few years with the ageing of 

the population and the proportion of obese and/or diabetic people in Reunion Island and 

worldwide. Reunion Island is rich in endemic medicinal plants, which opens the possibility to 

study the potential therapeutic and/or preventive effects of these plants in dealing with central 

nervous system complications.  

 Taking in account the high prevalence of obesity and diabetes in Reunion Island and the 

adverse effects of these disorders on the brain, this thesis project aims to contribute to a better 

understanding of the effects of obesity, as a prediabetic state, on brain homeostasis and to try 

to prevent or reverse these outcomes using medicinal plants from the biodiversity of Reunion 

Island.  
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B. Objectives of the thesis 

 

During the three years of this thesis, I had several objectives which were as follows: 

- the establishment of an in vivo models of obesity and prediabetes using zebrafish, 

- the characterization of the central perturbations of my models, 

- the study of the impact of A. borbonica and P. mauritianum on these obese and 

prediabetic models. 

 

1. Establishment of zebrafish models of obesity and prediabetes  

 

 For our first objective, we take advantage of zebrafish as a relevant model for inducing 

obesity and a prediabetes state. We propose that overfeeding will increase the body weight and 

consequently leads to obesity and prediabetes affecting thereby the central nervous system. Two 

diet-induced obesity models (DIO) have been developed using adult zebrafish. In the first DIO 

model, fish were overfed with conventional dry food for 4 weeks. This work was published in 

(Ghaddar et al., 2021a). The second DIO model was based on overfeeding with conventional 

dry food and freshly hatched artemia for 4 weeks. (Ghaddar et al., 2020). The models are 

characterized by checking the body weight increase, body mass index (BMI), fasting blood 

glucose, advanced glycated end products, oxidative stress and liver steatosis. Both models 

displayed increased body weight, BMI, glycemia and oxidative stress, while increased lipid 

accumulation (liver steatosis) is observed only in the second DIO model. Both models 

successfully mimic the development of an obese state. 

 

2. Characterization of the brain disruptions induced by the DIO models  

 

 After the development of obesity and hyperglycemic models, we aimed to characterize 

the metabolic disorders resulting from DIO model at the central (brain) level. The second DIO 

model affects more severely the CNS than the first one. At the level of the brain, the 

investigations were focused more on the BBB integrity, neuro-inflammation, cerebral oxidative 

stress and glucocorticoids level. All these aspects are altered in the second DIO model, while 

just cerebral oxidative stress is accompanied to the first DIO model. In addition, in both models, 

neural stem cell proliferation in the main neurogenic niches is decreased in this obese fish and 

DIO fish show locomotor impairments. 



83 
 

3. Preventive and/or therapeutic effects of aqueous extract of Antirhea 

borbonica and Psiloxylon mauritianum in our DIO models 

 

 Reversing or preventing health concerns resulting from DIO, particularly on the brain, 

is one of our main interests. Thanks to the rich biodiversity of Reunion Island and the 27 

medicinal plants registered in the French Pharmacopeia, we investigated the potential beneficial 

effects on our established and characterized DIO model of two medicinal plants: Antirhea 

borbonica and Psiloxylon mauritianum. These two plants were selected given their scientific 

literature and traditional use. In brief, A. borbonica is well-known to the local population for its 

“anti-diabetic” and anti-oxidant effects. During my thesis, the “DéTROI” laboratory has 

extended the research concerning the polyphenolic content and toxicity of A. borbonica, its 

neuroprotective properties as well as its anti-inflammatory, anti-oxidant anti- fibrosis effects 

(Arcambal et al., 2020; Delveaux et al., 2020; Taile et al., 2020; Veeren et al., 2020; Bonneville 

et al., 2021; Veeren et al., 2021). All these new data reinforce our idea to have selected this 

plant to combat the deleterious effects of obesity and prediabetes at the beginning of my 

research. Similarly, P. mauritianum was an attractive medicinal plant to investigate for my 

thesis project given its traditional preventive and/or curative effects on diabetes and metabolic 

diseases (anti-cholesterol). Recent data from the scientific research have documented the 

polyphenol content, antiviral and anti-oxidant properties of P. mauritianum. So far, the 

effectiveness of P. mauritianum against obesity and pre-diabetic disorders was not clearly 

demonstrated. 

A. borbonica exerts protective effect on the brain of DIO fish without preventing 

obesity. However, P. mauritianum prevented obesity development in DIO fish treated with P. 

mauritianum and shows a protective effect at the level of the brain of these fish. 
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Results
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Chapter 1: Deleterious effects of overfeeding on brain homeostasis and 

plasticity in adult zebrafish. 

 

 In order to answer to my first and second objectives (development of obese/prediabetic 

model and the impact on brain homeostasis), we aim to develop a diet-induced obesity (DIO) 

model using zebrafish. We assumed that DIO could be achieved by overfeeding the zebrafish 

with dry food (CTRL 0.034 g of food/fish/day and DIO fish >0.200 g of food/fish/day) for 4 

weeks.  

 Indeed, model characterization after the 4th week reveals a state of overweight in the 

DIO zebrafish which shows increase in body weight, body size and BMI. The overfeeding 

protocol also induces an increase in fasting blood glucose levels compared to normally fed 

zebrafish, with a higher amount of advanced glycated end products (AGEs) and oxidative stress 

marker (4-hydroxynonenal: 4-HNE) at the periphery without any obvious lipid accumulation 

in the liver (liver steatosis). Despite the lack of liver steatosis in the DIO zebrafish, it can be 

still considered as a suitable and good model to investigate the effect of overweight on obesity, 

especially with the increased BMI, glycemia and oxidative stress. The lack of liver steatosis 

could be due to type or duration of the diet. 

At the level of the central nervous system, an increase in oxidative stress was also 

observed (higher 4-HNE levels) in DIO fish. However, the impact of this overfeeding protocol 

on the BBB integrity was negligible as observed by the Evans blue injection, and the neuro-

inflammatory state was almost comparable between control and DIO fish as revealed by qPCR 

analysis for pro-inflammatory cytokines. Finally, immunohistochemistry against the 

proliferative cellular nuclear antigen (PCNA) shows slight reduced cell proliferation in the 

neurogenic niche brain neurogenesis mainly at the telencephalic.  

Interestingly, our overfeeding protocol altered also the behavior of the DIO zebrafish 

compared to the CTRL fish tending them to be more inactive. Moreover, DIO zebrafish show 

a higher gene expression of fkbp5, a glucocorticoid stress hormone-responsive gene. Therefore, 

this overfeeding protocol induces some peripheral (metabolic parameters and oxidative stress) 

and central nervous system (oxidative stress and decreased neurogenesis) modifications that 

could be explained by a state of chronic stress correlated to the central and peripheral oxidative 

stress. Reversing the overfeeding by normal feeding normalized the body weight, BMI and 

restores all the disruptions observed in the DIO model at the peripheral and central level except 

for the AGEs, mostly due to the half-life of AGEs (Brings et al., 2017).  
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 In this article, we introduce a simple and fast overfeeding model using zebrafish that 

induces peripheral and central disruptions. Further investigations of the mechanisms behind 

such the loss of brain homeostasis and plasticity may lead to a better understanding of the 

disrupted signaling pathways that cause CNS disturbances.
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Chapter 2: Phenolic profile of herbal infusion and polyphenol-rich extract from 

leaves of the medicinal plant Antirhea borbonica: toxicity assay determination in 

zebrafish embryos and larvae 

  

 One of our objectives is to test the efficacy of medicinal plants from Reunion’s 

biodiversity on our developed DIO model.  Antirhea borbonica is one of the interesting plants 

we wanted to study for its known antioxidant, anti-inflammatory and suggested “anti-diabetic” 

properties. Thus, before testing the plant extracts on DIO model, it is crucial to characterize the 

main components and the toxicity of these extracts.  

 So far, this article aims to characterize the main polyphenolic content of A. borbonica 

and to determine in vivo its toxicity using zebrafish models. Two types of A. borbonica leaves 

extracts were investigated: aqueous (herbal infusion) and acetonic (polyphenol rich) extracts. 

Both types of A. borbonica exhibits high anti-oxidant capacity, phenolic content and flavonoid 

content as shown by the DPPH, Folin-Ciocalteu and aluminum chloride colorimetric assays, 

respectively. The characterization of polyphenols by mass spectrometry from A. borbonica 

acetonic extract led to the identification of and quantification of 19 main polyphenols as 

phenolic acids and flavonoids, namely, quercetin and its derivative and caffeic acids and its 

derivatives. After confirming the antioxidant capacity of A. borbonica due to its polyphenolic 

rich extract, toxicity test was performed on zebrafish embryos (0hpf - 96hpf) and larva (3dpf - 

5 dpf). The Fish Embryo Acute Toxicity (FET) test, performed according to the OECD 

guidelines, allows the calculation of the median lethal concentration (LC50) corresponding to 

the concentration in which 50% mortality in the treated embryos occurs. LC50 was 5 g/L for the 

acetonic extract and 17.6 g/L aqueous extract. As well, the non-lethal concentrations were 2.3 

g/L and 7.2 g/L for acetonic and aqueous extracts, respectively. Yet, still at 2.3 g/L for both 

extracts some morphological malformations exist. Below 2.3 g/L the morphological defects 

disappear.  

 In summary, the acetonic and aqueous extracts of A. borbonica show strong anti-oxidant 

properties due to their high polyphenolic content with a well-defined median lethal toxicity and 

non-lethal toxicity concentrations. Therefore, this article achieves its goal at the level of A. 

borbonica characterization to be used for further investigations concerning the DIO model.  
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Chapter 3: Impaired brain homeostasis and neurogenesis in diet-induced 

overweight zebrafish: a preventive role from A. borbonica extract. 

 

 Despite that our previously developed DIO model (page 87), successfully reproduces 

some aspects of obesity and prediabetic state, and shows an impact on the central nervous 

system, we raised several critical points. Most DIO models in rodents developed liver steatosis, 

and increased substantially BBB permeability and neuro-inflammation. Thus, we decided to 

boost this model by introducing artemia to the overfeeding protocol to (i) increase the calorie 

intake, (ii) provide diversity of diet and (iii) enrichment for zebrafish. Introducing artemia to 

the feeding protocol was not possible due to the unavailability of this diet at the beginning of 

my thesis.  

 The first part of this article was to design the new DIO model and characterize its impact 

metabolic impact. The control group was fed once a day with dry food in the morning (15 

mg/fish/day) and freshly hatched artemia (6 mg/fish/day) in the afternoon. The DIO group was 

fed six times a day with dry food (52.5 mg/fish/day) and three times with freshly hatched 

artemia (30 mg/fish/day) in the afternoon. At the end of the experimental procedure, this 

protocol appears be stronger than the previous one impacting the DIO zebrafish at different 

levels. As in the first DIO model, these new overfeeding model leads to a significantly increased 

body weight, length, BMI and glycemia. In addition, the liver from DIO fish was phenotypically 

bigger and more yellowish than those from CTRL, suggesting liver lipid accumulation. The Oil 

Red O staining of the liver confirmed our observation and showed the existence of liver 

steatosis in DIO zebrafish, a hall mark in DIO models and the prediabetes state.  

The newly developed protocol not only led to overweight and dysregulation in lipid and 

glucose metabolism, but also alters strongly brain homeostasis. Indeed, DIO zebrafish 

displayed a leaky BBB (disrupted physiology and integrity), neuro-inflammation and cerebral 

oxidative stress. These modifications consequently are associated to decreased neurogenesis 

throughout all the brain regions and altered behavioral performance in DIO fish. Therefore, this 

new developed DIO model exhibits more adverse effects at the peripheral and central levels. 

 The second part of this article investigated the potential preventive effect of the 

polyphenol and antioxidant rich extract of A. borbonica against the DIO model established. The 

overnight treatment of overfed zebrafish with aqueous extract of A. borbonica (0.5g/L) during 

4 weeks parallel to the DIO model, reduces the destructive effects observed on the DIO 

zebrafish. Despite that DIO fish treated with A. borbonica still have significantly higher body 
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weight and BMI compared to the CTRL, the A. borbonica treatment prevented from BBB 

disruption, cerebral oxidative stress and impaired neurogenesis in most regions of the brain.  

 In conclusion, this new DIO model using conventional dry food and artemia exhibits a 

stronger impact at the periphery and in central nervous system. In addition, it enables us to test 

the preventive effect of A. borbonica and demonstrates that the aqueous extract of this plant 

(0.5g/L) shows preventive effect against brain disruptions induced by the DIO. Further 

investigations are now needed to better characterize the therapeutic effects of this extract. 
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Chapter 4: Aqueous extract of Psiloxylon mauritianum prevents obesity and 

associated deleterious effects in zebrafish (ready to submit) 

 

 Taking advantage of its traditionally anti-lipidemic and recorded anti-oxidant and anti-

inflammatory effects, Psiloxylon mauritianum (P. mauritianum) represents for us an interesting 

plant to investigate to combat the deleterious effects induced by overfeeding (DIO related 

alterations). This article characterizes the P. mauritianum main components and its toxicity in 

order to study its suggested beneficial properties using.  

 The first set of tasks of this article converges on studying of the polyphenolic 

composition of P. mauritianum and its toxicity during developmental stages. Liquid 

chromatography-mass spectrometry analysis shows that P. mauritianum is rich in polyphenols 

mainly phenolic acids and flavonoids (i.e., 58.0 ± 7.2 mg GAE/g). The toxicity test on zebrafish 

eleutheroembryos of zebrafish according to the OECD (guidelines 236) defined the median 

lethal concentration (LC50=0.71 g/L) and the maximum non-lethal concentration 

(MNTC=0.556 g/L). However, the concentration used throughout all the experiment is 0.25 

g/L, that is shown to be safe for adults. Furthermore, the qPCR analysis of certain cardiac, liver 

and renal toxicity markers reveals no toxic effect at these levels. Besides, the exploration of fat 

accumulation in the HFD larva treated with P. mauritianum asserts the anti-lipidemic known 

trait.   

 In the second part of exploring the properties of P. mauritianum, we take advantage of 

our previously developed DIO model. Interestingly, preventive treatment of adult DIO fish with 

the aqueous extracts of P. mauritianum (0.25 g/L) for 4 weeks avoided the increase in the body 

weight, BMI, glycemia and lipid accumulation in the liver compared to the non-treated DIO 

fish. We noticed that the zebrafish treated with the plant extract display a normal feeding 

behavior, but excreted more feces. Similarly, in the brain, P. mauritianum prevented all the 

negative influences resulting from DIO. The positive effect of P. mauritianum observed at the 

brain level could be a possible consequence of its anti-weight gain property. It is worth noting 

that this plant does not have any effect on brain homeostasis under normal feeding conditions. 

Interestingly, P. mauritianum also demonstrated a therapeutic effect on DIO fish where a one-

week treatment with the plant after one week of overfeeding decreased the body weight gain 

and normalized fasting blood glucoses levels compared to untreated DIO fish. 

 Therefore, this ready to submit article characterizes for the first time the toxicity doses 

of P. mauritianum using the toxicity assay according to the OECD (guidelines 236). Also, in 



148 
 

vivo experiments using the aqueous extract of P. mauritianum on the DIO model emphasize the 

previously recorded anti-oxidant, anti-hypercholesterolemic and anti-hyperglycemic effects 

and suggest a possible effect on nutrients absorption and gut microbiota that need be further 

studied. 
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Chapter 5: Zebrafish: A new promise to study the impact of metabolic disorders 

on the brain (submitted manuscript) 

 

 Zebrafish is an interesting model to investigate the metabolic diseases such as obesity 

and diabetes. It is also widely used in the field of neurosciences to further examine brain 

homeostasis, brain plasticity including neurogenesis and cognitive functions (i.e., behavior). 

Taken together, zebrafish appears as a relevant model to explore the impact of metabolic 

disorders (overweight/obesity) on brain homeostasis and functions. In this review, we aim to 

(1) summarize the different zebrafish models of obesity and diabetes and highlight their 

relevance to mammalian models, (2) to explore their impact on the central nervous system, and 

finally (3) to highlight some interesting neurogenic signaling pathways that could be disrupted 

in the brain of obese/diabetic fish subsequently explaining the dis-plasticity observed. 

 The first part of this review, provides an overview on the diabetic and obese models of 

zebrafish. Several hyperglycemic models have been developed using zebrafish: acute 

hyperglycemia models and chronic hyperglycemia models corresponding mainly to type 1 and 

type 2 diabetes. Concerning obesity, the models developed in zebrafish are mostly diet-induced 

obesity (DIO), high-fat diet (HFD) and genetic obese models that results in a hyperglycemic 

state. All the above-mentioned models share common features with mammals (rodents and 

human) that are explained in details in this review.  

 The second part of this review article discusses the effect of such metabolic disorders 

on brain plasticity and functions. Both hyperglycemia and obesity in zebrafish were shown to 

disturb brain homeostasis through several mechanisms as BBB leakage, neuro-inflammation, 

brain oxidative stress, and impaired neurogenesis. As a consequence, fish behavior is also 

disturbed. These outcomes are also observed in obese and diabetic rodent models as well as in 

humans. 

 Finally, the last part of this review proposes some neurogenic mechanisms and signaling 

pathways to investigate to explain the disrupted brain plasticity induced by metabolic disorders. 

Among these mechanisms, we discuss the conserved Notch signaling that is mostly known to 

decrease brain neurogenesis and was reported to be increased in obesity and diabetic models. 

Bone morphogenetic proteins (BMPs) and the inhibitor of differentiation /DNA binding 1 (Id1) 

are other factors suggested to disturb the balance between NSC activity and quiescence. Finally, 

we highlight the potent deleterious role of glucocorticoid stress hormones in the decreased brain 

plasticity observed in case of obesity and diabetes. 
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 In conclusion, zebrafish appears as an interesting and relevant model to study the impact 

of metabolic disorders on the central nervous system. The convenience of this model will allow 

researchers to better understand the mechanisms underlying the disruptions of brain 

homeostasis in metabolic disease conditions, with the goal of developing better therapeutics to 

limit these disturbances.
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Discussion 
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A.  Metabolic diseases: is there a brain microvascular complication? 
 

1. Diabetes and obesity induce brain oxidative stress: impact on BBB 

function and brain homeostasis 

 

 Oxidative stress is a primary feature of metabolic disorders and is implicated in the 

progression of many diseases (Tan et al., 2018). Reactive oxygen species (ROS) and reactive 

nitrogen species (RNS) are generated by the body through oxidative metabolism and 

mitochondrial activities (Sies, 2017). In healthy conditions, ROS are important factors involved 

in multiple intracellular signaling pathways. Overproduction of ROS in a manner that exceeds 

antioxidant defense creates a state of oxidative stress, unbalancing redox status. There is 

growing evidence that excessive production of reactive oxygen species leads to destruction of 

proteins, DNA and lipid membranes (Wang et al., 2017).   

 Obesity is a well-known factor in inducing systemic and brain oxidative stress (Vincent 

& Taylor, 2006; Manna & Jain, 2015; Mazon et al., 2017). Several factors can exacerbate 

oxidative stress in obesity: high tissue lipid storage (mainly adipose tissue) (Beltowski et al., 

2000), chronic inflammation (Fernandez-Sanchez et al., 2011)and diet types (Khan et al., 

2006), as well as the main contributor, hyperglycemia (Aronson & Rayfield, 2002). In both of 

our models of diet-induced obesity, we observed hyperglycemia with a concomitant increase in 

peripheral AGEs and oxidative stress.  

 Diabetes and hyperglycemia induce oxidative stress through numerous mechanisms 

among others increased glucose flux through the polyol pathway, activation of AGE receptors 

(RAGE) due to elevated AGE levels, and decreased levels of antioxidant enzymes (Brownlee, 

2001; Fiorentino et al., 2013). The mechanisms by which glucose metabolism induces oxidative 

stress are illustrated in the figure below (Fig. 41) 
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Figure 41: The molecular pathways of hyperglycemia induced oxidative stress production.  

Hyperglycemia-induced polyol, hexosamine, protein kinase C (PKC) and advanced glycation end products (AGEs) 

pathways can impair insulin signaling and endothelial Nitric Oxide Synthase (eNOS) activity. It also promotes the 

expression of pro-inflammatory and pro-coagulant factors and induces reactive oxygen species (ROS) 

accumulation. Hyperglycemia also favors mitochondrial dysfunction that contributes to ROS synthesis. Oxidative 

stress can induce Nuclear Factor-Kappa B (NF-kB) dependent pro-inflammatory and pro-coagulant pathways and 

also causes DNA damage. DNA breaks can activate poly(ADP-ribose) polymerase (PARP) that inhibits 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH), thus increasing all the glycolytic intermediates upstream 

of GAPDH and, therefore, the flux into polyol, hexosamine, PKC and AGEs pathways. Abbreviations: NADP: 

nicotinamide adenine dinucleotide phosphate, NAD: nicotinamide adenine dinucleotide, GSH: reduced 

glutathione, GSSG: oxidized glutathione, UDP-GlcNAc: uridine diphosphate Nacetylglucosamine, DAG: 

diacylglycerol, RAGE: AGEs receptor, P: phosphate, IL-6: interleukin-6, TNF-: tumor necrosis factor-, ICAM-I: 

intracellular adhesion Molecule-I, VCAM-I: vascular adhesion cell Molecule-I, PAI-I: plasminogen activator 

Inhibitor-I. From (Fiorentino et al., 2013). 

 

 Oxidative stress strongly affects brain endothelial cells, which are more sensitive to 

oxidative stress exposure than normal endothelial cells (Banks & Rhea, 2021). The BBB is 

highly exposed to oxidative stress because of (i) the extensive transport of glucose to the brain, 

(ii) the production of high levels of nitric oxide (NO) required for vascular tone, (iii) lipid 

peroxidation resulting from the transport of lipids and fatty acids to the brain, and finally, (iv) 

the presence of a high number of mitochondria in brain endothelial cells (Banks & Rhea, 2021) 

(Fig. 42). 
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Figure 42: The blood–brain barrier (BBB) and oxidative stress.  

From (Banks & Rhea, 2021). 

  

 Under normal conditions, the BBB is able to fight against high oxidative stress exposure 

(Banks & Rhea, 2021). However, under pathophysiological conditions of high oxidative stress, 

BBB permeability is disrupted due to impaired tight junction protein expression, localization, 

and trafficking (Schreibelt et al., 2007; Lochhead et al., 2010), and also to activation of matrix 

metalloproteinases that degrade the BBB basement membrane (Gu et al., 2002; Turner & Sharp, 

2016). In addition, some in vitro experiments using human cerebral microvascular endothelial 

cells confirm that hyperglycemia induces BBB destruction via overproduction of ROS leading 

to endothelial cell apoptosis (Ryder et al., 1989). Interestingly, the hyperglycemic model 

developed in zebrafish proved modulation of tight junction protein gene expression (Dorsemans 

et al., 2017b), but functional studies on the BBB are still lacking. Similarly, our DIO models 

exhibiting hyperglycemia and oxidative stress showed disturbed physiology and function of the 

BBB (Ghaddar et al., 2020). The use of aqueous extract of A. borbonica extract prevents BBB 

disruption possibly due to its antioxidative stress property (Ghaddar et al., 2020). This is 

probably resulting from its high content in polyphenols known to exhibit antioxidant properties. 

 Once the integrity of the BBB is impaired, the brain is therefore subject to infiltration 

of immune cells, toxins, and macromolecules from the circulation into the brain environment 

(Nadal et al., 1995; Gingrich & Traynelis, 2000; Kadry et al., 2020). In the brain, oxidative 

stress consequently promotes neuronal damage and affects the physiology of the nervous tissue 

(Mazon et al., 2017). It plays an important role in the development and progression of dementia 

and neurodegenerative diseases (Liu & Zhang, 2012; Angelova & Abramov, 2018). 
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Antioxidant therapy using e.g. polyphenols (i.e., resveratrol) decreased ROS production and 

improved antioxidant defense such as SOD (superoxide dismutase) activity in parallel with 

improved cognitive decline in a rat model of induced vascular dementia, thus implicating the 

role of oxidative stress in brain impairment (Yadav et al., 2018). In different models of HFD, 

increased oxidative stress was observed in the brain with reduced antioxidant defense (SOD, 

GPX, catalase and GSH) (Morrison et al., 2010; Alzoubi et al., 2018; Hajiluian et al., 2018). 

For example, after 16 weeks of a high-fat diet, overfed rats showed increased brain oxidative 

stress with decreased hippocampal levels of the antioxidant enzymes glutathione peroxidase 

(GPx) and superoxide dismutase (SOD) (Hajiluian et al., 2018). Similar results were also 

obtained in the hippocampus of overfed mice and resulted in cognitive decline (short- and long-

term memory) compared to their control counterparts (Morrison et al., 2010; Alzoubi et al., 

2018). Interestingly, this higher cerebral oxidative stress is related to memory impairment that 

is prevented by antioxidant treatment such as melatonin or resveratrol (Alzoubi et al., 2018).   

In the brain, neurons are highly sensible to ROS which makes oxidative stress the reason 

behind plenty of neurodegenerative processes (Jackson et al., 1994; Dugan et al., 1995). In vitro 

and in vivo evidences have confirmed that hyperglycemia induces neurodegeneration and 

neuro-inflammation through oxidative stress (Muriach et al., 2014; Kumar et al., 2017). Data 

show that ROS accumulation triggers neuro-inflammatory signaling pathways (via NF-κB 

signaling) and secretion of neurodegenerative markers (Kumar et al., 2017; Richa et al., 2017). 

Hyperglycemia-induced oxidative stress leads to neuronal degeneration through several 

pathological cellular pathways (Fig. 43) including mitochondrial dysfunction, ROS 

overproduction, over-activation of polyol pathway, and overproduction of AGEs. As a result, 

the neuronal macromolecules functions are altered leading to DNA mutations, protein 

modifications and lipid peroxidation (Mule & Singh, 2018). Therefore, neuronal degeneration 

is thus promoted by the induction of apoptotic or necrotic pathways and altered levels of 

neurotoxic Aβ, a hallmark feature of Alzheimer's disease (AD) (Mule & Singh, 2018). 

 Several lines of evidence report the effect of oxidative stress on neurogenesis. For 

example, oxidative stress and resulting neuro-inflammation in mammals with T2DM have been 

shown to inhibit hippocampal proliferation, newborn cell migration and to promote neuronal 

death (Beauquis et al., 2006; Wiltrout et al., 2007; Jakubs et al., 2008; Stranahan et al., 2008). In 

addition, oxidative stress mediated by elevated glucose levels has been shown to impair 

neurogenesis by inhibiting NSC differentiation 29695191 (Chen et al., 2018b). Furthermore, in 

the brains of hyperglycemic subjects, oxidative stress leads to mitochondrial damage and to cell 



215 
 

death (Merad-Boudia et al., 1998), a phenomenon that has been linked to blunted neurogenesis 

(Cui et al., 2006).  These results are in agreement with our observation in DIO fish, with a 

decrease in neurogenesis that was restored when oxidative stress was resolved with the 

antioxidant extract of A. borbonica(Ghaddar et al., 2020). Other DIO models in zebrafish also 

demonstrated the up-regulation of genes involved in cell death. 

 

 
 

Figure 43: pathways od neuronal degeneration as a result of hyperglycemia induced oxidative stress. 

Chronic hyperglycemia activates the polyol pathways, increase the AGE production and leads to mitochondrial 

dysfunction that all increases the neuronal oxidative stress and consequently lead to neurodegeneration through 

apoptosis induction and the formation of Aβ aggregates.  

(+) and (–) sign refers to the increase and decrease of the given pathway, respectively. From (Mule & Singh, 2018). 

 

2. Diabetes and obesity induce brain inflammation: impact on BBB 

function and brain homeostasis 

  

 The metabolic parameters disturbed in T2DM and obese subjects such as 

hyperglycemia, hyperinsulinemia and increased levels of AGEs in the blood are all factors that 

promote chronic systemic and central inflammation (Esteve et al., 2005; de Luca & Olefsky, 

Neurodegeneration  
Aβ-aggregates  
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2008; Chang & Yang, 2016; Van Dyken & Lacoste, 2018). The most common pathway leading 

to inflammation is that hyperglycemia induces oxidative stress, and that oxidative stress in turn 

is able to activate pathways leading to inflammation (Sun et al., 2014). For instance, clinical 

studies in human patients confirm the increase in circulating levels of inflammatory cytokines 

with intravenous glucose pulses, whereas no increase was observed when glucose pulses were 

taken with administration of the antioxidant glutathione (Sun et al., 2014).  

 As explained previously, hyperglycemia induces BBB disruption (page 46). The 

disruption of the BBB lead to the activation of local immune cells, namely microglia, and thus 

to neuro-inflammation (Obermeier et al., 2013). Neuro-inflammation is defined by the 

activation of brain resident immune cells (microglial cells and, to a lesser extent, astrocytes) 

without necessarily recruiting peripheral immune cells (Graeber et al., 2011; Filiou et al., 2014; 

Xanthos & Sandkuhler, 2014). Activation of microglia and astrocytes is involved in the 

pathogenesis of cognitive decline in neuro-inflammatory and neurodegenerative diseases (Fig. 

44) (Hong et al., 2016; Subhramanyam et al., 2019). In T2DM models, disruption of BBB 

integrity allows leukocyte infiltration into the brain and thus induces neuronal inflammation 

(Van Dyken & Lacoste, 2018). 

 

Figure 44: Model of neuro-inflammation and neurodegeneration cycle.  

The microglial cell at rest is sensitive to different factors or signs of damage that lead to its activation. When these 

damage signals are maintained in time, the result is an altered response of activated microglial cells. This means 

that there will be a constant release of cytotoxic factors (mainly proinflammatory cytokines and ROS) that promote 

neuronal damage and/or lead to neurodegenerative processes. Hippocampal neurons, motor neurons, and 

dopaminergic neurons are susceptible to the action of overactive microglia, favoring neurodegeneration, which 

will trigger or will promote the development of AD, ALS and PD, respectively. In this model, once neurons 
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degenerate, they release substances into the extra-cellular environment that are recognized by the microglia and 

act as a further sign of damage, promoting a neurodegenerative cycle. From http://dx.doi.org/10.5772/64545. 

 

 Interestingly, the exposure of cultured human astrocytes to high concentrations of 

glucose increased IL-6 and IL-8 mRNA expression as well as the susceptibility to injury 

(Bahniwal et al., 2017). Alteration of the BBB in genetically obese db/db mice has been shown 

to be a contributing factor to obesity-induced neuro-inflammation. Resolving BBB permeability 

in this model reduces neuro-inflammation (Stranahan et al., 2016). As well, Rom and 

colleagues analyzed the genetic profiling of brain microvessels from type 2 diabetic mice with 

memory loss and increased BBB permeability. The data reveal upregulation of 54 genes, 

including genes involved in inflammation, in parallel with the activation of microglial cells 

revealed by analysis of brain tissue (Rom et al., 2019).  

 There is considerable evidence that neuro-inflammation plays a role in the deterioration 

of neuronal and brain plasticity including neurogenesis. High-fat feeding in rodent models 

shows, in addition to brain neuro-inflammatory markers, increased gliosis and higher 

expression of neuronal injury marker (Thaler et al., 2012), accompanied by decreased neuronal 

length, dendritic complexity (Jeon et al., 2012)and altered neuronal synapse (Hao et al., 2016). 

Regarding neurogenesis, a highly controlled process, it has been shown to be decreased after 

exposure to high inflammation (Song & Wang, 2011; Zunszain et al., 2011; Schoenfeld & 

Gould, 2012). The hyperglycemic model developed in zebrafish as well as our established DIO 

model show decreased neurogenesis in association with elevated neuro-inflammation. In 

addition, high concentrations of glucose increased inflammatory cytokines production and the 

susceptibility of undifferentiated human neuronal cells and retinoic acid differentiated cells to 

damage by hydrogen peroxide and amyloid-beta protein; Together, these data suggest that 

hyperglycemia is a contributing factor to astrocyte-induced neuro-inflammation and neuronal 

injury thereby increasing the risk of AD (Bahniwal et al., 2017).  

 Multiple lines of evidence have demonstrated that the inflammatory state (systemic or 

central) in animals subjected to diet-induced obesity, high-fat diet, hyperglycemia or diabetes 

is associated with impaired cognition and brain functions, namely, learning and memory 

deficits, behavioral alterations, and high anxiety (Pistell et al., 2010; Lu et al., 2011; Jeon et 

al., 2012; Sivanathan et al., 2015; Shi et al., 2020). Some findings in humans confirm the direct 

relationship between systemic inflammation and cognitive decline in obese patients who have 

elevated plasma C-reactive protein (CRP) levels (an acute marker of inflammation) and are 
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prone to cognitive decline, in contrast to obese patients with normal CRP levels (Lasselin et al., 

2016). Rodent models of obesity and T2DM also showed cognitive dysfunction, high anxiety 

behavior, increased acetylcholinesterase, and reduced learning and memory capacity with a 

significant increase in brain inflammation (Khare et al., 2017; Esmaeili et al., 2020; Chen et 

al., 2021). Interestingly, when neuro-inflammation was corrected, the cognitive impairments 

were resolved simultaneously, conferring a role for neuro-inflammation in exacerbating 

cognitive brain function (Esmaeili et al., 2020).  

 

3. Cognitive decline as a result of microvascular complications: what 

about NSCs? 

 

 Studies emphasize the contribution of hyperglycemia to the devastating effects on 

cognition. The observed deterioration of cognition could be directly related to neuronal activity 

and also to brain plasticity namely neurogenesis. Neurogenesis is known to be one of the most 

important mechanisms involved in brain development, learning, and memory. Alterations of 

neurogenic processes underlie a wide range of brain diseases (Bruel-Jungerman et al., 2006; 

Hagihara et al., 2013; Krezymon et al., 2013). In adult neurogenic niches, microvessels provide 

a vascular scaffold for the renewal, proliferation, and differentiation of NSCs (Bjornsson et al., 

2015) (Fig. 45). Systematic analysis of adult neurogenic niches (SVZ and DG) in the brain of 

mice indicated the presence of numerous blood vessels. Obviously, NSCs interact with brain 

microvessels for their intrinsic metabolic needs and as an external support for their proliferative 

activity (Pozhilenkova et al., 2017). The endothelial cells release soluble factors that stimulate 

the self-renewal of neural stem cells and enhance their neuron production (Shen et al., 2004). 

Thus, this proximity between NSCs and the brain microvasculature makes them sensitive to 

any modification or disruption of the BBB and of the modulation of secreted factors coming 

from endothelial cells. Knowing that hyperglycemia leads to destruction of the BBB, it is also 

involved in adverse effects on neurogenesis, which are two aspects linked by a causal 

relationship. Thus, hyperglycemia could modulate the type and levels of endothelial factors 

secreted and consequently affect neurogenesis. 

As previously discussed, hyperglycemia is the cause of oxidative stress and 

inflammation in obese or diabetic subjects. In contact with the cerebral microvascularization, 

NSCs are affected directly or indirectly by oxidative stress and inflammation occurring at the 

BBB, which is most often destroyed. The resolution of hyperglycemia and BBB permeability 
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with plant extracts in our DIO model was sufficient to decrease oxidative stress and 

inflammation (systemic and central) and maintain basal neurogenesis.  

 

Figure  45: Simplified diagram of the microarchitecture of a neurogenic niche in the adult brain. 

Endothelial cells (ECs) covered with pericytes and astrocytes provide vascular scaffold and local 

microenvironment optimal for neurogenic cells self-renewal, proliferation, migration, and differentiation. From 

(Bjornsson et al., 2015). 

   

 High BMI and hyperglycemia are well known factors for increased risk of dementia 

with age (Kivipelto et al., 2005; Cummings et al., 2022). The rapid increase in the prevalence 

of obesity and diabetes worldwide simultaneously increases the risk of dementia. The most 

common form of dementia is AD, which accounts for 70-90% of cases (Ritchie & Lovestone, 

2002). Obesity and T2DM are two risk factors for the development of AD (Barnes & Yaffe, 

2011). Today, the global health concern about increasing AD rates with the obesity and T2D 

epidemic is becoming critical, especially after predictions that the risk of AD will quadruple by 

2047 in the United States (Brookmeyer et al., 1998). The mechanisms by which obesity and 

T2DM lead to the development of AD are intertwined and share many common pathways. 

Alteration of the BBB in obesity and T2DM, with concomitant inflammation and oxidative 

stress, leads to infiltration of immune cells into the brain, which induces pathways favoring the 

development of AD. Microglial activation, cerebral oxidative stress, elevated insulin levels, and 

resulting elevated AGE levels lead, via several pathways (illustrated simply in Figure 46), to 

beta-amyloid accumulation, decreased synaptic plasticity, increased neurofibrillary tangles, and 

increased neurodegeneration (Cummings et al., 2022) (Figure 46). 
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Figure 46: Pathophysiological links between T2DM and AD. 

AD, Alzheimer’s disease; AGEs, advanced glycation end products; Akt, protein kinase B; BBB, blood–brain 

barrier; IDE, insulin degrading enzyme; IL1-B, interleukin 1 B; INF, interferon-gamma; IRS1, insulin receptor 

substrate 1; GSK3B, glycogen synthase kinase-3B; JNK, c-Jun N-terminal kinase; PI3K, phosphoinositide 3 

kinase; ROS, reactive oxygen species; T2DM, type 2 diabetes mellitus; Th1, T helper cells 1; TNF-α, tumor 

necrosis factor-α. From (Cummings et al., 2022). 
 

 In conclusion, although diabetes and obesity are considered to induce macrovascular 

complications in the brain, because of the increased risk of stroke, we suggest that both diseases 

could also result in cerebral microvascular complications. Indeed, the cerebral displasticity and 

namely NSC displasticity observed during obesity and/or diabetes could be considered a 

microvascular complication with strong neurological consequences, including 

neurodegeneration, cognitive decline, and increased risk of neurodegenerative diseases. 

Therefore, targeting the BBB could be a therapeutic option to maintain brain homeostasis under 

conditions of metabolic disease.  
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Figure 47: Obesity and diabetes contributing to microvascular complications.  

Both obesity and diabetes lead to blood-brain barrier disruptions that are associated with neuro-inflammation and 

cerebral oxidative stress. Consequently, the neurogenesis and the neural stem cells are affected negatively leading 

to brain disruptions as neurodegenerative diseases, cognitive impairments and dementia.  

 

B.  Why do medicinal plants, A. borbonica and P. mauritianum, show 

different beneficial effects? comparison of the polyphenolic composition 

and the mode of action of the two aqueous extracts 

  

 The aqueous extracts of both medicinal plants, A. borbonica and P. mauritianum, show 

protective effects against the effects induced by obesity, both on the body and on the brain. 

However, the mode of action of these plants seems to be different. For instance, P. mauritianum 

has an anti-weight gain property that is not found for A. borbonica. Both plants harbor a high 

polyphenol content according to Folin-Ciocalteu assay performed in our laboratory thanks to 

Dr. Laura Gence. The polyphenol content was estimated to be 15.1 ± 1.1 mg GAE (Gallic Acid 

Equivalent)/g of dried leaves for A. borbonica and 58.0 ± 7.2 mg GAE/g of dried leaves for P. 

mauritianum. Knowing that the concentration of our aqueous working solution was 0.5 g/L for 

A. borbonica and 0.25 g/L for P. mauritianum, the final total polyphenolic contents at these 

concentrations were around 7.55 mg GAE/L of working solution for A. borbonica and 14.5mg 

GAE/L ok working solution for P. mauritianum. So far, the differential effects observed in our 

experiments could be due to different polyphenol concentration as P. mauritianum has twice 

the polyphenol content of A. borbonica. This could be checked by treating the DIO fish with 

double the concentration of the extract of A. borbonica to have polyphenol concentration close 

to that of extracts from P. mauritianum at 0.25 g/L and look for the effect on the body weight. 
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Regarding the total anti-oxidant capacity, determined by the chemical 2,2-Diphenyl-1-

picrylhydrazyl (DPPH) radical scavenging assay, we observed that P. mauritianum (IC50=1.1 

± 0.2 g/L) has a better antioxidant capacity than A. borbonica (4.5 ± 0.3 g/L) (Control: ascorbic 

acid standard 0.08 ± 0.01 g/L), correlated to its higher polyphenol content. Subsequently, at 

their working concentration, P. mauritianum will be twice more antioxidant than A. borbonica. 

However, the real antioxidant activity should be determined in vivo as it could be different from 

the chemical in vitro DPPH assay. Therefore, the anti-weight gain effect of P. mauritianum 

could due to its higher polyphenol content and/or antioxidant activity, both being correlated. 

 In addition, another possibility regarding the differential effects of the two plants could 

lie in their polyphenolic composition. By comparing the main polyphenols of these two plants, 

we found that they share several ones with different amounts. These common polyphenols 

between A. borbonica and P. mauritianum are caffeic acid and its derivatives, protocatechuic 

acid, coumaroylquinic acid, quercetin and its derivatives as well as kaempferol and its 

derivatives. These compounds were also detected in other independent studies working on 

aqueous or acetonic extract (Checkouri et al., 2020; Veeren et al., 2020; Bonneville et al., 

2021). Among these common phenolic compounds, the concentrations are greatly different for 

some of them and close for others, according to the mass spectrometry quantifications. For 

example, at 1g/L of plant concentration, kaempferol and its derivatives are at quite very low 

quantities, 1.1 ng/ml, for A. borbonica while 300 ng/ml for P. mauritianum (0.55 ng/ml and 75 

ng/ml for at working concentration 0.5 g/L of A. borbonica and 0.25 g/L of P. mauritianum, 

respectively). Concerning caffeic acid and its derivatives, it was found to be 300 ng/ml higher 

in A. borbonica than 200 ng/ml P. mauritianum (150 ng/ml and 50 ng/ml at working 

concentration of A. borbonica and P. mauritianum, respectively). However, for quercetin, it 

was quite similar for A. borbonica (110 ng/ml) and P. mauritianum (130 ng/ml) (55 ng/ml and 

32.5 ng/ml at working concentrations of A. borbonica and P. mauritianum, respectively) 

(Veeren et al., 2020; Ghaddar et al., 2022). 

 In addition, the specific compounds of A. borbonica are coumaric acid and 

feruloylquinic acid, while the specific compounds of P. mauritianum are gallic acid, corosolic 

and asiatic acids. After the quantification of the main polyphenols in each plant, we found that 

caffeic acid and its derivatives, quercetin and its derivatives, and to a lesser extent 

protocatechuic acid, coumaroylquinic acid are the main compounds in the aqueous extract of 

A. borbonica and that gallic acid and kaempferols and to a lesser extent caffeic acid and its 
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derivatives, quercetin and its derivatives correspond to the main polyphenols of P. mauritianum 

(Veeren et al., 2020; Ghaddar et al., 2022). 

 

 
 

Figure 48: Comparison of the polyphenolic content from the aqueous extracts of A. borbonica and P. 

mauritianum.  

The common polyphenols shared between A. borbonica and P. mauritianum are in the common area shared of 

each plant circle and the specific compounds are in the non-common area. The major compounds in A. borbonica 

and P. mauritianum are referred to by small red (a) and (p), respectively, with two letters for the highest amount. 

d means derivatives.  

  

 The potential positive effect of each plant and the designated mechanism of action could 

be exerted by the main polyphenolic compounds, specific compounds or the synergy of all 

compounds with their respective proportions (cocktail effect). A. borbonica shows in our 

experiments and in other in vivo and in vitro models antioxidant property, neuroprotective and 

vascular-protective effects on BBB and on cerebral endothelial cells (Arcambal et al., 2020; 

Delveaux et al., 2020; Ghaddar et al., 2020; Taile et al., 2020; Taile et al., 2021). This 

antioxidant protective property could be conferred by the main compounds of A. borbonica, 

caffeic acid and its derivatives, particularly through its known antioxidant effects and the 

protective effect of the blood-brain barrier in the rodent model of traumatic brain injury (Gulcin, 

2006; Zhao et al., 2012). Knowing that the liver metabolizes caffeic acid in the body into its 

derivatives (caffeoylquinic acid and dicaffeoylquinic acid), it is assumed that the effect of 

caffeic acid is maintained through its metabolites (Piazzon et al., 2012). In addition, caffeic 

acid has been shown to be present in cerebrospinal fluid and to cross the BBB via solute 

transporters, such as monocarboxylic acid transporters, existing on BBB endothelial cells 

(Nalecz, 2017) that actively transport caffeic acid (Grabska-Kobylecka et al., 2020). Therefore, 
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these data could explain the specific brain antioxidant effect of A. borbonica extract by its main 

compound, caffeic acid and also its derivatives. In order to investigate the effect of caffeic acid 

on brain homeostasis in healthy and telencephalic injury conditions in zebrafish, we performed 

intraperitoneal injection (25mg/kg of body weight) for 3 consecutive days and collected the 

brains for further analyses. Our preliminary data demonstrated by RT-qPCR analysis and 

immunohistostaining that caffeic acid has no effect on neurogenesis and brain cell proliferation, 

inflammation, and in the expression of genes involved in brain plasticity (not shown).  

 Regarding P. mauritianum, it also shows antioxidant and BBB-protective properties, 

but at the same time it shows a preventive anti-weight gain effect (Ghaddar et al., 2022). 

Besides, this plant increases feces production in the treated obese fish. Therefore, the positive 

effect of P. mauritianum is probably exerted through the anti-weight gain via gut microbiota 

effect and probably not directly on the brain and BBB like A. borbonica. However, both 

mechanisms could occur simultaneously. The main compounds of P. mauritianum (gallic acid 

and kaempferols) have been presented in the literature as having an anti-obesity effect by 

attenuating the intestinal dysbiosis resulting from obesity (Yang et al., 2020; Bian et al., 2022). 

Some data reported a potential effect of gallic acid, the main and specific component of P. 

mauritianum, on the gut microbiota. It was proved from in vitro and in vivo experimentations 

that gallic acid affects positively the gut microbiota by decreasing the growth of pathogenic 

bacteria (Yang et al., 2020). Gallic acid treatment in HFD mice was shown to improve 

metabolic parameters as glucose intolerance and to increase thermogenesis in the adipose tissue 

(Paraiso et al., 2019)(Fig. 49). In addition, corosolic and asiatic acids that are specific 

polyphenols from P. mauritianum, were reported to have potential beneficial effects on gut 

microbiota (Smith & Mackie, 2004; Ozdal et al., 2016; Molino et al., 2021). Interestingly, 

kaempferols were shown by Bian and colleagues to exhibit similar effects on HFD mice model 

as the effect of P. mauritianum aqueous extracts on the DIO treated fish. HFD mice treated with 

kaempferols displayed lower body weight, fat accumulation and attenuated gut dysbiosis 

compared to HFD non treated mice (Bian et al., 2022). Knowing that kaempferols are among 

the phenolic content of A. borbonica, this could argue why A. borbonica aqueous extract does 

not have similar mode of action as P. mauritianum one. This is possibly due to the different 

quantities of kaempferols present in each plant. Thus, the dominance of certain phenolic 

compounds in P. mauritianum with a potent effect on gut microbiota, could explain the mode 

of action of P. mauritianum, especially with the observed increase in feces production of treated 

fish.  
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Figure 49: Gallic acid treatment improves body metabolism parameters in HFD mice.  

The treatment with gallic acid (100 mg/Kg/body weight) for HFD fed mice improves body metabolism (body 

weight, HDL, total cholesterol, triglycerides), glucose intolerance and increases thermogenesis in adipose tissue. 

Adapted from (Paraiso et al., 2019).  

 Thus, it seems that the distinct mode of actions of each plant are mainly influenced and 

due to their main phenolic compounds and concentration. In this perspective, it is interesting to 

discover the compound or the compound cocktail behind the specific mode of action of plants. 

For A. borbonica, caffeic acid (and its derivatives) is proposed as a candidate for specific action. 

This proposal could be verified by testing the effect of caffeic acid and other major compounds 

of A. borbonica on DIO fish and looking for modified parameters. Similarly, this could be done 

with the major components of the aqueous extract of P. mauritianum such gallic acid, 

kaempferols or its specific triterpenoids (Asiatic and corosolic acids). Furthermore, it should be 

kept in mind that these positive effects displayed by each plant, A. borbonica and P. 

mauritianum, could be the result of a combination of their phenolic contents. Taking into 

account the quantities, this synergy of various phenolic compounds could serve as a medicine 

for diabetic and obese/pre-diabetic patients.  

 When dealing with polyphenols, two main points should be considered, their 

metabolism and half-life. One of the limitations of phenolic compounds in general is the low 

bioavailability or their relatively low half-life (1-28h hours) (Rechner et al., 2002; Manach et 

al., 2005). Polyphenol’s bioavailability and metabolism is a critical point to investigate their 

physiological functions and health effects (Lutz, 2014). When taken by human from plants or 

dietary sources, different process challenges the bioavailability of polyphenols as absorption, 

distribution, metabolism and elimination phases (Rein et al., 2013). In human, it was reported 

that gallic acid is among the most well absorbed polyphenols and is followed by flavanones and 

quercetin and anthocyanins being among the least absorbed polyphenols (Rein et al., 2013). In 
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addition, the relative urinary excretion 18 different studied polyphenols in human was ranging 

from 0.3% to 43% of the ingested dose (Manach et al., 2005). This sheds the lights on the 

importance of analyzing the phenolic metabolites from A. borbonica and P. mauritianum 

extracts, their absorption and relative excretion in the zebrafish treated model.  

 In conclusion, A. borbonica and P. mauritianum are two promising medicinal plants 

that show beneficial effects on disorders induced by obesity and/or hyperglycemia, although 

their modes of action are probably different. Both plants showed high polyphenolic content and 

high antioxidant capacity. The major polyphenolic compounds in each plant were shown to 

alleviates metabolic disruptions resulting from obesity in a way similar to that observed by the 

plant extracts. This indicate that the specific mode of action of A. borbonica and P. 

mauritianum could be due to its polyphenolic contents, that is hypothesis to be tested.  

 

C.  Advanced steps beyond: From zebrafish to preclinical models  

  

In few years, zebrafish has demonstrated its relevance to develop and mimic human 

diseases, namely diabetes and obesity. Our DIO model and several other ones developed by 

different laboratories share common features with mammalian and human obesity (Oka et al., 

2010; Landgraf et al., 2017; Montalbano et al., 2019; Ghaddar et al., 2020; Ghaddar et al., 

2021a). Increased BMI, hyperglycemia, liver steatosis and oxidative stress are all observed 

outcomes found in overweight/obese zebrafish, rodents and human. Similarly, at the level of 

the brain, our model and others using zebrafish shows common impairments with mammals as 

BBB breakdown, neuro-inflammation, increased oxidative stress and impaired neurogenesis 

(Ghowsi et al., 2021). These data demonstrate that zebrafish could be an alternative model to 

study the effects of metabolic perturbations at the peripheral and central levels. 

Zebrafish can be considered as a “fast” model to develop overweight/obesity 

considering the short time necessary to develop metabolic complications. Indeed, in solely 4 

weeks, we induced body and brain alterations similarly as observed in rodent models (Wu et 

al., 2021; de Leon-Guerrero et al., 2022; Lama et al., 2022). This advantage facilitates the 

investigation process, especially with the need to repeat independently the experiments. The 

conserved signaling pathways between zebrafish and mammals, particularly the ones involved 

in the regulation of neurogenesis such as Wnt/β-catenin, Notch, brain derived neutrophic factor 

(BDNF) (Faigle & Song, 2013; Hamada et al., 2014; Cacialli et al., 2016; Schultz et al., 2017), 

allows to explore more easily their involvement in brain disruption induced by metabolic 
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diseases. Therefore, it is now very important to elucidate the disrupted mechanisms sustaining 

the decreased NSC plasticity observed during hyperglycemia and/or obesity in zebrafish. 

Interesting signaling pathways to study include Notch signaling, BMP/Id1 signaling, and also 

glucocorticoid stress hormones, as recently suggested in our submitted review (Ghaddar et al., 

2021b). 

 Despite all the previously mentioned advantages for zebrafish, this model has certain 

limitations. When considering therapeutic treatments and their mode of administration, it is 

different in zebrafish (immersion) than mammalian models (intraperitoneal/intravenous 

injection). In addition, due to the strong regenerative capacity in the zebrafish, the destructive 

outcomes on this model could be less pronounced than that in other models with less 

regenerative capacity. Furthermore, protein-coding regions of the zebrafish and human genome 

are 70 % while being higher in other models as mouse and human genomes that are 85 % 

identical. Thus, it is always crucial to proceed a step forward to other mammalian preclinical 

models.  

 The interesting beneficial effects we obtained with A. borbonica and P. mauritianum 

against obesity and its deleterious effects whether on the body or the brain are important to be 

confirmed in rodent preclinical models such as db/db, ob/ob, or HFD/DIO models. In addition, 

increased feces production in zebrafish treated with P. mauritianum reflects an effect on 

microbiota. It is essential to study this aspect in depth to find out if it affects the microbiota of 

mammals and humans and by what mechanisms.  If such research is conducted, these medicinal 

plants could serve as a medical alternative with more precision on their uses and toxic doses in 

human subjects with obesity and/or diabetes. 

 As an attempt to increase polyphenols bioavailability, zebrafish could serve as a relevant 

model for achieving this goal. Increasing the bioavailability of the polyphenols presented in the 

A. borbonica and P. mauritianum extracts could be promising therapies for ameliorating 

metabolic conditions and brain homeostasis that are altered in obese and/or diabetic subjects. 

Among the well-known and safe drug delivery system are the high-density lipoproteins (HDLs) 

(Ma et al., 2018), for which our laboratory has a strong expertise. HDLs can normally circulate 

for extended period (circulating half-life:12-24 hours) allowing the transport of lipids, proteins 

and microRNA (Vickers et al., 2011; Kuai et al., 2016). Using HDLs as a drug delivery system 

is of great interest due to the non-immunogenic property and being completely biodegradable 

(Ma et al., 2018). Scavenger receptor B type I (SCARB1 or SR-BI), ATP-binding cassette 
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transporters ABCA1 and ABCG1, and the cluster of differentiation 36 (CD36) represents the 

main HDL receptors in mammals (Calvo et al., 1998; Fidge, 1999). Besides, the HDL receptors 

are widely expressed in the brain including the cerebral endothelial cells, neurons and 

microglial cells (Ghussen & Kruger, 1989; Lein et al., 2007). A successful example for HDL 

delivery is the HDL particles loaded with curcumin developed in our laboratory. They display 

a strong protective effect on ROS production, endothelial cell barrier integrity, and endoplasmic 

reticulum stress for endothelial cells exposed to Methylglyoxal, a highly reactive metabolite of 

glucose (Narra et al., 2022).  

 Recently, we have shown by in situ hybridization and RNA sequencing analysis that the 

brain of adult zebrafish widely expresses HDL receptors: scarb1, abca1a, abca1b, abcg1, and 

cd36 (Sulliman et al., 2021). In addition, we showed that NSCs in zebrafish express scarb1. 

After an intra-cerebroventricular or an intraperitoneal injection of HDLs, we detected HDLs in 

neural stem cells or in endothelial cells respectively, demonstrating their efficient uptake 

(Sulliman et al., 2021)(Annex 1, page: 231). In addition, after a telencephalic injury, an 

intraperitoneal injection of HDLs were able defuse through the brain parenchyma and to be 

taken up by NSCs (Sulliman et al., 2021). Therefore, these findings are of great interest and 

open the avenues forward for trying to load the HDL particles with a synergy of polyphenols 

from each plant extract and/or their main compounds in order to increase their bioavailability 

and their capture by NSCs and BBB. Similarly, HDL particles loaded with polyphenols from 

A. borbonica and P. mauritianum could be injected to obese or diabetic mice models as ob/ob 

and db/db in order to improve metabolic and brain parameters. However, we should consider 

that in order to incorporate efficiently polyphenols within HDL particles, they should show 

some hydrophobic properties (or should be chemically modified). 

 In conclusion, the zebrafish is an alternative model for the study of metabolic diseases 

and their impact on the central nervous system. It could be used to screen various extracts to 

select the most potent and study them in preclinical models. 
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Conclusion 
 

In conclusion, this current study has offered new and detailed insights into the effects of diet-

induced obesity on brain homeostasis using zebrafish. Using our simple and rapid model of 

diet-induced obesity, we have shown that the results overlap at the periphery and brain level in 

zebrafish and mammals. This advantage opens perspectives to study the mechanisms behind 

brain perturbations, namely blood-brain barrier leakage and neurogenesis in metabolic diseases. 

Understanding the onset of altered brain homeostasis, starting from blood-brain barrier 

impairment, neuro-inflammation and oxidative stress, will help research to develop new 

strategies to limit brain damage in obese and prediabetic/diabetic conditions. The other part of 

this study focused on medicinal plants endemic to Reunion Island and on their potential 

preventive and/or therapeutic effect in vivo. The two plants, A. borbonica and P. mauritianum, 

have proven to be judiciously selected to combat metabolic disorders and their subsequent 

negative effects on the brain resulting from diet-induced obesity in our experimental conditions. 

The reliable DIO zebrafish model treated with the plants paves the way for the investigation of 

A. borbonica and P. mauritianum effects on preclinical models to confirm their positive effect 

against the complications resulting from obesity and prediabetes, as well as the identification 

of the compound or compound cocktail sustaining their beneficial effects. 
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Résumé 
 

L'obésité est une épidémie mondiale qui entraîne de nombreux problèmes de santé et constitue un 

facteur de risque pour le développement du diabète de type 2. A la Réunion, ces maladies sont largement 

répandues dans la population. L'obésité et le diabète ont en commun plusieurs perturbations métaboliques et 

sont impliqués dans la perte de l’homéostasie et de la plasticité cérébrales, contribuant au développement de 

troubles cognitifs. Les mécanismes à l'origine de ces altérations au niveau central ne sont pas bien compris. 

En outre, aucune thérapie n'a encore été établie pour prévenir les perturbations du cerveau dans ces 

pathologies. 

L'objectif de cette thèse est d'étudier l'impact de l'obésité/du diabète sur l'homéostasie et la plasticité 

du cerveau, puis de contrecarrer ces effets délétères à l'aide d’extraits de plantes médicinales réunionnaises. 

Pour ce faire, nous avons mis en place un protocole d'obésité induite par un régime alimentaire (DIO) chez 

le poisson zèbre (Danio rerio). Ce dernier apparaît comme un modèle pertinent pour mimer les perturbations 

métaboliques associées à l’obésité et au diabète, mais aussi pour étudier l’homéostasie et la plasticité 

cérébrale (ex : barrière hémato-encéphalique (BHE) et neurogenèse).  

Notre modèle DIO, établi par une surnutrition de poissons adultes pendant 4 semaines, a entraîné 

des troubles métaboliques et une perte d’homéostasie du système nerveux central (SNC). En effet, les 

poissons DIO présentaient une augmentation du poids corporel, et de l'indice de masse corporelle (IMC), une 

hyperglycémie, une stéatose hépatique et un déséquilibre de la balance redox. Dans le SNC, nous avons 

observé une augmentation de la perméabilité de la BHE, une neuro-inflammation, un stress oxydatif et une 

diminution de la neurogenèse. De plus, un changement de comportement locomoteur a été observé chez les 

poissons obèses. 

Dans une autre étape, nous avons étudié les possibles propriétés bénéfiques de deux plantes 

réunionnaises inscrites à la pharmacopée française : Antirhea borbonica (A. borbonica) et Psiloxylon 

mauritianum (P. mauritianum). Ces deux plantes sont traditionnellement utilisées pour leurs effets positifs 

sur les perturbations métaboliques : effets « anti-diabétiques » pour A. borbonica et « anti-

cholestérolémiques » pour P. mauritianum. Cependant, les données scientifiques soutenant ces propriétés 

font cruellement défaut. 

Tout d'abord, l'analyse chimique de l'extrait aqueux d'A. borbonica et de P. mauritianum a révélé 

une abondance en polyphénols corrélée à leurs propriétés antioxydantes. L'analyse par chromatographie en 

phase liquide avec spectrométrie de masse en tandem (LC-MS/MS) nous a permis de déterminer la nature 

des composés polyphénoliques de chaque extrait. Ensuite, nous avons réalisé des tests de toxicité selon la 

ligne directrice 36 de l'OCDE (Organisation de coopération et de développement économiques) (OCDE, 

2013). Ceci nous a permis de définir une concentration maximale non toxique pour chaque extrait.  

Le traitement avec l'extrait aqueux d'A. borbonica pendant les 4 semaines du protocole de 

surnutrition (DIO) a démontré des propriétés préventives contre les effets délétères de la suralimentation sur 

le SNC. En effet, A. borbonica a préservé la fonctionnalité de la BHE, a empêché l'augmentation du stress 

oxydatif cérébral et de la neuro-inflammation, mais a également normalisé la neurogenèse dans certaines 

régions.  

De même, l'extrait aqueux de P. mauritianum a été testé sur des poissons adultes surnutris (DIO) et 

sur des larves traitées par un régime riche en graisse (HFD). Le traitement avec P. mauritianum a empêché 

l'accumulation de lipides chez les larves HFD.  De plus, il a évité l'augmentation du poids corporel, de l'IMC, 

de la glycémie et le développement d’une stéatose hépatique chez les poissons DIO. De plus, P. mauritianum 

a montré un effet protecteur sur le SNC, probablement grâce à ses propriétés anti-obésogène de poids. Nous 

émettons l’hypothèse que P. mauritianum pourrait affecter de manière importante l'absorption et le 

métabolisme des lipides, probablement en modulant le microbiote intestinal. 

En conclusion, au cours de cette thèse, nous avons développé un modèle de sunutrition (DIO) simple 

et rapide induisant des perturbations périphériques et centrales similaires à celles rencontrées chez les 

mammifères. Pour la première fois, nous avons étudié la toxicité d'un extrait aqueux des deux plantes 

médicinales A. borbonica et P. mauritianum. Nous avons confirmé leurs effets bénéfiques à des 

concentrations non toxiques sur différents paramètres métaboliques et sur le cerveau en utilisant un modèle 

de poisson zèbre présentant des caractéristiques d'obésité et de prédiabète. Ensemble, ces données mettent en 

valeur l'utilisation du poisson zèbre pour mimer des maladies métaboliques et pour cribler des propriétés 

d’intérêts d’extraits de plantes médicinales. 

 

Mots-clés : obésité barrière hémato-encéphalique, diabète, inflammation, neurogenèse, stress oxydatif, 

système nerveux central,   
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Abstract 

Obesity is a worldwide epidemic leading to many health concerns and is a risk factor for the 

development of type 2 diabetes. In Reunion Island, obesity and diabetes are widely spread among the 

population. Both diseases share several metabolic disorders and have been recently implicated in 

deteriorating brain health, contributing to cognitive impairments. The mechanisms behind the onset of 

altered brain homeostasis are not well understood. Besides, no therapy has yet been established to 

prevent brain disruptions. 

The aim of this thesis is to study the impact of obesity/prediabetes on brain homeostasis and 

cerebral plasticity, and then to alleviate these deleterious effects using medicinal plants from Reunion 

Island. To this end, we set up a diet-induced obesity (DIO) protocol in zebrafish (Danio rerio). Zebrafish 

recently emerges as a relevant model to mimic metabolic diseases (obesity and diabetes), and to 

investigate brain homeostasis and plasticity (i.e., blood-brain barrier (BBB) and neurogenesis).  

Our DIO model, established by overfeeding adult zebrafish for 4 weeks, resulted in metabolic 

disorders and loss of central nervous system (CNS) homeostasis. Indeed, DIO fish displayed increased 

body weight and body mass index (BMI), hyperglycemia, liver steatosis and disturbed redox balance. 

In the central nervous system, overfeeding led to BBB leakage, neuro-inflammation, cerebral oxidative 

stress and decreased neurogenesis. As well, a change in the locomotor behavior was observed in obese 

fish. 

In a next step, we tested the potential beneficial properties of two Reunionese plants registered 

in the French pharmacopeia: Antirhea borbonica (A. borbonica) and Psiloxylon mauritianum (P. 

mauritianum). Both plants were traditionally used for their positive effects on metabolic disruptions as 

“anti-diabetic” effects for A. borbonica and “anti-lipidemic” for P. mauritianum. However, the scientific 

data supporting these properties are lacking. 

First, the chemical analysis of aqueous extract of A. borbonica and P. mauritianum revealed 

their abundance in polyphenols, correlated to their antioxidant properties. LC-MS/MS analysis was used 

to determine the nature of the polyphenolic compounds in each extract. Next, we performed toxicity 

assays using OECD guidelines 36 (Organization for Economic Co-operation and Development) (OECD, 

2013) and defined a maximum non-toxic concentration for each extract.   

The overnight treatment with aqueous extract of A. borbonica (0.5g/L) during the DIO protocol 

demonstrated its preventive properties against the deleterious effects on the CNS induced by 

overfeeding. Indeed, A. borbonica preserved the BBB function, prevented the increase in cerebral 

oxidative stress, neuro-inflammation and normalized neurogenesis.  

Similarly, the aqueous extract of P. mauritianum (0.25 g/L) was tested on adult DIO zebrafish 

and in high-fat diet (HFD) treated larvae. The treatment avoided lipid accumulation in HFD larvae. It 

also prevented body weight increase, BMI, hyperglycemia and liver steatosis in adult DIO zebrafish. 

Furthermore, brain homeostasis seems to be preserved probably through P. mauritianum anti-weight 

gain properties. We suggested that P. mauritianum could significantly affect lipid absorption and 

metabolism possibly through the modulation of gut microbiota. 

In conclusion, during this thesis, we have developed a simple and rapid overfeeding (DIO) 

model inducing peripheral and CNS disruptions similar to those encountered in mammals. For the first 

time, we studied the toxicity of aqueous extract of the two medicinal plants A. borbonica and P. 

mauritianum. We confirmed their beneficial effects on different metabolic parameters and on the brain 

using zebrafish model of obesity and prediabetes. Together, these data highlight the use of zebrafish to 

mimic metabolic diseases and to screen the beneficial properties of medicinal plants extracts. 
 

Key words: blood-brain barrier, central nervous system, diabetes, inflammation, neurogenesis, obesity, 

oxidative stress. 
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