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Résumé

Le diabete est un probléme majeur de santé publique. Il est caractérisé par une hyperglycémie,
une résistance a 1’insuline et est associ¢ a des complications macro et micro vasculaires. En
situation de diabétes, la concentration de méthylglyoxal (MGO) est augmentée. Le MGO est un
précurseur des produits avancés de glycation (AGE) et il induit un stress oxydatif, une
inflammation et un stress du réticulum endoplasmique. Ces Stress jouent un réle important dans
les dysfonctions endothéliales et de la barriere hématoencéphalique ainsi que dans le retard de
réparation des lésions.

L’objectif de ma these a été d’améliorer la délivrance de curcumine, une molécule d’origine
végétale. La curcumine a plusieurs effets bénéfiques tel que des activités anti oxydantes et anti
inflammatoires, mais ces effets sont limités par son hydrophobicité. Des nanovecteurs tel que
des protéines de hautes densités (HDL) ou des micelles peuvent améliorer la délivrance de la
curcumine.

L’effet de la curcumine, vectorisée par des HDL ou par des micelles, a été évaluée dans deux
modeles différents : la protection de cellules endothéliales en présence de MGO in vitro et in
vivo, la régénération de la nageoire caudale chez le poisson zebre.

Des nanoparticules de rHDL associées avec la curcumine (Cur-rHDLs) ont été préparées par
ultracentrifugation apres avoir mélangé brievement les HDL avec la curcumine. Une analyse par
LC-MS/MS a permis de quantifier la curcumine associée aux HDL. Les cellules endothéliales
cérébrales Bend3 ont été prétraitées 1 heure en présence de rHDL, de curcumine ou de Cur-
rHDLs puis incubées en présence de MGO. Sur des cellules traitées par du MGO, la Cur-rHDLs
a montré un effet protecteur en réduisant la cytotoxicité, la production d’especes radicalaires
d’oxygene, le stress du réticulum endoplasmique et la condensation de la chromatine. Elle
améliore également I’intégrité des cellules endothéliales compromise par le MGO. La Cur-
rHDLs a un effet synergique en comparaison des effets de la curcumine ou des rHDLs seuls.

Des micelles de polysaccharide d’algues (des carraghénanes) associées avec de la curcumine
(Cur-micelles) ont été préparées en copolymérisant des oligocarraghénanes (carraghénanes
digérées) avec du polycaprolactone. La curcumine a été associée aux micelles par la méthode
d’évaporation de I’acétone. Les Cur-micelles ont été caractérisées par des analyses de
spectroscopie de résonance magnétique nucléaire et de diffusion dynamique de la lumiere. Dans
ce modele, les Cur-micelles augmentent le recrutement des macrophages et des neutrophiles au
site de la Iésion ainsi que la taille de la surface de la nageoire régénérée. Les Cur-micelles ont
également un effet synergique en comparaison des effets de la curcumine ou des micelles seules.

Ces travaux montrent les effets bénéfiques des Cur- rHDLs sur des cellules endothéliales en
présence de MGO et des Cur-micelles sur la régénérescence de la nageoire caudale des poissons
zeébres. Ils permettent une meilleure compréhension de ces approches et ouvrent de nouvelles
perspectives de recherche pour le développement de thérapies dans le cadre de complications
vasculaires associées au diabete.
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Abstract

Diabetes is a major health issue worldwide. It is characterized by hyperglycemia, insulin
resistance and is associated with many microvascular and macrovascular complications.

In diabetic conditions, methylglyoxal (MGO) levels are increased. MGO is a major precursor of
advanced glycation end products (AGE) formation and it induces cellular oxidative stress,
inflammation and endoplasmic reticulum (ER) stress. These cellular stresses play a crucial role
in endothelial and blood brain barrier (BBB) dysfunctions and also delay the wound healing.

My thesis objective was to improve the drug delivery of a plant derived compound (Curcumin).
Curcumin has several beneficial properties such as antioxidant and anti-inflammatory properties
but its effects are limited due to its hydrophobic nature. Nano-vectors such as High Density
Lipoprotein (HDL) or micelles may help to improve the delivery of curcumin.

Curcumin vectorized by HDL or micelles were evaluated in two different models: in vitro brain
endothelial cell protection from methylglyoxal and in vivo tail regeneration in Zebra fish.

Curcumin loaded rHDL nanoparticles (Cur-rHDLs) were prepared by mixing HDL and curcumin
briefly followed by ultracentrifugation. Amount of curcumin loaded was quantified by LC-
MS/MS analysis. Brain endothelial cells (Bend3), were pre-treated with tHDL, curcumin and
Cur-rHDLs for 1h before co-incubating with MGO. Cur-rHDLs showed a protective effect by
reducing the cytotoxicity, reactive oxygen species (ROS) production, ER stress, and chromatin
condensation induced by MGO. It also improved the endothelial cell integrity impaired by MGO.
Cur-rHDLs showed a synergistic effect compared to curcumin or rHDL alone.

Curcumin loaded carrageenan polysaccharide micelles (Cur-micelles) were prepared by using
oligocarrageenan (digested carrageenan) copolymerized with polycaprolactone. Curcumin was
loaded by acetone volatilization method. Cur-micelles were characterized by nuclear magnetic
resonance analysis and dynamic light scattering analysis. On the Zebrafish tail amputation
model, Cur-micelles increased macrophages and neutrophils recruitment to the site of tail injury
and had a positive impact on the tail regeneration by increasing the tail regenerative area. Cur-
micelles also showed a synergistic effect compared to curcumin or micelles alone.

These studies show the potential beneficial effects of Cur-rHDLs and Cur-micelles on MGO
stimulated endothelial cells and on zebrafish tail regeneration, respectively. They open new
research perspectives to further investigate and understand the mechanisms that can be used to
develop therapeutics for diabetic vascular complications.
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General Introduction

Diabetes is a serious metabolic disorder that is one of the major causes of mortality worldwide.
Its prevalence is increasing rapidly throughout the world. Itis associated with high blood glucose
levels (hyperglycemia) and its abnormal regulation (insulin resistance) can trigger the
inflammatory, oxidative stress and endoplasmic reticulum stress responses which plays a key
role in the progression and development of diabetic vascular complications. Vascular
complications involve the structural and functional damage to blood vessels including the brain
vessels, which can lead to the origin of stroke. Stroke is a condition where the brain is deprived
of oxygen and nutrients supply due to the blockage of the brain blood vessels. Stroke is also a
major issue of mortality worldwide. Stress associated with diabetes contributes to the damage
of brain blood vessels (endothelial dysfunction) and permeability of blood-brain barrier (BBB).
Endothelial cells line the blood vessels and maintain their proper functioning. BBB is composed
of a neurovascular unit that includes endothelial cells associated with other cells (microglia,
astrocytes, and pericytes) and is a selective barrier present in the brain region. BBB allows the
passage of only certain molecules from the blood to the brain region to support the brain growth

and function. Endothelial dysfunction is the major contributor to diabetic vascular complications.

Diabetic vascular complications also include peripheral artery disease (PAD). Prolonged diabetic
condition is associated with PAD that involves the blockage and narrowing of blood vessels in
the foot region due to fat deposition (atherosclerosis). PAD development and progression
involves endothelial dysfunction, vascular inflammation, abnormalities in smooth muscle cells,
blood cells and platelets that result in increased plaque formation and atherosclerosis. PAD is
associated with stroke and mortality in diabetic conditions. It causes long-term disabilities in
diabetic patients resulting in an increased risk of amputation of lower extremities. Diabetic foot
ulcers, an outcome of PAD, is a chronic condition associated with failure of wound healing and
results in foot amputation. Wound healing capacity is reduced or lost in diabetes condition.
Oxidative stress and inflammatory processes are involved in the impaired diabetic wound

healing.

Various polyphenol molecules derived from plant sources have many therapeutic properties
including antioxidant, anti-inflammatory, anti-diabetic and wound healing properties. Therefore

they are being widely used in therapeutics. Hydrophobic polyphenol molecules such as curcumin
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and resveratrol use are limited in therapeutics due to their poor solubility and poor bioavailability.
To overcome this limitation and improve the therapeutic benefits of hydrophobic drugs various
nanoparticle drug delivery systems such as HDL and micelles are being developed for different

pathophysiological conditions.

The use of HDL and micelles made of marine polysaccharides as drug delivery systems are newly

emerging as they are biodegradable and less toxic.

This study focuses on preparing and characterization of HDL, micelles nanoparticles loaded with
curcumin drug molecule. And these curcumin loaded nanoparticles were used to limit the impact
of cellular stress on cerebrovascular damage concerning stroke and wound healing mechanisms

in diabetic condition.
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I. Diabetes and its pathophysiology in vascular complications

1.1 Diabetes and its prevalence

Metabolic diseases, such as diabetes, are one of the major causes of deaths worldwide. Diabetes
is caused by many factors including sedentary lifestyle, lack of physical exercise, age, junk food
and genetics (Naslafkih & Sestier, 2003). It is one of the top 10 causes of death globally. The
risk of diabetes is associated with cardiovascular diseases, stroke, chronic liver, kidney diseases,

cancer and other infections (Bragg et al., 2017; Policardo et al., 2015).

Diabetes prevalence has reached pandemic proportions, reported to be 9% of the population
affecting 463 million adults worldwide in 2019. By 2021 about 536.6 million adults are affected
with diabetes and it is estimated that 783.2 million people will be affected by 2045. The global
prevalence of diabetes (20-79 years adults) is 10.5 %. The prevalence of diabetes is variable with
age, sex and region. Diabetes is found to be more prevalent in men (10.8%) than in women
(10.2%) and found to be higher in 75-79 years adults (24%). The Prevalence of diabetes has
increased in recent decades in most developed and developing countries (Dwyer-Lindgren,
Mackenbach, van Lenthe, Flaxman, & Mokdad, 2016). The comparative prevalence of diabetes
is higher in middle-income and low-income countries than high-income countries. The
prevalence in urban areas is estimated to be 12.1 % and in rural areas 8.3 %. Global burden of
diabetes has increased significantly in recent decades and is estimated to increase further in the

coming years (H. Sun et al., 2022).

In France, prevalence of diabetes accounts for 8.6% (of adults) in 2022. Prevalence of diabetes
mainly type 2 diabetes is increasing alarmingly in the French overseas than in mainland France.

In India About 74.2 million people (adults) are by diabetes in 2021 (H. Sun et al., 2022).

Diabetes is a chronic metabolic disorder characterized by high blood glucose, impaired insulin
secretion and insulin action (insulin resistance). The fasting glucose levels exceed 1.26g/L in the
blood which is way beyond normal blood glucose levels (Gillett, 2009). Diabetes is classified as
type-1, type-2, gestational diabetes and other specific types of diabetes (neonatal diabetes,
diseases of exocrine pancreas and drug or chemical induced diabetes) (American Diabetes,

2021).

Type-1 diabetes is the deficiency of insulin production by pancreatic beta cells that can be due

to the loss of beta cells by autoimmune destruction (Greenbaum et al., 2009; Hull, Peakman, &
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Tree, 2017). It is known as insulin-dependent diabetes which accounts for 10% of the total
diabetic cases. Various factors including environmental factors, reduced physical activity,
genetic factors and immunogenic processes (including infiltration of lymphocytes and
monocytes) (Babon et al., 2016; Michels et al., 2017) are associated with the progression of type-
1 diabetes. Type-1 diabetic complications include hypoglycemia (Feltbower et al., 2008) and
ketoacidosis (Skrivarhaug et al., 2006).

Type-2 diabetes is the loss of sensitivity to respond to insulin (insulin resistance) which impairs
the regulation of insulin production by pancreatic beta cells (Mahler & Adler, 1999). It is known
as non-insulin-dependent diabetes which is the most common type of diabetes that accounts for
90% of the total diabetic cases. It is characterized by insulin resistance (Botero & Wolfsdorf,

2005) and hyperglycemia (Cryer, 2012).

Gestational diabetes is the risk of development of diabetes in pregnant women during their
pregnancy. It can either be a short-term prevalence until the delivery of the baby or prolongs
after the delivery (Naylor, Sermer, Chen, & Sykora, 1996). However, it is a risk factor for both
typel and type 2 diabetes (Expert Committee on the & Classification of Diabetes, 2000). Women
who develop type 1 and undiagnosed type 2 diabetes are classified under gestational diabetes. It

develops mostly during the third trimester of pregnancy (Schmidt et al., 2001).
1.2 Diabetic complications

Diabetic complications include microvascular and macrovascular complications.

Diabetic complications

Microvascular Macrovascular

/;-«\v
Retinopathy @
L g
Nephropathy (I
ephropathy ]

Neuropathy
/ Peripheral vascular disease
77

Cerebrovascular disease

Coronary heart disease

Figure 1: Diabetic microvascular and macrovascular complications (Gelfand & Wan,
2018).

24



1.2.1 Microvascular complications of diabetes

Diabetic microvascular complications include retinopathy, neuropathy and nephropathy (Fig 1).
Diabetes is more associated with macrovascular complications than microvascular complications
in terms of mortality rate. Microvascular complications are induced by different factors including
oxidative stress, inflammation, hyperglycemia and advanced glycation end products (AGEs)

(Peppa & Vlassara, 2005).

Diabetic Neuropathy

Diabetic Neuropathy is the damage caused to the nerves in diabetes condition. The peripheral
nerve injury occurs at an early stage of diabetes during low glycemic levels. Depending on the
site of nerve damage the sensory symptoms include tingling, numbness and pain; motor
symptoms include weakness and autonomic changes such as urinary symptoms (J. A. Cohen,
Jeffers, Faldut, Marcoux, & Schrier, 1998). These symptoms are caused by small blood vessel
dysfunction that supplies blood to the nerves, resulting in microvascular injury (Q. Yang et al.,
2001). Advanced glycation end products (AGEs), oxidative stress and hyperglycemia are known
to mediate nerve damage resulting in diabetic neuropathy (Eid et al., 2019; Vincent & Feldman,

2004).

Diabetic Retinopathy

Diabetic retinopathy is the damage of retinal blood vessels and neurons in diabetes, which is also
known as diabetic eye disease. Long-term diabetes is associated with the development of
retinopathy (Cheung, Mitchell, & Wong, 2010). Reduced blood flow due to the thinning of
retinal arteries, dysfunction of the blood-retinal barrier and leakage of blood contents into the
macular edema area results in blurred vision (Stitt et al., 2016). Hyperglycemia contributes to
the damage of retinal blood vessels leading to blood loss, ischemia and dysfunction of retinal
neurons and glial cells in the early non-proliferative diabetic stage (Frey & Antonetti, 2011). In
the later advanced proliferative diabetic stage, new abnormal blood vessels are formed
(neovascularization) which are fragile that can burst and bleed (vitreous haemorrhage) (X.

Zhang, Zeng, Bao, Wang, & Gillies, 2014).

Diabetic Nephropathy

Diabetic nephropathy is the loss of kidney function due to damage of blood vessels in diabetes

also known as diabetic kidney disease (Z. Zheng & Zheng, 2016). High blood glucose is involved
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in the pathophysiology of diabetic nephropathy. Nephropathy involves many stages from
hyperfiltration, microalbuminuria, macroalbuminuria and nephrotic proteinuria to end-stage
renal disease. Damage to glomeruli blood vessels of the kidney leads to hypertension and
hyperfiltration in the early stages of nephropathy and renal fibrosis is the major mechanism that
leads to end-stage renal disease (Tervaert et al., 2010). Diabetes associated glucose metabolism
deregulation, inflammation, over-activated renin-angiotensin-aldosterone system, oxidative

stress and advanced glycation end products (AGEs) lead to renal fibrosis (Jude et al., 2002).

1.2.2 Macrovascular complications of diabetes

Macrovascular complications include stroke, peripheral artery disease, cerebrovascular disease

and coronary heart disease (Fig 1).

Coronary heart disease

Coronary heart disease involves narrowing of coronary arteries, reduced blood flow and plaque
formation in coronary arteries. It is also known as coronary artery/ischemic heart disease
(Deedwania & Fonseca, 2005; Y. Wang, Yu, Fan, & Cao, 2012). The atherosclerotic plaque is
formed by the accumulation of lipids, calcium and abnormal immune cells inside the coronary
arteries (Nishio, 2016). Plaque formation hardens the arteries and partially obstructs the blood
flow which can result in coronary heart disease (Onat, Donmez, Karadeniz, Cakir, & Kaya,

2014).

Peripheral artery disease

Peripheral artery disease involves the narrowing of the arteries that supply blood to the body
except to the heart and brain regions (S. L. Yang et al., 2017). This mostly affects the leg region
but also includes neck, kidneys and arms (Viigimaa et al., 2020). Peripheral artery disease
associated with diabetes is involved in the high risk of amputations (Barnes, Eid, Creager, &
Goodney, 2020). Atherosclerosis associated plaque formation in the arteries, and clot formation
(thrombosis) together cause the narrowing of blood vessels resulting in the lack of oxygen

(hypoxia) and blood supply to the various tissues of the body (Farber & Eberhardt, 2016).

Cerebrovascular disease in diabetes

Diabetic cerebrovascular disease involves the dysfunction of blood vessels and the blood
circulation of the brain region resulting in stroke (McCrimmon, Ryan, & Frier, 2012).

Atherosclerosis and hypertension contribute to the risk of cerebrovascular disease. Stroke is of
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two types, ischemic stroke involves the blockage of blood vessels and reduced blood supply to
the brain; hemorrhagic stroke involves rupture of the blood vessels and bleeding into the
cerebrospinal fluid of the brain region (Shishkova & Adasheva, 2021). Atherosclerosis and
thrombosis cause the narrowing of arteries that results in ischemic stroke and hypertension which
can lead to hemorrhagic stroke (Chavda, Vashi, & Patel, 2021). This reduced blood flow to the
brain (ischemia), if prolonged can result in hypoxia (lack of oxygen) that further causes brain

cell damage (Zhou, Zhang, & Lu, 2014).

1.3 Pathophysiology of diabetic vascular complications

The Progression and development of vascular complications are associated with various factors

of diabetes that lead to endothelial dysfunction (Fig 2) (Domingueti et al., 2016).

Hyperglycemia, by modifying the nitric oxide (NO) production and reactive oxygen species
(ROS) accumulation leads to endothelial dysfunction (Tesfamariam, Brown, & Cohen, 1991).
Nitric oxide is a key mediator secreted by the endothelium (R. A. Cohen, 2005). NO is a
vasodilator that has anti-platelet, anti-proliferative and anti-inflammatory properties. Reduced
NO biosynthesis and availability are associated with cardiovascular diseases (Schalkwijk &
Stehouwer, 2005). Increased ROS production by mitochondria is linked to hyperglycemia which
in turn triggers ROS mediated cellular mechanisms including increased intracellular levels of the
glucose metabolite methylglyoxal, advanced glycation end products (AGE) synthesis and NFkB
mediated inflammation that is involved in the development of vascular complications of diabetes
(Nishikawa et al., 2000). Methylglyoxal plays a role in the pathophysiology of diabetic
complications by AGEs accumulation, oxidative stress and endothelial dysfunction. AGE-RAGE
signaling leads to cellular dysfunction by activation of ROS production and deregulation of

enzymes involved in vascular homeostasis (Giacco & Brownlee, 2010).

1.3.1 Role of hyperglycemia in diabetic vascular complications

Glucose homeostasis is maintained by the neuroendocrine system which regulates the
production, cellular uptake and utilization of glucose by the cells (Papachristoforou, Lambadiari,
Maratou, & Makrilakis, 2020). Several hormones regulate the glucose levels in the body
including insulin, epinephrine, cortisol, glucagon, growth hormone and glucagon like peptide-1.
Glucose is mostly produced by the liver either by gluconeogenesis or glycogenolysis pathways.
Pancreatic beta cells produce insulin that regulate glucose levels by increasing glucose uptake

during glycogenolysis and reducing during gluconeogenesis (Crecil Dias, Kamath, &
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Vidyasagar, 2020). Whereas during injury and stress conditions glucagon stimulates the
upregulation of gluconeogenesis and raises the glucose levels to meet the cellular metabolic
needs. Insulin and glucagon play a major role in glucose regulation via the liver and pancreatic
islet cells that can directly sense the glucose concentrations in the blood. Imbalance in this
hormonal regulation of glucose can result in increased blood glucose levels leading to

hyperglycemia (Campbell & Drucker, 2015).

Glucose transporters Location Function
Responsible for basal
GLUT-1 Widespread glucose uptake.
Insulin dependent
Renal tubules, .
small  intestine Ensures rapid glucose
GLUT-2 . ’ uptake by  liver.
liver, and ..
. Insulin independent
pancreatic 3 cells
Possibly most
GLUT-3 Neurons and important isoform in
placenta the central nervous
system. Insulin
independent
Located
GLUT-4 Adipose, skeletal, intracellularly,
and cardiac moving to plasma
muscle membrane promoted
by insulin

Table 1: Different glucose transporters (Illsley, 2000).
GLUT transporters cellular expression and function details.
Glucose is a polar molecule that is transported to the cells by active or facilitated diffusion.
Glucose is mostly transported by facilitated diffusion by transmembrane proteins called glucose
transporters (GLUTS) either by insulin-dependent or insulin-independent mechanisms. GLUT 1-
4 (Table 1) arethe major glucose transport in the body (Lizak et al., 2019).

Hyperglycemia causes damage to the cells and tissues of the body but interestingly some cells
have an internal efflux mechanism to remove excess glucose and regulate their intracellular
glucose levels while some cells like endothelial cells, pancreatic beta cells and neuronal cells

lack this mechanism and are more susceptible to excess glucose.
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Hyperglycemia can cause acute or chronic diabetic complications (Orasanu & Plutzky, 2009).
Acute complications include a hyperosmolar hyperglycemic state (HHS) and diabetic
ketoacidosis (Umpierrez & Korytkowski, 2016). HHS occurs mostly in aged people while
diabetic ketoacidosis occurs in young people. Both acute and chronic hyperglycemia is involved
in the development of diabetic vascular complications (Steenkamp, Alexanian, & McDonnell,

2013).

Hyperglycemia is involved in the production of highly reactive dicarbonyl compounds and
AGEs, which alter the function of macromolecules by post-translational modifications. These
dicarbonyl compounds include mainly methylglyoxal (MGO), a well-known reactive metabolite

involved in the pathophysiology of diabetic complications (Haik, Lo, & Thornalley, 1994).

/ HYPERGLYCEMIA
Glucose l
l — |lpkc) PkC —| NADPHox | eNOS
/ i _ Uncoupling
Pyruvate 7 ‘ é ‘_,.-""‘ X
| AGE \‘ P . 7 —
' _NO _
Reduced
bioavailability

@mat'c@ Leukocytes Vascular wall
adhesion/migration remodeling
Platelet
aggregation LDL omda® (\/asoconstn@

Figure 2: Hyperglycemia in diabetic vascular complications (Burgos-Moron et al.,

2019). Mechanisms of ROS-induced endothelial dysfunction in response to hyperglycemia. Vascular damage
caused by elevated glucose levels is mainly derived by an imbalance between ROS production and NO
bioavailability in the endothelium and by the direct damaged caused by the accumulation of AGE. Resulting
endothelial dysfunction is characterized by the activation of several deleterious mechanisms, including
proinflammatory response, recruitment of leukocytes, accumulation of oxidized LDL particles and impaired
vasodilatation, in the onset of cardiovascular complications. AGE: Advanced glycation end-products; eNOS:

Endothelial nitric oxide synthase; LDL: Low density lipoprotein particles; NADPHox: Nicotinamide adenine
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dinucleotide phosphate oxidase; NO: Nitric oxide; O2+—: Superoxide anion; ONOO—: Peroxynitrite; PKC:

Protein kinase C; RNS: Radical nitrogen species.
1.3.2 Role of MGO in diabetic vascular complications

MGO is a physiological metabolite of the glycolytic pathway derived from triose phosphate
intermediates. It is detoxified from the system after conversion to D-lactate by glyoxalase
enzymes (Oya et al., 1999). MGO levels are low in a normal physiological condition whereas in
pathophysiological conditions such as diabetes their levels significantly increase as the
detoxification is impaired leading to their accumulation. It is a major precursor of AGE formation
which contributes to endothelial dysfunction and diabetic vascular complications along with
oxidative stress, inflammation. (Fiorentino, Prioletta, Zuo, & Folli, 2013).

GLUCOSE Hypoxia
Inflammmation

Oxidative stress

D-Lactate
GLUCOSE

e glyoxalase-1

DHAP = G3P — QAU A{EciA (o) N8

L IR

pa

MG-H1
protein

Oxidative stress

Epigenetics “Damage”  J Y

Diabetic complications, insulin resistance,
atherosclerosis, hypertension, cancer,

disorders of the central nervous system

Figure 3: Schematics of methylglyoxal formation, detoxification and role in diabetic vascular

complications (Schalkwijk & Stehouwer, 2020). The formation and accumulation of MGO have been
implicated in the pathogenesis of type 2 diabetes, vascular complications of diabetes, and several other age-related chronic
inflammatory diseases such as cardiovascular disease, cancer, and disorders of the central nervous system. MGO is mainly
formed as a by-product of glycolysis and, under physiological circumstances, detoxified by the glyoxalase system. MGO
is the major precursor of nonenzymatic glycation of proteins and DNA, subsequently leading to the formation of advanced
glycation end products (AGEs). MGO and MGO-derived AGEs can impact organs and tissues affecting their functions and
structure. Hypoxia, inflammation and oxidative stress are associated with MGO formation and impair its detoxification

which is linked to the development of diabetes and vascular complications of diabetes.
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1.3.3 Role of advanced glycation end products in diabetic vascular
complications

1.3.3.1 AGE formation

Advanced glycation end products are heterogeneous toxic compounds that are formed from
exogenous or endogenous sources. AGE formation is known to be enhanced in diabetes condition

(R. Singh, Barden, Mori, & Beilin, 2001).

Endogenous AGEs are formed in the body by a non-enzymatic Maillard reaction that involves
the interaction of reducing sugars like glucose, fructose and glucose-6-phosphate with
macromolecules such as aminoacids of proteins, lipids and nucleic acids and form Schiff bases,
Amadori products intermediates (Vistoli et al., 2013) (Fig 4). Methylglyoxal and 3
deoxyglucosone formed by non-oxidative mechanisms are some of the intermediates of Amadori
product formation. Glucose-6-phosphate, fructose shows a faster rate of glycation compared to
glucose. AGEs also include glycoxidation products resulting from both glycation and oxidation
reactions including Ne€-(Carboxymethyl) lysine (CML) and pentosidine, pyralline, Furoyl-
furanyl and imidazole (Takeuchi & Makita, 2001). CML is a biomarker for oxidative stress.
Glycated hemoglobin HbA ¢ is an Amadori product that is an indicator of glycemia in the early
stages of diabetes. Immunologically AGEs bind to the carrier proteins such as hemoglobin,

albumin and LDL protein, where the majority of them bind to albumin (Kuzan, 2021).
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Figure 4: Advanced glycation end product formation (Nagai, Shirakawa, Ohno, Moroishi,

& Nagai, 2014).
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Exogenous AGEs are derived from outside sources like processed food, pollutants and tobacco
smoke. Processed foods with heat treatment undergo a Maillard reaction (Fig 4) (Snelson &
Coughlan, 2019). Although AGEs cross-links are resistant to chemical and enzymatic hydrolysis
and are poorly absorbed by the gastrointestinal tract, processed foods still contribute to AGE
formation (Q. Zhang, Wang, & Fu, 2020).

1.3.3.2 AGE cross-links and their role in vascular complications

AGE protein cross-links are a major form of AGE modifications including Arginine-lysine
(CML, pentosidine) that play a role in pathological conditions. Arginine lysine cross-links
include 3-deoxyglucosone derived imidazolium and methylglyoxal crosslinks (Fig 4).
Intermediates of AGE cross-link formation include dicarbonyl intermediates (1-3-4-
deoxyaldosuloses, arabinose and glyoxal) and glycerolaldehyde (a-hydroxyaldehydes) (Ajith &
Vinodkumar, 2016). Pathophysiological consequences of AGE cross-linking involve
atherosclerosis, endothelial dysfunction, thickening of capillary basement membrane and
sclerosis of renal glomeruli. AGE cross-linking and lipoprotein trapping are shown to be
involved in diabetic macrovascular complications by impairing cholesterol efflux from vessels
resulting in cholesterol accumulation in the vessel walls. Tissue remodeling is affected by AGE
cross-links as it stiffens the cellular basement membrane proteins such as collagen affecting its
flexibility (Nash, Noh, Birch, & de Leeuw, 2021). AGE cross-linking is known to increase with
age and in diabetes condition. Aortic stiffness was reported due to the accumulation of AGEs in
human aorta. AGE cross-links pentosidine and pyrraline have also been shown to accumulate in

diabetic kidney subjects (Yamagishi, 2012).

Tissue remodeling is defined as the renewal of living tissue. It involves the maintenance and
adaptive alteration of organism tissue morphology. Tissue remodeling involves the alteration of
extracellular matrix (ECM) by metalloproteinases triggering different signaling molecules
including fibroblast growth factor (FGF), WNT, bone morphogenetic protein (BMP) and
hedgehog. These signaling molecules promote the cell growth, proliferation, migration,
differentiation or apoptosis at the site of tissue renewal. Tissue remodeling process is important
for the survival of animals. It occurs either at a specific time during their life cycle (regeneration,

metamorphosis) or continuously (adipose or cartilage remodelling) (Pinet & McLaughlin, 2019).

Physiological tissue remodeling
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Physiological tissue remodeling is an endogenous process, whereas pathological tissue
remodeling occurs post-injury or in a disease condition. Several processes in animal species fall
within the category of physiological tissue remodeling (metamorphosis in X. laevis and
mammary tissue remodelling in humans) (Cowin, 2004). It is crucial during embryonic
development, growth and healing. It depends on the genetic information and its mechanical
environment that is required for the development of proper tissue morphology (Fernandes,

Barauna, Negrao, Phillips, & Oliveira, 2015).
Pathological tissue remodeling

Tissue remodeling is affected in pathologies involving joint atherosclerosis, cancer, asthma,

ischemia, diabetic foot ulcers and tissue fibrosis.

Mimicking physical-mechanical stimuli is used in tissue engineering approach to encourage
tissue growth and repair; especially for load-bearing applications (Vignola, Kips, & Bousquet,
2000).

Tissue growth and remodeling are associated with the wound healing mechanism that involves

inflammation, migration, proliferation and maturation stages.

Different wound healing strategies have been developed in the recent years. They include, Cell
therapy based on using stem cells and co-culture techniques to create new skin, Bioactive
therapeutic delivery, which involves engineering the release of healing components to enhance
the rate of wound repair and Application of biomaterial/scaffold for skin tissue engineering and
regeneration. Few wound healing studies based on the above strategies are mentioned below

(Nour et al., 2019).

For skin regeneration, various cells including adipose derived stem cells (ADSCs), MSCs,
endothelial progenitor cells (EPCs) and induced pluripotent stem cells (iPSCs) are used. ADSCs
and endothelial cells in gellan gum—HA (GG-HA) hydrogels promoted neovascularization and
granulation tissue formation with greater wound closure, re-epithelialization, and resemblance

of normal skin tissue (Cerqueira et al., 2014).

The microemulsion of Aloe vera extract encapsulated into Tragacanth gum showed wound

healing properties (Ghayempour, Montazer, & Mahmoudi Rad, 2016).
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Natural polymers such as collagen, gelatin, HA, chitosan, alginate, elastin, and silk fibroin were
used in bioactive scaffolds in cellular interactions for healing (Stratton, Shelke, Hoshino,

Rudraiah, & Kumbar, 2016).

Nanofibers improved adhesion and formed a porous structure by increasing the cellular

interactions by simulating a native ECM microenvironment (X. Liu, Xu, Zhang, & Yu, 2021).
AGE receptors and cellular interactions

AGE activate several signaling pathways by interacting with receptor for advanced glycation end
products (RAGE), AGE receptor complex and scavenger receptor family. Where RAGE is the
most common multi-ligand receptor of AGE. AGE receptor expression depends on different cell

or tissue type and metabolic changes like aging, hyperlipidaemia and diabetes.

RAGE receptors belong to the immunoglobulin superfamily. They are expressed in several cell
types including fibroblasts, smooth muscle cells, dendritic cells, neuronal cells, glial cells,
endothelial cells, chondrocytes, keratinocytes and T- lymphocytes. RAGEs have many ligands
involving AGE, lipopolysaccharide, amyloid peptide and S 100/calgranuline protein (Sakaguchi
et al.,, 2017). RAGE is membrane-bound and consists of an extracellular domain, a single
transmembrane spanning helix and a cytoplasmic domain (Indyk, Bronowicka-Szydelko,
Gamian, & Kuzan, 2021). It interacts with the ligands by the extracellular domain and activates
downstream signaling pathways via the intracellular cytoplasmic domain. RAGE has two
variants, an N-truncated RAGE lacking n-terminal V-type domain which is present in the
cytoplasmic membrane and a soluble RAGE (sRAGE) lacking a c-terminal domain which is
secreted extracellularly. The SRAGE is known to prevent ligands from interacting with RAGE
or other cell surface receptors (Erusalimsky, 2021; Steenbeke et al., 2021). Low levels of SRAGE
were detected in patients with coronary artery disease suggesting an increased AGE-RAGE

interaction resulting in inflammatory and oxidative responses (Hudson & Lippman, 2018).

1.3.2.2 AGE in diabetic vascular complications

AGE formation is accelerated by hyperglycemia and it accumulates in various tissues and organs.
As already mentioned, AGEs play a major role in arterial dysfunction by forming cross-links
with collagen protein that causes vascular stiffness which can result in vascular complications.
AGEs are known to play an important role in the progression and development of vascular
complications prior to glycemic control (Yamagishi, Fukami, & Matsui, 2015). The advanced

glycation process lasts over a long period for many weeks and is involved in the development of
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metabolic memory and diabetic complications. In endothelial cells, AGE activates oxidative
stress and inflammatory responses by interacting with RAGE receptors. It activates the NFxB
pathway which leads to the production of various cytokines and adhesion factors (Yamagishi,
2009). AGE-RAGE interaction accelerates the production of oxidative stress by activating the
Rac family small GTPasel cell membrane transporters leading to endothelial cell dysfunction.
RAGE expression levels are shown to be increased in atherosclerotic lesions, in diabetic patients.
AGE-RAGE interaction is known to increase vascular endothelial growth factor (VEGF)
production and is involved in the aggregation of inflammation in atherosclerotic plaques.
Oxidized and denatured LDL (low density lipoprotein) by AGE play a role in the progression of

atherosclerosis in patients with diabetes (Barbosa, Oliveira, & Seara, 2008).

1.3.4 Role of Oxidative stress in diabetic vascular complications

Oxidative stress is caused by the imbalance between the production, accumulation and
detoxification of free radical species in the cells and tissues of the body. At low and moderate
concentrations free radicals play an important role in regulating various cell signaling pathways
including mitogen-activated protein kinase (MAPK) and extracellular-signal-regulated kinase
that is involved in maintaining various cellular activities like proliferation, gene expression, cell
division and migration (Betteridge, 2000). While excessive levels of free radicals cause the
oxidation of macromolecules such as proteins, lipids and nucleic acids causing oxidative damage
to their cell structure and functions (Ighodaro, 2018). Reduced antioxidant levels are associated

with increased oxidative stress.
1.3.4.1 Free radicals and antioxidants

Free radicals are highly reactive and unstable molecules that are short-lived. They contain one
or more paired electrons and induce cellular damage by the oxidation of cellular components.
Free radicals include reactive oxygen species (ROS), reactive nitrogen species (RNS) and
reactive chlorine species (RCS). ROS includes hydrogen peroxide (H202), superoxide (O 2+ —),
hydroxyl (*OH), hydrochlorous acid (HOCL) and RNS includes nitrogen dioxide (NO 2), nitric
oxide (NO) and non-radical peroxynitrite (ONOO-) (Table 2). Free radicals are produced by
neutrophils, macrophages, mitochondria and chemicals, cigarette smoke and industrial effluents
respectively (Jones, 2008). The endogenous source of free radicals include mitochondria and
non-mitochondrial sources such as xanthine oxidase, lipoxygenases, monoamine oxidases,
hemeoxygenases, cytochrome P450 reductase, nicotinamide adenine nucleotide phosphate
oxidase (NOX), endothelial nitric oxide synthase (eNOS) and cyclooxygenases (Cadenas &
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Davies, 2000; Cheeseman & Slater, 1993). Mitochondria produces free radicals by oxidative
phosphorylation and the non-enzymatic reaction of organic compounds via oxygen and ionizing
radiations. Peroxynitrite is formed when nitric oxide reacts with superoxide, is shown to elevate
ROS and vascular dysfunction in type 2 diabetes. The eNOS and NOX have been shown to play

a significant role in diabetic vascular diseases via ROS production.

The body has a natural antioxidant defense mechanism that prevents free radical formation by
scavenging them. Antioxidants maintain the cellular redox state by balancing the formation and
detoxification of free radicals (P. Zhang et al., 2020). It thereby reduces the elevated levels of
free radicals by transforming them into less reactive molecules and protecting the cells from their
toxic effects. Antioxidants can be from endogenous (superoxide dismutase, reduced glutathione
and peroxidases) or exogenous (vitamin A, C, E, lipoic acid and polyphenols) sources

(Hybertson, Gao, Bose, & McCord, 2011)

Free radical ‘Symbol Half-life
Reactive oxygen species-ROS
Radicals

Superoxide 02" 10°%s
Hydroxyl OH’ 10719
Alkoxyl radical RO’ 10°°
Peroxyl Radical ROO’ 17s
Non radicals

Hydrogen peroxide H>0» Stable
Singlet oxygen 10, 1065
Ozone O3 s
Organic peroxide ROOH Stable
Hypochlorous acid HOCI Stable (min)
Hypobromous acid HOBr Stable (min)
Reactive nitrogen species-RNS

Radicals

Nitric oxide NO* s
Nitrogen dioxide NO?’ S

Non radicals

Peroxynitrite ONOO™ 1073 s
Nitrosyl cation NO* s
Nitroxyl anion NO~ s
Dinitrogen trioxide N203 S
Dinitrogen tetraoxide N204 S
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Nitrous acid HNO: S
Peroxynitrous acid ONOOH Fairly stable
Nitryl chloride NOCl S

Table 2: Different types of reactive free radicle species (Phaniendra, Jestadi, &

Periyasamy, 2015). Details of stability and chemical formula of ROS and RNS.

Oxidative stress is involved in many pathophysiological conditions including cancer, rheumatoid
arthritis and diabetes. It plays a major role in the vascular complications of type 2 diabetes by
various biomarkers including Lipid peroxidation and DNA damage. Increased ROS and impaired
antioxidant levels are the main culprits in diabetic  cell dysfunction and insulin resistance (Luc,
Schramm-Luc, Guzik, & Mikolajczyk, 2019). Hyperglycaemia increases ROS production by
activating NOX and dysfunction of mitochondrial oxygen consumption. Mitochondrial oxidative
metabolism also plays a major role in diabetes (Hybertson et al., 2011). ROS and RNS are
associated with insulin signaling and play a dual role. They are produced in response to insulin
that regulates the cellular activities on one side and on the other side they negatively impact
insulin signaling resulting in insulin resistance. Oxidized LDL by hydroxyl radical is shown to

be responsible for oxidative damage in diabetic complications (Senoner & Dichtl, 2019).

Pathophysiology of diabetes includes impaired tissue repair and homeostasis restoration
associated with persistent cellular stress that triggers chronic inflammatory changes. Both acute
and chronic inflammatory states are known to be coupled with significant alterations of redox
equilibrium associated with enhancement of reactive oxygen species (ROS) generation

(Muriach, Flores-Bellver, Romero, & Barcia, 2014).

1.3.5 Role of inflammation in diabetic vascular complications

1.3.5.1 Inflammation

Inflammation is the body’s defense mechanism to protect from harmful toxins, injuries and
infections. It also modulates some cellular activities like growth, survival and differentiation.
During inflammation immune cells or tissues of the body produce various inflammatory factors
including C-reactive proteins, acute phase proteins, fibrinogen, sialic acid, hepatoglobin,
cytokines and chemokines that trigger the inflammatory responses. Inflammatory responses
result in increased blood flow to the area of injury or infection (Medzhitov, 2008). Cytokines and

chemokines are the major inflammatory factors that modulate the immune responses throughout
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the body involving chemoattraction and immune cells trafficking. Inflammatory factors trigger
various downstream pathways such as phagocytosis, cell proliferation, cell adhesion, cytokine

secretion, cell survival, apoptosis, angiogenesis and cell death.
1.3.5.2 Inflammatory factors

Cytokines are important inflammatory modulators that include tumor necrosis factor (TNF-a),
interleukin-1 (IL-1), interleukin-6 (IL-6) and interleukin-8 (IL-8). These cytokines interact with
various receptors such as pattern recognition receptors (PRRs), NOD-like receptors (NLIs) and
Toll-like receptors (TLRs) and activate downstream signaling pathways including NFkB and
mitogen-activated protein kinase (Kuprash & Nedospasov, 2016).

Chemokines regulate the cell migration of leukocytes and other cell types in both physiological
and pathological conditions. they plays a major role in the activation of immune responses.
Chemokines include four major types of proteins CXC, CX3C, CC and C that interact mostly
through G protein coupled receptors known as chemokine receptors. Chemokines and chemokine
receptors together modulate and activate the signaling mechanisms to recruit the immune cells

at the site of injury or infection (Roe, 2021).
1.3.5.3 Acute and chronic inflammation

Inflammation can either be acute short-lived or chronic-long lasting. Acute inflammation lasts
for few hours to days while chronic inflammation lasts for few months or years. Chronic
inflammation is involved in many pathological conditions like cancer, asthma, heart diseases and

diabetes.

Acute inflammation is the first response by the immune system. Neutrophils phagocytose the
microorganisms and foreign substances at the site of injury. As neutrophils are short-lived (24-
48 h), macrophages that persist for few months further phagocytose the remaining cell or tissue
debris. Acute inflammation is usually resolved within a week but if prolonged can be a sign of

infection (Yeung, Aziz, Guerrero-Castilla, & Arguelles, 2018).

Chronic inflammation is an uncontrolled and continuous inflammatory response stimulated in
the body even after the injury or infection is resolved. Low level of abnormal inflammation is
known to alter insulin regulation and plays a role in metabolic diseases such as diabetes (Glass,

Saijo, Winner, Marchetto, & Gage, 2010).
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1.3.5.4 Inflammation in diabetic vascular complications

Insulin resistance and hyperglycemia of type 2 diabetes are associated with inflammation and
it’s a vicious cycle, where inflammation mediates more insulin resistance and vice versa. Low
level of chronic inflammation is shown to be associated with diabetes. Metabolic and energetic
distribution in cells regulates the normal inflammatory responses (Luc et al., 2019). Integration
of immunity and metabolism is beneficial for good health but is deleterious under metabolic
challenges. Targeting inflammation to improve the pathophysiology of diabetic complications is

an emerging field of research (Domingueti et al., 2016).

Elevated levels of C-reactive proteins, IL-6 and IL-1 are known to be found in type 2 diabetes.
Gut microbiota is shown to interact with the immune system which triggers tissue metabolic
modifications which may be the origin of low-grade inflammation that can lead to the onset of
diabetes (Fig 5) and obesity (Nilsson, Bengtsson, Fredrikson, & Bjorkbacka, 2008). Altered gut
microbiota can possibly affect and activate gut immune cells by the presence of
lipopolysaccharides (LPS) and short-chain fatty acids to produce inflammatory responses (X.
Wang, Antony, Wang, Wu, & Liang, 2020).
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Figure 5: Inflammation associated with diabetes (Banarjee, Sharma, Bai, Deshmukh, &

Kulkarni, 2018). Endothelial dysfunction is one of the primary steps in the development of diabetes associated

vascular diseases. Hyperglycemic condition in diabetes promotes the accumulation of AGEs in the plasma that
interacts with the receptor for AGEs (RAGE) present on the endothelial cells and negatively affect their function.
Differentially regulated proteins were involved in various processes such as inflammation, oxidative stress and
apoptosis that are associated with endothelial dysfunction. Inflammatory pathway NF-kB downstream to AGE-
RAGE and proteins including ICAM1, vWF and PAI-1 affect the important endothelial functions like cell adhesion

and blood coagulation.

Chronic inflammation is associated with other intracellular stresses such as mitochondrial
oxidative stress and endoplasmic reticulum (ER) stress. In a feedback manner, ER stress can also
activate cellular inflammatory pathways and cellular accumulation of ROS associated with
oxidative stress which, in turn, impair cellular functions and lead to metabolic disorders such as

diabetes (Cullinan & Diehl, 2006).
Role of endoplasmic reticulum (ER) stress in diabetic vascular complications

Endoplasmic reticulum is a membrane-bound cellular component of cells that performs protein
synthesis, maturation and transport. It is also a storehouse of calcium ions (Ca*") apart from
mitochondria. It involves the proper folding of proteins assisted by ER chaperons and the
improperly folded proteins are degraded by ER associated protein degradation (ERAD)
machinery. When a load of improperly folded proteins exceeds the protein folding capacity of
ER, the defence mechanisms known as ER stress responses or unfolded protein responses (UPR)
are activated (Abdullah & Ravanan, 2018). Many factors can lead to the accumulation of
misfolded or unfolded proteins including impaired Ca®" homeostasis, post-translational
(glycosylation, disulfide bond formation) modifications of protein folding, hypoxia condition
and bacterial or viral infections that can lead to ER stress responses (Oakes & Papa, 2015).
Improperly folded proteins can be harmful as they can interact with other proteins and inhibit
their cellular functions. Accumulation of unfolded proteins in turn impairs calcium homeostasis
of ER causing Ca’" leakage out of the cell membrane inhibiting chaperones and proteosomal
degradation systems. Impaired proteosomal degradation of misfolded proteins further can induce

the UPR stress responses (Schroder & Kaufman, 2005a).
1.3.5.5 ER stress and unfolded protein responses

Mammalian cells have evolved a defence mechanism called unfolded protein responses (UPR)

signaling pathways to reduce ER stress responses and maintain ER homeostasis (Hetz, Zhang,
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& Kaufman, 2020). Initially, UPR activates pro-survival pathway to restore the cellular
homeostasis by decreasing the protein overload by activating the expression of genes involved
in ERAD machinery. But, if the ER stress prolongs the UPR responses trigger the cell death
mostly by apoptosis.

UPR signaling is mediated by ER transmembrane proteins, PERK (RNA-like endoplasmic
reticulum kinase), IRE-1 (inositol requiring enzyme 1 alpha) and ATF 6 (Activating transcription
factor 6). These are the transducer proteins that are maintained in their inactive state associated
with the chaperone GRP78/Bip (78 kDa glucose-regulated protein). When the ER stress is
overloaded with unfolded proteins, GRP 78 dissociates to form the transducer proteins or
misfolded proteins and activates the UPR responses by interacting with the luminal domain of

transducer proteins (Abdullah & Ravanan, 2018; So, 2018) (Fig 6).

PERK is an ER transmembrane protein ubiquitously expresses but is more expressed in secretory
cells. During ER stress PERK is activated which phosphorylates alpha subunit of elF2a involved
in the eukaryotic protein translational initiation. Phosphorylated elF2a inhibits the protein
translation that reduces the protein folding load of ER and allows to regain ER homeostasis. The
elF2a further activates ATF-4 (activating factor-4) which mediates the expression of C/EBP
homologous protein CHOP transcription factor which is involved in the ER stress mediated cell

death (Fig 6).

ATF 6 transmembrane protein of ER which sense the unfolded proteins. It binds to Bip normally
and during ER stress it is released from Bip and translocates to the Golgi apparatus where it is
activated by cleavage of two proteases called S1P and S2P. Activated ATF 6 translocates to the
nucleus and induces the expression of Bip chaperon and endoplasmic reticulum protein

degradation genes (ERAD) (Fig 6).

There are two isoforms of mammalian IRE1 genes, IREla and IRE1f. They differ in luminal
domain amino acid sequence and substrate specificity by their RNase domain. IREla is a sensor
molecule of ER stress which is a transmembrane domain with an N-terminal luminal domain in
the ER lumen and C-terminal kinase and endoribonuclease domains in the cytosol. During ER
stress IRE1 o is released and activated by dimerization and transphosphorylation. Upon
activation, IREla targets XBP 1 (X-box binding protein 1) and activates it by mRNA splicing
mechanism. Activated XBP 1 gets translocated to the nucleus as an active transcription factor
that activates genes involved in the UPR pathway which plays a role in re-establishing ER

homeostasis (Hetz, 2012). IRE-1 a is mostly known to be associated with cell death as it activates
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stress kinases including the c-Jun N- terminal pathway (JNK) which further modulates the
activation of Bcl-2 family proteins. The IRE-1 mechanisms of regulating ER stress induced cell
death has been well established while its non-apoptotic functions are not yet clearly established
(Abdullah & Ravanan, 2018) (Fig 6). Prolonged activation of IREIP also is associated with
apoptosis (X. Z. Wang et al., 1998).

All the downstream mediators of UPR pathway induce CHOP transcription factor that reduces
the expression of anti-apoptotic Bcl-2 family proteins by inducing the expression of pro-
apoptotic Bel-2 interacting Mediator Of Cell Death and Death Receptor-5 that have been linked
to ER stress-induced apoptosis (Abdullah & Ravanan, 2018).
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Figure 6: Endoplasmic reticulum stress sensor molecules and their pathways (Gorman,

Healy, Jager, & Samali, 2012). The UPR is mediated by three ER stress sensors. The binding of unfolded
proteins to GRP78 within the ER lumen allows activation of PERK, ATF6 and IRE1. PERK dimerises and
autophosphorylates. It phosphorylates elF2a and thus general Cap-dependent translation is inhibited. Cap-
independent translation allows the translation of certain proteins such as ATF4 which activates CHOP transcription.
One of the genes induced by CHOP is GADD34 which regulates protein phosphatase 1 (PP1), which can
dephosphorylate elF2a. Activation of ATF6 allows its translocation to the Golgi where it undergoes cleavage by
SIP and S2P proteases. Cleaved ATF6 activates XBP1 transcription. Active IREl is a
dual kinase and endonuclease. One of its targets is XBP1 mRNA which undergoes splicing to produce an active

transcription factor, XBP1s. One of the targets of XBP1s is p58 IPK.
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1.3.6.2 ER stress in diabetic vascular complications

Endoplasmic reticulum plays a major role in the regulation of many cellular processes. The first
response of the cell during ER stress is to re-establish its homeostasis by upregulation of the
chaperons GRP94 and Bip (Schroder & Kaufman, 2005b). UPR plays a central role in diabetes.
ER stress is one of the cellular mechanisms that can influence the integrity of endothelial cells.
Chronic ER stress and UPR pathways activation in endothelial cells leads to increased oxidative
stress and inflammation and often results in cell death. UPR signaling has beneficial functions
during transient ER stress rather than prolonged ER stress. Disturbances in its normal function
trigger a network of signaling pathways to restore cellular homeostasis and prolonged ER stress
trigger apoptotic responses (Sano & Reed, 2013). Prolonged ER stress is known to be involved
in the progression of many diseases including diabetes type2, atherosclerosis, neurodegeneration
and cancer (Ren, Bi, Sowers, Hetz, & Zhang, 2021). There is increased expression of adhesion
molecules, increased chemokines and cytokine release and decreased anti-coagulant and ROS
production in the endothelium. Prolonged ER stress is associated with increased inflammation
triggering the switch from prosurvival to proapoptotic mode. ER stress is known to impact the
physiology of endothelial cells and may lead to inflammation and apoptosis. Decreased
expression of tight junction proteins may be correlated to ER stress (Maamoun, Benameur,

Pintus, Munusamy, & Agouni, 2019).

This work focuses on diabetes associated stroke and impaired wound healing. The

pathophysiology and clinical aspects are mentioned in the next section.
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II. Diabetic Stroke and impaired wound healing, pathophysiology
and therapeutics

Stroke is the second leading cause of mortality, and affected 15 million people worldwide. Stroke
is of two types: ischemic stroke and haemorrhagic stroke (Fig 7). About 87% of strokes are
ischemic strokes and 10-25% are haemorrhagic strokes. Till 2016 it has been shown that stroke
occurrence doubled in low-and-middle-income groups and decreased in high-income countries
(Lau, Lew, Borschmann, Thijs, & Ekinci, 2019). Stroke involves many risk factors, few of them
are dyslipidaemia, diabetes, smoking and hypertension. Individuals with diabetes are 1.5 times

more likely to have a stroke than non-diabetic individuals (Sarikaya, Ferro, & Arnold, 2015).

Stroke involves many pathophysiological changes in blood vessels at various locations including
cerebral blood vessels. Various factors including hyperglycemia, AGEs, high blood pressure,
protein and lipid deposits in the walls of blood vessels cause blood vessel damage associated

with stroke (R. Chen, Ovbiagele, & Feng, 2016).

2.1 Diabetic stroke

Stroke is a serious life-threatening condition, where the blood supply to the brain is deprived,
blocked or cut off. Oxygen and nutrients supplied to the brain tissue is reduced in stroke
condition. It is mainly caused by either blockage of the artery or leakage and rupture of a blood
vessel. The reduced blood flow to the brain region can be either for a short duration or a long

duration. Stroke includes ischemic and haemorrhagic stroke (Smajlovic, 2015).

2.1.1 Ischemic stroke

Ischemic stroke involves the blockage of blood vessels and reduced blood supply to the brain. It
is the most common type of stroke associated with diabetes. The blockage and narrowing of
blood vessels are caused by the deposition of blood clots, fats or other debris that are travelled
to the brain region mostly from heart or other parts of the body (Feske, 2021; Putaala, 2020) (Fig
7).

2.1.2 Haemorrhagic stroke

Haemorrhagic stroke involves the leakage and rupture of the blood vessel which results in the
release of contents of the blood into the brain region. The leakage of blood into the brain region
causes damage to the brain tissue. Ischemic stroke can lead to haemorrhagic stroke (Unnithan &
Mehta, 2022) (Fig 7).
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Haemorrhagic stroke is of two types, intracerebral haemorrhage and sub-arachnoid haemorrhage.
Intra-cerebral stroke involves the rupture of an artery in the brain and leakage of blood into the
surrounding tissues. It is the most common haemorrhagic stroke. Sub-arachnoid haemorrhage
involves the rupture and leaking of blood vessels in between the brain and its membranes. It is

less common (Montano, Hanley, & Hemphill, 2021).
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Figure 7: Types of stroke: ischemic and haemorrhagic stroke (Qureshi, Arooj Ahmed, et

al.2018). In Ischemic Brain Stroke (left), a blood clot has blocked the flow of blood to a specific area of the

brain.

2.2 Pathophysiology of diabetic Stroke

Type 2 diabetes increases and doubles the risk of acute and chronic complications of stroke.
Diabetes is responsible for about 20-33% of ischemic strokes. Stress-induced hyperglycemia
caused brain damage involving oxidative stress, pro-inflammatory responses and reperfusion
injury that lead to a high risk of mortality after stroke. Stroke has short term early complications

and long term late complications.

Nitric oxide (NO) mediated vasodilation of blood vessels is impaired in diabetes that leads to
arterial stiffness, endothelial dysfunction and atherosclerosis. Atherosclerosis also adds to the
risk of stroke. Diabetic nephropathy patients have shown thickening of vascular basement
membrane and reduced blood flow to the surrounding tissues (van Sloten, Sedaghat, Carnethon,
Launer, & Stehouwer, 2020). Hyperglycemia, oxidative stress, vasoconstrictor endothelin-1,
matrix metalloproteinase-9 (MMP-9) mediated inflammatory responses and vascular
remodelling can result in vascular complications and increased ischemic damage post-stroke
(Baliga & Weinberger, 2006) (Fig 8).
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Figure 8: Pathophysiology of stroke (Kuriakose & Xiao, 2020).

2.2.1 Role of endothelial cells and blood brain barrier (BBB) in vascular

dysfunction

Endothelial cells line the blood vessels and function as a permeability barrier between the blood
and the blood vessels. Reactive oxygen species play a major role in the physiology pathology of
the endothelial vasculature (Sturtzel, 2017). It plays a major role in vascular relaxation,
contraction, and exchange of hormones, macromolecules and solutes. It maintains vascular
homeostasis by balancing the release of relaxing and contracting substances, but an imbalance
in this leads to endothelial dysfunction. Increased NO is released by the endothelium by up
regulation of the eNOS gene in stress conditions (Godo & Shimokawa, 2017).

2.2.1.1 BBB structure and function

A blood-brain barrier is a neurovascular unit composed of neurons, microvascular endothelium,
basement membrane, pericytes, astrocytes and microglia (Fig 9). BBB also interacts with

circulating blood cells and intravascular signals (Daneman & Prat, 2015). BBB is formed by a
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layer of microvascular endothelial cells that line the intraluminal space of brain capillaries. The
endothelial cells are tightly packed together by tight junctions (Langen, Ayloo, & Gu, 2019).
Tight junctions consist of ZO-1 (Zonula occludin), occludin and claudin proteins; adherent
junctions, including catenins, actinin, cadherin and vinculin; and junctional adhesion molecules
(Profaci, Munji, Pulido, & Daneman, 2020). The endothelial cell layer has an interior (luminal)
and exterior compartments separated by cytoplasm between the blood and brain. On the outside
surface, ECs are enveloped in a basement membrane and separated into regions associated with
a pericyte. Pericytes surround brain capillaries and aid their growth and integrity. They also
control the substances that cross the BBB along with macrophages by phagocytosis which act as

a secondary barrier besides endothelial cells (Daneman & Prat, 2015).
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Figure 9: Overview of BBB neurovascular unit (Nian, Harding, Herman, & Ebong, 2020).

Structure of the neurovascular unit (NVU). Endothelial cells form the inner most layer of the NVU and are
connected to each other by tight junctions. Surrounding the ECs are pericytes in the case of capillaries or smooth
muscle cells in the case of larger cerebrovasculature such as veins and arteries. Additionally, astrocytes and neurons
of the NVU extend foot-processes or axons, respectively, that also help regulate NVU function. Finally, microglia,
which are the brain’s resident immune cells, also contribute to NVU regulation. Collectively, ECs and these

supportive cells help maintain the proper function of the blood-brain barrier.

BBB is a selective barrier that ensures the exchange and transport of only essential compounds
such as oxygen, glucose and other small molecules from the blood to the brain region by passive
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and facilitated diffusion and active transport (Villasenor, Lampe, Schwaninger, & Collin, 2019).
Thereby it protects the brain from deleterious substances in the peripheral circulation. The
selective barrier function of BBB involves tight junctions (TJs), enzymatic reactions, and
neurotransmitter signaling and selectively transports small and large (Sweeney, Zhao, Montagne,
Nelson, & Zlokovic, 2019). Transportation across the BBB is regulated mainly by y-glutamyl
transpeptidase, alkaline phosphatase, and aromatic acid decarboxylase enzymes. The permeability of
the BBB is determined by tight junction controlled paracellular integrity and is mediated by
caveolae-mediated transcellular permeability (Andreone et al., 2017). The relationship between
paracellular and transcellular permeability is important for the regulation of transendothelial

permeability (Liebner et al., 2018).

2.2.1.2 BBB in stroke

Continuous regulation of tissue microenvironment is necessary for a proper barrier function.
Impaired BBB function is associated with numerous pathologic processes including diabetic
vascular complications. BBB also limits the delivery of drug molecules to the brain. Recently,
novel therapeutic methods are being developed using nanoformulations to circumvent the BBB
limitation and treat many neuropathophysiological conditions (Obermeier, Daneman, &

Ransohoft, 2013; Pandit, Chen, & Gotz, 2020).

Ischemia and cerebrovascular diseases have deleterious effects on BBB including inflammation
and depleting brain nutrients which causes vasogenic edema and degradation of the extracellular
matrix by release of matrix metalloproteinases (C. Yang, Hawkins, Dore, & Candelario-Jalil,
2019). Stroke causes disruption of TJs (Fig 10) and destruction of basal lamina proteins,
including collagen type IV, laminin, and fibronectin (Abdullahi, Tripathi, & Ronaldson, 2018).
The severity of infarction is correlated with the degree of BBB dysfunction, which may place the

patient at greater risk for hemorrhagic conversion after reperfusion (Abdullahi et al., 2018).
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Figure 10: Schematic of cerebrovasculature.

A) Represents normal blood vessel and B) Represents impaired tight junctions in pathophysiological conditions

(Richner et al., 2018).

Vascular endothelial function is important for maintaining the structural and functional integrity
of blood vessels. These complications cause impaired angiogenesis and disruption of BBB.
VEGEF increases BBB leakage and causes haemorrhagic transformation in the early phase of
acute stroke and promotes angiogenesis in the ischemic area post-acute phase stroke (48 hours).

BBB disruption leads to parenchymal damage (Cai et al., 2017).

Recent preclinical studies have shown that impaired neuroplasticity and neurogenesis maybe
involved in poor stroke recovery in diabetic conditions. Neurovascular disruption and white
matter damage by increased MMP-9 activation and increased AGE-RAGE interaction contribute
to the impaired neurogenesis and neuroplasticity recovery post-stroke. In diabetic rats, an
increased resistance to thrombolytic reperfusion, increased haemorrhage and large infarct

volumes have been reported (K. A. Kim et al., 2020).

2.3 Therapeutics for diabetic stroke

Many clinical trials have been done and are ongoing to prevent stroke development and its
complications in diabetic patients. Most studies are on primary stroke prevention. Lifestyle
changes including minimal fat intake, weight control, physical activity and glycemic control may
help in controlling the initial risk of stroke. Lipid and glucose control has shown to reduce the
risk for atherosclerosis and ischemic stroke (George & Steinberg, 2015). Vanadium lowered the
blood glucose in MCAO (middle cerebral artery occlusion) rat model and showed to minimize
the damage to brain tissue by reducing the production of oxidants (Ahmadi-Eslamloo, Dehghani,

& Moosavi, 2018). Rosiglitazone compound showed neuroprotection by decreasing neutrophil
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accumulation and reducing the expression of inflammatory cytokines in the rat brain (Luo et al.,
20006). Pioglitazone is also shown to protect against hypertension induced cerebrovascular injury
and stroke by reducing oxidative stress, vascular endothelial dysfunction and inhibiting brain
inflammation (Nakamura et al., 2007). Similarly, rosiglitazone and pioglitazone have been
shown to reduce cerebral infarct size in animal models, down regulation of cyclooxygenase-2,
reduced oxidative stress and activation of mitogen-activated protein kinases, and nuclear factor-
kappa B (Curb et al., 1996; Zhao, Patzer, Herdegen, Gohlke, & Culman, 2006).
Thiazolidinedione treatment did not change the cerebral blood flow but reduced the post-
ischemic expression of pro-inflammatory genes and increased the expression of antioxidant

enzymes (Tureyen et al., 2007).

Although there are a lot of therapeutic strategies available, they are not always optimal in
completely limiting the pathophysiological mechanisms of stroke. However, delivering
therapeutics to the ischemic brain region has always been challenging. Various physiological,
chemical, and pharmacological approaches can be utilized to develop novel drug delivery
strategies by using encapsulated bioactive compounds, which could impact ischemic stroke
outcome. Here few studies have been mentioned that have shown improved benefits using

polyphenols and nanoparticles (Nozohouri, Sifat, Vaidya, & Abbruscato, 2020).

Resveratrol showed its antioxidant effect to relieve brain edema, improve neurological function,
and lower cerebral infarct volume by interacting with MMP-2 and MMP-9 (A. K. Pandey,
Bhattacharya, Shukla, Paul, & Patnaik, 2015). The drug encapsulated nanoparticles can be
promising to cross the BBB by endothelial or transendothelial route (Mc Carthy, Malhotra,
O'™ahony, Cryan, & O'Driscoll, 2015). Despite the developments in nanoparticle research, its
use in CNS diseases such as stroke is still under development. Growth factor (bFGF) or caspase-
3 peptide inhibitor encapsulated in chitosan nanoparticles were found to accumulate within the
brain by crossing the BBB and showed to reduce the blood loss after 2h artery occlusion in the

middle cerebral locus (Yemisci et al., 2015).
2.4 Impaired diabetic wound healing

Impaired wound healing is associated with increased mortality in diabetes. Chronic, non-healing
wounds, mostly ulcerations of the foot are one of the leading cause of lower extremity
amputations in diabetic conditions (Gao, Regier, & Close, 2016). Abnormal cellular responses,

immunological and microvascular dysfunction, infection and peripheral neuropathy associated
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with diabetes are involved in the pathogenesis of wound healing impairment and progression of

diabetic foot ulcer (Feldman, Nave, Jensen, & Bennett, 2017).

Despite extensive research, exact pathogenic mechanisms involved in impaired diabetic wound
healing have not been completely elucidated. Yet, It could be the result of both micro and
macrovascular diseases (Lim, Ng, & Thomas, 2017). Diabetic neuropathy has been recognized
as one of the major cause of delayed wound healing in diabetic foot ulcer patients.
Hyperglycemia has been linked to impaired diabetic wound healing by AGE formation. Both in
vitro and in vivo studies have shown that AGE plays a role in the pathogenesis of impaired

diabetic wound healing (Armstrong, Lavery, Wu, & Boulton, 2005).

Wound healing is a well-orchestrated process, which is activated during injury or infection. It
involves certain events including platelet aggregation, inflammatory infiltration, cellular
differentiation, and tissue remodelling (S. L. Yang et al., 2017). The above mentioned cascade
of events is divided into 3 main phases, namely inflammation, proliferation, and wound
contraction and remodeling which contribute to the renewal of damaged tissue at the affected

sites of a wound (Goova et al., 2001).

The inflammatory phase includes the formation of the fibrin clot, which provides the substrate
for cell migration of neutrophils into the wound (Albelda, Smith, & Ward, 1994). Neutrophils
migration is followed by macrophages migration that phagocytose microorganisms, fragments
of the extracellular matrix, neutrophils, erythrocytes, fibrin and other cell debris and secretes a

variety of molecules that are considered crucial for effective wound repair (J. Chen et al., 2005).

The proliferation phase includes re-epithelialization and granulation tissue formation. Re-
epithelialization involves the differentiation and proliferation of keratinocytes and their
migration along the free edge of the wound, which is mediated by tissue hypoxia and various
growth factors (O'Toole et al., 1997). Granulation tissue formation involves new blood vessel
formation and invasion of the extracellular matrix by fibroblasts emerging from the periwound
collagenous matrix. These invading fibroblasts are incorporated into the new extracellular matrix
and get differentiated into myofibroblasts that synthesize a more collagenous matrix that

facilitates wound contraction and remodelling (Shirakata et al., 2005).

The normal wound healing process is delayed in diabetes. Inflammatory phase seems to be
dysregulated in diabetes condition involving diminished Tissue factor expression from

keratinocytes, fibroblasts, and smooth muscle cells that negatively affect the formation of initial
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hemostatic plug (Boniakowski, Kimball, Jacobs, Kunkel, & Gallagher, 2017). Also,
hyperglycemia related impairment of cytokine release, chemotaxis, adherence, and phagocytic
activity and increased oxidative stress showed inhibition of cell activation, migration, and
chemotaxis (Loots et al., 1998). All these events have shown to prolong the inflammatory
response that suppresses rather than proceeding to the next steps of the wound-healing process.
Diabetic wounds have been associated with reduced proliferation and migration of mesenchymal
cells in the fibrin clot, decreased new blood vessel formation, and low extracellular matrix

density (Fadini, Albiero, Bonora, & Avogaro, 2019).
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Figure 11: Wound healing process in diabetes.

a) Normal wound healing. In healthy people, wound closure consists of several processes that occur sequentially: the rapid
hemostasis that involves platelet aggregation to form the platelet plug; an inflammation phase where neutrophils,
macrophages, and mast cells release proinflammatory cytokines; wound contraction when inflammation decreases,
angiogenesis occurs, keratinocytes and fibroblasts migrate, and the extracellular matrix forms; and, finally, the remodeling
phase, where granulation tissue converts into mature scar tissue. (b) Diabetic wound healing. In patients with diabetes
mellitus (DM), the wound closure processes are affected, starting with a decrease in fibrinolysis and an imbalance of
cytokines, which causes an alteration in wound closure. There is also a decrease in angiogenesis due to hyperglycemia, and

the migration of cells such as keratinocytes and fibroblasts is diminished, causing deficient re-epithelialization; in the same
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way, the poor production of the extracellular matrix (ECM) by fibroblasts contributes to the problem of a deficient wound

closure.
Current treatment options for preventing or healing diabetic ulcers are limited, particularly

pathogenesis-based therapeutic approaches. Therefore, new strategies for wound healing is

emerging by using polyphenols such as curcumin and resveratrol.
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III Curcumin, its therapeutics benefits

3.1Use of polyphenols in therapeutics

Natural herbal substances are known to have many beneficial effects on human health since
ancient times. Plants have always been used in traditional medicine to treat different diseases.
Synthetic substances used in food and therapeutics show toxic effects which are being replaced
by natural substances as they are less toxic, cost-effective and biodegradable. The
biocompatibility, chemical and structural diversity of natural substances makes them suitable for
their use in therapeutics. So natural plant-based substances are being mostly used in the

development of modern therapeutics.

Polyphenols are bioactive molecules of plants widely used in food, cosmetics and therapeutics.
They can be found in tree barks, flowers, seeds, leaves, vegetables, nuts, roots and fruits (Fraga,
Croft, Kennedy, & Tomas-Barberan, 2019). Based on the number of phenol rings and
components attached to phenol rings polyphenols are categorised into flavonoids and non-
flavonoids containing more than 8000 distinctive bioactive molecules. Non-flavonoids include
stilbenes, phenolic acids, lignans and other polyphenols. Natural polyphenols contain numerous
hydroxyl groups on aromatic rings and occur as conjugated forms with one or more sugar

residues attached to a hydroxyl group or aromatic carbon atom (Luca et al., 2020; Tsao, 2010).

Polyphenols have various beneficial effects on human health. Resveratrol is a polyphenol found
in grapes, berries and peanuts (Rasines-Perea & Teissedre, 2017). Limonium algarvense flower
decoction and infusion showed antioxidant and anti-inflammatory properties. Many phenolic
molecules like curcumin, caffeic acid, quercetin and rutin were used to study diabetic vascular

complications.

Polyphenols are metabolized in the liver and intestines and are rapidly eliminated from the
physiological system limiting their biological benefits (Marin, Miguelez, Villar, & Lombo,
2015). A wide range of nanoformulations are developed to overcome this limitation and improve

the polyphenol therapeutic benefits.

Curcumin is a well-known polyphenol molecule that can improve pathophysiological events of
diabetes and alleviates its complications including atherosclerosis, stroke, diabetic wound

healing and coronary heart diseases. It shows wound healing properties by scavenging the free
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radicals and reducing oxidative stress. Curcumin also showed a reduction in arterial stiffness in
type 2 diabetes patients. By the antioxidant capacity and anti-inflammatory action, curcumin can
be a potential polyphenol molecule for limiting endothelial dysfunction associated with diabetic

stroke and reducing chronic inflammation and lesions in diabetes condition (Marton et al., 2021).
3.2 Curcumin

Curcumin is a natural polyphenol molecule isolated from Curcuma longa Linn (family
Zingiberaceae). It is a low molecular weight hydrophobic molecule. It is widely used in food as
a spice and colouring agent, cosmetics, textile and herbal medicine as antiseptic (Ipar, Dsouza,
& Devarajan, 2019). Chemically name of curcumin is 1, 7-bis-(4-hydroxy-3-methoxyphenyl)-
hepta-1, 6- diene-3, 5- dione. Turmeric consists of two other curcuminoids (77 wt. %),
demethoxy curcumin (17 wt. %) and bis-demethoxy curcumin along with curcumin (Fig 11)
(Lestari & Indrayanto, 2014). Curcumin is the major curcuminoid of turmeric (Nelson et al.,
2017). The hydrophobicity of curcumin makes it less soluble in aqueous solutions but is readily
soluble in dimethyl sulfoxide (DMSO), methanol, ethanol and acetone. The maximum absorption
wavelength (A max) of curcumin occurs at 430 nm. It is a bis-a, - unsaturated - diketone that
has keto-enol tautomerism and it occurs in keto form in acidic and neutral PH whereas in enol
form in alkaline medium (Nelson et al., 2017).

Curcumin doses of 4000 to 8000 mg/day and up to 12000 mg/day have been reported to be safe
in the clinical trials approved by US food and drug administration (FDA) (Basnet & Skalko-
Basnet, 2011). Curcumin is being used in different formulations including tablets, ointments,

soaps, capsules and health drinks (Gupta, Patchva, & Aggarwal, 2013).
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Figure 12: Chemical structure of curcuminoids of turmeric (Den Hartogh, Gabriel, &
Tsiani, 2020).

3.3 Bioactive properties of curcumin

Although the medicinal properties of curcumin have been known for thousands of years, the
bioactive compounds and their mechanism of action have only been recently investigated (Kotha
& Luthria, 2019). Curcumin has many therapeutic properties including anti-oxidant, anti-cancer,
anti-inflammatory, anti-microbial, hepatoprotective, neuroprotective, anti-diabetic, anti-
atherosclerotic and wound healing properties (Fig 12) (Pulido-Moran, Moreno-Fernandez,

Ramirez-Tortosa, & Ramirez-Tortosa, 2016).

Curcumin is being used for the treatment of various diseases such as cancer, cardiovascular
diseases, degenerative eye disease, Alzheimer’s disease, neurological diseases, hepatic diseases,

stomach disorders, diabetic complications, stroke and inflammatory diseases (Patel et al., 2020).

Curcumin is rapidly metabolised and cleared from the physiological system resulting in its poor
absorption. Due to its poor bioavailability and solubility therapeutic use of curcumin is limited.
Various nanoformulations have been investigated to improve the bioavailability and therapeutic
potential of curcumin by overcoming the limitations (Jin, Song, Weng, & Fantus, 2018).
Curcumin has been an important therapeutic molecule in biomedical research as thirty seven

clinical trials of curcumin and two FDA phase 4 trials have been completed by December 2017.
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Figure 13: Therapeutic properties of curcumin (X. Y. Xu et al., 2018).
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3.3.1 Anti-inflammatory activity of curcumin

Till date various anti-inflammatory mediators, effectors have been explored for their use in
inflammatory diseases but curcumin is known to be a powerful anti-inflammatory molecule.
Curcumin exhibits anti-inflammatory properties by inhibiting the production of inflammatory

mediators and regulating the inflammatory signalling pathways (He et al., 2015).

Curcumin regulates various signalling pathways including MAPK, nuclear factor kappa- B
(NFkB) and activator protein -1, JAK/STAT and other signalling pathways by interacting with
TLRs, PPAR-y, and NOD-like receptor pyrin containing 3 (NLRP3) inflammasome
(Mohammadian Haftcheshmeh et al., 2020). Anti-inflammatory mechanisms of curcumin
involve the down-regulates NFkB by interacting with PPAR-y and inhibition of inflammasomes
activation and assembly via NOD-like receptors. Curcumin also regulates T helperl7 cells
differentiation which produces pro-inflammatory cytokines including IL-17, IL-22 and 1L-23
that promote inflammatory responses. Curcumin is known to promote the Th17/Treg signalling
pathway that maintains immune homeostasis by inhibiting IL-23/Th17 pathway (Chainani-Wu,
2003).

Anti-inflammatory properties of curcumin are being studied and used in the pre-clinical and
clinical trials on inflammatory diseases including arthritis, atherosclerosis, depression, psoriasis
and inflammatory bowel disease. Inflammation plays a major role in the formation and
development of atherosclerotic plaques. Curcumin is known to inhibit TNFa, IL-1p and NF-xB
pathways in aorta and serum. It inhibits the vascular smooth muscle cell migration, vascular
inflammation and alleviated hypertension by inhibiting NFkB regulated NLRP3 inflammasome

formation and expression.

3.3.2 Antioxidant activity of curcumin

Antioxidant and anti-inflammatory properties of curcumin are the two major mechanisms of
action involved in its therapeutic benefits (Lin et al., 2007). Curcumin is a natural substance that
shows antioxidant properties. It is a potential lipid-soluble antioxidant (Menon & Sudheer,
2007). Oxidative stress is associated with many pathological diseases like metabolic disorders
(diabetes, atherosclerosis) (Banach et al., 2014) and neurodegenerative diseases (Alzheimer’s
and Parkinson’s disease) (Alizadeh & Kheirouri, 2019). The free radical scavenging property of
curcumin is due to its CHz group of -diketone moiety or OH group. Studies on the antioxidant
activity of curcumin and its derivatives showed that hydrogenated curcumin derivatives
exhibited strong antioxidant activity compared to the original curcumin molecule.
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Tetrahydrocurcumin (THC) showed more antioxidant activity compared to dihydrocurcumin

(DHC) and unmodified curcumin.

Curcumin is known to reduce oxidative stress by increasing the levels of antioxidants like
catalase, lipid peroxidases, glutathione peroxidase and superoxide dismutase. It is reported to
scavenge the free radical species including ROS and RNS (Panahi, Alishiri, Parvin, & Sahebkar,
2016).

3.3.3 Antimicrobial activity of curcumin

Curcumin is also known to have antimicrobial activity and is used as an antimicrobial agent for
many fatal bacterial and viral infections (Trigo-Gutierrez, Vega-Chacon, Soares, & Mima, 2021).
It shows antibacterial, antiviral and antifungal activities. There is also research on curcumin anti-

influenza activity (Moghadamtousi et al., 2014).

Curcumin leaves essential oil is used against fungal infections. Curcumin along with
epigallicatechin gallate was used against Acinetobacter baumanni multi- drug resistance (S. Lee,
Razqgan, & Kwon, 2017). Curcumin mouthwash resulted in microbial growth reduction that could
be used to prevent microbial plaque formation and gingivitis (Anusha et al., 2019). It is also
known to hinder the growth of Bacillus subtilis bacteria (Kaur, Modi, Panda, & Roy, 2010). It
showed antiviral activity by inhibiting HIV-1 integrase. Anti-influenza activity of curcumin
against the influenza-A virus was by inhibiting its adsorption and replication and also by

inhibiting NF-kB pathway reduces the inflammatory responses in IAV (Ou et al., 2013).

3.3.4 Anti-cancer mechanism

Curcumin and its analogues show anti-cancer properties that are being widely tested and used
for different cancer treatments. Curcumin exhibits anti-cancer properties by inhibiting
proliferation, invasion and promoting apoptosis of tumors by suppressing various signalling
pathways (Unlu, Nayir, Dogukan Kalenderoglu, Kirca, & Ozdogan, 2016). The anti-tumor
property of curcumin is due to the chelating effect of diketone moiety which suppresses the NF-

kB pathway in cancer cells (Kunnumakkara et al., 2017).

Curcumin showed anti-tumor activity on lung cancer, prostate cancer, brain tumor, breast cancer
and head and neck squamous cell carcinoma. Metallo-curcumin conjugated DNA complexes
made with metal ions including Zn?*/Ni 2/Cu?* showed significant toxicity in prostate cancer

cell lines (Vellampatti, Chandrasekaran, Mitta, Lakshmanan, & Park, 2018).
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3.3.5 Role of curcumin in metabolic disorders and wound healing
Curcumin has been shown to reduce triglycerides, high blood pressure, inflammation, oxidative

stress and insulin resistance that lead to various metabolic disorders including diabetes and

obesity (Mohammadi et al., 2021).

Curcumin has been widely used and explored as a wound-healing agent due to its varied
therapeutic properties. Many polymeric nanoparticles and scaffolds combined with curcumin are
being developed for wound healing and wound dressing studies (Akbik, Ghadiri, Chrzanowski,
& Rohanizadeh, 2014).

3.4 Metabolism of curcumin

Curcumin metabolites contribute to the therapeutic activities of curcumin, which makes it
important to study and explore them (Metzler, Pfeiffer, Schulz, & Dempe, 2013). Curcumin is
metabolized by various reactions including oxidation, reduction, cleavage and conjugation (Fig
13) (Tsuda, 2018). Studies have shown that curcumin gets metabolized rapidly in in vitro and in
vivo (Prasad, Tyagi, & Aggarwal, 2014). Curcumin is mostly metabolized in the liver and
intestines (A. Pandey et al., 2020).

There are two phases of curcumin metabolism, phase I and phase II. Phase I involves reduction
of the curcumin and phase II involves conjugation of curcumin and its hydrogenated curcumin.

Curcumin is also metabolised by an alternative metabolism by intestinal microbiota of E.coli

3.4.1 Phase I curcumin metabolism

Phase I curcumin metabolism involves the reduction of double bonds of curcumin to form
dihydrocurcumin, tetrahydrocurcumin, hexahydrocurcumin (HHC) and octahydrocurcumin
(OHC) metabolites by reductase enzyme. Tetrahydrocurcumin is the major reductive metabolite
of curcumin. Dihydrocurcumin and tetrahydrocurcumin were detected in the liver and kidney.
Ferulic acid and dihydroferulic acid are some minor metabolites of curcumin reduction

(Aggarwal, Deb, & Prasad, 2014).

The reductive curcumin metabolites show more bioactivity and are associated with various
diseases with possible molecular targets. DHC is known to reduce oxidative stress by Nrf2
upregulation and may overcome insulin resistance by regulating PI3K/AKT pathway. DHC also
inhibited lipid oxidation and lipid biosynthesis in both L02 and HepG2 cells. THC showed anti-
cancer, antioxidant, anti-neurodegeneration and anti-aging properties. About 400mg/kg of THC
was regarded as safe in rats in pre-clinical safety studies. It showed neuroprotective effects in
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traumatic brain injury by activating autophagy and inhibiting antioxidant and mitochondrial
apoptotic pathways. THC also improved arterial stiftness, vascular dysfunction and hypertension
in cadmium exposed mice (Holder, Plummer, & Ryan, 1978). THC suppressed hyperglycemia
induced oxidative stress by upregulation of SIRT1 and inhibit ROS, TGFf1 and exhibited anti-
diabetic, anti-fibrotic cardiomyopathy effects (A. Pandey et al., 2020).

HHC is known to have anticancer, cardioprotective, antioxidant and anti-inflammatory
activities. OHC is the final reduced metabolite of curcumin. It is known to have more anti-tumor

activity than curcumin (Pan, Huang, & Lin, 1999).

Curcumin and its reduced hydrocurcumins of phase I metabolism are further conjugated in phase

IT metabolism on its phenol-OH site.

3.4.2 Phase II curcumin metabolism

Phase II curcumin metabolism involves the conjugation of curcumin by glucuronidation and
sulfation. The Higher levels of curcumin conjugation is one of the reasons for its poor
bioavailability. Glucuronidation involves glucuronidases enzymes and sulfation involves
sulfotransferase enzymes (SULT1A1l and SULT1A3). The enzymes for glucuronidation and
sulfation were found in liver, kidney and intestinal mucosa. Curcumin conjugates were detected
to be much higher in human intestinal fractions than rats and much lower in human hepatic

fractions than in rats (Ireson et al., 2002).

3.4.3 Alternative curcumin metabolism

Alternative metabolism of curcumin involves the metabolism of curcumin by intestinal
microbiota of E.coli (Hassaninasab, Hashimoto, Tomita-Yokotani, & Kobayashi, 2011). The
CurA, a NADPH dependent enzyme of E.coli metabolizes curcumin into dihydrocurcumin and

tetrahydrocurcumin by reduction reaction (Park et al., 2018).
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Figure 14: Different metabolites of curcumin (Gordon, Luis, Sintim, & Schneider, 2015).

3.5 Bioavailability and Biodistribution of curcumin

The poor bioavailability of curcumin limits its therapeutic benefits. Thereby understanding the
bio-distribution of curcumin is critical for therapeutic research studies (Sohn et al., 2021). To
understand the in vivo bio-distribution of curcumin (Fig 14) and its metabolism various methods
of administration of curcumin have been used including oral, subcutaneous, intraperitoneal (IP),

intravenous (IV) tropical and nasal routes (Prasad et al., 2014).

3.5.1 Oral administration

Oral administration involves the uptake of a substance through mouth. Many studies have been
done on oral administration of curcumin. With the oral administration, half of the curcumin
remained in the lower part of the gut after absorption (W. Liu et al., 2016). In the gut curcumin
1s known to be metabolized and modified as glucuronide and sulfate derivatives and 40% remain
unchanged that were detected in the urinary excretion. Orally administered curcumin gets
modified in the gut and enters the portal blood as glucuronide and sulphate metabolites and so
does not reach the liver in its free form. /n vivo study of oral administration of curcumin showed
that a very less amount of curcumin was detected in liver, kidney and portal blood (Ipar et al.,

2019).
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3.5.2 Intravenous (IV) administration

Intravenous administration is the injection of a substance directly into the blood vessels. This
route of administration helps the substances to bypass physiological barriers and improves their
absorption and bioavailability. Curcumin was reported to bypass the physiological barriers when
given by IV. By IV administration of curcumin, glucuronide conjugates of THC and HHC were

found in bile excretion (Homayun, Lin, & Choi, 2019).

3.5.3 Intraperitoneal administration (IP)

In this route of administration, the drug is directly injected into the peritoneum (body cavity). IP
route of administration is used mostly for animal models than humans. The bioavailability of
curcumin was shown to be better by IP than oral. Curcumin IP administration has shown to

reduce intracerebral haemorrhage by reducing matrix metalloproteinase induced BBB damage

(Prasad et al., 2014).
3.5.4 Subcutaneous administration

Subcutaneous injection involves the application of a substance under the skin. Subcutaneous
administration of curcumin showed a sustained effective tissue concentration. Formulated
curcumin showed an improved sustained release than unformulated curcumin by subcutaneous
administration. Subcutaneous administration of curcumin formulated microparticles showed a

sustained release of curcumin for almost a month in mouse models (Karabasz et al., 2019).

3.5.5 Topical and nasal administration
In topical administration, a substance is applied to the surface of skin or mucous membranes. It
is used mostly to study wound healing, skin cancer and inflammation on target organ (Lopez-

Jornet, Camacho-Alonso, Jimenez-Torres, Orduna-Domingo, & Gomez-Garcia, 2011).

The nasal route of administration of substances has gained interest as it is a direct way to transport
drug substances to the brain (Zhuang et al., 2011). To increase the curcumin bioavailability and
direct transport to the brain nasal route can be used. Biodistribution of curcumin in the brain was

found to be more by intranasal administration than by intravenous route (Agrawal et al., 2018).
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Figure 15: Biodistribution of curcumin and its metabolites (B. Zheng & McClements,

2020). Curcumin undergoes chemical degradation due to metabolism as it passes through the human gut and body.

The metabolites formed have different bioactivities to the parent molecule.

3.6 Therapeutic formulations of curcumin

Although curcumin has many therapeutic properties, they are greatly limited by its hydrophobic
nature, its rapid metabolism contribute to its low bioavailability. To overcome these limitations
various nanoformulations drug delivery systems have been tested to encapsulated curcumin to
enhance its bioavailability and bio-efficacy. Till date, the reported delivery systems for curcumin
include micelles, liposomes, phospholipid complexes, micro-emulsions, nano-emulsions,
emulsions, solid lipid nanoparticles, nanostructured lipid carriers, biopolymer nanoparticles and

micro-gels. (Wong et al., 2019).

Few studies reporting curcumin nanoformulations with improved bioavailability of curcumin

and their use in diabetic wound healing have been mentioned:

A study on antioxidant activity of curcumin on cochlear fibroblasts in STZ-induced rats showed
that dietary curcumin controlled oxidative stress effectively by increasing the expression of

superoxide dismutase, an antioxidant enzyme (Couret et al., 2021). Newly developed curcumin-
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based formulations have shown to be an excellent wound healing agents. Encapsulated curcumin
nanoparticles improved the skin wound healing efficiently and safely for diabetics. Chitosan
nanoparticles loaded with curcumin could attenuate inflammation mediated by macrophages and
enhance angiogenesis both in vitro and in vivo thereby accelerating the wound healing in diabetic

rats (Akbar et al., 2018).

Intravenous administration of poly-d, 1-lactic-co-glycolic acid (PLGA) encapsulated curcumin
showed higher serum concentrations than native curcumin which improved the bioavailability
and half-life of curcumin (Tsai, Chang-Liao, Chien, Lin, & Tsai, 2012). The oral delivery of
these curcumin formulations improved their bioavailability by 15.6 folds (PLGA-curcumin) and

55.4 folds (PLGA-PEG-curcumin) (Yallapu, Gupta, Jaggi, & Chauhan, 2010).

Liposomes and micelles are potential drug carriers of hydrophobic drug molecules for
solubilisation. Liposome encapsulated curcumin showed higher bioavailability and faster
absorption rate by oral administration in rats. Silica coated liposomes loaded with curcumin
showed 7.76 fold higher curcumin bioavailability than other curcumin suspensions (Peng et al.,
2014). Propylene glycol and N-trimethyl chitosan chloride coated liposomes were also prepared
to encapsulate curcumin that improved the bioavailability and release profiles compared to native
curcumin. Cyclodextrin polysaccharide was also used to formulate curcumin which showed

greater cellular uptake and longer half-life compared to native curcumin.
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Figure 16: Different nanoformulations of curcumin (Ahmad et al., 2014).

Among different drug delivery vectors, in this work HDL lipoprotein and micelles have been
chosen to encapsulate curcumin. HDL has beneficial effects on diabetes and its vascular
complications. It shows protective effect on atherosclerosis by mediating cholesterol efflux form
lipid rich macrophages in arterial walls of atherosclerotic plaques (Rye & Barter, 2014). HDL
also showed protective effect on endothelial cells by stimulating NO production which mediates
vascular relaxation, prevents monocyte-endothelial interactions by inhibits downstream
inflammatory pathways (Tran-Dinh et al., 2013) and prevents apoptosis by reducing ER stress
and ROS production (Petremand et al., 2012; White, Datta, & Giordano, 2017). HDL has also
shown to promote angiogenesis in hypoxia condition, where impaired ischemia induced-
neovascularization are associated with diabetic vascular complications (Tan, Ng, & Bursill,
2015). It also reduced ischemic stroke infract volume in mice model (Couret et al., 2021; Tran-
Dinh et al., 2020). Curcumin has been previously encapsulated into carrageenan nanomicelles.
They have been shown to improve the cellular uptake of curcumin and promoted anti-
inflammatory effect by decreasing the levels of inflammatory factors IL-6 and MCP-1 in TNF-
alpha-induced inflammation in vitro in EA-hy926 endothelial cell line. /n vivo studies showed
that drug-loaded hyaluronic acid/k-carrageenan injectable hydrogels accelerated 90% wound
closure in rats. The B-Cyclodextrin/Curcumin loaded carrageenan hydrogel has been developed
as a wound dressing material due to its free radical scavenging activity (Youssouf et al., 2019).
Therefore, the choice of HDL and carrageenan nanomicelles to encapsulate curcumin for
evaluating their potential on endothelial dysfunction associated with diabetic stroke and

regenerative wound healing for improving diabetic lesions can be a good choice.
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IV. HDL and its therapeutic properties in vascular complications

High density lipoproteins are small protein-rich complexes. They contain apolipoprotein,
phospholipids, cholesterol, enzymes and acute-phase proteins. Apolipoprotein is the main HDL
protein component. HDL has a diverse chemical, structural and biological properties. HDL has
various functions but its main function is lipid transport and metabolism. It plays a major role in
reverse cholesterol transport where they collect cholesterol from peripheral tissues and transport
it to the liver for elimination. Other functions HDLs natural cargo includes lipids, proteins and

microRNAs.

Natural nanostructure size and flexible of physiochemical properties make HDL particles
suitable for treating many diseases. HDLs are biocompatible and biodegradable protein-lipid
complexes that are interesting diagnostic and therapeutic agents. HDL shows cardioprotective
and antiatherogenic properties. Increased HDL cholesterol levels were associated with reduced
risk of cardiovascular diseases while lower HDL-C levels are a risk factor. HDLs showed arterial
protection by the removal of cholesterol from the arterial walls by ABC Gl (ATP-binding
cassette) and ABC Al transporters. Focus on using HDL as a drug delivery vector and scaffold

preparations are emerging.

4.1 Structure of HDL

HDL is a nanosized protein-lipid complex that is 8-10 nm in size and 1.063-1.21 g/ml in density.
Among other lipoproteins HDLs have high density due to their high protein content which
accounts for 30% to 60% by weight. Apolipoprotein A-I and Apolipoprotein A-II are the most
abundant HDL proteins. Apolipoprotein A-I is the major structural and functional part of HDL
which accounts for 70% of HDL proteins. HDL lipids include phospholipids
(phosphatidylcholine, Phospatidylglycerol, phospotidylserine, phosphatidylinositol,
phosphatidic acid, phosphotidyl ethanolamine and cardiolipin), sphingolipids (sphingomyelin,
ceramide), neutral lipids (unesterified (free) sterols), cholesteryl esters and triglycerides
(Kontush et al., 2015). Phosphatidylcholine is the major phospholipid that accounts for 32- 35
mol % of total HDL lipids. Phospatidylglycerol, phospotidylserine, phosphatidylinositol,
phosphatidic acid, and cardiolipin are negatively charged phospholipids. Sphingomyelin
enhances the surface lipid rigidity of HDL particles. Cholesterol is the major unesterified sterol

component located in the surface lipid monolayer of HDL particles and regulates the fluidity.
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Cholesteryl esters are formed during the reverse cholesterol transport by esterification of
cholesterol and phospholipids by LCAT (lecithin cholesterol acyltransferase) enzyme.

HDL particles are nascent discoidal in the early stage and form spherical particles in a matured
stage. Apolipoproteins are actively involved with HDL in the exchange process between HDL-
bound state and lipid-free state (Lund-Katz, Liu, Thuahnai, & Phillips, 2003).

Nascent Discoidal HDL

This discoidal HDL serves as a substrate for LCAT, so are short-lived in the blood plasma with
more LCAT activity can be detected more in peripheral lymph and interstitial fluid as they have
less LCAT activity. Discoidal HDL consisting of two Apo A-I molecules (~ 47A and ~ 96A
diameter) are the most studied. Based on the double belt molecular model Discoidal HDL
contains two ring-shaped Apo A-I molecules that encapsulate a lipid membrane leaflet in an
antiparallel orientation.

Spherical HDL

These are the most circulating HDL particles and contain phospholipids, apolipoproteins on the
surface with a neutral lipid core of cholesteryl ester and triglycerides (Lund-Katz & Phillips,
2010) (Fig 17).

Phospholipid membrane

Cholesterol ester

Triglycerides

Unesterified cholesterol

Figure 17: Structure of HDL (Primer, Psaltis, Tan, & Bursill, 2020).
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4.2HDL sub types

As HDL particles interact with different enzymes, cells and cargo molecules they tend to form
heterogeneous complexes including quasi-spherical or discoid, plurimolecular and
pseudomicellar complexes. These complexes are mainly composed of polar lipids solubilized by
apolipoproteins. Different analytical techniques including separation, migration and density like
ultracentrifugation and electrophoresis are used to identify HDL sub-types based on presence or
absence of protein component, size, density, surface charge and shape (Rainwater, Blangero,

Moore, Shelledy, & Dyer, 1995).

HDL subtype based on size and density

Using analytical ultracentrifugation and based on density two HDL subclasses were identified as
HDL2 and HDL3 molecules. HDL2 are lipid-rich less dense molecules (1.063 — 1.125 g/mL)
and HDL3 are protein-rich denser molecules (1.125 — 1.21g/mL). Further, by using single
vertical spin ultracentrifugation and rate-zonal ultracentrifugation and based on particle size
three subclasses of HDL 3 and two subclasses of HDL3 were identified. They include HDL 3a
(8.2 — 8.3 nm diameter), HDL3b (7.8-8.2 nm), HDL3c (7.2- 7.88 nm), HDL 2a (8.8-9.7 nm) and
HDL 2b (9.7 — 12.0 nm) (Fig 18).

HDL subtype based on surface charge and shape

Using agarose gel electrophoresis and based on the charge, shape and electrophoretic mobility
of two HDL subclasses are identified as a-migrating particles and preB-migrating particles.
Circulating spherical HDL particles are included in the a-migrating particles and prep-migrating

particles include poorly lapidated HDL and nascent discoidal particles (Fig 18).

HDL subtype based on the protein component

An Electroimmunodiffusion technique in agarose gel was used and based on the presence or
absence of Apo A-I/ Apo A-II two HDL subclasses were identified as HDL particles with Apo
A-I and Apo A-II known as LpA-I: LpA-II and HDL particles with only Apo A-I and without
Apo A-IT known as LpA-I (Fig 18).

HDL subtype based on lipid methyl group of lipoprotein particle
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NMR was used and based on the lipid methyl group of lipoprotein particle HDL subclasses were
identified as large HDL (8.8 — 13.0 nm diameter), medium HDL (8.2 -8.8 nm) and small HDL
(7.3-8.2 nm) particles.

In the last few years, HDL heterogeneity in clinical studies has increased the focus on exploring
various HDL subclasses using different analytical techniques. Different subpopulations of HDL

subclasses can further be explored by using analytical techniques.

‘ Spherical apoA-I/apoA-l
a-migrating apoA-THDL HDL

HDL,, (9.2nm)

e Discoidal
l l ) § ¢ l ] Pre-B
migrating

HDLy, (£08m)

apoA-1(28kDa)
:

HDL,_ (7.60m)

HDL;, (8.4 am)

HIDLy, (10.6 nm)

Figure 18: Different sub-types of HDL (Robichaud et al., 2021).

4.3 Biogenesis and function of HDL

HDL biogenesis is initiated by the interaction of Apo A-1 protein with ABCA 1 and occurs on
macrophages. It involves the ATP dependent transport of cholesterol and phospholipids to the
nascent discoidal HDL. Discoidal HDL are pre-f HDL that contain 2 or 3 Apo A-1 proteins
shielding the hydrophobic acyl chains. The pre-B contains 60- 70% proteins, phospholipids and
esterified cholesterol (Tsompanidi, Brinkmeier, Fotiadou, Giakoumi, & Kypreos, 2010). When
pre-f deposits enough cholesterol they mature into spherical HDL particles through LCAT
enzyme. LCAT enzyme transfers an acyl group from a phospholipid to cholesterol to form
cholesteryl ester on discoidal HDL. Cholesteryl esters move to the hydrophobic core of the HDL
forming spherical particles (Genest, Schwertani, & Choi, 2018).

Spherical HDL further undergo additional maturation by taking more cholesterol and
phospholipids from cells through various processes including aqueous diffusion of cholesterol

and direct uptake of lipids from cell membrane or associated with ABC G 1 transporters. ABC
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G1 transporters enhance the efflux of cholesterol by cholesterol localization on the cell
membrane and do not bind to the HDL particle (Yokoyama, 2006). Spherical HDL particles
interact with SR-B1 receptors expressed by many cell types. The SR-B1 (scavenger receptor
class B type 1) receptors like ABC transporters also selective cholesteryl ester transfer to the
target cells. SR-B1 mediated selective lipid uptake does not involve lysosomal degradation and
uptake of entire HDL particle. Spherical HDL have high relevance as a drug delivery molecule
(Zannis, Chroni, & Krieger, 2006).

@ apoA-I
LCAT
- % apeE
dlmi v cE," Lipidated Discoidal
AP ,5:-'" apoprotein HDL
(prep type HDL) @ apoA-TV

ABCAI
Spherical HDL
containing apoA-1

Intestine and other or apoE or apoA-IV

extrahepatic tissues

Figure 19: Schematic of HDL biogenesis (Zannis et al., 2015).

The biogenesis of HDL is a complex process and involves several membrane bound and plasma proteins. The first
step in HDL biogenesis involves secretion of apoA-I mainly by the liver and the intestine. Secreted apoA-I interacts
functionally with ABCAL, and this interaction leads to the transfer of cellular phospholipids and cholesterol to lipid-
poor apoA-I. The lipidated apoA-I is gradually converted to discoidal particles enriched in unesterified cholesterol.
The esterification of free cholesterol by the enzyme lecithin/cholesterol acyltransferase (LCAT) converts the discoidal
to spherical HDL particles. The absence or inactivating mutations in apoA-I, ABCA1, and LCAT prevent the
formation of apoA-I-containing HDL. Following a similar pathway, apoE and apoA-IV can also synthesize HDL
particles that contain these proteins. The unique properties of apoA-I permit it to acquire lipids via interactions with

ABCAI and LCAT.
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4.4HDL cargo

Proteomics and lipidomic studies have shown that HDL cargo includes proteins, lipids and small
RNA.

HDL also has Apo A-II, Apo C-I, Apo C-II and Apo C-III proteins other than Apo A-1. Apo A-
II shows pro-inflammatory function by increasing monocyte response to LPS. Apo M inhibited
mortality in LPS treated mice and LPS induced acute lung injury.

HDL lipids include cholesterol, sphingolipids, phospholipids and triglycerides. Sphingosine -1-
phosphate (S1P) is mostly expressed in endothelial cells and inhibits MCP-1 and activates eNOS
in endothelial cells.

Other than proteins, lipids and enzymes HDL particles also carry nucleic acids including miRNA,
sRNA, and snRNA. HDL- miRNA association was identified in atherosclerosis and dyslipidemia
patients (Ertek, 2018).

4.SHDL in the pathophysiology of vascular diseases
Other than lipid transport and metabolism, HDL has various functions. HDL serves as a
circulating vehicle loaded with many biological activities. They are associated with vascular

complication (Femlak, Gluba-Brzozka, Cialkowska-Rysz, & Rysz, 2017).

4.5.1 HDL anti-inflammatory role

HDL exhibits anti-inflammatory functions that are associated with proteome ApoA-1, other
proteins including PON1 and clustrin and sphingosine-1-phosphate lipidomic constituents
(Holzwirth et al., 2022). HDL exerts anti-inflammatory, anti-atherosclerotic and vascular
protective properties by suppressing the inflammation mediated by macrophages, monocytes and
neutrophils. Apo A-1 is shown to inhibit cellular adhesion molecules intracellular adhesion
molecule-1, vascular cell adhesion molecule-1 and E-selectins and monocyte expression of
integrin CD11b induced by inflammatory cytokines. Inhibition of expression of endothelial
adhesion molecules decreases the trans-endothelial migration and recruitment of immune cells
(monocytes, macrophages and neutrophils) to the vascular arterial walls from blood circulation.
Apo A-1 also inhibits the T cell activated production of IL-1B and TNF-a associated with
monocyte or macrophage. HDL is also known to inhibit the NF-kB pathways by suppressing the

activation of monocytes and endothelial cells. It is also known to inhibit LDL induced monocyte
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chemoattractant protein-1 (MCP-1), which is a major chemokine that regulates the migration and

infiltration of monocyte and macrophages into the arterial walls.

HDL has immunomodulatory properties and has a role in host defence mechanisms by
modulating innate and adaptive immune responses (Jia et al., 2021). HDL reduced the
lipopolysaccharide (LPS) toxicity and LPS- toll-like receptor TLR 4/CD14 complex-mediated
proinflammatory pathways. Innate immune cells such as macrophages, monocytes and dendritic
cells express TLR 4 receptors which is activated by LPS. LPS triggers pro-inflammatory
cytokine production by TLR 4 induced MyD88 signaling pathway. HDL inhibits TLR signaling
by inducing the expression and activation of activating transcription factor 3. By altering
cholesterol content in lipid rafts, HDL is known to modulate innate and adaptive immune
responses as high cholesterol cell membrane contains many membrane proteins including TLR
receptors. Therefore by decreasing cholesterol content in lipid rafts, HDL can inhibit TLR
mediated MyD88 signaling, antigen-presenting capacity of macrophages and dendritic cells T
cell activation and blocks the transformation of monocytes into migratory dendritic cells by
platelet-activating acetylhydrolase enzyme. HDL components including immunoglobulins, Apo
A-1, sphingosine-1-phosphate and complement system components directly participate in the

immune responses (Saemann et al., 2010).

4.5.2 HDL antioxidant role

HDL also exerts an antioxidant function that prevents lipid oxidation and removes oxidized
products. It has many antioxidant enzymes including lipoprotein-associated phospholipase A2,
LCAT and PON 1. Lipoprotein-associated phospholipase A2 and LCAT show antioxidant
function by hydrolysing the oxidized acyl moieties of oxidized phospholipids. Apo A-1 binds
and removes peroxidation products from phosphatidylcholine, LDL and cholesteryl esters. HDL
prevents LDL oxidation from lipid peroxidation products of macrophages. HDL3 subclass HDL
molecule has shown more potential capacity of LDL protection oxidation than HDL2. Apo A-1
is crucial for PON1 function. PON1 is known to protect HDL and LDL from oxidation and PON-
1 knockout mice showed susceptibility to atherosclerosis (Xepapadaki, Zvintzou,
Kalogeropoulou, Filou, & Kypreos, 2020). HDL interacts with sphingosine-1-phosphate receptor
3 (S1P3) and SR-B1 receptors and reduces endothelial superoxide production induced by TNF-
a associated with an inhibitory effect of HDL lysosphingolipids on NADPH oxidase. HDL plays

a role in elimination of hydroxides, hydroperoxides and lipid peroxidation products by
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hepatocytes by transporting them to the liver with SR-B1 receptor interaction (Shokri et al.,
2020).

4.5.3 HDL anti-apoptotic role

HDL has many biological functions including an anti-apoptotic role. Sphingolipids of HDL
regulate cell growth and survival, ceramide and sphingosine sphingolipids induce growth arrest,
stress stimuli and apoptosis. S1P is known to regulate apoptosis by binding to Apo M in plasma.
S1P regulates many cellular processes including angiogenesis, cell migration cell survival and
immune cell trafficking. Inflammation and apoptosis of endothelial cells provoke them to
become pro-coagulants and form clots that are associated with atherosclerosis and thrombosis.
HDL shows cytoprotective and anti-apoptotic activity on endothelial cells. It protects the
endothelial cells from apoptosis and promotes their cell survival. HDL protects the human
umbilical vein endothelial cells by inhibition of TNF-a mediated cysteine protease p-32 like
protease activity. HDL stimulated the endothelial anti-apoptotic Bcl-xL protein and reduced
apoptosis in vitro and in vivo in apolipoprotein E-deficient mice. HDL also prevents apoptosis
of pancreatic beta cells. It protects against growth factor or serum induced cell death in in vitro
model (Shokri et al., 2020).

HDL also exerts other functions including regulation of glucose metabolism, anti-ischemic and
angiogenesis activities. Sphingosine- 1 phosphate of HDL protects from ischemic reperfusion by
multiple mechanisms including NO production, inhibition of inflammation and activation of

salvage pathway (Ruiz, Okada, & Dahlback, 2017).

4.6 Cellular uptake of HDL

Scavenger receptor class B type -1 is the major HDL receptor. SR-B1 transports HDL cholesterol
to liver and regulates reverse cholesterol transport. It is a glycoprotein that mediates selective
uptake of cholesterol, cholesteryl ester from HDL molecules to the liver without degradation of
HDL (Robert, Osto, & von Eckardstein, 2021). The cellular uptake HDL is mediated by SR-B1
by endocytosis or transcytosis. SR-B1 receptors bind different HDL species with different
affinities depending upon the lipid composition and shape of HDL (Fig 20). The cholesterol
transfer from HDL makes them smaller particles and thereby decreasing their affinity to the
receptors and creates free space for binding of other cholesteryl ester loaded HDL particles. The

exchange of cholesterol with the liver is by endocytosis and HDL uptake was reported by
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transendocytosis into endosomes by SR-B1 receptors. Retroendocytosis was first reported in rat

aortic smooth muscle cells (Rohrer et al., 2009).

The uptake of HDL across BBB is by transcytosis. In transcytosis the lipoprotein is internalized
at the luminal surface of endothelium and then finally exocytosed at the base membrane of BBB.
This transcytosis of HDL is associated with a neuroprotective effect in neurodegenerative
disorders via Apo A-1. Enhanced transcytosis of HDL across BBB has gained importance as a
drug delivery tool to the brain. Apo A-1 of HDL transcytosis showed a protective effect against
Alzheimer’s disease by reducing amyloid [ aggregation, deposition and toxicity (Goti et al.,
2001).

HDL exerts many beneficial effects on endothelial cells via interaction with the endothelial
receptors which include SR-B1, ABCA1 and recently reported ecto-F; ATPase receptor. These
receptors are involved in HDL cellular internalization and signaling. SR-B1 mediated HDL
signaling provides vascular protection by NO, cyclooxygenase and PGI, production. PGL is a
vasodilator and prevents platelet adhesion.

ABCALI is involved in the cholesterol efflux from macrophages to Apo A-1 either at plasma
membrane or by internalizing apoAl in late endosomes and released by exocytosis after
enrichment with cholesterol. It is known to be expressed in human aortic endothelial cells
(HAOECs) and HUVEC. Overexpression of ABC Al lead to increased cholesterol efflux in
HUVECs and HAOECs. It is reported to be a regulator of macrophage cholesterol and
phospholipid transport. ABC Al showed protection of endothelial dysfunction in high-fat diet
mice model by reducing the inhibition of NO production.

Ecto-Fi- ATPase was reported as a HDL receptor which is a cell surface enzyme complex
associated with mitochondrial F1 Fo ATP synthase. It is shown to have a high affinity to Apo A-
1 in hepatocytes and mediates endocytosis of HDL. The Apo A-1 binds to B- ecto-Fi- ATPase
that stimulates ATP hydrolysis to ADP, ADP then activates P2Y 13 receptor that triggers holo
HDL uptake. Ecto-Fi- ATPase were shown to be expressed at the surface HUVECs endothelial
cells. This receptor was involved in the uptake and transport of lipid-free apoAl and HDL in
bovine aortic endothelial cells. It also inhibited apoptosis of serum deprivation in HUVECs and

its a-subunit showed anti-angiogenic effects.
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Figure 20: Cellular uptake of HDL by SR-B1 receptors (Al-Jarallah & Trigatti, 2010).

SR-BI as a mediator of lipid uptake. HDL sequesters S1P, reducing the effective concentration of free SIP and
influencing S1P interaction with S1P receptors (1). SR-BI may mediate the transfer of HDL associated S1P into the
cell membrane (2), allowing S1P to access Gi -coupled S1P receptors and initiate signaling. S1P receptors have
been shown to physically and functionally associate with growth factor receptors raising the possibility that SR-BI

may also associate directly (or indirectly via adaptor proteins) with one or more S1P receptor to engage in signaling

3).

4. 7HDL molecules in therapeutics

The use of HDL molecules in therapeutics has gained tremendous interest. Nanotechnology-
based biomimetic natural HDL molecules are potential platforms for use as drug delivery systems
(Ben-Aicha, Badimon, & Vilahur, 2020). It has a lot of advantages as it is highly stable, receptor
mediated interactions can potentially be used for specific targeting and smaller particles <I3nm
in size with higher surface area. Higher HDL blood circulating concentrations (30uM) suggests
that biomimetic HDL could be physiologically tolerated. The larger surface area provides enough
room for carrying many small molecules at once or alone and the small size makes it easy to
penetrate the tissues. Physiological HDL circulation tends to increase its bioavailability to target

tissues.

HDL in drug delivery

Endogenous HDL particles have been explored to transport small interfering RNA (siRNA).
Studies showed that Apo B1 with siRNA antisense pre-incubated with HDL prior to injection in
animals had higher uptake in SR-B1 dependent manner. Cholesterol conjugated siRNA showed
that it can be conjugated with HDL or LDL and after injection, they were detected in the vascular

compartments in the brain tissue by northern blot analysis. The conjugation of a-tocopherol-
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siRNA showed enhanced stability after conjugating with HDL particles by gel shift experiments.
Galactose uptake is specific to liver, injection of galactose conjugated HDL promoted its rapid
uptake in the liver suggesting this approach for the use to deliver hydrophobic molecules (Fox,

Moschetti, & Ryan, 2021).

Reconstituted HDL (Nanodiscs)

Based on the lipophilic components and apolipoprotein of natural HDL particle synthesis
nanodiscs termed reconstituted or recombined HDL (rHDL) molecules are being formulated.
They range from 9 to 30 nm in size. These rHDLs were first formulated to understand the
biochemical and biophysical properties of natural HDL molecules. The interaction between HDL
particles and the biological membranes was also explored using rHDLs. Biochemical and
biophysical properties of apolipoproteins were used to control the size and assembly of rHDLs.
Their similarity with natural HDL molecules makes them biocompatible and their amphiphilic
nature makes them suitable for lipophilic drug delivery (Fox et al., 2021). Various drugs have
been formulated using nanodisks. Lipophilic antifungal Amphotericin B loaded nanodisks
showed reduced toxicity compared to unformulated ones in Hep G2 liver cells and red blood
cells. This Amphotericin B nanodiscs were also potential against Candida albicans infected mice
model. Retinoic acid a lipophilic drug prepared by loading into nanodisks enhanced stable
storage at 4 °C and showed a potential effect in lymphoma cell culture models by increasing cell
cycle arrest and cell death. Nanodiscs formulated curcumin showed enhanced anti-proliferative
effect and increased solubility compared to unformulated curcumin in a cancer cell line.
Simvastatin is an HMG-CoA inhibitor, anti-inflammatory and cholesterol lowering properties.
Simvastatin formulated with reconstituted HDL was used in Apo E knockout mouse model for
atherosclerosis. It reduced macrophage survival in vitro which is a major inflammatory cell that
mediates atherosclerosis. Also, further developments have been made in nanodiscs formulations
such as a fusion protein with Apo A-I combined with a single chain variable antibody vimentin,

specifically targeted vimentin (Tsujita, Wolska, Gutmann, & Remaley, 2018).

Spherical HDLs in therapeutics
Spherical HDLs are circulating HDL molecules that are less studied. Synthesis of spherical HDL
analogues is more complicated than nanodiscs. The spherical HDL molecules are being

developed to use as drug delivery platforms by providing surface loading or hydrophobic core
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loading of drugs. They also interact with the SR-B1 receptors and have many distinct functions

compared to the discoidal HDLs (Tsujita et al., 2018).
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V Marine Algae and their use in therapeutics

Marine organisms such as marine algae and cyanobacteria have been an interesting source of
some bioactive substances with therapeutic activities explored in the last few decades (Blunt,
Copp, Keyzers, Munro, & Prinsep, 2016). Marine bioactive compounds include sulphated
polysaccharides, carotene, omega-3 fatty acids, P-carotinoids (astaxanthin, carotene and
fucoxanthin) and polyphenols (El Gamal, 2010). Marine algae are chlorophyll containing simple
marine organism that are either single celled (3 to 10 um in size) or many cells organised in
groups to form kelp (that extends up to 70 m). Algae are found in most of the places of the earth
such as rivers, sea, lakes, on the walls (mosses), soil, animals and plants where there is sunlight
to prepare their own food by chlorophyll (P. Li, Harding, & Liu, 2001). They are found as micro
algae or macroalgae (seaweed) in seas and as phytoplanktons in oceans (Dittami, Heesch, Olsen,
& Collen, 2017). Microalgae accounts for 40% of oxygen in the atmosphere and 40,000 species
of microalgae have been identified. They are the major source of food and oxygen for the marine
life. Based on the chloroplast pigments marine algae are classified into green, brown and red

algae.

Marine algae are most interesting source of novel bioactive substances that have diverse
chemical structure and biological activities due to which they are being used in the biomedical
field. They are also widely being used in cosmetic, food, textile and agriculture fields (C. Song

et al., 2021).

5.1 Marine algae and their bioactive properties

The green, brown and red algae have many bioactive properties that are used in biomedical field.

Green algae

Green algae are known as chlorophyta and has green colour chlorophyll pigment. It comprises
0f' 9000 to 12000 species. Their cell wall is made up of cellulose and pectin complexes and starch
is the main food storage polysaccharide. Some green algae include Spirogyra, cladophora,
hydrodictyon. They mostly occur in fresh water either as free-floating or attached to the
submerged rocks or wood. Bioactive molecules isolated from green algae showed therapeutic
properties such as anti-inflammatory, anti-biotic, anti-viral, anti-mutagenic and anti-fungal
activities (Umen, 2014).
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Bioactive compounds diphenyl ether 29, 3-0-b-D-glucopyranosy-lstigmasta-5, 25-diene 28
isolated from green algae have shown anti-inflammatory properties. Diphenyl ether 29 molecule
showed effective anti-inflammatory effect against toxins injected in a mouse limb study.
Cycloeudesmol 59 isolated from Chrondria oppositiclada showed antibiotic effect against

Staphylococcus aureus and Candida albicans (Lu & Oyler, 2009).

Brown algae

Brown algae belongs to the class phaecophyta and consists of fucoxanthin pigment responsible
for its brownish colour. Brown algae is mostly present in the northern hemisphere in the Polar
Regions. About 1,500 to 2000 species of brown algae have been identified. It is found in marine
water environments. Major storage polysaccharide is laminarin and the cell wall is made up of
cellulose and alginic acid (Y. Li et al., 2021). Many bioactive molecules have been isolated form
brown algae that have pharmacological properties like anti-tumor, nematocidal activity (used as
pesticide for plants), hepatoprotective activity, anti-inflammatory, antiviral, anti-oxidant and

anti-diabetic activities (Generalic Mekinic et al., 2019).

Fucosterol isolated from brown algae Pellvetia siliquosa demonstrated anti-diabetic activity.
Macrolides and Lophorins isolated from Lobophora variegata showed anti-inflammatory
properties. Several prenyl toluquinones isolated form Cystoseira crinite exhibited free radical

scavenging effect (Cock, Peters, & Coelho, 2011).

Red algae

Red algae belong to the class Rhodophyta. The red colour of the algae is due to the presence of
phycoerythrin pigment. The cell walls is made up of agars, cellulose and carrageenans. It is the
major source of carrageenan polysaccharide compared to other algae. Many red algae are edible
such as carrageenan moss Mastocarpus stellatus, Chondrus crispus and Palmaria palmate.
Betaphycus and Kappaphycus red algae species are the important source of carrageenan which
are used as food ingredient (Khotimchenko et al., 2020). There are almost 8000 red algae species
which live in marine environments. They also have bioactive metabolites that show

pharmacological activities.

Aminoacid, kainic acid isolated from Digenea simplex showed neurophysiological activity.
Bromothenols isolated from Polysiphonia urceolata showed free radical scavenging activity.
Trans, trans-ceratospongamide isolated form Ceratodictyon spongiosum showed anti-

inflammatory activity (Blunt et al., 2018).
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5.2 Composition of marine algae

5.2.1 Polysaccharides of marine algae

Algal polysaccharides are known as phycocolloids which are abundant source of polysaccharides
(4% - 76%). Polysaccharides as the structural component of algal cell wall. Polysaccharides have
various biological activities that depend on the type of glycosidic linkage, molecular weight and
monosaccharide composition of the polysaccharides (S. Y. Xu, Huang, & Cheong, 2017).
Polysaccharides are classified based on their chemical structure including galactans, sulphated
xylans and sulphuric acid polysaccharide from green algae, laminarin, fucoidan, sargassan and
alginate from brown algae and carrageenans, xylans, agar and floridean from red algae.
Carrageenan account for about 50% of dry weight of algal biomass and is considered the most
abundant polysaccharide found in red algae such as Euchema denticulatum, Kappaphycus
alvarezii and Kappaphycus cottoni species (Baumgen, Dutschei, & Bornscheuer, 2021).
Polysaccharides are biodegradable and biocompatible natural material where alginate, collagen,
chitosan polysaccharides are being used in nanoparticle preparations to reduce the toxicity and
improve the therapeutic properties of the drugs molecules (Y. E. Lee et al., 2017; Y. Sun, Ma, &
Hu, 2021).

5.2.1.1 Carrageenan

Carrageenan is an anionic sulphated polysaccharide which is hydrophilic colloid (water soluble
gum) and has gel forming property. It is formed by D- galactose and 3, 6 — anhydro- galactose
monomer units linked by a-1-3 and B-1-4 glycosidic linkages. They are classified into different
types mainly lambda (1), Kappa (x), 1ota (1), €, pu based on the position and number of sulphated
groups (Fig 21). Kappa carrageenan has one, iota has two and lambda has three sulphated groups
respectively. The number of sulphated groups and their location effects the gel strength and
solubility of carrageenans. Kappa and iota carrageenans form gels in the presence of calcium and
potassium ions but lambda carrageenan does not form gels (Prajapati, Maheriya, Jani, & Solanki,

2014).

Among all kappa, iota and lambda carrageenans are widely used in the food and the
pharmaceutical industries. Kappa (k) - carrageenase gel beads and k- carrageenase immobilized
Acetobacter suboxydans were successfully used in acetic acid production and vinegar production
respectively. Lambda (L) carrageenan was reported to have highest free-radical scavenging
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activity and anti-oxidant activity among all the carrageenans (Pangestuti & Kim, 2014). Kappa
or lambda carrageenan isolated from G. radula showed a cholesterol lowering effect.
Carrageenans have also shown anti-coagulant properties (Rahmati, Alipanahi, & Mozafari,

2019).

lambda (1)

Figure 21: Structure of kappa, iota and lambda carrageenans (Chauhan & Saxena, 2016).

Carrageenans have a wide range of applications in biomedical, cosmetic, textile industries waste
water remediation and biodiesel production. The gel forming and binding property of
carrageenans is used in food industry. Alginate is used in the textile industry in preparing textile
dyes. Kappa carrageenan and polyethylene based solvent films are formulated as drug delivery
vehicles. Kappa carrageenan is contributed by the south East Asian countries and among them

Philippines contributes the most, around 55% (L. Li, Ni, Shao, & Mao, 2014).

5.3Marine algae use in nutraceuticals

Marine algae are known to contain many nutrients which include carbohydrates, proteins, lipids,
antioxidants, vitamins and minerals. The health benefits of algae are discovered way back in
1500 BC. Algal nutrients have many health benefits and are used as a natural source of nutritional
supplement. Due to a wide range of nutritive value algae are gaining tremendous importance as
a beneficial and profitable nutritional source in animal and human diet (Liang, Wang, Wang,

Zhu, & Jiang, 2019). Algae mainly microalgae are being used in the nutraceutical and food
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industries. Chlorella, Nostoc, Anabaena and Chlamydomonas are few microalgae that are

commonly used as nutrient source (Nicoletti, 2016).

Edible microalgae are rich source of minerals. They are rich in major minerals such as sodium,
sulphur, magnesium, nitrogen and calcium, minor minerals and trace elements like copper iodine,
manganese, zinc, cobalt, selenium and molybdenum (Panahi, Darvishi, Jowzi, Beiraghdar, &

Sahebkar, 2016).

Algal lipids including omega fatty acids and polyunsaturated fatty acids have gained commercial
importance as nutraceuticals. Algal lipids are source of essential fatty acids such as omega 3 fatty
acids such as eicosapentaenoic acid, docosahexaenoic acid and omega 6 fatty acids that include
arachidonic acid (R. Liu, Li, Tu, Hao, & Qiu, 2022). Algal Fatty acids are of high commercial
value in the market. They have also shown beneficial effects against cardiovascular diseases and
inflammation. Omega 3 and 6 fatty acids are known to reduce atherosclerosis, protect from
cardiovascular diseases. Algae also provide a good source of protein and essential aminoacids
that mammals cannot produce. They are known to be a well-balanced protein source similar to
soy or egg albumin. Microalgae species Chlorella vulgaris is reported to have high protein

content of 58% (Fernandes & Cordeiro, 2021).

Microalgal carotenoid pigments such as astaxanthin and B- carotene have gained commercial

importance as nutraceutical for the use of humans (Pereira et al., 2021).

Algae are being used as nutraceuticals for improving nutrient deficiencies being faced around
the world. Also consumption of algae improves the functioning of major systems in the body

(Lordan, Ross, & Stanton, 2011).

5.4 Pharmacological use of marine algae in cosmetic industry

Marine algae have gained importance in the cosmetic industry as it is natural biodegradable and
less toxic compared to the synthetic material and chemicals. Many algal pigments and
metabolites are used in cosmetics such as moisturizing agents, sunscreens, lotions, skin
sensitizers and antioxidants. The algal bioactive molecules like polysaccharides, polyphenols,

lipids, pigments have cosmetic applications (J. H. Kim, Lee, Kim, & Kang, 2018).

Microalgal extracts have shown skin protection by inhibiting the upregulation of ultraviolet
radiation (UVR) induced genes. Micro algae like Arthrospira, Chlorella increased collagen
synthesis and improved vascular imperfections of epidermis that could possibly reduce the
wrinkle formation (Ahmed, Adel, Karimi, & Peidayesh, 2014).
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Algal polysaccharides are reported to prevent skin dehydration by forming a protective
membrane. Sulphated algal polysaccharide like fucoidan protected elastic fibers of skin from
enzymatic proteolysis and enhanced the skin healing. Another sulphated polysaccharide
Porphyridium is used as biolubricant which showed antioxidant property. Alginate and laminarin
polysaccharide also have been reported for the use of reducing skin aging (Ruocco, Costantini,

Guariniello, & Costantini, 2016).

Macroalgae contains MAA pigments which are UV absorbing pigments. MAA pigments are
potentially used in the cosmetics as they improve the human skin fibroblast regeneration and
have anti-photoaging property. MAAs have been reported for their protection on UV damage in
both in vitro and in vivo studies (Thomas & Kim, 2013).

Algal phenolic and pigment molecules also have antioxidant properties that are used in
cosmetics. Astaxanthin, Fucoxanthin and -carotene pigments have shown skin protection from
UV damage. Studies have shown that astaxanthin pigment showed more protection on UV
induced photooxidation compared to B-carotene. Fucoxanthin pigment is shown to enhance the
antioxidant defence system in human keratinocytes. Liposomal formulation of astaxanthin
pigment showed protective effect on the UV induced skin damage. Phenolic molecule
phlorotannin from brown algae are known to be used for skin diseases (H. D. Wang, Chen,

Huynh, & Chang, 2015).

5.5Use of marine algae in food and agricultural industry

Marine algae are extensively used in the food industry. Algae is a low caloried food, packed with
vitamins, minerals, polysaccharides, lipids and proteins. In the form of extracts or powder they
are reported to enhance the texture and nutritional value of the food products. Algal
polysaccharides are the mostly used components in the food industry (Scieszka & Klewicka,
2019). Compared to green (5%), red (33%) and algae brown algae (66%) are consumed more.
High fibre content of microalga adds to the health benefits of humans. These dietary fibres
promotes the growth of useful gut bacteria and has the capacity to absorb cholesterol and glucose

that can protect from the risk of hypercholesterolemia, obesity and diabetes (Gibbs, Kermasha,

Alli, & Mulligan, 1999).

Bioactive properties of omega 3 and 6 fatty acids used in infant food formulations showed an
improved cognitive function of the infants. In ice-creams, algal oil was used to enhance their
omega 3 fatty acid content. Ethanol extract form Fucus vesiculosus algae was used to improve

the shelf life of yogurt and milk. Algal antioxidants are reported to substitute synthetic
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antioxidants to avoid the side effects for better human health. Algal powders are being used in
the preparation of bread, cheese and pasta that improved their texture and nutritional value (H.

Yang et al., 2020).

Marine polysaccharides are used in food products as binders, texture modifiers and thickening
agents. They are used in the meat products, dairy products and also as stabilizers and gelling
agents. Agar is mostly used as thickening agent in food products as a gelatin substitute. Alginate

is used as an emulsifier and thickening agent (Gateau, Solymosi, Marchand, & Schoefs, 2017).

Algae is also used in the agricultural industry since the historical time. For many centuries the
coastal people have used algae as a natural manure for their plants. It has been reported that algae
were used as fertilizers by Greeks and as a natural manure for plants by Romans (C. Song et al.,

2021).

Laminarine algal polysaccharide has reported to improve defence mechanisms in plants. Algal
have improved the plant growth and yield of apple, grape and watermelon vegetation (Stewart et

al., 2021).

5.6 Use of marine algae in biomedical field
Besides being widely used in the food, nutraceuticals and cosmetic industries algal biomaterials

are gaining importance in the biomedical and pharmacological field (Y. E. Lee et al., 2017).

Biomedical applications of algae in biosensing and bioimaging have been reported. Bioprobes
like antibodies, fluorophores attached to the surface of microalgae are used as optical sensors.
Thiophenebenzothiadiazole-thiophene based flurophore staining the microalgae Thalassiosira
weissflogii provided photoluminescence and is applied in bioimaging. Modified frustule (cell
wall) of Coscinodiscus wailesii microalgae was reported to monitor the interaction of antibody

ligand by fluorescence measurements (Rahmati et al., 2019).

As microalgal source provides oxygen via photosynthesis, algal material has been chosen as a
source of oxygen for preparing scaffolds in tissue engineering. Chlamydomonas reinhardtii a
photosynthetic microalgae has been used in scaffolds for tissue repair. In vitro and in vivo studies
have shown microalgal scaffold transplantation in the mouse skin had survived for 5 day. C.
reinhardtii was genetically engineering to produce human VEGF for wound healing in vivo
studies (Menaa et al., 2021). Algal polysaccharides are used as polymer binding material in bone

tissue engineering to improve the bone tissue growth and proliferation. Biomimetic scaffolds
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made of gelatin and conjugated fucoidan polysaccharide has been used for bone tissue

regeneration (Manlusoc et al., 2019).

Algal material have potential therapeutic use as drug delivery vectors for the incorporation of
various bioactive molecules (L. Li et al., 2014). Sulphated polysaccharides such as carrageenan,
chitosan, and dextran with many hydroxyl groups that can be functionalized are being used in

the polymeric micelle preparations (Pangestuti & Kim, 2011).
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Purpose of the work: Aim and objectives

Hyperglycemia associated with chronic inflammation, oxidative stress, ER stress are involved in
the diabetic pathology, affects the structure and function of numerous macromolecules. Indeed,
the formation of various highly reactive compounds by glycation or oxidation mechanisms favors
the oxidative stress and contributes to the damage of vascularized tissues and organs. Therefore,
through these stress responses, diabetes exacerbates the development of vascular complications
associated with stroke, particularly by endothelial dysfunction. Also the hyperglycemia mediated
oxidative stress and impaired inflammatory responses are also involved in delayed wound

healing in diabetic condition that can lead to chronic lesions and amputations.

Therefore, the objective of this thesis work was to study the impact of curcumin
vectorization on cellular stress mediated endothelial dysfunction and regenerative wound
healing, to improve curcumin bioavailability and therapeutic properties. Hypothesis of the
work is that curcumin’s antioxidant, anti-inflammatory and anti-apoptotic properties are
improved by vectorization and can be helpful in developing a potential therapeutic strategy

for diabetic stroke and diabetic lesions.

To meet this objective, I first focused my research on the impact of curcumin encapsulated in
HDL drug delivery vector on the endothelial protection in in vitro b.END3 cerebrovascular
endothelial cell model.

In the second part of my work, I evaluated the impact of curcumin encapsulated in carrageenan
nanomicelles drug delivery vector on the regenerative wound healing in in vivo zebrafish tail

injury model.
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Part 1: Impact of curcumin loaded rHDL nanoparticles on methylglyoxal
mediated cytotoxicity and stress in cerebral endothelial cells

I. Introduction

Diabetes is associated with many complications including vascular complications.
Methylglyoxal (MGO) is a highly reactive metabolite of glycolytic pathway detected in increased
levels in diabetes condition mainly in type 2 diabetic patients (Beisswenger, 2014; Schumacher
et al., 2018). It is the main precursor of AGE (advanced glycation end product) formation and
induce cellular oxidative stress, inflammation, impaired hyperpermeability of endothelial barrier
and ER stress that play a key role in endothelial dysfunction which may lead to vascular
complications (Bourajjaj, Stehouwer, van Hinsbergh, & Schalkwijk, 2003; Schalkwijk &
Stehouwer, 2020).

Many antioxidant molecules including resveratrol, proanthocyanidins, isorhamnetin and
curcumin have been reported to limit MGO induced cellular stress in endothelial cells (HUVECsS,
HAO0EC) (J. H. Lee et al., 2020). But therapeutic benefits of these antioxidant molecules are
compromised due their rapid metabolism and clearance in the physiological system. Therefore
various nanoparticles have been developed in recently to improve the bioavailability and

therapeutic properties of the drug molecules (Nasr & Abdel Rahman, 2019).

HDL is a lipoprotein that has anti-oxidative and anti-inflammatory properties (Rader & Hovingh,
2014). Use of HDL particles as a drug delivery system is newly emerging as it is biocompatible,
biodegradable and non-cytotoxic (Q. Song et al., 2016). Curcumin is a well-known and widely
used polyphenol molecule in therapeutics (Menon & Sudheer, 2007). Many nanoformulations of
curcumin have been developed to enhance its therapeutic properties and bioavailability (Khezri,

Saeedi, Mohammadamini, & Zakaryaei, 2021).

Hypothesis of the study was first to test whether nanoencapsulated curcumin HDL nanoparticle
preparation can enhance the cellular uptake and therapeutic potential of curcumin. Next, to
investigate if nanoencapsulated curcumin HDL nanoparticles showed a more protective
synergistic effect in combination compared to HDL or curcumin alone. In this study we used
curcumin HDL nanoparticles to test their cellular uptake by cerebral endothelial cells (b.End.3)

and potential cytoprotective effect on MGO induced cytotoxicity and cellular stress in cerebral
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endothelial cells. We investigated MGO induced cellular stress including oxidative stress, ER

stress, impaired endothelial membrane integrity, chromatin condensation.

II. Methods

Preparation of nanoencapsulated curcumin rHDL (Cur-rHDLs) nanoparticles

Reconstituted HDLs (rHDLs) — CSL111 was used in the preparation of Cur-rHDL nanoparticles,
which is a nascent discoidal HDL molecule with Apo A1 and phospholipids shell surface with a
hydrophobic core that can be loaded with hydrophobic drug molecules.

To prepare Cur-rHDL nanoparticles firstly 3 ml of 2 mg/ml of rHDLs was gently mixed with 5
UM of curcumin and incubated in dark for 16 hours at 37°C (agitation at 50 rpm). Secondly the
rHDL-curcumin sample mixture was prepared for ultracentrifugation by briefly adjusting the
density of rHDL-curcumin sample mixture to d = 1.22 with KBr (potassium bromide) salt and
overlaid with KBr saline solution (d = 1.21). Ultracentrifugation was performed at 100,000x g
for 24 h at 10 °C. Finally the top yellow colored fraction corresponding to Cur-rHDLs was
recovered and centrifuged with 1 X PBS 5 times, 20 minutes each at 12,000 x g using a centricon
with 10 kDa cutoff to remove the excess of KBr salt (desalting) and the sample was concentrated
(Fig 22). Protein concentration of Cur-rHDLs was determined using Bicinchoninic Acid protein

(BCA) assay.

Step1: Incubation Step 2: Sample for Step 3: Ultracentrifugation Step 4: Dialysis
for 16hrs at 37°C ultracentrifugation with 1X PBS
"\-..4.“‘-
rHDL+cur
‘ ——» H20 - : = ‘ Cur- rHDL
% water nanoparticles
—— Kbr

— unbound

— rHDL+cur ~1 curcumin

mixture
rHDL + Cur

mixture

Figure 22: Curcumin loaded rHDL (Cur-rHDLs) preparation method.
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Quantification of curcumin in Cur-rHDLSs nanoparticles

Curcumin in Cur-rHDLs nanoparticles was quantified using spectrophotometric analysis and
ultra-high-performance liquid chromatography coupled with an HESI-Orbitrap mass
spectrometer (UHPLC) analysis.

Cellular model: murine cerebral endothelial cell line — bEnd.3

The bEnd.3 endothelial cell line was used as a cell model for this study. MGO induced

cytotoxicity, oxidative stress, chromatin condensation and integrity were evaluated.

II1. Results
Results of this study are assembled into an article titled “Apo-A1 nanoparticles as curcumin

carriers for cerebral endothelial cells: improved cytoprotective effects against methylglyoxal”.

Pharmaceutics MDPI (Published on March 13 2022.)
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Abstract: Methylglyoxal (MGO) is a highly reactive metabolite of glucose present at elevated levels
in diabetic patients. Its cytotoxicity is associated with endothelial dysfunction, which plays a role in
cardiovascular and cerebrovascular complications. Although curcumin has many therapeutic benefits,
these are limited due to its low bioavailability. We aimed to improve the bioavailability of curcumin
and evaluate a potential synergistic effect of curcumin and reconstituted high-density lipoprotein
(rHDL) nanoparticles (Cur-rHDLs) on MGO-induced cytotoxicity and oxidative stress in murine
cerebrovascular endothelial cells (bEnd.3). Cur-rHDL nanoparticles (14.02 & 0.95 nm) prepared by
ultracentrifugation and containing curcumin were quantified by LC-MS/MS. The synergistic effect of
cur-rHDL nanoparticles was tested on bEnd.3 cytotoxicity, reactive oxygen species (ROS) production,
chromatin condensation, endoplasmic reticulum (ER) stress, and endothelial barrier integrity by
impedancemetry. The uptake of curcumin, alone or associated with HDLs, was also assessed by mass
spectrometry. Pretreatment with Cur-rHDLs followed by incubation with MGO showed a protective
effect on MGO-induced cytotoxicity and chromatin condensation, as well as a strong protective
effect on ROS production, endothelial cell barrier integrity, and ER stress. These results suggest that
Cur-rHDLs could be used as a potential therapeutic agent to limit MGO-induced dysfunction in
cerebrovascular endothelial cells by enhancing the bioavailability and protective effects of curcumin.

Keywords: nanoparticle; curcumin; HDL; methylglyoxal; cerebral endothelial cells; endothelial
dysfunction

1. Introduction

Type 2 diabetes (T2D) is a global health issue that increases the risk of cardiovascular
and cerebrovascular diseases, including ischemic stroke and its hemorrhagic complications.
Prolonged hyperglycemia leads to various biochemical modifications, such as oxidative
stress, apoptosis, and glycation, particularly mediated by methylglyoxal (MGO), a physio-
logical reactive carbonyl compound derived from glucose metabolism. High concentrations
of MGO and MGO-derived products are found in the plasma of diabetic patients and are
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associated with diabetic complications [1-3]. Increased plasma MGO levels have been
shown to be associated with cardiovascular disease and mortality in T2D patients [4]. MGO
induces massive intracellular oxidative stress, particularly in endothelial cells (ECs) at the
interface between blood and different tissues. This reactive compound is a precursor of
advanced glycation products (AGEs) but has a greater potential than AGEs or glucose
itself to induce vascular damage [5]. MGO has been shown to be cytotoxic to different
types of ECs, including human umbilical vein ECs (HUVECsS) and cerebral ECs [6,7]. It was
shown to induce endoplasmic reticulum stress (ER stress) that may lead to apoptosis [5]. To
prevent MGO- or high-glucose-induced oxidative stress and resulting cytotoxicity, various
antioxidants have been used, such as proanthocyanidins [8], isorhamnetin [7], resvera-
trol [9], and pterostilbene, a natural derivative of resveratrol [10]. Curcumin, a potent but
hydrophobic antioxidant, anti-inflammatory, and anti-apoptotic compound, has been used
to limit MGO-induced cytotoxicity in different cell types such as mouse embryonic stem
cells [11] and human hepatoma cells [12] but not in ECs. In the present study, we sought to
test the protective effect of curcumin on MGO-induced intracellular oxidative stress and
cytotoxicity in cerebral ECs. We also tested the capacity of curcumin to limit the increase
in endothelial permeability induced by MGO by monitoring real-time cell impedance.
Despite its numerous neuroprotective effects, curcumin has limited bioavailability and
poor solubility. Our second objective was to improve curcumin bioavailability by loading it
into Apolipoprotein A-I phospholipid nanoparticles (also called reconstituted high-density
lipoproteins-rHDLs) and test the potential synergistic effect of curcumin and HDLs versus
HDLs or curcumin alone. HDL particles themselves have pleiotropic properties similar to
those of curcumin (antioxidant, anti-inflammatory, and anti-apoptotic effects). In partic-
ular, HDL treatment limits infarct volume and mortality in different models of ischemic
stroke via endothelial protective effects [13,14]. In the present study, we tested a potential
synergistic effect of rHDLs and curcumin on MGO-induced oxidative stress, endothelial
permeability, and cytotoxicity in cerebral endothelial cells.

2. Results
2.1. Particle Size Distribution of rtHDL and Cur-rHDLs by DLS Analysis

Dynamic light scattering was used to determine the particle size distribution of rHDLs
and Cur-rHDLs. The particle average size was determined to be 12.55 £ 0.21 nm for rHDLs
and 14.02 +£ 0.95 nm for Cur-rHDLs, as shown in Figure 1a,b respectively. A polydispersity
index (PDI) near to zero implies homogeneity of dispersions, and a PDI greater than
0.3 indicates heterogeneity [15]. The PDI of our Cur-rHDL nanoparticles was around 0.25.
The incorporation of curcumin did not significantly affect the size of the rHDL particles
(p > 0.05, comparing Cur-rHDL to rHDL particle size).

2.2. Effect of HDL and Curcumin on Cerebrovascular Endothelial Cell Cytotoxicity Induced
by MGO

MGO is known to be cytotoxic to endothelial cells, but MGO cytotoxicity has never
been evaluated in bEnd.3 cells [4,7]. Cell viability was determined by the MTT assay after
incubation with different concentrations of MGO for 24 h. MGO showed concentration-
dependent cytotoxicity with decreased cell viability of approximately 20% and 70% at
1 mM and 2 mM, respectively (Figure 2a). These results are in agreement with previously
published results of MGO cytotoxicity [16]. Next, we investigated the effect of rHDLs
(H) and curcumin (C) on MGO cytotoxicity in cerebral endothelial cells by pretreating
the cells with different concentrations of rHDLs and curcumin for 1 h and then adding
2 mM MGO for 24 h. Reconstituted HDLs were not cytotoxic but showed a cytoprotective
effect on MGO-induced cell death in a concentration-dependent manner. While low rHDL
concentrations of 5-50 pug/mL were not cytoprotective, higher concentrations ranging
from 100 to 200 ug/mL were significantly cytoprotective (Figure 2b). On the other hand,
curcumin started to be protective at 0.2 and 0.4 uM but was not effective at 0.1 pM and was
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potentially cytotoxic at higher doses (0.8, 1m and 2 pM), with a loss of the cytoprotective

effect (Figure 2c¢).
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Figure 1. Particle size distribution of rtHDLs and Cur-rHDLs determined by DLS analysis. The
samples were prepared in PBS at 1 mg/mL. (a) Size distribution of rHDLs and (b) Cur-rHDLs and
(c) Histograms representing the hygrodynamic particle diameter of rHDLs and Cur-rHDLs. Data are
presented as the mean =+ SD of three independent measurements for each sample.
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Figure 2. MGO cytotoxicity in bEnd3 cerebral endothelial cells, effect of rHDLs (H) and curcumin
(C). (a) The cells were treated with different MGO concentrations (0.4—4 mM) for 24 h. (b) The cells
were pre-treated with different concentrations of rHDLs, 5-200 pg/mL, (H) and (c) curcumin (C),
0.1-2 uM, for 1 h, followed by the addition of 2 mM MGO for 24 h. Cell viability was assessed by the
MTT assay. Data are presented as mean + SD of three independent experiments (n = 3). ## p <0.01,
##HH# p < 0.0001 as compared to control. && p < 0.01, &&&& p < 0.0001 as compared to MGO.
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2.3. Effect of Curcumin-Enriched rHDLs on MGO Cytotoxicity in Cerebral Endothelial Cells

Given that rHDLs (H) and curcumin (C) alone showed a cytoprotective effect, we
tested the synergistic effect of curcumin and rHDLs (Cur-rHDL) on the cytotoxicity of
MGO. For this purpose, the cells were pre-treated with rHDLs (H), curcumin (C), or
curcumin-enriched rHDLs (Cur-rHDL) for 1 h before the addition of 2 mM MGO. Cur-
rHDLs contained 50 to 80 ug/mL ApoA-I and 0.03 to 0.048 uM curcumin, concentrations
that were not protective when rHDLs and curcumin were used alone to prevent MGO
cytotoxicity. At these concentrations, Cur-rHDLs were not cytotoxic. The cytoprotective
effect was not observed at a concentration of 50 ug/mL rHDL enriched with 0.03 pM cur-
cumin either alone or in combination (Figure 3a). In contrast, concentrations of 80 ug/mL
rHDL and 0.048 uM curcumin showed a synergistic cytoprotective effect compared to
rHDL and curcumin alone in the presence of MGO (Figure 3b). Similarly, 100 pg/mL of
rHDLs enriched with 0.06 uM curcumin and 200 pg/mL of rHDLs enriched with 0.12 uM
curcumin showed an enhanced cytoprotective effect relative to curcumin and rHDLSs alone,
which were already cytoprotective at these concentrations (Figure 3c,d respectively).
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Figure 3. Effect of curcumin-enriched rHDLs on MGO cytotoxicity in cerebral endothelial cells.
The cells were pre-treated with different concentrations of rHDLs (H), curcumin (C), and curcumin-
enriched rHDLs (Cur-rHDLs) for 1 h before the addition of 2 mM MGO for 24 h. (a) H: 50ug/mL,
C: 0.03 uM and Cur-rHDL: 50 pg/mL + 0.03 uM. (b) H: 80 pg/mL, C: 0.048 uM and Cur-rHDLs:
80 png/mL + 0.048 uM. (c) H: 100 pg/mL, C: 0.06 uM and Cur-rHDLs: 100 pg/mL + 0.06 uM (d) H:
200 pg/mL, C: 0.12 uM and Cur-rHDLs: 200 ug/mL + 0.12 uM. Data are presented as mean + SD of
three independent experiments (n = 3). ###H p < 0.0001, ## p < 0.01 as compared to control, $$ p < 0.01,
$$$$ p < 0.0001 as compared to MGO+H, &&&é& p < 0.0001 as compared to MGO and **** p < 0.0001
as compared to MGO+C.
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2.4. Effect of Curcumin-Enriched rHDLs on Cerebral Endothelial Layer Integrity

To investigate the integrity of the endothelial layer, the cells were treated with different
concentrations of MGO (0.8, 1, and 2 mM), and the cell real-time electrical impedance
was measured using the xCELLIgene system. Cerebral endothelial cell integrity was not
affected by MGO at 0.8 mM and 1 mM but was altered at 2 mM, resulting in a decreased
impedance compared to the control (Figure 4a). This is consistent with the cytotoxic
effect of MGO at 2 mM observed by the MTT assay (Figure 2a). We further tested the
effect of curcumin-enriched rHDLs on MGO-induced reduction of impedance. These
results showed a synergistic protective effect on the integrity of the cerebral endothelial
cell monolayer impaired by MGO, whereas individually, rHDLs and curcumin were not
protective (Figure 4b). This suggests that curcumin-enriched rHDLs contribute to protecting
the integrity of cerebral endothelial cells from the cytotoxic effects of MGO.
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Figure 4. Effect of curcumin-enriched rHDLs on the cerebral endothelial cell monolayer integrity
assessed by the measurement of electrical impedance. (a) The cells were treated with different
MGO concentrations (0.8-2 mM). (b) The cells were pre-treated with HDL (80 pg/mL), curcumin
(0.048 uM), curcumin-enriched rHDLs (Cur-rHDLs-80 pg/mL + 0.048 uM) for 1 h before the addition
of 2mM MGO. The cell index was measured as electrical impedance generated by cell attachment
and proliferation detected by electrodes present at the bottom of the plate. Data are presented
as mean =+ SD of three independent experiments (n = 3). #### p < 0.0001 as compared to control,
$$% p < 0.001 as compared to MGO+H, *** p < 0.001 as compared to MGO+C and &&&é& p < 0.0001 as
compared to MGO.

2.5. Effect of Curcumin-Enriched rHDLs on Intracellular ROS Production Induced by MGO in
Cerebral Endothelial Cells

We then evaluated the effect of curcumin-enriched rHDLs on intracellular reactive
oxygen species (ROS) production in the presence of MGO by DCFH-DA fluorimetry. The
cells were pretreated with rHDLs, curcumin, and Cur-rHDLs for 1 h before the addition
of 2 mM MGO from 1 to 6 h. MGO increased the intracellular ROS production as early as
2 h, which peaked at 3 h and started to decrease slightly at 4-6 h, while remaining above
that in the control. Curcumin-enriched rHDLs limited significantly MGO-induced ROS
production compared to rHDLs and curcumin alone (except for rHDL at 5 h that showed a
significant ROS reduction) (Figure 5).

2.6. Effect of Curcumin-Enriched rHDLs on MGO-Induced Chromatin Condensation in Cerebral
Endothelial Cells

We then investigated the effect of curcumin-enriched rHDLs on MGO-induced chro-
matin condensation in cerebral endothelial cells by DAPI staining. MGO induced chromatin
condensation that was significantly reduced by pre-treatment with curcumin-enriched
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rHDLs, whereas rHDLs and curcumin alone showed no significant protective effect
(Figure 6a,b).
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Figure 5. Effect of curcumin-enriched rHDLs on intracellular ROS production induced by MGO in
cerebral endothelial cells evaluated by the DCFH-DA assay. The cells were pretreated with rHDLs
(H-80 pug/mL), curcumin (C-0.048 uM), and curcumin-enriched rHDLs (H+C-80 ug/mL + 0.048 uM)
for 1 h before the addition of 2 mM MGO for 1-6 h. Intracellular ROS were quantified by the
measurement of DCFH-DA fluorescence. Data are rpresented as mean + SD of three independent
experiments (1 = 3). * p < 0.05, **** p < 0.0001 as compared to MGO.

Control MGO +H MGO+C Cur-rHDL+ MGO

% of Chromatin condensation

Figure 6. Effect of curcumin-enriched rHDLs on chromatin condensation induced by MGO
in cerebral endothelial cells by DAPI staining. (a) DAPI staining images; the cells were
treated with rHDLs (H-80 pg/mL), curcumin (C-0.048 uM), and curcumin-enriched rHDLs
(Cur-rHDL-80 ug/mL + 0.048 uM) before the addition of 2 mM MGO for 24 h. Red arrows indi-
cate a typical example of chromatin condensation. (b) The results were obtained by counting the
number of cells with condensed chromatin. Scale bar: 60 um. Data are presented as mean =+ SD of
three independent experiments (1 = 3). $$$$ p < 0.0001 as compared to MGO+H, **** p < 0.0001 as
compared to MGO+C and &&&& p < 0.0001 as compared to MGO.

2.7. Effect of Curcumin-Enriched rHDLs on MGO-Induced ER Stress in Cerebral Endothelial Cells

The effect of curcumin-enriched rHDLs on MGO-induced ER stress was assessed by
immunofluorescence. During ER stress, Xbp-1 and ATF-4 are translocated into the nucleus,
whereas GRP-78 levels increase. Nuclear translocation of Xbp-1 and ATF-4, as well as
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increased levels of GRP-78, were observed upon MGO exposure, similar to what seen in
the presence of thapsigargin, which is a well know ER stress inducer. Pre-treatment with
rHDLs or curcumin alone did not have a significant effect on these ER stress markers,
whereas curcumin-enriched rHDLs prevented the nuclear translocation of Xbp-1 (Figure 7a)
and ATF-4 (Figure 7b) and decreased the levels of GRP-78 (Figure 7c). This suggests that
curcumin-enriched rHDLs have a protective effect on MGO-induced ER stress.
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Figure 7. Effect of curcumin-enriched rHDLs on ER stress induced by MGO in cerebral endothelial
cells assessed by immunohistofluorescence analysis. (a) Confocal microscopy images of the nuclear
translocation of Xbp-1, (b) ATF-4, and (c) GRP 78 markers. The cells were treated with 1 ug/mL of
thapsigargin, used as positive control for ER stress (TG), 2 mM methylglyoxal (MGO), pretreated
with rHDLs (H, 80 ug/mL), curcumin (C, 0.048 uM), or curcumin-enriched rHDLs (Cur-rHDL,
80 pug/mL + 0.048 uM) before the addition of 2 mM MGO for 6 h. Scale bar: 24 ym. Data are
presented as mean £ SD of three independent experiments (1 = 3). $$ p < 0.01, $$$$ p < 0.0001
as compared to MGO+H, ** p < 0.01, *** p < 0.0001 as compared to MGO+C and && p < 0.01,
&&&& p < 0.0001 as compared to MGO.
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2.8. Quantification of Cellular Curcumin after Incubation of bEend 3 Cells with
Curcumin-Enriched rHDLs or Curcumin Alone

We evaluated the cellular uptake of free curcumin compared to that of Cur-rHDLs by
bEnd 3 cells to understand the impact of encapsulation on curcumin uptake. The uptake
of curcumin was assessed by mass spectrometry. bEnd.3 cells were incubated with free
curcumin or curcumin-enriched rHDLs for 3 and 6 h. The intracellular uptake of free
curcumin was faster and higher than that of curcumin-enriched rHDLs at both 3 and 6 h.
The uptake of free curcumin was similar at 3 and 6 h, whereas curcumin-enriched rHDL
uptake was greater at 3 h and decreased at 6 h, suggesting saturation of the HDL uptake
process (Figure 8).
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Figure 8. LC-MS/MS analysis of curcumin uptake in cerebral endothelial cells after incubation
(3-6 h) with curcumin-enriched rHDLSs or curcumin alone. The samples were prepared and analyzed
by LC-MS/MS as described in the materials and methods. Data are presented as +SD of three
independent experiments (1 = 3). *** p < 0.001 as compared to curcumin.

3. Discussion

Most diseases involve an imbalance between free radical and antioxidant responses
leading to oxidative stress. This is notably the case in diabetes and its cardiovascular and
cerebrovascular complications. Methylglyoxal (MGO) is a highly reactive metabolite of
glucose metabolism whose levels are increased in type II diabetic patients. It has been
shown to accumulate in the brain of mice deficient for glyoxalase 1/vitamin B6 (MGO
detoxification system), suggesting that this imbalance is particularly critical for MGO
accumulation in the brain [17]. Studies have shown that the dysfunction of the glyoxalase
system is related to several diabetic complications, including macrovascular diseases in
humans [18]. As vascular dysfunction plays an important role in diabetes-associated
vascular complications, several studies have been conducted to understand the effect of
MGO on endothelial dysfunction [19,20]. Many antioxidants are used to reduce MGO
cytotoxicity, such as resveratrol, curcumin, and luteolin, but their use is limited by their
poor solubility and bioavailability. Improving the bioavailability of antioxidant molecules
to reach the cells or tissues of interest and their therapeutic benefits in the body remains a
topic of intense research.

The present study aimed to test the ability of curcumin and rHDLs to limit MGO-
induced oxidative stress, cytotoxicity, and endoplasmic reticulum (ER) stress in murine cere-
bral endothelial cells (bEnd 3). In a second step, the potential synergistic effect of curcumin-
and rHDLs, which could improve curcumin bioavailability, was also evaluated on the same
processes. For this purpose, rHDLs were enriched with curcumin and then re-isolated by
ultracentrifugation to remove unincorporated free curcumin. The average particle size
of Cur-rHDLs was determined to be 14.02 &= 0.95 nm. MGO was cytotoxic (2 mM) in our
cerebral endothelial cell model and, previously, was also shown to be cytotoxic in different
cell lines including neuroglial cells, HUVECs, and human brain endothelial cells [7,21,22].
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MGO also induced reactive oxygen species (ROS) formation [23,24], blood-brain barrier
(BBB) hyperpermeability [25,26], chromatin condensation, and ER stress [27,28], as shown
in previous studies.

MGO damage and cytotoxicity in endothelial cells (ECs) is mediated by oxidative
stress and reactive oxygen species (ROS) formation [24]. Previous studies have shown
that many compounds reduce MGO cytotoxicity in endothelial cells via reducing ROS
formation. MGO is known to increase ROS production, associated with the weakening
of barrier integrity. MGO was shown to promote oxidative stress in brain endothelial
cells [16].

Previous studies have shown that MGO leads to increased permeability of brain en-
dothelial cells. This study reported that the decrease of transendothelial electrical resistance
by MGO was associated with alterations in tight junction proteins, such as glycation of
occludin and redistribution of zonula occludens-1 (ZO-1). MGO treatment also induced
the redistribution of claudin-5 and of the adherens junction protein (3-catenin in brain
endothelial cells [25]. Claudin-5 is the major regulatory protein of BBB permeability [29].
MGO induced the activation of UPR signaling and apoptosis in HUVECs via AMPK,
PI3K-AKT, and CHOP induction pathways [30,31]. The mechanism of ER stress inhibition
by curcumin is not well known but it has been shown to reduce ER stress responses by
increasing peroxiredoxin 6 (prdx 6), decreasing NF-kB signaling, and reducing oxidative
stress [32,33].

The curcumin metabolites, glucuronides and di-tetra- and hexahydrocurcumins were
detected in the liver, kidney, and intestines after oral, intraperitoneal (IP), and intravenous
(IV) administrations. The oral administration of curcumin showed reduced bioavailability
and poor absorption compared to IV or IP administrations [34]. The IP administration of
curcumin allowed a wide biodistribution including to the brain, lungs, liver, and kidney.
Nanoemulsions of curcumin are reported to improve the bioavailability and therapeutic
effects of this molecule compared to free curcumin in both in vitro and in vivo studies [35].

Interestingly, our curcumin-enriched rHDL (Cur-rHDLs) nanoparticles showed an
improved synergistic protective effect on MGO-induced cytotoxicity, ROS production, cere-
bral endothelial cell integrity, chromatin condensation, and ER stress compared to rHDLs
or curcumin alone. Anti-apoptotic effects of curcumin in MGO-stimulated endothelial cells
have been previously reported. The authors suggested potential direct scavenging of MGO
by curcumin and one of its analogues, dimethoxy curcumin [36]. However, the protection
by HDLs from MGO-induced endothelial cell death had never been reported before. Here,
we provide the first evidence that reconstituted HDL particles exhibit sufficient antioxidant
and anti-inflammatory effects to prevent MGO-induced cell death in endothelial cells.

Recently, the bioavailability of curcumin was improved using nanoemulsions ad-
ministered intraperitoneally in a mouse model of Parkinson’s disease [36]. Poloxamer
nanoparticles (nonionic triblock copolymers) displayed better penetration of the blood—
brain barrier and better accumulation in the brain than non-encapsulated curcumin in
subjects with Alzheimer’s disease [37]. Previous studies on curcumin encapsulated in
low-density lipoprotein (LDL) and HDL particles showed that LDLs were more prone to
accumulate curcumin than HDL particles and highlighted their potential to treat cancer,
due to the avidity of cancer cells for LDLs [38].

A previous study showed that HDLs reconstituted with soy phosphatidylcholine and
Apolipoprotein A-I isolated from the plasma of healthy volunteers significantly reduced
the infarct area in two rat models of stroke and had an antioxidant effect in human en-
dothelial and neuroblastoma cell lines [39]. The HDL drug delivery system facilitates the
cellular uptake of drugs via interaction with scavenging receptors (SR-BI) by bypassing the
endosomal/lysosomal pathway, independently of HDL uptake by transcytosis. Cerebral
endothelial cells (including bEnd.3) contain SR-BI class B type I receptors in their mem-
branes. rHDLs injected intraperitoneally were detected in the liver and kidney in in vivo
mouse and zebrafish models [40]. rtHDLs were also shown to be taken up by endothelial
cells and astrocytes in the brain of mice subjected to experimental ischemic stroke. We
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recently demonstrated that HDLs isolated from plasma had a neuroprotective effect via
SR-BI (scavenger receptor type BI) in a mouse model of MCAO [13]. Improvement of
HDL potential to prevent the deleterious effects of stroke in diabetic conditions is of major
importance, since our preliminary results tend to demonstrate that HDLs alone are not
sufficient to limit infarct volume and hemorrhagic complications in a mouse model of stroke
under hyperglycemic conditions [41]. Curcumin-enriched HDLs could then represent a
therapeutic option for brain pathologies involving oxidative stress and BBB dysfunction.
Nano-curcumin administered orally was shown to have a good brain biodistribution in a
mouse model of experimental cerebral malaria [13].

4. Materials and Methods

Methylglyoxal (MGO), curcumin (Cat. Number: C7727), propidium iodide (PI),
thiazolyl blue tetrazolium bromide (MTT), and other chemicals were purchased from
Sigma Aldrich (St. Louis, MO, USA).

4.1. Cell Culture

The murine cerebral endothelial cell line bEnd.3 was obtained from the American
Type Culture Collections (ATCC® CRL™-2299™, Manassas, VA, USA). The cells were
cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 25 mM glucose, 10%
heat-inactivated Fetal Bovine Serum (FBS), 5 mM L-glutamine, 2 ug/mL streptomycin, and
50 pU/mL penicillin (Pan Biotech, Dutscher, and Brumath, France). The cells were kept
in a humidified atmosphere with 5% CO2, at 37 °C. All the treatments were carried out in
serum-free medium.

4.2. Preparation of Curcumin-Enriched rHDLs (Cur-HDLs)

Reconstituted HDLs (rHDLs) were obtained from CSL Behring AG (CSL111, Bern,
Switzerland). rHDLs enriched with curcumin were prepared by gently mixing 3 mL of
2 mg/mL rHDLs with 5 uM curcumin followed by incubation in the dark for 16 h at 37 °C
(50 rpm). Curcumin-enriched rHDLs (Cur-rHDLs) were isolated by ultracentrifugation
as described previously [13] to eliminate free curcumin. Briefly, the rHDL curcumin
mixture was adjusted to a density d = 1.22 with KBr and overlaid with a KBr saline
solution (d = 1.21). Ultracentrifugation was performed at 100,000x g for 24 h at 10 °C.
The curcumin-enriched rHDL yellow fraction (top layer) was recovered. The curcumin-
enriched rHDL fraction was desalted by centrifugation with PBS 5 times, 20 min each, at
12,000 x g using a Centricon filter (cutoff 10 kDa; Vivascience, Stonehouse, UK) to remove
the excess of KBr and concentrate the sample. Protein concentration was determined using
the Bicinchoninic Acid (BCA) method (BCA Protein Assay Kit, Thermo Scientific Pierce,
and Waltham, MA, USA).

4.3. Quantification of Curcumin by LC-MS Analysis
4.3.1. Extraction of Curcumin from HDL-Curcumin

Curcumin was extracted from Cur-HDLs by precipitation of ApoA-I with acetonitrile
(ACN). In brief, 54 uLL of ACN was added to 27 uL of the Cur-HDL solution (2:1, v/v),
vortexed a few seconds, and centrifuged at 20,000 x g for 15 min. The resulting supernatant
was collected and directly analyzed by mass spectrometry.

4.3.2. Identification and Quantification of HDL-Curcumin by LC-MS/MS

Curcumin from Cur-HDLs was identified by ultra-high-performance liquid chro-
matography coupled with a HESI-Orbitrap mass spectrometer (Q Exactive™ Plus, Thermo
Fisher). Briefly, 10 uL of sample was injected in a UHPLC system equipped with a Thermo
Fisher Ultimate 3000 series WPS-3000 RS autosampler and then separated on a PFP column
(2.6 um, 100 mm x 2.1 mm, Phenomenex, Torrance, CA, USA). Elution was performed
using a binary gradient of water and ACN, both acidified with 0.1% formic acid (B). A flow
rate of 450 uL/min was used. The following elution was setup: 0.0-3.0 min, from 20 to 50%
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B; continue with 50% B for 8 min. Then, the column was washed with 95% B for 3 min and
equilibrated with 20% B for 2 min. The column oven was thermostated at 30 °C.

For mass spectrometry conditions, the Heated Electrospray Ionization source Il was
set at 3.9 kV, the capillary temperature at 320 °C, the sheath gas flow rate at 65 units, the
auxiliary gas flow rate at 20 units, and the S-lens RF at 50%. Mass spectra were registered in
full scan data-dependent acquisition from #/z 100 to 500 in positive ion mode at a resolving
power of 70,000 FWHM (at m/z 400). The automatic gain control (AGC) was set at 1e6,
and the injection time (IT) at 200 ms. The MS/MS spectra were acquired at a resolving
power of 17,500 FWHM (at m/z 200) with an AGC set to 2e5 and an IT of 50 ms. A relative
higher energy collisional dissociation (HCD) energy of 40% was applied. Identification
and quantification of curcumin were based on its retention time, accurate mass, elemental
composition, MS fragmentation pattern, and comparisons with a commercial standard.
Data were acquired by XCalibur 4.2.47 software (Thermo Fisher Scientific Inc. Waltham,
MA, USA) and processed by Skyline 21.1.0.146 software (MacCoss Lab.). The performance
of the Orbitrap was evaluated weekly, and external calibration of the mass spectrometer
was performed before analysis with an LTQ ESI positive ion calibration solution (Pierce™).

4.3.3. Preparation of Standard Solution and Calibration Curve

The standard stock solution of curcumin was dissolved in DMSO at a concentration of
100 uM. Calibration standard solutions were prepared by dilution of the stock solution in
20% ACN acidified with 0.1% formic acid to obtain the desired calibration curves ranging
from 0.0156 to 2 uM. The calibration curves were constructed by plotting the peak area of
the analytes against the corresponding analyte concentrations with linear regression (1/x
weighting, linear through zero) using standard samples at six concentrations. The obtained
calibration curve had a correlation coefficient (R?) of 0.989. The concentration of curcumin
from the Cur-HDLs was 2.8 &= 0.4 uM (Figure 9).
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Figure 9. Quantification of curcumin in curcumin-enriched rHDLs by LC-MS/MS analysis.
(a) Representative ion chromatogram of curcumin, (b) Calibration curve used to quantify curcumin,
(c) LC-MS/MS analysis spectrum of curcumin in the Cur-rHDL sample vs. the curcumin standard
and (d) Combined LC-MS/MS analysis details of curcumin quantification.
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4.4. Determination of Particle Siz

The particle size of rtHDLs and Cur-rHDLs was determined using a dynamic light
scattering (DLS) particle size analyzer (Zetasizer Nano, Malvern Instruments, UK), which
measures the hydrodynamic diameter and polydispersity index (PDI) of the nanoparticles.
The analysis was performed at 25 °C with a scattering angle of 173°. The rHDL and Cur-
rHDL samples were prepared at a concentration of 1 mg/mL in PBS and filtered through a
0.22 pm-pore size PTFE syringe filter (to remove any aggregates).

4.5. Evaluation of Cell Viability

Cell viability was evaluated by assessment of mitochondrial metabolic activity via the
MTT assay (3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide) as previously
described [42]. The cells were seeded in 96-well plates at a density of 5 x 10% cells per
well and grown for 24 h. The culture medium was removed, and the cells were washed
once with PBS. The cells were then incubated with HDLs (H), curcumin (C), curcumin-
enriched rHDLs (Cur-rHDLs) for 1 h before the addition of 2 mM MGO for 24 h. After 24 h,
20 pL of 5 mg/mL MTT reagent prepared in PBS was added to each well, and the cells
were incubated in the dark at 37 °C for 2 h. Then, the medium was removed, the formed
formazan crystals were dissolved in 100 pL. DMSO, and the absorbance was measured at
570 nm (TECAN, Mannedorf, Switzerland).

4.6. Evaluation of Intracellular ROS

The levels of intracellular reactive oxygen species (ROS) were measured using the
fluorescent probe 2',7'-dichlorodihydrofluorescein-diacetate (DCFH-DA) as described pre-
viously [42]. The cells were seeded in a black 96-well plate with a transparent bottom
at a cell density of 5 x 10 cells for 24 h. The medium was removed, and 100 uL of a
10 uM DCFH-DA solution in PBS was added to each well after washing the cells with PBS.
After 40 min of incubation in the dark at 37 °C, the probe was removed and the cells were
pre-treated with rHDLs (H), curcumin (C), curcumin-enriched rHDLs (Cur-rHDLSs) for
1 h, before addition of 2 mM MGO for 1-6 h. ROS levels were measured by fluorescence
analysis at an excitation wavelength of 492 nm and an emission wavelength of 520 nm
(FLUOstar Optima, Bmg Labtech, and Cambridge, UK).

4.7. Assessment of Endothelial Layer Integrity by Real-Time Electrical Impedance

The cellular integrity was analyzed by impedance measurement using the xCELLi-
gence system (Acea Biosciences, San Diego, CA, USA). The cells were seeded in a 16-well
xCELLigence plate specifically designed for monitoring the impedance, at a cell density of
4 x 103 cells per well. After the cells reached confluency, they were pre-treated with rHDLs
(H), curcumin (C), and curcumin-enriched rHDLs (Cur-rHDLs) for 1 h before the addition
of 2 mM MGO. The impedance was monitored for 4 days.

4.8. Evaluation of Chromatin Condensation

Chromatin condensation was evaluated using the fluorescent dye DAPI (4'-6-diamidino-
2-phenylindole). The cells were seeded on sterile 14 mm coverslips placed in a 24-well
plate at a density of 5 x 10% per well for 24 h. The culture medium was removed 24 h after
the different treatment, and the cells were washed with PBS and fixed in 4% PFA for 10 min.
The cells were then stained with DAPI (1 ug/mL) for 5 min and washed twice with PBS,
and the coverslips were mounted on slides. The number of cells with condensed chromatin
was determined using a fluorescent microscope (Eclipse 80i Nikon microscope equipped
with a Hamamatsu digital camera, Life Sciences, Tokyo, Japan). The results are expressed
as percentage of cells with condensed chromatin.

4.9. Immunocytochemistry

Cells were seeded in a 24-well plate containing 14 mm-diameter coverslips at a den-
sity of 5 x 10% per well for 24 h. After treatment, the cells were washed and fixed
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in 4% PFA (for ATF-4 primary antibody staining) for 5 min at room temperature or
100% ice-cold (—20 °C) methanol (for XBP-1 and GRP 78 primary antibodies staining) for
10 min and then incubated with the primary antibodies ATF-4 (Cell signaling technology-
11815S, Danvers, MA; dilution 1:200-500 ng/mL), XBP-1 (Abcam-ab37152, Cambridge,
UK; dilution 1:200-500 ng/mL), and GRP 78 (Abcam-ab21685, Cambridge, UK; dilution
1:500-200 ng/mL) prepared in blocking buffer (PBS containing 1% BSA) overnight at 4 °C.
The primary antibody was removed, and the cells were washed 3 times with PBS. Sec-
ondary antibody and DAPI prepared in blocking buffer were added to the cells, which were
incubated in the dark for 1 h at room temperature. The cells were washed with PBS, and
the coverslips were mounted on slides that were examined under a confocal microscope
(Nikon Eclipse Ti2 with a C2si confocal system, Tokyo, Japan).

4.10. Intracellular Uptake of Curcumin-Enriched rHDLs

The cells were seeded in a 6-well plate at a density of 2 x 10° for 24 h. The culture
medium was removed, and cells were washed with PBS, incubated with rHDL (H), cur-
cumin (C), and curcumin-enriched rHDLs (Cur-rHDLs) for 3 and 6 h. The medium was
removed, and the cells were washed with 500 puL. of PBS and then with 500 pL of 0.4%
PBS-BSA /well to remove traces of polyphenols from the cell membrane. Then, 500 pL of
methanol containing 200 mM HCI/well was added to collect the intracellular polyphenol
moiety by cell scraping and transfer of the medium into Eppendorf tubes. After 45 min
at 4 °C, the tubes were centrifuged at 14,000x g at 4 °C for 5 min, and the supernatant
was collected for subsequent analysis by LC-MS/MS. For quantitation, chromatographic
conditions and mass spectrometer parameters were the same as described above. A cali-
bration curve ranging from 1.953 nM to 1000 nM was used. A quality control sample was
analyzed within each batch, with two blank samples containing 20% ACN in water and
0.1% formic acid.

4.11. Statistical Analysis

Data are expressed as mean & SD of three independent experiments. Statistical analy-
ses were performed by one-way analysis of variance (ANOVA) followed by Bonferroni’s
multiple comparison test using Graph-Pad Prism 6 (Graph Pad Software, Inc., San Diego,
CA, USA). Statistical significance was considered for a p-value < 0.05.

5. Conclusions

We demonstrated for the first time an improved protective effect of curcumin-enriched
rHDL nanoparticles on MGO-induced cerebral endothelial dysfunction linked to oxidative
stress and endoplasmic reticulum stress mechanisms, that need to be further investigated
in vivo. These cur-rHDL nanoparticles are stable and biocompatible and have therapeu-
tic potential as an emerging drug delivery system for pathologies involving endothelial
dysfunction and oxidative stress, such as stroke under diabetic conditions.
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IV. Discussion

Methylglyoxal (MGO) is a reactive metabolite that accumulated during diabetes due to hyper
glycemia and impaired glyoxalase enzyme system (detoxifies MGO) (Oya et al., 1999). Tissue
MGO levels are maintained at a low levels where slight increase at the physiological range is
beneficial for modulating physiology but high levels of MGO triggers stress responses (Moraru
et al., 2018). High glucose concentrations in diabetes condition result in the formation of MGO
(Schalkwijk et al., 2006; Shinohara et al., 1998). Overexpression of glyoxalase I prevented the
hyperglycemia induced MGO-AGE formation, demonstrating the importance of MGO in AGE
formation (Brouwers et al., 2011). Extracellular MGO adducts and intracellular accumulation of
MGO interacts with macromolecules including proteins, lipids and nucleic acids and alters their
cellular functions including endothelial cell dysfunction which contribute to the diabetic vascular

complications. MGO modified proteins result in an increased oxidative stress (Wu & Juurlink,

2002).

Endothelial cells line the blood vessels and maintains the vascular homeostasis by the secretion
of vasodilators and vasoconstrictors. Endothelial dysfunction shifts the endothelial function to
vasoconstriction, increased permeability, proinflammatory and prothrombotic states (Schalkwijk
& Stehouwer, 2005). Exposure of endothelial cells to high concentrations of MGO induced
oxidative stress and apoptosis (Chan & Wu, 2008). Diabetes associated endothelial dysfunction
involves impaired vasoregulation, barrier function, increased oxidative stress and inflammation
that contribute to the diabetic vascular complications (Eringa et al., 2013). Exogenous
administration of MGO in rats induced diabetes-like vascular changes including degenerative
changes of microvessels with loss of endothelial cells, vasodilation and increased oxidative stress

(Brouwers et al., 2010; Brouwers et al., 2014).

Studies have shown the protective effects of many polyphenol antioxidants in diabetic vascular
complications (Habauzit & Morand, 2012). Dietary phytochemicals such as curcumin exhibits
anti-oxidative, anti-inflammatory and anti-diabetic properties that can regulate the
hyperglycemia mediated oxidative damage, inflammation and endothelial dysfunction in diabetic
complications. HDL lipoproteins have antioxidant and anti-inflammatory properties that are
emerging as drug delivery systems for various drug molecules including hydrophobic drugs.

In this study we have found that curcumin loaded rHDL nanoparticles showed cytoprotective

effect by reducing the reactive oxygen species production, ER stress, chromatin condensation
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and impaired membrane integrity induced by MGO in cerebral endothelial cells. It was also
interesting to find that curcumin loaded rHDLs showed an improved endothelial protection in

combination compared to curcumin alone.

V. Conclusion

These findings suggest that the HDL encapsulation can improve the endothelial protective effects
of curcumin antioxidant to attenuate the MGO induced endothelial dysfunction in the progression
of diabetic vascular complications. Further in vivo studies are required to understand the

complete mechanism of action to develop the therapeutics for diabetic vascular complications.
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Part 2. Impact of curcumin nanomicelles on zebrafish tail regeneration

I. Introduction

Impaired diabetic wound healing increases the risk of amputation (Alavi et al., 2014). Wound
healing and regeneration studies are emerging to understanding the mechanisms and to develop
therapeutics for diabetic amputations (Andrews, Houdek, & Kiemele, 2015; Davis, Kimball,
Boniakowski, & Gallagher, 2018).

Curcumin has been used widely in wound healing and regeneration studies which has
antioxidant, anti-inflammatory properties (Menon & Sudheer, 2007). Many nanoparticles are
being developed for drug delivery of curcumin to improve its bioavailability, therapeutic
properties and specific targeting. Polymeric micelles are being widely used as drug delivery
nanoparticles as they are biodegradable, less toxic and have a flexible physiochemical properties
that can be modified and functionalized to achieve improved drug delivery for various

pathophysiological conditions (Akbar et al., 2018).

Zebrafish is a simple and easily available model organism that is emerging for wound healing
and regenerative studies. Zebrafish shares many common molecular and genetic features with
humans which makes it a more potential model for studying various human pathophysiological
conditions including wound healing and regeneration studies (Marques, Lupi, & Mercader,
2019). Adult zebrafish is mostly used for the regenerative studies while the use of larvae is
emerging as a quick model that can be used in large scale compared to adult zebrafish

(Pourghadamyari et al., 2019).

In our study we used carrageenan polysaccharide nanomicelles loaded with curcumin, 3 day post
fertilized (3dpf) zebrafish larvae tail amputation model. First we tested curcumin loaded
nanomicelles cytotoxicity on the 3dpf zebrafish larvae and then we proceeded to investigate the
potential of curcumin loaded nanomicelles to enhance the recruitment of neutrophils and

macrophages to the site of tail injury and promote the tail regenerative area post tail amputation

I1. Methods

Carrageenan extraction and digestion

Carrageenans were extracted from red algae Kappaphycus alvarezii. The algae were pre-treated

with 80% ethanol solution and agitated overnight at room temperature to remove salts and debris.
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Carrageenans were then hot extracted in water at 90°C, pH 7 along with ultrasound. They were

filtered, jellified at 4°C, frozen at -80°C and lyophilized.

The k-carrageenase enzyme is isolated from Pseudoaltermonas carrageenovora. The bacteria
were cultured in 1litre marine broth at 21°C under agitation and was stimulated with a 0.15%
(M/v) of a k-carrageenan solution prepared in Tris-HCI 100mM pH=8.5 after the OD reached
0.6. After 24h enzyme was filtered (0.45 pm Millipore filter and 300kDa cut off membrane filter)
and concentrated (10kDa centrifugal filter) which was finally desalted (3 KDa centrifugal filter)

and its protein content was determined by Bradford assay.

The K-carrageenase enzyme was used to digest the k-carrageenan which is later use for
the micelle preparation. k-carrageenase (75.3 pg in 1 ml) was used to digest the carrageenans
(150mg) dissolved in a Tris-HCI solution (100 mM, pH 8.5) incubated for 6h, 8h and 10h
respectively. Non- hydrolysed «-carrageenan and A-carrageenan were eliminated by
ultracentrifugation using 10kDa centricon. Oligocarrageenans were isolated by precipitation with

methanol, freeze-dried, lyophilized.

Carrageenan micelle preparation and characterization

The carrageenan micelles preparation (Fig 23) was done in three steps as follows:
(i) Partial acetylation of oligocarrageenan

500mg of oligocarrageenan was mixed with 644ul of acetic anhydride and 4 ml of pyridine and
agitated for 3hrs at room temperature. The reaction was stopped by adding ice and the partially
acetylated oligocarrageenan was isolated by precipitation with cold methanol. It was freeze-

dried, lyophilized.
(ii) Grafting of caprolactone on partially acetylated oligocarrageenan

To graft hydrophobic caprolactone, 2ml of toluene and 20ul tin (I) ethyl hexanoate catalyst was
added to 200 mg of partially acetylated-oligocarrageenan and stirred at 40 °C for 2hrs under
argon atmosphere. After 2hrs slowly 330 mg of e-caprolactone was added and allowed to
polymerize for 20 h at 110 °C. The resulting caprolactone grafted oligocarrageenan was

precipitated using cold methanol.
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(iii) Deprotection of partially acetylated oligocarrageenan grafted caprolactone

The acetyl groups were removed by adding THF/methanol (v/v=1/1) solution to the partially
acetylated oligocarrageenan grafted caprolactone. This mixture was stirred for 4hr at room
temperature by adding sodium methoxide (NaOCH3) solution drop wise until the pH reached 8.
After it was neutralized by 1 M HCL and evaporated under vacuum. This resulted in the

formation of amphiphilic copolymer that was lyophilized.

Room temperature. 3hrs (i) Partially acetylated
Pyridine & Acetic anhydride
Oligocarrageenan
Toluene, Tin |l

40°C, 2hrs ethylhexanoate
catalyst

E- Caprolactone
under argon condition

-

EE ; _. ’( — —
p THF/Methanol(1:1v/v), -~ Aqueous solution // l \\\

(ii) Caprolactone grafted
Oligocarrageenan

& Room temperature, 4hrs DY = %\[_(C_

Amphiphilic
conolvmer
7 Removal of
acetyle groups

f Oliaocarraaeenan

E3 Acetyl group

€-Caprolactone

Figure 23: Mechanism of formation of copolymer caprolactone grafted carrageenan

micelles.



Characterization of carrageenan micelles

Digested oligocarrageenan, partially acetylated oligocarrageenan and amphiphilic copolymer
oligocarrageenan grafted caprolactone were analysed by NMR and the particle size distribution

of carrageenan micelles was analysed by DLS
Drug loading

Curcumin encapsulation was done using the acetone volatilization method as previously
described. About 500mg of carrageenan micelles were mixed with 50 mg of curcumin and
dissolved in 10 ml of acetone. This mixture was slowly agitated overnight at room temperature
by addition of deionized water (250 ml) drop wise. Acetone was evaporated at 30 °C and the

non-encapsulated curcumin was eliminated by a 0.22 pum filter (stericup GP Millipore) (Fig 24).

Precipitation of the

Amphiphilic | _ | ﬁ S S \H Acetone evaporation / H20 additio e |_— hydrophobic drug
copolymer —100) d %{% =

Hydrophobi [—} . - L Non polar Medium Polar %@%g Soluble
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100% 100% H,0
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%%%; Filtration by Dialysis
Soluble %

100% H,0

Figure 24: Schematics of curcumin drug loading method.

In vivo model: Zebrafish tail amputation model

Zebrafish (Danio rerio) 3dpf larvae were used for this study. Female and male adult zebrafish
were kept separately 1 week before crossing and then crossed for obtaining the embryos.
Embryos were maintained in fish water for normal development until 3 days and used for the

regeneration studies.
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Tail amputation

The 3 dpf zebrafish larvae were first anaesthetized by 0.2% tricaine for about 20-40 seconds.
Then, the larvae were placed on the slide and the caudal fin (tail) was amputated just close to the

notochord using a blade. Then, larvae were immediately placed back in fish water or respective

treatments (Fig 25).

3dpf Tail lesion Immunohistochemistry :
0.2%Tricane LCP-1. MPO
(M (anesthetic ‘
'tw gl # :
L n 3 ) Immunohistochemistry :
24 well\ Regeneration experiment post
+ 3 days tail lesion
10 larvae per condition
1)  Control
2)  Micelle
3)  Curcumin
4)  Curcumin
nanomicelles
Figure 25: In vivo zebrafish tail amputation model.
II1. Results

Results of this study are assembled into an article titled “Protective effect of Curcumin

encapsulated micelles on tail regeneration of zebrafish larvae”. It is in the process of

submission to Zebrafish journal.
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Abstract

Regenerative medicine is an emerging field to understand mechanistics and to develop therapeutic
strategies for pathological conditions including neurodegenerative diseases and diabetic microvascular
complications. Nanocarriers are used to improve drug bioavailability, solubility and therapeutic
abilities. In this study, we used for the first time curcumin loaded x-carrageenan-graft-
polycaprolactone (KC-g-PCL) nanomicelles to investigate their regenerative potential using a model of
tail amputation in zebrafish larvae. First, we showed that curcumin encapsulated KC-g-PCL spherical
micelles had a mean size of 92 + 32 nm and that micelles were successfully loaded with curcumin. These
micelles showed a slow and controlled drug release over 72h. The toxicity of curcumin nanomicelles
was then tested on zebrafish larvae based on the survival rate after 24h. Next, the non-toxic dose of
curcumin nanomicelles was used in physiopathological models of zebrafish tail injury. At this non-
toxic concentration, curcumin nanomicelles increased the recruitment of neutrophils and macrophages
6 hours post-lesion as shown by Mpo and Lcpl immunohistochemistry, respectively. Furthermore, we
demonstrated that curcumin nanomicelles improve tail regeneration within 3 days post-amputation,
compared with empty micelles or curcumin alone. Therefore, our study demonstrates that curcumin
nanomicelles can modulate inflammatory processes in vivo and promote regeneration. Further
investigation can give a better understanding of the mechanisms and new therapeutics sustaining
regeneration.

Keywords: Zebrafish, curcumin; nanomicelles; regeneration; tail amputation; carrageenan

Introduction diabetic foot ulcers. [2]. A better understanding
of the cellular basis of wound pathology is
needed to effectively manage the wounds and
develop therapeutic strategies [3]. Therefore,
exploring and understanding the mechanisms
of self-renewal provides insight into the
regeneration processes and help for the

Wound healing is a natural process that
involves restoration of the damaged cells,
tissues and organs. The wound environment is
associated with high levels of inflammation
and oxidative stress that involves the
recruitment of immune cells [1]. Diabetes
associated with hyperglycemia, chronic
inflammation can lead to several disorders

development of new regenerative therapeutic
strategies [4].
The use of zebrafish (Danio rerio) allows to

including foot amputations, which are highly study various pathophysiological processes

prevalent and are an issue of mortality. Indeed, and has gained the attention of researchers

impaired wound healing may result in chronic worldwide [5-7]. Indeed, zebrafish shares a

wound development which is observed in .
strong genomic homology as well as common



physiological processes with mammals [8]. Due
to their ability to regenerate, zebrafish has
emerged as a model to study wound healing
and regeneration [9-12]. Many zebrafish
models have been developed in adult fish and
larvae for studying regeneration of liver,
pancreas, spinal cord, heart, brain [13, 14],
retina and tail [15, 16]. The zebrafish tail is
relatively accessible for amputation and has
simple cellular organization. The tail
regeneration process involves 1) epidermal cell
migration that covers the wound and
epidermal apical cap signaling centre, 2) cell
dedifferentiation into mesenchymal blastema
structure, 3) proliferation of blastema and
replacement of amputated tissue [17]. Many
signaling molecules including sonic hedgehog
ligands [18], Wnts [19], bone morphogenic
proteins (BMPs) [20, 21], fibroblast growth
factors (FGFs) [22], insulin-like growth factors
(IGFs) [23], and retinoic acids (RAs) [24] are
involved in the fin regeneration process. As
most organs start to function within 5 days post
fertilization, it is reliable to use larvae for large
sample size screening and shorter time frames.
Curcumin is a hydrophobic polyphenol
molecule present in turmeric isolated from
Curcuma longa that is widely used as a curry
spice. It is the major curcuminoid of turmeric
displaying many therapeutic properties
including anti-inflammatory, antioxidant, anti-
proliferative, anti-angiogenic, anti-diabetic and
wound  healing [25]. However, the
hydrophobic nature, poor bioavailability, low
solubility, as well as rapid degradation and
clearance of curcumin limits its therapeutic
benefits [26]. To overcome these limitations and
enhance the therapeutic benefits of curcumin
many nanoformulations including liposomes,
polymeric micelles and polymer-curcumin
conjugates have been developed [27].

Polymeric micelles made of sulphated marine
polysaccharides including alginin,
carrageenan, chitosan, and dextran
copolymerized with different polymers are
newly emerging in wound healing research
and therapeutics [28-30]. Marine sulphated
polysaccharides have many bioactivities such
as anti-oxidative, anti-microbial, wound
healing, anti-cancer anti-inflammatory and
anti-viral properties [31]. Curcumin has

previously been encapsulated into carrageenan
nanomicelles that were non-cytotoxic in vitro in
EA-hy926 endothelial cells and in vivo in adult
zebrafish. In this study, the nanomicelles have
been shown to improve the cellular uptake of
curcumin and to promote the anti-
inflammatory effect of curcumin at 15 pM by
decreasing the levels of inflammatory factors
IL-6 and MCP-1 in TNF-alpha-induced
inflammation in vitro compared to empty
micelles and curcumin alone [32].

In our work, we used curcumin encapsulated
carrageenan nanomicelles that were prepared
and characterized by NMR and DLS analyses
and we also studied the curcumin drug release.
In the present study, we first tested the
curcumin nanomicelles toxicity in 3 days post
fertilization (dpf) larvae for 24h by monitoring
the survival rate. Next, we performed a tail
injury on 3-dpf larvae to investigate the effect
of curcumin nanomicelles on the recruitment of
neutrophils and macrophages at the damaged
site. We further studied its impact on tail
regeneration using the same model.

Materials and methods
Extraction and digestion of carrageenan

Carrageenans were extracted from red algae
Kappaphycus — alvarezii obtained from Ibis
Algaculture (Madagascar) as previously
described [33]. The algae were treated with 80%
ethanol solution and agitated overnight at
room temperature to remove all the salts and
debris. The next day, the carrageenans were hot
extracted in water (90°C, pH 7) along with
ultrasound. They were then filtered, jellified at
4°C, frozen at -80°C and lyophilized. The
carrageenans extracted were composed of -
carrageenan (68%) and A-carrageenan (32%) as
analysed previously by NMR [33].

The k-carrageenase enzyme was used to
digest the k-carrageenan to use for the micelle
preparation. This enzyme was isolated from
carrageenovora (DSMZ,
Germany). The bacteria were stimulated with a
0.15% (M/v) K-carrageenan solution as
previously described [32]. Briefly the bacteria
were cultured in 1litre of marine broth at 21°C
under agitation. When the OD reached 0.6, the
bacteria were stimulated with a 0.15% (M/v) of

Pseudoaltermonas



a k-carrageenan solution prepared in Tris-HCl
100mM pH=8.5. After 24h the enzyme was
filtered 0.45 um filter (Millipore) and 300kDa
cut off membrane filter and concentrated by
10kDa centrifugal filter. It was finally desalted
by a 3 KDa centrifugal filter and the protein
content was determined by Bradford assay.

Enzymatic digestion of K-carrageenan was
done using a k-carrageenase enzyme which
hydrolyses [3-(1—4) the linkage of carrageenan
as previously described [32]. Kk-carrageenase
(753 pg in 1 ml) was used to digest the
carrageenans (150mg) dissolved in a Tris-HCl
solution (100 mM, pH 8.5) incubated for 6h, 8h
and 10h respectively. Non- hydrolysed «-
carrageenan and  A-carrageenan = were
eliminated by ultracentrifugation using 10kDa
centricon. The oligocarrageenans were isolated
by precipitation with methanol, freeze-dried,
lyophilized and analysed by Size Exclusion
Chromatography (SEC) and Nuclear magnetic
resonance (NMR). The enzymatic activity was
measured as previously described [32].
Digested oligocarrageenan octamers obtained
after 8hrs of carrageenan digestion similar to
previous studies [32], were used to synthesise
carrageenan micelles grafted with
polycaprolactone (PCL) after removing the
enzyme by ultracentrifugation.

Preparation of carrageenan micelles

The carrageenan micelles were synthesised as
previously described [32]. The preparation
involved three steps (i) partial acetylation of
oligocarrageenan  (digested  carrageenan)
hydroxyl groups (ii) Grafting of hydrophobic
caprolactone  on  partially  acetylated
oligocarrageenan (iii) deprotection of the
partially acetylated hydroxyl groups.

(i) Partial acetylation of oligocarrageenan
Five hundred mg of oligocarrageenan was
mixed with 644ul of acetic anhydride and 4 ml
of pyridine and agitated for 3h at room
temperature. The reaction was stopped by
adding ice and the partially acetylated
oligocarrageenan was isolated by precipitation
with cold methanol. It was then freeze-dried,
lyophilized and characterized by NMR.

(ii) Grafting of caprolactone on partially
acetylated oligocarrageenan

To graft, the hydrophobic caprolactone, 2ml of
toluene and 20ul tin (II) ethyl hexanoate
catalyst was added to 200 mg of partially
acetylated-oligocarrageenan. The mixture was
stirred at 40 °C for 2h under argon atmosphere
after 330 mg of e-caprolactone was added and
was allowed to polymerize for 20 h at 110 °C.
The resulting
oligocarageenan was precipitated using cold
methanol. It was then freeze-dried, lyophilized
and characterized by NMR.

caprolactone grafted

(iii) Deprotection of the partially acetylated
oligocarrageenan grafted caprolactone

The acetyl groups are removed by adding
THF/methanol (v/v=1/1) solution to the
partially acetylated oligocarrageenan grafted
caprolactone. This mixture was stirred for 4hr
at room temperature by adding sodium
methoxide (NaOCHs) solution dropwise until
the pH reached 8. After it was neutralized by 1
M HCL and evaporated under vacuum. This
resulted in the formation of amphiphilic
copolymers which were lyophilized and
analysed by NMR.

Drug loading

Curcumin encapsulation was done using the
acetone volatilization method as previously
described [32]. About 500mg of carrageenan
micelles were mixed with 50 mg of curcumin
and dissolved in 10 ml of acetone. This mixture
was slowly agitated overnight at room
temperature by dropwise addition of deionized
water (250 ml). Acetone was evaporated at 30
°C followed by the non-encapsulated curcumin
was eliminated by a 0.22 pm filter (stericup GP
Millipore).

Characterization of carrageenan micelles
NMR analysis

NMR analysis was performed on a 600 MHz
Avance III Bruker NMR spectrometer

equipped with a '"H/*F, 13C and N cryoprobe.
1D 'H and1D 3C spectra were recorded in 100%



D20 or CDCls (Eurisotop, France) at room
temperature and tetramethylsilane (TMS,
Sigma-Aldrich, Germany) was used as a
reference as described previously. 'H NMR
spectra were recorded with 128 scans using a
sweep width of 10 ppm. 2D spectra were
obtained with 32 scans and a sweep width of 10
ppm for 'H and 120 ppm for *C. In all spectra,
the carrier was placed at 4.7 ppm for 'H and 50
ppm for C as performed previously [32].

Determination of particle size

The particle size distribution of carrageenan
micelles was analysed using Dynamic Light
Scattering (DLS) particle size analyser
(Zetasizer Nano (Malvern Instruments) as
previously described. 1ml of an aqueous
solution of amphiphilic micelles prepared in
PBS filtered through a 0.22 um pore size PTFE
syringe filter (to remove any aggregates. The
CMC (Critical Micelle concentration) was
determined at concentrations of 1 & 2 mg/ml.
CMC was obtained by plotting the logarithm of
the intensity of the scattered light as a function
of oligocarrageenan-graft-PCL concentration as
previously described [32].

Drug release

The drug release was done by dialysis method
using a dialysis membrane as previously
described. 20 mg of curcumin-loaded micelles
were dissolved in 10 ml of PBS and were
subjected to dialysis using a Cellu-Sep H1
dialysis membrane (MWCO = 2000 Da)
immersed in 200 ml of PBS at 37°C. The amount
of curcumin released in the PBS was measured
by absorbance at 420 nm over 3 days.

Zebrafish husbandry

Zebrafish (Danio rerio) were housed in the
facility at the CYROI/DETROI (La Réunion).
Adult fish (AB strain) were maintained under
standard conditions of temperature (28.5°C for
adult fish and 26.5°C for larvae), photoperiod
(14h dark and 10h light), pH (7.4) and
conductivity (400 uS). Fish were fed 3 times a
day with Gemma Micro 300 (Planktovie). All
the animal experiments were conducted in

accordance with the French and European
Community Guidelines for the Use of Animals
in Research (86/609/EEC and 2010/63/EU).

Larva acute toxicity test

To determine a maximum non-toxic
concentration (MNTC), we evaluated the
toxicity of micelles, curcumin, and curcumin-
encapsulated micelles on 3-days post-
fertilization (dpf) larvae. Newly fertilized eggs
were maintained in fish water for normal
development at 26.5°C. At 3-dpf, zebrafish
larvae (10 per group) were treated with
different concentrations (5 uM, 10 uM and 30
uM) of empty micelles, curcumin and
curcumin encapsulated micelles for 24h. As
15uM of curcumin encapsulated micelles
showed anti-inflammatory activity in vitro, we
first decided to test the toxicity of some
concentrations of  curcumin-encapsulated
micelles ranged from 5 to 30 uM it was on
zebrafish larvae. After 24hof treatment, larvae
survival was analysed. The MNTC was then
determined, which corresponds to the highest
concentration that did not induce any death.

Tail amputation and treatment

Amputation and treatments were performed
on the 3-dpf zebrafish larvae as previously
described [34]. Briefly, larvae were first
anaesthetized with 0.02% tricaine (MS-222).
They were then placed on a microscopic slide
and the caudal fin was amputated just close to
the notochord wusing a blade, under a
stereomicroscope. After the amputation, larvae
were immediately placed back in E3 medium
(Control) or the respective treatments namely
micelles, curcumin and curcumin encapsulated
micelles at the MNTC (10 uM).

Analyses of immune cell recruitment and tail
regeneration

The recruitment of macrophages (Lcpl+ cells)
and neutrophils (Mpo+ cells) was performed on
3-dpf larvae exposed to the above-mentioned
treatments for 6h after the tail amputation.
Briefly, the amputated larvae were placed in
micelles, free curcumin and curcumin



encapsulated micelles at the MNTC (10 uM) for
6h, before being fixed in 4% paraformaldehyde
overnight at 4°C and processing for
immunohistochemistry experiments.

For tail regeneration assay, the amputated
larvae were placed in the above mentioned
treatments for 3 days with daily renewal of the
treatments. Pictures were taken using a
stereomicroscope after anaesthetizing the
larvae, at 0 and 3-days post-lesion. The
regeneration area was then analysed by Image
] software.

Tissue preparation & Immunohistochemistry

For Lcpl staining, fixed larvae were washed 4
times with 1X PBS containing 0.1% tween-20
(PTW) for permeabilization. Then, larvae were
washed 3 times in distilled water for 5 min and
further permeabilized with cold acetone (-20
°C) for 10 min at room temperature. Larvae
were next washed with distilled water and
PTW. Then, the blocking of nonspecific sites
was performed using a blocking buffer (PTW
with 2ml BSA 10%, 0.1m1 DMSO) for 1h at room
temperature. Larvae were then treated with
primary rabbit anti-Lcpl antibody (GeneTex,
reference: GTX124420, dilution: 1/200 in
blocking buffer) and incubated overnight at
4°C.

For Mpo staining, fixed larvae were
dehydrated with 25, 50, 75 and 100% methanol
(MeOH) series and stored at -20°C overnight.
Larvae were next gradually rehydrated and
washed 4 times in PTW for 5 min. After 1h in
blocking buffer, larvae were treated with
primary antibody rabbit anti-Mpo (Abcam, ref:
ab210563, dilution: 1/200in blocking buffer)
and incubated overnight at 4°C.

The next day, after washes with PTW, larvae
were incubated with fluorescent secondary
antibody Alexa Fluor ® 594 donkey anti-rabbit
antibody (1:500 dilution, Abcam, Reference:
ab150064) and DAPI (4,6- diamidino-2-
phenylindole, Dihydrochloride) (1 ng/ml,
ThermoFisher, Reference: D1306)
counterstaining (4',6- diamidino-2
phenylindole, Dihydrochloride) (1 ng/ml,
ThermoFisher, Reference: D1306) for 2h at
room temperature. Finally, larvae were washed
3 times with PTW and visualized by
fluorescence microscopy.

Statistical analysis and microscopy

Data were expressed as mean * SD (standard
deviation) of three independent experiments.
Statistical analysis was performed by one-way
analysis of variance (ANOVA) followed by
Bonferroni’s multiple comparison test using
Graph-Pad Prism 6 (Graph Pad Software, Inc.,
San Diego, CA, USA). Statistical significance
was considered for a p-value <0.05.

Images were acquired using a Nikon eclipse
80i equipped with a Hamamatsu camera, a
Nikon SMZ18 stereomicroscope equipped with
a Nikon DS-Fi3 Camera and the respective NIS
elements software.

Images were analysed using Image ] software.
Quantification of regenerated fin area,
fluorescence intensity and cell numbers were
performed and then the results were averaged.

Results

Characterization of carrageenan micelles by
nuclear magnetic resonance (NMR) analysis

OligoKC-g-PCL  (oligo kappa-carrageenan-
grafted-polycaprolactone) was synthesized
using previously described method [32].
Briefly, hydroxyl groups of digested
carrageenan (oligocarrageenan) (Figure 1a)
were  partially acetylated and  then
copolymerized  with  hydrophobic  &-
caprolactone (PCL). Self-assembled
amphiphilic carrageenan micelles in an
aqueous solution were obtained by removing
acetyl groups.

The 'H NMR analysis of digested and
undigested carrageenan is represented in
Figure la. Partially acetylated oligoKC-g-PC
was analysed using "H NMR. The peak at 2.13
ppm corresponds to acetyl functional groups
(Figure 1b). The '"H NMR spectra of partially
acetylated oligoKC-g-PC indicated 60 % of
acetylation based on integration values of
protons at 504 ppm and 4.6 ppm
(corresponding  to  anomeric H  in
oligocarrageenan) and at 2.13 ppm (acetyl
groups).

Oligocarrageenan-graft-caprolactone analysed
by 'H NMR spectrum (Figure 1c) showed both
PCL signals between 13 and 4 ppm,



oligocarrageenan signals from 3 to 5.5 ppm and
acetyl protons which detected in the above step
at 2.09 ppm is not detected in this spectrum
confirming the removal of partial acetyl groups
in the last step.

Drug loading and release studies

Hydrophobic curcumin was encapsulated into
carrageenan using  acetone
volatilisation method and drug release studies
were done using dialysis method [32]. The
amount of drug encapsulated was determined
by UV absorption and calibration curve. The
drug studies of  Curcumin
encapsulatedd micelles were done using 1X

(a)

micelles

release

The results of carrageenan micelles (oligoKC-g-
PCL) characterization were in agreement with
the previous results.

PBS and dialysis method at 37°C (Figure 2). The
drug release of Curcumin was determined to be
60 % after 72 h.

The drug release rate and amount of
curcumin encapsulated in nanomicelles were
similar to the previously developed micelles
[32]. As demonstrated previously, the drug
release rate can vary depending on the
interaction between the drug and micelle core.
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Figure 1: Characterization of carrageenan nanomicelles by NMR analysis. a) 'TH NMR spectra of
digested oligo-carrageenan (red spectrum) and undigested-oligocarrageenan (blue spectrum) prepared

in D20. b) 'TH NMR spectrum of acetylated oligo-carrageenan with acetyl-group protons detected at

2.13 ppm prepared in CDCls. ¢) '"H NMR spectrum of acetylated-oligocarrageen-graft-PCL sample
prepared in CDCls. 'TH NMR spectrum of oligocarrageen-graft-PCL sample prepared in D20,
oligocarrageenan signals were detected between 3ppm and 5.5ppm and caprolactone between 1.3 ppm

and 4 ppm.
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Figure 2: Kinetic studies of curcumin release from carrageenan nanomicelles. Drug released into the

PBS medium was measured by absorbance at 420 nm.

Particle size determination of carrageenan
micelles (oligoKC-g-PCL) and curcumin
encapsulated micelles by dynamic light
scattering (DLS) analysis

The average particle size of empty micelles was
determined to be 142+93 nm and curcumin
encapsulated micelles was 92+32 nm as shown
in Figure 3a and 3b respectively. The CMC
estimated by DLS was 4105 M. A

polydispersity index (PDI) near to zero implies
homogeneity of dispersions, and a PDI greater
than 0.3 indicates heterogeneity. The PDI of our
Cur-nanomicelles nanoparticles was around
0.2. The particle size of curcumin encapsulated
micelles is smaller than the empty micelles due
to the strong interaction of curcumin with the
hydrophobic PCL core of micelles which may
cause the shrinkage of the micelles. As well, the
particle size of empty micelles was interestingly



smaller compared to the previously developed functionalization and then a better uptake by

micelles, suggesting a higher surface area for the cells.
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Figure 3: Particle size distribution of carrageenan nanomicelles determined by DLS analysis. Samples
were prepared in PBS at 1ug/ml. Size distribution of empty micelles (a) and curcumin encapsulated
micelles (b). Data is presented as three independent measurements for each sample.

Acute toxicity of curcumin nanomicelles in 3- significant mortality was observed for
dpf zebrafish larvae curcumin alone and curcumin-encapsulated
micelles at 30 uM. At lower concentrations (5
and 10 uM), we did not observe any death.
Based on these results, we decided to use the

To study the toxicity of micelles, curcumin and
curcumin encapsulated micelles, 3-dpf were
treated w1th dlfferent‘ c‘oncentratlons (.)f the concentration of 10 tM of empty micelles and
above-mentioned conditions for 24h. Micelles . . .
curcumin-encapsulated micelles for assessing

alone did not show a toxic effect on the survival . . .
their biological properties.

rate at 5, 10 and 30 uM (Figure 4). In contrast, a

Survival rate %

Fig 4: Toxicity of curcumin nanomicelles on 3-dpf zebrafish larvae. The toxicity was determined by
measuring the survival rate of larvae after 24 hours of exposure with E3 medium (control), empty
micelles, curcumin and Cur-micelles (5uM, 10uM and 30uM). Survival rate percentage was calculated
by counting the number of alive and dead larvae after the different treatments for 24h. Curcumin and
curcumin nanomicelles were both toxic at 30 uM concentration. Data are represented as mean + SD of
three independent experiments, n=60 larvae per condition. ***p<0.0001 as compared to control.

Effect of curcumin nanomicelles on decided to further investigate their potential
regeneration and immune cell recruitment in effects on regeneration and immune cell
a model of tail injury recruitment in a model of tail amputation on 3-

dpf larvae as used recently [34]. To this aim, we

After determining the MNTC of curcumin, monitored the effect of curcumin encapsulated

empty and curcumin loaded micelles, we



micelles on the regenerative area and
recruitment of neutrophils and macrophages
by Mpo and Lcpl immunostainings,
respectively.

For that, 3-dpf larvae were amputated and
treated with E3 medium, micelles, curcumin
and curcumin encapsulated micelles. Three
days after the transection, the tail regeneration
was significantly increased with curcumin-
encapsulated micelles compared to control,
micelle or curcumin alone (Figure 7),
demonstrated pro-regenerative properties of
curcumin on this tail injury model.

Given that the inflammatory cells recruited at
the site of injury play a role in tail regeneration
[35] we decided to further investigate the effect

Day 0

Control

Micelles

Curcumin

Cur-micelles

of curcumin encapsulated micelles on immune
cell recruitment.

As shown in Figure 5, the recruitment of Lcpl-
positive cells labelling macrophages was
significantly higher in larvae treated with
curcumin encapsulated micelle compared to
control, empty micelles or curcumin alone.
Similar results were obtained for Mpo-positive
cells corresponding to neutrophils (Figure 6).
Indeed a higher number of neutrophils was
observed at the site of injury in the larvae
treated with curcumin encapsulated micelles
exposure compared to control, micelles or
curcumin alone.
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Figure 7: Curcumin nanomicelles promote the regeneration of the zebrafish tail after amputation.

A) Representative images of larval tail amputation and regeneration after the different treatments
(control, micelles, curcumin, cur-micelles at 10 pM) as previously mentioned. B) Quantification of the
regenerative area of zebrafish tail 3 days post-amputation. Curcumin nanomicelles treated larvae
showed an increased tail regeneration compared to the ones treated with empty micelles and curcumin
alone. Data are represented as mean + SD of three independent experiments, N=30 larvae per condition.
Bar = 0.07mm. **** p<0.0001 as compared to control, ####p<0.0001 as compared to empty micelles and
$$%% p<0.0001 as compared to curcumin(One-way ANOVA).
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Figure 5: Curcumin nanomicelles increase the recruitment of macrophages at the tail injury site.

A) Representative images of Lcpl-positive cell recruitment at the site of tail amputation in the different
conditions 6 hours post injury. B) Quantification of Lcpl-positive cells at the site of tail amputation in
different conditions (10 uM each). White arrows indicate the Lcpl-positive cells and the white dotted
line indicates the level of tail amputation. Curcumin nanomicelles treated larvae showed an increased
recruitment of Lcpl cells compared to larvae treated with empty micelles and curcumin alone. Data are
represented as mean + SD of three independent experiments, n=30 per condition. Bar = 0.1mm. ****
p<0.0001 as compared to control, ####p<0.0001 as compared to empty micelles and $$$$ p<0.0001 as
compared to curcumin (One-way ANOVA).
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Figure 6: Curcumin nanomicelles increases the recruitment of neutrophils at the tail injury site.



A) Representative images of Mpo-positive cell recruitment at the site of tail amputation in the different

conditions (10 uM) 6 hours post tail amputation. B) Quantification of Mpo-positive cells at the site of
tail amputation in different conditions (10uM). White arrows indicate the Mpo-positive cells and the
white dotted line indicates the tail amputation. Curcumin nanomicelles treated larvae showed an
increased MPO cell recruitment compared to the larvae treated with empty micelles and curcumin

alone. Data are represented as mean + SD of three independent experiments, N=30 per condition. Bar =
0.1mm. **** p<0.0001 as compared to control, ####p<0.0001 as compared to empty micelles and $$$$
p<0.0001 as compared to curcumin (One-way ANOVA).

Discussion

Curcumin has been used in regenerative
wound healing studies [36, 37]. In our
curcumin encapsulated nanomicelles (Cur-
micelles) interestingly showed a smaller
particle size 142 £ 93 nm compared to the
previously developed curcumin nanomicelles
which were determined to be 187 + 21 nm
[32]. Curcumin drug release was 60% by 72h
indicating a slow and controlled drug release
similar to the previous studies. Our in vivo
studies using zebrafish larvae showed that cur-
micelles enhanced tail regeneration and
recruitment of neutrophils (Mpo),
macrophages (Lcp1) at the site of the tail injury
compared to curcumin or micelle alone.

Zebrafish fin amputation causes acute
inflammation which triggers a rapid increase in
ROS production [38]. Within 24 hours of tail
amputation ROS mediated chemokine and
cytokine signals from the site of amputation
tends to increase the proliferation and
migration of epithelial cells to the site of injury
and contributes to the formation of new tissue.
As neutrophils have limited phagocytic
capacity and rapidly undergo apoptosis,
macrophages replace the neutrophils that play
a crucial role in phagocytosis of the tissue
debris and resolves the inflammatory
responses and remains until the tissue repair
[39]. Macrophages also promote fin
regeneration by down regulating the ROS at the
site of injury [38]. Macrophage depletion was
linked to decreased tissue regeneration [39]
while neutrophil depletion did not affect the fin
regeneration in adult zebrafish [40]. Caudal fin
regeneration also involves cell migration and
proliferation of epidermis and mesenchymal
cells which contribute to the regenerative
tissue. Wound epidermis at the tail injury
covers the underlying matured tissue from
which the highly proliferative mesenchymal

cells grow and regenerate the lost tissue [7].
FGF receptor fgfr 1 is involved in the signaling
of epithelial cap, mesenchymal cells and
blastema recruitment needed for proliferation
and regeneration of tail tissue [41, 42]. Sonic
hedgehog (shh) signaling may also be involved
in fin regeneration [43]. Our results were in
agreement with previous studies on zebrafish
tail regeneration [39] and mice [38] which
showed increased neutrophil and macrophage
recruitment to the site of amputation.
Curcumin plays a synergistic role in
attributing to the healing property. The studies
of polyphenol molecules including flavonoids
reveal that they promote wound healing by
several mechanisms such as scavenging free
radicals and reactive oxygen species,
suppressing acute inflammation through time-
dependent regulation of pro-inflammatory and
anti-inflammatory chemokine expression [44].
The anti-microbial property of the polyphenol
molecules also contributes to wound healing by
avoiding prolonged inflammation by reducing
the microbial load at the site of injury [45]. But
therapeutic benefits of curcumin are limited by
poor bioavailability, solubility due to its
hydrophobic nature [46]. Many nano-
formulations of curcumin encapsulated
nanoparticles have been developed recently to
overcome these limitations and enhance its
therapeutic ~ properties [47]. The bio-
distribution of Cur-micelles in zebrafish and
mice showed their accumulation in liver, lungs
and brain tissues [32]. Although many
beneficial effects of curcumin have been shown
in wound healing and regeneration [48], the
effect of nano-formulated curcumin on zebra
fish tail regeneration has not yet been studied
or explored. Our curcumin encapsulated
micelles showed regenerative wound healing
potential of  curcumin  encapsulated
nanomicelles that could further be developed



as a new therapeutic strategy for impaired
diabetic wound healing.

Conclusion

This study demonstrates the regenerative
wound healing potential of curcumin
nanomicelles by increasing the neutrophil and
macrophage recruitment at the damage site
which possibly enhances the zebrafish tail
regeneration.
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IV. Discussion

Diabetic peripheral artery disease including foot ulcers is a major issue of foot amputations that
involves failure of wound healing in diabetic conditions. Many studies are emerging to
understand the mechanisms of wound healing and regeneration that can be used to develop some
new strategies for diabetic peripheral artery disease associated with foot amputations (Alavi et
al., 2014). Zebrafish are being widely used for regeneration and wound healing studies as they
share many morphological and genetic aspects with humans (J. Y. Kim et al., 2018; Richardson

et al., 2013).

Our study has shown that curcumin loaded nanomicelles promote the neutrophil and macrophage
recruitment at the site of tail amputation which was in agreement with previous studies on
zebrafish tail amputation of both larvae and adults (Morales & Allende, 2019). Macrophages and
neutrophils are the main immune cells that migrate to the wound after injury which invade the
microorganism and remove cell debris (Petrie, Strand, Yang, Rabinowitz, & Moon, 2014). This
helps in promoting regeneration of new tissues at the site of injury. Many inflammatory factors
including cytokines and chemokines also produced by macrophages that triggers inflammatory

signaling to recruit more immune cells to the site of injury (Morales & Allende, 2019).

Our study has also shown the potential of curcumin loaded nanomicelles in promoting
regeneration by increasing the regeneration area post tail amputation compared to both curcumin

and micelle alone.

V. Conclusion

The curcumin loaded nanomicelles have shown wound healing and regenerative potential of
zebrafish tail amputation. This can be further studied to understand the mechanism involved in

the wound healing and regeneration to develop new therapeutics for diabetic amputations.
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In vitro approach of HDL nanoparticles

Reconstituted HDL (rHDL) loaded with various polyphenols molecules can be interesting
prospective to study and understand the mechanism and develop therapeutics for diabetic stroke.
In this study we have already used curcumin loaded rHDLs to test its cellular uptake and
cytoprotective properties (reduced ER stress, oxidative stress, cell membrane integrity, reduced
chromatin condensation) on methylglyoxal induced cytotoxicity and stress (oxidative stress, ER

stress, impaired cell membrane integrity) in murine cerebral endothelial cells.

Curcumin loaded rHDLs can be further studied for understanding the mechanistic impact of
curcumin loaded rHDLs on methylglyoxal impaired BBB functionality by evaluating the tight
junction proteins Zo-1, occludin and claudin 5 gene expression analysis by RT qPCR,
distribution by immunocytochemistry and permeability of the cerebral endothelial cells

membrane by dextran permeability assay.

Further rtHDL can be loaded with resveratrol, which is a well-known polyphenol found in grapes
and groundnuts. Resveratrol similar to curcumin shows many biological activities including
antioxidant, anti-inflammatory, anti-cancer and cardioprotective properties (A. P. Singh et al.,
2019). In humans resveratrol is known to be rapidly absorbed by oral administration and detected
in plasma and urine but the potential therapeutic benefits of the pure molecule is still limited
(Bano, Ahmed, Khan, Chaudhary, & Samim, 2020). Recent animal studies have shown potential
use of resveratrol in treating metabolic disorders such as obesity and diabetes (Breuss, Atanasov,

& Uhrin, 2019; A. P. Singh et al., 2019).

We have done some preliminary studies with resveratrol loaded rHDLs nanoparticles (Res-
rHDLs). Cerebral endothelial — bEnd.3 cell line was used. Res-rHDLs were prepared and the
amount of resveratrol in Res-rHDLs was quantified by LC- MS/MS analysis similar to Cur-
rHDLs. We further evaluated the impact of Res-rHDLs on methylglyoxal induced cytotoxicity

in cerebral endothelial cells.
Preliminary results
Effect of free resveratrol on MGO cytotoxicity in cerebral endothelial cell viability

The effect of free resveratrol on MGO cytotoxicity in cerebral endothelial cell viability was

evaluated by MTT assay. Cells were seeded in a 96 well plates at a cell density of 5 x 10° for
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24 h. Culture medium was removed and cells were pre-treatment with different concentrations
of resveratrol (0.1 uM to 20 uM) for 1hr before 2 mM MGO treatment for 24h. After 24h Smg/ml

of MTT reagent was added and absorbance was measured at 570 nm.

Resveratrol was not cytotoxic even at higher concentrations up to 20 puM. It showed a
cytoprotective effect on MGO cytotoxicity at 10 uM and 20 puM concentrations. The non-

protective resveratrol concentration was 0.1uM (Fig 26).
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Figure 26: Effect of free resveratrol on bEnd3 cerebral endothelial cells treated with MGO.

Cells were pre-treated with different resveratrol concentrations (0.1 pM — 20 uM) for 1h followed
by 2mM MGO treatment for 24 h. Cell viability was assessed by 3-(4, 5-dimethylthiazol-2-yl)-
2, 5-diphenyltetrazolium bromide (MTT) assay. Data are represented as mean = SD of three

independent experiments. ****p<(0.0001 as compared to MGO.

Quantification of resveratrol loaded in rHDL by LC-MS analysis

Quantification of resveratrol by LC-MS analysis revealed that about 2.8 mM resveratrol was
present in the resveratrol loaded rtHDL sample and the recovery of resveratrol was around 75.9%

(Table 3).

HDL+R-51

INTENSITY AREA
28,5 26,8
30,0 29,6
29,3 28,2
2898,5 2793,9
Mean [RESV] 2846,2
Expected RESV concentration in pM 3750
Recovery (%) 75,9
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Table 3: Quantification of resveratrol by LC-MS analysis.

Effect of res-rHDL nanoparticles on MGO cytotoxicity in cerebral endothelial cell viability

Effect of resveratrol loaded rHDLs on MGO cytotoxicity in cerebral endothelial cell was
evaluated by MTT assay. Cells were seeded in a 96 well plates at a cell density of 5 x 10° for
24 h. Culture medium was removed and cells were pre-treatment with different concentrations
of resveratrol, rtHDL and resveratrol loaded rHDL (Res-rHDLs) before the 2 mM MGO treatment
for 24 h. After 24h Smg/ml of MTT reagent was added and absorbance was measured at 570 nm.

Res-rHDLs did not show a synergistic effect on MGO cytotoxicity even at 0.2 mg/ml rHDL and

4 uM resveratrol concentrations compared to HDL or resveratrol alone (Fig 27).
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Figure 27: Effect of resveratrol loaded rHDLSs on bEnd3 cerebral endothelial cells treated
with MGO.

Cells were pre-treated with different concentrations of resveratrol, rHDLs, Res-rHDLs for 1 h
followed by 2 mM MGO treatment for 24 h. Cell viability was assessed by 3-(4, 5-
dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Data are represented as

mean = SD of three independent experiments.

Res-rHDLs preparation should be further modified to adjust the resveratrol and rHDL ratio to
have a potential synergistic effect. HDL-enriched curcumin or resveratrol could be developed

as a new therapeutic approach for diabetic vascular complications concerning stroke that involve
104


https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Di-
https://en.wikipedia.org/wiki/Thiazole
https://en.wikipedia.org/wiki/Phenyl

involves oxidative stress, inflammation, ER stress, endothelial dysfunction and BBB

dysfunction.

In vitro approach of curcumin nanomicelles

Curcumin nanomicelles have already shown in vitro non-cytotoxicity, anti-inflammatory effect,

and in vivo biodistribution in liver, kidney, intestine and brain of mice.

Further, curcumin nanomicelles impact on oxidative stress, ER stress, and BBB dysfunction can
be studied using cerebral endothelial cells (b.End.3) in hyperglycemia condition to understand
the mechanism of action and to develop therapeutic strategy for diabetes. Intracellular reactive
oxygen species levels can be tested via DCFH-DA fluorescent probe assay, ER stress by RT
gPCR gene expression analysis of ER stress markers (XBP-1, ATF-4, Bip, CHOP, ATF-6) and
BBB dysfunction by studying tight junction integrity using Xcelligence system (to study real
time impedance of membrane integrity), RT qPCR gene expression study of tight junction

proteins (ZO-1, Claudin 5 and occluding) and immunocytochemistry (Fig 30).

Along with curcumin, resveratrol loaded nanomicelles can also be evaluated on the above
mentioned approach. It would be further interesting to investigate whether curcumin or
resveratrol nanomicelles show synergistic effect compared to micelles or curcumin alone if they

can enhances the therapeutic potential of the drugs.
Preliminary results
Evaluation of Cur-micelles or Res-micelles cytotoxicity on cerebral endothelial cells

Resveratrol loaded nanomicelles (Res-micelles) were prepared similar to the curcumin loaded
nanomicelles (Cur-micelles). Cerebral endothelial — bEnd.3 cell line was used .We have tested
both curcumin and resveratrol loaded nanomicelles on bEnd.3 cytotoxicity by MTT assay for
24h. Cells were seeded in a 96 well plates at a cell density of 5 x 10° for 24 h. Culture medium
was removed and cells were pre-treated with different concentrations of micelles, curcumin,
resveratrol, Cur-micelles and Res-micelles for 24 h. After 24 h Smg/ml of MTT reagent was

added and absorbance was measured at 570nm.

Cur-micelles and Res-micelles were not cytotoxic until 1000mg/ml and 500mg/ml
concentrations respectively. Free curcumin was cytotoxic at 10 uM while Cur-micelles at
100mg/ml corresponding to 21.6 uM was not cytotoxic. Free resveratrol was cytotoxic at 20 uM

while Res-micelles at 500mg/ml corresponding to 26 uM was not cytotoxicity (Fig 28).
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Figure 28: Cytotoxicity of curcumin or resveratrol loaded micelles on bEnd3 cerebral

endothelial cells.

Cells were pre-treated with different concentrations of resveratrol empty micelles, free
resveratrol and cur-micelles/Res-micelles for 24 h. a) Represents the cell viability was assessed
by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Data are
represented as mean + SD of three independent experiments. ****p<(0.0001, ***p<0.001 as

compared to control.

Other in vitro studies of curcumin or resveratrol micelles can be done to understand the
mechanisms of regeneration and wound healing. RAW 264.7 macrophage cell line can be used
to study the impact of curcumin loaded carrageenan micelles on wound healing by performing

scratch assay (Fig 30).

Preliminary cytotoxicity studies of curcumin loaded nanomicelles on RAW 246.7 cells were
done by MTT assay at 24h. Curcumin nanomicelles did not show any cytotoxicity while free

curcumin showed cytotoxicity at S0uM (Fig 29).
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Figure 29: Cytotoxicity of Curcumin loaded micelles on RAW 264.7 macrophage cells.

Cells were pre-treated with different concentrations of resveratrol empty micelles, free
resveratrol and cur-micelles/Res-micelles for 24 h. a) Represents the cell viability was assessed

by 3-(4, 5-dimethylthiazol-2-yl)-2, 5-diphenyltetrazolium bromide (MTT) assay. Data are

represented as mean £ SD of three independent experiments. ****p<(0.0001, *p<0.05 as

compared to control.
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Figure 30: Illustration of in vitro approach of using drug encapsulated vectors.
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In vivo approach of HDL nanoparticles

Neuroprotective effects of HDL was tested in ischemic stroke condition previously in our lab
(Tran-Dinh et al., 2020). The objective of this study was to prevent the deleterious effects of
stroke in diabetic conditions is of major focus by using HDL particle as therapeutic strategy.
Transient middle cerebral artery occlusion (tMCAO) mouse model was used. Different
experimental conditions including Control, tMCAO and endothelial SR-BI deficient mice were
injected with HDLs or saline to test the neuroprotective effects of HDLs. HDL showed
endothelial protection in MCAO mouse model via SR-BI (scavenger receptor type BI)
endothelial receptors. Results of this study revealed that HDLs alone were not enough and only
partially limited the infarct volume and hemorrhagic complications in the stroke mouse model
under hyperglycemic condition but shows a potential neuro and vasculoprotective properties for

acute stroke (Couret et al., 2021).

Further it could be interesting to use HDL particles with improved physiochemical properties
and loaded with drug molecules such as curcumin, resveratrol as drug delivery system. Drug
loaded HDL particles could enhance the therapeutic properties of drug molecules combined with
HDL bioactive properties. Curcumin or resveratrol loaded HDLs or micelles can further be tested
and studied to limit the stroke infract volumes in MCAO stroke mouse model compared to only

HDLs or drug alone (curcumin or resveratrol) (Fig 31).
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Figure 31: Illustration of in vivo approach of using drug encapsulated vectors in MCAO

mice model.

Conclusion

This study demonstrated the potential of HDL and micelles nanoparticles that improved the
efficiency of curcumin therapeutic benefits. Cur-HDL nanoparticles showed an improved
endothelial protection from methylglyoxal endothelial dysfunction and Cur-micelles showed
enhanced zebrafish tail regeneration. This study can further be explored to understand the
mechanisms of cerebrovascular damage concerning stroke and wound healing mechanisms
concerning diabetic amputation. It further opens new perspectives for the nanoencapsulation of
other polyphenol molecules like resveratrol to understand and develop new therapeutic strategies

for diabetic complications such as stroke and diabetic amputation.
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Abstract
Microglia constitutes a macrophage-like cell exerting determinant roles in
neuroinflammatory and oxidative stress processes during brain regeneration. Here ,

zebrafish animals were used to decipher microglia involvementin  brain plasticity and repair
mechanisms. Firstly by using immunohistochemistry,  the distribution  of microglia in the
whole brain was analyzed with antibodies directed against  Tg (mpeg1.1:mcherry) fish and
L-plastin (Lcpl) antigens . Specific regional differences were evidenced in terms of
microglia density and morphology (elongated, branched, highly branched and amoeboid).
Using Tg(fli:GFP) and Tg (GFAP::GFP) enabling detection of endothelial cells and neural stem
cells (NSCs) respectively, interaction of elongated microglia with blood vessels and
rounded/amoeboid microglia with NSCs were evidenced. Secondly , in atelencephalicinjury
model, an abundant microglia presence was observed 5 days post-injury (dpl) and was
associated with a high regenerative neurogenesis process . Finally, RNA sequencing
analysis  from telencephalon at 5 dpl confirmed the up-regulation of microglia markers and
highlighted a significant  increase of genes involved in oxidative stress, such as nox2, nrf2a
and gsr. Interestingly, analysis of antioxidant activities at 5 dpl revealed an upregulation of
superoxide dismutase (SOD) and peroxidase activities as well as a persistent H,0, generation.
Overall, our data provide a better characterization of microglia in the healthy brain, showing
evolutionarily conserved features with mammals. They also highlight the persistence of
activated microglia and the disruption of redox balance during brain regeneration. Together,
these data raise the question of the role of oxidative stress in regenerative neurogenesis in
zebrafish.

Key word: brain injury, microglia, oxidative stress, SOD, teleost
Introduction



Microglia were discovered in the early 1920 by Pio del Rio Hortega and are derived
from progenitors present in the embryonic yolk sac (Ginhoux et al., 2013; Sierra et al., 2016).
They are macrophage-like cells located in the central nervous system, representing about 10
to 20% of glial cells. (Nayak et al., 2014; Var and Byrd-Jacobs, 2020). Microglia cells exhibit a
very important plasticity and are capable of major adaptations though structural
and functional modifications. Under physiological conditions, microglia remain in a
guiescent state with a small cell body and highly branched processes, allowing  immediate
sensing of the microenvironment . In contrast, under pathological conditions (i.e.
degenerative diseases, strokes, brain injuries, infections), cells rapidly adopt a
phagocytic, ameboid and mobile phenotype, allowing them to move and reach the damaged
area (Stence et al., 2001). During brain injury, microglia participate in the removal of cell debris
and constitute  key players of neuroinflammatory and oxidative stress processes (Kim and
Joh, 2006; Smith et al., 2012; Fischer and Maier, 2015; Simpson and Oliver, 2020).

Due to its strong neurogenic activity and capacity to repair large brain injuries,
zebrafish is emerging as an excellent organism model for brain plasticity and
regeneration studies (Marz et al., 2011; Kishimoto et al., 2012; Diotel et al., 2013; Schmidt
et al., 2014; Alunni and Bally-Cuif, 2016; Diotel et al., 2020; Zambusi and Ninkovic, 2020;
Ghaddar et al., 2021b). As a result, a growing number of studies have begun to examine the
role of microglia, neuroinflammation, and oxidative stress in brain injury and
neurodegenerative conditions in zebrafish (Kyritsis et al., 2012; Bhattarai et al., 2017;
Kanagaraj et al., 2020; Var and Byrd-Jacobs, 2020).

In zebrafish, microglia represent the major neuroinflammatory cells present in
the central nervous system and are capable of dynamic phenotype change  depending
on the physiological context. As observed in mammals, zebrafish microglia are widely
activated and recruited to the damaged area (Kroehne et al., 2011; Marz et al., 2011;
Baumgart et al., 2012; Kyritsis et al., 2012; Casano et al., 2016; Silva et al., 2020; Ghaddar et
al., 2021b). After telencephalic injury in zebrafish, an acute inflammation occurs associated
with abundant pro-inflammatory cytokine releases and intense microglia activation
(Kyritsis et al., 2012). This inflammatory state  has been shown to be essential for the
brain repair process, and its inhibition resulted in decreased regenerative neurogenesis.

(Kyritsis et al., 2012). As well, the inhibition of microglia in zebrafish led to impaired



regeneration (Kanagaraj et al., 2020), clearly demonstrating  the key role of microglia and
inflammation in brain repair mechanisms.

The cellular damage and death that occurs during injury also lead to mitochondrial
dysfunction and the excessive production of reactive oxygen species (ROS), including the
superoxide anion radical, hydroxyl radical and hydrogen peroxide (H202). This imbalance
between free radicals and antioxidant defenses results in the generation of oxidative stress.
In order to maintain homeostasis, several antioxidant defenses are activated. They involve
among others the enzymes superoxide dismutase (SOD), catalase and glutathione peroxidase
(Gpx). SOD are the first detoxification enzymes and catalyze the dismutation of two
superoxide anion molecules into H,0; and molecular oxygen. Then, catalase reduces H;0; to
water and molecular oxygen, thus completing the detoxification process initiated by SOD.
Similarly, glutathione peroxidase (GPx) breaks down H;0; into water. In parallel, glutathione
reductase reduces glutathione disulfide to the sulfhydryl form of glutathione, thus helping to
resist oxidative stress. Together, these different enzymatic activities help restore redox
balance within the tissue. While the characterization of antioxidant defenses is well described
in mammals during injury (Lin et al., 2021; Praveen Kumar et al., 2021), not much is known in
zebrafish.

In this study, we set out to provide a better general overview of the distribution of
microglia in the adult zebrafish brain, highlighting their intimate links to blood vessels and
neurogenic niches. Given the emerging roles of microglia in brain regeneration (Bhattarai et
al., 2016; Diaz-Aparicio et al., 2020), we took advantage of a recently published RNAseq
dataset on the telencephalon of stab wounded adult zebrafish to reanalyze the expression of
microglia markers at 5 days post injury (dpl) (Rodriguez Viales et al., 2015; Gourain et al.,
2021). In parallel, we correlate these data with gene expression and activities of oxidative

stress mediators at 5 dpl.

Material and Methods

Animals and ethics

Three to six month old adult zebrafish, wild type, Tg(mpegl.1:mcherry),
Tg(mpegl.1:GFP), double transgenic Tg(mpegl.1:mcherry) x Tg(GFAP::GFP) and Tg(mpeg1.
1:mcherry) X Tg(fli:GFP) were obtained from the CYROI/DeTROI zebrafish facility and



maintained under standard conditions (28.5°C; 14 hours dark/10 hours light, pH 7.4 and
conductivity at 400 uS). All experiments were conducted in zebrafish in accordance with
the French and European Community guidelines for the use of animals in research
(86/609/EEC and 2010/63/EU) and approved by the local CYROI animal experimentation
ethics committee and the French government (APAFIS_20191105105351_v10).

Stab wound injury of the telencephalon

To perform the telencephalic brain lesion, fish were deeply anesthetized with 0.02%
tricaine (MS-222; REF: A5040, Sigma-Aldrich) and a sterile needle (BD Microlance 3; 30 G %;
0.3 x 13 mm) was inserted into the right telencephalic hemisphere as previously described
(Marz et al., 2011; Diotel et al., 2013; Rodriguez Viales et al., 2015; Dorsemans et al., 2017b).
Fish were allowed to survive for 5 days post-lesion (dpl) before being processed for

immunohistochemistry or protein extraction from control and injured hemispheres.

Tissue preparation

Fish were euthanized with tricaine before being fixed overnight at 4°C in 4% PFA
(Paraformaldehyde) dissolved in 1X PBS (Phosphate Saline Buffer). The next day, zebrafish
were dissected and the brains were extracted and dehydrated in 100% Methanol before being

stored at -20°C until use.

Immunohistochemistry (IHC)

For immunohistochemistry, brains were processed as described previously (Marz et
al., 2011; Dorsemans et al., 2017a; Ghaddar et al., 2021a). Briefly, brains were rehydrated and
permeabilized with PTw (1X PBS containing 0.1% Tween), embedded in 2% agarose, and
sectioned (50 um thickness) using a vibratome (VT1000S, Leica). After 1 h of blocking buffer
(PTw containing 0.2% BSA and 1% DMSO), the sections were incubated with the respective
antibodies such as anti-Lcp1/L-plastin (rabbit anti-L-plastin from zebrafish, kindly provided by
Dr. Michael Redd; 1/10,000) and anti-PCNA (DAKO, clone PC10; Reference: M087901; 1/500)
overnight at 4°C.

The next day, the sections were washed 3 times with PTw and incubated with the
respective antibodies: Alexa Fluor® 488 goat anti-mouse antibody (ThermoFisher, Reference:

A-11001; 1/500), Alexa Fluor® 594 goat anti-rabbit antibody (ThermoFisher, Reference: A-
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11012; 1/500) and/or with Alexa fluor 594-coupled anti-mcherry  antibody (ThermoFisher,
Reference: M11240; 1/500) or Alexa fluor 488-coupled anti-GFP (ThermoFisher, Reference: A-
21311; 1/500) for 2 hours at room temperature. During this time, counterstaining of cell nuclei
with DAPI was also performed. Finally, the sections were washed with PTw and mounted on
slides with Aqua-Poly/Mount (Polysciences).

Note that each immunohistochemistry experiment was performed on at least 3

different animals in independent experiments. The antibodies are listed in Table 1.

Table 1 Antibodies

Antibobies Interest Host Reference Dilution
PCNA cell Mouse DAKO, clone PC10; | 1/500
Proliferative Cell Nuclear Antigen | proliferation Reference: M087901
Lepl (L-plastin) microglia Rabbit Kindly provided by Dr | 1/10000
Lymphocyte Cytosolic Protein 1 Michael Redd
Alexa Fluor® 488 goat anti-mouse | PCNA Goat Thermofischer A-11001 1/500
antibody antibody

detection
Alexa Fluor® 594 goat anti-rabbit | LCP1 Goat Thermofischer A-11012 1/500
antibody antibody

detection
Anti-mcherry coupled to Alexa | Boost Rat ThermoFisher, M11240 1/500
fluor 594 mcherry

labelling
Anti-GFP coupled to Alexa fluor | Boost GFP | Rabbit ThermoFisher, A-21311 1/500
488 labelling

Protein extraction for cerebral antioxidant activities

At 5dpl, fish were euthanized and the skull was immediately open in order to separate
and remove the control and injured telencephalon. Three pools of 5 control telencephala and
three pools of 5 injured telencephala were collected and snapped frozen. This experiment was

reproduced two times independently.



To determine the SOD and peroxidase activities, protein isolation from 5 dpl control
and injured hemispheres was performed as follows. Four to eight mg of zebrafish hemispheres
were collected and stored at -80°C before being homogenized with a TissueLyser Il (Qiagen)
in 100 ul of Tris buffer {Tris {25 mM), EDTA (1 mM), NaCl (50 mM), pH 7.4). After centrifugation
(5000 rpm, 4°C for 10 min), the supernatant was used for protein quantification and enzymatic
assays. Total proteins of lysate were quantified by the bicinchoninic acid assay (BCA).

Total SOD activity was determined using the cytochrome ¢ reduction assay, as
previously described (Dobi et al.,, 2019). Superoxide radicals generated by the
xanthine/xanthine oxidase system reduce the ferrycytochrome c into ferrocytochrome ¢
thereby leading to an increase in absorbance at 560 nm. A1 O puL  aliquot (about3 0
ug of protein) of the lysates was combined with 170 uL  reaction mixture (xanthine oxidase,
xanthine (0.5 mM), cytochrome ¢ (0.2 mM), KH2PO4 (50 mM, pH 7.8), EDTA (2 mM) and NaCN
(1 mM)). The reaction was monitored in a microplate reader (Fluostar OPTIMA, BMG Labtech
France) at 560 nm for 1 min, at 25°C. Total SOD activity was calculated using a calibration
standard curve of SOD (up to 6 units/mg). Results were expressed as international catalytic
units per ug  of cell proteins. a  Peroxidase activities of telencephalic hemisphere lysates
were assessed according to the protocol described by Everse and colleagues (Everse et al.,
1994) (A reaction mixture was prepared with 200 plL of 50 mM citrate buffer/0.2% o-
dianisidine and 5 puL  of lysates (between 15 to 2 0 ug of protein). The reaction
was initiated by adding 20 pL of 200 mM H,0.,. Peroxidase activity was determined by
measuring the absorbance at 450 nm at 25°C for 3 min. Peroxidase activity was expressed as
international catalytic units per u g of proteins.

The determination of extracellular H202 production was performed by using N-acetyl-
3,7-dihydroxyphenoxazine (Amplex Red) reagent. In the presence of horseradish peroxidase
(HRP), this highly sensitive and stable probe reacts with H202 to produce highly fluorescent
resorufin (PMID: 20526816, 2010).  Lysates (10 uL/ 30 ug of protein) were incubated in 96-
well plates with the reaction buffer (50 uL) (Amplex Red 100 mM, HRP 1 U/mL in Tris-HCI 50
mM, pH 7.4) for 30 min at RT. The fluorescence intensity was measured with
excitation/emission wavelength set at 550/590 nm. Hydrogen peroxide production content
was calculated using a calibration standard curve of H202 (ranged from 4 to 40nM) and was

expressed as nM of H202 per ug of proteins.



RNA sequencing data set analyses
For RNA sequencing analyses, data were reanalyzed from the Rodriguez-Viales et al.
and Gourain et al. studies for control and injured telencephalon (5 dpl  ; n = 3) (Rodriguez

Viales et al., 2015; Gourain et al., 2021).

Microscopy
Micrographs were obtained with an Eclipse confocal (Nikon) and with an AXIO
OBSERVER 7 equipped with the Apotome 2 (Zeiss). The brightness and contrast of the images

were adjusted in Adobe Photoshop.

Cell counting
To determine the number of microglia and proliferating cells, the total area of mpeg-
and PCNA-positive cells was measured on a 50-um-thick vibratome cross section through the

core of the lesion. Quantification was done using Image J software on a total of 3 fish.

Nomenclature and abbreviations

The nomenclatures correspond to those provided in the zebrafish brain atlas
(Wullimann et al., 1996). The schemes were modified and adapted from (Wullimann et al.,
1996; Menuet et al., 2005). A, anterior thalamic nucleus; APN, accessory pretectal nucleus;
ATN, anterior tuberal nucleus; CCe, corpus cerebelli; Chab, habe- nular commissure; Chor,
horizontal commissure; CM, corpus mamillare; CP, central posterior thalamic nucleus; CPN,
central pretectal nucleus; Cpop, postoptic commissure; Cpost, posterior commissure; D,
dorsal telencephalic area; Dc, central zone of dorsal telencephalic area; DI, lateral zone of
dorsal telencephalic area; Dm, medial zone of dorsal telencephalic area; DOT, dorsomedial
optic tract; Dp, posterior zone of dorsal telencephalic area; DP, dorsal posterior thalamic
nucleus; ECL, external cellular layer of olfactory bulb; EG, eminentia granularis; ENv,
entopendoncular nucleus, ventral part; FR, fasciculus retroflexus; GL, glomerular layer of ol-

factory bulb; Had, dorsal habenular nucleus; Hav, ventral habenular nucleus; Hc, caudal zone
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of periventricular hypothalamus; Hd, dorsal zone of periventricular hypothalamus; Hv, ventral
zone of periventricular hypothalamus; ICL, internal cellular layer of olfactory bulb; IL, inferior
lobe; LH, lateral hypothalamic nucleus; LLF: lateral longitudinal fascicle; LR, lateral recess of
diencephalic nucleus; MLF, medial longitudinal fascicle; NMLF, nucleus of medial longitudinal
fascicle; PG, preglomerular nucleus; PGa, anterior preglomerular nucleus; PG, lateral
preglomerular nucleus; Pit, pituitary; PO, posterior pretectal nucleus; PP, periventricular
pretectal nucleus; PPa, parvocellular preoptic nucleus, anterior part; PPp, parvocellular
preoptic nucleus, posterior part; PR, posterior recess of diencephalic ventricle; PSp,
parvocellular superficial pretectal nucleus; PTN, posterior tuberal nucleus; R, rostrolateral
nucleus; RF, reticular formation; SC, suprachiasmatic nucleus; SD, saccus dorsalis; SO,
secondary octaval population; TeO, tectum opticum; TL, torus longitudinalis; TLa, torus
lateralis; TPp, periventricular nucleus of posterior tuberculum; TS, torus semi- circularis; V,
ventral telencephalic area; V3, third ventricle; VI, sensory root of the facial nerve; VI, octaval
nerve; VCe, valvula cerebelli; Vd, dorsal nucleus of ventral telencephalic area; VL, ventrolateral
thalamic nucleus; VM, ventromedial thalamic nucleus; VOT, ventrolateral optic tract; Vp,
postcommissural nucleus of ventral telencephalic area; Vv, ventral nucleus of dorsal

telencephalic area; ZL, zona limitans.

Results

Distribution and morphology of microglia in the adult zebrafish brain

We first decided to provide a general overview of the distribution of microglia in the
adult zebrafish brain. For this purpose, we used the Tg(mpegl.1:mcherry) transgenic fish line
and performed L-plastin (Lcpl) immunohistochemistry. We first demonstrated that both
markers (mpegl.1 and L-plastin) were co-expressed in microglial cells within different brain

regions such as the telencephalon and the midbrain parenchyma (Figure 1). In the healthy



telencephalon, we observed ramified/hyper-ramified, elongated and rounded/amoeboid cells
(Figure 1, left panels). Evidently, in the midbrain, microglia appeared much more
ramified/hyper-ramified than in the telencephalon, as shown in Figure 1 (right panels). The
different morphologies are shown in Suppl. Figure 1.

In the forebrain, we observed by L-plastin immunohistochemistry a few microglial cells
in the periphery and interior of the olfactory bulbs (not shown). In the telencephalon, small
numbers of microglia were detected in all nuclei and brain regions, including the central (Dc),
dorsomedian (Dm), and dorsoposterior (Dp) regions of the pallium as well as the central (Vc),
ventral (Vv), and dorsal (Vd) nuclei of the subpallium. Microglia were detected in the brain

parenchyma and also in close proximity to the ventricles (Figure 2A).
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Figure 1: Co-expression of L-plastin and mpeg1.1:GFP in microglia from the telencephalon and midbrain
showing different microglia morphologies

A-H: L-plastin immunohistochemistry (red, B and F) on Tg(mpegl.1:GFP) fish (green, C and G) with DAPI
counterstaining (blue, A and E) showing co-expression of both markers in the dorsomedian (Dm) telencephalon
(left panels) and the midbrain parenchyma (right panels). In the telencephalon, most microglia appeared
elongated (arrows) or rounded with a low number of processes (arrowheads). In contrast, in the posterior part
of the brain, microglia appeared hyper-ramified (arrowheads). Bar: 70 um

More dorsally, microglia were again detected in the pallium, particularly in the
dorsolateral telencephalon (Dl). They were also reported in the post-commissural nucleus of
the ventral telencephalic area (Vp) (Figure 2B). In the diencephalon, a high density of microglia
was observed in the anterior (PPa) and posterior (PPp) parts of the preoptic area, in the entope
duncular nucleus (Env), suprachiasmatic nucleus (SC), ventrolateral and ventromedial
thalamic nuclei (VL and VM, respectively), and in the habenula (Hav) (Figure 2B and C). Overall,
our data showed that in the forebrain, microglia appear to be elongated or rounded but not

so  hyper-ramified under homeostatic conditions.



More caudally, numerous and abundant microglia were detected in the ventral, medio-
basal and caudal hypothalamus (Figure 2D-F) along the ventricular layer but also in the
parenchyma. A significant number of microglia was detected along the lateral and posterior
recess of the hypothalamus. They were also observed in the optic tectum (TeO), the torus
longitudinalis (TLa), the anterior preglomerular nucleus (Pga) and in the cerebellum, especially
in the valvula cerebelli (VCe). L-plastin-positive cells were also found in the periventricular
nucleus of the posterior tubercle (TPp) and in the zona limitans (ZL). A high density of microglia
was also observed below the TeO, near the tectal ventricle and in the region of the torus semi-
circularis (Ts). Clearly, microglia density appears to be higher in the hindbrain than in the
telencephalon, and hyperbranched microglia are more numerous.

This distribution of microglia in the adult fish brain was also supported by the use of
Tg(mpegl.1:mcherry). Therefore, under homeostatic conditions, we observed (1) elongated
microglia (arrowheads) that are notably localized in the telencephalon, (2) rounded/amoeboid
microglia (asterisks) detected along the ventricular layer and in the tela choroidea, and (3)
ramified/hyper-ramified microglia, the latter being more abundantly observed in the posterior

part of the brain.
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Figure 2  : Mapping of microglia in the brain of adult zebrafish showing heterogeneous distribution of
microglia

A-F: The scheme provides the localization of the transversal section performed and purple cells correspond
to the schematic distribution of microglia.

A-C: L-plastin immunohistochemistry in the telencephalon (A and B), diencephalon with the anterior (B,
PPa) and posterior (C, PPp) parts of the preoptic area. Note that in the telencephalon, ramified, elongated
and rounded microglia have been detected.

D-F: L-plastin immunohistochemistry in transversal brain section through the anterior part of the
hypothalamus (D, Hv), the mediobasal hypothalamus (E, Hv LR) and the caudal hypothalam us (at the
level of LR PR). Note the higher density of microglia in the posterior brain section than in the telencephalon.
Microglia were detected in the anterior part of the hypothalamus (D2), the periventricular nucleus of the
posterior tuberculum (TPp in D3), the central posterior thalamic nucleus (CP in E2), the torus semi- circularis
(TS in F2) and midbrain parenchyma (F3). Note that the higher magnification pictures do not systematically
correspond to the same picture of the lower magnification provided in Al to F1.

Arrows pointed to ramified microglia, arrowheads showed elongated microglia and asterisks to almost
ameboid microglia.

Bar: 30 um (A3, B2, B3; D2, D3, E3, F3); 45 pum (E2); 60 um (F2); 70 um (C3); 90 um (A2, C2); 200 um (C1);
500 pm (D1, E1, F1); 600 pm (A1, B1)
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Microglia is detected in the vicinity of blood vessels and neural stem cells (NSCs).

In our samples, careful observation of elongated microglia suggests that zebrafish
microglia may also interact with blood vessels. To confirm this hypothesis in zebrafish, we
generated double transgenics by crossing Tg(mpeg1.1:mcherry) with Tg(fli:GFP) fish, in which
GFP is expressed in endothelial cells (Lawson and Weinstein, 2002; Cassam-Sulliman et al.,
2021). As clearly demonstrated, many elongated microglial cells were extended along the
blood vessels, namely in the dorsolateral and dorsomedial telencephalon and in the preoptic
area. In Figure 3C, microglia clearly enveloped a blood vessel (Figure 3C, arrow in high-power
view). These neuroanatomical observations strongly suggest a role for microglia in the

immune function of the blood-brain barrier.

Figure 3: Microglia interact with blood vessels in the brain

A-F: Double transgenic Tg(mpegl.1:mcherry) x Tg(fli:GFP) fish showing microglia (red) and endothelial cells
(green), respectively. In the dorsolateral (DI) and dorsomedian (Dm) telencephalon, as well as in the anterior part
of the preoptic area (PPa) of the diencephalon, numerous elongated microglia are interacting with blood vessels
(arrows). D-F: Higher magnifications of the respective white boxes found in A-C. Note that such interactions were
observed in the whole brain. Bar: 16 um (F), 28 um (D and E), 42 um (C) and 70 um (A and B)

As well, numerous L-plastin and mpegl.1:mcherry-positive cells were also detected in
the ventricular/periventricular layer, where neural stem cells (NSCs) are located (Pellegrini et
al., 2007; Marz et al., 2010). To better describe the potential interaction between microglia
and NSCs, we generated double transgenic fish by crossing two existing lines and obtained
Tg(mpegl.1:mcherry) x Tg(GFAP::GFP) fish, allowing the detection of microglia and NSCs in
red and green, respectively. In the pallium (Dm), we observed close proximity of

rounded/amoeboid microglia with GFAP::GFP-positive NSCs (Figure 4A and D, arrows). Such
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interactions were also observed in the Vv/Vd (Figure 4B and E, arrows). In other cases, such
as in the posterior part of the preoptic area (PPp), some microglia far from the ventricular

zone also appeared to make contact with NSC processes (Figure 4C, see arrows).

Figure 4: Microglia interact with neural stem cells

A-F: Double transgenic Tg(mpegl.1:mcherry) x Tg(GFAP::GFP) fish showing microglia (red) and radial glial neural
stem cells (radial glia in green), respectively. In the ventral (Vv and Vd nuclei) and dorsal (Dm) telencephalon as
well as in the posterior part of the preoptic area (PPp) of the diencephalon, numerous rounded microglia are
interacting with GFAP::GFP-positive cells known to correspond to radial glia (neural stem cells) (arrows). Most of
these interactions were observed at the ventricular surface (D and E) but also at the level of NSC processes in
the parenchyma (F). D-F: Higher magnifications of the respective white boxes found in A-C.

Bar: 14 um (D and E), 20 um (F), 40 um (A) and 60 um (B and C).

Recruitment of microglia during telencephalic regeneration and links to oxidative stress

After stab wound injury of the telencephalon, microglia cells are activated, then they
proliferate and migrate to the injured site in solely few hours (Marz et al., 2011; Kyritsis et al.,
2012; Ghaddar et al., 2021b). In the injured hemisphere, the number of microglia increases to
reach a peak between 2 and 3 days post-lesion according to the different studies, while
their number remains constant in the non lesioned  hemisphere (Mérz et al., 2011; Kyritsis
et al., 2012; Kanagaraj et al., 2020; Ghaddar et al., 2021b).

In our study, we demonstrated using Tg(mpegl.1:mcherry) that the number of
microglia was still significantly increased in the injured hemisphere at 5dpl (Figure 5A and B).

Similar results were also obtained by L-plastin immunohistochemistry (not shown). In parallel,
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a significant ventricular cell proliferation was observed in the lesioned hemisphere (Figure 5A
and C), as previously described (Rodriguez Viales et al., 2015).

Reanalysis of the RNA-sequencing datasets reinforced the immunostaining results.
Indeed, focusing on the expression of 6 genes (mpegl.1, spila, sic7a7, irf8a, apoeb, and Icp1)
that were found to be enriched in zebrafish microglia (Oosterhof et al., 2017), we observed
their significant up-regulation 5 days post lesion (Figure 5D-I). Therefore, at 5 dpl, microglia

are still activated and abundantly present in the injured hemisphere.
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Figure 5: Recruitment of microglia and expression of microglia-enriched gene at 5 days post telencephalic
injury

A: PCNA immunohistochemistry (green) on Tg(mpegl.1:mcherry) fish (red) showing a strong ventricular cell
proliferation within the telencephalic neurogenic niche and the presence of a higher number of microglia 5 days
after brain injury. B and C: The quantification of the PCNA- and mpegl.1: mcherry-positive area demonstrated
their significant increase in the stab wounded hemisphere (SW) compared to control one (CTRL). The
guantification corresponds to the mean of 3 different brain fish. D - I: Reanalysis of the RNA sequencing data set
from injured and uninjured zebrafish telencephalon at 5 dpl from (Rodriguez Viales et al., 2015; Gourain et
al., 2021). Enriched microglia genes are upregulated at 5 days post brain injury. * p < 0.05; ** p<0.01; ****p <
0.001; ****p < 0.0001. Bar: 200 um

During brain damage, oxidative stress is an important factor occurring in brain
regeneration (Slemmer et al., 2008; Miyamoto et al., 2013; Hameed et al., 2015; Sakai and
Shichita, 2019; Eastman et al., 2020). In mammals, ROS are generated by microglia via NADPH
oxidase (NOX). Single cell RNA sequencing demonstrated that Nox2 (Cybb) is the most highly

expressed Nox gene in human and mouse microglia (Zhang et al., 2014; Simpson and Oliver,
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2020). In zebrafish, the nox2 gene was also shown to be enriched in microglia, and Ingenuity
Pathway Analysis showed that genes strongly expressed in microglia are notably associated
with ROS production (Oosterhof et al., 2017). So far, we decided to monitor nox2 gene
expression by reanalyzing the RNA sequencing data set from (Rodriguez Viales et al., 2015;
Gourain et al., 2021). nox2 expression was significantly upregulated in the injured hemisphere
compared to the control one at 5 dpl (Figure 6A). Similarly, the expression of nrf2a, a

transcription factor activated for comba ting oxidative stress, was also significantly
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increased at 5 dpl (Figure 6B).
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Figure 6: Expression of genes involved in oxidative stress and antioxidant defense during brain injury.

A-G: nox2, nrf2a, gsr (glutathione reductase), gpx and sod gene expression in the control (CTRL) and stab
wounded (SW) telencephalic hemisphere 5 days after brain injury. Reanalysis of the RNA sequencing data set
from injured and uninjured zebrafish telencephalon at 5 dpl from (Rodriguez Viales et al., 2015; Gourain et

al., 2021). Enriched microglia genes are upregulated at 5 days post brain injury. * p <0.05.

At the same time, by performing the Amplex Red assay, we observed significantly
higher fluorescence in the stabbed hemisphere compared with the control. This shows that
H.0, levels are still elevated in the injured hemisphere 5 days after injury (Figure 7C). Given
the presence of ROS and the upregulation of nrf2, known to regulate antioxidant defenses
(Miller et al., 2012; Zhao et al., 2013), we then studied the gene expression of the main
antioxidant enzymes, glutathione peroxidase (GPx) and superoxide dismutase (SOD). The

expression of gpxla and 1b, gpx4a and 4b, and gpx8 genes remained unchanged, whereas
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gpx7 was significantly increased in the stab wounded hemisphere (Figure 6C-F). The transcript
level of sod1, sod3a and 3b remained unchanged at 5dpl in the stab wounded telencephalon
compared to the control telencephalon, while sod2 was barely but significantly reduced
(p=0.03). Interestingly, the glutathione reductase gene encoding the enzyme that reduces
oxidized glutathione to the sulfhydryl form (reduced form) was significantly upregulated. We
also measured the activities of the antioxidant enzymes glutathione peroxidase and SOD. The
superoxide dismutase activity was significantly upregulated at 5 dpl. The glutathione
peroxidase activity, which remains non-significant, was nevertheless observed to be increased
in 2 independent experiments, correlated with a significant increase in Amplex red staining
(Figure 7B and C).

Taken together, these data suggest the persistence of a pro-oxidant environment up
to 5 dpl and the activation of antioxidant defense, associated with the presence of microglia

and the activation of reactive neurogenesis.
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Figure 7  :SOD and Peroxidase activities after telencephalic injury

A: SOD activities from control (CTRL) and stab wounded (SW) telencephalon at 5 dpl from 2 independent
experiments showing a significant increased activity of the antioxidant SOD enzyme. B: Glutathione Peroxidase
activity from control and stab wounded telencephalon . An increasing trend was observed in 2 independent
experiments in the injured telencephalon , but remains not significant. C: Amplex Red fluorescence showing
a significant increase in H202 levels in the injured telencephalon compared to the respective control at 5dpl.
n=3-6 pools of 5 CTRL and SW telencephalon . * p<0.05; ***p<0.001
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DISCUSSION

In this work, we provided a better description of the distribution of microglia in the
adult zebrafish brain using immunohistochemistry of L-plastin and Tg(mpegl.1:mcherry) fish.
Our results showed that microglia exhibited different distributions and phenotypes
throughout the healthy brain. In addition, we also demonstrated a close association between
microglia, blood vessels and NSCs, suggesting roles for microglia in the establishment and
functions of the blood-brain barrier as well as in neurogenesis in zebrafish. In the context of
telencephalic injury, we noted that genes known to be enriched in microglia are still
upregulated at 5 dpl (mpegl.1, sic7a7, irf8, apoeb, spila and Icpl1). These data were also
supported by the increased number of mpegl.1:mcherry- and L-plastin-positive microglia in
the injured hemisphere compared with the control hemisphere. Furthermore, we showed that
some important regulators of oxidative stress are also upregulated at 5 dpl , such as nox2,
nrf2a, and glutathione reductase, while gene expression of antioxidant enzymes (SOD and
GPX) remains almost unchanged, except for gpx7 and sod2 which were slightly increased and
decreased respectively. However, SOD activity was significantly higher in the injured
telencephalon, correlated with increased Gpx and H,0; levels. Together, these data highlight
the role of microglia in brain homeostasis in constitutive and regenerative conditions and the

role of oxidative stress in brain regeneration.

Microglia are widely but heterogeneously distributed in the brain of adult zebrafish

In our study, we provided a detailed mapping of microglia distribution across the
different brain nuclei and domains of adult zebrafish based on L-plastin
immunohistochemistry and using Tg(mpegl.1:mcherry) fish. This general overview of
microglia distribution in the brain of adult zebrafish complete other studies that mainly
focused on some brain regions such as the some telencephalic and midbrain areas (Mérz et
al., 2011; Baumgart et al., 2012; Oosterhof et al., 2018; Wu et al., 2020; Cassam-Sulliman et
al., 2021). We observed microglia in all brain subdivisions studied (tel-, di-, rhombencephalon).
Interestingly, we noticed that the density of microglia varies from one brain to another, as
well as its morphology. For example, in the telencephalon, the density of microglia under
homeostatic conditions is quite low, whereas it is much higher in the midbrain (in the optic
tectum and the brain domains below). These data raise the question of the roles and

mechanisms that support the correct establishment of microglia density and its correct
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migration in the brain. The csflr (Colony-Stimulating Factor 1 Receptor) genes have been
shown to play a key role in the density and distribution of microglia in the optic tectum

(Oosterhof et al., 2018). However, csf1r involvement in other brain regions is largely unknown.

Microglia display different phenotypes in the brain of adult zebrafish

In our study, different types of microglia have been reported in homeostatic condition
(i) elongated microglia mainly localized along blood vessels, (ii) rounded/amoeboid microglia
mostly localized in the vicinity of cerebral ventricles known to correspond to neurogenic
niches), and (iii) ramified and hyper-ramified microglia which were found for a high proportion
in the diencephalon and midbrain. The roles of these different microglia subtypes are still not
known in the healthy brain.

Elongated microglia were mainly associated with endothelial cells (Figure 3). This could
argue for a role of microglia in the maintenance and/or function of the blood-brain barrier
(BBB) in zebrafish. In mammals, microglia participate in the establishment and physiology of
the BBB, allowing, among other things, its opening to promote leukocyte extravasation and
angiogenesis (Dudvarski Stankovic et al., 2016). These blood vessel-associated microglia could
also correspond to migratory microglia using the vasculature to reach their destination, as has
been shown in mice (Mondo et al., 2020).

The presence of rounded/amoeboid microglia associated with NSCs in the ventricular
zone has also been observed. Similar data have also been reported in some ventricular regions
in mice, as well as in the subventricular zone of the lateral ventricle, corresponding to a major
neurogenic niche in adult mammals (Ribeiro Xavier et al., 2015; Tan et al., 2020). These data
suggest a possible role of microglia in the regulation of neurogenic processes in healthy
conditions. In mammals, microglia have been described for modulating neural stem cell
proliferation, new neuron differentiation and synaptogenesis (Sato, 2015; Diaz-Aparicio et al.,
2020; Araki et al., 2021; Perez-Rodriguez et al., 2021). They participate in the clearance and
removal of cells,  the regulation of neural progenitor differentiation into neuroblasts, their
survival, and functional integration (Ribeiro Xavier et al., 2015; Rodriguez-Iglesias et al., 2019;
Al-Onaizi et al., 2020; Diaz-Aparicio et al., 2020). So far, in addition to their scavenger roles,
microglia are implied in brain remodeling and plasticity of neural circuits (Paolicelli et al., 2011;

Paladini et al., 2021). Such features would benefit further  investigation in fish.
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Regarding ramified microglia, they appear more numerous in the posterior part of the
brain where they coexist with amoeboid microglia. In the midbrain, Wu et al (2020) showed
that ccl34b.1-negative microglia have branched processes, low mobility and phagocytic
characteristics. They also demonstrated that ccl34b.1-positive microglia was the predominant
population in the midbrain and exhibited amoeboid, motile and phagocytic properties (Wu et
al., 2020).

This diversity in microglia density and phenotype in the adult zebrafish brain is to be
compared with the situation in mammals. Indeed, in mice, the number of microglia, their
morphology, their molecular signature and their functions differ between brain areas (Tan et
al., 2020). This suggests that different phenotypes might also contribute to different microglial

functions in fish, as shown by Wu et al. (2020) in the zebrafish midbrain.

Microglia recruitment and oxidative stress after telencephalic injury

After any type of brain injury, inflammatory and oxidative stresses occur , leading to
a disruption of brain homeostasis (Rodriguez-Rodriguez et al., 2014). Under such conditions,
microglia mediate oxidative and inflammatory processes. In zebrafish, after stab wounding of
the telencephalon, microglia are rapidly activated and recruited to the wound site (Marz et
al., 2011; Baumgart et al., 2012; Kyritsis et al., 2012; Diotel et al., 2020; Ghaddar et al., 2021b).
The number of microglia recruited to the injured telencephalon increases from 4-6 hours after
injury, peaking at around 1-3 days depending on the microglia marker used for tracing these
cells, and then slowly decreases. It nevertheless remains significantly elevated at 3-4 dpl in
the injured telencephalon compared to the control telencephalon (Méarz et al.,, 2011;
Baumgart et al., 2012; Kyritsis et al., 2012; Kanagaraj et al., 2020; Ghaddar et al., 2021b). At 5
dpl, a key time point for regenerative neurogenesis (Marz et al., 2011; Rodriguez Viales et al.,
2015; Diotel et al., 2020), we demonstrated that the number of mpegl.1: mcherry-positive
microglia remained significantly higher in the injured hemisphere than in the control one
(Figure 5). These data were supported by L-plastin immunohistochemistry (data not shown)
and by reanalysis of RNA-sequencing datasets, demonstrating the upregulation of genes
enriched in microglia (Figure 5).

The inflammatory processes taking place during zebrafish brain damage induce
regenerative neurogenesis (Kyritsis et al., 2012), and recent data suggest that this injury-

induced neurogenesis was microglia dependent (Kanagaraj et al., 2020). Nevertheless, brain
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inflammation appears to be transient with a fast upregulation of pro-inflammatory cytokines
that is coming back to basal levels in solely 1 day post injury (Kyritsis et al., 2012). Until
recently, only few data were available concerning oxidative stress processes during brain
regeneration in fish. The injection of the fluorescent oxidative stress probes DCFH-DA prior to
stab wound injury resulted in a strong fluorescence staining 30 minutes after the lesion (Suppl.
Figure 2). However, at 5 days after injury, no fluorescence staining was observed (data not
shown). We hypothesized that the lack of fluorescence might be due to the inability of the
probes to reach the brain tissue once brain repair had begun. For this reason, we analyzed
oxidative stress-related genes and performed the Amplex Red assay on the stabbed
hemispheres. The nox2 and nrf2a genes were upregulated, showing the persistence of a pro-
oxidative environment at 5 days. This was confirmed by the increase in H0: levels revealed
by the Amplex Red assay and by the increased SOD activity, an antioxidant enzyme known to
be up-regulated under pro-oxidative conditions. Our results are in agreement with the recent
study by Anand and colleagues (2021). These authors showed that stab wounding of the
zebrafish telencephalon leads to a significant increase in SOD activity at 1 and 4 dpl, correlated
with a significant increase in lipid peroxidation and reduced levels of glutathione (GSH) (Anand
et al., 2021). This last point is corroborated by our study showing the significant up-regulation
of the glutathione reductase gene. Indeed, glutathione reductase catalyzes the reduction of
glutathione disulfide (GSSG, the oxidized form of glutathione) to glutathione in the sulfhydryl
form (GSH, the reduced form), participating in the resistance to oxidative stress and the
maintenance of a reducing environment. Similarly, Anand et al. also demonstrated that
catalase activity increased only transiently at 1 dpl before reaching normal levels at 4 dpl. In
our series of experiments, we were unfortunately unable to monitor catalase activity.
Overall, these data suggest the persistence of a pro-oxidative environment at 5 dpl,
raising the question of the role of oxidative stress and microglia in brain repair mechanisms.
Further functional studies would be needed to determine the actual beneficial or detrimental

effects of oxidative stress during zebrafish brain regeneration.

Conclusion
In this work, we provided a general mapping of microglia and reported different
densities and morphologies of microglia in the adult zebrafish brain. We highlighted the

interaction of microglia with endothelial cells and neural stem cells, suggesting a role of
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microglia in BBB and neurogenic functions. Finally, we showed that 5 days after brain injury,
microglia are still abundantly present at the injury site with persistent oxidative stress as
shown by the analysis of different markers such as nox2 and nrf2a and antioxidant defense

activities.
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Suppl. Figure 2: Brain injury leads to oxidative stress
Representative picture of DCFH-DA oxidative stress staining showing increased fluorescence
in the stab wounded hemisphere 30 minutes post injury
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Abstract

Adiponectin and its receptors (adipor) have been initially characterized for their role in lipid and
glucose metabolism. More recently, adiponectin signaling was shown to display anti-
inflammatory effects and to participate in brain homeostasis and neuroprotection. In this study,
we investigated adipor gene expression and its regulation under inflammatory conditions in two
complementary models: mouse and zebrafish. We demonstrate that adiporla, adiporlb, and
adipor2 are widely distributed throughout the brain of adult fish, in neurons and also in radial
glia, behaving as neural stem cells. We also show that telencephalic injury results in a decrease
in adipor gene expression, inhibited by an anti-inflammatory treatment (Dexamethasone). Inter-
estingly, adiponectin injection after brain injury led to a consistent decrease (a) in the recruit-
ment of microglial cells at the lesioned site and (b) in the proliferation of neural progenitors,
arguing for a neuroprotective role of adiponectin. In a comparative approach, we investigate
Adipor1 and Adipor2 gene distribution in the brain of mice and demonstrated their expression in
regions shared with fish including neurogenic regions. We also document Adipor gene expres-
sion in mice after middle cerebral artery occlusion and lipopolysaccharide injection. In contrast
to zebrafish, these inflammatory stimuli do no impact cerebral adiponectin receptor gene expres-
sion in mouse. This work provides new insights regarding adipor expression in the brain of fish,
and demonstrates evolutionary conserved distribution of adipor with mouse. This is the first
report of adipor expression in adult neural stem cells of fish, suggesting a potential role of
adiponectin signaling during vertebrate neurogenesis. It also suggests a potential contribution of

inflammation in the regulation of adipor in fish.
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1 | INTRODUCTION

Adipokines are a group of hormones and cytokines initially described
to be secreted by the white adipose tissue (Ouchi, Parker, Lugus, &
Walsh, 2011; Tilg & Moschen, 2006). These signaling factors are well
known for being involved in several physiological processes such as
inflammation, oxidative stress, cardiovascular protection, and contrib-
ute to brain homeostasis. Among adipokines, adiponectin is the most
abundant in plasma (Matsuzawa, 2005; Thundyil, Pavlovski, Sobey, &
Arumugam, 2012). Although adiponectin is mainly synthesized and
secreted by the white adipose tissue, other organs such as the liver,
the muscles, and also the brain have been described to synthesize
adiponectin de novo (Kershaw & Flier, 2004; Psilopanagioti, Papadaki,
Kranioti, Alexandrides, & Varakis, 2009; Thundyil et al, 2012;
Wilkinson, Brown, Imran, & Ur, 2007). Adiponectin controls glucose
and lipid homeostasis, increases insulin sensitivity, decreases body-
weight, and inhibits tissue inflammation (Berg, Combs, & Scherer,
2002; Okamoto et al., 2002; Stefan & Stumvoll, 2002; Whitehead,
Richards, Hickman, Macdonald, & Prins, 2006), and exhibits cardiovas-
cular protective effects (Okamoto, 2011; Spranger et al., 2003). Such
effects are mediated by two main receptors called Adiponectin recep-
tor 1 (Adipor1) and Adiponectin receptor 2 (Adipor2).

In rodents, adiponectin is involved in the regulation of the blood-
brain barrier physiology, and accumulating data suggest that it could
favor brain plasticity, enhance neurogenesis, and neuroprotection
(Bloemer et al., 2018; Nishimura et al., 2008; Pan & Kastin, 2007;
Parimisetty et al., 2016; Qiu et al., 2011; Song et al., 2015; Song, Choi,
Whitcomb, & Kim, 2017; Thundyil et al., 2012; Wan, Mah, Simtchouk,
Klegeris, & Little, 2014; Zhang, Wang, & Lu, 2016). Together, these
findings suggest that adiponectin plays a role beyond the metabolic
sphere. In rats, Adiporl has been reported to be mainly expressed in
neurons and to a lower extent in astrocytes, while Adipor2 was shown
to be strongly detected in both neurons and astrocytes, as reported in
the olfactory bulbs and the hypothalamus (Guillod-Maximin et al.,
2009; Miranda-Martinez, Arriaga-Avila, & Guevara-Guzman, 2017).

Zebrafish has become a well-recognized model for studying meta-
bolic disorders, (Krishnan & Rohner, 2019; Zang, Maddison, & Chen,
2018) as well as brain physiology and brain repair mechanisms
(Baumgart, Barbosa, Bally-Cuif, Gotz, & Ninkovic, 2012; Diotel et al.,
2010, 2011; Diotel, Beil, Strahle, & Rastegar, 2015; Dorsemans et al.,
2017; Kishimoto, Shimizu, & Sawamoto, 2012; Kizil, Kaslin, Kroehne, &
Brand, 2012; Rodriguez Viales et al., 2015; Schmidt, Beil, Strahle, &
Rastegar, 2014; Zupanc, 2008). In contrast to mammals, zebrafish dis-
play a widespread neurogenic activity through the whole encephalon
(Lindsey & Tropepe, 2006). This is mainly due to the persistence of
neural progenitors, namely (a) radial glial cells and further committed
progenitors along the ventricular zones of the tel- and diencephalon
and (b) neuroepithelial cells in more posterior regions (Grandel &
Brand, 2013; Lindsey, Darabie, & Tropepe, 2012; Marz et al., 2010;
Pellegrini et al., 2007, 2013; Rothenaigner et al., 2011). Due to a third
round of genomic duplication event that occurred ~320-350 million
years ago (Ravi & Venkatesh, 2008), the zebrafish genome displays
two adiponectin genes (adiponectin a and b) and three adipor genes

(adiponectin receptor 1a [adiporla), 1b [adipor1], and 2 [adipor2])

(www.ensembl.org). In adult zebrafish, adiponectin a transcripts have
been shown to be expressed in the kidney while adiponectin b mRNA
was detected in the brain, the liver, and also at lower levels in the adi-
pose tissue and muscle (Nishio et al., 2008). In contrast, adiponectin
receptors appear to be expressed particularly in the brain, the liver,
and the adipose tissue in a way similar to mammals.

Given the lack of data concerning adipor expression in zebrafish,
we first decided to investigate the expression of adipor during
zebrafish development. In addition, to study a potential involvement
of adiponectin and adiponectin receptors in neurogenesis and
neuroprotection, we further explore adipor gene expression and distri-
bution in the brain of adult zebrafish and compare it with that of mice.
In the final part of our work, we also investigated the cerebral expres-
sion of adipor, following stab wound injury of the zebrafish telenceph-
alon and under inflammatory and brain ischemic conditions, in mice.
The effect of adiponectin was also investigated in zebrafish after brain

injury suggesting a potential neuroprotective role of adiponectin.

2 | MATERIALS AND METHODS

2.1 | Animals and ethic

Three- to six-month-old male adult wildtype zebrafish (Danio rerio)
were purchased from commercial suppliers and maintained under
standard conditions of photoperiod (14/10 hr light/dark) and temper-
ature (28°C). Zebrafish were fed daily with commercially available dry
food (TetraMin). For euthanasia, animals were sacrificed with over-
dose of tricaine (MS-222; REF: A5040, Sigma-Aldrich). For all surgical
procedures and/or injections, fish were deeply anesthetized with
0.02% tricaine.

Male C57BL/6 (10-week old, 25 g) mice were purchased from
Janvier Labs (Le Genest-Saint-Isle, France). They were maintained
under standard conditions of light, temperature, and humidity and fed
a standard diet ad libitum.

All animal experiments were done in CYROI (UMR1188) and con-
ducted in accordance with the French and European Community
Guidelines for the Use of Animals in Research (86/609/EEC and
2010/63/EV) and approved by the local Ethics Committee for animal
experimentation of CYROI (APAFIS #2018092522279654 _v5, #3209-
2015111215451823_v2, #2018040507397248_v2).

2.2 | Stab wound of adult zebrafish telencephalon

Zebrafish were anesthetized with 0.02% tricaine. Stab wound injury
of the telencephalon was performed by inserting a sterile needle
(BD Microlance 3; 30 G %2 ”; 0.3 x 13 mm) in the right telencephalic
hemisphere as previously described (Diotel et al., 2013; Dorsemans
et al.,, 2017). Fish were then returned to their tanks and maintained
for 1, 3, and 5 days post lesion (dpl). At 1 and 5 dpl, brains were
extracted and processed for RNA extraction and quantitative real-
time polymerase chain reaction (QPCR) experiments to evaluate
adiponectin receptor expression. At 3 dpl and recombinant adiponectin

injection (see below), fish were sacrificed and brains were processed
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for immunohistochemistry to quantify microglial recruitment and neu-

ral stem cell proliferation.

2.3 | Anti-inflammatory treatment in brain-
injured fish

To investigate the impact of inflammation on adipor gene expression
in brain injury condition, fish were treated with the synthetic anti-
inflammatory glucocorticoid dexamethasone (DEX). The final concen-
tration of DEX in the fish water was 15 mg/L. Fish were treated for
7 days with DEX prior to brain injury. On the 6th day, stab wound
injury of the telencephalon was performed and fish were allowed to
survive for 1 day. For brain RNA extraction, three pools of five tele-
ncephali were made. For body/tail RNA extraction, individual extrac-

tion was made.

2.4 | Anti-inflammatory treatment in brain-injured
fish and anti-inflammatory activity of adiponectin
in vitro and in vivo in zebrafish

To investigate the impact of inflammation on adipor gene expression
in brain injury condition, fish were treated with the synthetic anti-
inflammatory glucocorticoid DEX as previously described (Kyritsis
et al., 2012; Rodriguez Viales et al., 2015). In brief, fish were treated
with DEX (15 mg/L) for 7 days. On the 6th day, stab wound injury of
the left and right telencephalon was performed and fish were allowed
to survive for 1 day. Control fish correspond to uninjured brains. For
brain RNA extraction, three pools of five telencephali were made,
while for body/tail RNA extraction, individual extractions were made
for three control and treated fish. RNA extraction was performed
using TRIzol™ Reagent (Thermofisher) according to manufacturer's
instruction.

The mouse recombinant adiponectin (Biovision, #4902) was
tested for its anti-inflammatory activity, using the RAW-Blue cells, a
NF-kB-SEAP Reporter Cell Line, (raw-sp, InvivoGen). Following stimu-
lation with 500 ng/mL of E. coli lipopolysaccharide (LPS) (tlrl-eblps,
InvivoGen) with increase amount of recombinant adiponectin (from
10 to 100 pg/mL), NF-xB-SEAP activity was quantified after 20 hr
using assay (rep-gb1, InvivoGen) according to manufacturer's recom-
mendations (Supporting Information Figure 1).

Zebrafish were anesthetized with 0.02% tricaine, stab wounded
in the right telencephalic hemisphere and intraperitoneally injected
with 100 pg/g of body weight with recombinant adiponectin
(Biovision, #4902). This concentration was selected as 100 pg/mL
provides a strong anti-inflammatory effect in vitro (Supporting Infor-
mation Figure 1), assuming that 1 g of fish body weight is close
to 1 mL.

Fish were allowed to survive for 3 days, allowing us to study
microglial recruitment and neural stem cell proliferation.

2.5 | Lipopolysaccharide injection and middle
cerebral artery occlusion

Three mice were intraperitoneally injected with 100 pg/kg of body
weight of LPS (LPS-EB standard, REF: O111:B4 tlrl-eblps; InvioGen)
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or with the respective control (vehicle: 1X phosphate buffer saline,
PBS). After 6 hr, mice were sacrificed by cervical dislocation, three
control and treated brains were quickly removed and dissected for
isolation of the hippocampus and the cerebral cortex. These were
flash frozen and individually processed for RNA extraction using TRI-
zol™ Reagent (Thermofisher) according to manufacturer's instruction.

Middle cerebral artery occlusion (MCAO) was performed to
induce brain ischemia. Three mice were anesthetized with Isoflurane
(IsoFlo® Centravet France), and body temperature was maintained up
to 34°C. MCAO was achieved for 90 min by introducing a 7-0 silicon-
coated monofilament (Doccol Corporation, Sharon, MA) through the
right common carotid at the bifurcation of the right MCA and the right
internal carotid (Couret et al., 2018; Hata et al., 1998).The removal of
the monofilament allowed reperfusion and animals were sacrificed at
24 hr post-injury. After sacrifice, three control and treated brains
were carefully extracted, cut into 1-mm® coronal slices using a brain
matrix mold. The contralateral and ipsilateral hemispheres (n = 3) were
separated and processed for RNA extraction using TRIzol™ Reagent
(Thermofisher) according to manufacturer's instruction.

One section was used for the evaluation of the infarct area using
2% 2,3,5-triphenyltetrazolium chloride (TTC, Sigma Aldrich) for
20 min at room temperature. TTC is a colorless water-soluble dye
reduced to a deep red, water-insoluble compound (formazan) within

the mitochondria of living cells (Sun, Yang, & Kuan, 2012).

2.6 | Gene expression analysis by qPCR and
transcriptome studies

PCR experiments were performed with the CFX Connect Real-Time
System (Biorad) using the SYBR green master-mix (Eurogentec) and
specific mouse and zebrafish primers (see Table 1). Each PCR cycle was
conducted for 15 s at 95°C and 1 min at 60°C. PCR efficiency and
melting curve analyses were performed to confirm the correct ampilifi-
cation. Results were analyzed using CFX software (Biorad). The relative
expression of the adiporla, adipor1b, and adipor2 genes was normalized
against the expression level of the efla gene for fish; the relative
expression of the Adiponectin, Adiporl, Adipor2, and Tnfa genes was
normalized against the expression level of the Gapdh gene for mouse.

RNA-Seq/DeTCT database based during zebrafish development
was retrieved from expression atlas: ebi.ac.uk/gxa/; accession number:
E-ERAD-475 (White et al., 2017). The raw count data was normalized
by size factor and fragments per kilobase per million (FPKM) and calcu-
lated for each gene thanks to DESeq2 (Love, Huber, & Anders, 2014).
For each zebrafish development stages, the value corresponds to the
mean of 20 biological replicates from 8 to 12 embryos and/or larvae
(Hubrecht longfin strain). For RNAseq of adult zebrafish brian, data
were extracted from (Wong & Godwin, 2015) for reanalysis.

For mice, the RNA seq data was available on an expression atlas
(https://www.ebi.ac.uk; E-GEOD-43721). FPKMs were calculated
from the raw counts and correspond to the average for each set of
technical replicates. They were subsequently quantile normalized
within each set of biological replicates and averaged for all biological
replicates (C57BL/6, 11 weeks). For RNA seq from mouse cortex, data

were available (https://web.stanford.edu/group/barres_lab/brain_


https://www.ebi.ac.uk
https://web.stanford.edu/group/barres_lab/brain_rnaseq.html
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FIGURE1 Adiponectin receptor mRNA are expressed in the brain of adult zebrafish gPCR analysis (a) and RNA sequencing data (b) showing
adiporla, adipor1b, and adipor2 expression in the brain of adult zebrafish. Both techniques indicate that adiporla is the most expressed receptor
and adipor2 the lowest one. Note that the original RNA seq data set from (b) was obtained from Wong and Godwin (2015). For gPCR, the analysis
was performed on three pools of three brains. *p < 0.05; **p < 0.01; ***p < 0.0001

rnaseq.html) (Zhang et al., 2014). The details of the RNA sequencing
are described in Zhang et al. (2014).

2.7 | Cloning, tissue preparation, and in situ
hybridization

A standard PCR using zebrafish/mouse brain cDNA and gene-specific
primers (see Table 2 and Supporting Information Figure 2) was performed.
The resulting PCR products were subcloned into the pGEMT-Easy vector

(Promega) in accordance with the manufacturer's instructions. Plasmids

TABLE1 Zebrafish and mouse qPCR primers

were sequenced and linearized for the synthesis of digoxigenin (DIG)
labeled antisense riboprobes using T7 or SP6 RNA polymerase.

Fish were euthanized before being decapitated. Zebrafish heads
were immersed overnight at 4°C in 4% paraformaldehyde (PFA) dis-
solved in PBS. Brains were next extracted from the skull and stepwise
dehydrated in a methanol/PBS concentration series, before being
stored at —20°C, as previously described (Adolf et al., 2006).

In situ hybridization (ISH) was performed on vibratome brain slices
(50 pum - thickness) (Adolf et al, 2006; Schmidt et al., 2014). DIG

labeled antisense probes were used for chromogenic and fluorescent

Zebrafish gPCR primers

Primer name Sequence Amplicon size ensembl ID

qzf adiporla Fw GAAAGTGGTGTTCGGGATGT 136 ENSDARG00000002912
qzf adiporla Rv CAGAGCAATGCCGGAGTAGT

qzf adipor1b Fw AAACATCTGGACACACCTGCT 126 ENSDARG00000042717
qzf adipor1b Rv AGGAAAAACACGCCAAACAC

qzf adipor2 Fw GACCCCACCCAAACATCA 102 ENSDARG00000058688
qzf adipor2 Rv CCTCCTCGCATGAAGACAGT

qzf fkbp5 Fw CAAAAGGGGGAATGCTGTT 69 ENSDARG00000028396
qzf fkbp5 Rv TTCTTTTCTGCCCTCTTTGC

qzf ef1 Fw AGCAGCAGCTGAGGAGTGAT 140 ENSDARG00000020850
qzf ef1 Rv CCGCATTTGTAGATCAGATGG

Mouse qPCR primers

Primer name Sequence Amplicon size ensembl ID

gmus adipor1 Fw CAGAGAAGCTGACACAGTGGA 109 ENSMUSG00000026457
gmus adipor1 Rv CGGGCATGCTTGATCTTC

gmus adipor2 Fw CTACCTGATTGTCATCTGTGTGC 113 ENSMUSG00000030168
gmus adipor2 Rv CTAAGCCCACGAACACTCCT

gmus adiponectin Fw TCAGTGGATCTGACGACACC 165 ENSMUSG00000022878
gmus adiponectin Rv TGCCATCCAACCTGCACAAG

gmus tnfa Fw CTTCTGTCTACTGAACTTCGGG 134 ENSMUSG00000024401
gmus tnfa Rv CAGGCTTGTCACTCGAATTTTG

gmus gapdh Fw CTTTGTCAAGCTCATTTCCTGG 243 ENSMUSGO00000057666
gmus gapdh Rv TCTTGCTCAGTGTCCTTGC


https://web.stanford.edu/group/barres_lab/brain_rnaseq.html
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TABLE 2 Zebrafish and mouse cloning primers (the colors refer to the different amplicons highlighted in Supporting Information Figure 2)

Zebrafish cloning primers

Primer name Probe Sequence Amplicon size  ensembl ID

zf adiporla Fw Probe1 (blue in Supporting Information Figure 2)  TGGAAGAAAATGGCCCCA 505 ENSDARG00000002912
zf adiporla Rv CGTGAGACTTTCTCAGAAT

zf adiporla Fw Probe2 (yellow in Supporting Information Figure 2) GTATCCGATGGCTGGAACAT 585

zf adiporla Rv GGATTGCTTGCGACGTAAAT

zf adipor1b Fw Probe1 (blue in Supporting Information Figure 2) GTGGTTACACTGCCCATGC 373 ENSDARG00000042717
zf adipor1b Rv AAAGCCAGGAGAAGCACAAA

zf adipor1b Fw Probe2 (yellow in Supporting Information Figure 2)  GTGGTTACACTGCCCATGC 386

zf adipor1b Rv AAAGCCAGGAGAAGCACAAA

zf adipor2 Fw Probe1 (blue in Supporting Information Figure 2) TTCTGCTTCAGGCTCACC 673 ENSDARG00000058688
zf adipor2 Rv GTCAGGAAGCCCTCAGCAA

zf adipor2 Fw Probe2 (yellow in Supporting Information Figure 2) ACCGAGATGGAGGAGACCTT 414

zf adipor2 Rv CGGCTGTGCTCAGAATTACA

Mouse cloning primers

Primer name Probe Sequence Amplicon size  ensembl ID

mouse Adiporl Fw  Probel CTTGACGATGCTGAGACCAA 418 ENSMUSG00000026457
mouse Adipor1 Rv GACAAAGCCCTCAGCGATAG

mouse Adipor2 Fw  Probel CCACTGTTGGGAGTGTCCTT 539 ENSMUSG00000030168
mouse Adipor2 Rv GCCTTCCCACACCTTACAAA

ISH. Probe synthesis and ISH were performed on whole brain as pre-
viously described (Adolf et al., 2006; Diotel, Beil, et al, 2015;
Rodriguez Viales et al., 2015). Briefly, brains were rehydrated and
washed in 0.1% Tween-PBS buffer (PTw; pH 7.4). They were next
incubated with proteinase K (10 mg/mL in PTw) at room temperature
(25°C) for 30 min. Brains were postfixed in 4% PFA for 30 min for
stopping proteinase K activity, washed in PTw and prehybridized for
3 hr at 65°C. Finally, they were incubated overnight at 65°C in hybrid-
ization buffer containing the DIG-labeled probes. Brains were washed,
briefly incubated in blocking buffer and embedded in 2% agarose.
Brain sections were performed using a Leica vibrating blade micro-
tome VT1000 S at 50 pm thickness. Sections were incubated over-
night at 4°C with Anti-DIG Fab fragments conjugated to alkaline
phosphatase (1:2,000, Roche, Cat# 11093274910, RRID:AB_514497),
washed and stained with NBT/BCIP solution.

Fluorescent ISH was performed using tyramide amplification
according to the manufacturer's instructions (TSA Plus Cyanine 3 Sys-
tem, Perkin Elmer, Boston, MA). Endogenous peroxidase activity was
first inactivated with 3% H,O, and slices were processed as for chro-
mogenic ISH. After sectioning, brain slices were incubated with anti-
DIG-POD (poly) antibody (1:1,000, Roche; RRID:AB_514499) and sta-
ined with tyramide Cy3 solution (1:100) in 0.002% H,O, in PBS-
Tween 0.1% as previously described (Rodriguez Viales et al., 2015).
Each ISH was repeated 3-6 times. Sense probes are not anymore con-
sidered as a proper control for all genes, given that they can lead to
staining due to antisense transcription at the targeted genomic locus
(Katayama et al., 2005; Werner & Berdal, 2005). Consequently, an
alternative nonoverlapping antisense probe was generated for each
gene to verify the specificity of the staining.

For mouse ISH, fresh brains were extracted from the skull, fixed in
4% PFA dissolved in PBS for 24 hr. The next day, brains were rinsed

twice in PBS before being cryoprotected overnight with 30% sucrose-

PBS. Brains were embedded in Tissue-Tek® OCT compound and frozen
at —80°C before being cut into 12 pm-thick coronal sections using a
cryostat (Shandon cryotome FE, Thermo Scientific). ISH was performed
on brain sections following the same protocol as for zebrafish brain
with minor modifications. Briefly, 12 pm-thick sections were
rehydrated, incubated with proteinase K for 15 min and prehybridized
before overnight incubation with the respective probes and controls in
hybridization buffer. Sections were washed, blocked, and incubated
with Anti-DIG-AP Fab fragments (1:2,000, Roche, Cat# 11093274910,
RRID:AB_514497), rinsed and stained with NBT/BCIP solution. At the

end, sections were washed and processed for immunohistochemistry.

28 |

For zebrafish, immunohistochemistry was performed on free-floating

Immunohistochemistry

50 pm thickness transverse vibratome sections as previously described
(Adolf et al., 2006). For mouse, immunohistochemistry was performed
on 12 pum thickness transverse cryostat sections. Briefly, the brain sec-
tions were blocked with blocking buffer (BB; PBS containing 0.1%
Tween-10, 0.2% bovine serum albumin, 1% dimethyl sulfoxide) and
incubated in BB overnight at 4°C with the respective primary anti-
bodies: monoclonal mouse anti-PCNA (1:500; clone PC10, Dako; RRID:
AB_2160651), monoclonal mouse anti-HuC/D (1:300, Invitrogen, Cat#
A21271, Clone 16A11, RRID:AB_221448), polyclonal rabbit anti-GFAP
(1:500; REF: Z033429, Dako; RRID:AB_2314535), polyclonal rabbit
anti-S100p (1:400, DAKO, Cat# Z0311, RRID:AB_10013383), and poly-
clonal rabbit L-Platin antibody (gift from M. Redd—Redd, Kelly, Dunn,
Way, & Martin, 2006), to label proliferative cells (PCNA), neuronal cells
(HuC/D), astrocyte/neural stem cells (GFAP and anti-S100p), and micro-
glial cells (L-plastin). The next day, the sections were washed three times
in PTW and incubated for 2 hr at room temperature with 4',6'-dia-

midino-2-phenylindole (DAPI) for cell nuclei counterstaining and with
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FIGURE 2 Adiponectin receptor expression in the brain of adult fish. Photomicrographs illustrating the expression of adipor mRNA in the
dorsomedian telencephalon (Dm) (a-c), the posterior part of the preoptic area (PPp) (d-f), the mediobasal hypothalamus along the lateral recess
(Hv LR) (g-i), the periventricular pretectal nucleus (PPv) (j-I), and the periglomerular gray zone of the optic tecum (TeO) (m-o0). Note that the
signal is detected in the brain parenchyma where numerous neurons are localized, as well as in the ventricular/periventricular regions where
neural progenitors (radial glial cells and further committed progenitors) are located. Bar: 100 pm

the respective secondary antibodies: donkey anti-rabbit Alexa Fluor
488 (1:200; REF: A21206; Life Technologies; RRID:AB_10049650) and
goat anti-mouse Alexa Fluor 488 and 594 (1:200; REF: A11005; Life
Technologies; RRID:AB_141372; 1:200; REF: A11001; Life Technolo-
gies; RRID:AB_2534069, respectively). Finally, the sections were
washed three times in PBS-T and the slides were mounted with the
(H-1000, Vector
Burlingame, CA) or with Aqua Polymount (REF: 18606, Polysciences,

antifading medium Vectashield Laboratories,
Warrington, PA), for mouse and zebrafish sections, respectively. No
staining was observed after omission of the primary antibodies or incu-
bation with nonrelevant IgG (data not shown). Table 3 summarizes the

antibodies used for immunohistochemistry in this study.

2.9 | Antibodies specificity

PCNA, S1008, and GFAP antibodies have been previously docu-
mented for their use and their specificity in mouse and in zebrafish
according to manufacturer's instruction and/or literature (Diotel et al.,
2010; Diotel, Beil, et al., 2015; Dorsemans, Soule, et al., 2017; Marz
et al,, 2010). Consistent with these previous studies, PCNA-labeling
was observed in cell nuclei across the neurogenic niches lining the
ventricles. In zebrafish, GFAP- and S100p-positive cells correspond to
radial glial cell, as they display a soma localized along the ventricular
layer and a long radial process that crosses the brain parenchyma and

reaches the pial surface. In mouse, GFAP-staining allows the labeling
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TABLE 3 Primary and secondary antibodies used for immunohistochemistry

Primary antibodies

Antibodies Reference

Polyclonal rabbit anti glial fibrillary Z033429 (Dako)

2033429 acidic protein

Proliferating cell nuclear antigen M0879
clone PC10

M0879 (Dako)

A21271, Clone 16A11
(Invitrogen)

Mouse monoclonal anti-HuC/D

Lymphocyte cytosolic protein Gift from M. Redd

1 (L-plastin)

Secondary antibodies

RRID Antigen

AB_2314535 GFAP isolated from cow spinal cord

AB_2160651 Rat PCNA-protein A fusion protein
obtained from vector pC2T (Waseem &
Lane, 1990)

AB_221448 HuC, HuD, and Hel-N1 neuronal proteins

antigens present exclusively in neuronal
cells and are thus useful as markers of
neuronal cells in tissue

Not referenced (Redd
et al., 2006)

Fusion protein comprising of glutathione S-
transferase fused to the first 111 amino
acids of the zebrafish L-plastin protein

Antibodies
Donkey anti-rabbit Alexa Fluor 488
Goat anti-mouse Alexa Fluor 594

Goat anti-mouse Alexa Fluor 488

of star-shaped cells corresponding to astrocyte. The specific L-plastin
zebrafish antibodies generated by Redd et al. (2006) labeled ramified
microglia in homeostatic conditions and amoeboid/reactive microglia
during brain injury in accordance to previously data obtained using
the same antibody in zebrafish (Kyritsis et al., 2012). The HuC/D anti-
bodies have been characterized for labeling neurons in mouse and

zebrafish (Manufacturer's datasheet and references within).

2.10 | Microscopy

Micrographs were obtained with an Eclipse 80i Nikon microscope
equipped with a Hamamatsu digital camera (Life Sciences, Japan), a
nanozoomer S60 (Hamamatsu) and with a laser scanning confocal
microscope Leica TCS2 SP5 for processing by Leica software. Pic-
tures were adjusted for brightness and contrast in Adobe Photo-
shop CS7.

2.11 | Cell counting

For analyzing microglia recruitment and injury-induced proliferation in
zebrafish, 3-4 vibratome sections of 50 um thickness were selected
in the injured versus uninjured telencephalon. A total of 11-13 brains
were counted for control and adiponectin-treated fish in three inde-
pendent experiments. Images were analyzed for detection of PCNA-
and L-plastin-positive cells using Image) software (National Institutes
of Health; RRID:SCR_003070) by adjusting parameters (threshold,
binary, and watershed) and running an analysis on “particles” taking
into consideration the area stained (along the ventricular layer for
PCNA and in the brain parenchyma for L-plastin). In addition, Image)
automated selection of PCNA- and L-plastin-positive cells were manu-

ally double-checked.

2.12 | Statistical analysis

Comparisons between groups were performed using a statistical Stu-

dent's t-test. If more than two groups were analyzed, multiple testing

Reference RRID

A21206 (Molecular Probes, Life Technologies) AB_10049650
A11005 (Molecular Probes, Life Technologies) AB_141372
A11001 (Molecular Probes, Life Technologies) AB_2534069

was corrected by Benjamini-Hochberg. Error bars correspond to the
SEM, and n values correspond to the number of animals for all experi-
ments. p < 0.05 was considered statistically significant; *p < 0.05,
*%p < 0.01, and ***p < 0.001.

3 | NOMENCLATURE

The nomenclature and the schemes of zebrafish brain sections corre-
spond to those provided in the zebrafish brain atlas and other studies
(Wullimann, Rupp, & Reichert, 1996; Menuet et al., 2005) and in the
Allen Brain Atlas for mouse.

A, anterior thalamic nucleus; APN, accessory pretectal nucleus;
ATN, anterior tuberal nucleus; CCe, corpus cerebelli; Chab, habe-nular
commissure; Chor, horizontal commissure; CM, corpus mamillare; CP,
central posterior thalamic nucleus; CPN, central pretectal nucleus;
Cpop, postoptic commissure; Cpost, posterior commissure; Cx,
cortex; D, dorsal telencephalic area; Dc, central zone of dorsal telence-
phalic area; DG, dentate gyrus of the hippocampus; DI, lateral zone of
dorsal telencephalic area; Dm, medial zone of dorsal telencephalic area;
DOT, dorsomedial optic tract; Dp, posterior zone of dorsal telence-
phalic area; DP, dorsal posterior thalamic nucleus; ECL, external cellular
layer of olfactory bulb; EG, eminentia granularis; ENv, entopendoncular
nucleus, ventral part; FR, fasciculus retroflexus; GL, glomerular layer of
olfactory bulb; Had, dorsal habenular nucleus; Hav, ventral habenular
nucleus; Hc, caudal zone of periventricular hypothalamus; Hd, dorsal
zone of periventricular hypothalamus; Hv, ventral zone of per-
iventricular hypothalamus; ICL, internal cellular layer of olfactory bulb;
IL, inferior lobe; LH, lateral hypothalamic nucleus; LLF: lateral longitudi-
nal fascicle; LR, lateral recess of diencephalic nucleus; MLF, medial lon-
gitudinal fascicle; Nd, Not determined; NMLF, nucleus of medial
PGa,

preglomerular nucleus; PGI, lateral preglomerular nucleus; Pit, pituitary;

longitudinal fascicle; PG, preglomerular nucleus; anterior

PO, posterior pretectal nucleus; PP, periventricular pretectal nucleus;
PPa, parvocellular preoptic nucleus, anterior part; PPp, parvocellular

preoptic nucleus, posterior part; PR, posterior recess of diencephalic
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ventricle; PSp, parvocellular superficial pretectal nucleus; PTN, posterior
tuberal nucleus; R, rostrolateral nucleus; RF, reticular formation; SC,
suprachiasmatic nucleus; SD, saccus dorsalis; SO, secondary octaval
population; SVZ, subventricular zone of the lateral ventricle; TeO, tec-
tum opticum; TL, torus longitudinalis; TLa, torus lateralis; TPp, per-
iventricular nucleus of posterior tuberculum; TS, torus semi-
circularis; V, ventral telencephalic area; V3, third ventricle; VII, sensory
root of the facial nerve; VIII, octaval nerve; VCe, valvula cerebelli; Vd,
dorsal nucleus of ventral telencephalic area; VL, ventrolateral thalamic
nucleus; VM, ventromedial thalamic nucleus; VOT, ventrolateral optic
tract; Vp, postcommissural nucleus of ventral telencephalic area; Vv,

ventral nucleus of dorsal telencephalic area; ZL, zona limitans.

4 | RESULTS

4.1 | Adiponectin receptor expression during
zebrafish development

Given the general lack of data concerning adipor expression in zebrafish,
we first decided to investigate the expression of adipor during zebrafish
development and compare it with mouse. Due to a genomic duplication
occurring in Teleosts, numerous genes are duplicated in zebrafish. The
gene coding for Adiporl in mice (Mus musculus, mm) displays two
orthologs in zebrafish (D. rerio, dr): adiporla and adiporlb, and the one
coding for adipor2, only one ortholog (Supporting Information
Figure 3a). In zebrafish, there are also two orthologs for adiponectin:
adiponectin a and b (www.ensemble.org). In mammals, it was previously
shown that Adipor1 and Adipor2 were the product of the vertebrate spe-
cific duplication (Dehal & Boore, 2005; Nishio et al., 2008).

Given the lack of data about adiponectin and adiponectin recep-
tors in zebrafish, we first investigated their temporal expression dur-
ing development. We analyzed a recently published RNA seq data set
providing a global transcriptomic profiling from zygote stage (1-cell) to
5 days postfertilization (dpf) (Supporting Information Figure 3).
adiponectin a and b transcripts were almost not expressed during
embryonic development. A weak expression was detected from blas-
tula (128 cells stage) to gastrula (50% epiboly) for adiponectin a, and
from the larval protruding mouth stage to 5 days post fertilization for
both adiponectins. In contrast, adipor transcripts were detected at
much higher levels from the zygote stage to the gastrula shield. Then,
their expression decreased and stabilized until larval Day 5 except for
adipor2 which increased from the larval protruding mouth stage to
5 days post fertilization. These data show that the three adiponectin
receptors exhibit an important maternal contribution and are dynami-
cally expressed during zebrafish embryogenesis (Supporting Informa-
tion Figure 3). These regulations have been observed in the whole
embryo and could affect the periphery, the brain or both.

4.2 | Expression and distribution of adiponectin
receptors in the brain of adult fish

Recent data document the neuroprotective effects of adiponectin and
its positive impact on neurogenesis; we consequently decided to

investigate whether adiponectin receptors were expressed in the brain

of adult zebrafish using different approaches: qPCR experiments and
RNA seq data set reanalysis (Figure 1) as well as mRNA ISH to validate
their spatial distribution (Figure 2 and Supporting Information Fig-
ures 4 and S5). Our gPCR experiments performed on three pools of
three brains showed that adiporla displayed the highest expression,
whereas adipor2 displayed the lowest (Figure 1a). A RNA seq data set
analysis confirmed these results (Figure 1b). Taken together, these
data demonstrated that adipor are expressed in the brain of adult
zebrafish.

To study adipor distribution in the brain of adult zebrafish, we
performed ISH. The specificity of the in situ staining was shown in
Supporting Information Figure 4. Briefly, the hybridization without
probe led to the absence of staining (Supporting Information
Figure 4a-negative control), while the use of id1 antisense probes as a
positive control resulted in a clear and obvious labeling along the ven-
tricular layer as previously described (Supporting Information
Figure 4a-positive control). Id1 is a transcriptional regulator that has
been shown to be expressed only in neural stem cells (mainly Type 1)
lining the ventricles in zebrafish (Diotel et al., 2015; Diotel, Beil, et al.,
2015; Rodriguez Viales et al., 2015). In our experiments, id1 ISH
results in the same staining as previously described (Diotel, Beil, et al.,
2015; Diotel, Rodriguez Viales, et al., 2015) and further demonstrates
the efficiency and specificity of the staining. Given that sense probes
are not always proper controls due to the presence of antisense tran-
scripts from the targeted genomic locus (Katayama et al., 2005;
Werner & Berdal, 2005), we performed ISH with two non-overlapping
antisense probes for each gene of interest (Supporting Information
Figure 4b). As evidenced in Supporting Information Figure 4b, the
hybridization with the two non-overlapping probes for adipor (probe
1 and probe 2) resulted in a similar staining, such as shown in the
hypothalamus, the corpus mamillare, the periventricular pretectal
nucleus and the optic tectum. Consistent results were also obtained in
the anterior brain (data not shown).

ISH, performed on more than six brains, revealed that adipor
genes are widely distributed in the brain from the junction between
the olfactory bulbs and the telencephalon to the cerebellum
(Supporting Information Figure 5). In the anterior part of the brain,
adipor 1a/1b and 2 were detected in the dorsal telencephalic area (D),
along the ventricular layer but also more deeply in the brain paren-
chyma (Supporting Information Figure 5a-a3). All three receptors
were also expressed in the telencephalon in the ventral (Vv) and dorsal
(Vd) nuclei of the ventral telencephalon, as well as in the central (Dc),
medial (Dm), lateral (DI), and posterior (Dp) zones of the dorsal telen-
cephalon (Supporting Information Figure 5b-b3; Figure 2a-c).

In the diencephalon, adiporla, adiporlb, and adipor2 gene expres-
sion was observed in the anterior (PPa) and posterior (PPp) part of the
preoptic area, as well as in the suprachiasmatic nucleus (SC) (Supporting
Information Figure 5c-d3; Figure 2d-f). They were also detected in the
mediobasal and caudal hypothalamic nuclei (Supporting Information
Figure 5e-g3; Figure 2g-i), as well as in the lateral hypothalamic
nucleus (LH), the periventricular nucleus of the posterior tuberculum
(TPp), the periventricular pretectal nucleus (PPv), the anterior
preglomerular nucleus (PGa), and the periventricular gray zone of the
optic tectum (TeO) (Supporting Information Figure 5e-g3; Figure 2j-o).

The expression of adipor was also noticed in numerous other brain
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FIGURE 3 Adiponectin receptors are expressed by neurons and neural stem cells in the telencephalon of adult zebrafish. (a-i) adipor in situ
hybridization (ISH) (red) followed by HuC/D immunohistochemistry (blue) showing that most adipor-positive cells correspond to HuC/D-positive
neurons (junction between Dm and Vd/VVv). (j-r) adipor ISH (red) followed by S1008 immunohistochemistry (blue) showing that radial glial cells
weakly express adipor in the telencephalon (Dm). Arrows show examples of HuC/D-adipor and S1008-adipor colabelings. Micrographs have been
taken in the telencephalon. Bar: 30 um (a-r); 10 um for high power views [Color figure can be viewed at wileyonlinelibrary.com]
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FIGURE 4 Injury-induced inflammation triggers the down-regulation of adiponectin receptors in the zebrafish telencephalon. (a-c) Stab wound

injury of the telencephalon induces a significant decrease in adiporla and adipor2 gene expression at 1 and 5 days post-lesion (dpl). The results
are expressed as relative fold induction to the control side normalized to 1 (white column). (d) fkbp5 gene expression is up-regulated in the body
of fish after a 7 days treatment with the anti-inflammatory compound dexamethasone (DEX), demonstrating the efficiency of the treatment
(positive control). (e) adipor gene expression remains unchanged in uninjured telencephalon (CTRL) after 7 days of DEX treatment showing that
DEX does not modulate adipor expression in homeostatic condition. (f) Anti-inflammatory treatment rescued the decreased of adipor gene
expression induced by stab wound. SW: stab wound injury of the telencephalon. #*p < 0.05

nuclei including ventrolateral (VL) and ventromedial (VM) thalamic
nuclei, the periventricular nucleus of posterior tuberculum (TPp), along
the rhombencephalic ventricle and in the cerebellum (Supporting Infor-
mation Figure 5h-h3).

Our results demonstrated that all adipor exhibited an overall simi-
lar pattern of expression. They were detected in numerous cells local-
ized deeply within the brain parenchyma in a way reminiscent to
neurons and were also detected along the telencephalic and dience-
phalic ventricles suggesting expression in radial glial cells (Figure 2 and
Supporting Information Figure 5).

4.3 | Adiponectin receptors are expressed in
neurons and in neural progenitors in the brain of adult
zebrafish

To identify the neuronal and neural progenitor identity of adipor-
expressing cells, we performed adipor ISH followed by immunohisto-
chemistry. As evidenced by confocal microscopy imaging from the tel-
encephalon (notably in the Dm, Vv, and Vd), adiporla, adipor1b, and
adipor2 transcripts were strongly detected in HuC/D-positive neurons
(Figure 3a-i). In addition, adiporia, adipor1b, and adipor2 (Figure 3j-r)
were also expressed in S100B-positive cells corresponding to radial
glial cells (neural progenitors). These results argue in favor of a poten-

tial role of adiponectin signaling in neural stem cell activity.

To further explore the potential involvement of adiponectin “sig-
naling” during brain repair, adipor expression was investigated by
gPCR following stab wound injury of the telencephalon (Figure 4). At
1 day post-lesion (dpl), adipor gene expression was consistently
decreased compared to uninjured brains, reaching statistical signifi-
cance for adiporla and adipor2 (Figure 4a-c). Inflammation is known
to promote brain repair following stab wound injury of the telenceph-
alon in zebrafish (Kyritsis et al., 2012). It also down-regulates
adiponectin and/or adiponectin receptor expression in mammals
(Anderson et al., 2007; Kadowaki & Yamauchi, 2005; Tsuchida et al.,
2004; Venkatesh, Hickman, Nisbet, Cohen, & Prins, 2009). We conse-
quently investigated whether inflammation occurring after stab
wound injury of the telencephalon could be responsible for the
decreased expression of adipor. To this aim, we first treated fish with
the synthetic anti-inflammatory glucocorticoid DEX for 7 days and
performed a stab wound injury of the telencephalon at Day 6. The
efficiency of the DEX treatment was assessed by monitoring the up-
regulation of fkbp5 (FK506 binding protein 51) in the body. Fkbp5 is a
co-chaperone of hsp90 regulating glucocorticoid receptor sensitivity,
and is known to be up-regulated under glucocorticoid stimulation
(Rodriguez Viales et al., 2015; Scharf, Liebl, Binder, Schmidt, & Muller,
2011; Weger, Weger, Nusser, Brenner-Weiss, & Dickmeis, 2012). As
shown in Figure 4d, treated fish display a strong and significant whole
body up-regulation of fkbp5 (fold induction >15). Under basal
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FIGURE 5 Adiponectin treatment tends to decrease injury-induced
proliferation and microglial recruitment. Adult zebrafish were injected
with recombinant adiponectin (100 pg/g of body weight), lesioned on
the right telencephalic hemisphere and allowed to survive for 3 days.
Cell proliferation (PCNA-positive area) was quantified at the
ventricular surface where neural progenitors are localized; and
microglial immunoreactivity (L-plastin-positive area) was quantified in
the brain parenchyma. (a) Cell proliferation (PCNA) was increased in
the ipsilateral hemisphere compared to the contralateral one in both
control and adiponectin-injected fish. Note the decreasing trend in
injury-induced proliferation in adiponectin-injected fish. (b) Microglia
(L-plastin) recruitment was increased in the ipsilateral hemisphere
compared to the contralateral one in both control and adiponectin-
injected fish. Note the decreasing trend in L-plastin immunoreactivity
in adiponectin-injected fish. The n indicates the total number of fish
brain analyzed from three independent experiments. The
quantification was performed on 3-4 sections for each brain and
were averaged for normalization

conditions (without stab wound), DEX treatment did not result in any
significant modification of adipor gene expression (Figure 4e). At 1 dpl,
fish treated for 7 days with the anti-inflammatory compound did not
exhibit any significant adipor down-regulation (Figure 4f). These
results demonstrate that the inhibition of injury-induced inflammation
blocks the decrease in adipor expression following brain injury at

1 dpl. In our experiments, adiponectin a and b were almost not
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detected in the brain of zebrafish, and stab wound injury of the telen-
cephalon did not increase their expression (data not shown).

To further explore the potential involvement of adiponectin in
brain repair mechanisms in adult zebrafish, we performed intraperito-
neal injection of murine adiponectin (100 pg/g) after stab wound
injury of the telencephalon. This concentration was selected as it pro-
vides a strong anti-inflammatory effect in vitro (Supporting Informa-
tion Figure 1). Mouse adiponectin shares a relatively strong homology
with zebrafish adiponectin, particularly with the globular domain
known to sustain neuroprotective effects (Supporting Information
Figure 6). Three days after the lesion (3 dpl), adiponectin injection
tended to reduce the number of proliferating neural progenitors
(PCNA staining, p-value = 0.36) and the recruitment of microglial cells
(L-plastin staining, p-value = 0.16) to the injury site observed in inde-
pendent experiments (Figure 5). These results could argue for (a) a
trend toward a decrease in microglia recruitment and in injury-induced
neurogenesis and therefore (b) a possible neuroprotective effect of

adiponectin, but these hypotheses need to be further explored.

4.4 | Adiponectin receptor expression in the brain of
adult mouse

In a comparative approach, we next decided to investigate Adipor
expression in mouse brain. To determine the sites of expression for
both Adiporl and Adipor2, ISH was performed in the brain of adult
mice. The specificity of the staining was ascertained by the use of a
specific zebrafish probe that failed to generate any significant signal in
mouse and with incubation in the absence of probes (Supporting
Information Figure 7). Indeed, the zebrafish probes should not bind to
any mouse mRNA. Adipor1 and Adipor2 were detected in the brain of
adult mice, namely in the pallium (dorsal, lateral, ventral) including the
cerebral cortex, the thalamus, the hypothalamus, and the septum
(Figure 6 and data not shown). Adiporl expression was detected in
the subventricular zone (SVZ) and in the dentate gyrus (DG) of the
hippocampus that are known to be neurogenic regions (Figure é6c,d).
In contrast, Adipor2 was only detected in the DG (Figure 60,p). Col-
abeling with the neuronal marker HuC/D and the astrocyte marker
GFAP demonstrated a strong expression of Adiporl and Adipor2 in
neurons and almost no staining in astrocytes (Figure 6, see arrows and
arrowheads). Our reanalysis of a published RNA seq data set per-
formed in mouse cerebral cortex showed that Adiporl and Adipor2
were expressed in neurons, immature and mature oligodendrocytes, in
microglial as well as in astrocytes and in endothelial cells (Supporting
Information Figure S8) (Zhang et al., 2014).

4.5 | Adiponectin receptor expression under
inflammatory stimuli and brain ischemia in mouse

To investigate the potential implication of inflammation and patholog-
ical condition such as cerebral ischemia on adiponectin and adipor
expression in mouse brain, we performed (a) LPS injection (100 pg/kg
of body weight; sacrifice 6 hr postinjection) and (b) MCAO for 90 min
(sacrifice at 24 hr). Intraperitoneal injection of LPS resulted in a signifi-
cant increase in Tnfa gene expression in the hippocampus and in the

cerebral cortex, demonstrating the efficiency of the stimulus.
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However, it did not result in any significant change in adiponectin and
adiponectin receptor expression (Figure 7a,b). After a 90 min MCAO,
the efficiency of brain ischemia was confirmed using TTC vital
staining. This showed a similar extent of brain infarction (TTC-
negative area: 30-40% of brain section area; data not shown). The
MCAO procedure results in a significant increase in Tnfa gene expres-
sion in the ipsilateral hemisphere compared to the contralateral one,
without any significant change in adiponectin and adipor expression
(Figure 7c). Consequently, in our experimental condition, inflammation
and brain ischemia did not modulate adiponectin and adipor

expression.

5 | DISCUSSION

Adiponectin signaling has been initially described for its implication in
metabolic syndrome, namely in Type 2 diabetes mellitus and obesity
(Bluher, 2014; Bluher & Mantzoros, 2015; Julia et al., 2014). It was
also suggested to play roles in the central nervous system, regulating
blood-brain barrier physiology (i.e., regulation of tight junction pro-
teins, inhibition of inflammatory signaling across the BBB), and pro-
moting neuroprotection. In this work, we took advantage of the
zebrafish model to investigate the cerebral targets of adiponectin in a
comparative manner with mouse. We documented adipor expression
in neurogenic regions and we report for the first time their expression

in neural stem cells (radial glia) in zebrafish.

5.1 | Adiponectin signaling and development

Given that there is little data on adiponectin/adipor gene expression in
zebrafish, our developmental expression data analysis for adiponectin
and adipor expression from fertilization to larva Day 5 provides novel
insights into the behavior of the gene in this context. This RNAseq anal-
ysis is partly supported by the work of Nishio and colleagues (Nishio
et al., 2008). In brief, adipor mRNA display an important maternal con-
tribution, and appear dynamically up-regulated from segmentation to
gastrulation (Supporting Information Figure 3). In mice, Adiponectin and
Adipor mRNA are also detected throughout the first embryonic stages
during the preimplantation from 2-cell to 8-cell embryonic stages, with
a strong maternal contribution in a way reminiscent to zebrafish (Kim
et al, 2011; Schmidt et al., 2008). These data argue in favor of some
potential conserved regulation of adiponectin/adiponectin receptor
expression during development, suggesting that adiponectin signaling
plays similar functions between fish and mice during embryogenesis.
However, this hypothesis should consider that regulatory mechanisms
could be different at the central and peripheral level during embryogen-

esis and would benefit of further investigations.

5.2 | Adiponectin receptor expression in the brain
and its involvement in neurogenesis

We evidenced that the three adipor are expressed in the brain of adult
fish and display overlapping patterns notably in the telencephalon, the
diencephalon (i.e., preoptic area and hypothalamus), and the rhomben-

cephalon (i.e., cerebellum) (Figure 2 and Supporting Information

Figure 5). These data are supported by RT-PCR experiments per-
formed in Orange-spotted grouper (Epinephelus coioides), showing
adipor gene expression in these regions (Qin, Wang, Sun, Jia, & Li,
2014). We also demonstrated that adiporla displays a higher expres-
sion than adipor2, fitting with the data obtained in rodents (Guillod-
Maximin et al., 2009; Thundyil et al., 2010). All three receptors are
strongly expressed in neurons and to a lower extent in radial glial cells
known to behave as neural stem cells (Figure 3) (Diotel, Vaillant,
Kah, & Pellegrini, 2016; Marz et al., 2010; Pellegrini et al., 2007,
2013). It is the first study documenting adipor distribution in the brain
of fish and establishing the expression of adipor in neural stem cells.
These data argue in favor of a potential role of adiponectin signaling
in fish neurogenesis which has to be explored further.

In mice, we showed a wide expression of Adipor1 and Adipor2 in
different brain regions/nuclei including the cerebral cortex (telencepha-
lon), the thalamus, the hypothalamus, and the two main neurogenic
regions: the DG of the hippocampus (Adipor1 and Adipor2) as well as
the SVZ of the lateral ventricle (Adipor1) (Figure 6). Adiporl and
Adipor2 proteins were previously detected in the DG of mice (Song
et al, 2015), as well as in cultured adult hippocampal neural
stem/progenitor cells (Zhang, Guo, Zhang, & Lu, 2011), which displayed
increased proliferation following adiponectin treatment. In addition,
adiponectin deficiency reduced dendritic length, spine density and
branching of granule neurons of male mice, and reduced neural progen-
itor cell proliferation and differentiation (Zhang et al., 2016), supporting
a role of adiponectin signaling in neurogenic activity. Furthermore,
Adiporl and Adipor2 expression in the other brain areas described
above showed similar patterns as demonstrated in other studies and in
the ISH database from the Allen Brain Atlas (Guillod-Maximin et al.,
2009; Lein et al., 2007; Miranda-Martinez et al., 2017; Thundyil et al.,
2012). Interestingly, both Adipor appear to be mainly expressed in neu-
rons and almost not detected in astrocytes, as shown by ISH. However,
RNA-seq analysis provides evidence of Adipor1 and Adipor2 expression
in cortical astrocytes and neurons as well as in oligodendrocytes,
microglia, and endothelial cells (Supporting Information Figure S8;
C57BL/6 mice from RNA seq data from Zhang et al. [2014], suggesting
either a lack of sensitivity of our hybridization technique, the decrease
of the astrocytic-marker GFAP staining after the in situ protocol, or the
existence of alternative splicing). We also confirmed by qPCR experi-
ments the expression of both Adipor1 and Adipor2 genes using astro-
cytes (CLTT) and microglia (BV2) cell lines (data not shown). In
accordance with our work, other studies have also shown Adiporl and
Adipor2 expression in astrocytes, notably in the rat olfactory bulbs and
hypothalamus (Guillod-Maximin et al., 2009; Miranda-Martinez et al.,
2017; Thundyil et al., 2012). Interestingly, it was also shown that
Adiporl and Adipor2 were expressed in tanycytes of the hypothalamic
rat arcuate nucleus (Guillod-Maximin et al., 2009). Tanycytes are spe-
cialized ependymal cells, forming a blood-cerebrospinal fluid barrier in
the hypothalamus, at the level of the median eminence (Langlet,
Mullier, Bouret, Prevot, & Dehouck, 2013). These cells display charac-
teristics of radial glial cells and also express tight junctions, a hallmark
of central nervous system barriers (Clasadonte & Prevot, 2018;
Guillod-Maximin et al., 2009). Tanycytes are of paticular interest acting
as blood glucose level sensors and as shuttles for metabolic signals
involved in food intake (Prevot et al., 2018). In addition, they exhibit
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FIGURE 6 Adiporl and Adipor2 are widely expressed in the brain of adult mouse including neurogenic regions. (a, m) Schematic views showing
the different brain regions studied: the cortex (Cx), the dentate gyrus of the hippocampus (DG), and the subventricular zone (SVZ) of the lateral
ventricle (LV). The regions in red are neurogenic areas. The left hemisphere corresponds to a coronal section through the LV/SVZ while the right
one corresponds to a section through the DG of the hippocampus. (b-d) Adipor1 mRNA expression is detected in the cerebral cortex and in
neurogenic regions: the layer bordering the lateral ventricle (c) and the DG (d) of the hippocampus. (e-1) Adipor1 in situ hybridization (ISH)
followed by GFAP (green) or HuC/D (red) immunohistochemistry. Cell nuclei are counterstained with DAPI (blue). AdipoR1-positive cells does not
correspond to GFAP-positive astrocytes (green) as shown by arrows (e-h), while they mainly correspond to HuC/D-positive neurons (red) as
highlighted by arrows (i-l). (n-p) Adipor2 mRNA expression is detected in the cerebral cortex (n) and the DG (p) of the hippocampus, but not along
the ventricular layer of the lateral ventricle (o). (q-t) Adipor2 ISH followed by GFAP (green) or HuC/D (red) immunohistochemistry and nuclei
counterstaining with DAPI (blue). Most Adipor2-positive cells do not correspond to GFAP-positive astrocytes (green) as shown by arrows, but few
astrocytes seem to weakly expressed Adipor2 (arrowheads). In contrast, most Adipor2-positive cells correspond to HuC/D-positive neurons (red)
as highlighted by arrows (u-x). A total of three brains was investigated for each gene. Bar: 14 pm (i-1 and u-x), 28 pm (n-p), 35 pm (g-t), 55 pm

(e-h), 70 um (b-d) [Color figure can be viewed at wileyonlinelibrary.com]

neural stem cell properties and are a key component of hypothalamic
neurogenesis (Bolborea & Dale, 2013; Prevot et al., 2018). In traumatic
brain injury context, disruption of blood-cerebrospinal fluid barrier
formed by tanycytes can occur in the median eminence in mice
(Osterstock et al., 2014), and can cause neuroendocrine disorders.
Consequently, Adipor expression appears evolutionary conserved

between fish and mice (telencephalon, diencephalon—thalamus and

hypothalamus, cerebellum) notably in neurogenic niches (Table 4).
Indeed, Adipor expression has been reported in rodent neural stem
cells and we demonstrated that radial glial cells, acting as neural stem
cells, also express adipor in zebrafish. Taken together, these data
strongly suggest that adiponectin could modulate neural stem cell
activity in fish as partly evidenced in rodent. This assumption needs to
be further explored.
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FIGURE 7 Lipopolysaccharide-induced inflammation and brain ischemia does not impair the expression of Adiponectin and Adipor in the brain.
(a, b) Mice were intraperitoneally injected with PBS (CTRL) or with LPS (100 pg/kg of body weight) and allowed to survive for 6 hr. In the
hippocampus (a) and the cerebral cortex (b), LPS injection leads to a significant increase in Tnhfa gene expression compared to the PBS injection
(CTRL). No change was noticed for Adipor1, Adipor2, and Adiponectin expression. The results are expressed as relative fold induction to the PBS-
injected mice (CTRL). (c) Mice were subjected to middle cerebral artery occlusion for 90 min and allowed to survive 24 hr. In the infarcted
hemisphere (ipsilateral), a significant increase in Tnfa gene expression is observed compared to the contralateral one. No change was noticed for
Adipor1, Adipor2, and Adiponectin expression. The results are expressed as relative fold induction to contralateral hemisphere (n = 3; p < 0.05).

Note that individual cortex and hippocampus have been used for RNA extraction (n = 3)

5.3 | Adiponectin/adiponectin receptors and brain
damages

We observed that stab wound injury of zebrafish telencephalon
resulted in adipor down-regulation. In zebrafish, mechanical injury
leads to an increase of proinflammatory cytokines (il8, il1b, and tnfa)
2012). In

our experimental conditions, inhibition of inflammation by DEX lim-

which initiate injury-induced neurogenesis (Kyritsis et al.,

ited adipor down-regulation following injury (Figure 4). Our models of
inflammation in mice induced by MCAO and LPS injection failed to
modulate Adiponectin and Adipor expression (Figure 7). Consequently,
different regulations of adipor expression seem to occur between fish
and mice in these experimental models. However, it was demon-
strated by Hall, Leuwer, Trayhurn, and Welters (2015) that LPS-
injected mice exhibited a significant down-regulation of adiponectin
receptors in adipose tissue, skeletal muscle, and liver. The used LPS
concentration was significantly higher than in our experiments

(25 mg/kg of body weight vs. 100 ug/kg in our condition) (Hall et al.,

2015). It is also possible that the regulation of adiponectin and adipor
expression in mice differs between the brain and peripheral tissues.
using hypoxia/MCAQ/diabetic

reported that adiponectin exerted neuroprotective effects and reduced

Interestingly, studies models
neuronal apoptosis, the size of the infarct and neurological deficits
(Chen et al., 2009; Song et al., 2015). There are several potential mecha-
nisms to explain the neuroprotective effects of adiponectin, such as the
decrease in vascular cell adhesion molecule at the BBB and in immune
cells recruitment after brain injury; increased survival and functions of
BBB endothelial cells;

excitotoxicity, oxidative stress and apoptosis (noticeably through

stimulation of angiogenesis; decreased of

increased AMPK signaling) and decreased neuroinflammation (Bloemer
et al., 2018; Song et al., 2015, 2017; Xu et al., 2018). In our experimen-
tal conditions, injection of adiponectin in fish following stab wound
injury of the telencephalon tended to decrease microglial recruitment
and progenitor proliferation at the ventricular surface at 3 dpl. Such a
decrease could be explained by a neuroprotective effect of adiponectin

injection given that if the infarcted regions are reduced, the recruitment

TABLE4 Comparative distribution of adiponectin receptors in the brain of mouse and zebrafish

Mouse Mouse Zebrafish Zebrafish Zebrafish
Adiporl Adipor2 adiporla adiporlb adipor2
Olfactory regions Bulbs/tracts/area + + + + +
Telencephalon Subpallium + + + + +
Pallium + + + + +
Including hippocampus or + + + + +
“hippocampus-like”
(lateral pallium in zebrafish)
Diencephalon Preoptic area + + + + +
Hypothalamus + + + + +
Thalamus + + + + +
Rhombencephalon  Cerebellum + + + + +
Pons + + Nd Nd Nd

Nd: not determined.
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of neural stem cells and microglia would be decreased too. However,
this assumption would need to be confirmed. In addition, it is also possi-
ble that the affinity of murine adiponectin is not strong enough for
zebrafish  adiponectin  receptors. The production of zebrafish
adiponectin could be useful to fully document the role of adiponectin in
brain repair mechanism and neuroprotection. In neonatal rats under
hypoxia ischemia, it was recently shown that adiponectin treatment led
to increased adiponectin, AdipoR1, and p-AMPK expression levels,
resulting in reduced apoptosis (Xu et al., 2018). Such a mechanistic neu-

roprotective effect would be interesting to study in zebrafish.

6 | CONCLUSION

In conclusion, we show that adipor expression was highly similar
between fish and mice. These data raise the question of the potential
evolutionary conserved functions of adiponectin signaling between
these two species particularly in the central nervous system. Further
investigations have to be performed to better understand the impact
of adiponectin signaling on adult neurogenesis and neuroprotection in
zebrafish, and to establish zebrafish as an alternative model for study-
ing the pleiotropic roles of adiponectin.
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Résumé

Le diabete est un probléme majeur de santé publique. Il est caractérisé par une hyperglycémie,
une résistance a I’insuline et est associé¢ a des complications macro et micro vasculaires. En
situation de diabétes, la concentration de méthylglyoxal (MGO) est augmentée. Le MGO est un
précurseur des produits avancés de glycation (AGE) et il induit un stress oxydatif, une
inflammation et un stress du réticulum endoplasmique. Ces Stress jouent un réle important dans
les dysfonctions endothéliales et de la barriére hématoencéphalique ainsi que dans le retard de
réparation des lésions.

L’objectif de ma these a été d’améliorer la délivrance de curcumine, une molécule d’origine
végétale. La curcumine a plusieurs effets bénéfiques tel que des activités anti oxydantes et anti
inflammatoires, mais ces effets sont limités par son hydrophobicité. Des nanovecteurs tel que
des protéines de hautes densités (HDL) ou des micelles peuvent améliorer la délivrance de la
curcumine.

L’effet de la curcumine, vectorisée par des HDL ou par des micelles, a été évaluée dans deux
modeles différents : la protection de cellules endothéliales en présence de MGO in vitro et in
vivo, la régénération de la nageoire caudale chez le poisson zébre.

Des nanoparticules de rHDL associées avec la curcumine (Cur-rHDLs) ont été préparées par
ultracentrifugation apres avoir mélangé brievement les HDL avec la curcumine. Une analyse par
LC-MS/MS a permis de quantifier la curcumine associée aux HDL. Les cellules endothéliales
cérébrales Bend3 ont été prétraitées 1 heure en présence de tHDL, de curcumine ou de Cur-
rHDLs puis incubées en présence de MGO. Sur des cellules traitées par du MGO, la Cur-rHDLs
a montré un effet protecteur en réduisant la cytotoxicité, la production d’especes radicalaires
d’oxygene, le stress du réticulum endoplasmique et la condensation de la chromatine. Elle
améliore également I’intégrité des cellules endothéliales compromise par le MGO. La Cur-
rHDLs a un effet synergique en comparaison des effets de la curcumine ou des rHDLs seuls.

Des micelles de polysaccharide d’algues (des carraghénanes) associées avec de la curcumine
(Cur-micelles) ont été préparées en copolymérisant des oligocarraghénanes (carraghénanes
digérées) avec du polycaprolactone. La curcumine a été associée aux micelles par la méthode
d’évaporation de I’acétone. Les Cur-micelles ont été caractérisées par des analyses de
spectroscopie de résonance magnétique nucléaire et de diffusion dynamique de la lumiere. Dans
ce modele, les Cur-micelles augmentent le recrutement des macrophages et des neutrophiles au
site de la Iésion ainsi que la taille de la surface de la nageoire régénérée. Les Cur-micelles ont
¢galement un effet synergique en comparaison des effets de la curcumine ou des micelles seules.

Ces travaux montrent les effets bénéfiques des Cur- rHDLs sur des cellules endothéliales en
présence de MGO et des Cur-micelles sur la régénérescence de la nageoire caudale des poissons
zebres. Ils permettent une meilleure compréhension de ces approches et ouvrent de nouvelles
perspectives de recherche pour le développement de thérapies dans le cadre de complications
vasculaires associées au diabete.
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Abstract

Diabetes is a major health issue worldwide. It is characterized by hyperglycemia, insulin
resistance and is associated with many microvascular and macrovascular complications.

In diabetic conditions, methylglyoxal (MGO) levels are increased. MGO is a major precursor of
advanced glycation end products (AGE) formation and it induces cellular oxidative stress,
inflammation and endoplasmic reticulum (ER) stress. These cellular stresses play a crucial role
in endothelial and blood brain barrier (BBB) dysfunctions and also delay the wound healing.

My thesis objective was to improve the drug delivery of a plant derived compound (Curcumin).
Curcumin has several beneficial properties such as antioxidant and anti-inflammatory properties
but its effects are limited due to its hydrophobic nature. Nanovectors such as High Density
Lipoprotein (HDL) or micelles may help to improve the delivery of curcumin.

Curcumin vectorized by HDL or micelles were evaluated in two different models: in vitro brain
endothelial cell protection from methylglyoxal and in vivo tail regeneration in Zebra fish.

Curcumin loaded rHDL nanoparticles (Cur-rHDLs) were prepared by mixing HDL and curcumin
briefly followed by ultracentrifugation. Amount of curcumin loaded was quantified by LC-
MS/MS analysis. Brain endothelial cells (Bend3), were pre-treated with tHDL, curcumin and
Cur-rHDLs for 1h before co-incubating with MGO. Cur-rHDLs showed a protective effect by
reducing the cytotoxicity, reactive oxygen species (ROS) production, ER stress, and chromatin
condensation induced by MGO. It also improved the endothelial cell integrity impaired by MGO.
Cur-rHDLs showed a synergistic effect compared to curcumin or rHDL alone.

Curcumin loaded carrageenan polysaccharide micelles (Cur-micelles) were prepared by using
oligocarrageenan (digested carrageenan) copolymerized with polycaprolactone. Curcumin was
loaded by acetone volatilization method. Cur-micelles were characterized by nuclear magnetic
resonance analysis and dynamic light scattering analysis. On the Zebrafish tail amputation
model, Cur-micelles increased macrophages and neutrophils recruitment to the site of tail injury
and had a positive impact on the tail regeneration by increasing the tail regenerative area. Cur-
micelles also showed a synergistic effect compared to curcumin or micelles alone.

These studies show the potential beneficial effects of Cur-rHDLs and Cur-micelles on MGO
stimulated endothelial cells and on zebrafish tail regeneration, respectively. They open new
research perspectives to further investigate and understand the mechanisms that can be used to
develop therapeutics for diabetic vascular complications.
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