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Abstract

Astrocytes exert multiple functions in the brain such as the development of blood—brain
barrier characteristics, the promotion of neurovascular coupling, attraction of cells through
the release of chemokines, clearance of toxic substances and generation of antioxidant
molecules and growth factors. In this aspect, astrocytes secrete several growth factors
(BDNF, GDNF, NGF, and others) that are fundamental for cell viability, oxidant
protection, genetic expression and modulation of metabolic functions. The platelet derived
growth factor (PDGF), which is expressed by many SNC cells including astrocytes, is an
important molecule that has shown neuroprotective potential, improvement of wound
healing, regulation of calcium metabolism and mitochondrial function. Here we explore
some of these astrocyte-driven functions of growth factors and their possible therapeutic
uses during neurodegeneration.

Keywords: Astrocyte, Growth Factors, metabolism, mitochondria, neuroprotection,
Platelet derived growth factor



Introduction

Numerous growth factors have a major impact in the maintenance of brain functions both
during normal and in pathological conditions. Growth factor functions are mainly mediated
through growth factor receptor activation and they include cell differentiation,
neurotransmitter regulation, Central Nervous System (CNS) development, cognitive
functions, neuroprotection and also the metabolic regulation of the brain [1-4]. In this
aspect, previous studies have shown the importance of growth factors in the regulation of
important metabolic functions such as oxidative damage, maintenance of mitochondrial

membrane potential, glucose and calcium influx in the brain [1,5-7].

Although growth factors in the brain are produced by neurons, oligodendrocytes or
microglia [4,8], their release by astrocytes is of primordial importance for the maintenance
of neuronal functions [9,10]. Astrocytes are an important source of BDNF (Brain derived
neurotrophic factor), GDNF (Glial cell line derived neurotrophic factor), NGF (nerve
growth factor), PDGF and others with prospective neuroprotective functions in the brain
[4,10,11]. In the present review, we explore the importance of growth factors in astrocytic

metabolic regulation, and highlight the effect of PDGF as a potential therapeutic approach.

Astrocyte functions

Astrocytes are part of the glial cells along with oligodendrocytes and microglia [12]. These
cells have a great range of functions that include Blood Brain Barrier (BBB) maintenance,
uptake of glutamate and g-aminobutyric acid (GABA) by specific transporters, production
of antioxidant compounds like glutathione (GSH) and superoxide dismutases (SOD) and
growth factors that enhance neuronal viability, both in normal and in pathological
conditions [13-17]. This cell type is characterized by a stellate morphology with various
processes and ramifications, and by the expression of the intermediate filaments vimentin
(Vim) and glial fibrillary acidic protein (GFAP)[13,15].

There are two main types of astrocytes depending on their location and metabolic
functions: protoplasmic astrocytes of the grey matter, which envelope neuronal bodies and

synapses, and fibrous astrocytes from the white matter that interact with the nodes of
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Ranvier and oligodendroglia [18,19]. Protoplasmic astrocytes have been associated with
increased accumulation of a-synuclein during Parkinson Disease (PD), Alzheimer disease
(AD), and Epilepsy, and these cells the main targets during neurodegeneration [19].
Astrocytic terminal processes, known as endfeet, contact the brain vasculature surface
facing ECs (endothelial cells) and pericytes and enwrap neuronal synapses, thus enabling
the modulation of both neuronal activity and cerebral blood flow following an elevation in
intracellular Ca®* levels in the endfeet [20,21]. Importantly, astrocytic endfeet express
specialized molecules such as Kird.1 K" channels and aquaporin 4 that regulate ionic
concentrations in BBB, and protein transporters like glucose transporter-1 and P-
glycoprotein, suggesting the importance of the endfeet in astrocyte polarization [22,23].

Astrocytes respond to all types of cerebral insults (infection, trauma, ischemia, oxidative
stress, neurodegenerative diseases) by a process called reactive astrogliosis, which involves
both molecular and morphological changes including hypertrophy of cell bodies and
processes, increased expression of GFAP, vimentin, nestin and chondroitin sulfate
proteoglycans (CSPGs; 23-25). Additional features of astrogliosis include changes in
glutamate uptake rate, protection against oxidative stress by the production of glutathione,
neuroprotection by the release of adenosine, degradation of beta-amyloid peptides (Ap),
glial scarring, and, in some cases, release of inflammatory cytokines, including tumor
necrosis factor (TNF) and ROS production [24,25].

Current research has shown that reactive astrogliosis has both positive and negative effects
during CNS recovery for CNS, including the BBB remodeling, modulation of blood flow
through the release of vasoconstrictors and neuronal protection via regulation of glutathione
after production of oxidative stress [15]. On the other hand, during severe astrogliosis and
glial scar formation, astrocytes produce chondroitin sulfate proteoglycans (CSPG),
tenascin, Sema3 and ephrin, which act as inhibitors of axonal growth [26,27]. In addition,
energetic metabolism, lipid and aminosugar metabolism, calcium signaling and oxidative
balance are also somehow affected during astrogliosis [12, 28,29]. Altogether, these
evidences suggest that the homeostatic regulation of astrocytes is important for neuronal
metabolism through the regulation of neuronal glutamate or GABA by specific transporters

and the release of gliotransmitters [23].
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Growth factors in astrocytic metabolism

Astrocytes secrete several growth factors that increase neuronal survival both in normal and
in pathological conditions through the activation of MAPK and PI3K/AKT [4,10,11].
These astrocytic growth factors include BDNF, NGF, neurturin (NRTN), GDNF and FGFb
(Basic fibroblast growth factor) [30-32]. Other growth factors with potential interest
include VEGF-B (vascular endothelial growth factor), insulin-like growth factors (IGFs),
Hepatocyte growth factor (HGF), and PDGF [2,4,11,30,32]. Although the main effect of
growth factors is to improve the survival and proliferation of neurons and other CNS cell
types, growth factors may also exert additional functions such as angiogenesis and wound
healing, increased expression of NMDA receptors and antioxidant enzymes like SODs or
GSH reductase, and preservation of BBB endothelial adherens junctions [Figure 1,
3,32,35,36].

Previous studies have pointed out the importance of growth factors in metabolic activities
of the brain, both in physiological and neurodegenerative processes [1,5,6,37]. For
example, BDNF from the neurotrophin family has been shown to be critical in the survival
of cortical, hippocampal and serotonergic neurons. Reduction in BDNF levels is associated
with PD, AD, Huntington Disease (HD), amyotrophic lateral sclerosis (ALS), depression
and schizophrenia [38]. Furthermore, BDNF signaling through Trk (Track) receptors has
been shown to protect neurons against excitotoxicity via the activation of MAPK, PI3K,
and PLCy, which are important regulators of cell survival. BDNF-induced downstream
activation induces expression of Mn-SOD Bcl-2 (anti-apoptotic protein) and inhibitor of
apoptosis proteins (IAPs) [3, 39]. Similarly, gene therapy with BDNF protects neurons
following 6-OHDA (2.7 mg/ml) and MPTP (methyl-4-phenyl-1,2,3,6-tetrahydropyridine, 1
mg/kg) toxicity in animals [11]. Also, BDNF has been shown to increase mitochondrial
respiratory control index through the activation of MEK-Bcl-2 pathway in mice, suggesting
an important effect in mitochondrial metabolism [37]. Additionally, BDNF at 5 ng/ml) has
favors glucose utilization, and induces the increase of GLUT3 transporter and Na+/K--

ATPase in mouse cortical neurons [1]. These findings suggest that BDNF may exert its
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protective functions by preserving mitochondrial properties and regulating glucose
transport.

Glial derived neurotrophic factor (GDNF) comprises a family of ligands that includes
GDNF, NRTN, artemin (ARTN) and persephin that activate receptors GFR (GDNF family
receptor) and RET (rearranged during transfection) proto-oncogene. GDNF, which is
secreted by astrocytes and pericytes, is essential for the survival of dopaminergic neurons,
peripheral motor neurons and neurons from the locus coeruleus [4, 38]. Previous studies
have shown the importance of GDNF in dopaminergic neuronal resistance against 6-OHDA
(5 mM) induced toxicity, and the maintenance of BBB through the increased expression of
claudin-5 [40,41]. Recently, overexpression of GDNF RET receptor was shown to improve
mitochondrial electron transport in a drosophila Parkinson model, demonstrating the
importance of GDNF for mitochondrial impairment during the development and maturation
of PD [42].

Nerve growth factor (NGF) is an important regulator for survival and differentiation of
sensory and sympathetic neurons through [43]. NGF, which is structurally similar to
BDNF, activates the tropomyosin-receptor-kinase (TrkA) receptor, and downstream
pathways including PLC, PI3K (phosphatidylinositol 3-kinase), and ERK/MAPK [44].

Previous study indicated that NGF at 100 ng/ml stimulated mitochondrial biogenesis in
PC12 cells (rat adrenal pheochromocytoma) through the activation of peroxisome
proliferator-activated receptor gamma as a co-activator 1-a (PGC-1a) and preservation of
mitochondrial membrane potential in a Huntington disease (HD) model [5]. This growth
factor has also been shown to induce CREB phosphorylation, and increased mitochondrial
respiration [5,43], demonstrating the importance of NGF for mitochondrial protection

during neurodegenerative diseases.

Insulin like growth factor family protein (IGF) consists of insulin and insulin like growth
factors type | and Il (IGF-1 and IGF-I1I), which are important mitogenes affecting growth,
metabolism, cell differentiation and gene expression [45]. Both peptides mainly exert their
functions through binding to IGF type I receptor (IGF-IR), in which activates the mitogenic
PI3K/AKT signaling pathway and downstream effectors [45]. In the brain, both IGF-1 and
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Il are expressed by neurons, microglia and astrocytes, making this growth factor an
important regulator of brain functions [46]. Additionally, It has been shown that IGF-I and
insulin (5pug/ml) increase the expression of GLT1 receptor in astrocytes, which is important
for glutamate clearance from the extra-synaptic space [7]. In a recent study, it was
demonstrated that 10 M IGF-I reduced oxidative damage in astrocytes by decreasing pro-
oxidant thioredoxin-interacting protein 1 and stabilization of reactive oxidative levels,
suggesting the importance of IGF-1 in mediating neuroprotective actions upon oxidative
stress [6]. Finally, VEGF-B was shown to improve cerebral blood flow by pericytes in a
murine ischemic model [47]. Interestingly, VEGF-B at 20 ng/ml increased mitochondrial
biogenesis and decreased astrocytic reactivity in a murine model by activation of
PIBK/AKT and ERK pathways, demonstrating a novel role of VEGF in regulating astrocyte
activation and mitochondrial function [48, 49].

PDGF: role in astrocyte metabolism

PDGFs are dimeric proteins of about 30 kDa belonging to the family of the PDGF/VEGF
(vascular endothelial growth) and to date there are five identified dimeric isoforms or
compositions: PDGF-AA, -BB, -AB, - CC and -DD [8, 50]. PDGF ligands and receptors
are widely expressed in different CNS tissues including neurons and astrocytes [8, 51].
Additionally, PDGFs have been shown to be important for neuronal development,

neuronal-astrocytic interaction in retina, wound healing and maintenance of BBB [52-55].

The five dimeric PDGF isoforms show different ability to bind and activate the two
tyrosine kinase receptors PDGF type: PDGFRa and PDGFRp [56-58]. For most tyrosine
kinase receptors, the ligand binding and subsequent dimerization of the subunits induce
phosphorylation of tyrosine residues in the intracellular domain [8]. PDGFRa and PDGFRf
receptor tyrosine kinases have a common structure with five extracellular domains of
immunoglobulin (IG) and an intracellular tyrosine kinase domain. This structure is shared
with other receptors such as c-Kit, c-Fms and Flt [8, 59]. The phosphorylated receptor may
activate several signaling pathways such as the mitogen activated protein kinase (MAPK),
PI3K, the Wnt pathway, and phospolipase C (PLC). Additionally, it has been reported that

activation of transcription factors such as STAT, ELK-1, c-jun/c-fos, HIF-1a, NF-kf3 are
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important for inflammation, response to hypoxia and survival [8, 56, 60-66], and these
signaling pathways are dependent on calcium influx into the cell, which affects
phosphorylation of GSK3 and B-catenin [65, 67; Figure 1].

Additional evidence has suggested that PDGF-BB can activate mechanisms related
with the modification of the cytoskeleton and cell migration. The cellular responses seem to
mediated via activation of phosphatidylinositol 3,4,5, which in turn phosphorylates Rac
GTPase, a protein of the Rho family that is involved in modifying the actin cytoskeleton
and inducing morphological changes [68-70]. In this regard, it has been demonstrated that
PDGF-BB induces formation of lamellipodia and increased motility in fibroblast mediated
rearrangements actin fibers, and these processes are dependent on PI3K signaling [71-72].
Furthermore, PDGF and VEGF were shown to induce RhoA activation protein in ECs
during angiogenesis, suggesting the importance of PDGF-BB in regulating morphological
changes during injury as well as recovery processes [68,73].

PDGF-BB also activates STATSs (Signal transduction and activators of transcription), which
are important in processes such as proliferation, differentiation, cell survival and
transformation [61,74]. Activation of STATs 1, 3 and 6 by PDGF-BB has been
demonstrated in vascular muscle cells during processes related with airway remodeling in
asthma patients [74]. This activation appears to be dependent on the production of reactive
oxygen species (ROS) as a result of the activation of the transmembrane NOX enzyme
(NADPH oxidase / Dual oxidase enzyme), which is independent of ROS production by
mitochondria [61-74]. Therefore, it is most likely that the production of hydrogen peroxide
(H20,) by PDGF has beneficial effects, as this is an intermediary in the second messenger
signaling pathways activated by STATs, and regulation of protein phosphatases
downstream [61, 74, 75]. On the other hand, previous studies in neuronal models have also
shown that 24 hours pretreatment with PDGF-BB (50 ng/ml) exerts a significant protection
against different insults such as H,O,, glucose deprivation and excitotoxic damage in
cultured neurons [66, 76]. PDGF-BB preconditioning was reported to induce PDGFRB
phosphorylation followed by an activation of downstream effectors like PIS3K/AKT and
MAPK, and increase in the antioxidant enzymes catalase and glutathione peroxidase and

augmented expression of antiapoptotic genes like Bcl-xL and Bax families [66, 76].


https://www.researchgate.net/publication/12813918_NF-kappa-b_is_a_target_of_AKT_in_anti-apoptotic_PDGF_signalling?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/6580969_Two_axes_in_platelet-derived_growth_factor_signaling_Tyrosine_phosphorylation_and_reactive_oxygen_species?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/6580969_Two_axes_in_platelet-derived_growth_factor_signaling_Tyrosine_phosphorylation_and_reactive_oxygen_species?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/26646870_PDGF-mediated_protection_of_SH-SY5Y_cells_against_Tat_toxin_involves_regulation_of_extracellular_glutamate_and_intracellular_calcium?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/26646870_PDGF-mediated_protection_of_SH-SY5Y_cells_against_Tat_toxin_involves_regulation_of_extracellular_glutamate_and_intracellular_calcium?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/40485296_Neuroprotective_effects_of_PDGF_against_oxidative_stress_and_the_signaling_pathway_involved?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/40485296_Neuroprotective_effects_of_PDGF_against_oxidative_stress_and_the_signaling_pathway_involved?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/40485296_Neuroprotective_effects_of_PDGF_against_oxidative_stress_and_the_signaling_pathway_involved?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/40485296_Neuroprotective_effects_of_PDGF_against_oxidative_stress_and_the_signaling_pathway_involved?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/232281885_Platelet-Derived_Growth_Factor_CC-Mediated_Neuroprotection_against_HIV_Tat_Involves_TRPC-Mediated_Inactivation_of_GSK_3beta?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/15461289_Activation_of_the_small_GTP-binding_proteins_Rho_and_Rac_by_growth_factor_receptors?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/15461289_Activation_of_the_small_GTP-binding_proteins_Rho_and_Rac_by_growth_factor_receptors?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/15461289_Activation_of_the_small_GTP-binding_proteins_Rho_and_Rac_by_growth_factor_receptors?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/47633342_Role_of_RhoA_in_platelet-derived_growth_factor-BB-induced_migration_of_rat_hepatic_stellate_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/47633342_Role_of_RhoA_in_platelet-derived_growth_factor-BB-induced_migration_of_rat_hepatic_stellate_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/51976559_Inhibition_of_Platelet-Derived_Growth_Factor_Receptor_Signaling_Regulates_Oct4_and_Nanog_Expression_Cell_Shape_and_Mesenchymal_Stem_Cell_Potency?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/51976559_Inhibition_of_Platelet-Derived_Growth_Factor_Receptor_Signaling_Regulates_Oct4_and_Nanog_Expression_Cell_Shape_and_Mesenchymal_Stem_Cell_Potency?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/14759336_PDGF_and_neomycin_induce_similar_changes_in_the_actin_cytoskeleton_in_human_fibroblasts?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/14759336_PDGF_and_neomycin_induce_similar_changes_in_the_actin_cytoskeleton_in_human_fibroblasts?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/10898155_Involvement_of_RhoARho_Kinase_Signaling_in_VEGF-Induced_Endothelial_Cell_Migration_and_Angiogenesis_In_Vitro?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/10898155_Involvement_of_RhoARho_Kinase_Signaling_in_VEGF-Induced_Endothelial_Cell_Migration_and_Angiogenesis_In_Vitro?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/11366828_Role_of_the_JAK-STAT_pathway_in_PDGF-stimulated_proliferation_of_human_airway_smooth_muscle_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/11366828_Role_of_the_JAK-STAT_pathway_in_PDGF-stimulated_proliferation_of_human_airway_smooth_muscle_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/11366828_Role_of_the_JAK-STAT_pathway_in_PDGF-stimulated_proliferation_of_human_airway_smooth_muscle_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/11366828_Role_of_the_JAK-STAT_pathway_in_PDGF-stimulated_proliferation_of_human_airway_smooth_muscle_cells?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/12250519_Reactive_Oxygen_Species_in_cell_signaling?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/15725565_Cheng_B_Mattson_MPPDGFs_protect_hippocampal_neurons_against_energy_deprivation_and_oxidative_injury_evidence_for_induction_of_antioxidant_pathways_J_Neurosci_15_7095-7104?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==
https://www.researchgate.net/publication/15725565_Cheng_B_Mattson_MPPDGFs_protect_hippocampal_neurons_against_energy_deprivation_and_oxidative_injury_evidence_for_induction_of_antioxidant_pathways_J_Neurosci_15_7095-7104?el=1_x_8&enrichId=rgreq-882bd5800dbe9b6570d0caa60892edd7&enrichSource=Y292ZXJQYWdlOzI3MzA1ODcyMTtBUzoyMTM3NzIxODM1NzY1NzdAMTQyNzk3ODY2ODkwNA==

Moreover, the activation of PI3K/AKT leads to inactivation of the kinase GSK3p, which in
turn prevents B-catenin degradation, and results in its accumulation in cytoplasm.
Subsequently, this event leads to B-catenin translocation to nucleus, and induces the
activation of genes associated with cell survival such as Bcl-2 [67]. Additionally p-catenin
is related to mitochondrial homeostasis, regulation of ATP production and lipid oxidation,
and these functions are dependent on the nutritional status, severity and duration of the
oxidative stress [77].

PDGF-BB is also an essential factor for BBB maintenance. For example, it has been shown
that both astrocytes and pericytes are essential for brain angiogenesis and BBB regulation
through the activation of PDGFRB signaling [54, 78]. Additionally, PDGF-BB impairment
in mice has been associated with a reduced number of pericytes, edema formation and
murine embryonic lethality, suggesting its importance for BBB development [53, 54].
Furthermore, different PDGF isoforms have been shown to exert a neuroprotective effect in
neurons against H,O,, VIH TAT toxin and 6-OHDA, mainly through the activation of P13-
K/Akt and downstream effectors [65-67,79]. PDGF is likely an important regulator of
mitochondrial functions, including mitochondrial volume, surface area of cristae, enhanced
glycolysis and changes in mitochondrial metabolism [80-83]. An initial study by Gosslau
and colleagues [80] reported that 10 ng/ml PDGF-AB increased mitochondrial volume by
57% and surface area of mitochondrial cristae in injured fibroblasts determined by electron
microscopy, suggesting that low doses of PDGF-AB are important for increasing
mitochondrial energetic processes [80]. More recently, Salabei and Hill [81] showed that
PDGF-BB elicited mitochondrial fission accompanied by an increase in fatty acid oxidation
in a vascular smooth muscle cell model. These findings suggest that PDGF-BB may
increase metabolic performance of injured cells through regulating mitochondrial functions
and morphology. Similarly, in a recent study from our research group we found that PDGF-
BB at 200 ng/ml protected astrocytic cell line T98G against rotenone insult (50 uM) by
providing an increased maintenance in mitochondrial membrane potential and
mitochondrial volume [84]. These combined results, suggest that PDGFs are important

regulators of mitochondrial function during neurodegeneration.
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Several studies have demonstrated the importance of PDGF in calcium regulation
[67,79,82,83] through the activation of phospholipase C-y (PLC-y) and subsequent
formation of inositol triphosphate (IP,) and diacylglycerol (DAG), leading to Ca?*
cytosolic mobilization from intracellular pools [82]. Additionally, PDGF may increase the
influx of extracellular calcium through the activation of ionic channels such as TRPC
(transient receptor potential channel) and increasing the neuroprotective activities of PDGF
[67]. This increase in intracellular calcium was shown to promote the expression of
Arc/Arg3.1 gene that has been implicated in long term potentiation and synaptic plasticity
[83]. Taken together, these results demonstrate the crucial importance of PDGF in calcium
modulation in the CNS. Additional research is needed in order to understand the possible
roles of PDGF in astrocytic calcium metabolism, especially potential regulation of

gliotransmitters release and mitochondrial functions.

Growth factor delivery in astrocytes: current developments

Currently, the main problem for the use of growth factors as therapeutic approach during
neurodegenerative processes is their inability to cross the BBB thoroughly [85,86]. The
BBB exerts a tightly regulation in the movement of ions, drugs and peptides molecules
between the neural cells and the blood flux, thus maintaining the ionic homeostasis,
hormonal and transmitter levels and transport of nutrients into the brain [86]. Various
strategies have been suggested to increase growth factors delivery through the BBB,
including injections into the lumbar or ventricular CSF, viral vectors with growth factor
genes, the use of linked peptides or “peptidomimetic” monoclonal antibodies, nanoparticles
or the transitorily (e.g. temporal) disruption of BBB [38]. For example, different types of
nanomolecules have been used for peptide delivery including, liposomes, solid lipid
nanoparticles, polymeric molecules between 60 and 200 nm such as polylactides, and
branched polymers dendrimers [87]. In addition, the transient disruption of BBB for drug
delivery has been successfully used in different approaches, including the use of ultrasound
or electrical pulses without causing necrotic or apoptotic damage to the tissues, and this is a

promising methodology for a successful drug delivery into the brain [85, 88, 89].
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Additional approaches for the delivery of growth factors into the brain are the
transplantation of dopaminergic neurons or glial precursor cells into the injured regions of
the brain, which increases the expression of growth factors like BDNF, GDNF, and IGF
[10, 90, 91]. In this aspect, a recent report by Proschel and coworkers [10] have
demonstrated that the transplantation of in vitro generated glial precursor cells in 6-OHDA
(10 uM) hemilesioned rats causes the recovery of DA neurons in striatum by an increase in
the levels of GSH, GDNF, and BDNF. The developments of novel technologies will allow
the transport of growth factors through BBB in the near future for the treatment of
neuropathologies and related disorders.

Conclusions and future perspectives

Based on this review, it is clear that astrocytic dysfunction is greatly involved during the
development and maturation of the brain pathologies that manifest as a neurodegenerative
and cerebrovascular diseases. These astrocytic alterations may in turn affect neurons
during reactive astrogliosis process, and loss of astrocytic metabolic support of neurons
[23]. In this regard, the accumulating body of the evidence strongly suggest the importance
of energetic homeostasis during neurodegeneration and cerebrovascular diseases.
Alterations in mitochondrial bioenergetic balance and morphology coexist or are tightly
associated to other chronic diseases such as type 2 diabetes Alzheimer, Parkinson and
Huntington diseases. The protective effects of growth factors are not limited to the
enhancement in growth and survival of the tissue, as they have also shown to improve
mitochondrial morphology and metabolism both in astrocytes and neurons. However,
further research is needed in order to understand the complete downstream signaling
mechanism of growth factors in mitochondrial and metabolic protection, and its possible
use in the context of the prophylactics and treatment strategies against these devastating

diseases.
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Figure 1. Growth factors effects in astrocytes metabolism. Astrocytes secrete growth
factor molecules such as BDNF, GDNF, and NGF, thus activating various signaling
pathways including PISK/AKT and MAPK that are important for cell survival process,
neuronal protection, antioxidant expression, BBB interruption and regulation, angiogenic
effects, and protection to mitochondrion.
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