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SUMMARY 

 

The Janus face of bilirubin: from neonatal toxicity to the 

potential protection in neurodegenerative diseases 

Sri Jayanti 

 

TASK 1: Bilirubin-induced neonatal neurotoxicity 

Unconjugated bilirubin is a metabolite of heme catabolism, and it exhibits 

Janus face for owning neurotoxicity and neuroprotective effects. It can 

induce neurotoxicity to neonates (kernicterus) in the course of severe 

neonatal hyperbilirubinemia and lead to major neurological impairments 

or even death as consequences. As a complementary – alternative approach 

to phototherapy or exchange transfusion, the standard treatment for severe 

neonatal hyperbilirubinemia (not worldwide accessible, particularly in low-

income countries), we tested curcumin (Curc). It has been already used in 

animal models as well as in clinics in other diseases with relevant results. 

As a model of kernicterus, we used the Gunn rat. We observed the full 

protection given by Curc from the bilirubin-induced cerebellar hypoplasia 

(landmark of bilirubin toxicity in the rodent model of kernicterus), the 

normalization of the cerebellar weight as well as its cellular number and 

architectural layer. As a final proof of the protective action of curcumin, 

hyperbilirubinemic rats treated with Curc performed as the 

normobilirubinemic littermates in the behavioral tests, with a full recovery 

of the motor-coordination skills. Among the molecular mechanisms 
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normalized by Curc, we noticed inflammation (including Tnf- mRNA and 

protein levels), redox imbalance, and glutamate neurotoxicity. Notably, the 

ability of Curc to reverse the damage without lowering serum bilirubin 

levels indicates its direct effect on the damaging mechanisms in the brain. 

The results suggest the potential of Curc in the clinical scenario, especially 

in the settings where phototherapy and exchange transfusion are not 

feasible to perform.  

TASK 2: Bilirubin protection in neurodegenerative diseases 

TASK2A: Bilirubin reverses the dopaminergic neuron demise in an ex 

vivo Parkinson’s disease (PD) model 

The second face of bilirubin studied in our project is its neuroprotective 

potential. Despite it having long been considered a cytotoxic pigment, last 

decades UCB has emerged with its plethora of therapeutic potential. Mildly 

elevated bilirubin level (as in the Gilbert syndrome population),  is 

protective against an array of diseases associated with increased oxidative 

stress, such as cardiovascular diseases, diabetes, and cancer, as well as in 

laboratory models of multiple sclerosis and glioma. However, the role of 

UCB is still not known in Parkinson's disease (PD), the fastest-growing 

neurological disorder which is still lacking disease-modifying therapy, and 

where oxidative stress is considered as one of the main causes of 

dopaminergic neurons (DOPAn) loss. Based on this background, we aimed 

to assess UCB therapeutic potential in PD. 

To the goal, we used the ex vivo PD model previously developed and 

characterized in the lab (organotypic brain cultures of substantia nigra –
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OBCs-SN challenged with low doses of rotenone - Rot). Our slow-

progressing PD model not only mimics the stages of the human disease up 

to the diagnosis phase but also gives access to the pre-clinical – early events 

triggering DOPAn loss, including oxidative stress, inflammation, and 

neurotrophic factor alteration. We followed these indicators to evaluate the 

effect of UCB in this model. The counting of DOPAn, the key parameter to 

evaluate bilirubin protection, was performed by immunofluorescence. The 

molecular effects of the pigment were evaluated by RTqPCR, enzymatic 

tests, and cytokines/neutralizing Ab usage.   

We demonstrated that low amounts of UCB are not toxic to DOPAn per se 

and that 0.5M and 1M UCB fully protect from the 40% DOPAn loss 

observed in the PD model. Redox imbalance, despite being observed in the 

model, looks not to be the key player in the UCB conferred protection. 

Importantly, we demonstrated that, among the pro-inflammatory markers 

altered in PD and modulated by UCB, Tnf is the determinant of DOPAn 

loss and UCB protection.  

TASK2B: Nanobubbles as bilirubin carriers in organotypic brain cultures 

of substantia nigra: an initial screening step of bilirubin-delivery in 

Parkinson’s disease (The experiments were performed in collaboration with 

Department of Drug Science and Technology and Department of Neuroscience, 

University of Torino, Torino, Italy) 

 

Despite its milestone as a potential single-therapy candidate for PD in our 

aforementioned experiment, and the possibility to modulate the UCB 

systemic levels with drugs, the use of UCB as a therapeutic agent suffers 
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from the challenge of reaching a so-tuned UCB concentration in the 

subsantia nigra of PD subjects.  

The most solid way for reaching our goal is by delivering the specific UCB 

concentration we need to SN by nano-bubbles (NBs). In collaboration with 

the University of Turin that priory developed NBs able to carry therapeutic 

agents, we started screening different formulations of nanobubbles (glycol 

chitosan [GC]; GC-deferoxamine [GC-DFO], and para-magnetic NBs, GC-

DFO-iron [GC-DFO-Fe] and for their safety and efficacy in protecting from 

DOPAn loss in the model of PD. To the goal, DOPAn immunofluorescence 

and viability test (MTT, LDH) have been performed.  

Combining the vitality tests, GC and GC-DFO are safe to healthy slices (not 

challenged with Rot) at dilutions higher than 1:192. After loading different 

formulations of NBs with UCB, the restoration of DOPAn reach up to 80% 

under GC-UCB and GC-DFO-UCB treatment. Further experiments to 

optimize the protection of the selected NBs by loading different amounts of 

UCB and dissecting the molecular mechanisms involved in DOPAn 

protection are needed.  

TASK2C: Curcumin Protection in an ex vivo Parkinson’s disease (PD) 

model 

Unlikely, the major clinical problem in PD is the late diagnosis, occurring 

when the 40-50% of DOPAn has been already lost. While the administration 

of UCB-loaded NBs at diagnosis to stop the progression of DOPAn loss is 

rational, it will neither revert nor prevent the already occurred damage, as 

well as a repeated delivery of NBs to the CNS is not a suitable possibility.   
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Therefore, we took advantage of two important results obtained in this 

Ph.D. work. The major result of the thesis was demonstrating that TNF- is 

the crucial player in DOPAn loss. As we noticed in Task 1 that curcumin 

(Curc) protects the Gunn rat brain against the toxicity of very high UCB 

levels also by normalizing TNF-, and considering that Curc may be 

considered as a nutraceutical – lifestyle – prophylactic - chronic approach 

to Parkinson, we have begun to explore its effect in our ex vivo PD model.  

Among the range concentrations of Curc tested, 5M of the spice fully 

protected  from rotenone-induced DOPAn loss, and the protection was lost 

at higher concentrations. Preliminary data seems to confirm that Curc also 

acts through Tnf normalization. Future experiments are needed to unravel 

the mechanism related to TNF- production and toxicity to DOPAn, as well 

as curcumin protection. 
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CHAPTER 1 

INTRODUCTION 

 

1.1.Bilirubin and its metabolism 

Bilirubin is the yellow pigment of heme catabolism [1].  Daily formed 

mainly from the degradation of senescent red blood cells in the spleen [2] 

[3]. As depicted in Figure 1.1., in the spleen, hemoglobin (Heme) derived 

from the red blood cells, is converted to unconjugated bilirubin (UCB) by 

the action of heme-oxygenase (HMOX) and biliverdin reductase (BLVR. 

BV= biliverdin), thus vehicolated to the liver by blood [3]. In the liver, the 

lipophilic UCB is converted to the hydrophilic conjugated bilirubin (CB, by 

the uridine-diphospho glucuronosyl transferase: UGT1A1), thereafter 

excreted in the intestine, where it is transformed in the uro- and sterco-

bilinogens before excretion[2] [3]. Bilirubin in blood is present as: CB (or 

direct bilirubin, the minor part), and UCB (or indirect bilirubin), 

constituting the major fraction in physiological conditions. In turn, blood 

UCB is present in two forms: bound to albumin (UCB-A, the 99% of 

circulating UCB in physiological conditions) and the unbound-UCB (the so- 

called free bilirubin: Bf) [4].  
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Figure 1.1. Bilirubin Metabolism Sites and  [5] 

 

The sum of CB and UCB forms the total serum bilirubin (TSB), 

routinely quantified in the clinic. Because of the molecular size of the 

complex, UCB-A is confined to the vascular lumen, while the small- 

lipophilic Bf easily diffuses across the cellular bilayers entering (in 

equilibrium with) the tissues [6], [7]. HMOX, BV, BLVR, and UCB (the 

Yellow Players: YP) are present also in the brain, where they have been 

hypothesized to act as a potential defensive mechanism toward 

neurological conditions by reacting on-demand to stressor/pathologic 

stimuli and producing UCB in situ [5], [8].  
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1.2.Neonatal Hyperbilirubinemia 

When blood UCB level exceeds the serum albumin binding 

capability, the unbound portion of the pigment [free bilirubin (Bf), less than 

0.1% in physiological conditions [9], [10] enters the tissues leading to the 

yellow coloration of the skin, so-called icterus (from the Greek = yellow, or 

jaundice from the French “jaune” = yellow). Icterus is common in neonates, 

and mainly due to : (I) the increased red blood cell turnover occurring after 

birth [11]–[13]; (II) the undeveloped UGT1A1 activity [14]–[16]; and (III) the 

quite total absence of the intestinal flora in neonates [17]–[19]. At present 

and in clinical practice, TSB is the value on which the indication of 

phototherapy (PT) is decided to prevent neurological damage. 

Nevertheless, due to the large and partly unpredictable variables able to 

interfere with the bilirubin-albumin binding and altering Bf, the recent 

advances making easier the quantification of Bf also in the clinic [20] offer 

the opportunity for a positive impact in the management of the condition. 

Neonatal hyperbilirubinemia may present in two distinct: 

conditions (I) the so-called physiological neonatal hyperbilirubinemia, 

benign and self-resolving in 1 to 2 weeks [13], [21] not needing medical 

interventions, and (II) the severe neonatal hyperbilirubinemia, potentially 

leading to conditions ranging from mild-temporary deficits to permanent 

neurological alterations, recapped under the definitions of bilirubin 

induced neurological dysfunction (BIND) and kernicterus spectrum 

disorder (KSD) or even death [22]–[25]. 

Frequently considered an event of the past [26], the mortality of 

neonatal jaundice in the early neonatal period (0–6 days) still accounts for 
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1,309.3 deaths per 100,000 subjects worldwide [27]. The burden is highest in 

the low-middle income countries (LMIC), especially in Sub-Saharan Africa 

and South Asia, where neonatal hyperbilirubinemia is the 7th and 8th 

leading cause of mortality, respectively. In Western Europe and North 

America, neonatal hyperbilirubinemia accounts for the 9th and 13th leading 

cause of mortality, respectively [27].  

While the TSB peak plotted as a function of the hours after birth is 

sufficient to estimate the risk of neurological sequelae in term infants [28], 

[29], additional factors are required in pre-term babies. In this population, 

common is the so-called “low bilirubin kernicterus”, in which the 

neurological damage (symptoms and/or neuroimaging findings of brain 

damage) may be present even with peak TSB under the “safe level” [30]–

[33]. Thus, rather than a specific threshold, in pre-term infants a range of 

TSB levels is more likely to be associated with the onset of neurotoxicity 

[28]. Both body weight and serum albumin level might be considered 

additional (possibly personalized) indicators of the developmental 

maturity of the infant, in addition to the gestational age, all affecting the Bf. 

In agreement with it, the presence of neurological dysfunctions or even 

death in extremely low birth weight pre-term infants has been associated 

with a high level of free/unbound bilirubin [34], suggesting Bf as a more 

sensitive predictor in respect to TSB [35], [36]. Bf has also been found as a 

good predictor of auditory dysfunctions in neonates with severe jaundice 

[37]–[40], as well as for the risk of apnea in pre-term infants [41], [42]. The 

bilirubin neurotoxicity affecting the auditory system including brainstem 

auditory nuclei, vestibular nuclei, and the auditory nerve, has been 

reproduced in the animal model of kernicterus (Gunn rat) [43], [44]. 
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Nevertheless, the interplay between body weight, serum albumin level, Bf 

and the immaturity of the brain, is one of the reasons for the increased 

susceptibility to neuronal damage in the pre-term population even at lower 

bilirubin levels [31], still has to be fully unravelled.  

 

1.2.1. The clinical manifestations 

1.2.1.1. Full-term infants 

In mature infants, lethargy, hypotonia, and poor sucking are the 

early non-specific sign of acute bilirubin encephalopathy (ABE), with 

hypertonia (retrocollis and opisthotonos), fever and high-pitched cry, 

apnea, and inability to feed representing the signs of advanced stage of ABE 

[22], [45]. 

The classical sign of the chronic and permanent clinical sequelae of 

bilirubin toxicity in the term population includes motor symptoms, hearing 

loss due to auditory neuropathy spectrum disorder (ANSD) with or 

without hearing loss, visual impairment (viso-oculomotor, which usually 

manifests as paralysis of upward gaze, and viso-cortical dysfunction), and 

dental enamel dysplasia [23], [45], [46]. Those symptoms present a large 

variability among individuals, recently recapped by the term KSD [22]. In 

addition, the neurodevelopmental sequelae, later described as spectrum of 

developmental disorder, have been considered as part of bilirubin-induce 

neurotoxicity disorders. Bilirubin-induced cognitive delay, developmental 

delay, specific speech and language disorder, psychological developmental 

delay, autism spectrum disorder are neurodevelopmental disorders 

(NDDs) that have been associated with bilirubin neurotoxicity [47]–[50]. 

However, those results mainly come from observational studies and no 
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plausible biological mechanisms for this association have been fully 

established, and the quality of evidence has not been carefully evaluated.  

 

1.2.1.2.Pre-term infants 

Pre-term infants less frequently exhibit the conventional bilirubin 

neurotoxicity signs, likely due to incomplete maturation of neuronal circuit 

and organization [30], [46], [51]. For this reason, pre-term infants are more 

at risk of late-diagnosis or even staying undiagnosed, which lead them to 

suffer from “silent morbidity and mortality” [46], [52]. Meanwhile, the 

auditory predominant sequelae are more common in pre-term neonates 

[30], [46], [51]. Pre-term infants with abnormal auditory brain evoke 

responses (ABR, the common clinical test performed among pre-term infant 

to evaluate brainstem function related to auditory neural pathway), also 

present more concurrent apneic events [40], possibly because both these 

conditions share the same neuronal location targeted by bilirubin. 

Moreover, increasing are the evidences reporting that hyperbilirubinemia 

in premature infants is followed by a higher number of apnea events [28], 

[41], [53]. 

Concerning the chronic and permanent clinical sequelae of bilirubin 

toxicity, pre-terms share the same burden as that of the full-term neonates 

[45], [46]. This may suggest that, under chronic toxic stimuli, inducing the 

most severe molecular perturbations and cell death [54]–[56], the 

developmental stage of brain development is irrelevant. 
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1.2.2. Mechanism of bilirubin induced toxicity 

Although the molecular pathogenesis of bilirubin-induced 

neuronal cell injury is not completely understood, certain recurrent themes 

resonate in the literature on this topic and include:  

 

1.2.2.1. Cell membrane disruption, mitochondrial damage and oxidative 

stress 

Interaction of UCB with the cells occurs first at the cell membrane  

in which UCB can rapidly diffuses through membranes [57]. Bilirubin binds 

avidly to cell membranes, especially myelin-rich membranes, making 

neurons the principal target of bilirubin toxicity [58].  This process lead to 

the disruption of neuronal cell membrane structure [59]. These features 

showed to be associated with oxidative injury to membrane lipids and were 

not sensed in the more hydrophobic regions. The perturbation in plasma 

membranes disruption causes oxidative damage and disrupt transport of 

neurotransmitters[60] as well as on mitochondrial membrane [61]. 

Mitochondrial damage lead to  impaired energy metabolism and apoptosis 

[60].  

Moreover, the role of oxidative stress in bilirubin toxicity was 

investigated in vitro  by the observation of an increased level of protein and 

lipid oxidation and by decreasing the level of antioxidant systems 

(glutathione)[62]. In different cell lines, bilirubin causes an accumulation of 

intracellular reactive oxygen species (ROS) that activate the antioxidant cell 

responses [63], [64]. In vivo study in Gunn rats showed high levels of lipid 

peroxidation by sulfadimethoxine-induced hyperbilirubinemia[65]. 

However, the inhibition of lipid peroxidation in this model was not able to 
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confer neuroprotection suggesting that lipid peroxidation is not the 

primary mechanism in bilirubin induced neuronal damage. This is in 

agreement with ex vivo study demonstrated by Dal ben et al. that anti-

oxidant alone was not able to protect in bilirubin neurotoxicity indicating 

that oxidative stress in not a solely mechanism in bilirubin induced 

neuronal damage [66].   A study in a mice model of hyperbilirubinemia 

found that bilirubin induces oxidative stress and leads to DNA damage in 

the cerebellum [67].  

Pro-oxidant effects suggested by the impairment of the antioxidant 

enzyme in brain were observed in a mouse model of Criggler-Najjar 

syndrome [68]. Pro-oxidant markers consequent to bilirubin exposure were 

investigated also in newborns and resulted higher in infants with 

hyperbilirubinemia when compared with normobilirubinemic infants[69]. 

Another study displayed increase level of malondialdehyde in 

hyperbilirubinemic infants compared to healthy infants, which significantly 

decreased after phototherapy [70].     

 

1.2.2.2.Neuroinflammation 

Bilirubin neurotoxicity is reported to be enhanced by severe 

systemic inflammation conditions. (e.g., sepsis, necrotizing enterocolitis, 

and fetal inflammatory response syndrome) [33]. This enhancing effect may 

be greater in ongoing maturation cells and preterm neonates [57], [71], [72]. 

In the experimental setting, chronic bilirubin-induced neuroinflammation 

(microglial activation) is reported in the Gunn rat and associated with brain 

development abnormality [46], [73], [74]. 
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Toxic levels of bilirubin trigger an inflammatory response through 

the release of pro-inflammatory cytokines and the activation of MAPK 

pathway, triggering the cellular (microglia and astrocyte) release of tumor 

necrosis factor-α (TNF-α), interleukin (IL)-1b, and IL-6 to produce a 

proinflammatory milieu leading to cell death [33], [57], [58], [75]–[77].  An 

in vivo study also particularly identified TNFα and NFKβ as key mediators 

of bilirubin-induced inflammatory response [78]. UCB can cause the 

reactivity of rat cortical astrocytes and microglia, which in turn exacerbate 

inflammation [79] and increase BBB permeability by acting on endothelial 

cells and tight junctions [80]. While the secreted levels of TNF-α are in the 

same order either in astrocytes or in microglia exposed to UCB, those of IL-

1β and IL-6 are increasingly produced by microglia,  suggesting that 

microglia participate in astrocyte reactivity by UCB and corroborating 

microglia faster response to stimuli [81]. The release of pro-inflammatory 

cytokines, as well as ROS and NOS, can disrupt nerve terminals activity 

causing dysfunction and loss of synapses by UCB[82]. Therefore, UCB-

induced inflammatory processes have emerged as a critical concept to 

understand the neurotoxic effects of UCB. 

 

1.2.2.3.Glutamate neurotoxicity 

Glutamate is the major excitatory neurotransmitter in the human 

central nervous system and plays important role in neural development. 

Bilirubin has been demonstrated to alter the glutamate pathway by 

excessive stimulation of glutamate release [83]. UCB  has shown inhibition 

of protein kinase C activity in the neuron [84]. This activity is essential to 

maintain the synaptic transmission between neurons by an influx of Ca2+ 
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through a cation channel in the plasma membrane of the post-synaptic 

neuron. Membrane depolarization and glutamate binding to N-methyl-D-

aspartate (NMDA, class 1) receptors triggered this channel opening. 

Moreover, UCB exposures to astrocytes decrease the glutamate uptake and 

prolong the presence of glutamate in the synaptic cleft[85].  This condition 

overstimulates the NMDA receptor (excitotoxicity), both in vitro [84], [86] 

and in vivo (hyperbilirubinemic Gunn rat [87]. Excitotoxicity triggers the 

excessive influx of Na+, Ca2+, Cl− and water and induces neuronal cell 

swelling that later on will lead to apoptosis and necrosis[88].  

 

 

1.2.3. Current therapeutical approaches and the caveats  

 

1.2.3.1. Phototherapy 

Phototherapy (PT) is the standard treatment for neonatal 

hyperbilirubinemia to convert bilirubin into water-soluble photoisomers 

that can be excreted through bile and urine [89]. Effective PT has 

progressively decreased the need for exchange transfusion (ET) in pre-term 

infants [90]. Recently, double-PT, which uses two light sources, has been 

demonstrated more effective for reducing TSB levels compared to single PT 

among pre-term infants [91]. 

PT is not a harmless treatment and overtreatment should be 

avoided. Side effects can include retinal damage, burns, disturbed circadian 

rhythm, conjunctivitis, rashes, dehydration, hyper- and hypothermia, loose 

stools, melanotic nevus, bronze baby syndrome, and electrolyte imbalances 

[92]. 

A study showed that based on post hoc analysis, aggressive PT 

increased 99% the probability of deaths among extremely low birth weight 
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(under 750 g) infants [93]. Moreover, moderate bilirubin levels may have 

clinically important oxidant benefits [94]. A low concentration of bilirubin 

scavenges reactive oxygen species (ROS), reduces oxidant-induced cellular 

injury and attenuates oxidant stress. Since the physiologic jaundice 

recognized as a protective mechanism for the newborn infant against ROS 

in the first days of life [92], aggressive, prophylactic PT looks to be 

counterproductive. 

In any case, PT has significantly decreased the overall incidence of 

bilirubin neurotoxicity in most developed countries. Nevertheless, bilirubin 

neurotoxicity with lifelong neurological sequelae still occurs, and is a major 

problem in many areas of the world, especially in low- and middle-income 

countries [95], [96]. The access to health facilities, availability of PT, the 

possibility to measure TSB at the side of the newborn, and the variation in 

PT practices (such as the irradiance distances between infants and the light 

sources) have contributed to the sub-optimal result of this therapeutical 

approach [95], [97]. 

 

1.2.3.2. Exchange Transfusion 

Exchange transfusion (ET) ET is the standard therapy for severe 

hyperbilirubinemia with ABE [98]. ET will be performed if the 

hyperbilirubinemia exceeds the specific level defined in clinical guidelines 

and exposes infants tot the risk of bilirubin neurotoxicity [29]. The incidence 

of severe hyperbilirubinemia adjusted according to the American Academy 

of Pediatrics thresholds for ET is low, involving ~1.2 per 1,000 live births 

[99]. The screening of hyperbilirubinemia and its underlying condition [e.g., 

rhesus and ABO isoimmunization, glucose 6 phosphate deficiency (G6PD)], 

the treatment of pregnant women who are Rh-negative with Rh-factor 

therapy, and the increased use of PT, have drastically reduced the number 
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of ET performed [100]. Nevertheless, premature infants have a tenfold 

increased risk of eventual bilirubin level meeting or exceeding thresholds 

for ET compared with term neonates [99]. 

Furthermore, most studies suggest that sick pre-term infants 

experience a wide range of complications from ET more frequently than 

term infants [26], [100]–[102]. In a large cohort study of >1,200 pre-term and 

term infants who received ET for hyperbilirubinemia, pre-term infants 

especially those ≤29 weeks of gestational age, have greater odds of death 

following ET compared to term infants [100]. 

Moreover, a 30 years prospective study reported that both 

unaffected hyperbilirubinemia and neurobehavioral affected 

hyperbilirubinemia subjects were equally received severe 

hyperbilirubinemia treatments (phototherapy and/or exchange 

transfusion) are equal in, suggesting that the current treatments are not 

totally able to prevent the KSD outcome [48].  

 

1.2.3.3. Novel treatment strategies 

Despite PT and ET have been widely accepted as standard 

treatments for severe hyperbilirubinemia to prevent ABE, the limitation of 

both therapies calls for new neuroprotective treatment. 

Minocycline, the anti-inflammatory and antimicrobial drug, has 

been effectively demonstrated to prevent kernicterus in animal models of 

hyperbilirubinemia [103]–[105]. However, the use of minocycline in 

neonates is prevented due to its inevitable side effects including tooth 

discoloration, increased skin hypersensitivity to light, skin and nail 

hyperpigmentation, and skin rash [98]. 
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Other drugs under study for treating hyperbilirubinemia is tin-

mesoporphyrin (SnMP), the potent competitive inhibitor of heme 

oxygenase, the key rate-limiting enzyme in the catabolism of heme to 

bilirubin[1]. Reddy et al. have reported a very low birth weight infant with 

severe hyperbilirubinemia who, while awaiting an ET, underwent a SnMP 

single-dose treatment. After 10 hours of SnMP administration, TSB was 

gradually reduced (by 13%) and this eliminated the need for ET. No adverse 

effects were reported [106]. A clinical trial of SnMP in 213 newborns has 

shown the early use of a single dose of SnMP decreased the duration of PT, 

reversed TSB trajectory (mean TSB declined by 18%), and reduced the 

severity of subsequent hyperbilirubinemia. However, data on long-term 

risk of BIND still lack in this study [107]. 

 

1.3.Bilirubin Potential Protection in Parkinson Disease 

Bilirubin, the long-known toxic yellow pigment, has been emerging 

with its plethora of therapeutic potentials.  

The protective role of bilirubin is suggested in Gilbert-syndrome (a 

condition of mildly elevated bilirubin) subjects toward non-neurological 

conditions including cardiovascular disease, cancer, and metabolic 

syndrome [108]. In recent decades, mounting evidence has shown that 

bilirubin and its enzymatic properties (heme oxygenase and biliverdin 

reductase, known as yellow players) possess antioxidant, and anti-

inflammation, and are even involved in signaling pathways in a wide range 

of conditions, including neurodegenerative diseases [108]–[110]. However, 

only a few data are addressing its protective effect in neurodegenerative 

disease , particularly in PD. In this section, the potential benefical effect of 

bilirubin in PD will be furtherly explained.  
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1.3.1. Parkinson’s Disease 

Found as a rare disorder in 1817 by James Parkinson, nowadays 

Parkinson’s disease (PD) is evolving as the fastest growing neurological 

disorder and one of the leading causes of disability in the world [111]. Since 

the improvement of health care is followed by the world’s aging 

population, PD is estimated to be a non-infectious pandemic, with the 

number of people affected doubling from 6.9 million in 2015 to14.2 million 

in 2040 [112]. Besides the increase of prevalence, years lived with the 

disability will be followed by increased different outcomes, including 

personal, social, and economic burdens that make PD need to be highly 

concerned [113], [114]. 

The significant motoric symptoms, tremor, rigidity, and 

bradykinesia are the consequences of progressive and selective diminished 

dopaminergic neurons in the substantia nigra pars compacta (SNc) [115], 

[116]. Moreover, reliable data on the presence of non-motoric symptoms 

(hyposmia, psychiatric symptoms, rapid eye movement sleep behavior 

disorder, dementia, pain, fatigue, constipation) have established that PD is 

not exclusively due to dopaminergic neuron loss but also involves non-

dopaminergic neurons [116]. Although the etiology of PD has not been 

firmly established yet, advanced age, male sex, environmental factors (e.g. 

toxins and pesticides), and genetic traits have been recognized as relevant 

risk factors [114], [117], [118]. Multiple mechanisms including 

mitochondrial dysfunction, oxidative stress, neuroinflammation, and 

proteostasis disturbances, are increasingly appreciated as key determinants 
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of dopaminergic neuronal susceptibility in PD and are the feature of both 

familial and sporadic forms of the disease[119]–[121].  

 

1.3.1.1.Pathogenesis 

Although the pathogenesis of PD remains to be fully elucidated, many 

lines of evidence including postmortem, in vitro, and animal model studies 

unraveled the involved mechanisms of PD (depicted in Figure 1.2). These 

include: 

 

a. Oxidative stress and mitochondrial dysfunction 

Due to its high consumption of oxygen, extensive production of 

reactive oxygen species (ROS), and low level of antioxidant enzymes, the 

brain is vulnerable to oxidative stress [122], [123]. The involvement of 

oxidative stress in PD has been explored in post-mortem analysis with the 

detection of an increased amount of lipid peroxidation markers, carbonyl 

modification of soluble proteins, and DNA damage [124], [125]. 

Furthermore, clinical evidence showed the presence of oxidative stress 

markers in blood and cerebrospinal fluid [126]. In experimental settings, the 

link between oxidative stress and dopaminergic neuron degeneration has 

been confirmed. Oxidative stress not only has a direct effect on cellular 

damages but also influences the activation of signaling pathways leading to 

cell death [127].  

Mitochondrial dysfunction is closely connected to the increased 

ROS formation in PD. ROS production is physiologic and powers neural 

activity and maintains cellular homeostasis. However, mitochondrial 

dysfunction, especially in the electron transfer chain, can lead to excessive 
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ROS production which is detrimental to cells [123]. On the other hand, ROS 

also drives further harm to the electron transport chain itself [128]. The 

deficiency and impairment of mitochondrial complex-I activity, the vital 

component of the electron transport chain, was found in postmortem 

studies and dopaminergic cell loss-induced animals by toxin and pesticides 

[39,40]. The defects of mitochondrial complex-I of the respiratory lead to 

degeneration of neurons due to lack of ATP production [127]. 

 

 

Figure 1.2. The involved mechanism in the pathogenesis of Parkinson’s disease. 

Multiple mechanisms are known to be involved in the pathogenesis of 

dopaminergic neuron loss including oxidative stress, neuroinflammation, ⍺-

synuclein misfolding and aggregation, and genetic influence. Abbreviation: ALP, 
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autophagy lysosomal pathway; UPS, ubiquitin-proteasome system; iNOS, 

inducible nitric oxide synthase; COX, cyclooxygenase; TNF‐α, tumor necrosis 

factor‐α; IFN‐γ, interferon‐γ; IL, interleukin ‐6 and ‐1β; DJ1, Daisuke-Junko-1; 

Pink1, acid protein phosphatase and tensin homolog (PTEN)-induced kinase 1; 

ATP13A2, ATPase type 13A2; MAPT, microtubule-associated protein tau; GBA, 

glucocerebrosidase; SNCA, α-synuclei, LRRK2, Leucine-rich repeat kinase 2; 

SMPD1, acid-sphingomyelinase; SCARB2, scavenger receptor class B member 2. 

[5] 

 

 

 

The reasons for dopaminergic neuron SNc vulnerability to 

mitochondrial dysfunction have been hypothesized to be related to (i) the 

size and complexity larger than other types of neurons in the brain demands 

high rates of ATP production to keep resting membrane potential, induce 

action potential, and allow synaptic transmission, (ii) distinctive physiology 

of action potential which distinguishes SNc dopaminergic neuron from the 

majority of neurons in the brain, and (iii) the reliance upon dopamine as a 

neurotransmitter which is considered as a potentially toxic compound if 

accumulating into the cytosol [121], [131], [132].   

 

b. Neuroinflammation 

Neuroinflammation is one of the main features in PD has been 

shown in clinical studies as well as experimental settings [133]–[135]. 

Microglia activation seems to be the primary mediator for the inflammatory 

process in PD. Microglia have been documented for initiating inflammatory 

responses in PD [120], [136]. The activation of microglia is due to α-

synuclein, as a danger-associated molecular pattern (DAMP), which can 

directly trigger microglial activation and initiate sterile inflammatory 
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processes [137], [138]. For instance, in primary cultures, α-synuclein 

mediates a dose-dependent activation of microglia [139]. 

α-synuclein is not the only stimulant for microglia activation as 

multiple agents have been demonstrated to have a microglia activator 

effect, including debris of degenerating neurons [140]. Additionally, the 

microglial activation is significantly exacerbated by not only rotenone 

treatment but also lipopolysaccharides (LPS), indicating multiple 

mechanisms responsible for microglia activation [141], [142]. Shor-term 

activation of microglia provides neuroprotection, whereas long-term 

activation leads to the neurodegeneration process. Noteworthy, activated 

microglia have been demonstrated as a critical ROS source, further 

indicating that the inflammation process induces oxidative stress and vice 

versa. 

Microglia activation promotes the activity of pro-inflammatory 

enzymes (such as inducible nitric oxide synthase – NOS and 

cyclooxygenase – COX) and the release of the pro-inflammatory cytokines, 

such as C‐X‐C motif chemokine ligand 12 (CXCL12), tumor necrosis factor‐

α (TNF‐α), interferon‐γ (IFN‐γ), interleukin (IL)‐6 and IL‐1β [143]. 

Moreover, the inflammatory responses of microglia are amplified by 

astrocytes senescence in the aging brain [144], [145].  

Additionally, the involvement of the adaptive immune system has 

been observed in PD through the presence of CD8+ and CD4+ T cells in the 

brain in both postmortem human PD specimens and the MPTP mouse 

model [146]. This conclusion has been supported by Sulzer et al., which 

found that α -synuclein peptides acted as antigenic epitopes and induced T 

cell response in PD patients [147]. Finally, a longitudinal study showed that 
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in PD patients, a more ‘pro-inflammatory’ components profile (TNF‐α, IL1‐

β, IL‐2, and IL‐10 ) in the serum is associated with a faster motor syndrome 

progression and more cognitive decline [148].  

 

c. Disruption of cellular proteostasis 

Protein clearance is an intracellular defense mechanism to ensure 

protein homeostasis by rapid detection of altered protein and its 

elimination [149]. Molecular chaperones, the ubiquitin-proteasome system 

(UPS), and the autophagy-lysosomal pathway (ALP) are the essential 

pathways that facilitate the clearance of abnormal proteins [150], [151]. UPS 

selectively shatters short-lived proteins and misfolded or damaged proteins 

intracellular, whereas ALP degrades the longer-lived proteins, cellular 

components, and organelle through the lysosomal compartment [152], 

[153]. The proteasome dysfunction exacerbates protein aggregates in PD. 

Convincing evidence showed that α-synuclein deposition, which later 

becomes Lewy bodies inclusion in PD subjects, is the consequence of the 

failure of those degradation pathways [152]. The decrease in UPS activity 

has been explicitly reported in the substantia nigra of PD brain [154], [155]. 

It has been demonstrated that the presence of misfolded protein UPS failure 

in dopaminergic neurons was induced by the expression of mutant α -

synuclein [156].  

 

d. Genetic influence 

Although the familial forms of PD account for only 5-15% of the 

cases, these cases have offered essential insights regarding genetic 

influences in PD pathogenesis [157]. The genetic changes play a role in 
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molecular pathways, including α-synuclein proteostasis and degradation, 

mitochondrial function, oxidative stress, and neuroinflammation. Mutation 

in DJ1 (Daisuke-Junko-1), Parkin, Pink1 (acid protein phosphatase and 

tensin homolog (PTEN)-induced kinase 1), and ATP13A2 (ATPase type 

13A2) are responsible for monogenic PD forms and the other genes, 

including MAPT (microtubule-associated protein tau), GBA 

(glucocerebrosidase,), APOE (apolipoprotein E), have been associated with 

an increased risk of developing PD. Meanwhile, SNCA (α-Synuclein) and 

LRRK2 (Leucine-rich repeat kinase 2) plays a role not only in monogenic 

form but also as risk factors of PD [158], [159].   

The mutation in SNCA, the gene encoding for α-synuclein, has been 

known as the cause of heritable forms of PD by leading to α-synuclein 

dysfunction and aggregation [160]. Moreover, single nucleotide 

polymorphism in this gene is associated with the risk for sporadic form 

[161]. Several genetic mutations related to autophagy lysosomal pathway 

including LRRK2, GBA, SMPD1 (acid-sphingomyelinase), SNCA, PINK1, 

Parkin, DJ1, SCARB2 (scavenger receptor class B member 2) are involved in 

PD [159]. Some of these genes encode lysosomal enzymes, whereas others 

correspond to proteins involved in transport to the lysosome, mitophagy, 

or other autophagic-related functions [162]. Mutations in PINK1 and Parkin 

involve mitophagy impairment, accelerate the accumulation of defective 

mitochondria and lead to dopaminergic neuron loss [163]. Mutations in DJ1, 

a gene that encodes a putative antioxidant, are related to enhanced 

oxidative stress. Recent advances in understanding the genetic influence in 

PD have uncovered that a gene mutation can be related to multiple 

molecular pathways. For example, LRRK2 mutations are not only 
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associated with autophagy and lysosomal degradation but also 

neuroinflammation, mitochondrial dysfunction, and neurotransmission 

[164]. 

 

1.3.1.2.Challenges in Management of PD 

Despite the numerous efforts directed toward diagnostic modality, 

the diagnosis of PD still rests on clinical manifestation. Since the prodromal 

symptoms of PD are non-specific including rapid eye movement, sleep 

behavior disorder, loss of smell, constipation, urinary dysfunction, 

orthostatic hypotension, excessive daytime sleepiness, and depression, 

most PD patients get diagnosed after the cardinal motor symptoms appear. 

The motor manifestations become apparent after dopaminergic neuron loss 

in the substantia nigra pars compacta reaches about 40%-50% [165].  

The most used therapy is mainly to replace and boost the existing 

dopamine. Levodopa, the dopamine precursor, is the most frequently used 

to alleviate motor symptoms. It is usually combined with carbidopa for 

blocking its metabolism in the periphery and increases its bioavailability in 

the central nervous system [166]. Levodopa offers significant symptomatic 

advantages, but its long-term use is followed by motor complications 

(dyskinesia and motor fluctuation) [167]. Dopamine agonists (pramipexole, 

ropinirole, and rotigotine), the stimulants for dopamine receptors in the 

central nervous system, are suitable for the management of mild to 

moderate PD. However, the side effects such as orthostatic hypotension, 

hallucinations, confusion, leg edema, and as impulsive disorder have been 

frequently reported in individuals under dopamine agonist therapy [164], 

[168]. Catechol-O-methyl transferase inhibitors (entacapone) and 
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monoamine oxidase aldehyde dehydrogenase B (MAO-B) inhibitors 

(rasagiline and selegiline) inhibit enzymes involved in the breakdown of 

levodopa and dopamine [169]. Anticholinergic medications 

(trihexyphenidyl and benztropine) are not effective in treating bradykinesia 

but may decrease rigidity, dystonia, and tremor. For the young individual, 

caution is a must because of the potential of adverse events, particularly 

relating to cognition [169].  

Deep brain stimulation targeting either the subthalamic nucleus or 

globus pallidus internus has evolved as an important therapy for PD and is 

usually performed in a relatively early-onset patient [166], [167]. Despite 

deep brain stimulation being considered as well tolerated, complications 

due to the surgical techniques such as intracranial hemorrhage, high chance 

of re-surgery caused by hardware-related complications or infections, and 

microlesion effects due to electrode penetration (affect cognitive states and 

psychiatric conditions) are reported [170].  

Cell therapy by using pluripotent stem cells, including human 

embryonic stem cells (hECs) or induced pluripotent stem cells (iPScs), is 

emerging as a novel experimental approach to tackle this problem. iPScs are 

preferable over hECS due to similar differentiation potential but fewer 

ethical concerns [118]. Interestingly, iPScs have been explored as 

personalized medicine in PD because of its autologous entity (gained from 

a patient donor), which lowers the chance of graft rejection [169], [171]. 

However, several issues present in the application of iPScs, including the 

risk of tumor formation like in hECs implantation and the heterogeneity of 

iPScs due to the genetic modification, variable transgene expression levels, 

incomplete reprogramming and reactivation/lack of inactivation of the 
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transgeness, and. Moreover, PD-patient-derived iPScs may carry mutations 

and could be susceptible to developing PD-like features [172], [173]. Those 

issues might be corrected by using genomic editing, particularly CRISPR-

Cas9, as performed in iPScs PD model [174].            

So far, it is undeniable that all the fore-mentioned pharmacologic 

and non-pharmacologic approaches can reduce motoric symptoms by 

targeting the remaining dopaminergic neuron to produce more dopamine, 

stimulating the dopaminergic receptor, inhibiting the breakdown of 

dopamine, or replacing dopaminergic neurons. However, none of the 

intervention strategies mentioned above has a disease-modifying effect of 

encountering molecular mechanisms involved in PD pathogenesis [116], 

[165].  

 

1.3.2. Bilirubin as a promising therapy in Parkinson’s Disease 

Bilirubin is the yellow product of hemoglobin catabolism (Figure 

1.1.), clinically known as a serum marker of hepatic diseases. Recently, 

bench-based and epidemiological data point to a health-promoting effect of 

the pigment toward on chronic diseases[108]. 

A new interesting perspective in the context of CNS pathologies has 

also emerged. From clinical studies, low bilirubin level has been associated 

with multiple neurological conditions including Alzheimer disease, 

multiple sclerosis, stroke, amyotrophic lateral, and migraine underpinning 

the beneficial role of bilirubin in CNS [175], [176]. Meanwhile, in context of 

PD itself, a meta-analysis from eight published clinical studies al showed 

that the serum bilirubin concentration significantly increased in PD patient 
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suggesting the involvement of bilirubin in PD pathogenesis and triggering 

the cause-effect studies via experimental models [177].  

Recent data reported the expression and activity of the enzymes 

involved in UCB production (the yellow players -YPs: HMOX - heme 

oxygenase 1,2; BV -biliverdin; BLVR - biliverdin reductase A- Figure 2A) in 

the CNS, making the brain able producing UCB independently from the 

blood supply. Importantly, the in situ UCB production has been shown to 

increase cellular resistance to damage [3], [108]. Moreover, both HMOX1 

and BLVRA, the two key enzymes in UCB production, possess multiple 

binding sites for transcription factors on the promoter region of the gene, 

making them promptly inducible by a wide range of stressors stimuli, 

including those characterizing the neurological conditions [3], [109], [178]–

[181]. Finally, each YP may act directly or indirectly (thought signaling 

pathways) on key biological functions, expanding the potential for 

protection [182]. These features collectively make the YPs a homeostatic and 

defensive system that enhances the capability of a neuronal cell to protect 

itself under a stress condition or even make the CNS independent from the 

serum UCB level. 

Based on epidemiological and experimental data, a minimal 

increase in the bilirubin level has been suggested to be benefic for both 

extra-CNS and CNS chronic diseases acting as an anti-oxidant; on immunity 

and inflammation; on the cell cycle, proliferation, differentiation, migration, 

and apoptosis; as well as controlling glucose and insulin homeostasis  [3], 

[108], [109], [178]–[181], [183]. 
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1.3.2.1.Potential mechanisms of action 

The study of YPs neuroprotection toward PD is at its beginning. 

Nevertheless, some preliminary interesting information on YPs protective 

action on the pathological mechanisms of ongoing PD, may be extrapolated 

from the literature (Table 1.1). 

 

a. Antioxidant 

Since ‘80, UCB (or indirect bilirubin in clinical words) is known as 

the most powerful endogenous antioxidant [6], [184], mostly accounting for 

the preferential scavenging of lipophilic radicals that can attack lipid 

membranes [4], [7].  During the ROS/RNS (reactive oxygen / reactive 

nitrogen species) scavenging activity [185]–[187], UCB is oxidized back to 

BV, in turn rapidly reconverted to UCB by the BLVRA. As a result, nano-

molar concentrations of UCB can neutralize 10,000 times higher levels of 

cellular ROS [7], [183], without increasing the UCB cellular level to a toxic 

concentration (Figure 2A). In cell cultures, UCB has been shown to activate 

the anti-oxidant response genes [101,102]. Moreover, it promotes additional 

cellular defense against redox stress. Indeed, by reducing ROS, UCB may 

inhibit the NMDA excitotoxicity, preventing neuronal death [190]. Anti-

oxidant defenses (SOD and HMOX1), as well as the protective neuroglobin 

expression which reduces mitochondrial dysfunction, cytochrome C 

release, and apoptosis [103,104], and ferritin synthesis (chelating iron) [193], 

are also induced by intracellular free heme. Besides, BV may scavenge RNS 

[194], lowering DNA damage [188], [195], and inhibiting lipid peroxidation 

with an efficacy 2-fold higher than α-tocopherol [196]. As a result, 

glutamate excitotoxicity [197], inflammation [198], and cell death by 
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apoptosis [192] are reduced. Despite not studied in the CNS context, 

BLVRA may also contribute to cellular protection by migrating into the 

nuclei and acting as a transcription factor on the genes involved in the 

cellular antioxidant response, immunity, inflammation, autophagy, 

apoptosis, hypoxia, tumor resistance, etc. [108], [199].  

On the other side, the rapid conversion of BV to UCB [200], 

accumulation of heme and iron (by excessive activation of HMOX1) may 

lead to brain dysfunctions by including a cell energy failure, increased 

ROS/RNS production and DNA damage, inhibition of the antioxidant 

defenses, gliopathy, present in many aging-related neurodegenerative 

brain disorders, glutamate neurotoxicity, and cell death [61], [67], [109], 

[195], [201]–[208]. 

 

b. Inflammation 

Inflammation is the second critical pathological mechanism known 

to be modified by the YPs. Cytokines production (IL8, TNF-α) is induced 

by heme, UCB and iron, inducing the neutrophil migration, vascular 

permeability and edema [203], [204], ER stress[209], activating the microglia 

[204], and finally reducing the cellular viability [75], [76], [209].  

On the other side, BVLRA (acting as a transcription factor), UCB 

and CO may inhibit the inflammation (TNF-α, Il6, complement, and T-cell 

response), inhibits NOS, diminish endothelial cell apoptosis, and 

preventing the alteration of the blood-brain barrier (BBB) [4], [199], [210]–

[218].  
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Table 1.1. Experimental evidences of YPs protective action on the 

pathological mechanisms of ongoing PD ( reviewed in Jayanti et al.[5]) 

 

Pathological 

mechanism in PD 

YPs (protective effect) Ref 

REDOX UCB (↓) 

Heme (↓) 

BV (↓) 

[6], [184] 

[7], [183]  

[210], [219] 

[193],[194] 

Anti-oxidant 

enzymes 

UCB (↑) 

Heme (↑) 

BLVRA (↑) 

[220], [221]  

[210], [219]  

[108], [199]  

Carbonylation & 

lipid-peroxidation 

Membrane protection by 

scavenging lipophilic radicals 

(↑) 

BV (↓) 

[4], [7], [222]  

 

 

[196] 

DNA damage BV (↓) [188], [223]  

Mitochondrial 

disfunction 

Heme (↓) 

Heme: cofactor for the 

mitochondrial electron transport 

chain (complexes II, III, IV) 

[210], [219]  

[205]  

PINK1/DJ1; LRRK2; 

SNCA; PARK2 

No direct experimental data are yet available. 

Further, devoted studies are needed. 

INFLAMMATION 
  

Microglia and 

astrocytes activation 

No direct experimental data are yet available. 

Further, devoted studies are needed. 

α-synuclein 

iNOS & COX BLVRA, UCB, CO (↓) [4], [199], 

[210]–[218] 

TNFα BLVRA, UCB, CO (↓) [4], [199], 

[210]–[218] 

IL6 BLVRA, UCB, CO (↓) [4], [199], 

[210]–[218] 

IL1β;  IFNγ ; Il2; 

IL10; CXCLY2 

No direct experimental data are yet available. 

Further, devoted studies are needed. 

CD8+ & CD4+ T 

cells 

BLVRA (↓) 

BLVRA, UCB, CO (↓) 

[108], [199]  

[4], [199], 

[210]–[218] 
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LRRK2; SNCA No direct experimental data are yet available. 

Further, devoted studies are needed. 

PROTEIN 

DEGRADATION 

 

UPS No direct experimental data are yet available. 

Further, devoted studies are needed. 

Autophagy BLVRA (↓) [108], [199]  

LRKK2; GBA; 

SMPD1; SNCA;  

PARK2; PINK1/DJ1; 

SCARB2 

No direct experimental data are yet available. 

Further, devoted studies are needed. 

GLUTAMATE 

TOXICITY 

UCB (↓)  

BV (↓) 

[190] 

[197] 

UCB: unconjugated bilirubin; Heme: Hemoglobin; BV: biliverdin; BLVRA: 

biliverdin reductase; PINK7/DJ1: acid protein phosphatase and tensin 

homolog (PTEN)-induced kinase 1; LRRK2: Leucine-rich repeat kinase 2; 

SNCA: α-Synuclein; PARK2: Parkinson juvenile disease protein 2; CO: 

carbon monoxide; HMOX1: heme oxygenase 1; iNOS: inducible nitric oxide 

synthase; COX: Cyclooxygenase; TNFα: tumor necrosis alpha; IL: 

interleukin; CXCL12: C‐X‐C motif chemokine ligand 12; UPS: unfolded 

protein resonse; GBA: glucocerebrosidase; SMPD1: acid-sphingomyelinase; 

SCARB2: scavenger receptor class B member 2. 

 

 

1.3.3. The YPs Modulation in Parkinson Disease (PD) 

A two phases HMOX1/UCB modulation, the early induction 

interpreted as tentative protection toward the ongoing oxidative stress, and 

the late phase as the failure of the protection is hypothesized. Several pieces 

of evidence are available.  

1) YPs induction in autopsy from PD patients has been described. 

HMOX1 increased reactivity has been found in the dopaminergic neurons 

(DOPAn), microglia, and astroglia of the substantia nigra (SN) and in 

neurons of the neo-cortex presenting Lewy bodies [224]. Since HMOX1 is a 

redox sensor and an activator of the anti-oxidant response genes, the up-
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regulation of HMOX1 in the site of the lesions in PD has been suggested to 

belong to an early tentative reaction toward the ongoing redox imbalance 

by the in situ production of UCB. 2) In agreement with the protection, in 

rodent and in vitro models, the induction of HMOX1 has been correlated 

with decreased inflammation and increased DOPAn survival [225], [226] . 

Interesting for the potential diagnostic applications is the correlation 

reported between the clinical stage of PD, the serum level of bilirubin (TSB), 

and HMOX1 induction. 3) Based on the data obtained by Lee [229] and 

Macias-Garcia [230], a higher TSB (as well as its precursor BV - [231]), is 

present at the onset of PD, together with an increased presence of UCB 

degradation products in the urine of PD patients, suggesting the induction 

of HMOX1 [232]. 4) Notably, patients with higher TSB present less severe 

symptoms, and needs less L-DOPA administration [233]. And 5) patients 

receiving L-DOPA, able to improve the symptoms of PD, have a 

significantly higher TSB vs. both drug-naive PD and controls, suggesting 

that L-DOPA might reduce the redox imbalance, allowing HMOX1 to 

produce enough bilirubin for alleviating the disease [234]. 6) Supportive are 

also the recent finding correlating genetic polymorphisms on HMOX genes 

with PD incidence. Genetic variants on the HMOX1 gene, leading to its 

decreased transcription and inducibility (thus a reduced UCB/BV 

production), and HMOX2 (the neuronal constitutive form) have been 

noticed to be significantly more frequent in subjects with the disease [235]. 

Specifically for the HMOX1 variants, a correlation with a more early onset 

of the symptoms has been reported [224]. This data may support the 

potential protective role of an increased UCB production in the brain. 

Unlikely the cited paper did not report the TSB level in the PD and control 
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groups. Based on the described possible role as an early marker of PD, the 

increase of HMOX1 in saliva has been proposed as an easy-to-do, non-

invasive marker of this neurodegenerative condition [236]. 

On the other side, 7) the up-regulation of HMOX1 has been 

clinically documented to increase the in situ iron deposition, enhance the 

pro-oxidant milieu, and finally worsening the damage [233], [234], [237]. 

The data have been supported by experimental models, where the excessive 

HMOX1 induction, not only will increase the iron deposition in the CNS, 

but has also been suggested to enhance the oxidation of L-Dopa, an 

additional highly pro-oxidant molecule [238], [239]. 8) As suggested for 

Alzheimer's disease, under a condition of extreme redox stress, BLVR might 

be inactivated, becoming unable to foster the brain with UCB, and finally 

leading to the failure in protection [240]. 9) In agreement, in the clinical 

setting, the TSB level in PD patients will decrease with the increase in the 

severity of the disease. This negative correlation has been interpreted as the 

failure of the tentative defense with the consumption of UCB [230].  

The unraveling of the interplay of YPs with PD progression is 

currently impossible in the clinical setting due to the late (symptom-based) 

diagnosis. The confirmation of what was described above, and the 

dissection of the causative mechanisms from the consequential ones, 

requires experimental models able to mimic the time course of the disease 

from the pre-clinical stages, through the stages corresponding to an early 

diagnosis, to severe disease. Recently, an ex vivo model of PD reproducing 

the whole disease progression in 96 hours has been developed by 

challenging brain organotypic cultures of substantia nigra with rotenone, a 

pesticide responsible for PD in’80. This model confirms HMOX1 as one of 
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the first genes up-regulated in PD (3hours, together with Tnfα and Cox2). 

The HMOX1 modulation proceed even the DOPAn demise usually detected 

at the diagnosis in PD patients (-40% vs. controls, 24hours), supporting the 

potential of the clinical use of HMOX1 as a diagnostic tool [135]. The further 

use of the model, might allow to demonstrate the effects of an increased 

UCB in protection against DOPAn loss.  

Table 1.2. Evidences of YPs modulation in PD ( review in Jayanti et al.[5])  

YPs Modulation Ref 

HMOX1 (↑) In DOPAn, microglia, and astroglia 

of the SN.   

(↑) In neurons of the neo-cortex with 

Lewy bodies. 

(↑) In vitro model of PD. 

Genetic variants of HMOX1 (leading to 

a reduced transcription and induction 

of the gene), are more frequent in PD 

subjects and correlate with an early 

onset of the disease. 

[226], 

[233], 

[234], 

[237]  
 

 

[226]  

[226], 

[240] 
[226]  

 

HMOX2 Genetic variants of the neuronal 

constitutive HMOX2 (leading to a 

reduced transcription) are more 

frequent in PD subjects. 

[241] 

TSB (↑) In early clinical stages of PD. 

 

(↑) In PD patients with less severe 

symptoms. 

 

(↓) In late/more severe clinical stages of 

PD. 

[226], 

[233]  
 

[233]  

[226], 

[242] 

HMOX: heme oxygenase; DOPAn: domaninergic neurons; SN: 

substsntia nigra; PD: Parkinson disease; TSB: total serume bilirubin 
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1.3.4. Future Prospective: bilirubin as a treatment in PD and its 

modulatory/delivery system using nanoparticles  

From the general knowledge about UCB and the specific 

information in PD, two point seems clears: a) UCB may protect if given in 

the non–toxic range, and b) HMOX1 hyperactivation looks inevitable and 

worsens the ongoing damage. The critical point is how to reach the correct 

(protective) amount of UCB avoiding the hyperactivation of HMOX1 

(Figure 1.3). 

 

 

Figure 1.3. Illustration of possible bilirubin modulatory/delivery system in 

the brain. YPs: Yellow players; HMOX: Heme hoxygenase; BLVR: 

biliverdin reductase; UCB: unconjugated bilirubin; ROS: reactive oxygen 

species. [5] 
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A pharmacological approach targeted in a systemic (whole-body) 

modulation of the YPs looks the most obvious and is already primarily 

evaluated in extra-CNS diseases [243]–[245] by inducing HMOX1 and 

increasing TSB.  

A second approach might consist of modulating the YPs directly in the 

CNS. This approach looks limited beacuse HMOX1 is already induced at 

the time of the diagnosis. Thus, inducing even more HMOX1 will possibly 

enhance the side effects and accelerate the disease progression.  

A third exciting alternative might be the use of nanoparticles. 

Nanoparticles designed explicitly for brain delivery (of mRNA, small 

peptides, chemotherapeutic agents, etc.) are under evaluation and are of 

routine clinical use as agents in magnetic resonance, magnetic field-directed 

drug targeting to tumors across the blood-brain interfaces (BBI), and for 

direct anti-tumor treatment by magnetic hyperthermia [246]–[252]. The 

potential ways of administration are both invasive (e.g.: intracranial, after 

the temporary opening of the BBI), marginally invasive (i.p – in animals; 

i.v.), or non–invasive (nasal route) [247], [249]. Size and charge, selection of 

the material for the scaffold, engineering of the particles with 

proteins/antibodies/metals, and/or engineering of the nanoparticles able to 

use the transporters highly expressed on the BBI and neuronal cell surface, 

used as Trojan horse [247], [249], [250] are under evaluation. In 

neurodegenerative diseases (NDs), one of the additional vital points is the 

need to counteract redox tress, a primary pathological mechanism in NDs 

[251]. Interestingly, a pro-oxidant milieu may be an advantage, by 

“opening” the cargo and allowing the release of the principle on the site of 

the lesion [252]. 
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In the context of PD studies (animal models), nanoparticles delivery of 

dopamine and levodopa, ropinirole and apomorphine (dopaminergic 

agonists), and growth factors (NGF, GDNF) have been tested, reporting 

positive results in term of reaching the target, the release of the content, 

good efficacy, and tolerance [246]. Hence, the basis for developing UCB-

coated nanoparticles possibly loaded with additional therapeutic factors, 

seems to be a consistent way to explore.    

 

1.4.Curcumin and its therapeutical potential 

Curcumin, a low molecular weight, lipophilic, major yellow natural 

polyphenolic, is extracted from the rhizome of the herb Curcuma longa, 

which belongs to the Zingiberaceae family [253].  Curcuma longa  is a herb 

that mostly flourishes in tropical as well as in other Indian regions and has 

multipurpose use as a spice, food preservative, coloring source, and 

Ayurverdic medicine [254].  

Curcumin is categorized as a “generally recognized as safe” 

(GRAS) compound (EMA and FDA) with no demonstrated side effects even 

at high dosages[255]. Curcumin has been investigated as an active 

therapeutic agent for a wide array of diseases including cardiovascular, 

pulmonary, skin disorders, liver disorders, fatigue, neuropathic pain, bone 

and muscle loss, and anxiety, due to its well-reported biological activities 

which include anti-inflammatory, anti-proliferative, anti-angiogenic, pro-

apoptotic, anti-oxidant, wound healing, anti-cancer, anti-viral, and anti-

diabetic effects [256]–[258].  

It was suggested that curcumin alleviates oxidative stress, and 

inflammation in chronic diseases through the Nrf2-keap1 pathway. Nuclear 
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factor erythroid-2 related factor 2 (Nrf2) is highly related to oxidative stress 

in inflammation [259]. Through activation of Nrf2-Keap1 pathway which 

leads to the increase of antioxidant enzymes, curcumin reduces 

malondialdehyde (MDA) and ROS levels and promotes cell survival in in 

vitro study [260].  

Curcumin has anti-inflammatory properties by inhibiting the pro-

inflammatory transcription factor (NF-κB) [261]. It also activates 

peroxisome proliferator-activated receptor gamma (PPAR-γ), which leads 

to inhibition of pro-inflammatory cytokine along with expression and 

release of TNF-α [262]. Curcumin may also be a TNF blocker from in vitro 

and in vivo studies by binding to TNF directly [263], [264] . Moreover it also 

found to suppress IL-1β secretion [265].   

 

1.5.The ex vivo model of Parkinson Disease 

Lack of representative experimental model is one of the reasons for 

poor understanding of the early mechanisms of DOPAn demise in PD 

leading to difficulty in finding effective disease-modifying therapy [266], 

[267]. The considered ideal criteria of PD model are the measurable DOPAn 

changes, the appearance of cardinal symptoms, the presence of 

neuropathology, the type of mutation in the genetic model and the duration 

of reproducibility of a model to allow rapid and less costly screening of 

therapeutic agents  [267]. So far, not a single type of model, neither toxin-

based models nor genetic models, is able to reproduce all these 

characteristics at once [266], [267] .  

Nonetheless, recently, the ex vivo PD model using organotypic brain 

culture of substantia nigra (OBCs-SN) treated with a low dose of rotenone 
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was able to reproduce the slow progression of DOPAn loss, allowing the 

time courses mapping of early and late events [135]. Noteworthy, this 

model gives an important evaluation window at 24 hours post treatment  in 

which also the grade of DOPAn loss in line with clinical human PD (the 

stage of cardinal PD symptoms are obvious)  [135], [262] (Figure 1.4).  

 

 
Figure 1.4. Temporal alterations of the markers in ex vivo PD model [135].  
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The OBCs becomes a representative of the physiologically relevant 

three-dimensional model of the brain that can maintain its architectural and 

cellular heterogeneity [270]. These benefits bring OBCs as an important 

bridge between cell lines and in vivo models, especially in the evaluation of 

novel therapy[271]. Moreover, the advantages of the model in reducing not 

only the number but also the sufferance of animals is an essential ethical 

concern [272].   
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CHAPTER 2 

AIMS OF STUDY 

 

Bilirubin exhibits a Janus face for owning not only toxicity but also 

protective effect in neurological conditions. Therefore, we study both effects 

by dividing the project into two tasks with the following aims of the study. 

 

2.1 TASK 1 – The Effects of Curcumin in Bilirubin-induced 

Neurotoxicity in Severe Neonatal Hyperbilirubinemia Model 

 In this work, we aimed to explore the efficacy of curcumin 

treatment in Gunn rats (a model of severe neonatal 

hyperbilirubinemia). We assessed histopathological and behavioral 

changes as parameters of kernicterus spectrum disorder (KSDs) in 

Gunn rats. To unravel the mechanism of protection, we investigated the 

effects of curcumin on the main molecular effectors involved in 

bilirubin brain damage.  

 

2.2 TASK 2 – Bilirubin Neuroprotection in an ex vivo Parkinson’s 

disease (PD) model 

Concerning the need for disease-modifying therapy in PD, this 

work was conducted to investigate UCB protective effect in an ex vivo 

PD model [135]. The aim was achieved by performing dopaminergic 

neuron (DOPAn) count and molecular investigation of early 

mechanisms triggering the DOPAn loss [135].  



 

 50 

Our result show a promising protective effect of UCB in PD. 

This work continued to explore the feasibility of delivering UCB into 

the CNS by nanobubbles (NBs). For this purpose, we screened a panel 

of NBs formulations for their safety. Then the potential protection 

toward PD of the most suitable candidates was studied in the ex vivo 

PD model.  

Finally, to explore a potential prophylactic approach to PD, and 

by taking advantage of curcumin neuroprotective effect that has been 

demonstrated in TASK1 [273], we have extended the project to 

investigate curcumin effect in ex vivo model of PD.  
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CHAPTER 3 

MATERIALS AND METHODS 

 

3.1.TASK 1 – The Effects of Curcumin in Bilirubin-induced 

Neurotoxicity in Severe Neonatal Hyperbilirubinemia Model 

3.1.1 Litter Composition and Treatment Scheme 

Gunn rats (Hds Blue: Gunn-UDPGTj) were obtained from the SPF 

animal facility of CBM S.c.a.r.l. (AREA Science Park, Basovizza). Litters 

were obtained by mating heterozygous normobilirubinemic (Normo) 

females with heterozygous hyperbilirubinemic (Hyper) males. Animals 

were housed in a temperature-controlled environment (22  2C), on a 12h 

light/dark schedule, and ad-libitum access to food and water. The entire 

litter composed of both Normo and Hyper pups was used (percentage of 

Normo/Hyper = 51%/49%, respectively; mean number of pups in each litter: 

6.6). Based on our experimental experience demonstrating that the sex is not 

relevant for the model, both males and females were used (final % of M/F 

44%/56%, respectively). Exclusion criteria were litters with less than two 

Normo, less than two Hyper, or the presence of small, sick animals at the 

starting of the challenge. 

Curcumin (Curc: Curcusoma, 10 mg/Kg, BiosLine, Padova, Italy) 

treatment (i.p.: intraperitoneal injection) started at P2 (post-natal age in 

days) when jaundice was visible in Hyper pups and was repeated each day 

up to P17 (Figure 3.1) when the cerebellar hypoplasia in Hyper rats reached 

the 30% (vs. Normo)  [274] and may be used as an immediate indication of 

the drug efficacy [104].  
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Figure 3.1. Experimental plan and efficacy of curcumin in rescuing cerebellar hypoplasia. 

(a) Two days after birth (P2: post-natal age in days), the litters composed of both by 

normobilirubinemic (Normo—white) and hyperbilirubinemic (Hyper—yellow) pups were 

daily injected intraperitoneally (i.p.) with curcumin (Curc). At P17, the animals were 

sacrificed, and the cerebellum (Cll) was submitted for different analyses to deeply evaluate 

the drug efficacy and the mechanisms of action.[273]   

 

Animal distress was monitored daily with an objective distress 

score table [275]. Bodyweight, as a part of the distress evaluation, was 

recorded by a bench balance along the treatment (P5, P9, P11, P17; 10 

animals in each experimental group were evaluated). Any non-zero 

observation on any score parameter implied the immediate interruption of 

the treatment for the affected animal. At the end (P17), animals were 

sacrificed by decapitation under deep anesthesia (Tiletamina + zolazepam, 

35 mg/kg, i.p.), and blood and tissues were collected for analysis as 

previously described [32,67]. Experiments were performed according to the 

Italian Law (decree 87-848) and European Community directive (86-606-

ECC). The maximal effort was done in respecting the 3R rule. The study was 

approved by the competent OPBA and by the Italian Ministry (n 1165/2015-

PR and n  1024/2020-PR). 
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3.1.2 Cerebellar weight 

To assess the efficacy of the treatment, we considered the reduction 

of the characteristic cerebellar hypoplasia present in the Gunn rat [104], 

[276], [277], by recording the cerebellar weight by a precision balance. Data 

were expressed as mean S.D. and as mg/animal. 

 

3.1.3 Cll histology and morphometry 

The architecture of the cerebellum was assessed by hematoxylin-

eosin staining, performed in freshly dissected, paraffin-embedded brains, 

as previously reported [274], [278]. In brief, brains were fixed in neutral 

buffered formalin and embedded in 4% paraffin. Tissue was sectioned to a 

thickness of 3–5 m by a microtome (Microm-hm 340e- BioOptica, Milan, 

Italy), and dried in the oven at 60 C for one hour. Sections were stained with 

hematoxylin and eosin using an automated Leica ST5020 Multistainer 

(Leica Microsystem, Milano, Italy). The number of Purkinje cells (PCs) and 

the thickness of the external granule cell layer (EGL) were evaluated on 

three different fields, covering almost the whole Cll, by a D-sight plus image 

digital microscope and scanner (Menarini Diagnostics, Firenze, Italy). Data 

were expressed as mean   S.D., and in fold vs. Normo (reference = 1) 

 

3.1.4 Total serum bilirubin (TSB) 

To monitor potential confounding effects of the drug challenge, the 

total serum bilirubin level was assessed in both Curc-treated pups and 

control animals. Blood samples were collected during the sacrifice, serum 

was separated by centrifugation (2000 rpm, 20 min at room temperature) 
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and the TSB was quantified by the diazo reaction, as previously described 

[274], [279]. The results were expressed as mean S.D. and in mg/dL. 

 

3.1.5 Behavioural tests 

Two tests were selected specifically for assessing the motor and 

coordination abilities of young rats, the righting reflex, and the negative 

geotaxis  . No training was required, and animals were asked to perform 

each test only one time a day to avoid fatigue. Since young rats still cannot 

perfectly keep their body temperature, one animal at a time was separated 

from the mother, tested, and returned to the mother. Each test does not 

require more than 2 min in total. The righting reflex was conducted at P9. 

The pups were gently placed on their back (supine position) on a 

comfortable surface, and the time required for them to roll on their stomach 

(prone position), was recorded. The negative geotaxis was performed at 

P11. The pups were gently placed on an inclined (30) plane, with the head 

bottom-oriented. The time required for them to rotate 180 upside-down 

was recorded. Data were expressed as mean S.D. and in fold vs. Normo 

(reference = 1). 

 

3.1.6 Real-Time PCR of Selected Markers for Inflammation, Redox 

Imbalance,and Brain Development 

To follow the effect of bilirubin-induced brain damage and Curc 

protection, we monitored the genes (inflammation and redox state Table 

3.1) previously reported [278], and chose because they are known players 

in bilirubin neurotoxicity (see ref in the Introduction, in addition to [278]). 

For the Mbp analysis, we compared three different primer pairs (one 
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designed by us, two from literature). Based on the tests (specificity, 

efficiency), we used the ones described by Abranches [283]. Total RNA 

extraction, retrotranscription, and RTqPCR were performed as previously 

described [274], [278]. In brief, total RNA was extracted using TRI Reagent® 

RNA Isolation Reagent (Sigma-Aldrich, St. Louis, MO, USA), and the 

complementary DNA (cDNA) was synthesized with the High Capacity 

cDNA Reverse Transcription Kit (Applied Biosystems, Monza, Italy), 

following the manufacturer’s instructions. The primers were designed 

using the Beacon Designer 4.2 software (Premier Biosoft International, Palo 

Alto, CA, USA) on rat sequences available in GenBank. The reaction was 

performed in an iQ5 Bio-Rad Thermal cycler (BioRad Laboratories, 

Hercules, CA, USA), in the SsoAdvanced SYBR green supermix (Bio-Rad 

Laboratories, Hercules, CA, USA). Amplification of target genes was 

accomplished using the following protocol: 3 min at 95C, 40 cycles at 95C 

for 20 s, 60C for 20 s, and 72C for 30 s. The specificity of the amplification 

was verified by a melting-curve analysis, and non-specific products of PCR 

were not found in any case. The relative quantification was made using the 

iCycleriQ software, version 3.1 (Bio-Rad Laboratories, Hercules, CA, USA) 

by the DDCt method, taking into account the efficiencies of the individual 

genes and normalizing the results to the housekeeping genes [284], [285]. 

Data were expressed as mean  S.D., and in fold vs. Normo (reference = 1). 
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Table 3.1. Primers specification[273] 

Hprt: Hypoxanthine-guanine phosphoribosyl-transferase; Gapdh: Glyceraldehyde 3-

phosphate dehydrogenase; Hmox1: Heme oxygenase1; Srxn1: Sulfiredoxin 1; Tnfα: Tumor 

necrosis factor alpha; Il1: Interleukin 1 beta; Il6: Interleukin 6; Cox2: Cyclo-oxygenase 2; 

Icam1: intracellular adhesion molecule 1; Mag: myelin-associated glycoprotein; Mbp: 

myelin basic protein.  
 

 

3.1.7 Glutamate Quantification  

The amount of brain glutamate (Glut) was quantified by Glutamate 

Assay Kit following the producer’s instructions (MAK004, Sigma-Aldrich, 

MO) [278], with some adaptation. Briefly, Cll was mechanically 

homogenate by a Dounce potter in Glutamate Assay buffer (200 uL each 10 

mg tissue), the sample was centrifuged at 13,000 g for 15 min, and the 

supernatant collected for performing the test. Glutamate content in Hyper 

Gene 
Accession 

number 
Forward 5’-3’ Reverse 3’-5’ 

Hprt NM_012583.2 
AGACTGAAGAGCTACT 

GTAATGAC 

GGCTGTACTGCTTGACCA

AG 

Gapdh NM_017008.2 
CTCTCTGCTCCTCCCTGTT

C 

CACCGACCTTCACCATCT

TG 

Hmox1 NM_012580.2 GGTGATGGCCTCCTTGTA 
ATAGACTGGGTTCTGCTT

GT 

Srxn1 NM_001047858.3 
AAGGCGGTGACTACTAC

T 
TTGGCAGGAATGGTCTCT 

Tnfα NM_012675.2 
CAACTACGATGCTCAGA

AACAC 

AGACAGCCTGATCCACTC

C 

Il1 NM_031512.2 

AACAAGATAGAA

G 

TCAAGA 

ATGGTGAAGTCAACTATG 

Il6 NM_012589.1 
GCCCACCAGGAACGAAA

GTC 

ATCCTCTGTGAAGTCTCCT

CTCC 

Cox2 NM_017232.3 CTTTCAATGTGCAAGACC 
TACTGTAGGGTTAATGTC

ATC 

Icam1 NM_012967 
ACCTACATACATTCCTAC

C 
ATGAGACTCCATTGTTGA 

Mag NM_017190 
ACCATCCAACCTTCTGTA

TC 
CTGATTCCGCTCCAAGTG 

Mbp NM_001025291 
CACAGAAGAGACCC 

TCACAGCGACA 

TCCATCGGGCGCTTCTTTA

GCGG 
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and Curc samples was expressed as fold change compared to Normo, after 

normalization for the total protein content in each sample, quantified by the 

Bicinchoninic Acid kit following the supplier’s instruction (B9643 and 

C2284, Sigma-Aldrich, MO). Data were expressed as mean  S.D., and in 

fold vs. Normo (reference = 1). 

 

3.1.8 Protein Evaluation of Selected Markers for Inflammation, Redox 

Imbalance, and Brain Development 

Western blot was performed as previously described [274] on 30 µg 

protein/well for each animal/treatment (except for Hmox1 analysis that 

required 60 µg protein/well for each animal/treatment). In brief, Cll were 

mechanically homogenized and the protein concentration was determined 

by the Bicinchoninic Acid Protein Assay (B-9643 and C2284, Sigma, 

Missouri, USA). Thus, proteins were separated by 12% SDS-PAGE by 

electrophoresis in a Hoefer SE 250 System (Amersham BioSciences, UK), 

transferred onto immune-blot PVDF membranes (0.2 μm; Whatman 

Schleicher and Schuell, Dassel, Germany) at 100 V for 60 min (Bio-Rad 

Laboratories, Hercules, CA, USA). Blocking (1.5 h, RT), and incubation with 

the primary (Icam1 2 h RT; Hmox1 and Mag O/N, 4 °C) and secondary 

antibodies (2 h RT) were performed in 3% defatted milk in 0.2% Tween 20; 

20 mM Tris-HCl pH 7.5; 500 mM NaCl. The details of the antibodies used 

are reported in Table 2. The signal was revealed by chemiluminescence 

(ECL-Plus Western blotting Detection Reagents, GE-Healthcare Bio-

Science, Italy) and visualized on X-ray films (BioMax Light, Kodak 

Rochester, NY, USA). The results were normalized vs. the actin signal (1h 

RT), visualized incubating the same membrane. The band intensity was 
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quantified by the Scion Image software (GE Healthcare Europe GmbH, 

France) [274]. 

Table 3.2. Antibodies and ELISA kit specifications [273]  

 

ELISA: enzyme-linked immunosorbent assay. Ab: antibody. Il1: Interleukin 1 beta; Tnf: Tumor necrosis factor alpha; 

Hmox1: Heme oxygenase1; Icam1: intracellular adhesion molecule 1; Mag: myelin-associated glycoprotein, Mbp: myelin 
basic protein.  

 

Il1β and Tnfα level was quantified on tissues homogenates by ELISA kits 

(see Table 2), following the manufacturer’s instructions. The results were 

normalized for the total protein content in each sample, quantified by the 

Bicinchoninic Acid Protein Assay (B-9643 and C2284, Sigma, Missouri, 

USA). Data were expressed as mean ± S.D., and in fold vs. Normo (reference 

= 1). 

 

3.1.9 Statistical analysis 

Data were analyzed with GraphPad Prism version 5.00 for 

Windows (GraphPad Software, La Jolla, CA, USA). Statistical significance 

was evaluated the one-way analysis of variance (ANOVA), followed by a 

Target Technique Ab I Code and Dilution Ab II Code and dilution 

Il1 ELISA ER2IL1B (Thermo Scientific, MA, USA) 

Tnf ELISA Ab100785 (Abcam, ProdottiGianni, Milano, Italy) 

Actin 
Western blot 

A2066 (1:3000) 

(Sigma-Aldrich, Darmstadt, 

Germany) 

Anti-Rabbit HRP 

(P0448;1:3000)  

(Dako, CA, USA) 

Hmox1 
Western blot Sc136961 (1:100)  

(SantaCruz, Aachen, Germany) 

Anti-Mouse HRP 

(P0260;1:3500)  

(Dako, CA, USA) 

Icam1 Western blot Sc1511 (1:50) 

(SantaCruz, Aachen, Germany) 

Anti-Goat HRP (P0449;1:4000) 

(Dako, CA, USA) 

Mag 
Western blot 

Sc 166849 (1:1000) 

(MyBioSource, San Diego,CA, 

USA) 

Anti-Rabbit HRP (1:3000) 

(Dako, CA, USA) 

Mbp 
Western blot 

MBS175140 (1:100) 

(MyBioSource, San Diego, CA, 

USA) 

Anti-Rabbit HRP (1:3000) 

(Dako, CA, USA) 
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Tukey–Kramer Multiple Comparisons Test when p-value < 0.05. A p-value 

< 0.05 was considered statistically significant. 
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3.2.TASK 2 – Bilirubin Neuroprotection in ex vivo Parkinson’s disease 

model 

3.2.1 General procedures 

3.2.1.1. Organotypic brain cultures of substantia nigra (OBCs-SN) 

Wistar HanTM Rats, at five (P5) days after birth, were obtained 

from the animal facility of the University of Trieste, Dept. of Life Sciences, 

Trieste (AREA Science Park, Basovizza, Italy). Animal experiments were 

organized according to the Italian Law (decree 87-848) and European 

Community directive (86-606-ECC). The project has been approved by the 

local Ethic Committee (Organismo unico Per il Benessere Animale – 

OPBA, Università degli Studi di Trieste) and by the Italian Ministry (code: 

1FF80.N.PZB). Maximal effort to minimize the number of animals used 

and their sufferance was done (RRR rule). Immediately after sacrifice, 

brains were removed and maintained in an ice-cold Gey’s Balanced Salt 

Solution plus D-Glucose 10 mg/mL (dissection medium). These 

experimental conditions were used to prevent damages that could affect 

neuronal tissue maintained in a non-physiological condition. 

Mesencephalon was dissected from brains removing both hemispheres 

and maintained in ice-cold dissection medium until use. A McIIwain 

tissue chopper (Gomshall Surrey, U.K.) was used to cut coronally 300 μm 

slices. Healthy slices were selected from the total amount of tissue 

prepared by the chopper for structural integrity and maintained in ice-cold 

dissection medium until use. Then, using a razor blade, the dorsal part 

was discarded and ventral mesencephalon slices were further cut in the 

midline to obtain two specular slices starting from each one. This allowed 

us to reduce the dimension of the slice thus improving slice viability. After 
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cutting into the midline, slices were then transferred to sterile, semi-

porous Millicell-CM inserts (PICM03050, Millipore, Darmstadt, 

Germany), feed by 1 mL of cold medium, and maintained at 37°C, 5% 

CO2, 95% of humidity in a humidified incubator. Two to six slices were 

cultured in each filter depending on the aim of the experiment. 

 

3.2.1.2. OBCs-SN medium 

For growing an challenging the slices we used the adapted (to free 

bilirubin - Bf quantification) OBCs-SN medium previoussly identified by 

Dal Ben et al. [135]. Bf adapted medium was composed of 65% of Basal 

Medium Eagle (BME) medium, 10% of heat-inactivated Fetal Bovine 

Serum (FBS), 25% of Hank’s Balanced Salt Solution (HBSS), 1% L-

Glutamine, 2% Penicillin/Streptomycin, 10 mg/mL D-Glucose. The 

medium was changed the day after slice preparation and every two days 

thereafter. Before starting any treatment, slices were maintained in culture 

10 for days to allow slices to recover from the stress induced by the slice 

preparation procedure [135].  

 

3.2.1.3. Chemical and Solutions Used 

a. Gey’s Balanced Salt Solution + D-Glucose 

Calcium Chloride (CaCl2) 0.166 mg/mL, Potassium Chloride (KCl) 

0.97 mg/mL, Potassium Phosphate Monobasic (KH2PO4) 0.03 mg/mL, 

Magnesium Chloride (MgCl2*6H20) 0.21 mg/mL, Magnesium Sulfate 

(MgSO4-7H2O) 0.07 mg/mL, Sodium Chloride (NaCl) 8.0 mg/mL, Sodium 

Bicarbonate (NaHCO3) 0.227 mg/mL, Sodium Phosphate Dibasic 

(Na2HPO4) 0.12 mg/mL, D-Glucose 10 mg/mL. 
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b. Hanks’ Balanced Salt Solution (HBSS) (Sigma Aldrich, St. Louis, MO, 

USA): Calcium Chloride (CaCl2) 0.14 g/L, Potassium Chloride (KCl) 

0.40 g/L, Potassium Phosphate Monobasic (KH2PO4) 0.06 g/L, 

Magnesium Chloride (MgCl2-6H20) 0.10 g/L, Magnesium Sulfate 

(MgSO4-7H2O) 0.10 g/L, Sodium Chloride (NaCl) 8.00 g/L, Sodium 

Bicarbonate (NaHCO3) 0.35 g/L, Sodium Phosphate Dibasic 

(Na2HPO4) 0.048 g/L. 

 

c. Immunofluorescence solution  

1. Phosphate Buffered-Saline 1x (PBS), pH=7.4 

Sodium Chloride (NaCl) 8 g/L, Potassium Chloride (KCl) 0.2 g/L, 

Sodium Phosphate Dibasic (Na2HPO4) 1.44 g/L, Potassium Phosphate 

Monobasic (KH2PO4) 0.24g/L 

 

2. Paraformaldehyde (PFA) 4% in PBS (1x, pH=7.4)  

800 mL PBS 1x, 40 g PFA powder; final pH=6.9 

 

3. Immunofluorescence Blocking Solution in PBS (1x, pH=7.4)  

10% Normal Goat Serum (NGS, Sigma Co., Saint Louis, Missouri, 

USA) 1% Triton X-100 detergent (Sigma Co., Saint Louis Missouri, 

USA), 1% Bovine Serum Albumin (BSA, A4503, Sigma Co., Saint 

Louis, Missouri, USA) 

 

4. Immunofluorescence Incubation Solution in PBS (1x, pH=7.4)  

1% Normal Goat Serum (NGS, Sigma Co., Saint Louis, Missouri, 

USA) 1% Triton X-100 detergent (Sigma Co., Saint Louis Missouri, 
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USA), 1% Bovine Serum Albumin (BSA, A4503, Sigma Co., Saint 

Louis, Missouri, USA) 

3.2.1.4. Immunofluorescence staining and cell counting 

Tyrosine hydroxylase immunofluorescence was performed to 

evaluate morphological and neurobiological changes associated with 

rotenone, UCB, and additional compounds exposure, as previously 

described by Dal Ben et al. [135]. Slices were fixed in 4% 

paraformaldehyde (Sigma-Aldrich, St. Louis, MO, USA) for 30 minutes at 

room temperature and then washed with phosphate-buffered saline (PBS) 

and glycine 0.1M (Sigma-Aldrich, St. Louis, MO, USA) to remove residues 

of paraformaldehyde. After washing, slices were pre-incubated for 1 hour 

in 10% Normal Goat Serum (NGS, Sigma-Aldrich, St. Louis, MO, USA), 

1% bovine serum albumin (BSA, Sigma-Aldrich, St. Louis, MO, USA) and 

0.1% triton-X100 (Sigma-Aldrich, St. Louis, MO, USA) in PBS (blocking 

solution). Then, slices were incubated for three days at 4°C with primary 

polyclonal antibody anti-tyrosine hydroxylase (1:250, AB152, Millipore, 

Temecula, CA, USA) in an incubation solution containing % NGS, 1% 

BSA, and 0.1% Triton-X100 for three days at 4 °C.  

Slices were then rinsed three times in incubation solution and 

subsequently incubated with labeled donkey anti-rabbit Alexa Fluor 546 

secondary antibody (1:3000, A10040, Life Technologies, Carlsbad, CA, 

USA) overnight at 4C°. After washing twice with PBS, slices were stained 

with Hoechst 33258 (1:10,000, Sigma-Aldrich, St. Louis MO, USA), rinsed 

with Milli-Q water, and mounted with mounting media (Fluorescent 

Mounting Media, Calbiochem, Germany). Tyrosine hydroxylase-positive 

(TH+) DOPAn were observed by using fluorescent microscopy Leica 
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DM2000 (Leica Microsystems Srl, Solms, Germany) and counted under 

the 20x magnification. Whole slices were counted for each biological 

condition. The results were expressed as the percentage of TH+ cells in the 

treated slices relative to the number of cells in the control (100%).  

 

3.2.1.5. RNA extraction and quantification 

RNA from both experimental and control groups was extracted 

using TRI Reagent® RNA Isolation Reagent (T9424, Sigma-Aldrich, St. 

Louis, MO, USA), following the manufacturer’s instructions. This method 

relies on phase separation by centrifugation of an upper aqueous phase 

and a lower organic phase. After the addition of 200 µL of purified 

chloroform (C2432, Sigma-Aldrich, St. Louis, MO, USA) per mL of TRI 

reagent, vortexing and separation by centrifugation (12,000 rpm for 15 

minutes at +4 °C – Microcentrifuge I8 Centrifuge, Beckman Coulter, Brea, 

California, USA), the RNA separated in the aqueous phase, proteins 

remain in the organic phase and the DNA in the interface between them. 

The RNA-containing phase was transferred to a new tube and then 500 

µL of isopropyl alcohol (415156, Carlo Erba, Cornaredo, Italy) per mL of 

TRI reagent was added. Samples were further centrifuged at 10,000 rpm 

for 10 minutes at +4°C. After removing the supernatant, the resulting RNA 

pellet was washed with 1 mL of ethanol (02860, Sigma Co., Saint Louis, 

Missouri; USA) 75 % two times. In the end, ethanol was removed and once 

the pellet was dried, RNA pellet was dissolved in pure, RNAase-free 

milliQ water, and stored at -80 °C for further analysis. The concentration 

and purity of the samples were determined by spectrophotometric 

(Beckman DU 730, Beckman, Brea, California, USA) validation (Abs 
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values at 230-260-280 nm). λ 260/ λ 280 ratio allows assessing if the 

extracted RNA is contaminated with proteins containing aromatic amino 

acids. λ 260/ λ 230 ratio allows assessing the degree of contamination of 

the organic ions that bind to the nucleic acid, in particular, thiocyanate 

and phenolate ions coming from the TRI-zol reagent used in the very first 

steps of the extraction. Ideally, the proportion between the three Abs 

values should be Abs230:260:280= 1:2:1 for a pure RNA sample. RNA 

concentration [µg/µL] was quantified by (using) the formula: [((λ260 x 40 

x 100) x (1/1000))]. In particular, 1:100 RNA solution in RNA-ase free pure 

milliQ water was prepared and read at the spectrophotometer in a 0.1 mL 

glass cuvette (Beckman DU 730, Beckman, Brea, California, USA). 

 

3.2.1.6. Reverse Transcription PCR 

To study gene expression, RNA samples, previously extracted 

and quantified were reverse transcribed into the corresponding cDNA by 

the reverse transcription-polymerase chain reaction (RT-PCR). RT-PCR 

allows generating single-stranded cDNA from total RNA using a reverse 

transcriptase, which is an RNA-dependent DNA polymerase. Briefly, 1 µg 

of total RNA of each sample was reverse transcribed using 10μl of RT 

Master mix from the High Capacity cDNA Reverse Transcription Kit 

(Applied Biosystems- Life Technologies, Carlsbad, California, USA), in a 

final volume of 20 μl, according to manufacturer’s instructions. 

Retrotranscription was performed in a Thermal Cycler (T-100 Thermal 

Cycler, Biorad, Hercules, California, USA) performing the following 

steps: 10min at 25 °C, 120min at 37 °C, 5min at 85 °C, 4 °C. 
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a. Real-Time Quantitative PCR (RTqPCR) 

The mRNA expression of genes of interest was analyzed by 

quantitative real-time PCR as previously described [135]. Total RNA was 

extracted using TRI Reagent® RNA Isolation Reagent (Sigma-Aldrich, St. 

Louis, MO, USA), following the producer’s instructions. The reaction was 

performed in a final volume of 15 μL in an iQ5 Bio-Rad Thermal cycler 

(BioRad Laboratories, Hercules, CA, USA). Briefly, 25 ng of cDNA and the 

corresponding gene-specific sense/antisense primers (250 nM each, except 

for Cox2 and Il1β, 500 and 750 nM respectively) were diluted in the SSo 

Advance SYBER green supermix (Bio-Rad Laboratories, Hercules, CA, 

USA). Amplification protocol consisted of 3 min at 95 °C, 40 cycles at 95 

°C for 20 s, 60 °C for 20 s, and 72 °C for 30 s. The specificity of the 

amplification was verified by a melting-curve analysis, and non-specific 

products of PCR were not found in any case. The relative quantification 

was made using the iCycler iQ software, version 3.1 (Bio-Rad 

Laboratories, Hercules, CA, USA) by the modified ΔΔCt method185, 

taking into account the efficiencies of the individual genes and 

normalizing the results to the housekeeping genes, (Glyceraldehyde 3-

phosphate dehydrogenase: Gapdh; TATA-binding protein: Tbp) [135]. 

The quantification of mRNA was expressed relative to the reference 

sample.  
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3.2.1.7. Statistical analysis 

Data were analyzed with GraphPad Prism version 5.00 for 

Windows (GraphPad Software, La Jolla, CA, USA). Statistical significance 

was evaluated the one-way analysis of variance (ANOVA), followed by a 

Tukey–Kramer Multiple Comparisons Test when p-value < 0.05. A p-

value < 0.05 was considered statistically significant. Linear regression was 

performed using Pearson correlation analysis.  
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3.2.2 TASK 2A: Bilirubin reverses the dopaminergic neuron demise 

in an ex vivo Parkinson’s disease model 

 

3.2.2.1. The treatments 

OBCs-SN were challenged with specific compounds immediately 

after recovery (day 8-10) [135].  All the treatments have been performed 

for 24h, allowing the reproduction of 40% DOPAn loss in the PD model 

corresponding to the diagnosis in patients, and a significant modulation 

of all the early markers of DOPAn loss in the model [135]. The compounds 

used are 

  

a. Rotenone 

Rotenone (Sigma-Aldrich, St. Louis MO, USA), a pesticide known for 

inducing PD in human and animal models [286], was dissolved in 

DMSO and used in a final concentration of 10 nM in the culture 

medium [135]. 

 

b. Unconjugated bilirubin (UCB) 

The specific concentrations of UCB (Sigma-Aldrich, St. Louis, MO, 

USA), dissolved in DMSO (Sigma-Aldrich, St. Louis, MO, USA), 

required to reach the desired Bf in the OBCs medium were quantified 

according to protocol us of Roca et al. [279].  The amount  of UCB 

necessary for the experiment was dissolved in DMSO at the final 

concentration of 5.0 mM and then diluted to the desired concentration 

in the medium. The highest concentration of 4μM UCB in the culture 

medium was determined using the spectrophotometer with an 

absorbance of 0.190. The final concentrations of 0.5μM, 1μM, and 2μM 
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UCB were reached by following dilutions from 4μM UCB, then Rot 

was added to perform co-treatments. All selected UCB concentrations 

corresponded to Bf < 4 nM and considered as non-toxic concentrations 

[287].  

 

c. N-acetyl-cysteine (NAC)  

We applied a broad range of NAC concentrations based on the 

literatures [288], [289]. NAC (Sigma-Aldrich, St. Louis MO, USA) was 

dissolved in DMSO to a 125 M concentration, then diluted to the final 

concentrations (from 10M to 15mM) in the OBC-SN medium. Rot 

was finally added to perform co-treatments.  

 

d. Tumor necrosis factor alpha (TNF-) 

TNF- (Peprotech, London, United Kingdom) was diluted directly in 

the OBC-SN medium at three increasing concentrations (20 ng/mL, 40 

ng/mL, and 60 ng/mL), in the absence of Rot. After starting with TNF-

 concentration suggested by literature [290], we increase the range 

until replicating the DOPAn loss observed as in the Rot treatment. 

 

e. Infliximab 

Infliximab (Flixabi®, Biogen, Hillerod, Denmark), a TNF- 

neutralizing antibody, has been diluted in the OBC-SN medium at the 

final concentration of 41 g/mL (275 nM) and was chosen based on 

available published data [291], then Rot was added to perform the co-

treatments.  
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f. Control slices were exposed to the same final concentration of DMSO 

needed to dissolve the compounds (<0.05%). 

 

3.2.2.2. PCR Primers  

The previously genes reported were selected as markers to evaluate 

the effect of UCB in the ex vivo model of PD [135], Primers were designed 

using the Beacon Designer 4.2 Software (Premie Biosoft International, Palo 

Alto, CA, USA) based on rat sequence available in GenBank (Table 1). 

Quantitative real-time PCR (qPCR) was performed in an iQ5 Bio-Rad 

thermal cycler (BioRad Laboratories, Hercules, CA, USA). Briefly, 25 ng of 

cDNA and the corresponding gene-specific sense/antisense primers (250 

nM each, except Cox2, 500 nM) were diluted in the Sso Advanced SYBER 

green supermix (Bio-Rad Laboratories, Hercules, CA, USA). The genes of 

interest were analyzed by performing the qPCR as follows: 95 C for 3 min; 

a 40 times repetition of 95 C for 20 s, 60 C for 20 s, and 72 C for 30 s. 

Finally, the reaction was stopped by an additional step at 72 C for 5 min. 

The specificity of the amplification was verified by a melting-curve analysis, 

and non-specific products of PCR were not found in any case. The relative 

quantification was made using the iCycleriQ software, version 3.1 (Bio-Rad 

Laboratories, Hercules, CA, USA) by the ΔΔCt method, taking into account 

the efficiencies of the individual genes and normalizing the results to the 

housekeeping genes (TATA-binding protein: Tbp and Glyceraldehyde 3-

phosphate dehydrogenase: Gapdh)[284], [285]. RTqPCR was performed as 

described in Dal Ben et al. [135].   
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Table 3.3. Primers used to analyze gene expression of selected genes 

Gapdh: Glyceraldehyde 3-phosphate dehydrogenase; Tbp: TATA-binding protein; Bdnf: 

Brain-derived neurotrophic factor; Hmox1: Heme oxygenase1; Srxn1: Sulfiredoxin 1; Tnfα: 

Tumor necrosis factor; Il6: Interleukin 6; Cox2: Cyclo-oxygenase 2. 

 

3.2.2.3. Glutathione Content Assay 

Glutathione contents, both GSH (reduced) and GSSG (oxidized) 

were determined from the medium of  OBCs-SN using a fluorometric assay.  

Stock standard solutions of GSH and GSSG (Sigma-Aldrich, St. Louis, MO, 

USA) were prepared in 10 mM solutions in 0.01 M HCO2H.   o-Pthaldehyde 

(Sigma-Aldrich, St. Louis, MO, USA) was prepared as 1 mg/mL in 

methanol.  For GSH and GSSG assay, 100 L of medium/protein from 

tissue/GSH or GSSG standard is mixed with 0.1 mL buffered formaldehyde 

(1:4 (v/v) 37% formalin M Na2HPO4) in 96 well fluorometric assay plate.  

After 1-5 minutes, for GSH assay, 1.0 ml of 0.1 M Sodium phosphate: 5 mM 

EDTA (pH 8.0) was added to each well followed by 100 l of o-pthaldehyde. 

Gene Accession number Forward 5’-3’ Reverse 3’-5’ 

Gapdh 
NM_017008.2 CTCTCTGCTCCTCCCTGTTC 

CACCGACCTTCACCATC

TTG 

Tbp 
NM_001004198.1 

CAATGACTCCTATGACCCC

T 

TTTACAGCCAAGATTCA

CGG 

Bdnf 
NM_012513.4 

GGACATATCCATGACCAG

AA 

GGCAACAAACCACAAC

AT 

Hmox1 
NM_012580.2 GGTGATGGCCTCCTTGTA 

ATAGACTGGGTTCTGCT

TGT 

Srxn1 
NM_001047858.3 AAGGCGGTGACTACTACT 

TTGGCAGGAATGGTCTC

T 

Tnfα 
NM_012675.2 

CAACTACGATGCTCAGAA

ACAC 

AGACAGCCTGATCCACT

CC 

Il6 
NM_012589.1 

GCCCACCAGGAACGAAAG

TC 

ATCCTCTGTGAAGTCTC

CTCTCC 

Cox2 
NM_017232.3 CTTTCAATGTGCAAGACC 

TACTGTAGGGTTAATGT

CATC 
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Meanwhile, for the GSSG assay 0.1 M NaOH was added to conduct the 

reaction at pH 13.  After 45 min incubation at 370 C, the fluorescence was 

measured using an EnSpire Multimode Plate Reader (PerkinElmer, 

Waltham, MA, USA) with the excitation wavelength of 345 nm and the 

fluorescent wavelength of 425 nm. GSH and GSSG levels were quantified 

using Curve Expert 1.38 software (Hixon, TN, USA) and were expressed as 

fold change compared to control slices. 
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3.2.3 TASK 2B: Nanobubbles as bilirubin carriers in organotypic 

brain cultures of substantia nigra: an initial screening step of bilirubin-

delivery in Parkinson’s disease (The experiments were performed in 

collaboration with Department of Drug Science and Technology and Department 

of Neuroscience, University of Torino, Torino, Italy)  

 

3.2.3.1. The Nanobubbles Preparation 

All nanobubbles, consist of glycol-chitosan (GC), GC-deferoxamine 

(GC-DFO), GC-DFO-iron (GC-DFO-Fe), and GC-DFO-superparamagnetic 

iron oxide nanoparticles (GC-DFO-SPIONs) and the free iron-Fe (Iron (III) 

reagent) were prepared by Department of Drug Science and Technology and 

Department of Neuroscience, University of Torino, Torino, Italy (Prof. 

Caterina Guiot  and Prof.  Roberta Cavalli).  

 

3.2.3.2. Experimental schemes 

a. Nanobubbles safety screening on healthy slices 

Prior the use of NBs as bilirubin carrier in PD model, a safety 

screening was performed on healthy slices (OBCs-SN without Rot). DMSO 

and Rotenone were used as positive and negative control, respectively 

(Figure 3.2). The rational of accessing the safety of NBs on healthy slices 

was to see its toxicity and to prevent the use of the toxic NBs formulation 

and dilutions that will even induce more harm in PD model. 
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Figure 3.2. The experimental scheme of NBs and iron on healthy slices. Fe: 

free-iron; GC: glycol-chitosan; GC-DFO: GC-deferoxamine, GC-DFO-Fe: 

GC-DFO-iron and GC-DFO-SPIONs: GC-DFO-superparamagnetic iron 

oxide nanoparticles. 
 

    Three dilutions  (1:8, 1:64, 1:192) were tested to see the viability 

of slices (via MTT, LDH, and DOPAn count) based on previous data 

published by pur collaboratos [292]. The sensitivity of the model to iron was 

assessed challenging the tissue with a slolution of Fe in a range of 25-

1000µM. GC rappresented the skeleton NBs. Deferoxamine (DFO) was 

added to bind the Fe usually present in neurodegenerative diseases and 

responsible for enhancing the damage. The GC-DFO-Fe NBs was used to 

evaluate its ability to retain the loaded Fe. Finally, the addition of SIPONs 

(GC-DFO-SPIONs), macking the NBs paramagnetic, might allow to deliver 

and release in the site of lesione the drug, pick up the Fe and remove the 

NMS from the CNS by magnetic fields. This might be the most useful NBs 

MTT, LDH, &
DOPAn count

OBCs-SN + DMSO (positive control)

OBCs-SN + Rotenone (negative control)

24 hours treatment

At dilutions 1:8, 1:64, 1:192

OBCs-SN
+

GC GC-DFO GC-DFO-
SPIONS

GC-DFO
+Fe

Fe

25-1000μM
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formulation in chronic diseases requiring continuous treatments.   

Therefore, the goal of this safety test is to find the safe NBs to be 

used as bilirubin carriers in PD model itself.    

 

b. Nanobubbles-UCB treatment on PD model 

 

 

Figure 3.3. The experimental scheme of NBs-UCB on PD model. 

 

Then the safest NBs candidates were loaded with UCB and used in 

PD model to assess their potential protection against DOPAn loss (Figure 

3.3.). The range of dilutions was increased to 1:64, 1:192, 1:1524, 1:4572, and 

1:11428, to supply DOPAn with the so tuned amount of UCB that is 

protective, without knowing how many bilirubin amounts will be released 

MTT, LDH, &
DOPAn count

OBCs-SN + DMSO 
(Control)

OBCs-SN + Rotenone
(PD model)

OBCs-SN + Rot 
(PD model) 

+

24 hours treatment

GC-UCB GC-DFO-UCB

At dilution 1:64, 1:192, 1:1524, 1:4572, 1:11428



 

 76 

by the NBs or how many NBs may enter the cells as bias. Again, MTT, LDH 

test and DOPAn count were performed to assess the potential of toxicity of 

NBs-UCB, which is considered as new formulation, and due to the addition 

of new dilutions.  

 

3.2.3.3. The Treatments 

For this experiment, OBCs-SN was used in the same preparation as 

described before in TASK 2 (Section 3.2.1.1 Organotypic brain cultures of 

substantia nigra (OBCs-SN)). OBCs-SN was treated for 24 hours with:  

 

a.  Rotenone 

Rotenone was prepared and dissolved in the OBCs-NS medium as 

described in section 3.2.2.1 The treatments.  It was used as reference of 

DOPAn loss (negative control) in the experimental scheme a (healthy 

slices), and as co-treatement with NBs in the PD model, to asses the 

potential protection conferred by the NBs loaded with UCB 

(experimental scheme b and c). 

 

b. NBs 

NBs with three different polymer shells, GC, GC-DFO, and GC-DFO-

SPIONs were prepared at 1:8, 1:64, and 1:192 dilutions in culture 

medium and used as depicted in experimental scheme a . 
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c. NBs-UCB 

GC-UCB, GC-DFO-UCB, GC-DFO-SPIONs-UCB were prepared at  

1:64, 1:192, 1:1524, 1:4572, and 1:11428  dilutions in culture medium and 

used as depicted in experimental scheme b and c. 

 

d. Control slices were exposed to the same final concentration of DMSO 

needed to dissolve the all compounds above (<0.05%) as depicted in 

experimental scheme a-c. 

 

3.2.3.4. Viability test  

LDH (a metabolic enzyme present only in the cytoplasm, and its 

presence in the culture medium indicates the cell membrane leakage 

[293]) and MTT (mitochondrial activity evaluation) assays were 

conducted to assess the viability of OBCs-SN after challenge with DMSO, 

Rotenone, and different type of NBs and NBs-UCB at the end of the 24 

hours treatment.  

 

a. Lactate dehydrogenase release 

The amount of total extracellular lactate dehydrogenase (LDH, 

marker of membrane leakage) in the medium was determined using a 

CytoTox-ONETM Homogenous Membrane Integrity Assay (G7891, 

Promega, Madison, WI, USA) according to the manufacturer’s 

instructions, with minor modifications. After 24 hours of treatment, the 

supernatant was collected, and the reaction started. The medium could be 

conserved also at -20C. 100 L of medium were incubated with 100 L of 
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stop solution. The fluorescence (560Ex/590Em) was determined using an 

EnSpire Multimode Plate Reader (PerkinElmer, Waltham, MA, USA), and 

the background fluorescence, derived from the medium, subtracted. LDH 

in challenged slices was expressed as fold to control. 

 

b. Mitochondrial Activity 

Mitochondrial metabolic activity was assessed using a 1-(4. 5-

dimethyltiazol-2-yl)-3-5-diphenylformazan (MTT) assay (Sigma-Aldrich, 

St.Louis, MO, USA). MTT powder was dissolved in PBS at the final 

concentration of 5 mg/mL. One slice for each biological repetition was 

incubated with 0.5 mg/mL of MTT in the medium at 37C for 1 h, 

harvested, and the precipitated salt dissolved in DMSO. Absorbance was 

detected at 562 nm using an EnSpire Multimode Plate Reader 

(PerkinElmer, Waltham, MA, USA). Results were expressed as a fold of 

change to the control. 

 

3.2.3.5. Dopaminergic neuron evaluation 

Immunofluorescence was performed to assess and count the TH+ 

neuron (DOPAn) number. The procedures were performed as previously 

described in TASK 2 3.2.1 General Procedures, 3.2.1.4. 

Immunofluorescence staining and Cell counting.  
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3.2.4 TASK2C: Curcumin Protection in an ex vivo Parkinson’s disease 

(PD) model 

Taking advantage of curcumin neuroprotective effects, particularly 

its anti-TNF-α (see Result TASK1) and knowing the role of TNF-α in PD 

Model (see Result TASK2A), we continued to explore the potential 

protective effect of Curc in PD model.  

 

3.2.4.1 The Treatments 

For this experiment, OBCs-SN was used in the same preparation 

as described before in TASK 2 3.2.1. General Procedures, 3.2.1.1 3.2.1.1. 

Organotypic brain cultures of substantia nigra (OBCs-SN). OBCs-SN was 

treated for 24 hours with:  

 

a.  Rotenone 

Rotenone was prepared and dissolved in the OBCs-NS medium as 

described in section 3.2.2.1 The treatments 

 

b. Curcumin  

Curcumin (Sigma-Aldrich, St. Louis MO, USA). was dissolved in 

DMSO and used in a final concentration of 5μM, 10μM, 20μM, and 

40μM, in the culture medium 

 

c. Control slices were exposed to the same final concentration of DMSO 

needed to dissolve the all compounds above (<0.05%). 
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3.2.4.2 Dopaminergic neuron evaluation 

Immunofluorescence was performed to assess and count the TH+ 

neuron (DOPAn) number, as described in section in TASK 2 3.2.1 General 

Procedures, 3.2.1.4. Immunofluorescence staining and Cell counting.  

 

3.2.4.3 TNF-α mRNA expression analysis 

For analyzing Tnfα expression in PD, the previously described RT-

PCR method (TASK 2 General Procedures: 3.2.1.5 RNA extraction and 

quantification and 3.2.1.6 Reverse Transcription PCR) and primers for 

housekeeping genes and Tnfα were used as previously described in 

TASK2A 3.2.2.2 PCR Primers).  
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CHAPTER 4 

RESULTS 
 

4.1 TASK 1 – The Effects of Curcumin in Bilirubin-induced 

Neurotoxicity in Severe Neonatal Hyperbilirubinemia Model 

The treatment was started two days after the birth (P2: postnatal 

age in days), when jaundice appears in hyperbilirubinemic pups and was 

continued up to P17, when the cerebellar (Cll) hypoplasia, the reduced 

Purkinje cell number, and the reduced thickness of the external granular 

cell layer, reach statistical significance  [12], [103], [104], [274], [276], [294]–

[298]. The restoration of these landmark features of bilirubin-induced 

brain toxicity represents a major checkpoint and a major proof of the 

treatment efficacy. 

 

4.1.1 Evaluation of the Cll Weight and Total Serum Bilirubin Level 

As shown in Figure 4.1 (a), in P17 hyperbilirubinemic pups 

(Hyper—yellow bar) the Cll weight loss reached 33% vs. the matched 

normobilirubinemic controls (Normo—white bar, p < 0.001). When Curc 

was administered (Hyper Curc—blue bar), complete protection against 

the Cll hypoplasia was observed (not statistically different from Normo; 

p < 0.01 vs. Hyper). 

To assess if the efficacy of Curc in normalizing the Cll features 

was related to a potential decrease in the level of serum bilirubin (the 

stressor), we quantified the total serum bilirubin (TSB) concentration. As 

shown in Figure 4.1 (b), Hyper pups presented 17 times higher TSB than 
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Normo age-matched pups (p < 0.001). Curc treatment did not modify the 

TSB (not statistically different from Hyper; p < 0.001 vs. Normo), 

indicating that the protective effect was not mediated by a reduction of 

the bilirubin challenging, but rather due to the in situ (Cll) interference 

with the main pathological mechanisms of bilirubin toxicity. 

 

Figure 4.1. (a) The Cll weight (expressed in mg/animal) in P17 pups was quantified 

and used as a first, immediate evaluation of the efficacy of the treatment. (b) Total 

serum bilirubin (TSB in mg/dL) was quantified in each group to monitor any 

potential alteration due to the treatment. Both (a,b) With white bars—untreated 

normobilirubinemic (Normo) Gunn pups; yellow bars—untreated 

hyperbilirubinemic rats (Hyper); blue bars—curcumin-treated hyperbilirubinemic 

pups (Hyper Curc); gray bars—curcumin-treated normobilirubinemic pups 

(Normo Curc). Data were expressed as mean ± S.D. In each experimental group, 

≥10 animals were considered. Statistical significance was evaluated by the one-way 

analysis of variance (ANOVA), followed by a Tukey–Kramer Multiple 

Comparisons Test when p-value < 0.05. Statistical significance: ***: p <0.001 vs. 

Normo pups. §§, §§§: p < 0.01, p < 0.001 vs. Hyper rats. 

  

 

a) b) 
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4.1.2 Assessment of the Histological Findings of the Cll under the 

Curc Treatment 

To further analyze the protective effect of Curc on the Cll damage 

induced by bilirubin toxicity, we performed histological and morphometric 

analysis. The general appearance of the Cll, the number of the Purkinje 

neurons (PCs), as well as the thickness of the external granule cell layer 

(EGL), were quantified (Figure 4.2). 

As shown in Figure 4.2a, 2× magnification, the reduction of the Cll 

volume typical of Hyper pups was fully restored in hyperbilirubinemic 

pups treated with Curc, in line with the restoration of the Cll weight. At 

higher magnification (Figure 4.2 b = 10× and c = Detail), the reversal of the 

reduction of the PC number is also evident (e.g., arrows) and the reversal of 

the EGL thickness (e.g., rectangles) in Hyper Curc pups. 

As detailed by the quantification performed on the whole Cll 

section (Figure 4.2d), the PC number was reduced by about 50% in Hyper 

pups vs. Normo littermates (p < 0.001), and fully restored by Curc (not 

statistically significant vs. Normo; p < 0.01 vs. Hyper). Similarly, as detailed 

by the EGL thickness graph (Figure 4.2e) the significant reduction in Hyper 

animals (50%, p < 0.05 vs. Normo), was reversed to the physiological level 

represented by the Normo pups by Curc (not statistically significant vs. 

Normo; p < 0.01 vs. Hyper). 
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Figure 4.2. Curc prevents the alterations of the histological and morphometric 

features characteristic of the Hyper Gunn rat. (a–c) Histological features of the 

cerebellum (Cll) in Normo (normobilirubinemic), Hyper (hyperbilirubinemic), 

and curcumin (Hyper Curc and Normo Curc) treated P17 Gunn rats. Different 

magnifications are shown to allow appreciating the whole Cll details. (a) = 2×: Curc 
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fully prevents the reduction in the volume of the Cll present in the Hyper P17 

pups. (b) = 10×: allows to better appreciate the general appearance of the external 

granule cell layer (EGL, e.g., squares) and the Purkinje cells (PCs, e.g., arrows), 

both reduced in Hyper, and reverted to the physiological features by Curc. The 

protective effect of Curc on PC number is even more visible in (c) the detailed 

picture (e.g., arrows). Scale bar: 200 μm. (d,e) Morphometric evaluation of the PC 

number (d) and external EGL thickness (e). White bars: Normo; yellow bars: 

Hyper; blue bars: Hyper Curc; grey bar Normo Curc. Data are in mean ± S.D. and 

expressed as fold vs. the Normo pups used as reference (=1). Three animals of each 

genotype and treatment were devoted to this goal. Statistical significance was 

evaluated by the one-way analysis of variance (ANOVA), followed by a Tukey–

Kramer Multiple Comparisons Test when p-value < 0.05. Statistical significance: 

*/***: p < 0.05, p < 0.001 vs. Normo age-matched pups. §§/§§§: p < 0.01, p < 0.01 vs. 

Hyper age-matched pups. 

 

 

4.1.3 Behavioral Tests 

As conclusive evidence of the protection from brain damage 

conferred by the molecule, we evaluated the behavior of the pups (Figure 

4.3) by two tests: the righting reflex, and negative geotaxis (see detail on the 

material and method section). 

 

Figure 4.3. Curc restores the motor abilities of Hyper Gunn rats. The righting 

reflex (a) and the negative geotaxis (b) were selected as optimal tests for assessing 

the motor and coordination abilities of Gun rat pups. With white bars—untreated 
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normobilirubinemic (Normo) Gunn pups; yellow bars—untreated 

hyperbilirubinemic rats (Hyper); blue bars—curcumin-treated hyperbilirubinemic 

pups (Hyper Curc); gray bars—curcumin-treated normobilirubinemic pups 

(Normo Curc). Data are in mean ± S.D., and in milliseconds (millisec) for the 

righting reflex and in seconds (sec) in the negative geotaxis test. In each 

experimental group, ≥3 animals were studied. Statistical significance was 

evaluated by the one-way analysis of variance (ANOVA), followed by a Tukey–

Kramer Multiple Comparisons Test when p-value < 0.05. Statistical significance: 

***: p < 0.001 vs. Normo pups. §; §§, §§§: p < 0.05, p < 0.01, p < 0.001 vs. Hyper rats. 
 

As shown in Figure 4.3, Hyper pups needed a significantly longer 

time for finishing both the tests. In the righting reflex test (Figure 4.3a), 

while Normo pups rapidly regained the correct position, Hyper pups 

required about 1.7-fold more time (p < 0.001 vs. Normo). Hyper Curc 

performed as the controls (not statistically different from Normo; p < 0.01 

vs. Hyper). 

Similarly, Hyper rats were statistically less skilled (p < 0.001) 

compared to Normo littermates in the negative geotaxis test (Figure 4.3b). 

Also, in this test, the performance of Hyper pups was fully restored by Curc 

treatment (Hyper Curc, not statistically different from Normo; p < 0.001 vs. 

Hyper). 

 

4.1.4 Monitoring of the Side Effects of the Treatment 

In the end, 14 Hyper pups and 12 Normo littermates as controls 

were treated with Curc. No distress at the daily monitoring[275], no 

decreased Cll weight (Figure 4.1a), no changed TSB (Figure 4.1b), no 

abnormal morphometric features (Figure 4.2), no abnormal behavior 

(Figure 4.3), no decreased body weight (Figure 4.4), no deaths were 
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observed, indicating the absence of side effects for this formulation of Curc 

in this model. 

 

 

Figure 4.4. Bodyweight recording. Bodyweight in developing Gunn rats is 

expressed as mean ± S.D., and as g/animal. P: post-natal age in days. With white 

bars—untreated normobilirubinemic (Normo) Gunn pups; yellow bars—

untreated hyperbilirubinemic rats (Hyper); blue bars—curcumin treated 

hyperbilirubinemic pups (Hyper Curc), grey bars—Curc treated Normo rats 

(Normo Curc). In each experimental group, ≥10 animals were studied. No 

statistical differences were noticed.  

 

4.1.5 Effects of Curcumin on the Main Molecular Effectors Involved 

in Bilirubin Brain Damage 

To substantiate the ability of Curc in preventing bilirubin-induced 

Cll damage, we explored the modulation of selected markers of 

inflammation, redox imbalance, as well as glutamate release [9]–[11][64], 
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[65], [76], [84], [87], [202], [209], [276], [278], [299]–[309] both at gene and 

protein level. 

 

 

4.1.5.1 Evaluation of the Effect of Curcumin on the Inflammatory Markers 

 

 
Figure 4.5. Curc prevents the induction of inflammation in the Hyper Gunn rat. 

The effect of Curc on the mRNA (a,c) and protein (b,d) level of Il1β/Il1β 

(interleukin 1beta—a,b) and Tnfα/Tnfα (tumor necrosis factor-alpha, c,d) were 

evaluated by RTqPCR and ELISA, respectively. With white bars—untreated 

normobilirubinemic (Normo) Gunn pups; yellow bars—untreated 

hyperbilirubinemic rats (Hyper); blue bars—curcumin-treated hyperbilirubinemic 

pups (Hyper Curc). Data are in mean ± S.D. and expressed as fold vs. the Normo 
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pups used as reference (=1). In each experimental group, ≥6 animals were studied. 

Statistical significance was evaluated by the one-way analysis of variance 

(ANOVA), followed by a Tukey–Kramer Multiple Comparisons Test when p-

value < 0.05. Statistical significance: **, ***: p < 0.01 and p < 0.001 vs. Normo pups. 

§; §§, §§§: p < 0.05, p < 0.01, p < 0.001 vs. Hyper rats.  

 

 

As reported in Figure 4.5 the mRNA (italicized) expression of 

both Il1β (interleukin-1 beta, Figure 4.5a) and Tnfα (tumor necrosis factor-

alpha, Figure 4.5c) was significantly increased in Hyper vs. Normo pups 

(p < 0.001 and p < 0.01, respectively). In hyperbilirubinemic rats treated with 

Curc, the expression of both cytokines decreased to levels comparable to the 

Normo controls (both not significantly different vs. Normo. Il1β p < 0.001 

and Tnfα p < 0.05 vs. Hyper). 

The same pattern was found at the level of the proteins (Figure 

4.5b–d, not italicized), where the two times up-regulation present in Hyper 

pups for both Il1β and Tnfα (both p < 0.001), was reversed by Curc to a level 

comparable with the Normo rats (1.25-fold and 1.31-fold, respectively, both 

not statistically significant vs. Normo. Both p < 0.01 vs. Hyper). 

 

4.1.5.2 Evaluation of the Effect of Curcumin on the Glutamate Cll Content 

As shown in Figure 4.6, the 1.5 times increase of the glutamate 

(Glut) content in the Cll of Hyper rats (p < 0.01), responsible for glutamate 

neurotoxicity, was also restored by Curc to levels found in the Normo 

animals (not statistically different from Normo; p < 0.05 vs. Hyper). 
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Figure 4.6. Curc prevents the increase of glutamate in the Hyper Gunn rat. The 

effect of Curc on the glutamate content in the Cll of hyperbilirubinemic pups was 

quantified by an enzymatic test. With white bars—untreated normobilirubinemic 

(Normo) Gunn pups; yellow bars—untreated hyperbilirubinemic rats (Hyper); 

blue bars—curcumin-treated hyperbilirubinemic pups (Hyper Curc). Data are in 

mean ± S.D. and expressed as fold vs. the Normo pups used as reference (=1). In 

each experimental group, ≥6 animals were studied. Statistical significance was 

evaluated by the one-way analysis of variance (ANOVA), followed by a Tukey–

Kramer Multiple Comparisons Test when p-value < 0.05. Statistical significance: 

**: p < 0.01 vs. Normo pups. § p < 0.05 vs. Hyper rats. 

 

 

4.1.5.3 Evaluation of the Effect of Curcumin on the Redox Markers 

Similar to cytokines, the mRNA expression of Hmox1 (Heme 

oxygenase 1, Figure 4.7a), a redox sensor, was significantly up-regulated in 

Hyper pups (p < 0.05), and reverted in Hyper rats treated with Curc. At the 

level of the protein (Figure 4.7b), despite no statistical significance, a trend 

toward induction in Hyper pups, again, reverted by Curc was observed. 

Collectively, these data support the conclusion that Curc interferes 

with the main pathological mechanisms undergoing bilirubin brain toxicity 

[278] preventing brain damage and restoring brain functions in Hyper 

Gunn pups. 
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Figure 4.7. Curc prevents the increase in the redox stress in the Hyper Gunn rat. 

The effect of Curc on the mRNA (a) and protein (b) level of Hmox1/Hmox1 (heme 

oxygenase 1), a redox sensor, was evaluated by RTqPCR and Western blot, 

respectively. With white bars—untreated normobilirubinemic (Normo) Gunn 

pups; yellow bars—untreated hyperbilirubinemic rats (Hyper); blue bars—

curcumin-treated hyperbilirubinemic pups (Hyper Curc). Data are in mean ± S.D. 

and expressed as fold vs. the Normo pups used as reference (=1). In each 

experimental group, ≥6 animals were studied. Statistical significance was 

evaluated by the one-way analysis of variance (ANOVA), followed by a Tukey–

Kramer Multiple Comparisons Test when p-value < 0.05. Statistical significance: 

*: p < 0.05 vs. Normo pups. § p < 0.05 vs. Hyper rats. 
 

 

4.1.6. Additional Evaluation of Curcumin Protection: Selected 

Markers of Brain Development 

To further explore the efficacy of Curc protection, we monitored 

selected genes/proteins involved in brain development and maturation, 

whose alterations in Hyper Gunn rats have been recently suggested to 

participate in the progression of cerebellar hypoplasia, and that we know to 

be altered at P17 in Hyper pups [274]. 
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Figure 4.8. Curc normalizes the level of selected markers of brain development 

in the Hyper Gunn rat. The effect of Curc on the mRNA (a,c,e) and protein 

(b,d,f,g) level of Icam1/Icam1 (intercellular adhesion molecule 1,a ,b), Mag/Mag 

(myelin-associated glycoprotein, c,d), and Mbp/Mbp (myelin basic protein, e,f,g), 

known to be altered in P17 Hyper pups, were evaluated by RTqPCR and Western 

blot, respectively. With white bars—untreated normobilirubinemic (Normo) Gunn 
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pups; yellow bars—untreated hyperbilirubinemic rats (Hyper); blue bars—

curcumin-treated hyperbilirubinemic pups (Hyper Curc). Data are in mean ± S.D. 

and expressed as fold vs. the Normo pups used as reference (=1). In each 

experimental group, ≥6 animals were studied. Statistical significance was 

evaluated by the one-way analysis of variance (ANOVA), followed by a Tukey–

Kramer Multiple Comparisons Test when p-value < 0.05. Statistical significance: *, 

**, ***: p< 0.05, p < 0.01, p < 0.001: vs. Normo pups. §, §§, §§§: p < 0.05, p < 0.01, p < 

0.001 vs. Hyper rats. 
 

 

As shown in Figure 4.8a,b, Icam1/Icam1 (intercellular adhesion 

molecule 1—involved in brain maturation and morphogenesis [274] ) 

mRNA (Figure 4.8a) and protein (Figure 4.8b) levels were both significantly 

increased in Hyper pups (both p < 0.05 vs. Normo) reverting to a level 

comparable to controls in Curc rats. 

Mag (myelin-associated glycoprotein: myelination, dendritogenesis, 

cell projection organization [274]) mRNA (Figure 4.8c); was only marginally 

increased in Hyper, but was significantly upregulated in Hyper pups 

treated with Curc (p < 0.001 vs. Normo; p < 0.05 vs. Hyper). Conversely, the 

protein level of Mag (Figure 4.8d) was significantly induced in Hyper pups 

(p < 0.05), fully reversing to the physiological level in rats treated with the 

molecule. 

No relevant mRNA modulation of Mbp (Figure 4.8e) myelin basic 

protein: stabilization of myelin [310]) was detected neither in Hyper nor 

Hyper Curc rats with respect to Normo littermates. At the protein level 

(Figure 4.8f), similarly to Mag, Mbp was induced in Hyper (p < 0.01 vs. 

Normo) and restored to the physiological level by Curc (no statistical 

difference vs. Normo; p < 0.001 vs. Hyper). The up-regulation (and 

normalization under Curc treatment) in the protein level of Mbp in Hyper 

pups was due to an increase of the 18 and 14KDa bands (both p < 0.05 vs. 
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Normo), while the 20KDa protein was not significantly different from 

Normo or Hyper Curc samples (Figure 4.8g: detail on Mbp quantification). 

The high molecular weight (MW) isoform of Mbp is known to control 

the proliferation of the oligodendrocytes, while the two lower bands 

represent the mature myelin strongly expressed by mature 

oligodendrocytes in rodents [310], [311]. Interesting is the good agreement 

with the increased level of Mag in Hyper pups, with Mag involved in 

myelin stabilization and repair after demyelinating injuries [312]. In this 

paper, we are not focusing on the mechanisms of bilirubin brain damage, 

nevertheless, the data support our previous hypothesis [274] that Hyper 

pups at P17 try to react to the insult of bilirubin occurred in the post-natal 

development by increasing myelination. By preventing the bilirubin brain 

damage, Curc may not be associated with the hyper-activation of Mag and 

Mbp. The alteration (perturbation and recovery) of myelin production in 

the developing hyperbilirubinemic Gunn rat, is an interesting point that 

should be better addressed in the future by a devoted study. 
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4.2 TASK 2 – Bilirubin Neuroprotection in an ex vivo Parkinson’s 

disease model 

 

4.2.1 TASK2A: Bilirubin reverses the dopaminergic neuron demise in 

an ex vivo Parkinson’s disease (PD) model 

 

4.2.1.1 Safety test of UCB in the OBCs-SN  

 As shown by panel Figure 4.9a, all UCB concentrations used in the 

experiment have been calculated for having free bilirubin (Bf) lower than 4 

nM, physiological concentrations, or Gilbert-like conditions [287], [313] that 

also has been demonstrated as non-toxic concentrations based on 

preliminary data. Based on the safety test all the selected UCB 

concentrations alone (no co-treatment with Rot) were not toxic to the slices 

(Figure 4.9b). 

As depicted in Figure 4.10, the number of DOPAn under Rot 

challenge was reduced by 40% (Rot = black bar; p ≤ 0.01 vs. Ctrl = blue bar), 

in line with the clinical scenario of motor PD at diagnosis [314], [315]. 0.5µM 

and 1µM UCB (yellow bars, corresponding to a Bf lower than 1nM – Figure 

4.9a) in co-treatment with Rot, fully reversed the DOPAn demise (p <0.05 

vs. Rot). The protective effect was lost at higher UCB concentrations (2µM 

and 4µM, both corresponding to a Bf higher than 1.5nM – Figure 4.9a).  
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Figure 4.9. Bf (free bilirubin) calculation and UCB safety test. a) Extrapolated 

free bilirubin (Bf) in the OBCs-SN media. In culture media containing albumin 

(carried by FBS) the moiety of bilirubin able to enter the cells is limited to the 

albumin-unbound UCB, named free bilirubin (Bf). b) Counting of the DOPAn 

number in OBCs-SN slices exposed to UCB alone. Data are expressed as % vs. 

control and as mean ± S.D. of at least 4 independent repetitions. Statistical 

significance: vs. Control ** p < 0.01, ns: non significant. 
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4.2.1.2 Low levels of UCB protect from the DOPAn loss in the OBCs-SN 

model of PD 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.10.  Dopaminergic neurons (DOPAn) number in bilirubin treated slices. 

To assess the effect of rotenone (Rot) challenging and unconjugated bilirubin 

(UCB) protection, dopaminergic neurons (DOPAn) numbers were counted in each 

treatment. a) Representative pictures of tyrosine hydroxylase (TH+) DOPAn 
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immunofluorescence (red signal). Scale bar 100 μm. b) Percentage of DOPAn 

number under Rot challenging (black bar) and UCB-Rot co-treatment (yellow bars) 

vs. controls (DMSO, blue bar). Data are expressed as % vs. control and as mean ± 

S.D. of at least 4 independent repetitions. Statistical significance: vs. Control ** p < 

0.01; vs. Rot § p < 0.05.    

 

 

4.2.1.3 Screening for the molecular mechanisms of protection  

To understand the molecular mechanisms involved in UCB 

protection at 0.5 and 1uM, we investigated the early potential triggers of 

DOPAn demise previously identified [135].   

Because UCB is a well-known antioxidant [316]–[319], at first we 

assessed the mRNA expression of Hmox1 (heme oxygenase 1, redox sensor) 

and Srxn1 (sulfiredoxin 1, belonging to the battery of adaptive to redox 

stress genes, and known to be induced by Hmox1 [320], [321]. Rot treatment 

significantly up-regulated Hmox1 expression vs. ctrl (Figure 4.11a, Rot: 

black bar, Ctrl: blue bar, p < 0.05). Despite the lack of a statistical 

significance, a trend in reduction of Hmox1 level was observed with 0.5μM 

and 1μM UCB (yellow bars), whereas 2μM and 4μM UCB (yellow bars) 

were not able to down-regulate the expression of the redox sensor.  

Rot treatment increased Srxn1 level compared to control (Figure 

4.11b, p < 0.05), with all the UCB treatments unable to normalize its 
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expression, or even increased it at a level higher than in the PD model (4μM 

UCB, p < 0.001 vs. Ctrl).  

 

 

Figure 4.11. Evaluation of the changes in the early potential mechanisms of 

DOPAn loss. To evaluate the potential molecular mechanisms involved in UCB 

protection, we assessed the expression of the previously identified early molecular 

markers of DOPAn demise: Hmox1: heme-oxygenase 1 and Srxn1: sulfiredoxin 1 
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for redox stress; Bdnf: brain derived neurotrophic factor and Tnf-α: tumour 

necrosis factor alpha, Il6: interleukin 6; Cox2: cyclooxygenase 2 for inflammation. 

Blue bar: controls; black bar: rotenone (Rot); yellow bars: co-treatment Rot +UCB 

from 0.5μM to 4μM. Data (mRNA expression) are expressed as fold vs. controls, 

and as mean ± SD of at least 3 independent repetitions. Statistical significance: vs. 

control * p < 0.05, ** p < 0.01, ***p < 0.001. Vs. Rot § p < 0.05, §§ p < 0.01. 
 

 

The expression of brain-derived neurotrophic factor (Bdnf), altered 

both in PD patients and in our model [322]–[325], was significantly 

increased after Rot exposure (Figure 4.11c, p < 0.05). 0.5μM, 2μM, and 4μM 

UCB did not change it. 1μM was the only UCB concentration able to revert 

the Bdnf expression to the control level (p < 0.05). 

Rot treatment also significantly increased the level of the 

inflammatory markers: tumor necrosis factor-α (Tnfα, Figure 4.11d), 

interleukin 6 (Il6, Figure 4.11e), and cyclooxygenase 2 (Cox2, Figure 4.11f), 

all p < 0.05). 0.5μM and 1μM UCB treatment reduced the Tnfα expression to 

the control level (p < 0.01 and p < 0.05 vs. Rot, respectively), while at 2μM 

and 4μM the effect was lost (Figure 4.11d). UCB induced a “U-shape” 

normalization of the Il6 up-regulation present (Figure 4.11e) in the Rot 

challenged slices. 0.5μM UCB exhibited minimal normalizing effect, 1μM 

and 2μM UCB fully reversed the Il6 expression (both p <0.01 vs. Rot), with 

the effect lost at 4μM UCB. No reduction effect was observed in Cox2 levels 

(Figure 4.11f) at all tested UCB concentrations to Rot.  
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Figure 4.12. Correlation between DOPAn percentage and gene expression of 

inflammation, oxidative stress, and neurotrophic growth factor markers. Hmox1: 

heme-oxygenase 1 and Srxn1: sulfiredoxin 1 for redox stress; Bdnf: brain-derived 

neurotrophic factor and Tnf-α: tumor necrosis factor-alpha, Il6: interleukin 6; Cox2: 

cyclooxygenase 2 for inflammation. Lines represent linear regression.   
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A correlation analysis was performed to analyse the relationship 

between DOPAn number and each molecular mechanism. As depicted in 

Figure 4.12, among all markers only Tnf significantly correlated with the 

percentage of DOPAn. From this result, we hypothesized that Tnf may 

play a significant role in DOPAn demise and UCB protection.  

  

4.2.1.4 Unraveling the role of redox imbalance in the model  

Although the correlation analysis between Hmox1 and DOPAn 

percentage was insignificant (Figure 4.12a), the decreasing trend of Hmox1 

after 0.5μM and 1μM UCB treatment in PD model (Figure 4.11a), as well as 

the fact of UCB as powerful antioxidant [8], [326] brought us to the curiosity 

about the redox status in our model. Therefore, we deeply investigated not 

only the involvement of the redox stress but also the absence of a role of 

redox stress in UCB protection on the early mechanisms triggering DOPAn 

loss in our model by adding two sets of experiments.  

At first, we investigated the glutathione content in our cultures 

medium (Figure 4.13), then, to further clarify the role of oxidative imbalance 

on DOPAn demise, slices were co-exposed to Rot and a wide range of 

concentrations of N-acetyl cysteine (NAC, from 10 to 15,000μM, Figure 

4.14), a powerful antioxidant[327]. Because the induction of the redox stress 

is known to act quickly, we performed a time course from 5 minutes after 

Rot exposure up to the ending of the experimental time (24 hours). 

 

a. Evaluation of the GSH/GSSG ratio, GSH, and GSSG along the 

experimental time 

As shown in Figure 4.13a, the GSH/GSSG ratio in culture medium 

was significantly reduced shortly after Rot challenge (5 min, black bar, p < 



 

 103 

0.05), demonstrating the expected induction of oxidative stress by the 

pesticide [328], [329]. The reduction of GSH/GSSG ratio was not reverted by 

0.5μM UCB exposure (p < 0.05 vs. DMSO). Meanwhile, the level of 

GSH/GSSG was unchanged at 1μM and 2μM UCB treatment (not 

significant vs. Ctrl and Rot). Only 4μM UCB treatment was able to revert 

the change of GSH/GSSG ratio (p < 0.01 vs. Rot).  This result indicates that 

the protective effect of UCB against Rot-induced DOPAn loss is 

independent of its antioxidant effect.  

The previously indicated redox stress (the reduction of the 

GSH/GSSG ratio) under 5 minutes of Rot exposure was solely due to a 

significant decrease of the reduced glutathione (GSH, p < 0.01 Figure 4.13b) 

as no changes were observed in the oxidized form (GSSG) level (Figure 

4.13c).  No changes of GSH at 5 minutes (Figure 4.13b) were observed in 

any concentrations of UCB, except for 4μM UCB showing a significant 

increase of GSH (p < 0.05 vs. Rot). Meanwhile, the decrease of glutathione 

ratio at 0.5μM UCB (Figure 4.13a) was caused by the increase of GSSG (p < 

0.05 vs DMSO), indicative of redox stress.  

After 20 minutes, no differences in the GSH/GSSG ratio (Figure 

4.13a), or GSH (Figure 4.13b) and GSSG (Figure 4.13c) content between 

controls, Rot, and UCB samples were observable.  

The GSH/GSSG ratio significantly increased under the Rot 

challenge at 1 hours (Figure 4.13a, p < 0.01 vs. Ctrl) as well as 0.5μM UCB 

(Figure 4.13a, p<0.001 vs. Ctrl), 1μM UCB and 2μM UCB (Figure 4.13a, p < 

0.01 vs. Ctrl), while 4μM UCB stayed unchanged. The GSH/GSSG ratio 

under Rot treatment was found even higher at 3 hours (Figure 4.13a, p < 

0.001 vs. Ctrl). This was in agreement with other models using low amounts 
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of Rot, describing a late tentative reaction to the redox imbalance induced 

by the pesticide [330]. The change in the GSH/GSSG ratio under Rot 

treatment was driven by the reduced form of glutathione (GSH, the 

“protective one”), reaching a significant up-modulation at 3 hours (Rot, 

Figure 4.13b, p < 0.05 vs. control), while no changes in the oxidized 

glutathione (GSSG) were observed (Rot, Figure 4.13c). At that time (3h), co-

exposing the slices to Rot and UCB avoided the potentially protective 

increase of both GSH/GSSG ratio and GSH content (3h, Figure 4.13a and 

Figure 4.13b, respectively).  

At 24 hours, in GSH/GSSG ratio or GSH level in medium, no 

statistical differences among Ctrl and Rot were found, but significant 

reduction was detected in 0.5μM UCB and 4μM UCB (24h Figure 4.13a and 

Figure 4.13b).  

We also evaluated the glutathione from OBCs-SN tissue. There was 

no significant change of both reduced and oxidized glutathione after Rot 

exposure at all the timing under analysis (Figure 4.14), indicating that 

glutathione level in tissue is less sensitive to use as a redox sensor than in 

medium. Differently, a decreasing trend of GSSG under all the UCB 

treatments was observed. This led only to a significant increase in the   

GSH/GSSG ratio under 0.5μM and 4μM UCB UCB treatment (Figure 4.14a 

p<0.05 vs DMSO).  

Based on this glutathione analysis in the medium, we have 

confirmed that redox stress is present in our PD model and indeed UCB 

exhibits antioxidant activity. However, UCB protection against Rot-

induced DOPAn loss seems independent from its antioxidant capacity 
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because it is not congruent with the DOPAn protection demonstrated by 

the neurons counting.    

 

Figure 4.13 Time course of the glutathione changes in the OBCs-SN medium 

under Rot and UCB challenging. a) GSH/GSSG ratio, b) GSH, and c) GSSG. 

GSH: reduced glutathione; GSSG: oxidized glutathione; min: minutes. Blue 

bar: control; black bar: rotenone (Rot); yellow bar: co-treatment Rot +UCB 
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(from left to right: 0.5μM, 1μM, 2μM, and 4μM). Data are expressed as fold vs. 

control, and as mean ± SD of at least 4 independent repetitions. Statistical 

significance: vs. control * p < 0.05, ** p < 0.01; vs. Rot § p < 0.05. 

 

 

Figure 4.14 The glutathione changes in the OBCs-SN tissue under Rot and UCB 

challenging. a) GSH/GSSG ratio, b) GSH, and c) GSSG. GSH: reduced 

glutathione; GSSG: oxidized glutathione; min: minutes. Blue bar: control; black 

bar: rotenone (Rot); yellow bar: co-treatment Rot +UCB (from left to right: 

0.5μM, 1μM, 2μM, and 4μM). Data are expressed as fold vs. control, and as 

mean ± SD of at least 3 independent repetitions. Statistical significance: vs. 

control * p < 0.05 
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b. NAC protection against the Rot induced redox imbalance 

To rule out the protection against Rot-induced DOPAn is 

antioxidant dependent, we treated our model with NAC. When slices were 

co-exposed to Rot and NAC, a robust anti-oxidant [331], none of the 

concentrations of NAC used was able to increase the survival of DOPAn 

(Figure 4.15), definitively demonstrating that redox imbalance is not 

decisive in the DOPAn reduction as well as UCB-conferred protection.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.15.  Effect of N-acetyl cysteine (NAC) treatment on DOPAn number. 

Blue bar: controls; black bar: rotenone (Rot);  grey bars: co-treatment Rot + NAC 

from 10nM to 15,000nM. Data (DOPAn) are expressed as percentage (%) vs. 

control, and as mean ± SD of at least 5 independent repetitions. Statistical 

significance: vs. control * p < 0.05, ** p < 0.01, *** p < 0.001; vs. Rot § p < 0.05, §§ p < 

0.01.  

  

 

Altogether these data pointed out that, despite its powerful 

antioxidant potential, the UCB ability to rescue DOPAn from Rot toxicity 

was not congruent with its antioxidant effect in our OBCs-SN model of PD.  
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4.2.1.5 TNF-α role in DOPAn demise  

We then decided to move forward with the evaluation of the other 

early induced mechanisms of damage involved in DOPAn loss [135], [322]–

[329]. 

Among all the inflammatory mediators modulated by Rot in our 

model, only TNF-α modulation is correlated with DOPAn count (Figure 

4.12d). Based on this finding, we hypothesized a major role for TNF-α in the 

induction of DOPAn loss (under Rot) and protection (under Rot and UCB 

co-treatment) in our PD model. To demonstrate our hypothesis, we used 

two opposite approaches (Figure 4.16). First, we treated the OBCs-SN with 

TNF-α alone (pink bars, in absence of Rot) and, as the second approach, we 

co-treated OBCs-SN with Rot and Infliximab, a monoclonal antibody 

neutralizing TNF-α (green bar)[291], [340], [341]. As usual, the count of TH+ 

DOPAn number was used to assess the results of the two experimental 

settings.  

Challenging OBCs-SN with TNF-α induced a concentration-

dependent decrease of the DOPAn number, with 60ng/mL TNF-α 

replicating the dopaminergic loss observed in the PD model (Figure 4.16a, 

TNF-α: pink bars, 40%, p < 0.05 vs. Ctrl: blue bar; compare with black bar: 

Rot). As counterprove, Infliximab co-treatment with the pesticide fully 

protected DOPAn toward Rot-induced death (Figure 4.16b, Infliximab: 

green bar vs. Ctrl: blue bar).  
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Figure 4.16.  Demonstration of the TNF-α role in the DOPAn demise. a) 

Percentage of DOPAn count.  Blue bar: controls; black bar: rotenone (Rot);  pink 

bars: TNF-α from 20ng/mL to 60ng/mL, green bar: infliximab (anti TNF- α). Data 

(DOPAn) are expressed as percentage (%) vs. control, and as mean ± SD of at least 

3 independent repetitions. Statistical significance: vs. control ** p < 0.01; vs. Rot § p 

< 0.05. b) Representative pictures of tyrosine hydroxylase (TH+) DOPAn 

immunofluorescence (red signal). Scale bar 100 μm. 
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The data confirmed that TNF-α is the key player in DOPAn loss in 

the model and that UCB conferred protection by acting through TNF-α 

normalization. 

 

 

4.2.2 TASK2B: Nanobubbles as bilirubin carriers in organotypic brain 

cultures of substantia nigra: an initial screening step of bilirubin-delivery 

in Parkinson’s disease (The experiments were performed in collaboration with 

Department of Drug Science and Technology and Department of Neuroscience, 

University of Torino, Torino, Italy) 

 

We have shown that unconjugated bilirubin (UCB) at specific 

concentrations (0.5μM and 1μM) prevents dopaminergic neuron (DOPAn) 

loss in the ex vivo (organotypic brain cultures of substantia nigra - OBCs-

SN) model of PD.   

Despite the modulation of UCB through its enzymatic machinery 

(HMOX1—heme oxygenase 1 and BVLR—biliverdin reductase) production 

is possible, the consequence of the increase of other heme catabolism 

products (Fe and CO)[234], [237], [342] that potentially harm in excessive 

amount will also follow. Moreover, as HMOX1 increase has been reported 

to increase in the PD brain along with iron in situ deposition[234], [237], 

[342], its further induction will lead even to further damage. Due to these 

reasons, we have shifted from our initial plan to work on UCB modulation 

to UCB delivery in the brain. For reaching a so-tuned concentration in the 

CNS, a carrier (nanovectors) looks to be the best solution.  

Thus, we tested different polymeric shells of nanobubbles (NBs, 

Figure 4.17), consisting of glycol-chitosan (GC), GC-deferoxamine (GC-
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DFO), and the magnetic NBs, GC-DFO-iron (GC-DFO-Fe) and GC-DFO-

superparamagnetic iron oxide nanoparticles (GC-DFO-SPIONs), as 

potential UCB carriers in the OBCs-SN (for experimental schemes see 

Chapter 3 Materials and Methods, Section 3.2.3.2 Experimental schemes)  

 

4.2.2.1 Nanobubbles physicochemical characterization  

The physicochemical characterizations of each NBs formulation, 

including size, pH, viscosity, osmolarity, and zeta potential, have been 

assessed by Dr. Shoeb Ansari and Dr. Eleonora Ficiarà (Department of Drug 

Science and Technology and Department of Neuroscience, University of 

Torino, Torino, Italy) in their thesis. 

 

 

 
 

Figure 4.17.  The nanobubble schematic graphs and its polymer shell structure. 

GC: glycol-chitosan; GC-DFO: GC-deferoxamine, GC-DFO-Fe: GC-DFO-iron and 

GC-DFO-SPIONs: GC-DFO-superparamagnetic iron oxide nanoparticles. 

 

 

4.2.2.2 Nanobubbles safety test on OBCs-SN (healthy slices) 

Before the use of UCB-loaded nanobubbles in our PD model, safety 

tests of these NBs formulations were performed in OBCs-SN (healthy slices, 

without rotenone) after 24 hours of treatment. The test was conducted in 

the healthy slices to see if the NBs itself will be toxic or not to OBCs-SN.  

Different ranges of dilutions (1:8, 1:64, 1:192) of NBs were tested as well as 

GC GC-DFO GC-DFO-SPIONSGC-DFO-Fe
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free iron (Fe) (see the rationale of the treatment in Chapter 3 Materials and 

Methods, Section 3.2.3.2 Experimental schemes, part a). Rot challenging was 

used alone as negative control (reference to the DOPAn demise on the PD 

model), while the positive control was DMSO. The safety tests included 

MTT (mitochondrial activity), LDH (lactate dehydrogenase, marker of 

membrane leakage), and dopaminergic neuron (DOPAn) count.  

 

 

Figure 4.18.  MTT assay of different NBs formulation on OBCs-SN. Data are 

expressed as fold of change vs. control, and as mean ± SD of at least 4 independent 

repetitions. No statistical significance was found. Statistical significance: no 

statistical significance is found.  

 

The MTT results showed that GC-DFO-Fe was toxic at 1:8 dilution, 

while none of the other NBs formulations in different dilutions induced 

mitochondrial toxicity (Figure 4.18). Meanwhile, 1mM iron exposure 

induced toxicity.  
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Figure 4.19.  LDH test of different NBs formulations on OBCs-SN. Data are 

expressed as fold of change vs. control, and as mean ± SD of at least 4 independent 

repetitions. Statistical significance: vs. control * p < 0.05, ** p < 0.01.  

 

Based on LDH test, GC, GC-DFO, and GC-DFO-Fe were toxic at 1:8 

dilution by increasing LDH release 1.24-fold (p<0.01), 1.65-fold (p<0.05), and 

1.27-fold (p<0.01) vs. DMSO, respectively (Figure 4.19). While Fe showed no 

increase in LDH level at all concentrations tested.  
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Figure 4.20.  DOPAn number of different NBs formulation on OBCs-SN. Data 

(DOPAn) are expressed as percentage (%) vs. control, and as mean ± SD of at 

least 4 independent repetitions. Statistical significance: vs. control * p < 0.05, ** p < 

0.01, *** p < 0.001.  

 

 

Because DOPAn may have different sensitivity with respect to the 

other cells composing the tissue, and most importantly, they are our main 

target, we counted DOPAn to deeply assess the safety of the NBs 

formulations (Figure 4.20). The toxicity was found in GC at 1:8 dilution 

(p<0.05 vs. DMSO), GC-DFO at 1:8 and 1:64 dilutions (p<0.01 vs. DMSO), 

GC-DFO-Fe at all dilutions, and GC-DFO SPIONs was toxic only at 1:8 

dilution. Unlikely, we found agglomeration of GC-DFO-SPIONs under the 

immunofluorescence assays (Figure 4.21) marked the instability of GC-

DFO-SPIONs. Therefore, we exclude the GC-DFO-SPIONs from the further 

experiment. Meanwhile, Fe showed concentration-dependent toxicity at 

100μM and higher concentrations, indicating that the toxicity of GC-DFO-

Fe might be due to the presence of iron in this formulation.   
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Combining the knowledge of the cellular heterogenicity of OBCs-SN, 

MTT, and LDH tests as viability assays of the whole tissue viability, the 

result from DOPAn evaluation confirms that DOPAn is a selectively 

vulnerable cell in substantia nigra [343].  

 

  
Figure 4.21.  Agglomeration event of GC-DFO-SPIONs. Agglomeration was 

depicted as the black dots and emphasized with the red arrows under Hoechst 

staining in immunofluorescence.   

 

 

Summarizing the safety test results altogether, the safest candidate 

for NBs are the GC and GC DFO at  1:192 dilutions.  GC-DFO-Fe is toxic 

for OBCs-SN possibly releasing Fe and GC-DFO-SPIONs was excluded 

from the experiment due to its agglomeration event.   

 

 

 

20x
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4.2.2.3 Nanobubbles on OBCs-SN model of Parkinson's Disease 

Based on the prior NBs safety test, the selected NBs were GC and 

GC-DFO.  As the main goal of this task is to use the NB as a bilirubin-

delivery system, both NBs were loaded with UCB to further use in the 

OBCs-SN PD model (with Rotenone). In this test, the range of dilutions was 

increased to 1:64, 1:192, 1:1524, 1:4572, and 1:11428 (see the rationale of the 

treatment in Chapter 3 Materials and Methods, Section 3.2.3.2 Experimental 

schemes, part c).    

    

a. Bilirubin concentration in NBs 

Based on the safety test we select the GC and GC-DFO as candidates 

for bilirubin carrier.  Based on HPLC quantification of UCB content 

performed by our collaborators at the University of Torino, the 

concentration of UCB in NBs was as in Table 4.1.  

 

Table 4.1. Bilirubin concentration in NBs. 
 

 GC+UCB GC-DFO + UCB 

Bilirubin concentrations 

(M) 
32.3 33.75 
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b. Viability test of NBs-UCB in PD model 

 
 

 
 
Figure 4.22.  MTT and LDH assay of GC-UCB and GC-DFO-UCB on PD model. 

Data are expressed as fold of change vs. control, and as mean ± SD of at least 4 

independent repetitions. No statistical significance was found.  

 

Both MTT and LDH  assays (Figure 4.22) showed no sign of toxicity 

for GC-UCB and GC-DFO-UCB in all ranges of dilution co-treatment with 

rotenone, confirming the safety test previously performed in healthy slices 

has allowed us to choose the non-toxic formulations and dilutions of NBs.  
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c. NBs-UCB protection toward rotenone-induced dopaminergic neuron 

loss in PD model 

 

 

Figure 4.23.  DOPAn number of different NBs formulation on OBCs-SN. Data 

(DOPAn) are expressed as percentage (%) vs. control, and as mean ± SD of at 

least 4 independent repetitions. Statistical significance: vs. DMSO * p < 0.05, ** p < 

0.01, *** p < 0.001; vs. Rot § p < 0.05, §§ p < 0.01. 

 

As shown in Figure 4.23, Rot alone induced the expected reduction 

of DOPAn number (-40%, p<0.001, [135]). In this set of experiments (PD 

model, co-challenging of Rot with NBs), the increase in DOPAn number in 

respect to Rot, represents the protection conferred by the NBs-UCB. 

Although it did not offer full protection, GC-UCB at 1:192 dilution and GC-

DFO-UCB at 1:4572 dilution offer the highest protection, 82% (p<0.05) and 

80% (p<0.01), respectively.   

Though the protection of the two formulations is almost similar, 

their different dilutions indicate that GC-DFO-UCB is protective at a lower 

concentration compared to GC-UCB. Thinking of clinical use, needing 
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fewer NBs for carrying enough UCB may be a pro, thus GC-DFO-UCB looks 

to be a good candidate. Indeed, the presence of DFO, the iron chelator, 

might also explain the achieved result (cooperative action of UCB and Iron 

chelation). Therefore, we selected the GC-DFO-UCB as the best 

formulation.  

 

Table 4.2. Summary of viability results of selected-NBs on healthy slices 

 
Healthy slices PD model 

GC GC-DFO GC-UCB GC-DFO-UCB 

MTT 

1:64 1.040.27 1.110.18 1.160.24 0.980.21 

1:192 1.100.29 1.080.09 1.250.32 1.200.36 

LDH     

1:64 0.990.10 1.050.07 1.110.03 1.100.18 

1:192 0.950.02 1.040.07 1.110.08 1.060.15 

DOPAn     

1:64 86.4223.22 69.0413.96** 75.1227* 54.7327.9** 

1:192 100.0810.02 98.0220.41 81.9121.55§ 69.3431.45* 

Data of MTT and LDH are presented as mean of fold change  S.D. vs. DMSO. Data 

of DOPAn is expressed as percentage (%)  S.D. vs. DMSO. Statistical significance: 

vs. DMSO * p < 0.05, ** p < 0.01, *** p < 0.001,  vs. Rot § p < 0.05 

 

Based on the MTT and LDH results of selected NBs in healthy slices 

and NBs-UCB in PD, all selected NBs showed no toxicity for both healthy 

and PD model slices. Meanwhile, by comparing the result of DOPAn count 

in healthy and PD model slices (summarized in Table 4.2) it looks like the 

selected NBs formulations confirm their fate (or even be protective) also in 

the PD tissue. After finding the most promising and protective NBs (in the 
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specific formulation and dilution), the future goal is to optimize its 

protection (increasing 20% from the current protection) by loading different 

concentrations of UCB in NBs to be used at the same protective dilutions of 

the NBs-UCB found in this task  (Figure 4.24). 

 

 

Figure 4.24 Future experimental scheme of selected-condition NBs on PD model 

 

Future works will also consist of the exploration of NBs efficiency 

in UCB delivery, release and enter the cells. Therefore, we plan: (1) 

repeating the same experiment NBs dilution loaded with coumarin, a 

fluorescence agent [344], which allow us to visualize and quantify NBs 

inside the cells; (2) performing UCB quantification in the medium and the 

tissue of PD model treated with NBs-UCB to allow us understand where 

MTT, LDH, &
DOPAn count

OBCs-SN + DMSO 
(Control)

OBCs-SN + Rot
(PD model)

OBCs-SN + Rotenone 
(PD model) 

+

24 hours treatment

Selected NBs-UCB with different 
concentrations of UCB loaded
At specific protective dilutions

34M 68M 17M 
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UCB is released; and (3) exploring the DFO capacity as chelator in PD 

model, by quantifying the amount of iron in the tissue.          

 

4.2.3 TASK2C: Curcumin Protection in an ex vivo Parkinson’s disease 

(PD) model 

Knowing the main challenge of PD management is its late diagnosis 

and having a prior demonstration (TASK1) about the pleiotropic effect of 

curcumin (a widely available nutraceutical compound) not only as an anti-

oxidant but also anti-inflammation (including anti-TNF-, Figure 4.5c). We 

expanded our project to investigate the Curcumin neuroprotection effect in 

an ex vivo model of PD.  

 

4.2.3.1. Low concentrations of Curcumin protect from rotenone-

induced DOPAn demise in ex vivo model of PD 

We used 5-40M Curc and co-treat with Rot for 24 hours. Among 

the range concentrations of Curc tested (Figure 4.25), 5 M Curc fully 

protected DOPAn (112%, p<0.001 vs.Rot) against rotenone toxicity (-50%, 

p<0.01 vs. Control). Meanwhile, 10M Curc offered around 90% protection 

(p<0.01 vs. Rot) and the protection was lost at higher Curc concentrations 

(20M and 40M).      
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Figure 4.25.  Dopaminergic neurons (DOPAn) number in Curc treated slices. 

<control and as mean ± S.D. of at least 3 independent repetitions. Statistical 

significance: vs. Control *p<0.05,  ** p < 0.01; vs. Rot §§ p < 0.01, §§§ p < 0.001 .    

 

 

 

4.2.3.2. Curcumin action toward TNF- in ex vivo model of PD 

 

Initially, we used only 10M Curc and we collected samples for 

RTqPCr analysis.  Even though the data is still preliminary, the results 

support the idea that Curc is protecting from DOPAn loss by normalizing 

TNF- (Figure 4.24).  Now we will repeat the analyses at 5M. 
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Figure 4.26.  Effect of Curc treatment on Tnf⍺. Tnf⍺.: tumor necrosis factor ⍺. Blue 

bar: control; black bar: rotenone (Rot); orange bar: co-treatment Rot and 10μM  

Curc. Data (mRNA expression) are expressed as fold vs. control, and as mean ± SD 

of 2 independent repetitions.  

 

Additional experiments are still needed to unravel the mechanism 

of protection, particularly its effect on TNF- in all concentrations of Curc.  

Then we aim in identifying the cells secreting TNF- (DOPAn, astrocytes, 

microglia, etc.). We suggest reaching the goal by double 

immunofluorescences on PD slices (Ab anti-TNF-, in co-stain with 

markers of that different cell families).  
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CHAPTER 5 

DISCUSSIONS 

 

5.1 TASK 1 – The Effects of Curcumin in Bilirubin-induced 

Neurotoxicity in Severe Neonatal Hyperbilirubinemia Model 

The need to increase the therapeutic approaches to kernicterus 

spectrum disorder (KSD), as well as to find supportive solutions when 

adequate medical care is not available, prompted us to evaluate a novel 

pharmacological approach aimed to counteract directly the main molecular 

mechanisms of bilirubin-induced brain damage, without necessarily 

decreasing total serum bilirubin (TSB). 

A similar approach was used in the past in the Gunn rat by the 

administration of minocycline [65], [103], [104]. Despite the drug being fully 

effective in protecting the rat brain from neurological damage, the side 

effects of minocycline prevented its clinical use [98], [277]. Analogs with 

less/no side effects have been developed and tested, but unfortunately, the 

loss of toxicity of the new molecules was accompanied by the loss of the 

protective effect [65]. Indeed single anti-oxidant, anti-inflammatory, and 

glutamate channel antagonist principles alone were not, or only partly, able 

to restore damage [65], [87], [105], suggesting that none of these 

mechanisms alone was determinant. In line with this conclusion, in 

preliminary work we reported that only treatment with a cocktail of anti-

inflammatory and anti-oxidant drugs together with a glutamate channel 

blocker almost fully reverted the damage in an ex vivo setting, suggesting 
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that bilirubin toxicity was due to a synergistic effect of different 

mechanisms [278]. 

Based on that, and to accelerate the possible clinical application to 

newborns, we used Curc because the molecule is already used in other 

diseases and can enter and accumulate into the brain [345]–[348], and 

because it is reported to be able to counteract all the main pathological 

mechanisms undergoing KSD [345], [349]–[359]. 

The data we collected support rather strongly the efficacy of the 

Curc formulation we used in preventing cerebellar damage (weight—

Figure 4.1a; volume, EGL, PCs: Figure 4.2a-e) typical of the Hyper Gunn 

rats [12], [103], [104], [274], [276], [294]–[296]. The protection was not 

mediated by lowering serum bilirubin level (Figure 4.1b), but rather to a 

direct effect on the damaging mechanisms (inflammation, glutamate 

excitotoxicity, and redox state—Figure 4.5, Figure 4.6, Figure 4.7), with the 

normalization of the behavior in Hyper Curc pups (Figure 4.3) representing 

a convincing proof of the efficacy of Curc. 

The results may be explained by the multiple functions of Curc, a 

pleiotropic capability that the molecule shares with minocycline[360]. In 

addition to anti-oxidant effect (e.g., on HMOX1 [351]), curcumin possesses 

anti-inflammatory (on IL6, COX2, TNFα, IL1β), anti-apoptotic, anti-

tumorigenic effect, and acts on numerous signaling pathways [345], [351]–

[358]. The modulatory and protective effects of curcumin against glutamate 

neurotoxicity have also been previously reported [349], [350], [358]. 

Mhillaj et al. reviewed that Curc confers protection in wide array of 

diseases by acting as Hmox1 inducer [361], meanwhile in our model the 

curcumin confer protection by normalizing the Hmox1 in gene and protein 
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level. The discrepancy of this curcumin action can be explained by the 

difference of the experimental setting/model and also the studied disease as 

well. Most of the models reviewed are non-CNS diseases where the 

downregulated Hmox1 considered as the lack of antioxidant activity. 

Meanwhile, the hyperactivity of Hmox1 in the brain can be both 

neuroprotective as well as neurodystrophic  [362].  The upregulation of 

Hmox1 in our study also supported by bilirubin neurotoxicity study in ex 

vivo model [278], supporting that hyperbilirubinemia conditions increase 

the Hmox1 in mRNA and protein level. Therefore, curcumin ability to 

reverted the level of Hmox1 is considered as neuroprotective effect. 

Nevertheless, the curcumin action toward Hmox1 in severe neonatal 

hyperbilirubinemia is still need to be elucidated.    

Curc is mainly used in cancer therapy. It can suppress cancer 

growth by interfering with cell division [353], [355], but the reported side 

effects (diarrhea, headache, rash, yellow stool, nausea, increased serum 

alkaline phosphatase and lactate dehydrogenase, abdominal pain; are 

usually reported at very high dosage and long exposition) call for 

precaution [351], [357], [363]. On the other side, Curc consumption of up to 

2–2.5 g/day (about 40 mg/kg) is part of the culture in Nepal and India, where 

it is used in the traditional Indian Ayurveda medicine (reviewed in [364]). 

Curc is a “generally recognized as safe” (GRAS) compound (EMA and 

FDA) with no demonstrated side effects even at high dosages[255]. The 

typical dosage in adults is about 4–8 g/day (about 60–114 mg/kg), and 

dosages up to 12 g/day (about 170 mg/kg) for several months have been 

reported[351], [357], with minor side effects. Beneficial effects of Curc 

administration in infants for bowel disease are reported[364]–[367], and in 
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pediatric cancer, 400 mg/day of Curc orally administered for nine months 

to a six-month-old baby with infantile hemangioendothelioma, has been 

reported as improving body weight gain, reducing liver dimensions with 

no evidence of residual hepatic lesions, and without reporting side 

effects[365]. This suggests that Curc administration in neonatal 

hyperbilirubinemia (for 24 h in case of PT; or 10–20 days in case of 

spontaneous normalization of blood bilirubin levels in absence of PT [368], 

[369]) might be, in principle, feasible.  

Recent studies on the accumulation of Curc in the rodent brain 

indicate that the molecule enters rapidly and accumulates into CNS, 

especially when administered for a long period (chronic assumption) [346]. 

Importantly, no significant differences between oral vs. i.p. administration 

have been reported. The extrapolation of what was observed in the 

experimental model to the newborn still needs to be demonstrated [346]. 

The daily administration of the drug as soon as jaundice appeared, 

possibly interfering promptly with the damage, might be an additive reason 

for the success of the work. In this respect, we believe our experimental 

scheme may well reproduce the clinical scenario of a severely 

hyperbilirubinemic infant not treated with PT. 

The dose we used (10 mg/kg) is below the posology reported in 

clinical trials (see above) and lower also in respect of other works in rodent 

models of CNS diseases [370]–[372]. This suggests that small amounts of the 

molecule might be effective in counteracting KSD. 

Our data (Figure 4.1a,b Cll weight and TSB; Figure 4.2 histology 

and morphometry; Figure 4.3 behavior, and Figure 4.4 bodyweight) also 

agree with previous works, where benefits and no side effects of the 
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molecule have been documented [370]–[372]. Nevertheless, independent 

confirmations of our results with different doses and different timing of 

treatment in animal models are required before suggesting Curc in the 

clinical setting. Efficacy/safety evaluation in the human is, in any case, an 

obligated step, considering a possible species-specific different sensitivity 

to the principle. 

In conclusion, these data indicate the ability of the formulation of 

Curc we used in preventing the bilirubin brain-induced damage in the 

Gunn rat model of neonatal hyperbilirubinemia. We need to confirm these 

data before curcumin might be considered to be administered to the 

jaundiced newborns. If successful, the possibility to deliver the principle 

diluted in the baby bottle may become a feasible alternative/complementary 

approach to PT where this is not easily available. 

 

5.2.TASK 2 – Bilirubin Neuroprotection in an ex vivo Parkinson’s 

disease model  

5.2.1 TASK 2A: Bilirubin reverses the dopaminergic neuron demise in 

an ex vivo Parkinson’s disease (PD) model 

Therapy for delaying or stopping PD evolution is still an unmet 

medical need. Redox imbalance, and most recently inflammation, are two 

discussed hits [373]–[375] in DOPAn demise in PD patients and models 

[373], [376], [377]. UCB possesses both anti-oxidant and anti-inflammatory 

properties, with demonstrated beneficial epidemiological effects in extra-

CNS diseases [317], [378], [379]. In this work, we demonstrated that low 

concentrations of UCB (0.5μM and 1μM, corresponding to a free bilirubin—
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Bf lower than 1nM) may protect from the 40% DOPAn loss quantified in 

our ex vivo chronic model of PD (Figure 4.10).  First, we focused our 

attention on the anti-oxidant capability of UCB. As testified by the GSH and 

GSSG evaluation (Figure 4.13), low doses of Rot induced the expected early 

increase of the pro-oxidant status of the cultures [380], supported by the up-

regulation of both Homx1 (a redox sensor [64], a transcription factor of the 

battery of anti-oxidant genes [321], as well as the key enzyme in UCB 

production [2]), and Srxn1 (belonging to the anti-oxidant response 

mechanism - [321]) (Figure 4.11a-b). In agreement, an up-regulation of 

Hmox1 and an increased level of UCB in the serum have been reported in 

the early clinical stages of PD (Hoehn & Yahr Stage ≤3) [381]–[383] turning 

upside down with the progression of the severity of disease in the clinical 

setting. It was hypothesized that this double-sided trend represented an 

initial tentative reaction to the ongoing damage by increasing the in situ 

(CNS) production of bilirubin, failing later on with the progression of the 

disease [342]. In our model, the addition of exogenous UCB to the cultures, 

possibly overcomes the need for Hmox1 induction, conferring protection.  

The longstanding Srnx1 up-regulation (up 24 hours, Figure 4.11b), 

the glutathione level alteration in the medium after rotenone exposure (5 

min and 3h, Figure 4.13a)  and in both medium (5 min, 3h, and 24h Figure 

4.13a) and tissue (Figure 4.14)  after UCB treatment,  marking the presence 

of oxidative stress in the model as well as confirming UCB acted as an 

antioxidant. However, the antioxidant activity of UCB is not congruent with 

UCB protective effect against DOPAn loss in PD model (Figure 4.10), 

indicating that UCB protection in PD model is independent of its 

antioxidant capacity.  
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Supporting the previous findings, the NAC experiment (Figure 

4.15) is unable to normalize the DOPAn counting in our model despite the 

wide spectra of concentrations used indicating oxidative stress is not the 

key player in our PD model. This point might appears in disagreement with 

different models of PD, where NAC has been reported partially restoring 

DOPAn demise [384]. The different results might be due to the model (we: 

OBCs-SN, others: animals and cell lines). Or, in our opinion, the 

disagreement was mainly attributable to the kind of PD model we 

developed. Usually, high doses of Rot have been used to develop an acute 

model of the disease [380], [385]. Differently, we used a slowly progressing 

model of the disease, better reproducing the clinical scenario of a slow, 

chronic condition that requires decades to develop, and allowing us to 

discriminate the early from the late mechanisms involved in the DOPAn 

demise [135]. Thus, the severity of the mechanism of induction might affect 

the results. 

Bdnf, another potential contributor of DOPAn demise in models 

[135], [314], [315], [375], [376] as well as in the clinical setting [322], [323], 

was normalized only by 1μM UCB (Figure 4.11c), disagreeing with the 

protection form DOPAn observed in (Figure 4.10). Similarly happened with 

Il6, with a maximally normalized at 2μM UCB(Figure 4.11e), where UCB 

protection is lost (Figure 4.10), and Cox2, never restored by UCB treatments 

(Figure 4.11f). The experimental data we report in our model agrees with 

different models of PD and the clinic, where all these markers have been 

reported to be altered [135], [325]–[329]. Multiple trials to normalize these 

factors, or evaluate their correlation with PD have been reported. Bdnf 

administration in PD models failed in diminishing DOPAn loss [389]–[391]. 
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Despite some controversy [392], the intake of the non-steroid anti-

inflammation drugs (NSAIDs, the COX2 inhibitors) by patients with 

chronic pro-inflammatory diseases different from PD was not associated 

with a reduced risk of PD [393], [394]. Finally, the correlation between IL6 

genetic polymorphisms increasing cytokine production and the risk of PD 

is unclear, keeping open the question about the relevance of this cytokine 

in PD onset [395], [396]. 

Recently, Tnf-α as a key contributor to PD onset and DOPAn loss is 

gaining more and more attention [290], [333], [397]–[404], but still strong 

proof of its relevance is missing. Indeed, up to now, no efficient drugs (in 

this work we used bilirubin as a drug [405]) to reverse its expression and 

restore the DOPAn number have been found. TNF-α modulation has been 

reported in patients [332]–[334], and is associated with a rapid motor 

decline [332]. Data have been replicated in models [135], [325], with 

increased apoptosis [406] and DOPAn death [407]. Experimental data 

obtained by neutralizing TNF-α resulted in a partial (50%) rescue from 

DOPAn loss [290]. Similarly, a small reduction in the incidence of PD has 

been reported in patients with inflammatory bowel disease exposed to 

Infliximab [408], possibly because of the limited ability of the drug in 

crossing the blood-brain barrier[409].  

We fully documented that Tnf-α is the determinant of DOPAn 

demise and UCB protection in the model. The correlation analysis 

performed between DOPAn and early potential mechanisms marker 

(Figure 4.12) showed that among all the markers only Tnfα was significantly 

correlated with DOPAn number (Figure 4.12d). Furthermore, the addition 

of purified Tnf-α well reproducing the neuronal loss, and the full protection 



 

 132 

obtained by Infliximab are indisputable pieces of evidence of its key role 

(Figure 4.16).  

Clinical studies evaluating the incidence of PD in the Gilbert 

population are so far not available but are required in the light of our data. 

Notably, and differently from the limited bioavailability of Infliximab in the 

CNS, free bilirubin (Bf), the UCB moiety not bound to serum albumin, may 

quickly diffuse across the blood-brain barriers and the cells [410] carrying 

out its biological functions. Nevertheless, translating the use of UCB as a 

drug in the clinic is not so easy. Despite modulating the systemic level of 

UCB being feasible [238], reaching a so-tuned amount of bilirubin in the 

substantia nigra of PD patients is a challenge. Delivery by nano-vehicles 

carried with UCB could be the most feasible way [5], [411]–[413]. Weak 

points of this approach as therapy are the delayed diagnosis, usually 

occurring when the 40% of DOPAn are already lost, and the concerns in the 

possible needing for repeated administration of the UCB-loaded nano-

vehicles, despite slowing or stopping the progression of the disease is a 

great goal. Further experimental work will be needed to translate the use of 

UCB finding into clinical settings. Nevertheless, the finding reported in this 

paper is greatly useful for searching for new (prophylactic) therapeutic 

approaches able to target specifically TNF-α to prevent PD, and potentially 

other neurodegenerative diseases sharing TNF-α as a contributor to 

neurodegenerative progression. Research is ongoing. 
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5.2.2 TASK2B: Nanobubbles as bilirubin carriers in organotypic brain 

cultures of substantia nigra: an initial screening step of bilirubin-delivery 

in Parkinson’s disease (The experiments were performed in collaboration with 

Department of Drug Science and Technology and Department of Neuroscience, 

University of Torino, Torino, Italy) 

 

UCB at specific concentrations has been demonstrated to prevent 

DOPAn loss in the ex vivo (OBCs-SN) model of PD (TASK 2A).  However, 

this finding is challenged by the main question: how it can be modulated in 

the brain?  

(a) A pharmacological approach targeted in a systemic (whole-body) 

modulation of the yellow players (part of enzymatic machinery of 

bilirubin production) seems to be the most obvious and is already 

primarily evaluated in extra-CNS diseases [226], [239], [245] by 

inducing HMOX1 and increasing TSB. 

(b) Nowadays, all types of cells have been known to possess the enzymatic 

machinery (HMOX1 and BLVR) for producing bilirubin [5], [8].  A 

second approach might consist of modulating HMOX1 or BLVR  

directly in the CNS. Nevertheless, it has to be mentioned that inducing 

even more HMOX1 will possibly enhance the side effects and 

accelerate the disease progression. As reported in a human study, 

HMOX1 has been reported to increase in the serum [382]and in the 

brain of PD subjects [383], where it is supposed to enhance the toxicity 

by deposition of iron, one of its products[207], [241], [414]  

(c) A third exciting alternative is the use of nanoparticles. Nanoparticles 

designed explicitly for brain delivery (of mRNA, small peptides, 

chemotherapeutic agents, etc.) are under evaluation [243], [244], [246]–
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[248] and are of routine clinical use as agents in magnetic resonance, 

magnetic-field-directed drug targeting to tumors across the blood-

brain interfaces (BBIs), and for direct anti-tumor treatment by 

magnetic hyperthermia [244], [246]–[250].  

In the context of PD studies (animal models), nanoparticle delivery 

of dopamine and levodopa, ropinirole and apomorphine (dopaminergic 

agonists), and growth factors (NGF, GDNF) have been tested, reporting 

positive results in terms of reaching the target, the release of the content, 

good efficacy, and tolerance [246]. Hence, the basis for developing UCB-

loaded nanoparticles becomes an option to optimize its tuned delivery in 

vivo. For this reason, we have collaborated with University of Torino which 

priorly developed the so-called nanobubbles (NBs), as multi-compound 

carriers [415], [416]. 

The different polymeric shells of nanobubbles (NBs), consisting of 

glycol-chitosan (GC), GC-deferoxamine (GC-DFO), GC-DFO-Iron (GC-

DFO-Fe), and GC-DFO-superparamagnetic iron oxide nanoparticles (GC-

DFO-SPIONs), (Figure 4.17), as potential UCB carriers in the OBCs-SN 

model, were used as bilirubin carrier candidates.  

In this study, the viability of OBCs-SN (healthy slice, see the 

rationale of the treatment in Chapter 3 Materials and Methods, Section 

3.2.3.2 Experimental schemes, part a) exposed to NBs only was examined. 

Although the magnetic nanoparticle is very sophisticated in medical 

applications due to its possibility to achieve a targeted site by a harmless 

remote magnetic field [118],[119], unlikely, that GC-DFO-Fe was found to 

be toxic to DOPAn at all dilutions in healthy slices (Figure 4.20). This 

suggests that the NBS may release part of the Fe, inducing damage at least 
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to the most sensitive cells composing the tissue (DOPAn). This hypothesis 

fits with the result of Fe treatment alone showing dose-dependent toxicity 

at 100μM and higher concentrations (Figure 4.20). The iron ability to induce 

neurotoxicity and its correlation with several neurodegenerative diseases 

has been frequently reported [414], [417]–[421]. Thus, the ability of CG-DFO 

NBs to firmly retain the Fe concentrations possibly present in the site of 

lesion of neurodegenerative disease is a critical step to evaluate.  

Meanwhile, GC and GC-DFO were demonstrated to be safe for 

OBCs-SN at  1:192 (Figure 4.20).  

Gaining the crucial information about the safest NBs candidate, the 

experiment was continued by loading UCB into the selected NBs (GC and 

GC DFO) and the dilutions were increased from 1:192 to 1:11428. A wide 

range of dilutions was used to increase the possibility of delivering the 

protective concentration of UCB to DOPAn in PD model (0.5-1uM UCB in 

medium, corresponding to less than 1nM Bf), with the lack of knowledge 

about UCB amount that could enter the cell as a bias.    

Furthermore, despite it is not full protection, GC-UCB at 1:192 

dilution and GC-DFO-UCB at 1:4572 dilution were found able to counteract 

Rot-induced DOPAn death, by restoring around 80% of DOPAn (Figure 

4.23).  

The protection exhibited by the two NBs in different dilutions 

indicates the difference in both formulations. The presence of DFO 

(deferoxamine), an iron chelator, in GC-DFO-UCB might be explained the 

protective effect even in the lower dilution than GC-UCB. Since iron was 

also found to increase in human and PD models [422]–[424], the use of DFO 

was found to be protective against Rot-induced DOPAn loss [424].  
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 GC-DFO-SPIONs was found to be toxic at 1:8 (Figure 4.20).  

Moreover, agglomeration events were found in the OBC-SN slices under 

GC-DFO-SPIONs challenge (Figure 4.21), a common event that usually 

limits the use of magnetic nanoparticles[425], [426]. The change of 

nanoparticle physicochemical behavior due to its interaction with culture 

media components (e.g protein) is considered one of the co-factors in 

nanoparticle aggregation [427]. Due to this physio-chemical instability, we 

decided to exclude the GC-DFO-SPIONs in the following experiment.  

As the results with GC-UCB at 1:192 dilution and GC-DFO-UCB at 

1:4572 bring us closer to the potential of UCB delivery in substantia nigra of 

PD, further investigation to maximize the protection by loading different 

concentrations of UCB as well as exploration of the potential combined-

protection effect of DFO compound in GC-DFO-UCB are needed before 

expanding NBs application as bilirubin delivery system in in vivo model.  

 

5.2.3 TASK2C: Curcumin Protection in an ex vivo Parkinson’s disease 

(PD) model 

The major clinical challenge in PD is the late diagnosis, occurring 

when the 40-50% of DOPAn has been already lost [5]. While the 

administration of UCB-loaded NBs at diagnosis to stop the progression of 

DOPAn loss is rational, it will neither revert nor prevent the already 

occurred damage, as well as a repeated delivery of NBs-UCB to the CNS is 

not a suitable possibility. Moreover, while PD has been known as a 

progressive disease, only in the last years it has been suggested that the hits 

to PD might be a chronic (lifelong) exposure to stressor stimuli 

(inflammation, redox, pollution, environment, intestine derived, etc.) [373], 
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[421], [428]. This strengthened the basis of suggesting a prophylactic 

treatment may have a place before the excessive damage of DOPAn.  

Therefore, we took advantage of two important results obtained in 

this Ph.D. work. The major result of the thesis was demonstrating that TNF-

 is the crucial player in DOPAn loss (TASK 2A). We have noticed in TASK 

1 that curcumin (Curc) protects the Gunn rat brain against the toxicity of 

very high UCB levels also by normalizing TNF- [273]. Considering Curc 

worldwide availability as a nutraceutical compound will lead us to an easy 

way to address it as PD prophylaxis treatment in the future, we have begun 

to explore its effect in our ex vivo PD model.  

From the DOPAn evaluation, we demonstrated that Curc 

protection in ex vivo PD model is dose-dependent and Curc gave protection 

at 10M (Figure 4.25), the initial concentration used in this experiment.  Due 

to the dose-response trend of Curc observed in DOPAn protection, we 

added 5M Curc to be tested. While DOPAn count is conclusive (from at 

least 3 biological repetions), we have to confirm the protective effect shown 

by 5M Curc (Figure 4.26), is due to its anti-TNF- capacity.  The 

experiment to unravel the protective mechanism focusing on Curc anti-

TNF- capacity in all concentrations of Curc used is still ongoing.      

Several studies have demonstrated the protective effect of Curc in 

in vivo and in vitro models of PD. Curc is found able to restore behavioral 

impairments, reduce oxidative stress, restore mitochondrial deficits, 

counteract neuroinflammation and prevent cell apoptosis [429]–[434].  Curc 

anti-TNF- capacity also has been demonstrated in other models of PD 

[435]–[437].   The therapeutic potential of Curc is supported by its ability to 

cross the blood-brain barrier (BBB) in vivo [438].  
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A small clinical trial of 9 months Curc administration (80 mg/daily) 

in PD patients failed to show Curc efficacy in alleviating clinical symptoms 

and quality of life of PD patients [439]. On contrary, the clinical trial using 

Curc (2g/daily) for 12 months in PD showed the improvement of Curc-

treated patients not only in clinical symptoms but also decrease p-syn 

deposits (a pathological form of α-Syn in skin nerves) compare to untreated 

patients[440]. Moreover, this study also included the proof of Curc present 

in the cerebrospinal fluid suggesting that Curc able to cross BBB in human 

[440].  

The fact that the first-mentioned trial was performed in younger PD 

patients (first trial: 58.2 ± 11.2 years, second trial: 72  2 years) that usually 

have the more progressive type of PD, and the second trial administered a 

higher dose of Curc for longer periods may explain the dissimilarity 

outcome among the two trials.  Also considering the heterogeneity of PD, 

the Curc efficacy at the severe stage (around half of DOPAn populations or 

more are already irreversibly damaged) will be challenged.   

Nevertheless, as the incidence of PD in India is reported as the 

lowest all over the world (70 per 100,000 normal populations) [441], it brings 

to the hypothesis that the high consumption of Curc among Indians (not 

only as a dietary spice but also a herbal medicine [442]) may work as a 

prophylactic medicine in PD. Therefore, the main goal of our project is to 

introduce Curc as a prophylactic treatment of PD. However, more 

investigations (preclinical and clinical) are required to complete the story.   
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CHAPTER 6 

CONCLUSION 

 

6.1. TASK 1 – The Effects of Curcumin in Bilirubin-induced 

Neurotoxicity in Severe Neonatal Hyperbilirubinemia Model  

In this project we have demonstrated that curcumin fully effective 

in restoring bilirubin-induced neurotoxicity in Gunn rats with its 

pleiotropic effect as anti-oxidant, anti-inflammation, anti-glutamate 

neurotoxicity and normalizer of brain development marker. The ability of 

curcumin counteracted bilirubin-induced neurotoxicity without reducing 

the total serum bilirubin level indicates its therapeutical capacity in situ.  

The wide world availability of curcumin brings us to a future perspective 

for curcumin application as an alternative, non-invasive therapeutical 

approach that can be complementary to current standard treatments (e.g. 

phototherapy and exchange transfusion). These data are needed to be 

confirmed before curcumin might be considered to be administered to the 

jaundiced newborns. Morever, the curcumin administration in the later age 

of Gunn rats as well as different experimental models are needed to mimic 

the clinical challenge in hyperbilirubinemia management.   

 

6.2. TASK 2 – Bilirubin Neuroprotection in An Ex Vivo Parkinson’s 

disease Model 

From this task, we have reached not only a new perspective about 

the therapeutical potential of low concentration of UCB toward 

dopaminergic neuron loss in ex vivo model of PD but also a proof concept 

of the major role of TNF- in dopaminergic neuron demise and protection. 
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Nanobubbles as UCB carrier seems a promising delivery system.   The 

screening of nanobubbles in OBCs-SN has shown that GC and GC-DFO as 

the safest UCB carrier candidates, reaching up to now 80% of protection. 

Further studies to optimize the protectivity are needed.  

An extended project by using curcumin and PD model also brings 

a new insight. Low concentration of curcumin was protective in ex vivo PD 

model and preliminary data shows its protection potentially comes from its 

anti-TNF effect. The use of curcumin as a nutraceutical-prophylactic 

compound for PD will be an interesting story needed to be completed. 
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