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Abstract: The edible cyanobacterium Spirulina platensis and its chief biliprotein C-Phycocyanin 
have shown protective activity in animal models of diverse human health diseases, often reflecting 
antioxidant and anti-inflammatory effects. The beneficial effects of C-Phycocyanin seem likely to 
be primarily attributable to its covalently attached chromophore Phycocyanobilin (PCB). Within 
cells, biliverdin is generated from free heme and it is subsequently reduced to bilirubin. Although 
bilirubin can function as an oxidant scavenger, its potent antioxidant activity reflects its ability to 
inactivate some isoforms of NADPH oxidase. Free bilirubin can also function as an agonist for the 
aryl hydrocarbon receptor (AhR); this may explain its ability to promote protective Treg activity in 
cellular and rodent models of inflammatory disease. AhR agonists also promote transcription of the 
gene coding for Nrf-2, and hence can up-regulate phase 2 induction of antioxidant enzymes, such as 
HO-1. Hence, it is proposed that C-Phycocyanin/PCB chiefly exert their protective effects via inhi-
bition of NADPH oxidase activity, as well as by AhR agonism that both induces Treg activity and 
up-regulates phase 2 induction. This simple model may explain their potent antioxidant/anti-
inflammatory effects. Additionally, PCB might mimic biliverdin in activating anti-inflammatory 
signaling mediated by biliverdin reductase. This essay reviews recent research in which C-
Phycocyanin and/or PCB, administered orally, parenterally, or intranasally, have achieved marked 
protective effects in rodent and cell culture models of Ischemic Stroke and Multiple Sclerosis, and 
suggests that these agents may likewise be protective for Alzheimer’s disease, Parkinson’s disease, 
and in COVID-19 and its neurological complications. 

Keywords: Phycocyanobilin, C-Phycocyanin, antioxidant, anti-inflammatory, regulatory T cells, Alzheimer’s disease, Multiple 
Sclerosis, ischemic stroke, Parkinson’s disease, COVID-19. 

1. INTRODUCTION 

 Natural complementary therapies intended for oral ad-
ministration, and generally presumed to be safe, are known 
as nutraceuticals [1]. Recently, the concept of nutraceuticals 
has been widening to include whole foods, an extract of 
foods or herbs, or purified compounds derived from foods or 
herbs that could be effectively used for preventing and/or 
treating human health disorders [2]. Indeed, public interest in 
natural health-promoting foods or their specific components 
has been rapidly growing. In the US in 2007, 38% of adults 
had preferred to use such kind of alternative treatments in-
stead of conventional therapies [3]. Certain natural products  
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with prominent antioxidant properties have shown potential 
as polyvalent therapeutic options for several diseases, with 
integrated and interconnected target effects [4]. This has led 
to the development of nutraceutical interventions for several 
neurodegenerative diseases. Among them, curcumin 
(grapes), quercetin (apples), resveratrol (grapes), epigallo-
catechin-3-gallate (green tea), coenzyme Q10, omega-3 pol-
yunsaturated fatty acids, α-lipoic acid, L-sulforaphane (broc-
coli), thiosulfonate allicin (garlic), rosmarinic or carnosic 
acids (rosemary), have been found to antagonize pathologi-
cal mechanisms of neurodegeneration in pre-clinical research 
[5]. A recent review highlighted the observation that, alt-
hough most clinical trials using these nutraceuticals have 
found them to be safe, these studies have recruited small 
sample sizes and have been of short duration; they typically 
have proposed that future large-scale well-controlled clinical 
assays are mandatory to continue developing these and other 
novel neuroprotective nutraceuticals [6]. Of special interest 
in this regard are those neurodegenerative conditions that are 
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related to age and inflammation, such as Ischemic Stroke 
(IS), Multiple Sclerosis (MS), Alzheimer’s (AD) and Parkin-
son’s diseases (PD), which are major health problems 
worldwide [7]. An epidemiological estimate has projected a 
dramatic increase in the global incidence of these disorders, 
such that by the year 2050, approximately 47 million patients 
with dementia and other neurodegenerative illnesses [8]. In 
addition, the novel 2019 coronavirus disease (COVID-19), 
caused by the Severe Acute Respiratory Syndrome Corona-
virus 2 (SARS-CoV-2), results in a variety of neurological 
symptoms including headache, confusion, fatigue and cere-
brovascular events, with no currently available effective 
symptomatic or disease-modifying therapies targeting these 
complications [9]. These challenges will negatively impact 
on public health systems and global economies, and impose 
a huge burden on individual quality of life. 

 A nutraceutical medicine that has gained growing interest 
in the last two decades is the biliprotein C-Phycocyanin (C-
PC) and its prosthetic group Phycocyanobilin (PCB), derived 
from green-blue algae and cyanobacteria, most notably the 
cyanobacterial species Spirulina (Arthrospira) platensis 
(Sp). Sp extracts have served as an important diet supple-
ment during centuries for ancient cultures, such as Mexican 
Aztecs and Mayans, African communities (used even as the 
sole nutritional source in famine times), and Chinese culture 
[10]. Its outstanding nutritional value has been recognized by 
the US National Aeronautics and Space Administration 
(NASA), which stated that 1 kg of Sp was in some respects 
nutritionally equivalent to a fruits and vegetables amount of 
1000 kg; hence, it was recommended for supplementing the 
diet of astronauts during their space missions [11]. Other 
active ingredients of raw Sp solutions and food-grade C-PC 
preparations includes minor amounts of different polysac-
charides, polyunsaturated fatty acids, carotenoids, essential 
amino acids, vitamins and minerals [12]. C-PC consists of 
two protein subunits, α and β, which are linked covalently to 
the tetrapyrrole chromophore PCB; two molecules of PCB 
are attached to α subunit, and one to β subunit [13]. Each C-
PC polypeptide chain functions to maintain the structural 
stability of the PCB chromophores, which harvest light ener-
gy to fuel the cyanobacteria photosynthesis process [14]. In 
1998, a Cuban group was the first to report some of the anti-
oxidant properties of C-PC, demonstrating its potent scav-
enging activities for hydroxyl radical (•OH), alkoxyl radical 
(RO•) and superoxide anion (O2•−) [15]; in follow-up stud-
ies, C-PC’s ability to scavenge additional oxidant chemical 
species (e.g. hypochlorite, singlet oxygen, H2O2) was 
demonstrated, as well as its inhibiting effect on several redox 
imbalance paradigms [16, 17]. Soon afterwards, the first 
antioxidant effects of PCB were reported: inhibiting the lipid 
peroxidation process in artificial liposomes [18], scavenging 
peroxynitrite species (ONOO–), and inhibiting oxidative 
damage to DNA [19]. These early results suggested that the 
prosthetic tetrapyrrolic group might be a critical determinant 
for the potent antioxidant activities of this biliprotein. 

 The main objective of this review is to thoroughly expose 
the pertinent research pointing to the potential utility of PCB 
as a nutraceutical intervention for major neurodegenerative 
diseases and COVID-19-related neurological injuries. Our 
view is supported by data obtained using purified PCB, its 

human homolog tetrapyrroles (bilirubin and biliverdin), as 
well as Sp extracts and C-PC preparations, on the reasonable 
presumption that free PCB or PCB oligopeptides are released 
from these sources after in vivo administration [20]. 

2. HOMOLOGY OF PHYCOCYANOBILIN WITH 
BILIVERDIN AND BILIRUBIN 

 The heme group (iron-protoporphyrin IX) is an important 
and ubiquitous cyclic tetrapyrrolic complex critical for life. 
It binds to different apoproteins with essential physiological 
functions, including oxygen-carbon dioxide exchange, oxy-
gen storage and transport (hemoglobin, myoglobin), electron 
transport, redox reactions (catalase, peroxidases), cell signal-
ing, drug metabolism and detoxification (cytochromes) [21]. 
The cyanobacterial chromophore PCB belongs to a diverse 
group of natural linear tetrapyrroles occurring also in mam-
mals and plants, which are called “bilins”, a name derived 
from mammalian “bile pigments”. This includes heme-
derived bilins, such as biliverdin (BV) and bilirubin (BR) 
(Fig. 1), endogenous mammalian tetrapyrrolic compounds 
with known antioxidant properties participating in the physi-
ological redox cycle catalyzed by heme-oxygenase-1 (HO-1) 
and biliverdin reductase (BVR) (Fig. 2) [22]. There are many 
published reports and review papers documenting the thera-
peutic activities of the BV/BR/HO-1/BVR system, which has 
shown beneficial effects on diseases of different organs and 
tissues, such as heart, kidney, liver, intestines, lungs, skin, 
brain, vasculature and pancreas. Notably, this system has 
been found to provide benefits in ischemia-reperfusion dam-
age, wounds, endotoxic shock, viral infections, metabolic 
disorders, proteinopathies and inflammatory conditions [23, 
24]. However, excessive levels of free circulating (albumin-
unbound) unconjugated BR can exert toxic actions in the 
body, particularly in the peri-natal brain, whose blood-brain 
barrier is still not completely developed, producing an en-
cephalopathy known as jaundice of the newborn [25]; other 
neurotoxicity sequelae can be seen in drug- or genetically-
induced hyperbilirubinemia [26]. On the other hand, human 
health conditions with chronic elevations of unconjugated 
BR, such as the benign genetic variant Gilbert’s syndrome, 
are associated with a halving of total mortality, suggesting 
that a moderate enhancement of BR’s physiological actions 
may be markedly protective [27]. 

 Interestingly, mice lacking the BVR gene (resulting in 
loss of endogenous BR production and the accumulation of 
BV) showed an increased vulnerability to N-methyl-D-
aspartate (NMDA) injection into the brain cortex, resulting 
in significantly largest lesions [28]. BVR-/- brain slices ac-
cumulated around two-fold more O2•

– when treated with 
NMDA than wild-type controls, suggesting that neuronal BR 
scavenges or prevents the production of NMDAR-induced 
O2•

–, which may be indicative of an endogenous redox regu-
lation in the context of excitotoxicity [28]. BVR is not only 
responsible for the enzymatic conversion of BV to BR, but 
also functions as a mediator of cell signaling, leading to cy-
toprotective and anti-inflammatory effects, and modulating 
cell growth, tumorigenesis, and apoptosis [29, 30]. It is of 
intriguing interest that PCB, which is a cyanobacterial me-
tabolite of BV, and structurally homologous to BV, can be 
converted efficiently by BVR to phycocyanorubin, a com-
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pound structurally homologous to BR [31]. Hence, it is rea-
sonable to speculate that the intriguing and versatile antioxi-
dant and anti-inflammatory properties of Sp extracts, C-PC, 
and PCB demonstrated in pre-clinical studies, including 
those targeting the central nervous system (CNS), may re-
flect mimicry of the important physiological protection af-
forded by BV/BR. 

3. PHARMACOLOGICAL ACTIVITIES OF PCB 

 PCB has a molar mass of 587 Da, whereas that of C-PC 
is about 36 KDa – approximately 61 times greater. This sug-
gests that it might be possible to obtain this organic pigment 
from chemical synthesis [32], thereby avoiding pharmaceuti-
cal regulations that pertain to products of biological origin. 
Another advantage regarding the simple PCB chemical 
structure over polypeptide pharmaceuticals is the absence of 
any unwanted modifications of amino acids as well as any 
events of aggregation or enzymatic digestion. The possibility 
can be envisioned that PCB could be administered covalently 
linked with bioactive proteins, providing a combination of 
therapies in a single pharmaceutical product. 

 Additionally, the binding capacity of PCB with natural 
polypeptide carriers may pave the way for nutraceutical for-
mulations with improved pharmacokinetic and safety proper-
ties. PCB is linked covalently to C-PC cysteine amino acids 
by thioether bonds (at α84, β84, and β155 positions) [13], a 
process that could be mediated by the enzymatic catalysis of 
phycobiliprotein lyases or by spontaneous attachment [33]. 
Moreover, the reactivity of PCB towards free SH groups 
present in biological molecules, such as cysteine [34], indi-
cates the possibility of chemically conjugating this 
tetrapyrrole to appropriate carriers. Indeed, previous reports 

have demonstrated the stable binding of PCB with several 
natural proteins. PCB was found to bind to bovine serum 
albumin (BSA) and this complex showed increased thermal 
stability and a mutually protective effect against free radical-
induced oxidation [35]. Given the versatile and wide use of 
BSA as a biological carrier of a diverse range of pharmaceu-
tical and nutraceutical compounds, these results point to a 
possible BSA-PCB stable formulation [36]. Additionally, 
PCB also binds to human serum albumin (HSA) [37] and to 
bovine β-lactoglobulin (BLG), the main protein composing 
the milk's whey of cows; this binding was stable in extreme 
situations, such as an ample pH range and in experimentally 
modeled gastrointestinal environment [38]. Interestingly, it 
was observed that PCB binds to HSA with an affinity similar 
to BR [39]. This suggests that in conditions of normal BR 
plasma levels, administered unconjugated PCB may compete 
with this endogenous human tetrapyrrole for binding to 
HSA, and use it for its biodistribution throughout the body. 
On the other hand, PCB might be better absorbed when it is 
orally administered since it has good stability in acidic envi-
ronments, in contrast to C-PC that becomes unstable and 
unfolds at acidic pH [40]. Previous observations have shown 
that eight PCB oligopeptides bearing 2-13 amino acids are 
obtained from the pepsin degradation of C-PC in artificial 
gastric solution (pH 1.2). These chromopeptides evidenced 
antioxidant, anti-hemolytic and anticancer activities, and 
notably, those with higher antioxidant effects were similar in 
this respect to free PCB [41]. It is reasonable to suspect that 
the physiological effects of orally administered C-PC stem 
primarily from absorption of these chromopeptides, which 
might be the primary form in which PCB is absorbed after 
C-PC administration. PCB appears likely to be the chief me-
diator of physiological effects of orally administered C-PC. 
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Fig. (1). Chemical structures of heme (A), Phycocyanobilin (B), Biliverdin (C) and Bilirubin (D). Biliverdin isomers are produced depending 
on whether the α, β, γ or δ methene bridge of heme is cleaved by HO-1, being the most common cleavage at the α position.  
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 In order to show the potential health benefits of PCB, we 
here summarize several reports in which this agent has 
demonstrated a variety of pharmacological properties in ex-
perimental models that might have relevance to the preven-
tion or treatment of human diseases (Table 1). 

 Additional evidence suggests that PCB may be the actual 
mediator of C-PC’s major physiological activities. With re-
spect to prevention of the production of hydroperoxides of 
linoleic acid, Hirata and colleagues (2000) reported that the 
effects of C-PC and PCB were comparable in similar con-
centrations and incubation times. Remarkably, heat denatura-
tion of C-PC did not change its antioxidant activity, suggest-

ing that the specific protein structure of native C-PC was not 
responsible for its antioxidant effect [18]. Furthermore, the 
ability of C-PC and PCB to scavenge peroxyl radicals, as 
quantified by the oxygen radical absorbance capacity 
(ORAC) assay, was comparable [50], suggesting that PCB 
was the actual mediator of this effect as well. 

 In some studies, PCB has shown higher activity than 
equimolar concentration of C-PC. For example, Scoglio et al. 
(2016) found that the former was 888 times more potent for 
inhibiting UDP-α-D-glucose 6-dehydrogenase activity [51]. 
This enzyme plays a role in the progression of prostate [52], 
breast [53], ovary [54], and epithelial cancers. Incubation 

 

Fig. (2). Heme catabolism pathway in mammals. Labile (protein free) heme group is catabolized by the inducible enzyme heme oxygenase-1 
(HO-1) into Biliverdin, carbon monoxide (CO) and Fe2+. Biliverdin can be converted into Bilirubin by the enzymatic activity of Biliverdin 
Reductase (BVR, type A in adults, type B in fetus). In the opposite direction, Bilirubin can produce Biliverdin through the reduction of Reac-
tive Oxygen Species (ROS). Bilirubin acts as an endogenous ROS scavenger, mediates signaling pathways, is involved in metabolism modu-
lation and exerts anti-inflammatory actions. In the liver, uridine 5’-diphosphate glucuronosyl transferase (UGT1A1) catalyzes the conjuga-
tion of Bilirubin with glucuronic acid producing a hydrophilic derivative for bile and urine excretion. The gut microbiota can transform these 
Bilirubin mono- and di-glucuronides into urobilinogen, which is excreted in the feces. (A higher resolution / colour version of this figure is 
available in the electronic copy of the article). 
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with PCB in nanomolar concentrations has been shown to 
inhibit the in vitro proliferation of thyroid (FTC-133) and 
prostate (PC-3) cancer cell lines, inhibiting colony formation 
by 80-90% [51]. With respect to the inductive impact of 
PCB (200 µM) and an Sp extract (0.5 g/L) on HO-1 expres-
sion in an endothelial cell line (EA.hy926), the mRNA levels 
rose about 78.0- and 1.6-fold, respectively, whereas HO-1 
enzymatic activities rose 261% and 162% of control, respec-
tively [46]. The concentration of PCB in the Sp extract used 
in this study is estimated to correspond to about 5.6 µM PCB. 

These findings illustrate that PCB functions as a crucial ac-
tive component of Sp for inducing HO-1 expression and ac-
tivity in endothelial cells. It is notable that induction of HO-1 
in vascular endothelium exerts anti-atherogenic effects re-
flecting antioxidant, anti-inflammatory, anti-apoptotic and 
immunomodulatory actions [55]. Thus, PCB may have poten-
tial as a drug or nutraceutical that can be released from 
whole Sp biomass, C-PC-rich Sp extracts, or purified C-PC 
preparations, that may find a diverse repertoire of applica-
tions. 

Table 1. Pharmacological studies showing potential benefits of PCB for different human pathologies. 

Models of Diseases Effect of PCB Refs. 

Pancreatic tumor 

Cell lines: PA-TU-8902, Mia PaCa-2 and 

BxPC-3 

-Prevention of cancer cell proliferation 

-Blocking of reactive oxygen species generation in mitochondria 

[42] 

Diabetic nephropathy 

In vivo model: C57BL/Ks J db/db mice 

-Oral administration in powdered diet supplemented with PCB at 15 mg/kg for 2 weeks 

-Drop off the redox markers levels in urine and kidney 

-Down-regulation of Nox2, p22phox, p47phox, TNF-α and HO-1 renal gene expression 

-Preservation of renal mesangial morphology in diabetic mice 

[43] 

Liver injury 

In vivo model: CCl4 injury to liver in 

C57BL/6 mice 

-Given orally by intragastric gavage at 100 mg/kg daily for 4 days after CCl4 injection 

-Serum levels restoration of hepatic enzymes and albumin 

-Rise in hepatic SOD activity 

-Reduces hepatic cell death 

-Rise in expression levels of liver regeneration genes (hepatocyte growth factor, HGF and trans-

forming growth factor-alpha, TGF-α) 

-Higher survival of mice when injected with CCl4 lethal dose 

[44] 

Ischemic stroke 

PC12 neuronal cell line 

In vivo model of stroke penumbra induced 

by bilateral permanent occlusion of com-
mon carotid arteries in Wistar rats 

-Intraperitoneal administration of 47 or 213 μg/kg, in equally divided four subdoses at 30 min, 1, 3 
and 6 h post-stroke. 

-Prevents PC12 death induced by glutamate and H2O2 

-Up-regulates the expression of 19 genes (anti-inflammation, neuronal survival) at 1 day post-
injury 

-Modulates the expression of 190 genes that regulate the immune response 

-Inhibits lipid oxidation and promotes SOD activity in cerebral tissue 

[45] 

Atherosclerotic injury to endothelial cells 

In vitro model: cell line EA.hy926 (human 

umbilical vein endothelial cells) 

-Induces HO-1 gene expression and enzymatic activity 

-Down-regulates p22Phox expression 

[46] 

Transplant rejection 

Allograft response in primary culture of 

human immune cells 

-Reduces the TNF-α, IFN-γ and IL-17 levels and the proliferation of human peripheral blood mononucle-

ar cells 

-Inhibits allostimulated CD4+ T cell response 

-Prevents cytokine production in LPS-stimulated dendritic cells (CD83, CD40, IL-12p70 and IL-23) 

[47] 

Multiple Sclerosis 

In vivo experimental autoimmune encepha-
lomyelitis (EAE) model induced in 

C57BL/6 mice with MOG35–55 peptide 

-Oral administration by intragastric gavage at 0.2, 1 or 5 mg/kg daily for 28 days 

-EAE disease onset was delayed two or three days for 1 and 5 mg/kg PCB, respectively 

-EAE clinical severity was ameliorated by 5 mg/kg PCB 

-Limits the IL-6 and IFN-γ cerebral accumulation in EAE mice  

[48] 

Type 2 Diabetes Mellitus 

In vivo model in albino rats induced by 
streptozotocin 

-Given orally by intragastric gavage 982 μg/kg daily for 30 days 

-Decreases blood glucose concentration, insulin resistance and lipids levels in diabetic animals 

-Recovers normal pancreatic cell morphology  

[49] 
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4. NUTRACEUTICAL INTERVENTION IN NEURO- 
DEGENERATIVE DISEASES BY C-PC/PCB 

4.1. Multiple Sclerosis 

 MS is a prominent neurological cause of disability, af-
flicting especially young adults [56]. Its prevalence is higher 
in the economically developed portions of Europe and North 
America [57]. MS has two pathogenic phases: acute inflam-
matory demyelination, followed by progressive axonal de-
generation. The first phase of inflammatory demyelination is 
reversible [58]. However, for unknown reasons, remye-
lination often fails to normally occur; hence, a therapeutic 
goal in MS is to improve the remyelination process [59]. 

 Oxidative stress is also a prominent process mediating 
the pathological mechanisms of MS, as confirmed by studies 
involving the Experimental Autoimmune Encephalomyelitis 
(EAE) model of MS, or in biopsies from MS patients. Nitro-
tyrosine, a marker for ONOO– -mediated protein damage, is 
prominently present in inflamed CNS tissue both in EAE and 
MS patient biopsies [60]. Cerebrospinal fluid levels of both 
nitric oxide (NO) and ONOO– are elevated in MS patients 
during their acute relapses [61]. Previous studies have shown 
that PCB can function as a ONOO– scavenger, and can also 
prevent ONOO– -mediated DNA damage [19]. This suggests 
that PCB might have the potential to alleviate the pathogenic 
impact of ONOO– in MS. 

 PCB can also inhibit lipid peroxidation [18] and scav-
enge peroxyl radicals [50]. Autopsy studies show that, in 
spinal cords white matter and cerebral cortex lesions, the 
products of lipid peroxidation are prominently present in 
myelin membrane and injured oligodendrocytes [62]. Perox-
yl radicals can trigger further lipid peroxidation in a chain 
reaction of lipid damage, and likely play an important role in 
the oxidative membrane damage encountered in neurodegen-
erative diseases such as MS [63]. Based on this, PCB may 
have the potential to significantly protect CNS tissue by 
quenching lipid peroxidation chain reactions. 

 Given the chemical similarity between PCB and the open 
tetrapyrroles naturally present in humans, such as BV and its 
enzymatic product BR, it could be anticipated that these 
might demonstrate similar beneficial actions in experimental 
models of MS. An early study demonstrated that intraperito-
neal administration of BR to diseased rats was able to coun-
teract the clinical deterioration of both acute and chronic 
EAE, to limit the lipid peroxidation process in spinal cords, 
as well as to protect primary oligodendrocytes against H2O2 
injury [64]. A more detailed assessment of BR’s mechanisms 
of actions against EAE was reported later. Liu et al. (2008) 
observed that in vitro BR treatment inhibits the proliferation 
of CD4+ T cells and PLP-specific CD4+ T cells of SJL/J 
mice, and decreases the macrophages and dendritic cells 
expression of co-stimulation mediators and class II MHC 
[65]. Furthermore, BR significantly ameliorated the clinical 
and histological course of active and adoptive transfer EAE 
in SJL/J mice, as well as of acute EAE in Lewis rats, in 
which a BR-induced rise in the expression of HO-1 (respon-
sible for the conversion of heme to BV, carbon monoxide, 
and Fe2+) and of BVR in spinal cords was demonstrated [65]. 
As noted, BVR catalyzes the enzymatic transformation of 

BV to BR, as well as the conversion of PCB into phycocy-
anorubin [31]. Thus, it is highly probable that this PCB me-
tabolite may mimic the regulatory activity of BR in different 
cells. Interestingly, BVR is localized in macrophages plasma 
membrane, and, when bound by its substrate BV, it can func-
tion as a receptor, initiating a signaling cascade upstream of 
Akt activation that antagonizes the pro-inflammatory effects 
of lipopolysaccharide, and is in part responsible for the pro-
tective effects of BV in models of lethal endotoxic hepatitis 
[66]. Similarly, it can be speculated that activation of macro-
phage BVR by BV’s homolog PCB could mediate a positive 
effect in inflammatory conditions such as MS. 

 In recent years, we have observed strong protective ac-
tions of both PCB and its natural prodrug, the biliprotein C-
PC, in rodent EAE models of MS. Treatment with C-PC ei-
ther before or starting from the day of immunization in Lew-
is rats with EAE dramatically improved the clinical condi-
tion of animals, accompanied by the significant reduction of 
serum and brain lipids and proteins oxidation, as well as the 
preservation of myelin structure [67]. Moreover, our study 
also revealed an up-regulation of regulatory T cells (Treg) 
markers when MS or healthy people-derived peripheral 
blood mononuclear cells (PBMC) were treated with C-PC 
[67]. A later study, employing mice in which EAE has been 
induced with injections of myelin oligodendrocyte protein 
(MOG35-55), C-PC suppressed inflammatory infiltrations and 
demyelination in white matter of the spinal cord, and this 
effect was associated with improved clinical status [68]. C-
PC also promoted axonal preservation, and decreased IL-17 
expression in brain tissue and serum. The redox status pa-
rameters were also improved in these C-PC-treated mice 
[68]. Notably, previous reports have demonstrated the rele-
vant involvement of HO-1 on the induction of Treg and its 
suppressive effect against inflammatory conditions [69, 70]. 
Protection against EAE was also demonstrated with the 
treatment of chemical compounds that induce HO-1 expres-
sion, corroborated by an enhanced CNS demyelination, pa-
ralysis, and mortality in HO-1 knock-out mice as compared 
with HO-1+/+ animals [71]. Such evidence suggests that these 
tetrapyrroles (BV, BR and PCB) share the ability of boosting 
Treg levels and, in this way, control an exacerbated proin-
flammatory response in different diseases [72]. 

 However, it is still an open question as to what intracellu-
lar targets these tetrapyrroles interact with that are capable of 
initiating the sequence of events leading to Treg specializa-
tion. In this regard, a likely candidate is the aryl hydrocarbon 
receptor (AhR). BR and BV are potent ligand activators of 
AhR in the cytosol [73], which then promotes the nuclear 
transcription of specific genes, including HO-1, CYP1A1, 
CYP2A6, UGT1A1, SLCO1B1, MAPK genes, Nrf2 (a tran-
scription factor for other protective genes), leading to a di-
verse range of effects [74]. Importantly, it has been shown 
that agonists for this receptor are potent promoters of Treg 
differentiation (both Tr1 IL-10 producing cells and foxP3-
dependent Treg) [75-77]. Moreover, administration of the 
natural tryptophan metabolite ITE or the dietary indole de-
rivative di-indolylmethane, that function as physiological 
AhR agonists, suppresses EAE [78, 79]. This evidence 
points to the strong possibility that the Treg inducing action 
of BR/BV/PCB is mediated by their activation of intracellu-
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lar AhR, which then contributes to their beneficial effect in 
EAE. 

 When PCB was tested for its ability to ameliorate EAE, a 
potent beneficial action was observed in the MOG35-55 mouse 
model. Its oral administration in a relatively low dose (5 
mg/kg of body weight) significantly improved the clinical 
status of the animals while reducing the cerebral levels of 
deleterious IL-6, IFN-γ; and a clear tendency to reduction of 
IL-17 levels was also noted [48]. CNS lesions showing a 
ubiquitous accumulation of these inflammatory cytokines are 
widely present in people with MS [80], suggesting that these 
cytokines are of fundamental importance for pathogenic pro-
gression of this condition. In a local microenvironment of 
abundant TGF-β and IL-6, a transition of Treg into a Th17 
cells subset may occur [81], and IL-6 may also limit Treg 
immunomodulatory functions as well as induce peripheral 
self-reactive effector T cells [82]. This negative role of IL-6 
in MS is also demonstrated in mice lacking this cytokine, 
which became resistant to EAE induction [83, 84]. Thus, by 
decreasing these cytokines, PCB counteracts the inflammato-
ry component of MS pathogenesis. Basdeo et al. (2016), 
employing a cellular model of human allograft responses, 
found that PCB could diminish dendritic cell function and 
suppress the pro-inflammatory attack of T cells on allogeneic 
cells [47]. It is widely recognized that myelin destruction and 
neuroinflammation in MS are secondary to the imbalance of 
the effector/regulatory immune components, which is re-
sponsible for the tight control of inflammatory self-response 
[85]. Thus, it is possible to restore the immune balance by: 
1) promoting functional Treg; 2) decreasing the effector T 
cells that escape from regulatory mechanisms [86]. The 
above-mentioned evidence supports the hypothesis that PCB 
treatment (given as purified compound or released from its 
C-PC prodrug) may therefore control the immune disruption 
in MS by modulating both the regulatory and the effector 
subsets of the neuroinflammatory response. 

 In this line of thinking, another interesting observation 
related to Treg in MS was reported by Dombrowski et al. 
(2017). These authors have shown that ex vivo, Treg can act 
to promote the differentiation of oligodendrocyte progenitor 
cells (OPCs) and aid their ability to induce myelination of 
brain tissue and re-myelination of damaged brain tissue. 
Whereas in Treg-deficient mice, oligodendrocytes (ODs) 
differentiation and remyelination were impaired; this phe-
nomenon was reversed by adoptive transfer of Treg cells 
[87]. Hence, via induction of Treg, PCB could likely pro-
mote remyelination in MS. In Lewis rats with EAE treated 
with C-PC, transmission electron microscopy analysis of 
biopsy samples found that myelin remained compact and 
dense, without signs of axonal damage – a pattern similar to 
that in healthy animals [67]. Moreover, measurement of the 
g-ratio (the ratio of axon diameter to myelinated axon diame-
ter, used to quantify axonal myelination) revealed that C-PC 
treatment kept this ratio in the range observed in healthy 
mice – whereas this ratio was significantly higher in the EAE 
mice receiving vehicle [88]. Analogously, in the C-PC-
treated EAE mice, areas of spinal cord demyelination were 
significantly reduced compared to those seen in vehicle-
treated EAE mice [68]. Hence, these findings were con-
sistent with those of g-ratio analysis, revealing a protective 

effect of C-PC on myelin structure [88]. These results 
demonstrate that C-PC can promote remyelinating activity in 
various rodent models of EAE, and suggest that administra-
tion of PCB might achieve similar results. There is consider-
able evidence that a failure of remyelination is key to the 
progression of MS, and that this reflects diminished recruit-
ment of OPCs into inflammatory lesions, and the failure of 
these cells to differentiate into functionally active ODs capa-
ble of myelination [89]. Remyelination may be promoted by 
measures which recruit OPCs to lesions and aid their differ-
entiation to functional ODs – or that counteract the effect of 
agents produced in MS lesions that suppress this process. 
Intriguingly, treatment with C-PC in EAE mice has been 
found to up-regulate the mRNA expression of a group of 
genes which play a key role in myelination and re-
myelination [68]; these include Mal, Mog, and Mobp, struc-
tural components of myelin, and a set of transcription factors 
(Olig1 – exclusive to ODs, Nkx6-2, and Nkx2-2) that are cru-
cial for OPCs differentiation and maturation [90-92]. Over-
all, these findings suggest that C-PC/PCB can induce a pat-
tern of gene expression required for OPCs differentiation, 
maturation to functional ODs, and formation of the axonal 
sheath, as well as for the development of nodes of Ranvier in 
newly myelinated axons. 

 Altogether, these results suggest that PCB has potent 
anti-inflammatory and immunoregulatory properties, in addi-
tion to its antioxidant and remyelinating capacities, support-
ing its nutraceutical application to MS disease, particularly 
with respect to its relapsing-remitting phase (RRMS). Alt-
hough there has been important progress in the development 
of drugs able to target RRMS, there is an acute need for the 
development of drugs that can prevent or slow the progres-
sion of disability in Primary (PPMS) and Secondary (SPMS) 
progressive MS [93]. At present, only one drug, Ocreli-
zumab (Ocrevus®), has been approved for the management 
of PPMS. It is a humanized monoclonal antibody that targets 
CD20 and exerts immunosuppressive effects useful in 
RRMS; however, it has only modest benefit in PPMS [94]. It 
can be speculated that PCB might be able to oppose myelin 
destruction and axon degeneration, and to synergize with 
Ocrelizumab in ameliorating progressive MS. To evaluate 
this hypothesis, it is desirable to test it in an appropriate ani-
mal model for progressive MS. Rodent models of MS have 
been developed that may be pertinent to the progressive 
phase of this disorder; these entail demyelination and axonal 
destruction in the absence of inflammatory T cell involve-
ment [95]. The MOG35-55-induced EAE model, in Biozzi 
ABH mice, has a chronic phase, following an acute relapsing 
phase, that may constitute a model for progressive MS; sev-
eral mechanisms of axon damage may be involved in this 
syndrome [96]. The cuprizone-induced model of demye-
lination, which does not involve myelin-reactive T cells, 
shows neurodegeneration similar to that seen in progressive 
MS, such as brain atrophy and callosal axon loss [97]. PCB 
administration should be studied in these animal models 
mimicking progressive MS, as a complement to previously 
reported studies evaluating its impact in RRMS models, so 
that its possible clinical utility in MS could be assessed. 
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4.2. Ischemic Stroke 

 One of the major diseases responsible for life-long devas-
tating physical limitations or high number of acute demise 
among all ages and sex worldwide is stroke [98]. On aver-
age, every 40 seconds, someone has a stroke in the US, and 
someone dies by this cause every 3 minutes 35 seconds, ac-
counting for approximately 1 of every 19 deaths [99]. Etio-
logical classification of stroke includes two categories: is-
chemic or hemorrhagic, dependent on whether the affected 
artery is occluded (by an embolus or a thrombus) or rup-
tured, respectively [100]. Around 85% of stroke cases are 
ischemic, which present structural and functional brain inju-
ry largely correlated with the artery (location) that is occlud-
ed, and on the residual (collateral) cerebral blood flow (CBF) 
present in the different brain regions [101]. Thus, the tem-
poral and spatial evolution of an ischemic event also differs 
among cerebral regions. In better irrigated areas, the core of 
the infarction, defined as the region surrounded by the vessel 
occlusion where cells will eventually die, will not grow as 
fast as in areas with little or no residual CBF [102]. In con-
trast, more distal areas from the occluded vessel have a de-
pressed tissue perfusion but still enough to support basal 
needs for oxygen and glucose, presenting the possibility that 
cells in these regions might be rescued from death if an ap-
propriate intervention occurs. This area is defined as the is-
chemic penumbra and denoted as a brain tissue in death risk 
but with a perfusion level that maintains a basal electrical 
and biochemical functioning, which allows the possibility to 
be rescued if an adequate intervention is implemented in a 
specific time window [103]. 

 Strategies for acute treatment of IS have focused on two 
research lines: i) the restoration of CBF by thrombolytic 
drugs or by mechanical reperfusion with thrombectomy de-
vices, ii) the pharmacological interruption of the pathophysi-
ological processes involved in the ischemic cascade by neu-
roprotectants [104]. Tissue plasminogen activator is a human 
approved drug for thrombolysis since decades ago, but it has 
a high risk for cerebral hemorrhage and a narrow therapeutic 
time window [105]. Mechanical reperfusion has also been 
used in clinical practice, but it has been reported that 20-30% 
of successful recanalization is mismatched with clinical posi-
tive outcomes [106]. More paradoxically, no neuroprotectant 
has been able to be effective in the clinics so far, even with a 
high relative number of candidates showing promise in pre-
clinical settings [107]. However, there is a pressing need to 
continue developing improved and cost-accessible interven-
tions for IS, owing to its high mortality and the high inci-
dence of disability in stroke survivors, which is a huge bur-
den in terms of patient, family and societal costs [108]. 

 In this sense, natural products may provide an affordable 
source of neuroprotectants with an adequate safety profile 
[109]. Thaakur and Sravanthi (2010) showed promising re-
sults with spray-dried Spirulina maxima extract in a rat mod-
el of cerebral ischemia-reperfusion. This Sp extract was giv-
en prophylactically for seven days in food to albino rats sub-
sequently subjected to a two-hour intraluminal filament oc-
clusion of the middle cerebral artery. Sp pretreatment re-
duced the degeneration of brain neurons and the neurological 
impairment of ischemic rats, as well as the imbalance in re-
dox parameters, decreasing the level of brain malondialde-

hyde (MDA) and restoring the activities of brain superoxide 
dismutase (SOD), catalase (CAT), and reduced glutathione 
(GSH) [110]. Interestingly, the Sp preparation used in this 
study contained 15% C-PC (denatured by the spray-drying 
process), suggesting an important role for its digestive me-
tabolites (free PCB and PCB-bound peptides) in the in vivo 
anti-ischemic actions observed for the cyanobacteria extract. 
Accordingly, we later tested the idea that Sp-purified C-
PC/PCB could be a potential effective modifying treatment 
for IS. In a model of global transient brain ischemia in ger-
bils, we observed a strong neuroprotective action of C-PC, 
given either at 30% purity intragastrically (once daily) dur-
ing seven days before ischemia, or when given therapeutical-
ly at analytical purity in repeated intraperitoneal injections 
for up to 12 h after the injury [111]. Infarct volume and neu-
rological dysfunction were significantly reduced by C-PC 
treatment at 24 h following the ischemic injury. Furthermore, 
C-PC significantly increased neuronal survival in the hippo-
campus, and promoted the recovery of locomotor activity 
and survival of ischemic gerbils 7 days after the damage. 
Biochemical markers of lipid peroxidation were also de-
creased by C-PC treatment in ischemic brain and serum 
[111]. These first time-reported results encouraged follow-up 
studies of the mechanisms and the effects of C-PC/PCB in 
other experimental settings of IS. 

 The canonical processes involved in the ischemic cascade 
mediating cerebral injury, such as energy failure, excitotoxi-
city, ionic imbalance, oxidative/nitrosative stress, neuroin-
flammation, blood-brain barrier disruption, and cell death 
signaling, have been relatively well established [112]. How-
ever, taking into account the complex evolution of an is-
chemic event, it has been postulated that understanding how 
the different cell types of the brain (neurons, microglia, as-
trocytes, endothelial cells, pericytes, oligodendrocytes) react 
to a potential therapy, and how “neurovascular and oligovas-
cular units” are able to recover their normal cell-cell signal-
ing, will foster the development of effective neuroprotectants 
in humans [113]. Several reports have shed light on the ef-
fects of Sp/C-PC/PCB on cells of these brain cells units 
when they are challenged with ischemia-mimicking injuries. 
C-PC was able to protect serum and potassium-deprived cer-
ebellar granule cells by interrupting characteristic features of 
apoptotic death [114]. In the SH-SY5Y human neuronal cell 
line, Sp extract and C-PC significantly prevented iron-
induced cytotoxicity, accompanied by their promotion of the 
cellular glutathione antioxidant system (GPx: glutathione 
peroxidase, GR: glutathione reductase, and GSH), as well as 
limitation of lipid peroxidation [115]. When this neuronal 
line was subjected to an oxidative insult mediated by tert-
butylhydroperoxide and treated with C-PC, we confirmed the 
protective actions of this biliprotein in vitro in a dose-
dependent manner. In a retinal ischemia model in rats, a sim-
ilar neuroprotective effect of C-PC was reported, in which a 
single intraocular injection of this drug 15 min before the 
damage, completely conserved the inner nuclear layer cell 
density of the retina [116]. Moreover, C-PC prevented 
Ca2+/phosphate-induced mitochondrial permeability transi-
tion in isolated rat brain mitochondria by inhibiting charac-
teristic ischemic intracellular events, such as the production 
of reactive oxygen species the translocation of cytochrome c 
(a pro-apoptotic factor) to the extramitochondrial medium, as 
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well as the mitochondrial volume expansion (swelling) and 
the rupture of its electrochemical membrane potential [116]. 
Moreover, PCB treatment has also demonstrated protective 
actions on cultured neurons subjected to ischemic insults, 
such as the PC12 neuronal cell line subjected to temporary 
oxygen and glucose deprivation [117], or damaged by the 
presence of toxic concentrations of L-glutamate or H2O2 
[45]. 

 Relevant effects of Sp/C-PC on microglial cells and as-
trocytes have also been reported. Both Sp extract and C-PC 
were able to promote the survival of microglial cells in cul-
ture subjected to lipopolysaccharide toxicity, and to reduce 
the mRNA levels of inducible nitric oxide synthase (iNOS), 
cyclooxygenase-2 (COX-2), TNF-α, and IL-6 in these cells 
[118]. These genes are involved in the deleterious pro-
inflammatory M1 microglial response to brain ischemia; 
hence, this suggests a positive modulatory action of the bili-
protein on ischemic neuroinflammation [119]. Similarly, C-
PC demonstrated a strong cytoprotective action on rat prima-
ry astrocytes damaged with H2O2, in which the biliprotein 
reduced the ROS levels, up-regulated the BDNF and NGF 
gene expression, and down-regulated the expression of pro-
inflammatory factors, such as TNF-α, IL-6 and IL-1β [120]. 
Other authors corroborated the anti-apoptotic action of C-PC 
on rat primary astrocytes during trophic factor deprivation, 
an effect partially explained by its antioxidant activity [121]. 
Chitosan-coated C-PC liposomes also protected rat primary 
astrocytes from H2O2 toxicity, while decreasing the expres-
sion of TNF-α and inducing the phosphacan and neurocan 
genes, both glia scar-associated proteoglycans [122]. Previ-
ously, it has been observed that these C-PC encapsulated 
liposomes protected the murine Neuro2A cell line from H2O2 
toxicity [123]. Endothelial cells are also crucially involved in 
ischemic stroke damage, as they regulate brain inflammation 
[124] and can be damaged by a burst of toxic oxygen and 
nitrogen species, contributing to blood-brain barrier break-
down, CBF dysregulation, and vascular tone alteration [125]. 
It has been demonstrated that PCB had a remarkable induc-
ing effect on HO-1 gene expression and enzymatic activity 
in EA.hy926 endothelial cells in vitro, given that these are 
derived from the differentiated endothelium of human umbil-
ical cord [46]. PCB also reduced the protein levels of the p22 
subunit of NADPH oxidase in these cells [46]. Thus, by acti-
vating heme catabolism (releasing BV and carbon monox-
ide), PCB may sustain an anti-inflammatory and cytoprotec-
tive effect on endothelial cells [126]. At the same time, PCB-
mediated inhibition of endothelial NADPH oxidase may 
have a profound effect in controlling the cerebral vascular 
damage caused by the ischemic event [127]. 

 In order to improve the access of C-PC to the ischemic 
brain and to increase its neuroprotective time window post-
stroke, this biliprotein has also been tested by the intranasal 
route. C-PC (134 µg/kg) administered intranasally to ischem-
ic rats, showed an effective effect on the infarct volume de-
crease when applied for up to 9 h post-stroke [120]. Encap-
sulated C-PC in liposomes with 20% cholesterol also pro-
duced a dramatic reduction in the cerebral injury of rats 
when applied intranasally at 1 mg/mL (around 111.2 µg/kg 
considering a 300 g rat) 6 h after the ischemic event, de-
creasing the infarct volume to 23.2 % in relation to the vehi-

cle-treated group, even more than the protection seen in in-
jured animals receiving non-encapsulated intranasal C-PC 
(68.97 %) [123]. As chitosan material has been suggested to 
be a preferred system for delivery to the olfactory bulb (as 
opposed to the nasopharynx) through nasal mucin adhesion 
[128], a follow-up study tested the ability of cholesterol C-
PC liposomes coated with chitosan for improving the neuro-
protective action of the encapsulated biliprotein in IS. When 
applied intranasally at 0.5 mg/mL (around 13.9 µg/kg con-
sidering a 300 g rat) 6 h after stroke, chitosan-coated choles-
terol C-PC liposomes significantly reduced the infarct vol-
ume (64.9 % relative to the vehicle ischemic group) as com-
pared to the non-chitosan C-PC particles (88.6 %), despite 
the fact that the C-PC dose was eight-times smaller due to 
the presence of chitosan in the nanoformulation [122]. 

 In vivo studies evaluating the administration of PCB as 
an acute neuroprotective intervention for IS have been re-
ported. In a model of ischemic penumbra in rats, resulting 
from acute cerebral hypoperfusion induced by the permanent 
bilateral occlusion of the common carotid arteries, PCB was 
able to modulate relevant immune and inflammatory genes, 
as well as to reduce the oxidative imbalance in the brain and 
serum of ischemic animals [45]. Notably, PCB effectively 
modulated a range of genes involved in the detrimental pro-
inflammatory response in the early phase after an IS, such as 
IFN-γ, IL-6, CD74, Foxp3, TGF-β, CCL12, IL-4, IL-17A, 
C/EBPβ, CXCL2, ICAM-1, IL-1β and TNF-α. Furthermore, 
PCB exerted a positive modulation on the expression levels 
of several genes acting at the neurovascular unit integrity, 
including myelination (Mal), energetic metabolism (NADH 
dehydrogenase), anti-apoptosis (Bcl-2a1), synaptic plasticity 
(Baiap2) and angiogenesis (VEGF) [45]. More recently, 
PCB was tested for its ability to ameliorate the brain damage 
produced by a transient focal cerebral ischemia in rats in-
duced by the vasoconstrictor endothelin-1. In this model, the 
administration of PCB in cumulative doses up to 6 h after the 
ischemic event, decreased the infarct volume to 44.1% rela-
tive to vehicle ischemic group, and improved the exploratory 
behavior of the infarcted animals [117]. PCB also prevented 
cerebral cortex neurodegeneration over a long-term period 
(28 days after stroke) and preserved the expression levels of 
myelin basic protein and CNPase enzyme, which are in-
volved in developing myelin sheaths and maintaining mye-
lin-axon integrity, respectively [117]. Accordingly, when the 
remyelination activity was quantitatively analyzed, PCB 
showed a significant reduction of the myelin g-ratio (ratio of 
axon diameter to myelinated axon diameter) in the cerebral 
cortex of endothelin-1-injured rats as compared to the vehi-
cle-ischemic animals, actually reaching the levels of the 
sham group [88]. 

 These results open a novel perspective for using PCB 
either as a purified compound or as C-PC-derived prodrug in 
nutraceutical or pharmacological formulations for neuropro-
tection in IS, pointing toward possible combinatory strate-
gies with thrombolytic interventions. 

4.3. Alzheimer’s Disease 

 AD is a devastating neurodegenerative condition leading 
to dementia and other cognitive impairments, such as 
memory loss, aphasia, apraxia and dramatic changes in per-
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sonality behavior; it is the main cause of dementia in the 
elderly. The histopathological hallmarks of AD and its prin-
cipal diagnostic criteria include the accumulation of fibrillary 
beta-amyloid peptide (Aβ40/42) in the core of the extracellular 
plaques, and the deposition of hyperphosphorylated Tau in-
tracellularly, both of which are critically involved in the syn-
aptic failure, the demise of neurons and brain macroscopic 
atrophy [129]. Although the majority of AD cases are spo-
radic and multifactorial, there are three genes whose muta-
tions may cause a familial form of this condition, the amy-
loid precursor protein (APP), and presenilin 1 (PSEN1) and 
presenilin 2 (PSEN2) [130]. The current marketed treatments 
for AD are mainly palliative aiming to ameliorate the pa-
tients’ symptoms and improve their day-to-day life. These 
compounds include three inhibitors of acetylcholinesterase 
(Donepezil, Galantamine, and Rivastigmine), with the best 
effect for mild-to-moderate AD and reflecting (temporary) 
maintenance of acetylcholine neurotransmission. The other 
approved drug is Memantine (a low affinity NMDA receptor 
antagonist), for moderate-to-severe AD, which acts through 
the inhibition of excitotoxicity but preserving the normal 
functioning of this receptor [131]. However, neither of these 
compounds are able to halt or slow down the progression of 
the disease, and novel approaches are needed for achieving 
this highly desirable goal, as for example novel chemical 
derivatives [132] or complementary strategies with nutraceu-
ticals [6]. 

 In addition to the amyloid theory of AD pathogenesis, 
other biological processes are involved in its etiology and 
progression, which includes an initial transition between 
normal aging and mild cognitive impairment, which is rec-
ognized as an early phase of memory dysfunction previous 
to AD development [133]. These pathological processes in-
clude oxidative stress, dysfunctional glucose metabolism and 
mitochondrial function [134], neuroinflammation [135], de-
fective insulin signaling [136], metal ion imbalance [137] 
and alterations in the brain-gut microbiota axis [138]. It is 
thought that these mechanisms coexist and simultaneously 
influence each other in AD - as for example, redox dysfunc-
tion, which is able to strongly impact the other processes at 
multiple molecular levels, in individual cells and in cell-cell 
communication [139]. 

 In this sense, the diverse properties of Sp and its derived 
C-PC/PCB may support its use as a potentially effective in-
tervention for prevention or management of AD, and a num-
ber of previous reports has given insight into this possibility. 
In PC12 neuronal cells, both Sp extract and C-PC prevented 
the Aβ1-42 neurotoxicity, suppressed the Aβ1-42-induced in-
crease in poly-ADP ribose polymerase-1 (PARP-1) cleavage 
and restored the antioxidant defenses (GSH, SOD, GPx, GR) 
[140]. Moreover, they also lowered the protein levels of APP 
and BACE1 (β-site APP cleaving enzyme 1), two major fac-
tors leading to Aβ production and deposition, and they in-
creased the brain derived neurotrophic factor (BDNF) ex-
pression, which plays critical roles in neuronal survival and 
synaptic function [140]. Sp extract and C-PC have also been 
proven to be effective in in vivo models of AD-type demen-
tia. In rats with aluminum chloride-induced dementia, oral 
administration of Sp extract restored the normal levels of 
antioxidant enzymes (SOD, CAT, GPx), accompanied by the 

promotion of total antioxidant capacity, GSH and thiol con-
tent [141]. The treatment with Sp extract also decreased neu-
ronal death in the cerebral cortex and prevented toxic in-
creases of brain TNF-α and thiobarbituric acid reactive sub-
stances, a marker of lipid peroxidation [141]. In the strepto-
zotocin-induced dementia model of AD in rats, the daily 
intraperitoneal administration of C-PC for 28 days decreased 
the activity of hippocampal acetylcholinesterase and levels 
of Bax (pro-apoptotic), TNF-α, and NF-κB (pro-
inflammatory factors) [142]. Furthermore, C-PC alleviated 
the associated dysfunction of the insulin pathway by increas-
ing gene expression of IRS-1, PI3-K and Akt [142]. This 
result suggests the possibility that C-PC/PCB may have a 
positive impact on the insulin resistance in AD. Aβ induces 
oxidative stress and ER stress via NADPH oxidase [143], 
and this activates JNK, producing an inhibitory phosphoryla-
tion of IRS-1, which is responsible for the neuronal insulin 
resistance of AD. Because of this, the ability of insulin to 
activate the PI3K-Akt pathway in neurons is compromised. 
C-PC/PCB may alleviate this pathological situation at the 
source by preventing NADPH oxidase activation, and thus, 
the use of PCB to prevent neuronal insulin resistance in AD 
seems like a promising topic for future research. And since 
intranasal insulin is showing therapeutic value in AD, a co-
administration with PCB may potentially have a synergistic 
effect [144]. Li et al. (2020) recently reported the effects of 
C-PC treatment in mice with AD induced by the intracere-
broventricular injection of Aβ1-42. In this model, the admin-
istration of C-PC significantly prevented cognitive dysfunc-
tion (spatial memory) of mice injected with Aβ1-42 [145]. 
This effect was accompanied by positive modulation of 
chromatin (HDAC3: histone deacetylase) and post-
transcriptional regulation (miRNA-335), and a decrease of 
IL-6, IL-1β, caspase-3, caspase-9, Bcl-2 and Bax expression  
levels in the hippocampus [145]. 

 Direct effects of C-PC on the amyloid peptide catabolic 
pathway have also been reported. In this cascade, APP is 
sequentially cleaved by β-secretase, acting on an extracellu-
lar site and associated to AD, and γ-secretase (functional in 
normal conditions) within the transmembrane domain, yields 
the pathogenic Aβ peptides (of 40 or 42 amino acids), which 
self-interacts leading to aberrant depositions conforming the 
neuritic plaques [129]. By using an in silico analysis, Singh 
et al. (2014) showed that the crystallized α/β-dimer of C-PC 
was able to interact with β-secretase with an interaction en-
ergy comparable to the total energy observed between this 
enzyme and two of its known peptide inhibitors, suggesting 
that this biliprotein could also act as an enzyme inhibitor 
[146]. A biological assay with C. elegans transgenic strain 
CL4176 was performed, in which human Aβ1-42 is expressed 
in its muscle cells and produces a temperature-dependent 
paralysis phenotype. Interestingly, the pre-incubation with 
C-PC produced a significant delay in the onset of C. elegans 
paralysis, confirming its potential as a blocker of Aβ1-42-
induced pathogenesis, which may presumably be through the 
decreased Aβ1-42 expression, the direct interaction with the 
amyloid peptide, or by inhibiting its downstream molecular 
effectors [146]. A subsequent study showed that C-PC di-
rectly binds to Aβ40/42 peptide and inhibits its fibril for-
mation, suggesting that the biliprotein could interrupt this 
crucial mechanism of AD pathogenesis [147]. 
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 Given the structural similarity of PCB with BR, it is pos-
sible that the positive actions of this human endogenous 
tetrapyrrole may be mimicked by the cyanobacteria-derived 
homologs, but avoiding its neurotoxicity issues [26]. In this 
sense, the heme metabolism system (HO-1/BVR enzymes) 
has been involved in several aspects of AD. Although reports 
on the HO-1 expression in AD patients are controversial, 
some showing either a decrease in their mRNA [148] or en-
hanced protein levels [149], it has been observed that oxida-
tive damage to this enzyme impairs its function in subjects 
suffering this condition [150]. A down-regulation of BVR 
has also been observed in post-mortem brain tissues of AD 
subjects in comparison to age-matched normal people. This 
observation was followed by animal studies showing that 
some compounds such as atorvastatin, which were able to 
up-regulate both HO-1 and BVR and thus increasing BR 
production, may ameliorate AD impairment and its associat-
ed brain redox imbalance [151]. Moreover, the triple trans-
genic 3xTg-AD mice exhibit a reduced expression of BVR 
and a rise in its tyrosine nitration levels, resulting in in-
creased oxidative damage, inflammation and insulin re-
sistance [152]. Notably, intranasal administration of insulin 
restored BVR activity and reduced disease severity in naïve 
animals with AD, but not in BVR knock-out AD mice [153]. 
This finding raises the interesting prospect that intranasal 
insulin might amplify the putative utility of PCB in AD con-
trol by enhancing brain BVR activity and thereby ensuring 
conversion of PCB to the bilirubin homolog phycocyano-
rubin. These lines of evidence point toward a possible pro-
tective role of the endogenous tetrapyrrolic system against 
AD deterioration, and support the hypothesis that PCB may 
also help to prevent this condition. 

 On the other hand, the brain-gut-microbiota axis has 
emerged as an important area of research in AD. It has been 
shown that gut microbiota may affect glutamate metabolism 
and, therefore, influence the glutamate NMDA receptor and 
cognitive function in dementia patients [138]. In models of 
AD, a differential abundance of bacterial strains involved in 
inflammatory pathways that impact cognitive decline have 
been reported; moreover, oral interventions with either 
mixed gut bacteria groups or specific pre-biotic nutrients 
have shown beneficial impacts on AD symptoms [154]. It, 
therefore, is notable that C-PC/PCB given orally has shown a 
favorable impact on gut bacterial strains linked to improve-
ments in AD models. In this regard, the treatment of high-fat 
diet fed rats with a protease hydrolysate Sp extract resulted 
in an increased abundance of beneficial bacteria in their gut 
microbiota, such as Alloprevotella and Ruminococcus [155]. 
The daily administration of C-PC by oral gavage in patho-
gen�free mice for 4 weeks significantly increased the abun-
dance of the Ruminococcaceae, Rikenellaceae and Lactoba-
cillaceae families [156]. Moreover, C-PC-treated animals 
evidenced higher villus dimensions and goblet cells density 
in intestinal regions, such as the ileum and the colon, when 
compared with control mice, suggesting an improvement of 
intestinal barrier function [156]. Other studies have shown 
positive modulatory effects of C-PC consumption on the 
composition of intestinal microbiota in various disease mod-
els, such as mice subjected to abdominal x-ray irradiation 
(rise of Lactobacillus, Bifidobacterium, and Roseburia) 
[157] or with bleomycin-induced pulmonary fibrosis, in 

which the biliprotein decreased the levels of bacteria related 
to inflammation and dramatically increased short-chain fatty 
acids-producing bacteria [158]. Neyrinck et al. (2017) 
showed that aged mice (24 months old) fed for 6 weeks with 
Sp extract (given at 5% with the standard diet), showed a 
significant increase of Roseburia and Lactobacillus in their 
intestinal microbiota [159], species which have been associ-
ated with attenuated inflammatory conditions [160]. Interest-
ingly, Ruminococcus bacteria is among the main major gut 
producers of short-chain fatty acids, which are involved in 
the upregulation of tight junction proteins composing the 
blood-brain barrier [161], alterations in amyloid metabolism 
of APPswe/PS1E9 transgenic mice [162], and have been 
found to be deficient in AD patients [163]. Rikenellaceae 
family members are hydrogen�producing bacteria capable of 
inactivating ROS and therefore protecting against oxidative 
stress [164]. Formulations with Lactobacillus species, which 
have been extensively studied for promotion of healthy die-
tary supplementations, and received the GRAS (generally 
regarded as safe) certification, have also shown promising 
beneficial actions in several models of AD, such as 3xTg-
AD [165], APP/PS1 [166] and aged SAMP8 mice [167]. In 
this regard, spray-dried preparations from Sp extract fer-
mented with Lactobacillus significantly ameliorated scopol-
amine-induced memory deterioration in mice, an effect ac-
companied by the induction of activated ERK, CREB and 
BDNF (neuronal survival factors) and inhibition of acetyl-
choline esterase activities in the mouse hippocampus [168]. 
In summary, these studies support the potential application 
of Sp and C-PC-derived PCB for ameliorating the progres-
sion of AD. 

4.4. Parkinson’s Disease 

 PD is the second most common neurodegenerative condi-
tion after AD, afflicting 1% of aged people above 65 years 
old [169]. Recent epidemiological data have raised alarms 
regarding the global impact of PD. In the Global Burden of 
Disease, Injuries, and Risk Factors Study (GBD) 2015, PD 
was the neurological disorder fastest growing in prevalence, 
disability, and deaths; overall patient number more than 
doubled globally from 1990 to 2015 [170], a fact influenced 
not only by increasing numbers of older people, but also by 
environmental and socio-demographic factors [171]. PD is a 
progressive, debilitating clinical condition associated with 
bradykinesia, rigidity, resting tremor, and gait impairment; 
autonomic and cognitive dysfunction may also occur [172]. 
PD has a major economic impact, estimated to be $23 billion 
per year in just the U.S. alone [173]. 

 PD remains an incurable condition. None of the available 
marketed therapies, mainly focused on compensating for the 
loss of dopaminergic (DA) function, are able to stop the pro-
gression of this disease, and even they tend to lose effective-
ness over time, and entail side effects, such as motor fluctua-
tions and sleepiness [174]. Dramatically, as PD continues to 
progress, long-term disability is preceded by a worsening in 
cognitive and body balance dysfunctions [175]. Thus, in-
tense efforts for investigating and developing effective ther-
apies for PD have been made over the last decades. Novel 
therapeutic strategies have emerged from advances in the 
understanding of the pathological mechanisms of PD, offer-
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ing biological targets for interventions focusing either on 
disease-modifying treatments through neuroprotection and/or 
neurorestoration, or symptomatic therapies for motor and 
non-motor symptoms [176]. Several molecular mechanisms 
implicated in the pathogenesis of PD mutually interact with 
perturbed α-synuclein proteostasis; the accumulation of α-
synuclein in insoluble cytoplasmic inclusions referred to as 
Lewy bodies contributes importantly to the death of dopa-
minergic neurons in the substantia nigra pars compacta 
(SNc), and also to the cardinal motor symptoms of PD 
(bradykinesia and rigidity) [177]. Among these mechanisms 
can be mentioned oxidative stress, mitochondrial damage, 
neuroinflammation, endoplasmic reticulum stress, and lyso-
somal dysfunction, which may ultimately provoke the selec-
tive death of SNc DA neurons in PD [178, 179]. 

 Based on these features the biological properties de-
scribed for Sp and its derived C-PC/PCB may effectively 
counteract the demise of SNc DA neurons in PD. Indeed, 
several reports have provided supportive evidence for this 
idea. Pabon et al. (2012) evaluated the effects of Sp extract 
administration on a PD rat model produced by stereotaxic 
injection of an adeno-associated virus vector carrying the α-
synuclein gene into the SNc [180]. The Sp extract, given as 
mixed supplementation in normal diet at 0.1 % starting 30 
days before the surgery, significantly rescued the numbers of 
dopaminergic tyrosine hydroxylase positive neurons in SNc 
at 1 and 4 months’ post-injury [180]. This neuroprotective 
action was accompanied by a reduction of microglial activa-
tion and increased expression of CX3CR1, a microglial 
chemokine receptor that, when stimulated by its ligand (frac-
talkine or CX3CL1), leads to reduced synthesis of pro-
inflammatory cytokines IL-1β and TNF-α [181]. In the 6-
hydroxydopamine (6-OHDA) rat model of PD, the chronic 
oral administration of Sp extract (700 mg/kg/day) was able 
to reduce oxidative stress, the deficit in locomotor behavior, 
and DA depletion, while preserving mitochondrial reductase 
activity in the striatum damaged by this neurotoxin [182]. 
Lima et al. (2017) showed that the positive actions of Sp 
supplementation in hemiparkisonean 6-OHDA rats are also 
related to a decrease in brain inflammation [183]. Moreover, 
spray-dried Sp extract administration given in combination 
with amantadine potentiates the action of this PD marketed 
compound in 6-OHDA-lesioned rats, resulting in improved 
locomotor activity, increased DA levels, reduced lipid perox-
idation, and increased GSH concentrations [184]. This evi-
dence supports the combined use of Sp-derived C-PC/PCB 
with anti-Parkinson drugs used in the clinical setting, for 
improving their beneficial effects and reducing their side 
effects. Moreover, other Sp and C-PC protective actions and 
molecular mediators were identified in the DJ-1βΔ43 Dro-
sophila melanogaster paraquat-induced neurotoxicity model 
of PD. The paraquat-treated flies showed an improved loco-
motor activity and a significant increase in survival when 
treated with a Sp-enriched diet, showing a remarkable 43 
days average lifespan when receiving a 10 % Sp diet, as 
compared to the 19 days average survival of paraquat-treated 
flies receiving only vehicle; the healthy control group sur-
vived 68 days [185]. Furthermore, both the Sp and C-PC-
enriched diets reduced the levels of Hsp70 and phosphory-
lated (activated) JNK in parkinsonian flies, indicating that 
cellular stress was controlled by these treatments [185]. 

 Interestingly, chemical assays have shown that C-PC 
inhibits primary fibril nucleation and fibril elongation of α-
synuclein (carrying the disease mutation A53T), exhibiting 
�50% inhibition at extremely low molar ratios (200:1 for α-
synuclein:C-PC) [147]. This observation suggests that C-PC 
may directly limit the intracellular aggregation of α-
synuclein and, in this way, prevent its toxicity. This idea was 
tested by Macedo et al. (2017) in a yeast model of PD carry-
ing a galactose-controlled expression plasmid with the hu-
man gene of α-synuclein. They reported a significant reduc-
tion of α-synuclein intracellular inclusions accompanied by 
the attenuation in its cytotoxicity when the yeast was treated 
with C-PC, but no changes in α-synuclein protein levels were 
observed between the control and the biliprotein-treated cells 
[186]. Thus, a decreased α-synuclein gene expression didn’t 
explain the drop in its intracellular inclusions produced by 
C-PC; rather, direct inhibitory action on α-synuclein fibril 
assembly could be a reasonable explanation for this effect. 
Moreover, C-PC also reduced the α-synuclein-induced oxi-
dative stress and proteostasis dysregulation in this yeast 
model of PD [186]. 

 On the other hand, there is a well-correlated association 
between oxidative stress and PD [187]. In PD patients, the 
DA neuronal cells and glia conforming to the SNc evidenced 
a significant elevation in their ROS levels as a consequence 
of the dopamine metabolism. This includes the monoamine 
oxidase- and cyclooxygenase-mediated oxidations of dopa-
mine, generating H2O2 and O2•

−, respectively, as well as do-
pamine auto-oxidation by labile ferric iron (Fe3+); the latter 
produces diverse ROS (H2O2, O2•

−, •OH), pro�oxidant do-
pamine�o�quinones and acidosis-facilitating aminochromes, 
all of which contribute to progressive and worsening neu-
ronal loss in PD [188]. Moreover, enhanced iron accumula-
tion in PD patients compared with healthy aged people, most 
notably in the SNc, may be a factor contributing to the spe-
cific spatiotemporal progression of PD neurodegeneration 
[189]. The potent antioxidant abilities of C-PC/PCB may 
counteract this oxidative environment in PD, with the poten-
tial to abrogate redox-mediated SNc DA loss. By using 
chemical assays, Bermejo et al. (2008b) demonstrated that 
both an Sp protein extract and C-PC not only strongly scav-
enge Fe2+ and Fe3+ ions (most prominently the latter), but 
also H2O2, O2•

− and hypochlorous acid (HClO), while also 
inhibiting microsomal lipid peroxidation [190]. In a previous 
work, the same group concluded that the component mainly 
responsible for the antioxidant activity of Sp extract was its 
biliprotein C-PC [191]. They have also demonstrated a neu-
roprotective action of Sp protein extract and of C-PC against 
iron-induced toxicity in SH-SY5Y neuroblastoma cells 
[115]. These results are supported by our own observations 
regarding the inhibitory action of C-PC on an electrochemi-
cally generated Fenton reaction, in which H2O2 yields •OH in 
the presence of Fe2+ [116]. Therefore, by sequestering free 
iron, C-PC may limit the dopamine auto-oxidation process 
and its subsequent deleterious effects on neuronal viability. 
Other important mediators of redox imbalance in PD include 
microglial NADPH oxidase (producing O2•

−) and inducible 
nitric oxide synthase (iNOS, yielding nitric oxide) [192]; 
these spontaneously react to yield peroxynitrite, a highly 
reactive oxidant that readily diffuses across cellular mem-
branes (unlike O2•−) that can rapidly spread oxidative dam-
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age to neighboring cells [193]. Several reports have evi-
denced a neutralizing action of C-PC and PCB on these reac-
tive compounds involved in PD pathogenesis, including per-
oxynitrite [19], lipid hydroperoxides [18] and NADPH de-
pendent O2•

− production [43]. This evidence supports the 
potential application of C-PC/PCB as complementary thera-
py for PD [194]. 

5. C-PC/PCB FOR THE COMPLEMENTARY 

MANAGEMENT OF COVID-19-INDUCED DAMAGE 
TO THE NERVOUS SYSTEM 

 COVID-19 is currently a pandemic affecting most coun-
tries of the world, with greater than 123.9 million confirmed 
cases and over 2.7 million deaths globally as of March 23th, 
2021, according to the Johns Hopkins University Corona-
virus Resource Center [195]. COVID-19 is caused by the 
novel SARS-CoV-2, comprised of structural proteins, name-
ly, the spike (S), envelope (E), and membrane (M), which 
makes up the viral envelope, and a nucleocapsid (N) contain-
ing a single-stranded RNA (ssRNA) of 29903 bp that codes 
for the replicase-transcriptase [196]. SARS-CoV-2 is part of 
a group of seven known human coronaviruses (all RNA sin-
gle-stranded), some of which have provoked life-threatening 
respiratory diseases before, such as SARS-CoV-1 (Hong 
Kong) [197] and MERS-CoV (Middle East respiratory syn-
drome-CoV) (Saudi Arabia) [198]. SARS-CoV-2 infection is 
initiated by the specific interaction between its spike protein 
(S) and the human receptor angiotensin I-converting enzyme 
2 (ACE2), mediated by the S1 receptor binding domain 
(RBD); followed by the viral and the host cell membranes 
fusion promoted by the S2 domain [199]. The cleavage at 
S1/S2 site for releasing each activated domain is mediated 
by host proteases, including the transmembrane serine prote-
ase 2 (TMPRSS2) as well as TMPRSS4 and cathepsins B or 
L [200, 201]. Another unique characteristic of SARS-CoV-2 
is the addition of a furin (serine protease) cleavage sequence 
containing multi�basic amino acids (PRRAR) at the S1/S2 
site during the biosynthesis of novel virion S protein at the 
Golgi apparatus inside the host cells [202]. This may expand 
its transmissibility and tropism, enabling it to infect other 
ACE2 expressing cells without the presence of TMPRSS2, 
since virtually all cells normally express furin [203]. Moreo-
ver, it has been recently reported that neuropilin-1 (NRP1), 
known to bind furin-cleaved substrates, significantly potenti-
ates SARS-CoV-2 infectivity in cells, including olfactory 
neurons facing the nasal cavity expressing NRP1 [204, 205]. 
Therefore, the distribution of ACE2 receptor, the proteases 
TMPRSS2 or 4, cathepsin B or L, and furin, as well as NRP1 
across different tissues, could be considered critical determi-
nants of the virus’ infectivity and tropism. 

 Diverse neurological manifestations have been reported 
in COVID-19 patients. Among these complications, some 
reflect dysfunction in the CNS such as headache, fatigue, 
confusion, dizziness, insomnia, epileptic seizures, encepha-
lopathy, acute stroke (ischemic or hemorrhagic), meningi-
tis/encephalitis; others reflect peripheral nervous system 
(PNS) dysfunction, such as hyposmia/anosmia (reduced/loss 
of smell), hypogeusia/ageusia (reduced/loss of taste), Guil-
lain-Barré syndrome, neuropathic pain, myalgias, and acute 
transverse or necrotizing myelitis [206, 207]. In a recent re-

port examining the progression of 509 consecutive COVID-
19 patients admitted within a hospital network in Chicago 
(USA), Liotta et al. (2020) found that neurological manifes-
tations were present at any time during the disease course in 
419 patients (82.3%) [208]. This situation becomes more 
complex given that in aged patients in which immunosenes-
cence coexists with comorbidities like chronic arterial hyper-
tension, diabetes, hyperlipidemia, obesity, among others 
[209], COVID-19 is likely to be more severe. These are also 
common risk factors for neurological and neurodegenerative 
disorders in the elderly [210]. However, their subjacent 
pathological mechanisms have only begun to be dissected, 
and knowing how this virus may access and impact the nerv-
ous tissue is an urgent need of the hour. These could be the 
sequelae of either a direct action of SARS-CoV-2 infection 
on host CNS/PNS cells or an indirect effect due to its “cyto-
kine storm” and hypoxia-induced injury [211]. 

 As COVID-19 infection progresses starting with lung 
dysfunction manifestations such as hypoxia, inflammation 
and hypercoagulability, these may impact the nervous sys-
tem indirectly. The hypoxic environment could result in 
metabolic acidosis of the brain, accumulation of lactic acid, 
increased free radicals and oxidative stress, and diminished 
ATP production in the nervous tissue [212]. Systemic in-
flammation, reflecting immune efforts to restrict the virus 
transmission and injury, is also critically involved in 
COVID-19-induced damage to different organs, including 
the brain. As a consequence, the individual's immune system 
generates a burst of inflammatory cells and cytokines medi-
ating a defense response that has been termed as the "cyto-
kine storm"; and controversially, it may also damage the own 
body [213]. In this sense, a large number of studies have 
documented the versatile anti-inflammatory and antioxidant 
activities of Sp extract and its derived C-PC/PCB, supporting 
its potential use for curtailing the hypoxia-related stress and 
the cytokine storm progression. Sp extract has strong anti-
allergic effects in individuals diagnosed with allergic rhinitis, 
modulating the levels of pro-inflammatory cytokines [214]. 
C-PC, a selective cyclooxygenase-2 inhibitor [215], limits 
nitric oxide production, iNOS expression, TNF-α formation 
and NF-κB activation in lipopolysaccharide-stimulated 
RAW 264.7 macrophages, thus limiting some key aspects of 
deregulated inflammation [216]. Moreover, the administra-
tion of either Sp extract, C-PC or PCB has been found to 
protect the liver under diverse hepatotoxic conditions [217-
220]. Given that liver injury is associated with severe disease 
in COVID-19 patients [221], and also has an impact on the 
progression of neurological conditions like encephalopathy 
[222], it can be seen that this liver-safeguarding action of C-
PC/PCB may provide indirect neuroprotective activity in 
these patients. Protection of the brain from COVID-19-
induced injury by C-PC/PCB may also be provided by limit-
ing the virus load. It has been recently suggested that com-
pounds with the capacity to inhibit the NOX2 isoform of 
NADPH oxidase, might be expected to boost the activation 
of toll-like receptor 7 (TLR7) by single-stranded viral RNA, 
thereby leading to the induction of type 1 interferon and an-
tiviral antibodies [223]. BR and its homolog PCB have 
shown inhibiting actions on NOX2-dependent NADPH oxi-
dase activity [43, 224]. Moreover, treatments with either an 
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HO-1 agonist (generating BR) [225] or with Sp extract (re-
leasing PCB in vivo) [226] have shown a significant sup-
pressing activity against influenza virus replication. This 
activity of PCB may also restrict the thrombotic complica-
tions associated with COVID-19 progression, enabling it to 
protect COVID-19 patients from stroke. 

 SARS-CoV-2 neuroinvasion may potentially occur 
through: i) the hematogenous route (by infected leucocytes 
or direct virus crossing of damaged blood-brain barrier or 
blood-cerebrospinal fluid barrier), or ii) by retrograde axonal 
transport (by infected olfactory neurons or peripheral nerves 
in mucosal epithelium, neuromuscular junctions and enteric 
terminals) [211]. An increase in blood levels of neurofila-
ment light chain protein (NfL, a marker of axonal and neu-
ronal damage/degeneration) [227] and glial fibrillary acidic 
protein (GFAP, a marker of astrocytic activation/injury) has 
been observed in COVID-19 patients [228]. This may indi-
cate the activation of cell death pathways in neurons, as well 
as activation/damage of astrocytes. ACE2 receptors are 
found in various brain regions as well as in neuronal and 
non-neuronal cells (astrocytes, microglia, oligodendrocytes, 
pericytes, endothelial cells), observed for example in the 
human middle temporal gyrus and the posterior cingulate 
cortex [211], suggesting a possibility for SARS-CoV-2 in-
fection of these cells, if it can gain access to the brain paren-
chyma. Indeed, in a human brain organoid model, Mesci et 
al. (2020) showed that astrocytes were infected and showed 
a 4-fold increase in cell death, as well as an impairment of 
excitatory synaptogenesis [229]. In a human induced plu-
ripotent stem cell (iPSC)-derived BrainSphere model, Bullen 
et al. (2020) observed that ACE2 is expressed in neuropro-
genitor cells and mature BrainSpheres, and short-time incu-
bation with SARS-CoV-2 led to the infection of neurons; 
virus was detected in neuronal cell bodies, the neurite struc-
tures, and in the supernatant over time [230]. Moreover, it 
was observed that the number of SARS-CoV-2-positive cor-
tical neurons was significantly higher in 60-days than in 15-
days-old human brain organoids, suggesting that the virus 
prefers relatively mature neuronal cell types [231]. Although 
these authors didn’t detect active replication (viral RNA lev-
el increase) of the virus inside neurons, they observed aber-
rant Tau protein enrichment and phosphorylation in the so-
ma, as well as induction of neuronal death [231]. 

 C-PC/PCB has exerts protective actions against cell 
death in neurons and astrocytes under several toxic situations 
that may resemble the brain hypoxia provoked by COVID-
19 respiratory distress. C-PC rescued neuronal cells [116] 
and astrocytes [120] from death induced by oxidative stress, 
serum deprivation [114] and iron overload [115]. PCB has 
shown protective actions in cultured neurons from ROS- [45] 
and oxygen/glucose deprivation-induced [117] demise. Their 
neuroprotective actions observed in in vivo models of is-
chemic stroke [111, 117] could also be considered as possi-
bly pertinent to combating cerebrovascular complications of 
COVID-19. Furthermore, several in silico studies have de-
scribed docking analysis between PCB and proteins involved 
in SARS-CoV-2 replication with relevant implications for 
direct antiviral intervention. PCB was shown to bind to the 
viral RNA dependent RNA polymerase at its active site 
[232] and to the main SARS-CoV-2 protease (Mpro), which 

plays an essential role in processing the polyproteins that are 
translated from SARS-CoV-2 [233]. Interestingly, docking 
techniques have showed that the binding energy between 
PCB and the S spike RBD is close (-7.2 kcal/mol) to the in-
teraction energy between this viral protein domain and its 
human ACE2 receptor (-12.4 kcal/mol) [234]. Therefore, 
these computations suggest that PCB may have potential for 
impeding the infection and replication mechanism of SARS-
CoV-2, although further experimental assays are needed to 
confirm this hypothesis. 

6. SAFETY OF C-PC/PCB 

 C-PC/PCB are natural compounds present in cyanobacte-
ria Sp extracts marketed all over the world either as food 
supplements or as functional food ingredients [235]. In the 
US, Sp extract has been approved by the Food and Drug 
Administration (FDA) for use as color additive in different 
foods, and as a dietary supplement marketed as capsules, 
tablets, or powder; it has been certified as GRAS (Generally 
Recognized As Safe) when it meets certain conditions re-
garding its microscopic appearance, absence of microcystins, 
and minimal mold content; this GRAS certification applies 
to consumption levels from 0.5 to 3 g per serving and up to 6 
g per day for a high-end consumer [236, 237]. In other parts 
of the world, including Canada, Australia, Europe and China, 
Sp food supplementation has also been accepted for safe 
consumer use [238]. These facts attest to the absence of any 
known adverse reports for Sp supplementation in human 
health [239], in consonance with several preclinical studies 
on the acute, subchronic and chronic toxicity profile of Sp 
extracts [240, 241]. Furthermore, reproductive and genotoxic 
preclinical assays in different animal species have also 
shown no deleterious effects of Sp treatment [242]. Pregnant 
mice fed with Sp extract up to 30% (m:m in grams of diet) 
for 19 days, did not show evidence of embryonal toxicity 
[243]. Moreover, The Sp pre-treatment (200, 400, 800 mg/kg 
for 2 weeks) prevented the mutagenic effects of cyclophos-
phamide in mice from both sexes. This was evidenced by 
reduced post-implantation losses of fetuses in intoxicated 
pregnant females when given Sp, as well as an improvement 
of semen quality (increased sperm concentration and motili-
ty) in Sp-treated diseased males [244]. A similar protective 
and antigenotoxic actions of orally administered Sp aqueous 
extract were found in mice from both sexes, which were in-
toxicated with benzo[α]pyrene, a prototypical mutagenic and 
carcinogenic polycyclic aromatic hydrocarbon present ubiq-
uitously in cigarette smoke, urban air, charbroiled food, ve-
hicle exhaust, asphalt, and coke ovens [245]. 

 This strongly encourages the application of its natural 
components C-PC/PCB, in the clinical setting. Although the 
potential harm profile, the pharmacokinetic behavior and the 
safety for the human use of C-PC/PCB has not been fully 
assessed, several reports have given some insight into these 
highly desirable goals. C-PC has shown nontoxic and non-
carcinogenic activity in human erythrocytes, and protects 
them from oxidative damage [246, 247]. The oral admin-
istration of C-PC to rats and mice showed no adverse effects 
even at the highest tested dose (3 g/kg) during an observation 
period of 14 days, including no alterations in body weight, 
animal behavior and organ histopathology [248]. More re-
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cently, Song et al. (2012) tested the oral chronic ingestion of 
C-PC at 0.12, 0.4 and 4 g/kg per day in SD rats for 12 weeks, 
and found that it exerted no toxic effects at any dose on mac-
roscopic, biochemical and physiological parameters, even 
after a 4-week recovery period [249]. Similar positive results 
were obtained when albino rats from both sexes received a 
C-PC diet at 0.25, 0.5, 1, 2 and 5 g/kg for 14 weeks [250]. 
Interestingly, pilot human assessment of C-PC-enriched Sp 
extracts has shed light into the safe consumption and 
nutraceutical benefits of this biliprotein and consequently, its 
structural component PCB once released after in vivo C-PC 
metabolism. In one report, 12 subjects experiencing chronic 
pain received a daily supplementation with a C-PC-
concentrated aqueous Sp extract in veggie capsules (with 
biliprotein levels higher than 30 % of Sp dry weight) at 1 g 
for 4 weeks, or at 0.5 and 0.25 g for 1-week duration, sepa-
rated by 1-week placebo period. These regimes were associ-
ated with a significant reduction for each person’s primary 
pain area, and an increased ability to perform activities of 
daily living [251]. The clinical safety of this C-PC-enriched 
Sp extract was evaluated in 24 subjects of both sexes report-
ing chronic joint pain, who ingested 2.3 g per day for 2 
weeks – amounting to approximately 1 g C-PC daily. No 
changes were observed for activated partial thromboplastin 
time, thrombin clotting time, or fibrinogen activity, as well 
as important parameters of coagulation and platelet function. 
Moreover, a reduction in the aspartate and the alanine trans-
aminases (AST and ALT) and a rapid and robust relief of 
chronic pain were induced by this nutraceutical intervention, 
suggesting an improvement in liver function and the effec-
tive resolution of joint associated chronic injury [252]. These 
results confirmed the previous assessment of this formula-
tion by using in vitro assays, which demonstrated a signifi-
cant inhibition of ROS formation in polymorphonuclear cells 
from healthy human donors and no negative effect on a 
blood clotting assay [253]. In contrast, to the best of our 
knowledge, toxicological assessment of pure PCB has not 
been reported so far. Preclinical studies using disease models 
have shown beneficial actions of PCB given by oral or intra-
peritoneal routes at different doses and treatment periods 
(Table 1). As an additional clue, Basdeo et al. (2016) report-
ed that mice treated with either PCB (30 mg/kg) or control 
(phosphate buffer saline) on days 0, 3, and 5 by oral gavage, 
did not evidence any differences in their body weight and the 
macroscopic characteristics of their colons [47]. Although a 
comprehensive assessment of the toxicological profile of C-
PC/PCB is still lacking, the above-mentioned observations 
suggest that these substances exert no adverse events at their 
beneficial doses in preclinical models, further supporting the 
merit of developing it as a nutraceutical supplement for ame-
liorating neurodegenerative conditions. 

CONCLUSION AND PERSPECTIVES 

 The BV and BR generated intracellularly via HO-1-
mediated degradation of heme and the subsequent reductive 
activity of BVR have important protective regulatory im-
pacts, including inhibition of NADPH oxidase complexes – a 
key source of oxidative stress in the pathogenesis of a vast 
array of pathologies – and agonism for AhR. The latter effect 
plays a key role in the generation of anti-inflammatory Treg 
cells, and also induces expression of Nrf2, the transcription 

factor that drives phase 2 induction of a wide range of anti-
oxidant and cytoprotective proteins, while also promoting 
glutathione synthesis. Additionally, via interaction with 
BVR, BV may initiate anti-inflammatory cell signaling. The-
se findings help to rationalize the important antioxidant and 
anti-inflammatory effects of HO-1 activity. Although oral or 
parenteral administration of BV has potential for replicating 
these important effects, which likely would be beneficial for 
prevention and treatment of the many disorders linked to 
oxidative stress and inflammation, BV is a fine chemical that 
is currently expensive to synthesize, and it doesn't appear to 
be any concentrated natural sources of this compound. Fur-
thermore, even if BR were readily available, it is too insolu-
ble for effective oral administration. 

 However, the BV homologue metabolite PCB constitutes 
about 0.6% of the dry weight of Spirulina biomass (assuming 
that C-PC constitutes about 14% of its dry weight). The re-
markable antioxidant and anti-inflammatory effects of orally 
administered Sp extracts or C-PC demonstrated in a wide 
range of rodent models of human health disorders point to 
the strong likelihood that PCB, either as the free compound 
or conjugated to oligopeptides derived from C-PC digestion, 
is absorbable and mediates protective effects homologous to 
those achieved by BV/BR. Hence, either whole Sp prepara-
tions, Sp extracts enriched in C-PC, or PCB (as the free 
compound or natural PCB-linked oligopeptides), may have 
important practical potential for replicating the versatile pro-
tective effects which BV/BR mediate physiologically. Given 
that Sp has long been used as a safe and highly nutritious 
food in certain human cultures, and is not hard or unduly 
expensive to produce, its extracts may have outstanding po-
tential for the promotion of human health. The only practical 
drawback in this regard is that most people find the strong 
flavor and odor of Sp objectionable, for which reason Sp 
extracts enriched in PCB and administered in capsule or tab-
let form may have a bright future. 

 Oxidant stress and inflammation are almost self-
evidently key mediators of a wide range of neurodegenera-
tive disorders, both acute and chronic. In particular, they 
play a role in the neuronal death and dysfunction associated 
with acute conditions like IS, and devastating progressive 
neurodegenerative disorders, most notably MS, Alzheimer’s 
and Parkinson’s diseases. More recently, SARS-CoV-2 has 
been found to damage the central and peripheral nervous 
systems, either directly or indirectly. This essay has empha-
sized the role of oxidant stress and inflammation in driving 
the pathogenesis of these disorders, and reviewed the grow-
ing evidence that Sp and its key component PCB can inter-
vene positively in their pathogenesis. 

 The fact that Sp is a food, and that PCB preparations 
should be susceptible to administration as nutraceuticals, is 
particularly encouraging, inasmuch as disorders such as MS, 
AD and PD are best addressed with prevention – and our 
capacity to identify those who are at risk is currently very 
limited. The wide availability, safety and affordability of 
nutraceuticals, at least in comparison to new drugs, make 
them highly appropriate for widespread use in primary pre-
vention of neurodegeneration. With respect to IS, pre-
administration of PCB may lessen the neuronal damage 
when these events do occur – as suggested by certain rodent 
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studies cited above. However, in acute pathologies such as 
IS, rapid parenteral administration of purified PCB might 
prove to be notably protective – as also suggested by rodent 
studies. 

 Unfortunately, the pharmacokinetics of orally adminis-
tered PCB – whether administered with intact C-PC or as a 
free compound or oligopeptide complex – has so far received 
little if any study. This needs to be remedied by appropriate 
research, first in rodents, and then clinically. Moreover, the 
impact of PCB on NADPH oxidase (and the isoform-
specificity of this effect), AhR agonism, and the signaling 
downstream of BVR needs further evaluation. Ultimately, a 
wide range of clinical studies will be required, to evaluate its 
potential utility in a vast range of disorders in which oxidant 
stress and inflammation play a key pathogenic role. Acute 
and chronic disorders of the central and peripheral nervous 
system should be high on the list of those disorders, poten-
tially responsive to PCB, in which this agent receives clinical 
evaluation. 

 It should, however be acknowledged that a number of 
additional nutrients or phytochemicals administrable as 
nutraceuticals have potential, complementary to that of PCB, 
for minimizing the pathogenic role of oxidative stress in neu-
rological disorders. In particular, agents that can promote 
phase 2 induction of antioxidant/cytoprotective enzymes – as 
PCB can – and that likewise are adequately absorbable and 
can pass through the blood-brain barrier, merit serious con-
sideration in this regard. Some of these, unlike PCB, can 
interact directly with the Keap1 protein to induce transloca-
tion of the Nrf2 transcription factor to the nucleus, where it 
can interact with antioxidant response elements of genes 
coding for phase 2 enzymes to promote their transcription 
[254]. In particular, lipoic acid appears to have outstanding 
potential in this regard, as it has shown utility in rodent mod-
els of AD, PD, EAE, and, like PCB, can up-regulate 
BDNF/NGF in certain circumstances [255-260]. Hydroxyty-
rosol, an antioxidant compound in extra-virgin olive oil, and 
resveratrol, a component of the skin of grapes and berries, 
are phase 2 inducers that have shown a similar spectrum of 
activities in rodents [261-271]. The neurohormone melato-
nin, like PCB, can aid phase 2 induction in the CNS and pro-
vide neuroprotection by promoting increased expression of 
Nrf2 [272, 273]. Such agents can indirectly suppress 
NADPH oxidase activity via HO-1 induction [274]. It is rea-
sonable to suspect that concurrent administration of such 
agents could complement the utility of PCB for combatting 
neurodegenerative disorders. 

 Finally, innovations by the nutraceutical or pharmaceuti-
cal industry are needed so that it becomes more feasible, 
convenient, and affordable for people to ingest optimally 
beneficial amounts of PCB on a daily basis if desired. And 
the development of a parenterally-administrable form of free 
PCB may optimize the potential of this agent in the man-
agement of oxidative stress emergencies, including IS. 

 One further comment is warranted. Many medical scien-
tists may be rather blasé about “antioxidants”, based on the 
fact that clinical trials with certain scavenging antioxidants 
such as vitamin E, vitamin C, or β-carotene have yielded 
paltry or even negative results. But PCB is an antioxidant 

with a difference – it might be characterized as a “source 
antioxidant”. Although it likewise can scavenge free radicals, 
it appears to mimic the physiological role of BV/BR as an 
inhibitor of NADPH oxidase – the most prominent source of 
excess O2•

– in many health disorders. The proinflammatory 
effects of oxidant stress are mediated largely by H2O2, which 
modulates the activity of many enzymes by reversible oxida-
tion of sulfhydryl groups. Oxidant scavengers do nothing – 
directly, at least - to prevent the production or lessen the 
half-life of H2O2. But BR and PCB prevent its production by 
choking off a key source of O2•

– production – hence their 
designation as “source antioxidants”. Moreover, via AhR 
activation and subsequent Nrf2 induction, they can boost the 
activity of a range of antioxidant enzymes – including those 
that eliminate H2O2 or function to reverse its oxidizing ef-
fects on sulfhydryl groups. Add to that the fact that they may 
promote Treg activity via AhR, and it can be better under-
stood why PCB has much great anti-inflammatory potential 
than any mere free radicals scavenger could provide to. We 
should also bear in mind the marked reduction in global mor-
tality associated with life-long moderate elevation of uncon-
jugated BR in Gilbert’s syndrome subjects. This opens the 
question if PCB supplementation could mimic this health 
protection. Clearly, PCB deserves diligent attention from the 
medical research community since the accumulated evidence 
strongly supports further development of PCB formulations 
for testing it in clinical trials. 

LIST OF ABBREVIATIONS 

6-OHDA = 6-hydroxydopamine 

AD = Alzheimer's disease 

AhR = Aryl hydrocarbon receptor 

ALT = Alanine transaminase 

APP = Amyloid precursor protein 

AST = Aspartate transaminase 

Aβ = beta-amyloid peptide 

BACE1 = β-site APP cleaving enzyme 1 

BDNF = Brain derived neurotrophic factor 

BR = Bilirubin 

BV = Biliverdin 

BVR = Biliverdin reductase 

CAT = Catalase 

CBF = Cerebral blood flow 

CNS = Central nervous system 

COVID-19 = Coronavirus disease 2019 

COX-2 = Cyclooxygenase-2 

C-PC = C-Phycocyanin 

DA = Dopaminergic 

FDA = Food and Drug Administration 

GFAP = Glial fibrillary acidic protein 

GPx = Glutathione peroxidase 

GR = Glutathione reductase 
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GSH = Reduced glutathione 

HO-1 = Heme oxigenase-1 

iNOS = Inducible nitric oxide synthase 

iPSC = Induced pluripotent stem cell 

MDA = Malondialdehyde 

MOG = Myelin oligodendrocyte protein 

NfL = Neurofilament light chain protein 

ODs = Oligodendrocytes 

OPCs = Oligodendrocyte progenitor cells 

PARP-1 = Poly-ADP ribose polymerase-1 

PBMC = Peripheral blood mononuclear cells 

PCB = Phycocyanobilin 

PNS = Peripheral nervous system 

PSEN1 = Presenilin 1 

PSEN2 = Presenilin 2 

RBD = Receptor binding domain 

ROS = Reactive oxygen species 

SNc = Substantia nigra pars compacta 

SOD = Superoxide dismutase 

Sp = Spirulin 

Treg = Regulatory T cells 

WHO = World Health Organization 
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