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A B S T R A C T   

Exacerbation of cognitive, motor and nonmotor symptoms have been described in critically ill COVID-19 patients, indicating that, like prior pandemics, neurode
generative sequelae may mark the aftermath of this viral infection. Moreover, SARS-CoV-2, the causative agent of COVID-19 disease, was associated with hyper
ferritinemia and unfavorable prognosis in older individuals, suggesting virus-induced ferrosenescence. 

We have previously defined ferrosenescence as an iron-associated disruption of both the human genome and its repair mechanisms, leading to premature cellular 
senescence and neurodegeneration. As viruses replicate more efficiently in iron-rich senescent cells, they may have developed the ability to induce this phenotype in 
host tissues, predisposing to both immune dysfunction and neurodegenerative disorders. 

In this mini-review, we summarize what is known about the SARS-CoV-2-induced cellular senescence and iron dysmetabolism. We also take a closer look at 
immunotherapy with natural killer cells, angiotensin II receptor blockers (“sartans”), iron chelators and dipeptidyl peptidase 4 inhibitors (“gliptins”) as adjunct 
treatments for both COVID-19 and its neurodegenerative complications.   

1. Introduction 

COVID-19 disease is caused by the SARS-CoV-2 virus that, after 
originating in the city of Wuhan, China, spread rapidly throughout the 
world. Initially, it was believed that this infection affected only the 
respiratory tract, but the emergence of gastro-intestinal (GI), neurologic 
and hematologic symptoms attested to its more systemic nature (Pryce- 
Roberts et al., 2020). The central nervous system (CNS) involvement, 
found in nearly 40% of critically ill COVID-19 patients, is heralded by 
strokes, cognitive dysfunction, depression, psychosis and delirium, 
suggesting that this virus may predispose to neurodegenerative disor
ders (Banerjee and Viswanath, 2020). 

Although Alzheimer’s (AD) or Parkinson’s disease (PD) have not 
been described in association with COVID-19, exacerbation of preex
isting cognitive, motor and non-motor symptoms was often observed, 
indicating viral neurotropism (Banerjee and Viswanath, 2020; Brown 
et al., 2020; Heneka et al., 2020; Mao et al., 2020; Rogers et al., 2020; 
Jin et al., 2020). In addition, several prior pandemics have been 
accompanied by neuropsychiatric sequelae, suggesting that these out
comes could be expected in the aftermath of COVID-19 (Troyer et al., 
2020; Tipton and Wszolek, 2020). 

The association of unfavorable COVID-19 prognosis with advanced 

chronological age, hyperferritinemia and lymphopenia suggests that 
SARS-CoV-2 may disrupt host antiviral immunity by inducing iron 
dyshomeostasis (Malavolta et al., 2020; Sargiacomo et al., 2020). As 
SARS-CoV-2, like other viruses, may be iron-dependent, it likely pro
motes ferrosenescence to acquire this metal and disable host natural 
killer cells (NKCs) (Drakesmith and Prentice, 2008; Schmidt, 2020a; 
Cavezzi et al., 2020; Nuñez and Chana-Cuevas, 2018; Colafrancesco 
et al., 2020). 

In a previous article, we defined ferrosenescence as iron-induced 
disruption of both DNA and its p53-mediated repair, resulting in pre
mature cellular senescence and neurodegeneration (Sfera et al., 2018). 
As p53 drives the NKC elimination of senescent and virus-infected cells, 
SARS-CoV-2 may exploit this protein to optimize thriving. Indeed, 
decreased p53 and NKCs count were documented in severely ill COVID- 
19 patients, suggesting virus-usurped immunity (Singh and Bharara, 
2020a; Market et al., 2020). 

In this mini-review, we examine the SARS-CoV-2 hijacking of NKCs 
and its link to neurodegeneration via iron-induced genomic and mito
chondrial damage. We also take a closer look at NKCs immunotherapy, 
angiotensin II receptor blockers (“sartans”), iron chelators and dipep
tidyl peptidase 4 inhibitors (“gliptins”) as adjunct therapies for COVID- 
19 and neurodegeneration. 
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2. SARS-CoV-2 entry portals and iron dyshomeostasis 

New research has shown that SARS-CoV-2 accesses host tissues by 
usurping several cell membrane and mitochondrial receptors associated 
with cellular senescence and iron metabolism. Viral exploitation of these 
proteins, including angiotensin converting enzyme 2 (ACE-2), dipep
tidyl peptidase 4 (DPP4), furin and cluster of differentiation 147 (CD 
147), disrupts the function of NKCs, facilitating the development of both 
COVID-19 critical illness and neurodegeneration (Schmidt, 2020a; 
Cavezzi et al., 2020; Nuñez and Chana-Cuevas, 2018; Colafrancesco 
et al., 2020) (Radzikowska et al., 2020; Xie et al., 2011). Indeed, as vi
ruses replicate more efficiently in senescent cells, they likely hijack the 
mechanisms controlling their elimination (Earls et al., 2020; Jadidi- 
Niaragh et al., 2012; Araga et al., 1991; Mihara et al., 2008). 

In the following, we focus on the SARS-CoV-2 entry portals and their 
association with ferrosenescence-induced NKCs dysfunction. 

3. ACE-2 

The attachment of SARS-CoV-2 virus to ACE-2 protein is mediated by 
the host transmembrane serine protease 2 (TMPRSS2), an enzyme that 
primes the S antigen, activating the receptor binding site (RBS) (Hoff
mann et al., 2020). SARS-CoV-2/ACE-2 binding likely impairs angio
tensin II (ANG II) hydrolysis, leading to its unopposed accumulation 
(Sfera et al., 2020). Novel preclinical studies have linked ANG II to iron 
dyshomeostasis as this peptide regulates several iron proteins, including 
hepcidin, divalent metal transporter 1 (DMT1), ferroportin 1 (Fpn1) and 
transferrin receptor 1 (TfR1) (Chen et al., 2020; Ishizaka et al., 2007a). 
In addition, human studies have associated angiotensin receptor 
blockers (ARBs) with hemoglobin, further connecting ANG II with the 
release of iron (Mohanram et al., 2008; Cheungpasitporn et al., 2015). 
Moreover, hyperferritinemia and hemolytic anemia, recently associated 
with COVID-19 critical illness, also link the virus-upregulated ANG II to 
iron homeostasis (Pagani et al., 2019; Hindilerden et al., 2020; Lazarian 
et al., 2020). 

Several novel studies have reported that ANG II triggers premature 
cellular senescence, an iron-abounding phenotype, likely facilitating the 
SARS-CoV-2 infection (Killilea et al., 2004). Indeed, several other vi
ruses, including human immunodeficiency virus (HIV) and hepatitis B 
and C were demonstrated to induce cellular senescence by upregulating 
the host iron (Schmidt, 2020a) (Cohen and Torres, 2017; Idrissi et al., 
2016; Naggie and Hepatitis, 2017). Conversely, ARBs were found pro
tective against the senescence-mediated pathology, indicating their 
potential role in averting both COVID-19 complications and neuro
degeneration (Prusty et al., 2017; Blagosklonny, 2017; Song and Kim, 
2019; de Cavanagh et al., 2011). 

Taken together, this data suggests that the SARS-CoV-2 virus ac
quires iron and disrupts NKCs by ferrosenescence. In return, this likely 
promotes neurodegeneration via the accumulation of senescent cells. 

4. DPP4 

The SARS-CoV-2 entry portal, DPP4, expressed on cell membranes 
and mitochondria, plays a major role in both type 2 diabetes mellitus 
(T2DM) and antiviral defenses (Sottile et al., 2019; Jiang et al., 2004; 
Koshiba et al., 2011; Lee et al., 2020). Like ACE-2, DPP4 has been linked 
to cellular senescence, suggesting that the SARS-CoV-2 virus thrives by 
promoting this phenotype. Indeed, previous studies have shown that 
DPP4 is an aging marker that prompts NKCs to eliminate the senescent 
cells expressing this protein (Kim et al., 2017). Viral attachment to DPP4 
likely alters the receptor configuration, contributing to the accumula
tion of uncleared senescent cells (Klemann et al., 2016). In this regard, 
earlier studies have associated NKCs dysfunction with neurodegenera
tive disorders, including PD and AD (Earls et al., 2020) (Maghazachi, 
2013a; Martínez-Cué and Rueda, 2020). 

Aside from cellular senescence, DPP4 has been directly linked to 

ferroptosis, an iron-mediated nonapoptotic cell death, associated with 
both COVID-19 critical illness and neurodegeneration (Cavezzi et al., 
2020) (Edeas et al., 2020a; Li et al., 2020). Under normal circumstances, 
ferroptosis is blocked by the p53 attachment to DPP4, suggesting that 
SARS-CoV-2 exploitation of this protein likely enables both viral infec
tion and neurodegeneration (Xie et al., 2017; Zhang and Chen, 2019a; 
Liu et al., 2020a; Shen et al., 2014; Tarangelo and Dixon, 2018)(Fig. 1). 
Since p53 is instrumental for NKCs antiviral function, the virus may have 
developed a backup mechanism for the exploitation of this protein, 
utilizing two avenues, a direct disruption (via the S2 antigen) and an 
indirect one (via iron upregulation) (Xie et al., 2017) (Shen et al., 2014) 
(Fig. 2). On the other hand, DPP4 inhibitors (gliptins) are promising 
treatments for both COVID-19 and neurodegenerative disorders as they 
inhibit ferroptosis and restore the integrity of p53 (Angelopoulou and 
Piperi, 2018; Svenningsson et al., 2016; Solerte et al., 2020). 

5. CD147 

Another SARS-CoV-2 entry portal, CD147 or basigin, is expressed on 
both the host cell surface and mitochondria, an organelle essential for 
antiviral immunity (Ulrich and Pillat, 2020; Pablo and Ochrietor, 2013; 
Luo et al., 2014). In addition, CD147 regulates mitochondrial metabolic 
reprograming and the generation of lactate (Schneiderhan et al., 2009). 
Excessive lactate levels have been associated with NKCs dysfunction, 
linking CD147 to COVID-19 critical illness (Calvisi, 2016; Scott and 
Cleveland, 2016). Interestingly, CD147 and lactate dehydrogenase 
(LDH) are colocalized with the mitochondrial reticulum, suggesting that 
SARS-CoV-2/CD147 attachment could augment the release of LDH, a 
marker of COVID-19 mortality (Henry et al., 2020; Hashimoto et al., 
2006). Moreover, CD147 is also the entry portal of Plasmodium falcipa
rum, an iron-dependent pathogen associated with premature cellular 
senescence, further emphasizing the role of this phenotype in COVID-19 
(Asghar et al., 2018; Frimpong et al., 2019; Clark et al., 2014; Huang 
et al., 2014). Interestingly, antimalarial drugs, chloroquine and 
hydroxychloroquine may block SARS-CoV-2/CD147 attachment, pre
venting iron-related pathology (Quiros Roldan et al., 2020). 

Taken together, SARS-CoV-2/CD147 binding likely triggers ferrose
nescence that, in turn damages the mitochondrion, disrupting NKCs- 
mediated antiviral immunity. 

6. Furin 

It was recently reported that SARS-CoV-2 exploits another host 
protein, furin that cleaves the S antigen into S2, a mediator of cell-to-cell 
fusion and a likely facilitator of viral migration from infected to 
noninfected cells (Hoffmann et al., 2020) (Xia et al., 2020). Interest
ingly, furin is a proprotein convertase with numerous physiological 
functions, including the conversion of pro-hepcidin to active hepcidin, 
further linking COVID-19 to iron metabolism (Wichaiyo et al., 2015). In 
addition, as mentioned above, the S2 antigen of SARS-CoV-2 may 
directly inhibit p53, sabotaging the elimination of virus-infected, se
nescent and possibly cancer cells (Singh and Bharara, 2020b; Zhang and 
Chen, 2019b; Ma-Lauer et al., 2016; Aloni-Grinstein et al., 2018; Jyot
sana and King, 2020; Dai et al., 2020; Moujaess et al., 2020). Moreover, 
as p53 participates in both DNA damage repair (DDR) and senescent 
cells elimination, SARS-CoV-2 exploitation of this protein may predis
pose to neurodegeneration (Sargiacomo et al., 2020) (Funauchi et al., 
2015; Collin et al., 2018; Kuo et al., 2020). Indeed, dysfunctional DDR 
and genomic damage have been associated with cellular senescence and 
neurodegenerative disorders (Madabhushi et al., 2014). Furthermore, 
inefficient DDR may lead to spillage of damaged DNA or mtDNA into the 
cytosol and the peripheral blood, probably accounting for this recently 
described COVID-19 marker (Liu, 2020). 
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7. Viral accessory proteins 

Several SARS-CoV-2 accessory viral proteins, including open reading 
frame (ORF) 3, 10 and possibly 8 were found to facilitate viral infection 
and iron dyshomeostasis via iron release from hemoglobin (Cavezzi 
et al., 2020) (Read, 2020). Indeed, novel studies have suggested that 
ORF proteins may cause the hemolytic anemia documented in severely 
ill COVID-19 patients (Lazarian et al., 2020) (Lippi and Mattiuzzi, 
2020). 

8. SARS-CoV-2 hijacking of NKCs 

Several new studies have found a direct correlation between the 
COVID-19 prognosis and host hyperferritinemia or lymphopenia, 

suggesting that the virus likely exploits iron metabolism to disrupt NKCs 
antiviral function (Bolondi et al., 2020; Perricone et al., 2020; Edeas 
et al., 2020b; Vargas-Vargas and Cortés-Rojo, 2020; Gómez-Pastora 
et al., 2020). Others have reported that hyperferritinemia and premature 
cellular senescence predispose to both COVID-19 critical illness and 
neurodegenerative disorders, indicating a role for iron in both condi
tions (Sottile et al., 2019) (Masaldan et al., 2018; Kale et al., 2020). 
Conversely, iron deprivation has been shown to lower the viral load and 
improve prognosis in many viral infections (Liu et al., 2020b; Schmidt, 
2020b). 

NKCs are vigilant innate immune lymphocytes capable of locating 
and eliminating senescent, cancer and virus-infected cells without prior 
sensitization by the major histocompatibility complex (MHC) (Market 
et al., 2020) (Masselli et al., 2020). Inefficient senescent cells clearance 

Fig. 1. A potential mechanism of NKCs hijacking by 
iron: SARS-CoV-2/ACE-2 attachment leads to ANG II 
accumulation. ANG II upregulates iron, inducing 
ferrosenescence that damages the DNA, mitochon
drial DNA (mtDNA) and p53. ANG II can also inflict 
mitochondrial damage directly (not shown). Mito
chondrial disruption promotes viral infection by 
impairing antiviral signaling (MAVS) and the release 
of interferon. SARS-CoV-2 antigen S2 can inhibit p53 
directly, sabotaging viral elimination. Taken 
together, dysfunctional NKCs fail to eliminate senes
cent cells and α-synuclein, increasing the risk of 
neurodegeneration.   

Fig. 2. The SARS-CoV-2-induced ferrosenescence: S antigen usurps host protease TMPRSS2 to prime this protein to S1, enabling ACE-2 attachment. Unopposed ANG 
II accumulation, augments intracellular iron, inducing DNA and mitochondrial DNA (mtDNA) damage. Furin cleaves, the S antigen into S2, a facilitator of cell-to-cell 
fusion and a p53 inhibitor. Furin also upregulates the iron protein hepcidin, increasing intracellular iron, further damaging the genome. 

A. Sfera et al.                                                                                                                                                                                                                                    



Progress in Neuropsychopharmacology & Biological Psychiatry 109 (2021) 110230

4

was demonstrated to dysregulate both neighboring cells and the circu
lating lymphocytes, increasing the chance of neurodegeneration (Per
eira et al., 2019). Indeed, a recent PD preclinical study found that aside 
from senescent cells, NKCs also clear α-synuclein, connecting their 
impairment to neurodegeneration (Earls et al., 2020). 

SARS-CoV-2 entry portals have been directly linked to the NKCs- 
driven elimination of senescent and virus-infected cells, suggesting 
that this virus triggers ferrosenescence to usurp host immunity (Jure
wicz et al., 2007; Abadir et al., 2011). As some of these proteins are 
expressed on the mitochondrion and are crucial for NKCs antiviral im
munity, their exploitation by the SARS-CoV-2, effectively hands control 
of these lymphocytes to the virus. 

Under normal circumstances, the viral-host contact prompts the 
mitochondrion to release interferons via mitochondrial antiviral 
signaling (MAVS) protein (Kim et al., 2018). MAVS interaction with p53 
activates the NKCs-driven elimination of senescent and virus-infected 
cells, therefore by exploiting this protein, SARS-CoV-2 hijacks the 
entire host antiviral defenses (Zhang et al., 2020; Mijit et al., 2020a). 
Indeed, viral infections and neurodegeneration have been directly 
corelated with mitochondrial damage (Maghazachi, 2013a) (van Erp 
et al., 2019; Cowan et al., 2019). 

Taken together, SARS-CoV-2-induced ferrosenescence in NKCs, fa
cilitates senescent cells accumulation and viral thriving, supporting the 
use of exogenous lymphocytes in the treatment of COVID-19 
(NCT04365101) (NCT04344548) and neurodegenerative disorders 
(Earls et al., 2020) (Maghazachi, 2013a) (Song et al., 2020; Machhi 
et al., 2020). 

9. Interventions 

Several therapeutic modalities have been developed and are 
currently in clinical trials for COVID-19, including immunotherapy with 
NKC, ARBs, iron chelators and DPP4 inhibitors. Aside from protecting 
against SARS-CoV-2-related cognitive, motor and nonmotor symptoms, 
these interventions could address the symptoms of neurodegenerative 
disorders of other etiologies (Fig. 3). 

10. NKCs immunotherapy 

Live, exogenous NKCs derived from the peripheral blood or stem cell 
precursors are currently in clinical trials for COVID-19 as they likely 
enhance host antiviral defenses and senescent cells clearance (Market 

et al., 2020) (Hu et al., 2019) (NCT04344548). NKCs immunotherapy is 
easily administered as these lymphocytes do not require complex HLA 
matching and can be augmented by the addition of immune stimulatory 
molecules (Shimasaki et al., 2020). 

This therapeutic modality has proved effective in amyotrophic 
lateral sclerosis and multiple sclerosis and is currently being assessed for 
other neurodegenerative disorders (Maghazachi, 2013b; Garofalo et al., 
2020). Indeed, the NKCs immunotherapy could benefit patients with PD 
as, like influenza H5N1 and H1N1 viruses, SARS-CoV-2 may preferen
tially target the dopaminergic neurons in substantia nigra (Eldeeb et al., 
2020). In addition, as NKCs accelerate the elimination of senescent cells 
and α-synuclein, they may comprise a “generic” treatment for multiple 
neurodegenerative disorders (Earls et al., 2020). 

11. Sartans 

Preclinical studies have shown that ANG II may interfere with iron 
absorption, suggesting that early interventions at this level could pre
vent the development of COVID-19 critical illness (Tajima et al., 2010). 

The non-heme iron is absorbed in the duodenum via DMT1 trans
porter, a protein controlled by the SLC11A1 gene that also regulates 
NKCs activation (Su et al., 2020; Hedges et al., 2013; Czachorowski 
et al., 2009; Awomoyi, 2007). For this reason, SARS-CoV-2 exploitation 
of this gene likely induces iron dyshomeostasis and immune impair
ment. Conversely, preclinical studies have found that ARBs suppress 
DMT1 expression, suggesting a protective effect against SARS-CoV-2 at 
the gut level (Baral et al., 2020; Ishizaka et al., 2007b). In addition, ARBs 
were demonstrated to possess antiviral properties against other viruses, 
including dengue and HCV, suggesting that DMT1 inhibition may pre
vent viral usurpation of iron homeostasis (Baral et al., 2020; Ishizaka 
et al., 2007b; Eslami et al., 2014; Hernández-Fonseca et al., 2015; Col
menero et al., 2009; Mak et al., 2012; Saavedra, 2020). ARBs are 
currently in clinical trials against COVID-19 but their early or preventive 
use could block viral hijacking of SLC11A1 (NCT04335123) 
(NCT04312009)(NCT04311177). In addition, preclinical studies have 
found that ARBs may protect against PD, probably by DMT1 and fer
rosenescence inhibition (Mertens et al., 2011; Villapol and Saavedra, 
2015; Reardon et al., 2000; Lee et al., 2014; Perez-Lloret et al., 2017; 
Gebre et al., 2018). Furthermore, as ARBs were demonstrated to upre
gulate p53 and restore DDR, they may slower the development of 
cellular and immune senescence, lowering the risk of neurodegeneration 
(Mijit et al., 2020b; Gong et al., 2010; Blagosklonny, 2018). 

Fig. 3. The likely action mechanism of “sartans”, 
“gliptins” and iron chelators is schematically illus
trated along with viral ferrosenescence mechanisms. 
The SARS-CoV-2 virus upregulates intracellular iron 
(via angiotensin II accumulation), triggering DNA 
damage in host NKCs. In addition, the virus blocks 
p53, disrupting DNA damage repair (DDR). These 
two actions trigger ferrosenescence, facilitating viral 
replication. Viral accessory proteins attack hemoglo
bin, further increasing iron levels.   
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12. Iron chelators 

Iron chelators, including deferoxamine, deferiprone and deferasirox 
possess antiviral actions against several viruses, including HIV, West 
Nile and HCV (Duchemin and Paradkar, 2017; Theurl et al., 2004; 
Georgiou et al., 2000; Williams and Meyer, 2009). As RNA viruses are 
more sensitive to iron chelators, they may be beneficial for COVID-19 
and are currently in clinical trials for this condition (NCT04333550) 
(Dalamaga et al., 2020). Moreover, a recently developed, potent and 
natural iron chelator, DIBI, appears a likely SARS-CoV-2 treatment 
candidate, especially as it is well tolerated by older individuals (Thor
burn et al., 2017; Kontoghiorghes and Kontoghiorghe, 2020). Several 
novel studies have reported that aside from denying iron to viruses, 
chelators also augment NKCs function, suggesting that they act both as 
antiviral and immune stimulatory agents (Sherman and Spear, 1993). 
Furthermore, iron chelators may upregulate p53, augmenting viral and 
senescent cells elimination, a role that has brought them into the field of 
neurodegenerative disorders (Zhang and Chen, 2019b; Ma-Lauer et al., 
2016) (Muñoz-Fontela et al., 2011; Liang and Richardson, 2003). The 
SARS-CoV-2 antigen S2 appears to directly block p53, likely triggering 
ferroptosis, a cell death believed to be involved in both COVID-19 and 
neurodegeneration (Singh and Bharara, 2020a). 

Taken together, iron chelators may inhibit SARS-CoV-2 by with
holding iron from the virus, upregulating p53 and the NKCs antiviral 
function. 

13. Gliptins 

Gliptins, or DPP4 inhibitors are potential COVID-19 treatments 
currently in clinical trials as they are believed to reduce viral entry 
(Solerte et al., 2020) (NCT04365517). As gliptins may lower ferroptosis, 
a phenomenon that plays a major role in AD and PD, these agents may 
prove beneficial for neurodegenerative disorders (Mousa and Ayoub, 
2019; Guiney et al., 2017; Yan and Zhang, 2020). In addition, since 
DPP4 marks senescent cells, their recognition and elimination by NKCs 
may avert accumulation (Kim et al., 2017). 

Recently DPP4 has been associated with physical exhaustion and 
chronic fatigue syndrome (CFS), a major complaint of patients with viral 
infections, including COVID-19, suggesting that DPP4 inhibitors may 
ameliorate this pathology (Qi et al., 2020; Bühling et al., 1994; Fletcher 
et al., 2010; Wilson, 2020; Perrin et al., 2020; Silvestre et al., 2019). 
Several studies have associated CFS with ferroptosis and lipid peroxi
dation, indicating that iron may play a major role in the pathogenesis of 
CFS (Brkic et al., 2010; Swinkels et al., 2002). Indeed, cancer studies 
have connected ferroptosis to the p53-mediated DPP4 inhibition, sug
gesting that gliptins should be evaluated as CFS treatments (Xie et al., 
2017) (Morris and Maes, 2012; Zhou et al., 2020). 

Taken together, ferroptosis prevention with DPP4 inhibitors could 
preempt viral entry, fatigue and the development of neurodegeneration. 

14. Conclusions 

Like other viruses, SARS-CoV-2 may thrive in iron-rich senescent 
cells, a phenotype it likely promotes. Iron is a major senescence inducer 
as it disrupts both the DNA and its p53-mediated repair, triggering fer
rosenescence. The SARS-CoV-2 virus may have developed the ability to 
evade host detection by triggering this phenotype in NKCs, disrupting 
their vigilance. 

SARS-CoV-2 exploitation of iron metabolism likely begins at the level 
of GI absorption by the diversion of SLC11A1 gene, a regulator of both 
ferroptosis and NKCs activation. Iron metabolism is further usurped at 
viral entry portals, enabling infection and contributing to neuro
degeneration. Because of these reasons, individuals at risk for COVID-19 
complications should be started on NKCs immunotherapy and/or anti- 
ferrosenescence treatment early after the diagnosis. 
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Nuñez, M.T., Chana-Cuevas, P., 2018. New perspectives in iron chelation therapy for the 
treatment of neurodegenerative diseases. Pharmaceuticals (Basel) 11 (4), 109. 
Published 2018 Oct 19. https://doi.org/10.3390/ph11040109. 

Pablo, K.A., Ochrietor, J.D., 2013. Deletion of the Basigin gene results in reduced 
mitochondria in the neural retina. Biochem. Biophys. Res. Commun. 438 (3), 
546–550. https://doi.org/10.1016/j.bbrc.2013.07.092. 

Pagani, A., Nai, A., Silvestri, L., Camaschella, C., 2019. Hepcidin and anemia: a tight 
relationship. Front. Physiol. 10, 1294. Published 2019 Oct 9. https://doi.org/10.33 
89/fphys.2019.01294. 

Pereira, B.I., Devine, O.P., Vukmanovic-Stejic, M., et al., 2019. Senescent cells evade 
immune clearance via HLA-E-mediated NK and CD8+ T cell inhibition. Nat. 
Commun. 10, 2387. https://doi.org/10.1038/s41467-019-10335-5. 

Perez-Lloret, S., Otero-Losada, M., Toblli, J.E., Capani, F., 2017. Renin-angiotensin 
system as a potential target for new therapeutic approaches in Parkinson’s disease. 
Expert Opin. Investig. Drugs 26 (10), 1163–1173. https://doi.org/10.1080/ 
13543784.2017.1371133. 

Perricone, C., Bartoloni, E., Bursi, R., et al., 2020. COVID-19 as part of the 
hyperferritinemic syndromes: the role of iron depletion therapy. Immunol. Res. 68 
(4), 213–224. https://doi.org/10.1007/s12026-020-09145-5. 

Perrin, R., Riste, L., Hann, M., Walther, A., Mukherjee, A., Heald, A., 2020. Into the 
looking glass: post-viral syndrome post COVID-19 [published online ahead of print, 
2020 Jun 27]. Med. Hypotheses 144, 110055. https://doi.org/10.1016/j. 
mehy.2020.110055. 

Prusty, S.K., Sahu, P.K., Subudhi, B.B., 2017. Angiotensin mediated oxidative stress and 
neuroprotective potential of antioxidants and AT1 receptor blockers. Mini-Rev. Med. 
Chem. 17 (6), 518–528. https://doi.org/10.2174/1389557516666161025094539. 

Pryce-Roberts, A., Talaei, M., Robertson, N.P., 2020. Neurological complications of 
COVID-19: a preliminary review. J. Neurol. 267 (6), 1870–1873. https://doi.org/ 
10.1007/s00415-020-09941-x. 

Qi, R., Chen, W., Liu, S., et al., 2020. Psychological Morbidities and Fatigue in Patients 
with Confirmed COVID-19 During Disease Outbreak: Prevalence and Associated 
Biopsychosocial Risk Factors. Preprint. medRxiv. https://doi.org/10.1101/ 
2020.05.08.20031666, 2020.05.08.20031666. Published 2020 May 11.  

Quiros Roldan, E., Biasiotto, G., Magro, P., Zanella, I., 2020. The possible mechanisms of 
action of 4-aminoquinolines (chloroquine/hydroxychloroquine) against Sars-Cov-2 
infection (COVID-19): a role for iron homeostasis? Pharmacol. Res. 158, 104904. 
https://doi.org/10.1016/j.phrs.2020.104904. 

Radzikowska, U., Ding, M., Tan, G., et al., 2020. Distribution of ACE2, CD147, CD26 and 
other SARS-CoV-2 associated molecules in tissues and immune cells in health and in 
asthma, COPD, obesity, hypertension, and COVID-19 risk factors [published online 
ahead of print, 2020 Jun 4]. Allergy. https://doi.org/10.1111/all.14429. 

Read, R., 2020. Flawed methods in “COVID-19: Attacks the 1-Beta Chain of Hemoglobin 
and Captures the Porphyrin to Inhibit Human Heme Metabolism”. ChemRxiv. 
https://doi.org/10.26434/chemrxiv.12120912.v1. 

Reardon, K.A., Mendelsohn, F.A., Chai, S.Y., Horne, M.K., 2000. The angiotensin 
converting enzyme (ACE) inhibitor, perindopril, modifies the clinical features of 
Parkinson’s disease. Aust. NZ J. Med. 30 (1), 48–53. https://doi.org/10.1111/ 
j.1445-5994.2000.tb01054.x. 

Rogers, J.P., Chesney, E., Oliver, D., et al., 2020. Psychiatric and neuropsychiatric 
presentations associated with severe coronavirus infections: a systematic review and 
meta-analysis with comparison to the COVID-19 pandemic. Lancet Psychiatry 7 (7), 
611–627. https://doi.org/10.1016/S2215-0366(20)30203-0. 

Saavedra, J.M., 2020. Angiotensin receptor blockers and COVID-19 [published online 
ahead of print, 2020 Apr 15]. Pharmacol. Res. 156, 104832. https://doi.org/ 
10.1016/j.phrs.2020.104832. 

Sargiacomo, C., Sotgia, F., Lisanti, M.P., 2020. COVID-19 and chronological aging: 
senolytics and other anti-aging drugs for the treatment or prevention of corona virus 
infection? Aging (Albany NY) 12 (8), 6511–6517. https://doi.org/10.18632/ 
aging.103001. 

Schmidt, S.M., 2020a. The role of iron in viral infections. Front. Biosci. (Landmark Ed) 
25, 893–911. 

Schmidt, S.M., 2020b. The role of iron in viral infections. Front. Biosci. (Landmark Ed) 
25, 893–911 (Published 2020 Jan 1).  

Schneiderhan, W., Scheler, M., Holzmann, K.H., et al., 2009. CD147 silencing inhibits 
lactate transport and reduces malignant potential of pancreatic cancer cells in in vivo 
and in vitro models. Gut 58 (10), 1391–1398. https://doi.org/10.1136/ 
gut.2009.181412. 

Scott, K.E., Cleveland, J.L., 2016. Lactate wreaks havoc on tumor-infiltrating T and NK 
cells. Cell Metab. 24 (5), 649–650. https://doi.org/10.1016/j.cmet.2016.10.015. 

Sfera, A., Bullock, K., Price, A., Inderias, L., Osorio, C., 2018. Ferrosenescence: the iron 
age of neurodegeneration? Mech. Ageing Dev. 174, 63–75. https://doi.org/10.1016/ 
j.mad.2017.11.012. 

Sfera, A., Osorio, C., Jafri, N., Diaz, E.L., Campo Maldonado, J.E., 2020. Intoxication with 
endogenous angiotensin II: a covid-19 hypothesis. Front. Immunol. 11, 1472. 
Published 2020 Jun 19. https://doi.org/10.3389/fimmu.2020.01472. 

Shen, J., Sheng, X., Chang, Z., et al., 2014. The heme-p53 interaction: linking iron 
metabolism to p53 signaling and tumorigenesis. Mol. Cell. Oncol. 3 (1) https://doi. 
org/10.4161/23723548.2014.965642 e965642. Published 2014 Nov 3.  

Sherman, A.R., Spear, A.T., 1993. Iron and immunity. In: Klurfeld, D.M. (Ed.), Nutrition 
and Immunology. Page 296. Human Nutrition (A Comprehensive Treatise). Springer, 
Boston, MA. https://doi.org/10.1007/978-1-4615-2900-2_14.  

Shimasaki, N., Jain, A., Campana, D., 2020. NK cells for cancer immunotherapy. Nat. 
Rev. Drug Discov. 19 (3), 200–218. https://doi.org/10.1038/s41573-019-0052-1. 

Silvestre, I.B., Dagda, R.Y., Dagda, R.K., Darley-Usmar, V., 2019. Mitochondrial 
alterations in NK lymphocytes from ME/CFS patients. J. Immunol. 202 (1 
Supplement), 126.39. 

Singh, N., Bharara, Singh A., 2020a. S2 subunit of SARS-nCoV-2 interacts with tumor 
suppressor protein p53 and BRCA: an in silico study [published online ahead of 

A. Sfera et al.                                                                                                                                                                                                                                    

https://doi.org/10.1007/s40588-020-00140-w
https://doi.org/10.1007/s40588-020-00140-w
https://doi.org/10.1007/s40588-020-00140-w
https://doi.org/10.1007/s40588-020-00140-w
https://doi.org/10.2174/1566524014666141202144601
https://doi.org/10.2174/1566524014666141202144601
https://doi.org/10.1186/s13024-020-00375-7
https://doi.org/10.1016/j.neuron.2014.06.034
https://doi.org/10.1016/j.neuron.2014.06.034
https://doi.org/10.3390/toxins5020363
https://doi.org/10.3390/toxins5020363
https://doi.org/10.3390/toxins5020363
https://doi.org/10.3390/toxins5020363
https://doi.org/10.1139/y2012-104
https://doi.org/10.1073/pnas.1603435113
https://doi.org/10.3390/cells9040909
https://doi.org/10.3390/cells9040909
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0435
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0435
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0435
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0435
https://doi.org/10.3389/fimmu.2020.01512
https://doi.org/10.3389/fncel.2020.00016
https://doi.org/10.3389/fncel.2020.00016
https://doi.org/10.1016/j.redox.2017.08.015
https://doi.org/10.1016/j.jbior.2020.100737
https://doi.org/10.1016/j.jbior.2020.100737
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0460
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0460
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0460
https://doi.org/10.1016/j.parkreldis.2007.05.013
https://doi.org/10.1016/j.parkreldis.2007.05.013
https://doi.org/10.3390/biom10030420
https://doi.org/10.3390/biom10030420
https://doi.org/10.3390/biom10030420
https://doi.org/10.1038/sj.ki.5002746
https://doi.org/10.1038/sj.ki.5002746
https://doi.org/10.1016/j.mehy.2012.07.034
https://doi.org/10.1016/j.critrevonc.2020.102972
https://doi.org/10.4103/1673-5374.249217
https://doi.org/10.4049/jimmunol.1101459
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0505
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0505
https://doi.org/10.3390/ph11040109
https://doi.org/10.1016/j.bbrc.2013.07.092
https://doi.org/10.3389/fphys.2019.01294
https://doi.org/10.3389/fphys.2019.01294
https://doi.org/10.1038/s41467-019-10335-5
https://doi.org/10.1080/13543784.2017.1371133
https://doi.org/10.1080/13543784.2017.1371133
https://doi.org/10.1007/s12026-020-09145-5
https://doi.org/10.1016/j.mehy.2020.110055
https://doi.org/10.1016/j.mehy.2020.110055
https://doi.org/10.2174/1389557516666161025094539
https://doi.org/10.1007/s00415-020-09941-x
https://doi.org/10.1007/s00415-020-09941-x
https://doi.org/10.1101/2020.05.08.20031666
https://doi.org/10.1101/2020.05.08.20031666
https://doi.org/10.1016/j.phrs.2020.104904
https://doi.org/10.1111/all.14429
https://doi.org/10.26434/chemrxiv.12120912.v1
https://doi.org/10.1111/j.1445-5994.2000.tb01054.x
https://doi.org/10.1111/j.1445-5994.2000.tb01054.x
https://doi.org/10.1016/S2215-0366(20)30203-0
https://doi.org/10.1016/j.phrs.2020.104832
https://doi.org/10.1016/j.phrs.2020.104832
https://doi.org/10.18632/aging.103001
https://doi.org/10.18632/aging.103001
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0595
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0595
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0600
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0600
https://doi.org/10.1136/gut.2009.181412
https://doi.org/10.1136/gut.2009.181412
https://doi.org/10.1016/j.cmet.2016.10.015
https://doi.org/10.1016/j.mad.2017.11.012
https://doi.org/10.1016/j.mad.2017.11.012
https://doi.org/10.3389/fimmu.2020.01472
https://doi.org/10.4161/23723548.2014.965642
https://doi.org/10.4161/23723548.2014.965642
https://doi.org/10.1007/978-1-4615-2900-2_14
https://doi.org/10.1038/s41573-019-0052-1
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0640
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0640
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0640


Progress in Neuropsychopharmacology & Biological Psychiatry 109 (2021) 110230

8

print, 2020 Jun 29]. Transl. Oncol. 13 (10), 100814. https://doi.org/10.1016/j. 
tranon.2020.100814. 

Singh, N., Bharara, Singh A., 2020b. S2 subunit of SARS-nCoV-2 interacts with tumor 
suppressor protein p53 and BRCA: an in silico study [published online ahead of 
print, 2020 Jun 29]. Transl. Oncol. 13 (10), 100814. https://doi.org/10.1016/j. 
tranon.2020.100814. 

Solerte, S.B., Di Sabatino, A., Galli, M., Fiorina, P., 2020. Dipeptidyl peptidase-4 (DPP4) 
inhibition in COVID-19. Acta Diabetol. 57 (7), 779–783. https://doi.org/10.1007/ 
s00592-020-01539-z. 

Song, P., Kim, J.H., 2019. Benefits of angiotensin receptor blockade: preventing smooth 
muscle cell senescence and beyond. Korean Circ. J. 49 (7), 627–628. https://doi.org/ 
10.4070/kcj.2019.0164. 

Song, P., An, J., Zou, M.H., 2020. Immune clearance of senescent cells to combat ageing 
and chronic diseases. Cells 9 (3), 671. Published 2020 Mar 10. https://doi.org/1 
0.3390/cells9030671. 

Sottile, R., Federico, G., Garofalo, C., et al., 2019. Iron and ferritin modulate MHC class I 
expression and NK cell recognition. Front. Immunol. 10, 224. Published 2019 Feb 
26. https://doi.org/10.3389/fimmu.2019.00224. 

Su, S., Shen, J., Zhu, L., et al., 2020. Involvement of digestive system in COVID-19: 
manifestations, pathology, management and challenges. Ther. Adv. Gastroenterol. 
13 https://doi.org/10.1177/1756284820934626 (1756284820934626).  

Svenningsson, P., Wirdefeldt, K., Yin, L., et al., 2016. Reduced incidence of Parkinson’s 
disease after dipeptidyl peptidase-4 inhibitors-a nationwide case-control study. Mov. 
Disord. 31 (9), 1422–1423. https://doi.org/10.1002/mds.26734. 

Swinkels, D.W., Aalbers, N., Elving, L.D., Bleijenberg, G., Swanink, C.M., van der Meer, J. 
W., 2002. Primary haemochromatosis: a missed cause of chronic fatigue syndrome? 
Neth. J. Med. 60 (11), 429–433. 

Tajima, S., Tsuchiya, K., Horinouchi, Y., et al., 2010. Effect of angiotensin II on iron- 
transporting protein expression and subsequent intracellular labile iron 
concentration in human glomerular endothelial cells. Hypertens. Res. 33, 713–721. 
https://doi.org/10.1038/hr.2010.63. 

Tarangelo, A., Dixon, S., 2018. The p53-p21 pathway inhibits ferroptosis during 
metabolic stress. Oncotarget 9 (37), 24572–24573. https://doi.org/10.18632/ 
oncotarget.25362. 

Theurl, I., Zoller, H., Obrist, P., et al., 2004. Iron regulates hepatitis C virus translation 
via stimulation of expression of translation initiation factor 3. J. Infect. Dis. 190 (4), 
819–825. https://doi.org/10.1086/422261. 

Thorburn, T., Aali, M., Kostek, L., et al., 2017. Anti-inflammatory effects of a novel iron 
chelator, DIBI, in experimental sepsis. Clin. Hemorheol. Microcirc. 67 (3–4), 
241–250. https://doi.org/10.3233/CH-179205. 

Tipton, P.W., Wszolek, Z.K., 2020. What can Parkinson’s disease teach us about COVID- 
19? Neurol. Neurochir. Pol. 54 (2), 204–206. https://doi.org/10.5603/PJNNS. 
a2020.0039. 

Troyer, E.A., Kohn, J.N., Hong, S., 2020. Are we facing a crashing wave of 
neuropsychiatric sequelae of COVID-19? Neuropsychiatric symptoms and potential 
immunologic mechanisms [published online ahead of print, 2020 Apr 13]. Brain 

Behav. Immun. https://doi.org/10.1016/j.bbi.2020.04.027. S0889-1591(20)30489- 
X.  

Ulrich, H., Pillat, M.M., 2020. CD147 as a target for COVID-19 treatment: suggested 
effects of azithromycin and stem cell engagement. Stem Cell Rev. Rep. 16 (3), 
434–440. https://doi.org/10.1007/s12015-020-09976-7. 

van Erp, E.A., van Kampen, M.R., van Kasteren, P.B., de Wit, J., 2019. Viral infection of 
human natural killer cells. Viruses 11 (3), 243. Published 2019 Mar 12. https://doi. 
org/10.3390/v11030243. 

Vargas-Vargas, M., Cortés-Rojo, C., 2020. Ferritin levels and COVID-19. Rev. Panam. 
Salud Publica 44. https://doi.org/10.26633/RPSP.2020.72 e72.  

Villapol, S., Saavedra, J.M., 2015. Neuroprotective effects of angiotensin receptor 
blockers. Am. J. Hypertens. 28 (3), 289–299. https://doi.org/10.1093/ajh/hpu197. 

Wichaiyo, S., Yatmark, P., Morales Vargas, R.E., et al., 2015. Effect of iron overload on 
furin expression in wild-type and β-thalassemic mice. Toxicol. Rep. 2, 415–422. 
https://doi.org/10.1016/j.toxrep.2015.01.004. 

Williams, A., Meyer, D., 2009. Desferrioxamine as immunomodulatory agent during 
microorganism infection. Curr. Pharm. Des. 15 (11), 1261–1268. https://doi.org/ 
10.2174/138161209787846801. 

Wilson, C., 2020. Concern coronavirus may trigger post-viral fatigue syndromes. New 
Sci. 246 (3278), 10–11. https://doi.org/10.1016/S0262-4079(20)30746-6. 

Xia, S., Lan, Q., Su, S., et al., 2020. The role of furin cleavage site in SARS-CoV-2 spike 
protein-mediated membrane fusion in the presence or absence of trypsin. Signal 
Transduct. Target Ther. 5 (1), 92. https://doi.org/10.1038/s41392-020-0184-0. 

Xie, H., Liu, L., Shi, W., et al., 2011. Down regulation of CD147 boosts the premature 
senescence in human skin fibroblasts by destroying the redox balance and inhibiting 
klotho. J. Dermatol. Sci. 64 (3), 243–245. https://doi.org/10.1016/j. 
jdermsci.2011.09.010. 

Xie, Y., Zhu, S., Song, X., et al., 2017. The tumor suppressor p53 limits ferroptosis by 
blocking DPP4 activity. Cell Rep. 20 (7), 1692–1704. https://doi.org/10.1016/j. 
celrep.2017.07.055. 

Yan, N., Zhang, J., 2020. Iron metabolism, ferroptosis, and the links with Alzheimer’s 
disease. Front. Neurosci. 13, 1443. Published 2020 Jan 29. https://doi.org/10.33 
89/fnins.2019.01443. 

Zhang, J., Chen, X., 2019a. p53 tumor suppressor and iron homeostasis. FEBS J. 286 (4), 
620–629. https://doi.org/10.1111/febs.14638. 

Zhang, J., Chen, X., 2019b. p53 tumor suppressor and iron homeostasis. FEBS J. 286 (4), 
620–629. https://doi.org/10.1111/febs.14638. 

Zhang, W., Gong, J., Yang, H., et al., 2020. The mitochondrial protein MAVS stabilizes 
p53 to suppress tumorigenesis. Cell Rep. 30 (3), 725–738 e4. https://doi.org/10.10 
16/j.celrep.2019.12.051. 

Zhou, Xiang, Wang, Weiming, Zhang, Baofu, Lin, Zixia, Wang, Yi, Chen, Gang, 2020. 
DPP4 modulates ACSL4 to promote lipid peroxidation and regulate ferroptosis in 
pancreatic cancer [abstract]. In: Proceedings of the Annual Meeting of the American 
Association for Cancer Research(2020) 2020 Apr 27–28 and Jun 22–24. AACR; 
Cancer Res, Philadelphia (PA) (80(16 Suppl): Abstract nr 6330).  

A. Sfera et al.                                                                                                                                                                                                                                    

https://doi.org/10.1016/j.tranon.2020.100814
https://doi.org/10.1016/j.tranon.2020.100814
https://doi.org/10.1016/j.tranon.2020.100814
https://doi.org/10.1016/j.tranon.2020.100814
https://doi.org/10.1007/s00592-020-01539-z
https://doi.org/10.1007/s00592-020-01539-z
https://doi.org/10.4070/kcj.2019.0164
https://doi.org/10.4070/kcj.2019.0164
https://doi.org/10.3390/cells9030671
https://doi.org/10.3390/cells9030671
https://doi.org/10.3389/fimmu.2019.00224
https://doi.org/10.1177/1756284820934626
https://doi.org/10.1002/mds.26734
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0685
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0685
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0685
https://doi.org/10.1038/hr.2010.63
https://doi.org/10.18632/oncotarget.25362
https://doi.org/10.18632/oncotarget.25362
https://doi.org/10.1086/422261
https://doi.org/10.3233/CH-179205
https://doi.org/10.5603/PJNNS.a2020.0039
https://doi.org/10.5603/PJNNS.a2020.0039
https://doi.org/10.1016/j.bbi.2020.04.027
https://doi.org/10.1007/s12015-020-09976-7
https://doi.org/10.3390/v11030243
https://doi.org/10.3390/v11030243
https://doi.org/10.26633/RPSP.2020.72
https://doi.org/10.1093/ajh/hpu197
https://doi.org/10.1016/j.toxrep.2015.01.004
https://doi.org/10.2174/138161209787846801
https://doi.org/10.2174/138161209787846801
https://doi.org/10.1016/S0262-4079(20)30746-6
https://doi.org/10.1038/s41392-020-0184-0
https://doi.org/10.1016/j.jdermsci.2011.09.010
https://doi.org/10.1016/j.jdermsci.2011.09.010
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.1016/j.celrep.2017.07.055
https://doi.org/10.3389/fnins.2019.01443
https://doi.org/10.3389/fnins.2019.01443
https://doi.org/10.1111/febs.14638
https://doi.org/10.1111/febs.14638
https://doi.org/10.1016/j.celrep.2019.12.051
https://doi.org/10.1016/j.celrep.2019.12.051
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0790
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0790
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0790
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0790
http://refhub.elsevier.com/S0278-5846(20)30546-7/rf0790

