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ABSTRACT
There is no existing specifi c treatment for COVID-19, so it is imperative to understand the pathophysiological pathways for the 

development of successful treatment. SARS-CoV-2 infection leads to the release of infl ammatory cytokines which can result in an 
excessive infl ammatory reaction or cytokine storm leading to worsening prognosis. These processes are mediated by several signalling 
pathways such us PI3K/Akt/mTOR and Ras/MAPK/ERK cascades, GSK-3 kinase, and NF-kB. In Fragile X Syndrome (FXS), the most 
common cause of inherited mental retardation and the most common genetic form of autism spectrum disorder, those signalling pathways 
as well as IGF-1 are upregulated, leading to increase of Metalloproteinase 9 (MMP-9) levels, tissue damage, pro-infl ammatory state 
and blood-brain barrier disruption. The number of links found between FXS and COVID-19 suggests they share pathophysiological 
mechanisms.  FXS would be an important risk factor for developing a severe form of COVID-19 and in turn, SARS-CoV-2 could contribute 
to worsening the symptoms and prognosis of patients with FXS as well as asymptomatic Fmr1 premutation carriers. These asymptomatic 
individuals could explain a proportion of the COVID-19 cases that, without other underlying pathologies, develop cytokine storm and 
severe disease. With all the above, deep study of these processes that involve both FXS and COVID-19, would facilitate the discovery 
of potential therapeutic targets and drug development for these diseases. The potential mechanisms of metformin, trofi netide, statins, 
curcumin and IL-10 aff ecting diff erent points of these ways are discussed further here.

INTRODUCTION
COVID-19 is an acute respiratory disease caused by a new 

coronavirus (SARS-CoV-2) fi rst identifi ed in December 2019 in 
Wuhan, Hubei province, China, spreading around the world to 
become a pandemic [1]. Globally, at February 2021, there have been 
109.217.366 confi rmed cases of COVID-19, including 2.413.912 
deaths, reported to WHO [2]. Since there is no existing treatment 
specifi c for COVID-19, development of successful treatment is an 
imperative. SARS-CoV-2 enters host cells by endocytosis using 
ACE-2 as receptor. Once inside begins the translation of proteins 
and replication of RNA [3]. Th e virus activates Antigen-Presenting 
Cells (APC), which consequently stimulated humoral and cellular 
immunity systems as well as Mitogen-Activated Protein Kinase 
(MAPK) pathway and Nuclear Factor Kappa B (NF-kB) signalling 
pathway, which regulate gene expression and alter immune cell 
diff erentiation [4]. Th is results in a release of pro-infl ammatory 
cytokines that can lead to cytokine storm [5]. Many COVID-19 
patients develop Acute Respiratory Distress Syndrome (ARDS) which 
leads to pulmonary edema and lung failure, and have liver, heart, and 
kidney damages  [4], as a result of severe infl ammatory reaction or 
hyperimmune response (cytokine storm) associated with pneumonia 
in critically ill patients [6].

Fragile-X Syndrome (FXS), the most common cause of inherited 
mental retardation [7], and the most common genetic form of autism 
spectrum disorder [8], is caused by a lack or defi ciency of the protein 
from Fmr1, known as Fragile X Mental Retardation Protein (FMRP). 
Autism Spectrum Disorder (ASD) occurs in approximately 60% 
of boys and 20% of girls with this syndrome. FXS occurs when an 
individual has a full mutation CGG-repeat expansion (>200 CGG 
repeats and methylated) in the 5 non-coding portion of the Fmr1 
gene at Xq27.3. Th ere is a range of FMRP defi ciency related to CGG-
repeat/methylation status, with those having size and/or methylation 
mosaicism generally producing higher FMRP levels than those with 
the full mutation and fully methylated alleles [9]. Females with the 
full mutation generally have higher FMRP levels than males, due to 
the presence of a second X chromosome [7]. FXS aff ects one in 4,000 
men and one in 8,000 women, but it may be more common when 
considering mild intellectual disability and conduct disorders [10]. 
In the general population, premutation occurs in one of 113 to 255 
women and in one of 260 to 813 men [10]. FMRP is an mRNA binding 
protein that regulates protein translation, usually as a suppressor. It 
is estimated to bind 5% of mRNA in the mammalian brain [11] and 
is known for its role in synaptic plasticity, learning, and memory 

[12]. FMRP also regulates translation directly or indirectly at the 
level of initiation, RNA splicing, editing, nuclear export, and N6-
methyladenosine modifi cations [13]. Th e loss of FMRP expression 
results in the cognitive and behavioral defi cits associated with FXS 
[14]. FXS and autism share several commonalities including reduced 
cerebellar volume, altered dendritic spine morphology, presence 
of seizures and mental retardation [15]. Across species, FMRP is 
ubiquitously expressed but highly enriched in the brain, mirroring 
the fact that morphological and functional defects appear to be most 
prominent in, although not restricted to, the Central Nervous System 
(CNS) [16].

Other conditions have been related with FXS, such as premature 
ovarian failure, Fragile X Tremor Ataxia Syndrome (FXTAS), 
Parkinson’s disease, cancer, immune disease, schizophrenia, bipolar 
disorder and major depressive disorder [17].

Metalloproteinase 9 (MMP-9)

Both Fmr1 Knockout (KO) mice and patients with FXS show 
altered neuronal dendritic spine morphology which is under the 
control of the PI3K/Akt/mTOR and Ras/MAPK signalling pathways 
[18]. Loss of FMRP results in hyperactivation of the mammalian/
mechanistic Target of Rapamycin Complex 1 (mTORC1) and the 
Extracellular-Signal-Regulated Kinase (ERK) signalling pathways 
[19] leading to higher production of pro-infl ammatory cytokines and 
enhanced immune response. Consistent with increased ERK activity, 
eukaryotic initiation factor 4E (eIF4E) phosphorylation is elevated in 
the brains of individuals with FXS, thereby promoting the translation 
of the mRNA encoding matrix Metalloproteinase 9 (MMP-9), which 
is also elevated in the brains of individuals with FXS [19]. Indeed, 
in Fmr1-null neurons, an increased level of phosphorylation of the 
serine/threonine kinase S6K1 has been observed. S6K1 is a common 
target of the mTORC1 and ERK pathways that are deregulated in the 
absence of FMRP [10].

It is known that SARS-CoV-2 infection leads to activation 
of alveolar macrophages and lung epithelial cells releasing pro-
infl ammatory cytokines that lead to enhanced endothelial 
permeability, allowing viral dissemination and infi ltration of 
neutrophils and infl ammatory monocytes. Th ese cytokines stimulate 
the bone marrow to produce and release immature granulocytes, 
that return to the lung and further increase infl ammation, leading 
to cytokine storm and ARDS [20]. Pro-infl ammatory cytokines 
induce Metalloproteinases (MMPs) overexpression and increase its 
activity. Similarly, MMPs is secreted at sites of lung infl ammation 
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in the extracellular matrix leading to release bioactive chemokines 
with infl ammatory properties [21]. Th us, MMPs contribute to the 
infl ammatory positive feedback loop (cytokine storm). In acute lung 
injury, Metalloproteinase 9 (MMP-9) released from neutrophils 
promotes inflammation and degradation of the alveolar capillary 
barrier, further stimulating migration of inflammatory cells and 
destruction of lung tissue [22]. In addition, MMP-9 secretion is 
increased in coronavirus infection of human monocytes [23]. Hsu, 
et al. [24] reported a marked increase in plasma MMP-9 activity 
in critically ill patients who developed ARDS, strongly positively 
correlated with severity. Th e same relationship has been described in 
SARS-CoV-2 [25].

At the neurological level, it is though SARS-CoV-2 can infect the 
Central Nervous System (CNS). Neurological symptoms observed in 
patients with COVID-19 [26,27], suggest that the involvement of the 
CNS could be similar to that generated in other organs of the body, 
which could be attributed to invasion by hematogenous route, whose 
most probable mechanisms could be severe systemic infl ammation 
and disruption of the Blood-Brain Barrier (BBB) since endothelium 
and smooth muscle express ACE-2. On the other hand, it is known that 
human coronaviruses can penetrate the CNS through the olfactory 
nerve and olfactory bulb neuroepithelium [28]. Th en, SARS-CoV-2 
could spread via retrograde neuronal mechanism where it invades 
the peripheral neurons and ultimately invades the CNS by spreading 
through the connected network of neuronal transport machinery 
[29]. At the CNS, pro-infl ammatory cytokines, such as MMP-9, could 
induce neuroinfl ammation and neuronal damage. MMP-9 degrades 
components of the extracellular matrix, including proteins that are 
important for synaptic function and maturation, which have been 
implicated in FXS and ASD. In the brain, MMP-9 controls synaptic 
plasticity, and thus learning and memory formation [10]. Indeed, 
knockout of MMP-9 rescues the majority of known cellular and 
behavioural phenotypes in Fmr1− / y mice [19]. As mentioned, MMP-9 
is released by neutrophils and macrophages during COVID-19 and 
strongly related to the severity and presence of respiratory failure, 
showing an early increase in COVID-19 [25]. Besides, macrophage-
derived MMP‐9 has been reported to be essential for T‐cell infi ltration 
into the vessel wall [30].

Furthermore, endothelial cells, located in the inner surface 
of vessels, secrete MMP-9 under infl ammatory conditions [31]. 
Similarly, in pathological conditions, such as viral infections [32] 
and cerebrovascular diseases, Mitogen-Activated Protein Kinase 
4 (MAP4K4) leads to MMP-9 increase [33]. Previous reports have 
suggested that endothelial MAP4K4, expressed broadly in the brain, 
enhances the upregulation of leukocyte adhesion molecule, promotes 
monocyte infi ltration, and increases chemokine leading to a rapid 
vascular infl ammation expression [34,3 5]. Zou, et al. [33] have 
described that MAP4K4 triggers infl ammatory vascular damage, 
neurological impairment, brain edema and blood-brain barrier 
damage. It also upregulates the expression of phosphorylated NF-kB 
and MMP-9, and degrades tight junction proteins (ZO-1 and claudin 
5) of epithelia and BBB. Bleau, et al. [36] showed that coronavirus 
can increase BBB permeability in impairing tight endothelial junction 
ZO-1, VE-cadherin, and occludin expression in the brain. Loss of 
tight junctions in several viral infections can indirectly result from 
virus-induced barrier-dysregulating cytokines or chemokines, such 
as IL-6, TNF-α, CCL2, or CXCL10 (Th 1 type response) by Brain 
Microvascular Cells (BMECs) themselves or other CNS cell types 
[36]. Th at is, a Th 1 type response. In fact, Bleu et al. also demonstrated 

that IFN-β production of endothelial cells (Th 2 type response) is 
impaired by coronavirus.

Insulin-like Growth Factor 1 (IGF-1)

In brain, insulin-like Growth Factor 1 (IGF-1) plays a role in 
growth and development of all major CNS cell types and their synapse 
maturation. Increase in the IGF-1 pathway is associated to neuronal 
developmental impairment and, in particular, to Autism Spectrum 
Disorder (ASD) and FXS [10]. IGF-1 exerts its function by interacting 
with its receptor IGF Receptor 1 (IGF1R). In the mouse model of FXS, 
decreasing the levels of IGF1R corrects several phenotypic features 
[18]. Increased IGF-1 enhances PI3K/Akt/mTOR and Ras/MAPK 
signalling pathways leading to release of pro-infl ammatory cytokines 
(IL-1β, IFN-γ) and fi brinogen. Th ey induce endothelial disfunction 
and hyperinfl ammatory state (cytokine storm).

Trofi netide is a neurotrophic peptide derived from IGF-1 
that shows a long half-life and is well tolerated. It acts regulating 
neuroinfl ammation, preventing apoptosis, and being neuroprotective. 
It normalizes brain IGF-1 (potentially a key molecular pathology), 
corrects abnormalities in PI3K/Akt/mTOR and Ras/MAPK signalling 
implicated in neuronal plasticity (the dendritic spine morphology 
that accompanies abnormal plasticity), and rescues cognition, social 
behavior, hyperactivity, and species-typical activities. Furthermore, 
it is suggested to diminish neuroinfl ammation, reduce microglial 
activation and astrogliosis, and restore the enhanced excitatory/
inhibitory (glutamate/GABA) neuronal signalling observed in FXS 
[37]. Besides, in infl ammation, stimulation of the IGF-1R activates 
the PI3K/AKT signalling pathway, inducing AKT activation and the 
downstream IL-17-mediated infl ammatory pathway [38].

IGF-1 and IGF-1R have found increased in lungs of ARDS. 
Also, elevated levels of IGF-1 in Bronchioalveolar Fluid (BAL) and 
rising IGF-1 mRNA expression are have showed in this patients [38]. 
Similarly, Piñeiro-Hermida, et al. [39] demonstrated that IGF1-R 
defi ciency, was associated with improved survival, reduced vascular 
fragility and permeability, and less infl ammatory cell lung infi ltrate 
in lung injury. In H1N1 infl uenza infection (Spanish fl u), it has 
been seen that increase of IGF-1 enhances PI3K/AKT and MAPK 
signalling, lung injury and mortality [40].

METFORMIN
MMP-9 inhibitors, such as aprotinin, have been proposed as a 

treatment in COVID-19 [21]. Administration of metformin, an FDA-
approved anti-diabetic drug, in FXS (Fmr1 knockout fl ies) [41], leads 
to an amelioration of memory defects [42]. Metformin normalizes 
mTOR and ERK signalling, eIF4E phosphorylation and the expression 
of MMP-9, and has been shown to improve FXS symptoms [19]. 
Metformin use is associated with reduced mortality rate from 
Coronavirus Disease 2019 (COVID-19) infection [43]. Several 
mechanisms have been proposed to explain this eff ect: inhibition 
of mTOR pathway and prevention of immune hyperactivation; 
action on endosomal Na+/H+ exchanger, thereby increasing cellular 
pH and interference with viral endocytic cycle; anti-infl ammatory 
properties; reduction in neutrophils; inhibition of mitochondrial 
complex 1, suppression of mitochondrial Reactive Oxygen Species 
(ROS) signalling, necessary for the opening of Ca2+ Release-Activated 
Ca2+ (CRAC) channels in the generation of IL-6 from alveolar 
macrophages; among others [43]. Interestedly, markers of oxidative 
stress are associated with various neurological diseases, ageing, and 
cases of FXS with ASD [44]. Th us, individuals with FXS exhibit higher 
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levels of oxidative stress. Indeed, there is a close relationship between 
Reactive Oxygen Species (ROS) and FMRP defi ciencies [45].

On the other hand, metformin is known to inhibit IGF-1 by the 
reversal of hyperinsulinemia. It ameliorates the pulmonary injury 
in an experimental model of ARS by PI3K signalling inhibition and 
IGF-1 decrease [46].

STATINS
It has been described that treatment with the cholesterol-lowering 

agent lovastatin improve behavioural outcome in FXS patients 
[47]. Concerning COVID-19, statins are capable of inducing shift s 
from Th 1 cytokine production to Th 2 type cytokine secretion, (IL-
4, IL-5, IL-9, IL-10, and IFN-α/β instead of IL- 6 IL-1B, IL-8, and 
IFN-γ), ameliorating cytokine storm and macrophage activation, and 
switching immune response in anti-infl ammatory and pro-repair 
activity [48]. Th erefore, statins not only block virus replication upon 
antiviral activity but also reduces the harmful eff ects of infl ammation 
on the host [49]. Moreover, they reduce the synthesis of cholesterol 
that is the main substrate for aldosterone synthesis in the Ang-II 
function. Statins also inhibit AKT/mTOR, NF-kB and Ras-MAPK-
ERK pathways [50], avoiding infl ammation, endothelial dysfunction 
and increased vascular permeability that can lead to multi-organ 
failure; protein overexpression by increasing translation and 
transcription; and elevation of intracellular calcium. Th ese events 
might improve FXS symptoms and decrease SARS-CoV-2 infectivity 
and COVID-19 severity.

CURCUMIN
Curcumin or Curcumol (Cur), isolated from the traditional 

Chinese medical plant Rhizoma Curcumae, is broadly studied in 
oncology due to its anti-tumoral activity [51]. Curcumin have been 
reported for neuroprotective eff ect in several neurological disorder 
also such as Alzheimer’s, Parkinson’s, frontotemporal dementia, 
and Huntington’s disease. Administration of curcumin improved 
the cell viability through various mechanism including inhibition of 
amyloid formation and its toxicity in Alzheimer disease, reduction of 
oxidative damage, infl ammation, and synuclein protein aggregation 
in Parkinson disease, and decrease of aggregation of tau proteins in 
frontotemporal dementia. It also facilitates anti-anxiety activity by 
decrease level of TNF-α and MMP-9 in ASDsw [52]. Recently, it has 
been described that curcumin ameliorates defects in FXS by binding 
CGG repeats RNA, which are the etiology of FSX and related diseases 
such as ASD and Fragile X-Associated Tremor Ataxia Syndrome 
(FXTAS). Besides, curcumin inhibits PI3K/AKT and ERK/NF-kB 
signalling pathways [53]. Curcumin also downregulates Glycogen 
Synthase Kinase 3 (GSK-3) and β-catenin pathway [54], that are 
involved in SARS-CoV-19 infectivity [55], COVID-19 boosted 
infl ammation [56], BBB disruption [57] and FXS pathophysiology 
[58]. Interestingly, chloroquine inhibits GSK-3 in lung epithelial 
and immune cells, so GSK3 has been considered as a central axis in 
infl ammation during SARS-CoV-2 infection [55]. Regarding GSK-
3 features, FMRP is responsible for inhibiting mRNA transcription 
of GSK-3 [58]. Th erefore, in FXS, the absence of FMRP inhibition 
leads to upregulation of GSK-3. In fact, GSK-3 inhibition corrects 
pathophysiology in a mouse model of fragile X syndrome [59]. It 
is involved in pathways that promote infl ammation and induces 
IL-6 [58] and IFN-γ production [56]. Th e SARs CoV-1 N protein is 
phosphorylated by GSK-3, an event that is needed for viral replication. 
Other studies have shown that GSK-3 negatively regulates T-cell 
proliferation and function [56]. Indeed, it has been shown that GSK-

3 is needed by SARS-CoV replication and its inhibition had been 
proposed as a COVID-19 treatment [56].

Th us, GSK-3 pathway might be involved in pathophysiology of 
both COVID-19 and FXS, and they would act reciprocally. GSK-3 
would improve SARS-CoV-2 infectivity and worse FXS symptoms. 
Summary, curcumin decreases TNF-α, MMP-9 and PI3K/AKT and 
ERK/NF-kB signalling. Considering all above mentioned, it improves 
infl ammation, tissue damage and deleterious eff ects of IFG-1, 
becoming a possible therapeutic agent in both COVID-19 and FXS.

Interleukink-10 (IL-10)

It is also noticeable that administration of IL-10 en mice model of 
FXS is able to reverse the learning and memory impairment, as well 
as in mice with GSK-3 overexpression. Th ese results again indicate 
that infl ammation is involved in the FXS phenotype [60]. On the 
other hand, administration of IL-10 could exert therapeutic eff ects 
on COVID-19, due to its anti-infl ammatory activity of IL-10 (Th 2 
immune response).

CONCLUSION
Th ere is still no eff ective drug for treating both COVID-19 and 

FXS. Identify critical molecular targets and the role they play in 
infection is needed for drug development. FXS and COVID-19 share 
links in their pathophysiology that include neuroinfl ammation, and 
inhibition at these levels could become therapeutic targets. Th us, 
known drugs as metformin, trofi netide, statins, curcumin and IL-10, 
might implement the COVID-19 and FXS treatment.

Indeed, we posit FXS would be an important risk factor for 
developing a severe form of COVID-19 and in turn, SARS-CoV-2 
could contribute to worsening the symptoms and prognosis of 
patients with FXS and asymptomatic Fmr1 permutation carriers.

Th is fact leads us to suggest that a proportion of unexplained 
severe COVID-19 cases in young people could correspond to 
asymptomatic premutation carriers, what we could know as ‘fragile 
storm’.
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