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to inflammatory disease by inhibiting vitamin D metabolism and mode of 

action. 
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associated with increased susceptibility to COVID-19 and amplifies the 

inflammatory response to COVID-19 by upregulating the expression and 
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children may be a factor in reduced susceptibility of children to COVID-19. 

5. Serum uric acid may be used as an indicator of risk susceptibility to COVID-

19. 
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The Interplay between Uric Acid, Mitochondrial 

Dysfunction, Vitamin D Deficiency, NLRP3 

Inflammasome activation, Inflammatory Disease, and 

Increased Susceptibility to COVID-19. 
Declan Timothy Waugh  

EnviroManagement Services, 11 Riverview, Doherty’s Rd, Bandon, Co. Cork P72 

YF10, Ireland; declan@enviro.ie; Tel.: +353-23-884-1933 

 

Abstract: The recent COVID-19 pandemic caused by SARS-CoV-2 has emerged 

as one of the greatest global public health, financial, political, and even social crises 

of this generation. Several risk factors associated with inflammatory disease and 

aging have been identified that increase vulnerability to COVID-19 in terms of poor 

outcome and survival. In this review, I have elucidated how uric acids levels 

increase with aging and how raised uric acid levels contribute to inflammatory 

disease and viral pathogenesis by inducing mitochondrial dysfunction, impairing 

mitochondrial antiviral signaling (MAVS), upregulating NLRP3 inflammasome 

expression and triggering aberrant NLRP3 inflammasome activation, thereby 

stimulating the production of proinflammatory cytokines. Moreover, I describe how 

uric acid inhibition of SIRT1 deacetylase activity, Na( + )-K( + )-ATPase activity, 

vitamin D metabolism and mechanisms of action and testosterone synthesis further 

contributes to the pathogenesis of inflammatory disease and impaired immune 

response to COVID-19, leading to increased severity of symptoms and mortality. 

Taken together, this data reveals that higher serum uric acid may act as an 

amplification pathway in the pathogenesis of COVID-19. Further studies are 

warranted to examine these associations, in addition to genetic and environmental 

risk factors that contribute to raised uric acid levels.   

 

Keywords: COVID19, Uric Acid, Mitochondrial dysfunction, Mitochondrial 

antiviral signalling, NLRP3 inflammasome, Cytokine Release Syndrome, Vitamin D. 

 

1. Introduction 

COVID-19 is caused by the severe acute respiratory syndrome associated 

coronavirus (SARS CoV-2) [1], which is primarily transmitted between people 

through respiratory droplets and contact routes [2]. Since 31st December 2019 and 

as of 28th May 2020, 5,655,615 cases of COVID-19 (in accordance with the applied 

case definitions and testing strategies in the affected countries) have been reported, 
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including 355,355 deaths. The countries reporting the most cases reported are the 

United States (1,699,933), Brazil (411,821), Russia (370,680), United Kingdom 

(267,240), Spain (236,769) and Italy (231,139) [3]. The most common clinical 

symptoms at onset of COVID-19 illness include fever or chills, dry cough, shortness 

of breath, body aches, nasal congestion, and sore throat [4,5].  In more severely 

infected patients it causes COVID-19 pneumonia, lung fibrosis, acute respiratory 

distress syndrome (ARDS) and can also damage other organs such as the liver, and 

kidneys, as well as to organ systems such as the blood and the immune system and 

even death [5-10]. In this regard it has been reported that patients may eventually 

die of multiple organ failure, shock, ARDS, heart failure, arrhythmias, and renal 

failure [9-14]. In addition to the terrible human toll of COVID-19, the impact of 

COVID-19 containment measures on the global economy, business activities, 

livelihoods, travel, education, sporting, and social life is unprecedented in modern 

times. Therefore, identifying risk factors that contribute to increased viral replication 

and susceptibility for severe adverse outcomes from COVID-19 is essential for 

limiting morbidity and mortality.  

In this regard, a several case series and meta-analysis and cohort studies from 

China have reported that the most common underlying comorbidities among 

patients with severe COVID-19 infection were hypertension, diabetes, 

cardiovascular disease and cancer [4,15-18]. Notably, the patients who developed 

ARDS were older and had a higher prevalence of hypertension (27.4% Vs. 13.7%), 

diabetes (19.0% Vs. 5.1%) when compared with those who did not develop ARDS 

[16]. In addition, significantly higher levels of interleukin-6 (IL-6), C-reactive protein 

(CRP) and ferritin has been found to predict severity and fatality from COVID-19 

[19,20]. Another important finding is that at least 8.0% patients with COVID-19 

suffered the acute cardiac injury. The incidence of acute cardiac injury was about 13 

folds higher in intensive care unit (ICU)/severe patients compared with the non-

ICU/severe patients [21]. 

Data from the United States, among patients infected with COVID-19 in New 

York City revealed that the most common comorbidities among 5700 hospitalized 

COVID-19 patients were hypertension (56.6%), obesity (41.7%), and diabetes (33.8%) 

[22]. The Centers for Disease Control and Prevention (CDC) further reported that 

among 1,482 patients hospitalized with COVID-19 during March 2020, 74.5% were 

aged ≥50 years and the highest rates of hospitalization were among those aged 85 

years and over [23]. Among adult patients with data on underlying conditions, 

89.3% had one or more underlying conditions; the most common were hypertension 

(49.7%), obesity (48.3%), chronic lung disease (34.6%), diabetes mellitus (28.3%), and 

cardiovascular disease (CVD) (27.8%). Among patients aged 18–49 years, obesity 

was the most prevalent underlying condition, followed by chronic lung disease 

(primarily asthma) and diabetes mellitus. Among patients aged 50–64 years, obesity 

was most prevalent, followed by hypertension and diabetes mellitus; and among 

those aged ≥65 years, hypertension was most prevalent, followed by cardiovascular 

disease and diabetes mellitus [23]. 
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In Italy, the previous epicentre of the European pandemic, it has been reported 

that over 90% of the deaths had at least one underlying illness [24]. In a cohort study 

of over 9,000 SARS-CoV-2-infected patients who succumbed, 73% were 

hypertensive, 28% suffered from ischemic heart disease and 31% were diabetic, with 

their median age being 78 years, in comparison to 63 years of those surviving [25]. 

Moreover, the Italian institute of health (Istituto Superiore di Sanità) reported that 

among 2003 patients in Italy who died due to COVID-19 infection the average age 

was 79.5 years (range 31-103) [26]. Among 355 of the 2003 patients who died where 

pre-existing conditions were known, the most common comorbidities were 

hypertension (76.1%), diabetes (35.5 %), ischemic heart disease (33.0%), atrial 

fibrillation (24.5%), chronic renal failure (20.3%), chronic obstructive pulmonary 

disease (COPD) (13.5%) and stroke (9%). Collectively, this data shows that there is a 

direct relationship between ageing, chronic inflammatory diseases and severity of 

symptoms associated with COVID-19. 

In the following sections, I delineate the relationships between raised uric acid 

(UA) and chronic inflammatory diseases linked to increased susceptibility to 

COVID-19 and describe how UA levels increase with ageing.  Next, I elucidate the 

key molecular mechanisms and signaling pathways by which UA contributes to 

increased severity of symptoms associated with COVID-19 by inducing 

mitochondrial dysfunction, impairing mitochondrial antiviral signaling (MAVS) 

and inhibiting vitamin D metabolism and its mode of action. I further emphasise 

how UA upregulates NOD-like receptor family, pyrin domain containing 3 (NLRP3) 

inflammasome expression and activation and how aberrant NRLP3 inflammasome 

activation leads to acute proinflammatory cytokine reaction and increased severity 

of symptoms associated with COVID-19.  

2. The relationship between Uric Acid and Chronic Inflammatory Diseases 

associated with adverse outcomes in COVID-19 infection. 

Although no publications are yet available on the association between elevated 

uric acid and COVID19, as noted above, the preponderance of evidence describes 

several independent risk factors that increase vulnerability to COVID-19 including, 

ageing, cancer, hypertension, obesity, diabetes mellitus, chronic kidney disease, 

CVS, ischemic heart disease, atrial fibrillation, COPD, asthma, dementia and liver 

disease. Here, I delineate the associations between uric acid, ageing and chronic 

diseases known to be associated with increased risk of infection, hospitalization, 

morbidity, and mortality from COVID-19. A schematic representation of the 

molecular mechanisms by which UA contributes to inflammatory disorders is 

provided in Figure 1. 

In humans and higher primates, uric acid (UA) is the final product of purine 

metabolism. Xanthine oxidase (XO), also known as xanthine oxidoreductase, is an 

enzyme which plays a central role in purine catabolism by converting hypoxanthine 

into xanthine and then further into UA [27-30]. In most mammals, UA is degraded 

by the enzyme uricase, but in humans the uricase gene was inactivated during 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3619523



 5 of 37 

 

hominoid evolution [31]. As such humans are unique among mammalian species by 

having the highest basal blood level of UA and the ability to develop hyperuricemia 

[32].  

 

 
 

Although there is evidence highlighting the antioxidant properties of UA [33-

35], literature overwhelming shows that high to high normal levels of serum UA 

(SUA) is an independent risk factor for hypertension [36-41], diabetes [42-45], obesity 

and  metabolic syndrome (Mets) [37,46-49], cancer incidence and mortality [50-53], 

coronary heart disease, CVD, ischemic heart disease and atrial fibrillation [54-60], 

chronic kidney disease (CKD) [61-66], liver disease [67-70], asthma [71-72], and 

COPD [73-76]. It has further been shown that among patients with COPD treated 

with non-invasive positive pressure ventilation (NPPV), that the number of patients 

who did not suffer exacerbation of chronic respiratory failure after treatment with 

NPPV was significantly higher when serum UA decreased [77]. A previous large 

prospective study also found that high SUA level was an even greater independent 

risk factor of mortality among people with hypertension pressure and diabetes [55]. 

As NPPV is used in the treatment of COVID-19 patients and hypertension and 

diabetes are the two most common risk factors with COVID-19 these findings clearly 

suggest that SUA has important clinical relevance in the pathogenesis of COVID-19. 

2.1. Uric Acid concentrations increase with Ageing 

The relationship between increased SUA and ageing is well recognized [78-80]. 

SUA levels are significantly lower in children than adolescents [78-79] and rise 

sharply with aging. Indeed, it has been observed that the prevalence of 

hyperuricaemia recorded in elderly patients (> 80 years), is 3-fold higher than for 

patients in the 18–39 age group [81]. Moreover, in a large representative sample of 

957 older Italian community-dwelling elderly participants free of renal disease or 

gout, abnormally high SUA levels as well as SUA concentrations in the upper 

portion of the physiologic range was shown to be associated with high levels of 

several inflammatory markers, such as CRP, IL-6, interleukin-18 (IL-18), interleukin-

1 receptor antagonist (IL-1ra), and tumor necrosis factor-alpha (TNF-α) [82]. 
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Collectively, the above studies highlight the association of elevated UA with ageing 

and elevated UA as an independent predictor of chronic inflammatory diseases 

linked to severity of symptoms associated with COVID-19.  

3. Overview of the mechanisms by which UA contributes to cellular stress and 

mitochondrial dysfunction. 

Accumulating evidence demonstrates that UA promotes mitochondrial reactive 

oxygen species production (mtROS), mitochondrial oxidative stress and 

mitochondrial dysfunction [83-90]. It is important to highlight here, that 

mitochondrial dysfunction is also implicated in the pathogenesis of hypertension, 

obesity, diabetes, cardiac dysfunctions, chronic  kidney  disease liver disease, 

airway diseases, neurodegenerative diseases and cancer [91-98], all risk factors 

associated with increased susceptibility to COVID-19. A schematic representation of 

the signaling pathways and molecular mechanisms by which UA contributes to 

mtROS and mitochondrial dysfunction is provided in Figure 2. 

 

 

3.1 Mechanisms by which uric acid contributes to mitochondrial dysfunction and 

impaired mitochondrial antiviral signaling 

UA inhibits mitochondrial oxidative phosphorylation by inhibiting key enzymes of 

the TCA cycle (Tricarboxylic acid cycle) or Krebs cycle, leading to reduced 
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mitochondrial respiration and adenosine triphosphate (ATP) production 

[83,85,87,99]. In addition, UA contributes to oxidative stress by upregulating the 

mRNA expression or activity of IL6, Il-1β, CRP, TNF-α, and caspase 1 (CASP1) [100-

107]. Also, UA induces oxidative stress by upregulating the expression of NADPH 

oxidase (NOX) which increases ROS formation [84,86,108]. Moreover, mitochondrial 

respiratory chain complex I is inactivated by NOX which inhibits mitochondrial 

function [109]. In addition, NOX has been shown to suppresses mitochondrial 

biogenesis and bioenergetics by decreasing nuclear factor erythroid 2 (NF-E2)-

related factor 2 (Nrf-2) induction and activation [110]. Furthermore, NOX induced 

ROS contributes to mtROS and mitochondrial dysfunction, while mitochondrial 

antioxidants such as manganese superoxide dismutase (SOD2) attenuate NOX 

activity thereby inhibiting ROS production [111,112].  In addition, UA upregulation 

of NOX has been shown to up-regulate the expression of pro-apoptotic B-cell 

CLL/Lymphoma 2-(Bcl-2) associated X protein (Bax) and downregulate the 

antiapoptotic X‑linked inhibitor of apoptosis protein (XIAP), a potent caspase 

inhibitor, leading to altered mitochondrial transmembrane potential (ΔΨm) and 

UA-induced apoptosis in human proximal tubule cells [113]. 

High UA has also been shown to increase the expression of p53 protein in 

mitochondria, leading to increased expression of Bax and Caspase-9/-3 [114]. Of 

note, p53 plays a direct role in mitochondrial apoptosis by promoting the expression 

of pro-apoptotic proteins including, Bax, Bcl-2 antagonist killer 1 (Bak), Bcl2-

associated death promoter (Bad) and downregulating the expression of anti-

apoptotic proteins Bcl-2 and Bcl-xL to permeabilize mitochondria and trigger 

apoptosis [115--119]. Importantly, overexpression of Bax is associated with loss of 

the mitochondrial membrane potential (ΔΨm) and with events typical of apoptosis, 

including cytosolic accumulation of cytochrome c (cytC), CASP activation, cleavage 

of poly (ADP-ribose)-polymerase, and DNA fragmentation [120,121]. Further, Bax is 

essential for the mitochondrial release of cytC [122]. In turn cytC release promotes 

and amplifies the apoptotic cascade via mitochondria; and is considered the 

commitment step of programmed cell death [123-125]. 

Furthermore, it is important to emphasise that increased SUC reduces the 

expression and deacetylase activity of sirtuin 1 (SIRT1) [126,127]. In turn, 

downregulation of SIRT1 induces p53, NF-κB (nuclear factor binding near the k 

light-chain gene in B cells) activation, Bax expression and CASP3 activation [128]. 

Conversely, activation of SIRT1 has been shown to activate peroxisome proliferator-

activated receptor-coactivator 1alpha (PGC-1α), a major regulator of mitochondrial 

biogenesis and function, leading to increased expression of mitochondrial 

antioxidant enzymes, including superoxide dismutase 2 (SOD2) and uncoupling 

protein 2 (UCP2), enhanced mitochondrial electron transport chain complex I 

activity and increased ATP content [129]. Here, it is also important to mention, that 

there is a direct link between inactivation of SIRT1 and its downstream target PGC1α 

and metabolic disease [130].  

On the other hand, activation of PGC-1α by SIRT1 deacetylase leads to the 

activation of several transcription factors including Nrf-1 and Nrf-2 to increase 
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transcription of genes related to mitochondrial biogenesis and function [131-133].  

In addition, PGC-1α inhibits IκBα degradation and the transportation of NF-κB p65 

from cytoplasm to nucleus, thus preventing NF-κB activation [134]. Of importance, 

Nrf2 serves as a master regulator of antioxidative responses and mitochondrial 

function [135] by increasing the expression of the majority of antioxidant genes that 

ensure that ROS levels are kept low thereby protecting cells against oxidative insults 

[136-140].. In addition, Nrf-2 upregulates mitochondrial antiapoptotic proteins Bcl-2 

and Bcl-xL [141,142]. Thus, loss of Nrf-2 contributes to a state of chronic 

inflammation with a diminished capacity to compensate for conditions of increased 

oxidative stress and mitochondrial dysfunction  [143-147]. Importantly, heme 

oxygenase-1 (HO-1) is a Nrf2-regulated gene [148-152] that has important anti-

inflammatory and antiapoptotic effects on mitochondrial dynamics by inducing the 

expression of anti-apoptotic Bcl-2 [153-155] and Bcl-xL [156,157], and suppresses 

pro-apoptotic Bax, Bak and CASP3 activation [158]. Moreover, HO-1 has been 

shown to suppress NOX derived oxidative stress [159] and inhibit the expression of 

the pro-inflammatory cytokines TNFα [160,161], IL-1β [162,163], IL-6 [164-166], 

monocyte chemoattractant protein-1 (MCP-1) [164,167,168], and suppress NF-κB 

activation [169-172]. Conversely, UA has been shown to activate NF-κB [129, 173-

175]. Interestingly, it has also been observed that NF-κB activation downregulates 

PGC-1α expression leading to a proinflammatory state [176-180].  

It has also been demonstrated that PGC-1α activates and promotes the 

expression of SIRT3 (sirtuin 3) [130,181,182]. As the main mitochondrial deacetylase, 

SIRT3 has been shown to protect mitochondria by attenuating ROS production, 

inhibiting the NRLP3 inflammasome, attenuating oxidative stress, downregulating 

IL-1β and IL-18 and reducing cellular oxidative damage and apoptosis [183-186]. 

Moreover, SOD2, a mitochondrial enzyme that detoxifies superoxide, is a substrate 

of SIRT3, and the binding of SIRT3 with SOD2 results in deacetylation and activation 

of SOD2 [187], thereby increasing SOD2 enzymatic activity [188,189].  In addition, 

SIRT3 inhibits NF-κB dependent transcriptional activity of inflammatory genes 

[190]. 

It is also important to mention here, that reduced PGC-1α expression is 

associated with obesity [191], hypertension [192], diabetes [193], CKD [194], 

hypertensive and ischemic heart disease [195], heart failure [196] COPD [197], 

Alzheimer’s disease [198] and liver disease [199]; all pathologies associated with 

increased susceptibility to COVID-19. Of importance, it has also been shown that 

downregulation of PGC-1α enhances lung fibroblast activation [200]. As pulmonary 

fibrosis can lead to organ failure [201], and as mentioned earlier, pulmonary fibrosis 

is associated with the pathogenesis of COVID-19, this implies that PGC-1α 

repression may play a central role in COVID-19 induced pulmonary fibrosis.  

Furthermore, UA has been shown to induce mitochondrial dysfunction and 

apoptosis by inhibiting Na( + )-K( + )-ATPase activity and membrane expression, 

depleting ATP, increasing ROS production, upregulating mitochondrial pro-

apoptotic Bax expression, lowering mitochondrial membrane potential (ΔΨm) and 

increasing mitochondrial permeability transition pore (mPTP) opening leading to 
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release of mtDNA, cytC and other pro-apoptotic factors from the mitochondria 

[84,90,202,203]. Consistent with this, previous studies have shown that inhibition of 

Na( + )-K( + )-ATPase leads to mitochondrial calcium retention, ATP depletion, 

suppressed ROS scavenging and increased ROS production causing oxidative stress 

[204]. It should be noted that cytC release from mitochondria is associated with 

mitochondrial dysfunction manifested by ATP and mitochondrial transmembrane 

potential Δψm decline [205]. 

It has also been revealed that SIRT1 deacetylation and activation of the forkhead 

box protein O3 (FOXO3) transcription factor induces resistance to oxidative stress 

[206]. In addition, other forkhead box-containing proteins are deacetylated by SIRT1 

including FOXO1 and FOXO4 causing their nuclear trapping and modifying their 

transcriptional activity [207,208]. Of note, FOXO1 downregulates ROS production 

by induces HO-1 expression [209,210]. Moreover, FOXO1 is a transcription factor 

that regulates PGC-1α expression [133, 211, 212]. 

In addition, a growing body of evidence demonstrates that FOXO3 deacetylation 

regulates a wide variety of processes including detoxification of ROS by 

upregulation of SOD2, catalase and peroxiredoxins 3 and 5 (Prx3, Prx5), thioredoxin 

2 (Trx2), thioredoxin reductase 2 (TrxR2), and also uncoupling protein 2 (UCP-2) 

[204, 207, 213-215]. Interestingly, UCP2 belongs to the mitochondrial antioxidant 

mechanism [216]. In addition to its important role in the regulation of production of 

ROS, inhibition of inflammation, and inhibition of cell death, UCP-2 plays a role in 

regulating ATP production, mitochondrial membrane potential (Δψ) and cellular 

calcium homeostasis [217,218]. Moreover, due to the diverse roles that UCP2 plays 

within the mitochondria, it has been reported that a decrease in UCP2 expression 

may be strongly implicated in the genesis of mitochondrial dysfunction, ROS 

accumulation, and cell death and, therefore, in the pathogenesis of several diseases 

including, hypertension, diabetes, obesity and cardiovascular diseases [218]. 

Interestingly, it has also been shown that SIRT1 inhibition blocked PGC-1α 

transcription of UCP2 and SOD2 [127]. 

Moreover, it is important to mention that UA upregulation of NOX activates 

extracellular signal-regulated kinase 1/2 (ERK1/2) signaling [84,107, 219,220]. In 

turn, ERK 1/2 activation upregulates p53 expression [221] which as noted earlier, has 

also been found to be upregulated by UA. However, UA activation of ERK1/2 

signaling is particularly significant in the context of viral pathogenesis, as ERK1/2 

signaling has been found to upregulate expression of the mitochondrial membrane 

protein, mitofusin 2 (Mfn2) [222]. Interestingly, overexpression of Mfn2 has been 

found to inhibit mitochondrial antiviral signaling (MAVS) protein and promote viral 

replication [223]. Notably, MAVS is an adaptor protein that coordinates the 

activation of type I interferons (IFNα/β) at the mitochondrial level and its function 

is essential for effective antiviral responses to RNA virus infections [224]. Of 

importance, loss of mitochondrial membrane potential (ΔΨm) leads to reduced 

MAVS signaling [225,226]. It has also been observed that inhibition of mitochondrial 

oxidative phosphorylation severely impairs MAVS activation of interferons (IFNs), 

resulting in increased susceptibility to viral infections [227]. In line with these 
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findings, it has been demonstrated that MAVS is vital for pulmonary innate 

immunity, including secretion of immune mediators, the recruitment and 

maturation of immune cells, and for the initiation of T-cell responses to viral 

pathogens. Moreover, MAVS deficiency enhances viral replication in the lung 

resulting in more severe pulmonary disease [228,229]. 

Of importance, previous studies have shown that SARS-COV targets 

mitochondrial innate immune signaling to evade host innate immunity by reducing 

the level of MAVS, which significantly contributes to SARS-CoV pathogenesis [230]. 

Similarly, other RNA viruses belonging to the Coronaviridae family including the 

Middle East respiratory syndrome coronavirus (MERS-CoV) [231,232] and the 

pandemic influenza virus (IAV) [233] also preferentially target MAVS signaling to 

supress innate immunity. In addition, several RNA viruses, such as Hepatitis A and 

C, disrupt the antiviral signaling pathway by cleaving MAVS from the 

mitochondrial membrane, which abolishes its ability to communicate with the 

downstream factors that lead to β-interferon production [234-236]. While it is 

currently unknown whether SARS-COV2 also targets mitochondria in the same 

manner as other RNA viruses, this possibility is highly likely.  

It is important to emphasise here, as noted earlier, that the Nrf2-Ho1 signaling 

pathways upregulate the expression of Bcl-2 and Bcl-xL and downregulate the 

expression of proapoptotic proteins including, Bax, Bad and Bak. Notably, Bcl-xL 

blocks the dissociation of MAVS from mitochondria by inhibiting MAVS cleavage 

[237]. As MAVS function is dependent on its mitochondrial localization [236,238], 

this demonstrates that HO-1 signaling pathways play an essential role in regulating 

MAVS function. Moreover, Bcl-xL, also inhibits apoptosis by antagonizing the 

actions of Bax and Bak, preventing the permeabilization of the mitochondrial outer 

membrane and CASP activation [239]. Conversely, as noted previously, 

upregulation of Bax results in a loss of mitochondrial membrane potential (ΔΨm) 

and as aforementioned, loss of mitochondrial membrane potential (ΔΨm) leads to 

reduced MAVS signaling. Furthermore, Bcl-xL, has been shown to inhibit Mfn2 

activity [240], which, as previously described, inhibits MAVS protein, and promotes 

viral replication.  Collectively, the aforementioned data provides several 

mechanisms by which UA induced changes to mitochondrial dynamics leads to 

mitochondrial dysfunction and impaired immune response to viral pathogens by 

inhibiting MAVs signaling. Furthermore, UA downregulation of SIRT1 expression 

and deacetylase activity leads to reduced transcription activation of PGC-1α, 

NrF2/HO-1, FOXO1 and their target genes which ultimately contributes to a 

proinflammatory state and to pathologies associated with increased susceptibility to 

COVID-19.  

3.2 UA inhibits Vitamin D metabolism and mode of action. 

Another mechanism by which UA contributes to increased susceptibility to 

COVID-19 is by inhibiting vitamin D metabolism and mode of action. For example, 

UA suppresses 25-hydroxyvitamin D3-1α-hydroxylase (CYP27B1) protein and 
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mRNA expression [176,241-243] and CYP27B1 catalyses the production of the 

metabolically active form of vitamin D, 1, alpha, 25-Dihydroxyvitamin D3 

(1α,25(OH)2D3) [244]. Furthermore 1α,25(OH)2D3 induces vitamin D receptor 

(VDR)-mRNA expression increasing the total amount of cellular VDR [245,246]. 

These findings delineate why serum concentrations of 1α,25(OH)2D3 are inversely 

related to SUA [243,247] and why higher SUA is significantly associated with both 

vitamin D insufficiency and vitamin D deficiency [248]. Consistent with the fact that 

UA levels increase with aging, and the UA inhibits vitamin D metabolism and mode 

of action, several international studies have shown that the group most at risk from 

vitamin D deficiency are those persons aged 65 years or over, especially elderly 

persons in nursing homes and long-term care facilities [249-253]. It is also well 

known that vitamin D deficiency is implicated in the pathogenesis of hypertension 

[254,255], CVD [256], diabetes [257] and obesity [258,259]. More importantly, vitamin 

D deficiency contributes directly to ARDS [260-262]. As mentioned previously, 

ARDS plays a crucial role in the pathogenesis of COVID‑19 infection.  

UA downregulation of CYP27B1 also has important implications for 

mitochondrial function and MAVS signaling. For example, 1α,25(OH)2D3 and VDR 

activity upregulate the expression of PGC-1α [263] and Nrf-2 [139,264,265].   This 

would indicate that UA induced inhibition of 1α,25(OH)2D3 synthesis may lead to 

impaired MAVS signaling and supressed immune function by downregulating Nrf-

2/HO1 gene expression and signaling pathways. Of importance, PGC-1α acts as a 

co-activator of VDR expression [266]. In addition, activation of CASP3 has been 

found to inactivate VDR [267]. It must be emphasised here, that I have previously 

described how UA acts to inhibit the activation of PGC-1α by downregulating the 

expression and deacetylase activity of SIRT1. In addition, elevated UA has been 

found to markedly upregulate CASP3 expression and activation [127,268]. This 

evidence suggests that UA may inhibit vitamin D mode of action through either 

inactivating the VDR or inhibiting its expression.  

Reflecting the role of vitamin D in immune function, the interaction of 1,25-

(OH)(2)D(3) with the VDR activates the cathelicidin gene [245]. Notably, cathelicidin 

has been found to protect against microbial and viral infections [269,270]. Moreover, 

it has been shown that vitamin D is protective against viral infections such as 

influenza, HIV, and hepatitis C (HCV) [271-273]. In addition, as aforementioned, 

1α,25(OH)2D3 is also a potent upregulator of PGC-1α and Nrf-2 and HO-1 is a Nrf2-

regulated gene. Importantly, in the content of the pathogenesis of viral infections, 

HO-1 regulates innate immunity and autoimmunity by modulating interferon-beta 

(IFN-β) production [274-276] and HO-1 deficiency results in reduced expression of 

IFN-β [277]. Moreover, IFN-β induces expression of IL-10, the major anti-

inflammatory cytokine which inhibits pro–IL-1α and pro–IL-1β mRNA expression 

and inflammasome activation [278]. In addition, IFN-β regulates the expression of 

cholesterol 25-hydroxylase (Ch25h), which converts cholesterol to the antiviral lipid 

25-hydroxycholesterol (25-HC, oxysterol), which supresses IL-1-activating 

inflammasomes [278,279,280].  Furthermore, Ch25h and 25-HC have been shown to 

protect against viral infections by inhibiting viral entry into cells [281-284] and viral 
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replication [285-288]. Consistent with aforementioned findings, Nrf-2 and its 

downstream target gene HO-1 has also been shown to suppress viral entry and 

replication [274,289-291]. Interestingly, the Nrf-2/HO1 target protein Bcl-2, has also 

been found to reduce IAV viral replication [292]. Moreover, HO-1 has also been 

shown to inhibit sepsis induced ARSD lung injury [293] by inhibiting NLRP3 

inflammasome activation, thereby limiting the inflammatory response [294]. 

Importantly, it has been suggested that viral sepsis is crucial to the disease 

mechanism of COVID-19 [295]. 

Collectively, these findings highlight the pivotal role of Nrf-2/HO-1 signaling in 

innate immunity to viral infections and further underscore the significance of 

1α,25(OH)2D3 as a transcription factor in upregulating Nrf2 expression. In addition, 

this data elucidates additional mechanistic pathways by which UA contributes to 

increased susceptibility to COVID-19 by inhibiting vitamin D metabolism and 

mechanisms of action. 

4. NLRP3 inflammasome activation is associated with inflammatory diseases 

Accumulating evidence demonstrates that UA is a damage-associated molecular 

pattern (DAMP) molecule that activates and increases the expression of NLRP3 

inflammasome [89,90, 106,296-300]. As previously described high UA levels have 

been shown to activate NF-κB. Importantly, NF-κB activation has been shown to 

promote NLRP3 inflammasome activation by regulating NLRP3 expression 

[301,302]. Indeed, NF-κB is regarded as a pro-inflammatory master switch involved 

in priming the activation of NLRP3 inflammasome [303,304]. Moreover, as noted 

above, UA inhibits Na( + )-K( + )-ATPase activity and membrane expression and 

promotes ROS and mitochondrial dysfunction. Notably, inhibition of Na( + )-K( + )-

ATPase activity [305-307], mtROS and mitochondrial dysfunction [308-313] activate 

NLRP3 inflammasome.  As UA inhibits Na( + )-K( + )-ATPase activity and loss of 

Na( + )-K( + )-ATPase activity triggers NLRP3 inflammasome this may elucidate, at 

least in part, why loss of Na( + )-K( + )-ATPase activity is associated with many 

pathophysiological disorders associated with increased susceptibility to COVID-19, 

including, hypertension, diabetes, obesity, cardiovascular disease, COPD, chronic 

kidney disease and cancer [314]. In addition, UA has been found to induce NLRP3 

inflammasome activation by inducing the dissociation of thioredoxin (TRX)-

interacting protein (TXNIP), from thioredoxin in a reactive oxygen species (ROS)-

sensitive manner allowing it to bind to and activate NLRP3 inflammasome [315].  

While, NLRP3 inflammasome regulates multiple aspects of inflammation and 

immune response to bacterial and viral infections [316], it is also known that aberrant 

activation of the NLRP3 inflammasome by chronic exposure to inflammasome 

activators is highly detrimental as tragically exemplified by a number of 

inflammatory diseases [317,318]. Indeed, converging lines of evidence have 

demonstrated that aberrant NLRP3 activation can induce an acute and extremely 

high inflammatory cytokine response, including increased IL-1β, IL-6, IL-18, TNF-

α, IL-17A, MCP-1, MIP-1α and IFN-γ levels, which ultimately leads to severe 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3619523



 13 of 37 

 

inflammation, extensive tissue damage [319-323] and enhanced disease [324-326]. 

For example, inflammatory responses driven by sustained activation of NLRP3 

inflammasome has been implicated in several pathological disorders associated with 

increased susceptibility to COVID-19 including, hypertension [327-330], obesity, 

chronic kidney disease, diabetic kidney disease, liver toxicity, cardiovascular disease 

and cancer [331-338] 

 Moreover, NRLP3 inflammasome activation plays a critical role in the 

pathogenesis of airway inflammation and pulmonary diseases including COPD 

[339-344] and asthma [345-349]. Most importantly, it has been shown that UA 

activates NLRP3 inflammasome in the lung inducing lung injury and fibrosis [298]. 

Furthermore, in the context of COVID-19 pathogenesis, mitochondrial ROS has been 

shown to induce inflammation in the lung by increasing the protein levels of NLRP3, 

CASP1 and IL-1β [350]. Importantly, there is also epidemiological evidence that that 

physiological levels of SUA triggered mitochondrial ROS generation and NLRP3 

inflammasome activation and that UC reduction suppressed inflammasome-

dependent inflammation and plasma IL-1β, IL-18, TNFα levels [351]. Consistent 

with this finding, as previously noted, cohort studies of elderly patients in Italy with 

hyperuricemia observed that higher SUA levels were positively correlated with 

serum TNFα, high-sensitivity CRP, IL-6, and IL-18 [51,352]. As noted earlier, 

significantly higher levels of IL-6, CRP have also been found to predict severity and 

fatality from COVID-19 [19-20]. Taken together, this data suggests that in addition 

to contributing to the pathogenesis of underlying comorbidities associated with 

increased susceptibility to COVID-19, that UA activation and upregulation of 

NLRP3 inflammasome expression amplifies the inflammatory response in COVID-

19. 

Finally, it is important to mention that NLRP3 inflammasome activation reduces 

testosterone production [353]. In the context of viral pathogenesis, animal models 

provide evidence that reduced testosterone increases inflammation and results in 

greater morbidity and mortality from viral infections including IAV [354]. Further 

studies have revealed that testosterone reduces proinflammatory cytokine 

production including, IL-1β, IL-6, and TNFα [355]  and that testosterone treatment 

suppresses cytokine production in response to IAV [356]. Thus, this data indicates 

that lower testosterone levels may contribute to enhanced viral pathogenesis by 

increasing virus induced oxidative stress. In line with this, it has also been shown 

that in men with CKD low testosterone levels are associated with higher rates of 

infection-related hospitalization, including respiratory infections such as 

pneumonia, sinusitis, lung abscess, and pleuritis [357]. Importantly, it has recently 

been shown that COVID-19 also reduces testosterone levels in men [358].  

Interestingly, low testosterone levels are also associated with hypertension [359-

361], obesity [362], diabetes [363] metabolic syndrome [364], and COPD [365], all risks 

factor associated with COVID-19.  Revealingly, low testosterone is also associated 

with vitamin D deficiency [366-368]. 

5. Conclusions 

This preprint research paper has not been peer reviewed. Electronic copy available at: https://ssrn.com/abstract=3619523



 14 of 37 

 

In this review, I have elucidated how UA induces mitochondrial dysfunction, 

impairs MAVS, upregulates NLRP3 inflammasome expression and triggers aberrant 

NLRP3 inflammasome activation, thereby stimulating the production of 

proinflammatory cytokines. I have further described how impaired MAVs signaling 

and mitochondrial dysfunction leads to increased viral replication thereby 

contributes significantly to the pathogenesis of viral infections. Moreover, I have 

elucidated how UA inhibits SIRT1 deacetylase, Na( + )-K( + )-ATPase activity, 

vitamin D metabolism and mechanisms of action and testosterone synthesis, which 

further contributes to the pathogenesis of inflammatory disease and impaired 

immune response to COVID-19, leading to increased severity of symptoms and 

mortality. Taken together, this data reveals that higher UA may act as an 

amplification pathway in the pathogenesis of COVID-19. Based on these findings, it 

is proposed that serum levels of UA can be used as an indicator of susceptibility to 

COVID-19, where lower levels of UA indicate a lower risk and higher levels suggest 

a higher risk of more severe outcome to COVID-19. Further studies are warranted 

to examine these associations, in addition to genetic and environmental risk factors 

that contribute to raised UA levels.   
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