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Abstract  

COVID-19 induces a proinflammatory environment that is stronger in patients requiring 

intensive care. The immunity modulators, the aryl hydrocarbon receptor (AhR) and the nuclear 

NAD+-consuming enzyme poly (ADP-ribose) polymerase 1 (PARP 1) may play a critical role 

in COVID-19 pathophysiology.  The AhR is over-expressed in a variety of coronaviruses, 

including COVID-19 and, as it regulates PARP gene expression, the latter is likely to be 

activated in COVID-19. PARP 1 activation leads to cell death mainly by depletion of NAD+ 

and ATP.  PARP expression is enhanced in other lung conditions:  the pneumovirus respiratory 

syncytial virus (RSV) and chronic obstructive pulmonary disease (COPD). I propose that 

PARP 1 activation is the terminal point in a sequence of events culminating in patient mortality 

and should be the focus of COVID-19 immunotherapy. Potent PARP 1 inhibitors are 

undergoing trials in cancer, but a readily available inhibitor, nicotinamide, which possesses a 

highly desirable biochemical and activity profile, merits exploration. It conserves NAD+ and 

prevents ATP depletion by PARP inhibition, enhances NAD+ synthesis, and hence that of 

NADP+ which is a stronger PARP inhibitor, reverses lung injury caused by 

ischaemia/reperfusion, inhibits proinflammatory cytokines, and is effective against HIV 

infection. Its unique biochemical properties qualify nicotinamide for therapeutic use initially 

in conjunction with standard clinical care or combined with other agents, and subsequently as 

an adjunct to stronger PARP 1 inhibitors or other drugs.  
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1   I NTRODUCTION 

Understanding the immune effects of COVID-19 can pave the way for a rational choice of the 

appropriate immunotherapy.  Huang et al. (2020) reported that COVID-19 patients from 

Wuhan, China exhibit a proinflammatory environment characterised by elevated levels of 

plasma cytokines and chemokines, which is stronger in those requiring intensive care.  A 

proinflammatory environment can lead to activation of the immune modulator the aryl 

hydrocarbon receptor (AhR) which in turn can activate the nuclear NAD+-consuming enzyme 

poly (ADP-ribose) polymerase 1 (PARP 1).  PARP 1 activation leads to cell death by a 

mechanism involving in part depletion of NAD+ and ATP. Accordingly, targeting PARP 1 with 

inhibitors has been proposed (Curtin et al., 2020; Ge et al., 2020; Gharote, 2020) as a potential 

therapy of COVID-19. The latter three studies did not review evidence for modulation of the 

AhR by COVID-19, mainly because of the rapid advance in COVID-19 research currently 

taking place at an unprecedented pace.  

     In the present review, a detailed analysis of changes in cytokines and chemokines induced 

by COVID-19, other coronaviruses and the other conditions affecting lung function, the 

respiratory syncytial virus (RSV) and chronic obstructive pulmonary disease (COPD), will be 

made, evidence for upregulation of the AhR in COVID-19 and other coronaviruses and of that 

of PARP in RSV and COPD will be described, and a sequence of events culminating in cell 

death following COVID-19 infection will be proposed.  Experimental and clinical studies 

addressing potential changes in the proposed sequence will be suggested.  Finally, a review of 

some currently tested medications and of potential pharmacotherapies based on PARP 1 

inhibition with particular emphasis on nicotinamide will be made. This review is not intended 

to be exhaustive, but will be limited mainly to a discussion of issues related to the above 

aspects.  

Please Table 1 near here 

2   CYTOKINE STATUS OF COVID-19 PATIENTS 

Preliminary results by Huang et al. (2020) in 13 patients requiring and 28 not requiring 

intensive care and 4 healthy controls demonstrated a proinflammatory environment in COVID-

19 patients.  Whereas plasma levels of most cytokines and chemokines analysed were higher 

in patients than in controls (see Supplementary Figure 1 in Huang et al., 2020), a largely and 

stronger proinflammatory profile was observed in those requiring, compared with those not-

requiring, intensive care (ICU) (Table 1 here). It would therefore be prudent not to aggravate 

this environment with use of immunosuppressants (see below).  A second paper from China 

(Liu et al., 2020) examined cytokine and chemokine levels in a smaller number of COVID-19 

patients: 8 with severe and 4 with mild symptoms and 8 control subjects. The authors confirmed 

the higher levels in severe-, compared with mild-symptom patients of IL-2, IL-7, IL-12 and IL-

17.  Additionally, they reported higher levels of IL-1ra, IL-4, IL-10 and IFN-, whereas this 

group of cytokines were reported in the Wuhan study (Huang et al., 2020) to be comparable 

between ICU and non-ICU patients.  Clearly, more detailed studies are required in larger 

patient and control samples. In the second study (Liu et al., 2020), IFN- was measured and 

found to be elevated in all patients and higher in severe, than in mild, patients.  The potential 

significance of this latter finding in relation to the efficacy of dexamethasone in COVID-19 

therapy will be discussed below.   
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Please insert Table 2 near here 

3  PREVIOUS FINDINGS WITH CORONAVIRUSES AND A 

PNEUMOVIRUS 

Plasma and tissue cytokine and chemokine concentrations were determined in patients with the 

coronaviruses SARS (Wong et al., 2004; Wang et al., 2005; Jiang et al., 2005), MERS (Zhou 

et al., 2014; Mahallawi et al., 2018), the pneumovirus RSV (Russell et al., 2017) and in COPD 

patients (Gearhart et al., 2017). The changes depicted in Table 2 show clearly that a 

proinflammatory environment also characterises these conditions. The increases in 

proinflammatory cytokines in plasma or serum of SARS and COPD patients occurred in 

subjects not requiring hospitalisation or intensive care, thus suggesting that, as with COVID-

19, a proinflammatory environment exists in patients with these viral infections irrespective of 

severity. In one study in SARS patients (Wong et al., 2004), time-dependent differences in 

plasma cytokine changes following the onset of symptoms were observed, hence the need to 

perform time-course studies of plasma cytokine changes in COVID-19 patients as soon as 

possible after diagnosis. In the COPD study (Gearhart et al., 2017), the authors noted that the 

plasma changes in cytokines and chemokines are not seen in lung (broncho-alveolar lavage) 

material and suggested that the lung pathology originates elsewhere.     

     Other aspects of immune function emerge from studies with a range of coronaviruses, the 

RSV pneumovirus and from those in COPD patients. Thus, activation of the AhR was 

demonstrated with SARS, MERS, COVID-19 (Giovannoni et al., 2020), with the mouse 

hepatitis virus (MHV) model (Grunewald et al., 2020), and the pneumovirus RSV (Cheung et 

al., 2016). MHV activates the AhR independently of the extrahepatic tryptophan (Trp)-

degrading enzyme indoleamine 2,3-dioxygenase (IDO) (Grunewald et al., 2020), causing 

cytokine modulation and inducing expression of PARP, and RSV-infected mesenchymal stem 

cells regulate immunity via interferon- (IFN-) and IDO (Cheung et al., 2016). PARP 1 is 

activated in COPD patients (Hageman et al., 2003). These findings, some of which are recent, 

coupled with the important observation that the AhR regulates the PARP 1 gene (Dere et al., 

2006) provide a justification for targeting PARP 1 (and possibly also the AhR) for COVID-19 

therapy.  

4  THE AhR   

The ligand-activated transcription factor the AhR can elicit both protective and destructive 

influences on immune responses. In general, endogenous ligands activate the AhR in a manner 

that prevents excessive inflammation and autoimmunity, whereas exogenous ligands enhance 

inflammatory responses to infection, resulting in a state of pathological immunosuppression 

(Julliard et al., 2014). Endogenous AhR ligands include Trp metabolites formed in the 

kynurenine (Kyn) pathway (KP) (Figure 1).  Since demonstration of Kyn as an endogenous 

Trp metabolite AhR ligand (Opitz et al., 2011), it has generally been assumed that Kyn is the 

sole ligand.  However, studies with other Kyn metabolites established that kynurenic acid (KA) 

has the greatest affinity for the AhR, followed by xanthurenic acid (XA), with Kyn itself being 

a much weaker ligand (DiNatale et al., 2010). These latter authors suggested that KA can 

activate the AhR at physiologically relevant concentrations.  They showed that KA enhances 

the expression of CYP1A1 mRNA in HEP-G cells significantly at a 100 nM concentration that 

is ~3-fold higher than the normal plasma level of 31 nM quoted. A 100 nM concentration 
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[representing the KA IC25 or the concentration that can achieve 25% of AhR activation by 10 

nM 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)] (DiNatale et al., 2010) can be reached easily 

if [Kyn] is increased moderately. For example, a ~50% increase in human plasma [Kyn] 

following a small dose oral Trp load (1.15 g to a ~ 70 kg adult) results in a 3-fold increase in 

[KA] (Badawy & Dougherty, 2016).  

     AhR activation in viral infection must involve participation of an endogenous ligand(s). As 

stated above, MHV activates the AhR by an IDO-independent mechanism (Grunewald et al., 

2020). As KA appears to be the major endogenous AhR ligand among Kyn metabolites, it is 

possible that this mechanism can still be mediated by KA produced from Kyn by other 

mechanisms, such as upregulation of liver Trp 2,3-dioxygenase (TDO) and/or increased flux 

of plasma free Trp down the KP (see below).  The possibility of increased flux of plasma free 

Trp in viral infections will be considered below.  

     A KA-mediated activation of the AhR is not a simple process. While details of the complex 

interactions underlying this process are outside the scope of this article, it is important to 

emphasize here that IDO expression is controlled by the AhR through an autocrine loop 

involving AhR-IL-6-STAT3 signaling (Vogel et al., 2008; Litzenburger et al., 2014) and that, 

while KA can induce IL-6 production, IL-6 generated by inflammation can induce IDO to 

produce sufficient amounts of KA to activate the AhR (DiNatale et al., 2010).    

Please insert Figure 1 near here 

5   THE KYNURENINE PATHWAY OF TRYPTOPHAN METABOLISM  

The KP is the major Trp-degradative pathway, accounting for ~ 95% of dietary Trp metabolism 

(Badawy, 2017). The liver is the major site of the KP, being responsible for ~ 90% of Trp 

degradation, with the remaining 5% occurring elsewhere, including immune cells.  The KP is 

controlled mainly by TDO in liver and IDO extrahepatically.  As shown in Figure 1, Kyn 

undergoes mainly oxidative metabolism, to 3-hydroxykynurenine (3-HK) by kynurenine 

monooxygenase and then to 3-hydroxyanthranilic acid (3-HAA) by kynureninase (Kynase).  

This latter enzyme can also hydrolyse Kyn to anthranilic acid.  3-HAA is further oxidised by 

its dioxygenase (3-HAAO) to an unstable intermediate: 2-amino-3-carboxymuconic acid-6-

semialdehyde (ACMS), which occupies a central position at 2 junctions of the pathway.  The 

pathway favours the non-enzymic cyclisation of ACMS to quinolinic acid (QA) and subsequent 

synthesis of NAD+.  The minor junction involves decarboxylation of ACMS by ACMS 

decarboxylase (picolinate carboxylase) to form 2-amino-3-muconic acid-6-semialdehyde 

(AMS), which can undergo either non-enzymic cyclisation to picolinic acid (PA) or further 

metabolism to acetyl-CoA. Kyn and 3-HK can also be transaminated to KA and XA 

respectively in a minor reaction catalysed by Kyn aminotransferase (KAT).  KA and XA 

formation, however, is limited by availability of the respective substrates in view of the high 

Km of the enzyme (Badawy, 2017).   Thus, formation of the AhR ligands KA and XA is 

dependent on [Kyn]. Details of NAD+ synthesis from QA in the main (de novo) pathway and 

the “salvage” pathway from nicotinic acid and nicotinamide are illustrated in Badawy (2017), 

which also refers to data demonstrating that Trp is a more effective source of NAD+ synthesis 

via QA in the de novo pathway than is nicotinamide or nicotinic acid in the salvage pathway.  

   The KP produces a range of metabolites that are biologically active at various physiological 

levels and body systems (Badawy, 2017, 2019, 2020a). Of particular relevance to COVID-19 
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are the immunomodulatory properties of some KP metabolites, namely the proinflammatory 3-

HK, 3-HAA and QA, the antiinflammatory PA and the dually acting KA. Increased production 

of these metabolites can be achieved by a number of mechanisms: TDO induction by 

glucocorticoids, IDO induction by interferon- (IFN-), flux of plasma free (non-albumin-

bound) Trp down the pathway and upregulation of KMO and subsequent enzymes. Raising 

levels of proinflammatory Kyn metabolites by whatever intervention or mechanism may 

aggravate the immunosuppressive environment of COVID-19 to a greater pathological level.  

6   THE PARPs 

The PARPs [poly (ADP-ribose) polymerases] family of enzymes catalyse the transfer of 

adenosine diphosphate-ribose to target proteins, thereby influencing many important processes, 

including DNA repair, with PARP activation resulting in a multifaceted programmed cell death 

pathway involving in part depletion of NAD+ and ATP (Ha et al., 1996; Morales et al., 2014). 

Preclinical data suggest that PARP inhibitors may be effective therapies for inflammatory, 

metabolic and neurological disorders (Curtin & Szabo, 2013). The deleterious effects of PARP 

activation are further emphasised by observations in patients with lung diseases.  Thus, COPD 

is associated with activation of systemic PARP in peripheral blood lymphocytes (Hageman et 

al., 2003) and the Ala allele polymorphism in the PARP1 gene is associated with a decreased 

risk of asthma (Tezcan et al., 2009).  

7 ADDITIONAL FINDINGS OF RELEVANCE TO THE IMMUNE 

EFFECTS AND THERAPY OF COVID-19  

7.1   AhR activation and enhanced PARP1 expression by MHV 

In the study with the coronavirus MHV mouse model (Grunewald et al., 2020), the AhR is 

activated by a mechanism(s) independent of IDO1 induction.  The question arises if IDO 

induction by administration of inducers such as IFN-, which is being trialled in COVID-19 

patients, will additionally activate the AhR, thus further enhancing PARP expression (see 

below). A potential AhR activation by IFN- is likely to be additive to that by COVID-19, if 

the two act by different mechanisms. Embarking on IFN- therapy should therefore be 

approached with caution.  If AhR activation by COVID-19 is also IDO-independent, it is 

possible that it could still involve production of Kyn metabolites by other mechanisms, such as 

glucocorticoid induction of liver TDO or increased flux of plasma free Trp through TDO and 

down the KP (see below).  

7.2   Expressions of interferon- and IDO in RSV infection  

RSV infected mesenchymal stem cells exhibit a 100-fold increase in IFN- expression and a 

70-fold increase in that of IDO, and neutralising IFN- reverses the increased IDO expression 

and activity (Cheung et al., 2016). Upregulation of these two expressions was suggested by 

these latter authors to modulate the immune regulatory function, causing impairment of 

immune cell proliferation, which may account for the lack of protective RSV immunity and for 

chronicity of RSV-associated lung diseases such as asthma and COPD. The authors however 

did not observe a difference in viral load or increased IFN- expression between wild-type and 

IDO KO mice and suggested that this mouse model does not reflect the human disease.  Other 

studies with RSV patients did not report on IFN- (which may not have been overexpressed), 

but observed enhanced expression of a wide array of cytokines and chemokines in the lower 
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and upper respiratory tracts (see Bohmwald et al., 2019 for a review). Levels of IFN- and IDO 

expression therefore need to be measured in COVID-19 patients.  A significant increase in 

IFN- in COVID-19 would not justify the use of this cytokine as a therapy. 

Please insert Figure 2 near here 

8   HYPOTHESIS: SEQUENCE OF EVENTS WITH COVID-19  

A hypothesis is graphically illustrated in Figure 2.  A sequence of events is proposed of the 

likely effects of COVID-19 culminating in cell death. Activation of PARP 1 is the final step 

preceding cell death as a result of depletion of both NAD+ and ATP.  Lung function is 

especially vulnerable to impaired mitochondrial oxidative energy metabolism and it is therefore 

very likely that PARP 1 may play a central role in COVID-19-induced mortality.  So far, the 

increase in plasma proinflammatory cytokines, the over-expression of the AhR and the 

decrease in albumin (see below) are the only known changes induced by this coronavirus.  All 

other changes listed in Figure 2 are therefore hypothesis-driven, but based on observations in 

other viral infections, and can be assessed experimentally.  

9   WHAT NEEDS TO BE MEASURED IN COVID-19 PATIENTS? 
 

9.1 Immune modulators and the tryptophan-metabolic status: In addition to assessing the 

expressions of the AhR, PARP1, IFN-, IDO and pro-and anti-inflammatory cytokines in 

larger patient and control samples, the Trp-metabolic status of COVID-19 patients should be 

established through measurements of fasting plasma Trp, Kyn and the Kyn metabolites 3-HK, 

3-HAA, KA and QA.  

 

9.2 Cortisol: The other Trp-degrading enzyme, liver TDO, may also be involved through 

glucocorticoid induction if cortisol levels are elevated in COVID-19.  Activation of the 

hypothalamic-pituitary-adrenal (HPA) axis resulting in increased release of cortisol is a feature 

of the stress response to viral (and bacterial) infections (Webster & Sternberg, 2004).The 

cortisol status in COVID-19 infection is unclear and a prospective study is currently underway 

Pal, 2020). Raised cortisol levels are observed in RSV and Ebola patients and in SARS patients 

with lymphopenia (Panesar, 2008). In the Wuhan study (Huang et al., 2020), lymphopenia was 

significantly more predominant (85%) in patients requiring intensive care, compared with those 

not requiring it (54%), though numbers were small.  It is therefore possible that cortisol will be 

raised in a proportion of COVID-19 patients irrespective of severity. In such cases, TDO 

induction by cortisol is likely to elevate the availability of Kyn to subsequent enzymes of the 

KP and thus promote the formation of proinflammatory Trp metabolites (Badawy, 2017).  

 

9.3 Plasma free Trp and determinants of its flux:  Another determinant of Kyn formation is 

the flux of plasma free (non-albumin-bound) Trp through TDO and down the pathway, without 

the need for TDO/IDO induction (Badawy, 2017). The bulk of plasma [Trp] is albumin-bound, 

with only 5-10% freely circulating. Free [Trp] is therefore controlled by concentrations of the 

binder albumin and the physiological displacers nonesterified fatty acids (NEFA). In the 

Wuhan study (Huang et al., 2020), [albumin] (median and range in g/L) was 27·9 (26·3–30·9) 

in intensive care patients and 34·7 (30·2–36·5) in non-intensive care patients.  No control 

values were given.  However, as the normal range is 35-50 g/L, the value for non-intensive 

care patients approaches the normal range.  Consequently, intensive care patients can be 

assumed to have at least 20% less albumin.  A decrease in [albumin] of ≥19% can significantly 
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cause the release of bound Trp (Badawy, 2020a). Serum [NEFA] has not been measured in 

COVID-19 patients, but is known to be elevated in infections with other viral classes, e.g., the 

flavivirus Dengue (Cui et al., 2013), the lentivirus HIV (Albuquerque et al., 2005) and the 

asfivirus, the swine (fever) influenza (Ma et al., 2019). Albumin depletion coupled with NEFA 

elevation provide the maximum effect on Trp binding and the resultant increase in free Trp 

availability can enhance the production of Kyn through IDO/TDO and thus provide the 

substrate for proinflammatory KP metabolite formation (Badawy, 2017).  Measurements of 

plasma free [Trp] along with albumin and NEFA in COVID-19 patients can be informative. 

The mouse MHV model is the first coronavirus to induce simultaneous increases in liver [Kyn] 

and [Trp] (Duhalde Vega et al., 2020) that are consistent with increased flux of circulating free 

Trp through liver TDO and down the KP (Badawy, 2020b).   

10   POTENTIAL THERAPIES OF COVID-19 

 10.1 Existing drugs in current trials  

Until vaccine therapy becomes available, clinicians are currently trialling various therapies 

previously used in viral and other diseases. These include antiviral, immunomodulatory, 

antiinflammatory and miscellaneous drugs.  A comprehensive review of the current status of 

these trials has been published in this journal (Scavone et al., 2020) and examples of these 

therapies will be discussed briefly here, in particular, Remdesivir, the antimalarial drugs 

chloroquine and hydroxychloroquine, glucocorticoids, IFN-, IL-6 antagonists and 

angiotensin-converting enzyme 2 (ACE 2) inhibitors.  

10.1.1 Remdesivir and antimalarials: With Remdesivir, efficacy is partial, though valuable 

and much needed: it does not lower death rates, but reduces the time to recovery by ~ 27% 

(Beigel et al., 2020; Wang et al., 2020). With the antimalarials chloroquine and 

hydroxychloroquine, efficacy is unproven, results of clinical trials are equivocal and the drugs 

possess serious potential side effects, especially in severely ill patients (Yazdani & Kim, 2020).  

10.1.2 Glucocorticoids: With corticosteroids (glucocorticoids), current evidence does not 

justify their use and the WHO does not recommend them for COVID-19 therapy (Russell et 

al., 2020). Glucocorticoids can compromise anti-viral defences and enhance respiratory viral 

and other infections, especially when given in high doses and/or for long durations (Liu et al., 

2013; Thomas et al., 2014; Singanayagam & Johnston, 2020). Additionally, glucocorticoids 

could increase production of proinflammatory Kyn metabolites by TDO induction and thus 

aggravate the proinflammatory environment of COVID-19 patients. One glucocorticoid, 

dexamethasone (DEX), however, has been shown to decrease the death rate of COVID-19 

patients in a recent trial (Recovery Statement, Oxford University, 2020). The rate reduction in 

ventilated patients was ~ 30%, whereas that in patients on O2 only was ~ 20%. No benefit was 

accrued by patients not requiring respiratory support.   

     How does DEX differ from other glucocorticoids, apart from being the strongest 

antiinflammatory (Becker, 2013) and a much stronger TDO inducer than cortisol (Badawy & 

Evans, 1975; Morgan & Badawy, 1989).Whereas these differences may not explain the 

efficacy of DEX in COVID-19, other differences provide potential explanations, in particular, 

effects on IDO induction by interferons and inhibition of prostaglandin biosynthesis. Thus, 

interferon induction of IDO is inhibited much more strongly by DEX than by cortisone (IC50 = 

1 nM for DEX and 20 nM for cortisone) (Sayama et al., 1981). This strongly suggests that IDO 
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induction may play an important role in COVID-19 patients, as suggested in Figure 2 here, 

especially in those with severe symptoms requiring intensive care, and, by inference, IDO-

dependent production of proinflammatory Kyn metabolites may be a vital component of the 

pathophysiology of this viral infection. In the above study (Sayama et al., 1981), the type of 

interferon was not defined.  DEX at 10 nM inhibits IDO induction by IFN- by 71%, but 

potentiates that by IFN- by 2-fold in human peripheral blood monocytes (Ozaki et al., 1987). 

IFN--induced IDO activity potentiated by DEX is 28-fold greater than the IFN--induced IDO 

activity inhibited by DEX. Does this suggest that DEX could be effective in COVID-19 patients 

with raised IFN-, but without benefit or even harmful in those with raised IFN-?  Perhaps 

the balance between the - and -IFNs determines DEX efficacy and could be assessed as a 

possible predictor of response to therapy with DEX.  IFN- is the strongest IDO inducer among 

interferons, followed by IFN-, with IFN- being the weakest inducer (Adams et al., 2004). 

Though the weakest, IFN- is strong enough to induce Trp degradation along the KP (Capuron 

et al., 2002; Comai et al., 2011). 

Please insert Figure 3 near here 

     Inhibition of phospholipase A2 may provide another explanation of efficacy of DEX in 

COVID-19. IDO induction by interferons involves participation of prostaglandin biosynthesis 

and the above enzyme involved in this biosynthesis exhibits different sensitivities to inhibition 

by glucocorticoids, with DEX being a much stronger inhibitor than cortisone (IC50 = 3.6 µM 

for DEX and 120.7 µM for cortisone) (Sayama et al., 1981). A detailed discussion of the 

relationships between and interactions of cytokines and prostaglandins is outside the scope of 

this article, but a few relevant features are noteworthy.  Thus: (1) interferons enhance the 

synthesis and activation of phospholipase A2 (Wu et al., 1994; Flati et al., 1996). (2) As well 

as by nonsteroidal antiinflammatory drugs (NSAID), COX2 is also inhibited by adrenal 

glucocorticoids (Masferrer et al., 1992; Zhang et al., 1999) and by DEX (Goppelt-Struebe et 

al., 1989). A simple diagram summarising differences between DEX and cortisone that may 

explain the efficacy of DEX in COVID-19 patients is presented in Figure 3.    

     Two case studies reported favourable responses of COVID-19 patients to the other powerful 

synthetic glucocorticoid methylprednisolone: a case of a renal transplant recipient (Zhu et al., 

2020) and 3 severe cases who did not respond to therapy with the IL-6 inhibitor tocilizumab 

(Sheianov et al., 2020).  The latter 3 cases showed a rapid improvement with pulse 

administration of a high daily intravenous dose of methylprednisolone of 1g for 3 days and 

intravenous immunoglobulin. These findings with another potent synthetic glucocorticoid 

underscore the need to perform detailed investigations into differences between synthetic and 

natural glucocorticoids on aspects of tryptophan and prostaglandin metabolism that impact 

immune function as illustrated by the above findings. 

 10.1.3 Interferon-, IL-6 antagonists and ACE 2 antibodies: IFN- is currently being 

trialled and results are awaited. Little is known about the effects of this interferon on 

prostaglandin biosynthesis or any likely modulation thereof by glucocorticoids.  As far as I 

could ascertain, the status of IFN- in COVID-19 is unknown. A number of IL-6 antagonists 

are also being trialled, including tocilizumab (Sheianov et al., 2020). Inhibition of angiotensin-

converting enzyme ACE 2 has also been suggested.  Whereas recent discussions have centred 

on potential sensitivity of ACE 2 inhibitor-treated patients to COVID-19 (Zemlin & Weise, 

2020), clinical trials of ACE 2 antibodies have been suggested (Shi et al., 2020).   
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10.2 Therapies countering proposed effects  

Effort can be devoted to assessing the changes proposed in Figure 2 and, if demonstrated, 

counter measures could be suggested as follows: TDO and IDO induction can be blocked with 

glucocorticoid antagonists and IDO inhibitors respectively. Increased flux of plasma free Trp 

down the KP can be minimised by albumin infusions, antilipolytic agents or both. These 

measures can minimise excessive production of proinflammatory Kyn metabolites and 

potentially also activation of the AhR and consequently that of PARP1.   

10.3 PARP 1 Inhibitors 

In the short term, efforts should focus on the distal changes in the proposed sequence of events 

in Figure 2, in particular PARP 1.  PARP 1 inhibition will most likely prevent cell death due 

to NAD+ and ATP depletion.  PARP 1 inhibition has been suggested using nicotinamide 

(Gharote, 2020) or CVL218 (Mefuparib) (Ge et al., 2020). This latter compound inhibits SARS 

viral replication with an EC50 of 5.12 µM, and IL-6 production by activated peripheral blood 

mononuclear cells (Ge et al., 2020). As will be described below, PARP 1 inhibition by 

Mefuparib is much stronger than that by nicotinamide.  

Nicotinamide: an ideal profile for PARP 1 inhibition  

While various PARP inhibitors are currently being trialled in other conditions (Curtin et al., 

2020), a more readily available inhibitor is the NAD+ precursor nicotinamide (Ungerstedt et al., 

2003; Domínguez-Gómez et al., 2014) (NAM) (and not nicotinic acid). By inhibiting PARP 

and restoring ATP levels as well as acting as NAD+ precursor, NAM possesses the desired 

profile for a potential effective therapy of COVID-19.  Examples of its favourable profile 

include abrogation of acute lung injury caused by ischaemia/reperfusion (Su et al., 2007), 

inhibition of proinflammatory cytokines (Ungerstedt et al. 2003) and efficacy against HIV 

infection (see Murray, 2003 for a review).   

     NAM possesses the following unique advantages regarding ATP, NAD+ and PARP. (i) It 

inhibits PARP activity by competing with NAD+ for the enzyme active site. (ii) As a result, it 

conserves NAD+ and (iii) restores ATP levels. (iv) As the NAD+ precursor, it further increases 

its levels. (v) The increased concentration of NAD+ provides the substrate for NAD+ kinase, 

leading to production of NADP+, which is a stronger PARP inhibitor (Bian et al., 2019),  

thereby strengthening the PARP inhibitory capacity. (vi) NADP+ which acts by competing with 

NAD+ thus conserving NAD+ levels, is able to inhibit various classes of PARP other than 

PARP1 (Bian et al., 2019). 

     PARP 1 inhibition by nicotinamide appears to be a weak one: a 50% inhibition at 0.5 mM 

(Domínguez-Gómez et al., 2014) in contrast with the strong one by CVL218 (IC50 = 3.2 nM) 

(He et al., 2017). However, NADP+, which has been proposed to be the endogenous PARP 1 

inhibitor, is a stronger inhibitor than nicotinamide, demonstrating inhibition at 10 µM (Bian et 

al., 2019). Perhaps the weak inhibition by nicotinamide in cell systems in vitro may be due to 

its slow conversion to NADP+.  The study by Bian et al. (2019) showed that: (1) PARP 1 

recognises NADP+, but does not use it as substrate; (2) the ratio of [NADP+]/[NAD+] is an 

important determinant of PARP 1 inhibition, with a modest increase producing a significant 

inhibition; (3) NAD(P)H do not inhibit PARP activity. That nicotinamide administration can 

increase [NADP+] has been demonstrated in rat liver (Badawy & Evans, 1976). When given in 

drinking water at a concentration of 100 mg/L, resulting in a daily dose of 10-15 mg/kg body 
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weight, nicotinamide increases hepatic [NADP+] by 42-60% and [NADPH] by 26-30% 

respectively. With a normal rat liver [NADP+] of ~ 54 µM (Punjani et al., 1979), the above 

increase by nicotinamide raises it to ~ 80 µM.   As NADP+ is formed from NAD+, it is almost 

certain that the [NADP+]/[NAD+] ratio will have been increased by nicotinamide.    Given 

that, compared to humans, rodents generally require doses of chemicals a few orders of 

magnitude higher, the nicotinamide dosage needed to inhibit PARP 1 in COVID-19 patients is 

unlikely to be excessive. In humans, doses of nicotinamide of up to ~ 3 g daily (equivalent to 

~ 40 mg/kg for a 70 kg adult) are generally acceptable, with higher doses requiring supervision 

(Knip et al., 2000).  As a nutritional “vitamin-like” substance, NAM should, if required, receive 

rapid approval from Ethics Committees and regulatory authorities.  

     A comparison of the effects of nicotinamide and Mefuparib may be useful. The only clear   

advantage of Mefuparib over NAM is its strong PARP 1 inhibitory potency.  Both decrease IL-

6 production and conserve NAD+ and ATP.  However, only NAM will cause an additional 

increase in NAD+ and increased synthesis of NADP+.  Finally, whereas NAM has been shown 

to possess a favourable profile in a number of inflammatory states, Mefuparib has not as yet 

undergone corresponding studies other than inhibition of viral replication (Ge et al., 2020).  

Thus, given the urgent need to address the COVID-19 pandemic, the use of nicotinamide can 

be initiated before current and future clinical trials and experimental studies with the stronger 

PARP 1 inhibitor Mefuparib and other strong inhibitors establish their safety and other 

requirements and efficacy in COVID-19 patients. Even if stronger PARP 1 inhibitors are 

proven to be effective in COVID-19 patients, nicotinamide, by virtue of its additional effects, 

especially those of enhanced NAD(P)+ synthesis,  can be used as an adjunctive therapy.       

     A note of caution is appropriate here.  In a mouse model of acute lung injury induced by 

mechanical ventilation, Jones et al. (2015) reported that nicotinamide causes hypoxemia, yet 

no such effect of nicotinamide has been reported in other studies referenced by these authors 

with other models of inflammatory diseases, including acute lung injury, in mice, rats and 

hamsters. As stated above, NAM abrogates lung injury caused by ischaemia/reperfusion (Su et 

al., 2007). Jones et al. (2015) did not specify the mouse strain(s), which included the C57, used 

in their experiments. Mouse strains are known to differ in their response to immune insults, 

with the C57BL being the most vulnerable (Badawy et al., 2016). However, clinicians should 

nevertheless consider this possibility by monitoring blood O2 levels during clinical 

management when using nicotinamide.    

11   CONCLUSIONS 

It is almost certain that PARP 1 is activated by COVID-19 and is responsible for death of 

patients.  The partial success of some current therapies may be explained by the agents used 

not targeting PARP 1 directly, but are able to modulate a step(s) in the proposed sequence of 

events presented in this paper with varying degrees of success.  It is hoped that the above 

account will stimulate research efforts aimed at understanding the pathophysiology of COVID-

19 viral infection and encourage clinicians to explore the potential therapeutic use of 

nicotinamide as a PARP 1 inhibitor along standard clinical care and other therapies in the first 

instance and subsequently as an adjunct to stronger PARP 1 inhibitors and/or other drugs.      

ACKNOWLEDGMENTS  



X 

The author held an honorary professorial position at Cardiff Metropolitan University during 

the period September 2006-September 2016. 

CONFLICT OF INTEREST 

The author does not have any conflict of interest regarding this article. 

REFERENCES 

Adams O., Besken K., Oberdöfer C., MacKenzie C.R., Takikawa O. & Däubener W. (2004). 

        Role of indoleamine-2,3-dioxygenase in alpha/beta and gamma interferon-mediated  

        antiviral effects against herpes simplex virus infections.  J Virol, 78, 2632-2636.   

Albuquerque E.M.V., de Faria E.C., Oliveira H.C.F., Magro D.O. & Castilho L.N. (2005). High 

        frequency of Fredrickson's phenotypes IV and IIb in Brazilians infected by human   

      immunodeficiency virus. BMC Infectious Diseases, 5, 47. doi:10.1186/1471-2334- 

      5-47. 
Badawy A.A.-B. (2017). Kynurenine pathway of tryptophan metabolism: regulatory and  

        functional aspects. Int J Tryptophan Res, 10, 1-20. 

Badawy A.A.-B. (2019). Tryptophan metabolism: a versatile area providing multiple targets for  

      pharmacological intervention.  Egypt J Basic Clin Pharmacol, 9. Article ID101415 

      doi:10.32527/2019/10141. 

Badawy A.A.-B. (2020). Kynurenine pathway and human systems.  Exp Gerontol, 129.  

      110770 

Badawy A.A.-B. (2020). Liver tryptophan 2,3-dioxygenase in the mouse hepatitis virus  

        (MHV-A59) model.  Immunol Lett, 225, 23-24.  

Badawy A.A.-B. & Dougherty D.M. (2016). Assessment of the human kynurenine pathway: 

        comparisons and clinical implications of ethnic and gender differences in plasma 

        tryptophan, kynurenine metabolites, and enzyme expressions at baseline and after acute 

        tryptophan loading and depletion. Int J Tryptophan Res, 9, 31-49 doi: 

      10.4137/IJtr.s3818919  

Badawy A.A.-B. & Evans M. (1975). The regulation of rat liver tryptophan pyrrolase by its  

        cofactor haem – experiments with haematin and 5-aminolaevulinate and comparison with  

        the substrate and hormonal mechanisms. Biochem J, 150, 511-520. 

Badawy A.A.-B. & Evans M. (1976). The regulation of rat liver tryptophan pyrrolase activity 

        by reduced nicotinamide-adenine dinucleotide (phosphate): experiments with glucose and 

        nicotinamide.  Biochem J, 156, 381-390.  

Badawy A.A.-B., Namboodiri A.M.A. & Moffett J.R. (2016). The end of the road for the  

        tryptophan depletion concept in pregnancy and infection. Clin Sci, 130, 1327-1333. doi: 

        10.1042/CS20160153 

Becker D.E. (2013). Basic and clinical pharmacology of Glucocorticosteroids.  Anesth Progr, 

        60, 25-32. 

Beigel J.H., Tomashek K.M., Dodd L.E., Mehta A.K., Zingman B.S., Kalil A.C., et al. (2020). 

      Remdesivir for the treatment of Covid-19 - Preliminary report. N Eng J Med, 2020; DOI:  

      10.1056/NEJMoa2007764 

Bian C., Zhang C., Luo T., Vyas A., Chen S.-H., Liu C., et al. (2019). NADP+ is an 

        endogenous PARP inhibitor in DNA damage response and tumor suppression. Nature  

        Commun, 10:693. https://doi.org/10.1038/s41467-019-08530-5 

Bohmwald K., Gálvez N.M.S., Canedo-Marroquín G., Pizarro-Ortega M.S., Andrade-Parra C., 

https://doi.org/10.1038/s41467-019-08530-5


X 

       Gómez-Santander F., et al. (2019). Contribution of cytokines to tissue damage during  

       Human respiratory syncytial virus infection.  Front Immunol, 10: 452.  

       doi:10.3389/fimmu.2019.00452  

Capuron L., Ravaud A., Neveu P.J., Miller A.H., Maes M. & Dantzer R. (2002). Association 

     between decreased serum tryptophan concentrations and depressive symptoms in cancer 

     patients undergoing cytokine therapy. Molec Psychiat, 7, 468-473. 

Cheung M.B., Sampayo-Escobar V., Green R. Moore M.L., Mohapatra S. & Mohapatra S.S.  

       (2016). Respiratory syncytial virus-infected mesenchymal stem cells regulate immunity via  

     interferon Beta and indoleamine-2,3-dioxygenase. PLoS ONE, 2016; 11: e0163709.  

     doi:10.1371/journal. pone.016370 

Comai S., Cavalletto L., Chemello L., Bernardinello E., Ragazzi E., Costa C.V.L. et al. (2011). 

      Effects pf PEG-interferon alpha plus ribavirin on tryptophan metabolism in patients with    

      chronic hepatitis C.  Pharmacol Res, 63, 85-92.  

Cui L., Lee Y.H., Kumar Y., Xu F., Lu K., Ooi E.E., et al. (2013). Serum metabolome and  

      lipidome changes in adult patients with primary dengue infection. PLoS Negl Trop Dis,  

      7, e2373. doi:10.1371/journal.pntd.0002373 

Curtin N., Bányai K., Thaventhiran J., Le Quesne J., Helyes Z. & Bai P. (2020). Repositioning 

        PARP inhibitors for SARS-CoV-2 infection (COVID-19); a new multipronged therapy for  

        ARDS? Br J Pharmacol, 2020, doi: 10.1111/bph.15137 

Curtin N.J. & Szabo C. (2013). Therapeutic applications of PARP inhibitors: anticancer  

        therapy and beyond. Molec Aspects Med, 34, 1217-1256. 

Dere E., Boverhof D.R., Burgoon L.D. & Zacharewski T.R. (2006). In vivo-in vitro 

        toxicogenomic comparison of TCDD-elicited gene expression in Hepa1c1c7 mouse 

        hepatoma cells and C57BL/6 hepatic tissue. BMC Genomics, 7, 80. 

DiNatale B.C., Murray I.A., Schroeder J.C., Flaveny C.A., Lahoti T.S., Laurenzana E.M., et al. 

        (2010). Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that 

      synergistically induces interleukin-6 in the presence of inflammatory signaling. Toxicol 

      Sci, 115, 89-97. 

  Domínguez-Gómez G., Díaz-Chávez J., Chávez-Bianco A., Gonzalez-Fierro A.,   Jiménez- 

          Salazar J.E., Damián-Matsumura P., et al. (2014). Nicotinamide sensitizes human breast 

          cancer cells to the cytotoxic effects of radiation and cisplatin. Oncol Rep, 2014, 

        doi:10.3892/or.2014.3661. 

Duhalde Vega M., Aparicio J.L., Mandour M.F. & Retegui L.A. (2020). The autoimmune 

        response elicited by mouse hepatitis virus (MHV-A59) infection is modulated by liver 

        tryptophan-2,3-dioxygenase (TDO). Immunol Lett, 217, 25-30. 

Flati V., Haque S.J. & Williams B.R.G. (1996). Interferon-a-induced phosphorylation and 

        activation of cytosolic phospholipase A2 is required for the formation of interferon- 

        stimulated gene factor three. EMBO J ,15, 1566-1571.  

Ge Y., Tian T., Huang S., Wan F., Li J., Li S., et al. (2020). A data-driven drug repositioning  

        framework discovered a potential therapeutic agent targeting COVID-19. bioRxiv preprint  

        doi: https://doi.org/10.1101/2020.03.11.986836doi 

Gearhart A.M., Cavallazzi R., Peyrani P., Wiemken T.L., Furmanek S., Reyes-Vega A., et al. 

        (2017). Lung cytokines and systemic inflammation in patients with COPD.  Univ Louisville 

        J Resp Infect, 1, 13-18. 

Gharote M. (2020). Role of PARP-1 inhibition by nicotinamide to modulate host immune response 

     and prevention of cytokine storm in COVID-19.  Indian J Med Sci, 72, 21-24. 

https://pubmed.ncbi.nlm.nih.gov/?term=Flaveny+CA&cauthor_id=20106948
https://pubmed.ncbi.nlm.nih.gov/?term=Lahoti+TS&cauthor_id=20106948
https://pubmed.ncbi.nlm.nih.gov/?term=Laurenzana+EM&cauthor_id=20106948
https://doi.org/10.1101/2020.03.11.986836doi
https://www.researchgate.net/profile/Mukul_Gharote?_sg%5B0%5D=NYYxagry5Y0zYsF9mx_QCwMa8ycIEJI0wZ3vc1-YAb3AJzUq1JUIwW3uKrHCCswfZanilkQ.psAruWtIh9PWWTSUSO8jer8O73n21I_LHjOLgsqSVaIum86oUn0T86TJsJXElj7td90Uqrs33C8vVl6IZpJzJA&_sg%5B1%5D=pxiKPHkTJAJ6_8M8NWPWg07uGZfjxdtcjvZiHB0FRxdzcp4jldGX6adXsjtDkBP_n1X0d20.y3V2CvqDMqm95IYN1K2aM_ghha8b5A2Ai8CvoGqPWK6qXAYdQOSBOx5icfchxFm7wp5d8wsbuVQEW57862fTAw


X 

 

Giovannoni ., Li Z., Garcia C.C. & Quintana F.J. (2020). A potential role for AHR in SARS- 

      CoV-2 pathology. Preprint, DOI: https://doi.org/10.21203/rs.3.rs-25639/v1  

Goppelt-Struebe M., Wolter D. & Resch K. (1989). Glucocorticoids inhibit prostaglandin 

      synthesis not only at the level of phospholipase A2 but also at the level of cyclo- 

      oxygenase/PGE isomerase. Br J Pharmacol, 98, 1287-1295. 

 Grunewald M.E., Shaban M.G., Mackin S.R., Fehr A.R. & Perlman S. (2020). Murine 

      coronavirus infection activates the aryl hydrocarbon receptor in an indoleamine 2,3- 

      dioxygenase-independent manner, contributing to cytokine modulation and proviral 

      TCDD-inducible-PARP expression. J Virol, 94, e01743-19# 

 Ha H.C. & Snyder S.H. (1999). Poly (ADP-ribose) polymerase is a mediator of necrotic cell  

        death by ATP depletion.  Proc Natl Acad Sci USA, 96, 13978-13982.   

 Hageman G.J., Larik I., Pennings H.J., Haenen G.R., Wooter E.F. & Bast A. (2003). Systemic  

        poly (ADP-ribose) polymerase-1 activation, chronic inflammation, and oxidative stress in 

        COPD patients. Free Radical Biol Med, 35, 140-148. 

 He J.-X., Wang M., Huan X.-J., Chen C.-H., Song S.-S., Wang Y.-Q., et al. (2017). Novel 

        PARP1/2 inhibitor mefuparib hydrochloride elicits potent in vitro and in vivo anticancer  

        activity, characteristic of high tissue distribution. Oncotarget, 8, 4156-4168. 

 Huang C., Wang Y., Li X., Ren L., Zhao J., Hu Y., et al. (2020). Clinical features of patients 

        infected with 2019 novel coronavirus in Wuhan, China. Lancet, 395, 497-506.   

 Jiang Y., Xu J., Zhou C., Wu Z., Zhong S., Liu J., et al. (2005). Characterization of 

        cytokine/chemokine profiles of severe acute respiratory syndrome. Am J Respir Crit Care  

        Med, 171, 850-857. 

 Jones H.D., Yoo J. & Crother T.R. (2015). Nicotinamide exacerbates hypoxemia in ventilator- 

        induced lung injury independent of neutrophil infiltration.  PLoS ONE, 2015,  

        doi:10.1371/journal.pone.0123460. 

 Julliard W., Fechner J.H. & Mezrich J.D. (2014). The aryl hydrocarbon receptor meets 

        immunology: friend or foe? A little of both. Front Immunol, 5, 458, doi: 

       10.3389/fimmu.2014.00458. 

 Knip M., Douek I.F., Moore W.P.T., Gillmor H.A., McLean A.E.M., Gale E.M., et al. (2000).  

       Safety of high-dose nicotinamide: a review. Diabetologia, 43, 1337-1345. 

 Litzenburger U.M., Opitz C.A., Sahm F., Rauschenbach K.J., Trump S., Winter M., et al. 

       (2014). Constitutive IDO expression in human cancer is sustained by an autocrine signaling  

       loop involving IL-6, STAT3 and the AHR. Oncotarget, 5,1038-1051. 

Liu D., Ahmet A., Ward L., Krishnamoorthy P., Mandelcorn E.D., Leigh R., et al. (2013). A  

     paractical guide to the monitoring and management of the complications of systemic  

     corticosteroid therapy.  Allergy Asthma Clin Immunol, 9, 30.  

     http://www.aacijournal.com/content/9/1/30 

Liu Y., Zhang C., Huang F., Yang Y., Wang F. & Yuan J. (2020). Elevated plasma levels of 

       Selective cytokines in COVID-19 patients reflect viral load and lung injury. Nat Sci Rev, 

       7, 1003-1011. doi: 10.1093/nsr/nwaa037 

Ma S., Mao Q., Chen W., Zhao M., Wu K., Song D., et al. (2019). Serum lipidomics analysis 

      of classical swine fever virus infection in piglets and emerging role of free fatty acids in 

      virus replication in vitro. Front Cell Infect Microbiol, 9, 410. 

    doi:10.3389/fcimb.2019.00410 

Mahallawi W.H., Khabour O.F., Zhang O., Makhdoum H.M. & Suliman B.A. (2018). MERS- 



X 

       CoV infection in humans is associated with a pro-inflammatory Th1 and Th17 cytokine  

       profile. Cytokine, 104, 8-13. https://doi.org/10.1016/j.cyto.2018.01.025. 

Masferrer,  J.L., Seibert K., Zweifel B. & Needleman P. (1992). Endogenous glucocorticoids 

       regulate an inducible cyclooxygenase enzyme. Proc Natl Acad Sci USA, 89, 3917-3921. 

Morales J.C., Li L., Fattah F.J., Dong Y., Bey E.A., Patel M., et al. (2014). Review of poly 

       (ADP-ribose) polymerase (PARP) mechanisms of action and rationale for targeting in 

       cancer and other diseases. Crit Rev Eukaryotic Gene Expression, 24, 15-28. 

Morgan C.J. & Badawy A.A.-B. (1989). Effects of a suppression test dose of dexamethasone 

      on tryptophan metabolism and disposition in the rat, Biol Psychiat, 25, 359-362. 

Murray M.F. (2003). Nicotinamide: an oral antimicrobial agent with activity against both 

      mycobacterium tuberculosis and human immunodeficiency virus. Clin Infect Dis, 36,  

      453-460. 

Opitz .A., Litzenburger U.M., Sahm F., Ott M., Tritschler I., Trump S., et al. (2011). An 

       endogenous tumour-promoting ligand of the human aryl hydrocarbon receptor. Nature, 

       478: 197-203.  doi:10.1038/nature10491. 

Ozaki Y., Edelstein M.P. & Duch D.S. (1987). The actions of interferons and antiinflammatory 

       agents on induction of indoleamine 2,3-dioxygenase in human peripheral blood monocytes. 

     Biochem Biophys Res Commun, 144, 1147-1153.  

Pal R. (2020). COVID-19, hypothalamo-pituitary-adrenal axis and clinical implications. 

       Endocrine, 68, 251-252. https://doi.org/10.1007/s12020-020-02325-1 

Panesar N.S. (2008). What caused lymphopenia in SARS and how reliable is the lymphokine 

       status in glucocorticoid-treated patients? Med Hypotheses, 71, 298-301. 

Punjani N.F., Badawy A.A.-B. & Evans M. (1979). Prevention by pyrazole of the effects of 

       Chronic ethanol administration on the redox states of the hepatic nicotinamide-adenine 

       dinucleotide (phosphate) couples and on liver and brain tryptophan metabolism in the rat. 

       Biochem J, 184, 165-168. 

Recovery statement, University of Oxford. (2020). Low-cost dexamethasone reduces death by 

      up to one third in hospitalised patients with severe respiratory complications of COVID- 

      19. Clinical Trials.gov NCT04381936.    

      https://www.recoverytrial.net/files/recovery_dexamethasone_statement_160620_final.pdf 

Russell C.D., Millar J.E. & Baillie J.K. (2020). Clinical evidence does not support 

        corticosteroid treatment for 2019-nCoV lung injury. Lancet, 395. https://doi.org/10.1016/  

        S0140-6736(20)30317-2 

Russell C.D., Unger S.A., Walton M. & Schwarz J. (2017). The Human immune response to 

         respiratory syncytial virus infection. Clin Microbiol Rev, 30, 481-502.  

       https://doi.org/10.1128/CMR.00090-16. 

Sayama S., Yoshida R., Oku T., Imanishi J., Kishida T. & Hayaishi O. (1981). Inhibition of 

         interferon-mediated induction of indoleamine 2,3-dioxygenase in mouse lung by 

         inhibitors of prostaglandin biosynthesis. Proc Nat Acad Sci USA, 78, 7327-7330.  

Scavone C., Brusco S., Bertini M., Sportiello L., Rafaniello C., Zoccoli A., et al. (2020). 

         Current pharmacological treatments for COVID-19: What's next? Br J Pharmacol, 

         2020;1–12. https://doi.org/10.1111/bph.15072 

Sheianov M.V., Udalov Y.D., Ochkin S.S., Bashkov A.N., Shikunov D.N. & Netrebina A.P. 

       (2020).  Pulse therapy with corticosteroids and intravenous immunoglobulin in the 

       management of severe tocilizumab-resistant COVID-19. A report of three clinical cases. 

       Preprints, 2020, doi: 10.20944/preprints202006.0260.v1 

https://doi.org/10.1016/j.cyto.2018.01.025
https://doi.org/10.1128/CMR.00090-16
https://doi.org/10.1111/bph.15072


X 

Shi R., Shan C., Duan X., Chen Z., Liu P., Song J., et al. (2020). A human neutralizing 

       antibody targets the receptor binding site of SARS-CoV-2. Nature, 2020,   

       https://doi.org/10.1038/s41586-020-2381-y  

  Singanayagam A. & Johnston S.L. Long-term impact of inhaled corticosteroid use in asthma  

       and chronic obstructive pulmonary disease (COPD): review of mechanisms that underlie  

       risks. J Allergy Clin Immunol, 2020, https://doi.org/10.1016/j.jaci.2019.12.907 

 Su C.-F., Liu D.D. & Ka S.J. (2007). Nicotinamide abrogates acute lung injury caused by 

         ischaemia/reperfusion.  Eur Respir J, 30, 199-204. 

Tezcan G., Gurel C.B., Tutluoglu B., Onaran I. & Kanigur-Sultuybek G. (2009). The Ala allele 

         At Val762Ala polymorphism in poly (ADP-ribose) polymerase-1 (PARP1) gene is 

         associated with a decreased risk of asthma in a Turkish population. J Asthma, 46, 371- 

         374. 

Thomas B.J., Porritt R.A., Hertzog P.J., Bardin P.G. & Tate M.D. (2014). Glucocorticosteroids 

         enhance replication of respiratory viruses: effect of adjuvant interferon. Scientific Rep, 14, 

         4:7176, doi:10.1038/srep07176. 

 Ungerstedt J.S., Blombäck M. & Söderström T. (2003). Nicotinamide is a potent inhibitor of 

         proinflammatory cytokines.  Clin Exp Immunol, 131, 48-52. 

 Vogel C.F.A., Goth S.R., Dong B., Pessah I.N. & Matsumura F. (2008). Aryl hydrocarbon 

           receptor signaling mediates expression of indoleamine 2,3-dioxygenase. Biochem Biophys 

           Res Commun, 375, 331–335. doi:10.1016/j.bbrc.2008.07.156  

Wang C.-H., Liu C.-Y., Wan Y.-L., Chou C.-L., Huang K.-H., Lin H.-C., et al. (2005). Persistence 

           of lung inflammation and lung cytokines with high resolution CT abnormalities during  

           recovery from SARS. BMC Respiratory Res, 6, 42. Doi: 10.1186/1465-9921-6-42. 

Wang Y., Zhang D., Du G., Du R., Zhao J., Jin Y., et al. (2020). Remdesivir in adults with 

           severe COVID-19: a randomised, double-blind, placebo-controlled, multicentre trial   

           Lancet, 395, 1569–78. Doi: https://doi.org/10.1016/S0140-6736(20)31022-9. 

Webster J.I. & Sternberg E.M. (2004). Role of the hypothalamic–pituitary–adrenal axis, 

        glucocorticoids and glucocorticoid receptors in toxic sequelae of exposure to bacterial and 

        viral products. J Endocrinol, 181, 207-221 

Wong C.K., Lam C.W.K., Wu A.K.L., Ip W.K., Lee N.L., Chan I.H., et al. (2004). Plasma 

        inflammatory cytokines and chemokines in severe acute respiratory syndrome. Clin Exp  

        Immunol, 136, 95-103. 

Wu T., Levine S.J., Lawrence M.G., Logun C., Angus C.W. & Shelhamer J.H. (1994).   

      Interferon induces the synthesis and activation of cytosolic phospholipase A2. J Clin 

      Invest, 93, 571-577. 

Yazdani J. & Kim A.H.J. (2020). Use of hydroxychloroquine and chloroquine during the 

        COVID-19 Pandemic: what every clinician should know.  Ann Internal Med, 2020; doi:  

      10.7326/M20-1334 

Zemlin A.E. & Wiese O.J. (2020). Coronavirus disease 2019 (COVID-19) and the renin- 

        angiotensin system: a closer look at angiotensin converting enzyme 2 (ACE2). Ann Clin 

        Biochem, 2020, doi: 10.1177/0004563220928361 

Zhang M.-Z., Harris R.C. & McKanna J.A. (1996). Regulation of cyclooxygenase-2 (COX-2) 

        in rat renal cortex by adrenal glucocorticoids and mineralocorticoids. Proc Natl Acad Sci  

        USA, 96, 15280-15285. 

Zhou J., Chu H., Li C., Wong B.H.-Y., Cheng Z.-S., Poon V.K.-M., et al. (2014). Active 

      replication of Middle East respiratory syndrome coronavirus and aberrant induction of 

      inflammatory cytokines and chemokines in human macrophages: implications for 

https://doi.org/10.1016/j.jaci.2019.12.907
https://doi.org/10.1016/S0140-6736(20)31022-9


X 

      pathogenes. J Infect Dis, 209, 1331-1342. 

Zhu L., Xu X., Ma K., Yang J., Guan H., Chen S., et al. (2020). Successful recovery of 

      COVID-19 pneumonia in a renal transplant recipient with long-term immunosuppression.  

      Am J Transplant, 20, 1859-1863. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



X 

Table 1. Pro- and anti-inflammatory cytokines in COVID-19 patients from Wuhan, China according to 

intensive care needs 

__________________________________________________________________________________________ 

                 ICU vs Non-ICU-patients 

Higher Proinflammatory Similar Proinflammatory Higher Antiinflammatory  Similar antiinflammatory  

__________________________________________________________________________________________ 

IL-2   IL-1   IL-9   IL-1ra 

IL-7   IL-6      IL-4 

IL-8   IL-13      IL-5 

IL-12   IFN-      IL-6 

IL-17         IL-10 

IP-10 

MCP-1 

MIP-1 

MIP-1 

TNF- 

RANTES 

__________________________________________________________________________________________ 

This Table is derived from data in Supplementary Figure 1 of the article by Huang et al1 (Clinical features of 

patients infected with 2019 novel coronavirus in Wuhan, China. Lancet 2020; 395: 497-506). Abbreviations used: 

ICU, intensive care use; IFN-, interferon gamma; IL, interleukin; MCP, monocyte chemoattractant protein; MIP, 

macrophage inflammatory protein; TNF, tumor necrosis factor; RANTES, regulated on activation and normal T-

cell expressed.  
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Table 2. Previous studies of cytokines and chemokines in SARS, MERS, RSV and COPD 

__________________________________________________________________________________________ 

   SARS  MERS  RSV  COPD  

Number of studies      3                  2                  1      1 

__________________________________________________________________________________________ 

Proinflammatory 

IL-1              

IL-2              -              

IL-6                 

IL-7                 

IL-8               

IL-12               

IL-13          -      

IL-17                   

IFN-                                           

IP-10                                

MCP-1          

MIP-1              

MIP-1                  

TNF-                                             

RANTES             

Antiinflammatory 

IL-1ra 

IL-4 

IL-5 

IL-6               

IL-9         

IL-10                           

  

__________________________________________________________________________________________ 

The symbols  and – indicate respectively an increase above, or no change from, controls.  Absence of 

a symbol indicates that a parameter has not been measured. The references to the studies quoted are as 

follows: SARS (Wong et al., 2004; Wang et al., 2005; Jiang et al., 2005), MERS (Zhou et al., 2014; 

Mahallawi et al., 2018), RSV (Russell et al., 2017), COPD (Gearhart et al., 2017).  See the text for 

abbreviations and further comments.  
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Legends to Figures 

 

Figure 1. The kynurenine pathway of tryptophan degradation up to the quinolinic acid and 

picolinic acid steps. Adapted from Figure 1 in Badawy (2017). Abbreviations used: 3-HAAO 

(3-hydroxyanthranilic acid 3,4-dioxygenase); IDO (indoleamine 2,3-dioxygenase); KAT 

(kynurenine aminotransferase); KMO (kynurenine monooxygenase); Kynase (kynureninase); 

NFK (N-formylkynurenine); TDO (tryptophan 2,3-dioxygenase). Colours indicate a 

proinflammatory (red), antiinflammatory (green), a mixed or partially proinflammatory 

(amber) or a normal metabolite (yellow). 

 

Figure 2.  Diagrammatic representation of known and likely changes in immune function and 

tryptophan-metabolic parameters in COVID-19.  For details and comments, see the text. 

Abbreviations used: AhR, aromatic hydrocarbon receptor; Kyn, kynurenine; IDO, indoleamine 

2,3-dioxygenase; NEFA, non-esterified fatty acids; PARP, poly (adenosine-diphosphate-

ribose) polymerase; PI, proinflammatory; Trp, tryptophan; TDO, tryptophan 2,3-dioxygenase. 

Colours indicate a serious change (red), an intermediate change (amber) and a primarily normal 

physiological change (green).  

 

Figure 3. Differential effects of dexamethasone and cortisone on inflammatory mediators 

explaining their likely pharmacotherapeutic differences in COVID-19.  Abbreviations used: 

DEX, dexamethasone, IDO1, indoleamine 2,3-dioxygenase 1; IFN, interferon; NSAID, 

nonsteroidal antiinflammatory drugs.  Colours indicate a normal metabolic pathway (yellow), 

glucocorticoids and NSAID (blue) and agents causing harm (red),     

 


