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A B S T R A C T   

COVID-19 pandemic presents an unprecedented challenge to identify effective drugs for treatment. Despite 
multiple clinical trials using different agents, there is still a lack of specific treatment for COVID-19. Having the 
potential role in suppressing inflammation, immune modulation, antiviral and improving respiratory symptoms, 
this review discusses the potential role of methylxanthine drugs like pentoxifylline and caffeine in the man-
agement of COVID-19 patients. COVID-19 pathogenesis for clinical features like severe pneumonia, acute lung 
injury (ALI) / acute respiratory distress syndrome (ARDS), and multi-organ failures are excessive inflammation, 
oxidation, and cytokine storm by the exaggerated immune response. Drugs like pentoxifylline have already 
shown improvement of the symptoms of ARDS and caffeine has been in clinical use for decades to treat apnea of 
prematurity (AOP) in preterm infants and improve respiratory function. Pentoxifylline is well-known anti-in-
flammatory and anti-oxidative molecules that have already shown to suppress Tumor Necrosis Factor (TNF-α) as 
well as other inflammatory cytokines in pulmonary diseases, and this may be beneficial for better clinical out-
comes in COVID-19 patients. Pentoxifylline enhances blood flow, improves microcirculation and tissue 
oxygenation, and caffeine also efficiently improves tissue oxygenation, asthma, decreases pulmonary hyper-
tension and an effective analgesic. There are significant shreds of evidence that proved the properties of pen-
toxifylline and caffeine against virus-related diseases as well. Along with the aforementioned evidences and high 
safety profiles, both pentoxifylline and caffeine offer a glimpse of considerations for future use as a potential 
adjuvant to COVID-19 treatment. However, additional clinical studies are required to confirm this speculation.   

1. Introduction 

The severe acute respiratory syndrome coronavirus (SARS-CoV) are 
single-stranded positive-sense RNA viruses that cause severe respiratory 
diseases to the affected individuals (Cheng et al., 2007). In December 
2019, a cluster of pneumonia cases emerged in Wuhan, China (Huang 
et al., 2020). This disease is now known as coronavirus disease 2019 
(COVID-19) caused by the novel coronavirus now known as SARS-CoV-2 
(severe acute respiratory syndrome coronavirus 2) that has spread 
globally, affecting a large portion of the human population across the 
world (Cohen and Normile, 2020; Zhu et al., 2020). 

The full range of symptoms for COVID-19 includes self-limiting 

respiratory tract illness to severe pneumonia, acute respiratory distress 
syndrome (ARDS), multi-organ failure, and death (Huang et al., 2020; 
Ruan et al., 2020; Wang et al., 2020a). However, with time as the 
number of COVID-19 positive patients increase across the world, few 
neurological symptoms such as headache, paresthesia, and conscious-
ness disorders were reported as well (Wu et al., 2020). More recently, 
unusual manifestations of COVID-19, including encephalitis, (Ye et al., 
2020), acute necrotizing hemorrhagic encephalopathy (Poyiadji et al., 
2020), and myocarditis (Doyen et al., 2020) have been documented. 
Besides, it has been noted that thrombotic complications in COVID-19 
intensive care unit (ICU) patients increased remarkably (Klok et al., 
2020). Lastly, skin manifestations like erythematous rash, urticaria, or 
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chickenpox-like vesicles mainly in the body trunk in COVID-19 patients 
were reported in multiple studies (Joob and Wiwanitkit, 2020; Recal-
cati, 2020). 

Therapeutic options to contain the COVID-19 pandemic is urgently 
needed. Favipiravir (T-705) (Wang et al., 2020b) and ribavirin have 
been evaluated on COVID-19 patients (ChiCTR2000029387), but riba-
virin reported side effects (Zumla et al., 2016). Remdesivir (GS-5734) 
has been suggested (Al-Tawfiq et al., 2020; Cao et al., 2020a) and a 
compassionate-use remdesivir study showed 68% clinical improvement 
in COVID-19 patients (Grein et al., 2020). However, very recently, WHO 
reported controversy to the aforementioned data, and a full COVID-19 
clinical trial of remdesivir was terminated due to the adverse side ef-
fects (unpublished report from WHO website). In addition, lopina-
vir–ritonavir treatment on COVID-19 patients did not show any 
improvement (Cao et al., 2020b). However, chloroquine, hydroxy-
chloroquine (Gao et al., 2020; Gautret et al., 2020) and azithromycin 
with hydroxychloroquine showed potential clinical benefits but only in a 
limited number of COVID-19 patients (Gautret et al., 2020). Tocilizu-
mab (Xu et al., 2020), as well as convalescent plasma therapy (Duan 
et al., 2020) in severely ill COVID-19 patients, also improved clinical 
outcomes, but inadequate clinical data to justify the observed effect. 
Although a range of the aforementioned therapies can be a near-term 
strategy to tackle COVID-19, there is still an evident lack of specific 
treatment for COVID-19 (Huang et al., 2020). 

Methylxanthines are heterocyclic compounds that are methylated 
derivatives of xanthine comprising of coupled pyrimidinedione and 
imidazole rings (Talik et al., 2012). Methylxanthines have been widely 
used for therapeutic purposes for decades, with proven therapeutic 
benefits in different medical scopes. For example, the naturally occur-
ring methylxanthines like caffeine, theophylline, and theobromine have 
been used in the treatment of respiratory diseases (Lam and Newhouse, 
1990), cardiovascular diseases, cancer (Hayashi et al., 2005; Kimura 
et al., 2009) and the commercially produced xanthine derivative drug 
like pentoxifylline has been widely documented to have immunomod-
ulatory properties including the downregulation of Tumour Necrosis 
Factor (TNF) α to treat the injurious effects due to immune activation in 
the syndrome of chronic heart failure (CHF) (Shaw et al., 2009). Pen-
toxifylline and its active metabolites enhance blood flow by decreasing 
blood viscosity and ameliorating erythrocyte flexibility. Administration 
of pentoxifylline produced hemorheological activity in a 
dose-dependent manner. Based on the aforementioned mode of action, 
pentoxifylline has been approved to treat intermittent claudication due 
to chronic occlusive arterial disease of the limbs (Dettelbach and Aviado, 
1985). In these patients, pentoxifylline improves microcirculation and 
tissue oxygenation (Harris et al., 2017; Hsu et al., 1988). Pentoxifylline 
is also used for the management of alcoholic hepatitis (severe) (Whit-
field et al., 2009) and venous leg ulcer off-label (Coccheri and Bigna-
mini, 2016; Zito and Murgia III, 2018). Moreover, the effect of 
pentoxifylline has been demonstrated to treat fibrotic lesions by 
immunomodulation and by reducing inflammation (Wen et al., 2017). 

Previous research has extensively established the effects of caffeine 
in the treatment of respiratory disease, its bronchodilatory effect via 
phosphodiesterase inhibition, and adenosine receptor antagonism 
(Sullivan et al., 1994; Tilley, 2011). Furthermore, caffeine is widely used 
to treat apnea of prematurity (AOP) in preterm infants by improving 
minute ventilation, carbon dioxide sensitivity, respiratory muscle 
function, and neural respiratory drive. Caffeine administration also 
improved microcirculation in humans (Okuno et al., 2002), and mod-
erate caffeine consumption was related to reduced coronary heart dis-
ease and stroke (Bohn et al., 2012). Therapeutic indications of caffeine 
also include its role as the central nervous system stimulant to maintain 
seizure control during epilepsy (van Koert et al., 2018) as well as its role 
in treating headaches. As an adjuvant to analgesics, it enhances the ef-
ficacy of analgesics to treat headache (Lipton et al., 2017). Besides, the 
over the counter labeling of caffeine is to restore mental alertness or 
wakefulness during fatigue (Childs and de Wit, 2008). Despite the 

numerous benefits of caffeine, high doses of caffeine may lead to anxiety 
disorder (Lara, 2010), and patients with an anxiety disorder are more 
sensitive to caffeine (Bruce et al., 1992). 

Herein, we review with extensive evidence that widely used meth-
ylxanthines like pentoxifylline and caffeine may be used as an adjuvant 
therapy to treat COVID-19 induced respiratory symptoms by exploiting 
their reported immunomodulatory and anti-inflammatory potentials. 
Tissue oxygen levels have also been shown to be significantly increased 
by therapeutic doses of pentoxifylline in patients with peripheral arterial 
disease. 

1.1. COVID-19 pathogenesis and potential of methylxanthines use for 
therapeutic purpose 

Existing research recognizes the critical role played by “cytokine 
storm” in pathology associated with coronaviruses. It is now well 
established from a variety of studies; this condition is one of the primary 
underlying mechanism of the disease aggravation (Mehta et al., 2020). 
One of the very early publications about COVID-19 reported a sup-
pressed immune system followed by lymphopenia, neutropenia, 
hypo-albuminemia, as well as a decrease in Cluster of Differentiation 8+
(CD8+) T cells (Chen et al., 2020). Further analysis of blood from 
COVID-19 patients showed high levels of inflammatory factors, 
including interleukin 1β (IL-1β), interferon γ (IFN-γ), 
interferon-inducible protein 10 (IP-10), monocyte chemoattractant 
protein 1 (MCP-1), and also IL-4, IL-7, IL-8, IL-9, IL-10 and Tumour 
Necrosis Factor (TNF) α and overproduction of these inflammatory cy-
tokines and chemokines may contribute to the progression of the disease 
(Huang et al., 2020). In SARS disease models, the cytokine storm asso-
ciated disease pathology in Acute Lung Injury (ALI) was accompanied by 
increased expression of inflammatory genes (Channappanavar et al., 
2016). Furthermore, decreasing the inflammatory mono-
cytes/macrophages or ablation of the IFN-α/β receptor resulted in 
increased survival of the coronavirus host (Channappanavar et al., 2016; 
Smits et al., 2010). In both cases, a potential amplifying of the inflam-
mation is involved underlying the CoV induced lung diseases. Hence, it 
could conceivably be hypothesized that cytokine storm, inflammation, 
and repressed immune function seemed to be a major feature in all 
COVID-19 patients, and mitigation of disease progression may poten-
tially be achieved by focusing the therapies on these major disease 
features. 

Methylxanthines are well known as respiratory stimulants and used 
as one of the commonly used therapies for bronchial asthma. Methyl-
xanthines are a unique class of drugs prescribed for asthmatic lung in 
humans because of their role in reversing the airflow obstruction and 
reducing airway hyperresponsiveness and airway inflammation. Meth-
ylxanthines also exert their effect via additional mechanisms, which 
include inhibition of immune cell activation, reduction of proin-
flammatory gene expression via induction of the histone deacetylase 
activity, and also via its effect on mucociliary transport (Tilley, 2011). 
Methylxanthines have shown to lower allergic inflammations in several 
species like rats, rabbits, and guinea pigs (Ali et al., 1992; Manzini et al., 
1993; Pauwels, 1987). The anti-inflammatory properties of methylxan-
thines were eventually established in a series of clinical studies that 
showed a significant decrease in EG2+ (a monoclonal antibody to 
eosinophil cationic protein) eosinophils (which correlates to decreased 
airway inflammation during asthma), reduction of CD4+ lymphocytes in 
the bronchial wall (Sullivan et al., 1994). Ever since, methylxanthines 
have been efficiently used therapeutically for respiratory diseases. 

2. Pentoxifylline 

2.1. Pentoxifylline as a potential anti-inflammatory and antioxidant 
agent for COVID-19 

Viral infections, in general, are associated with the constant 
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generation of oxidized products. Previously it has been shown that viral 
lung pathogens can trigger the oxidative stress pathways resulting in the 
generation of reactive oxygen species (ROS) as well as local production 
of oxidized phospholipid (OxPL) (Imai et al., 2008). Analysis of humans 
died in SARS-CoV infections showed the massive formation of OxPLs in 
all the severe cases of ALI (Imai et al., 2008). In a disease model, it was 
shown that ALI was caused by the overproduction of IL-6 in alveolar 
macrophages via Toll-like receptor 4 (TLR4)/ nuclear factor kappa- B 
(NF-kB) signaling and it was a result of the activated innate immune 
response due to the SARS-CoV induced production of OxPLs (Imai et al., 
2008). In addition to the challenge of ALI due to SARS-CoV, severe ARDS 
treatment is an ongoing challenge for COVID-19 patients infected with 
SARS-CoV-2 (Matthay et al., 2020). Patients with severe cases of 
ALI/ARDS are treated in ICUs and have severe inflammation. Several 
factors contribute to the inflammation, including hypoxia, due to in-
flammatory mediators like cytokines and viral infection (Sarma and 
Ward, 2011). Accordingly, we speculate that similar excessive oxidation 
is likely to be involved in COVID-19 patients. This speculation was 
further supported by the severe inflammatory response observed in 
COVID-19 patients with heightened levels of the proinflammatory cy-
tokines like IL-2, IL-4, IL-7, IL-8, IL-9 and also high amounts of IL-1β, 
IFNγ, IP-10, and MCP-1, which probably points towards an activated 
T-helper-1 (Th1) cell responses (Huang et al., 2020). 

Prior studies have reported that alveolar macrophages release in-
flammatory cytokines such as TNF-α that plays an important role in the 
prognosis of inflammatory pulmonary diseases (Kelley, 1990; Sibille and 
Reynolds, 1990). Consistent with the literature, it has been shown that 
pentoxifylline elicited a significant reduction in the production of TNF-α 
in cultured cells of lipopolysaccharide (LPS)-stimulated alveolar mac-
rophages and peripheral blood monocytes isolated from patients with an 
indication for bronchoalveolar lavage (Poulakis et al., 1999). This 
finding was also reported by Tong et al. (2003). The results of this study 
indicate that pentoxifylline suppressed TNF-α production in a 
dose-dependent manner in alveolar macrophages in sarcoidosis, which 
is mainly driven by proinflammatory and anti-inflammatory mediators. 
Data from another study in rat model demonstrated that pentoxifylline 
suppressed cytokine-induced neutrophil chemoattractant, NF-κB, Matrix 
metalloproteinase-2, and -9 (MMP) and myeloperoxidase content (Deree 
et al., 2007). 

It was reported that, MMPs are well-known inflammatory mediators 
that contribute to the aggravation of ALI and ARDS by accelerating the 
secretion of neutrophils into the lung (Corbel et al., 2000; Torii et al., 
1997). This action is correlated with the proteolytic activity of MMPs. In 
addition to the in vitro and in vivo data, a randomized controlled clinical 
trial showed that pentoxifylline treatment significantly reduced the 
circulating levels of pro-inflammatory TNF- α (Brie et al., 2016) indi-
cating its clinical anti-inflammatory role. 

The efficacy of pentoxifylline in improving the survival rate during 
hyperoxia has been shown in neonatal rats (Almario et al., 2012). Shreds 
of evidence suggested that pentoxifylline enhanced the pulmonary 
antioxidant activity in enzymes such as glutathione peroxidase, catalase, 
and superoxide dismutase. Another important finding was that pentox-
ifylline treatment enhanced vascularization through increasing the 
vascular endothelial growth factor (VEGF) protein expression (Almario 
et al., 2012). It is well established that VEGF involved in alveolar 
structures (Thébaud and Abman, 2007). Subsequently, it has been 
shown that pentoxifylline not only suppresses proinflammatory macro-
phages but also enhances both wound healing and anti-inflammatory 
macrophage in nitrogen mustard -induced lung injury and inflamma-
tion (Sunil et al., 2014). Clinical trial in patients with acute coronary 
syndromes has been shown the meaningful reduction in 
pro-inflammatory and elevation of the anti-inflammatory response 
following administration of pentoxifylline 400 mg three times a day for 
6 months. These results suggest the potential therapeutic efficacy of 
pentoxifylline in cardiovascular events (Fernandes et al., 2008). 

Considering the extensive evidence on anti-inflammatory and 

antioxidant properties of pentoxifylline (Fig. 1), this molecule may have 
beneficial clinical effects in COVID-19 patients suffering from the severe 
inflammatory response. 

2.2. Pentoxifylline as a potential immunomodulatory agent for COVID-19 
treatment 

It is well established that following the entrance of respiratory vi-
ruses into the epithelial cell of the lung, the viral antigen will be pre-
sented on the cell surface to the cytotoxic CD8+ T cells. These cells are 
capable of killing infected cells by releasing the proinflammatory cyto-
kines, including IFNγ (Rogers and Williams, 2018). Although this pro-
cess is vital for clearing viral infections, complications can occur as it 
interferes with uninfected cells as well as lung function. In severe cases, 
cytotoxic CD8+ T cells and high concentration of the cytokines may 
cause serious injury to the lung (Bauer et al., 2006). 

Amplification of the inflammatory signaling cascade can affect 
vascular permeability through an increasing influx of more phagocytes 
such as neutrophils and macrophages, leading to vascular endothelium 
dysfunction (Sharp et al., 2015). Due to this damage, the capacity of 
ventilation and gas exchange can be reduced drastically. Consequently, 
the patient may develop acute respiratory failure and require critical 
care support (Yang et al., 2018). 

Moreover, it was also reported that patients with severe COVID-19 
cases in ICU showed high levels of IP10, MCP1, Granulocyte Colony 
Stimulating Factor (GCSF), and TNFα than non-severe COVID-19 pa-
tients, suggesting a possible cytokine storm behind the severity of 
COVID-19 (Huang et al., 2020). Methylxanthines are known to have 
immune-modulatory effects at low serum concentration and, therefore 
can be potentially exploited as immunomodulators (Tilley, 2011). 

There is a growing body of literature that recognizes various activ-
ities of pentoxifylline on immune cells (Fig. 1). The immunomodulatory 
effect of this molecule has been studied extensively in both animal 
models and human clinical trials. 

The anti-apoptotic activity of pentoxifylline has been demonstrated 
in human cell lines (Gupta et al., 1999). Pentoxifylline increases immune 
memory in CD4 and CD8 T cells by suppressing the activation of 
mediated T cell apoptosis, which is attributed to the Cyclic adenosine 3′, 
5′-monophosphate (cAMP) - Protein Kinase A (PKA) -mediated pathway 
(Suresh et al., 2002). Besides, pentoxifylline was able to attenuate the 
apoptosis induced by TNF-α, IFN-δ, and nitric oxide (NO) (Mensah--
Brown et al., 2002). In a randomized, double-blind, controlled clinical 
trial, pentoxifylline significantly decreased the serum concentrations of 
TNFα and IL-6 (Gonzalez-Espinoza et al., 2012). IL-6 is a mortality 
predictor of COVID-19 patients (Ruan et al., 2020), and in severely 
affected COVID-19 patients, IL-6 levels are increased (Qin et al., 2020). 
Therefore, the idea of pentoxifylline to significantly bring down IL-6 
levels to dampen the cytokine storm in COVID -19 patients is capti-
vating. As mentioned earlier, due to the high level of cytokines and risks 
of apoptosis of epithelial and endothelial cells along with the infected 
cells, pentoxifylline may propose a safer therapeutic option compared to 
other anti-inflammatory therapies in COVID-19 patients. 

Furthermore, pentoxifylline suppressed the expression of surface T 
cell antigen, including CD25, CD69, and CD98. In line with this study, it 
has been shown that pentoxifylline interferes with T cell proliferation 
via the CD3/T-cell receptor complex (Gonzalez-Amaro et al., 1998). 
Further immunomodulatory activity of pentoxifylline has been shown in 
animal models. In a murine model, pentoxifylline administration 
reduced the airway hyperresponsiveness due to Th1 cytokine IFN δ 
(Fleming et al., 2001). In line with aforementioned study, the reversal of 
arthritic changes and attenuation of the Th1 (IFN- δ) and Th2 (IL-4) 
cytokine have been also observed in a rheumatoid arthritis rat model 
following administration of pentoxifylline (Pal et al., 2016). 

Elevated levels of Th1 and Th2 cytokines have been found in SARS- 
CoV patients (Josset et al., 2013), and Th1, as well as Th17, was reported 
to contribute to the cytokine storm in SARS-CoV-2 induced pulmonary 
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viral infection (Wu and Yang, 2020). Therefore, the attenuating impact 
of pentoxifylline on Th1 and Th2 cytokine levels can be utilized for its 
potential role in COVID-19 patients. 

There is emerging evidence showing the beneficial effects of pen-
toxifylline in chronic heart failure due to its immunomodulatory effects 
and suppression of TNFα (Shaw et al., 2009). In addition to that, it has 
been described that pentoxifylline contributes to the suppression of 
TNFα and IL-1β induced by Toll-like receptors (TLRs). This suppression 
role of TNFα and IL-1β by pentoxifylline can be exploited as a thera-
peutic potential because in COVID-19 patients, as SARS-CoV-2 also in-
duces lung inflammation, fever, and fibrosis by inducing active 
production of TNFα and IL-1β (Conti et al., 2020). TNFα has always been 
involved in SARS-CoV induced severe immune-based pulmonary injury, 
which suggests that TNFα inhibitors could be a potential treatment for 
the respiratory symptoms caused by the coronavirus (Bishop et al., 
2005). Collecting the aforementioned evidence regarding the immuno-
modulatory activity of pentoxifylline suggests a potential therapeutic 
value of this agent in COVID-19 patients. 

2.3. Pentoxifylline as a potential adjuvant therapy for COVID-19 related 
respiratory symptoms 

The respiratory clinical manifestations of patients with SARS-CoV-2 
range from pneumonia, dyspnea, rhinorrhea, upper airway congestion, 

cough, and pharyngalgia (Lai et al., 2020). In severe cases, death may 
result due to colossal alveolar damage and progressive respiratory fail-
ure (Chan et al., 2020). The main feature of COVID-19 patients with 
severe disease is the acute onset of hypoxemic respiratory failure with 
bilateral infiltrates known more commonly as Acute Respiratory Distress 
Syndrome (ARDS) (Murthy et al., 2020). For the COVID-19 patients with 
ARDS, extracorporeal membrane oxygenation (ECMO) is recommended 
(Matthay et al., 2020). However, this process of ECMO is invasive and 
comes with practical constraints that accompany intubation and me-
chanical ventilation. For the less severe COVID-19 related respiratory 
symptoms where mechanical ventilation is not required, alternative 
evidence-based treatment options can be considered. 

Preliminary randomized clinical trial on pentoxifylline (400 mg, TDS 
for 12 weeks) demonstrated the enhancement of pulmonary gas ex-
change in COPD patients. A possible mechanism for these results could 
have been by the increase in the cardiac output and mixed venous ox-
ygen partial pressure (Haas et al., 1990). A subsequent trial on severe 
ARDS has shown that administration of pentoxifylline with a dose of 
100 mg IV twice a day for seven days, followed by 400 mg orally, three 
times a day, led to the improvement of the symptoms of the ARDS, 
suppression of mean TNF levels and increasing the survival rate (Mon-
travers et al., 1993). Therefore, not surprisingly pentoxifylline for the 
treatment of ARDS associated with SARS infection was suggested in 
2003 (Martín et al., 2003) 

Fig. 1. Overview of the potential adjuvant use of pentoxifylline in relation to COVID-19 clinical manifestation. We postulated that cytokine storm results after the 
SARS-CoV-2 invasion resulting in COVID-19 symptoms like ALI/ARDS, sepsis and multiple organ disorders which can potentially be prevented by pentoxifylline via 
its inhibitory effect on inflammatory cytokines, proinflammatory immune cells, and ALI as well as its stimulatory effect on anti-inflammatory macrophages, IL-10, 
pulmonary anti-oxidant enzymes and gas exchange as well as efficacy in cardiovascular events and against viruses. ALI: Acute lung injury; ARDS: Acute respiratory 
distress syndrome, IL-10: Interleukin-10. 
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Furthermore, the efficacy of pentoxifylline in attenuation of acute 
lung injury has been shown in animal models such as guinea pigs (Lilly 
et al., 1989). It is also well established that the administration of pen-
toxifylline at the time of allergen sensitization airway hyper-
responsiveness suppresses the allergic inflammation and airway 
hyperresponsiveness in vivo (Fleming et al., 2001). The observed bron-
chodilatory, anti-inflammatory, and immunomodulatory properties 
provide further support for suggesting the pentoxifylline as a promising 
medicine in SARS (Martín et al., 2003). 

In a more recent study, pentoxifylline treatment improved ALI- 
induced by Infrarenal aortic cross-clamping in the Wistar rat model. 
The proposed mechanism involved the phosphorylation of Signal 
transducer and activator of transcription 3 (STAT3), leading to the 
stimulation of IL-10 production (Li et al., 2016). The beneficial effect of 
pentoxifylline on lung has been demonstrated in lung cancer patients. A 
combination of pentoxifylline and vitamin E decreased 
radiation-induced lung toxicity frequency in lung cancer patients 
receiving concurrent chemo-radiotherapy (Misirlioglu et al., 2007). 
These results are in line with those that found the preventive efficacy of 
the combination, as mentioned earlier in the alleviation of some 
radiation-induced side-effects in patients with either breast (Magnusson 
et al., 2009) or head and neck cancer (Sayed et al., 2020). Since there are 
no clinical guidelines for radiation induced pulmonary fibrosis man-
agement, pentoxifylline is currently recommended for the prevention 
and treatment of this condition (Hanania et al., 2019). In addition, in a 
randomized controlled clinical trial in patients with the chronic pul-
monary inflammatory disease (pulmonary sarcoidosis), pentoxifylline 
treatment improved arterial blood oxygen pressure as well as pulmonary 
diffusion of carbon monoxide (Park et al., 2009). With the massive ev-
idence of lung involvement in COVID-19 patients, pentoxifylline may 
offer a safe and well-tolerated option to treat the respiratory symptoms 
in these patients potentially (Fig. 1). 

2.4. Potential antiviral activity of pentoxifylline COVID-19 treatment 

The spike (S) protein of coronaviruses allows viral entry to the target 
cells (Hoffmann et al., 2020). Coronavirus S protein is an essential 
component in determining the virulence of the virus, tissue tropism, and 
host range. The SARS-S protein uses angiotensin-converting enzyme 2 
(ACE 2) as the entry receptor (Li et al., 2003), and the cellular serine 
protease TMPRSS2 carries out the S-protein priming and activation 
(Shulla et al., 2011). SARS-S protein of SARS-CoV and SARS-2-S protein 
of SARS-CoV-2 share about 76% amino acid identity. Following the 
previous results, a recent study showed compelling evidence that the 
entry of SARS-CoV-2 also depends on the ACE 2 receptor, and this entry 
can be blocked by serine protease TMPRSS2 inhibitor (Hoffmann et al., 
2020). Similarly, another study also reported SARS-CoV-2-S protein 
entry on 293/hACE2 cells (Human embryonic kidney 293 cells stably 
expressing human ACE 2) is mainly mediated by endocytosis (Ou et al., 
2020). Following its entry, the virus expresses the genes encoding all 
structural and accessory proteins by adopting the genome of their host. 
The viral nucleocapsids are assembled in the cytoplasm, enter into the 
lumen of the endoplasmic reticulum (Graham and Baric, 2010). Subse-
quently, virions will be released through the process of exocytosis. They 
can infect various cells, including T lymphocytes, as well as organs like 
the liver, kidney, and the lower respiratory tract (Tynell et al., 2016). 
Therefore, they can provide potential drug targets, and also antibody 
raised against SARS-CoV could at least partly protect against 
SARS-CoV-2 infection and both the serine protease TMPRSS2 and the 
ACE 2 could be a possible target for therapeutic intervention (Hoffmann 
et al., 2020). 

Broad-spectrum antiviral drugs such as IFN-alpha, protease in-
hibitors like the lopinavir, nucleoside analogs, including ribavirin, and 
Neuraminidase inhibitors such as remdesivir can be used as a potential 
antiviral treatment for the coronavirus infected patients. These antiviral 
agents can interfere at different stages of the viral replication cycle. 

The antiviral property of pentoxifylline against tick-borne encepha-
litis virus, herpes simplex virus, vaccinia virus, and rotavirus has been 
shown in vitro, indicating the wide-spectrum of antiviral activity of 
pentoxifylline (Amvros’ eva et al., 1993). This also accords with the 
previous report, which demonstrated the suppression of the human 
immunodeficiency virus (HIV) type 1 replication in human peripheral 
blood mononuclear cells (Fazely et al., 1991). Furthermore, in a ran-
domized, controlled trial, adjunctive therapy with pentoxifylline in HIV 
patients with tuberculosis resulted in a statistically significant overall 
reduction in plasma HIV RNA compared to the control group (Wallis 
et al., 1996). The evaluation of pentoxifylline in HIV patients demon-
strated a transient positive trend of change in CD4+ and CD8+ cells 
(Clerici et al., 1997) 

There are limited, precise details on the antiviral mechanism of 
pentoxifylline. Concerning this question, research has been done to 
identify the stage at which pentoxifylline inhibits the replication of the 
Japanese encephalitis virus. The finding of this study provides further 
support for the hypothesis that the drug most likely exerted its inhibitory 
action on virus assembly and/or release (Sebastian et al., 2009). A sig-
nificant increase in the percentage of patients with the sustained viro-
logical response, a gold standard for assessment of treatment response in 
chronic hepatitis C, has shown the antiviral efficacy of pentoxifylline 
following adding it to the conventional hepatitis C treatment 
(Jiménez-Luévano et al., 2015) and, therefore, may have the potential to 
use a similar inhibitory effect (Fig. 1) on SARS-CoV-2 virus as well. 

3. Caffeine 

3.1. Caffeine as the other potential adjuvant therapy for COVID-19 
related respiratory symptoms 

Among the range of methylxanthines, caffeine is most commonly 
used for preterm infants with apnea receiving non-invasive respiratory 
support (Clark et al., 2006). Ventilating preterm infants may result in 
severe pulmonary adverse like bronchopulmonary dysplasia (BPD) 
(Moschino et al., 2020). Therefore, as non-invasive respiratory support, 
caffeine has already shown to reduce apnea of prematurity along with its 
associated improved lung function at 11 years of age (Jobe, 2017). 
Within an hour of caffeine dose, infant apnea in pertussis was resolved 
effectively by preventing respiratory failure and improving respiratory 
drive (Evered et al., 2018). Caffeine treatment on preterm infants at 
birth also showed significant improvement in minute ventilation and 
tidal volume (Dekker et al., 2017) as well as extubation success (Hen-
derson-Smart and Davis, 2003). In addition to that, caffeine is also of the 
few known drugs shown to reduce the risk of BPD at 36 weeks 
post-menstrual age (PMA) (Dobson et al., 2014). Caffeine acts as a 
non-selective phosphodiesterase inhibitor, increasing cAMP levels, thus 
directly relaxing infant pulmonary vascular muscle and improving 
oxygenation and therefore early caffeine therapy strongly decrease the 
risk of pulmonary hypertension linked to chronic lung disease of pre-
maturity (Vyas-Read et al., 2017). These evidences suggest a potential 
role of caffeine to treat the respiratory symptoms in infants with 
COVID-19 (Dulson and Bishop, 2016). Furthermore, caffeine showed 
asthma improvement in adults as well. It was reported that people with 
mild to moderate asthma improved lung function even at a low dose of 5 
mg/kg body weight (Welsh et al., 2010). Caffeine also showed a sig-
nificant bronchodilator effect in young patients with asthma (Becker 
et al., 1984). Among the various proposed mechanisms for the bron-
chodilator effect, the most well-established mechanism phosphodies-
terase inhibition and adenosine receptor antagonism (Tilley, 2011). 
Along with the well-established role in improving pulmonary functions 
and respiratory symptoms as well as its bronchodilatory role on the 
upper respiratory tract of patients, caffeine makes itself a possible 
candidate as adjuvant therapy for COVID-19 patients showing respira-
tory symptoms. 
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3.2. Further potential roles of caffeine as an adjuvant to treat COVID-19 
symptoms 

Caffeine has been shown to affect cytokine production, lymphocyte 
proliferation, antibody production, natural killer cell (NK) function, 
histamine release, and immune cell apoptosis (Horrigan et al., 2006). In 
line with caffeine’s role in immunomodulation, a bolus dose of 6 mg/kg 
caffeine caused an increase in total lymphocyte and CD8+ T cell count 
and an increase of CD4+CD69+ T cells before and after exercise with 
pre-exercise caffeine ingestion only (Bishop et al., 2005). More recent 
studies on human cells showed that high doses and prolonged exposure 
to caffeine most likely to promote NK cell activity in humans (Chen 
et al., 2012; Dulson and Bishop, 2016). In addition, caffeine effectively 
suppresses the proinflammatory cytokines (Horrigan et al., 2004). A 
more recent study on human samples showed that caffeine can also 
suppress phagocytosis by inhibiting cAMP phosphodiesterase (Steck 
et al., 2015). Multiple clinical trials reported improvement of serum 
pro-inflammatory markers like IL-18 in response to pure coffee admin-
istration and reported that caffeine of coffee contributed to the effect 
(Kempf et al., 2010, 2015; Wedick et al., 2011). However, caffeine also 
resulted in increase in pro-inflammatory IL-6 levels compared to control 
group (Wedick et al., 2011) and the inconsistency of IL-6 levels in across 
studies suggest that effect of caffeine on IL-6 levels (Tauler et al., 2013) 
requires further research. Taken together, the role of caffeine in pro-
moting NK cell activity, increase in CD8+ T cells as well as suppression of 
proinflammatory cytokines allowed us to speculate its potential role in 
the suppression of hyper immune response in COVID-19 patients. 
However, further studies involving COVID-19 patients and control 
group will be required to confirm this speculation. 

During lung injury, the NOD-like receptor 3 (NLRP3) inflammasome 
plays a key role in the innate immune response (Wu et al., 2013). When 
macrophages sense external pathogens, it results in the formation of 
NLRP3 inflammasome and secretion of the proinflammatory cytokines 
IL-1β and IL-18 in macrophages to amplify inflammation (Lamkanfi and 
Dixit, 2012). Furthermore, caffeine was proven to significantly reduce 
NLRP3 expression and associated caspase cleavage as well as inhibit 
NLRP3 inflammasome activation by suppressing the mitogen-activated 
protein kinase (MAPK)/NF-κB signaling and therefore suppressed the 
secretion of IL-1β and IL-18 in human derived THP-1 macrophages 
(human monocytic cell line) (Guo et al., 2015; Zhao et al., 2019). NLRP1 
inflammasome is correlated to lung diseases caused by influenza A virus, 
bacteria, and syncytial virus (Shen et al., 2020; Tate et al., 2016; Yang 
et al., 2006). Along with the aforementioned compelling evidence, we 
propose a potential immunomodulatory role of caffeine in COVID-19 
related respiratory inflammation. 

Early studies showed that caffeine inhibited viral RNA synthesis and 
viral protein synthesis in infected cells and thereby inhibiting growth 
and propagation of Newcastle disease virus, influenza virus, poliovirus, 
herpes simplex virus type 1 (HSV-1), HIV, vaccinia virus and poly-
omavirus (Dahl et al., 2005; Daniel et al., 2005; Olson and Consigli, 
1979; Shiraki and Rapp, 1988; Yamazaki and Tagaya, 1980). Later 
studies further confirmed that caffeine preferentially causes cytopathic 
effect (CPE) and the death of HSV-1 infected cells (Murayama et al., 
2008). In a more recent meta-analysis on the effect of caffeine in patients 
with chronic hepatitis C, it was shown that patients with higher caffeine 
intake showed 61% reduced risk of developing advanced hepatic fibrosis 
compared to lower caffeine intake patient group (Jaruvongvanich et al., 
2017). Specifically, for hepatitis C, an in-vitro study also demonstrated 
that caffeine efficiently inhibited the replication of hepatitis C (Batista 
et al., 2015). A similar antiviral behavior of caffeic acid through sup-
pression of multiplication as well as CPE changes of the infected cells has 
been shown against Influenza A Virus (Utsunomiya et al., 2014). Over-
all, there is substantial evidence for the broad-spectrum antiviral role of 
caffeine, and preferential CPE of caffeine on virally infected cells could 
potentially induce selective death of virus-infected cells of COVID-19 
patients. 

4. Side effects and toxicity 

Among methylxanthines pentoxifylline is well tolerated. With a 
usual therapeutic dose of 1.2 g per day, a few rare events have been 
reported worldwide. The main reported adverse effects are gastroin-
testinal and more serious side effects such as cardiac arrhythmia and 
seizure have been observed rarely through post-marketing investigation 
(McCarty et al., 2016). Pentoxifylline should be used cautiously in he-
patic and renal impairment as well as in special population such as 
elderly and pregnant. 

Some studies did not find association between maternal caffeine 
intake and birth defects (Bech et al., 2007; Browne et al., 2011), other 
more recent studies reported detrimental effects, malformation inci-
dence and risk of miscarriage (Chen et al., 2012; Group, 2008; Hoyt 
et al., 2014; Weng et al., 2008). Moderate intake of caffeine is consid-
ered safe and acute toxicity is rare but gastrointestinal disturbances, 
insomnia, nervousness, headache, tachycardia, arrhythmia, nausea, 
seizures may result from caffeine intoxication (Nawrot et al., 2003). 
Chronic effects of caffeine may include dysfunction of the liver, 
musculature and the gastrointestinal and renal systems (Nawrot et al., 
2003). 

Despite the global usage of theophylline as bronchodilator, it has a 
very narrow therapeutic window and its interaction with various drugs 
has led to the limitation of its use (Journey and Bentley, 2018). Toxic 
effects of theophylline observed when plasma concentrations exceed 20 
mcg/mL (Journey and Bentley, 2018) but sometimes toxic effects can be 
observed within therapeutic levels as well. Theophylline normally have 
more toxic effects than caffeine including nausea, vomiting, increased 
acid secretion and gastroesophageal reflux as well as cardiac arrhyth-
mias at higher concentrations (Barnes, 2013). CNS symptoms like 
dizziness, irritability, and lightheadedness can also occur (Jilani et al., 
2019). At higher doses, theophylline causes increase in the levels of 
catecholamine which eventually led to adverse effects like metabolic 
acidosis, hyperglycemia and hypokalemia. Cardiac arrhythmias, sei-
zures and even death may result at high serum levels of 80–100 mcg/mL 
(Journey and Bentley, 2018). 

5. Conclusion 

The world has faced a new pandemic that has no proven pharma-
cotherapy despite all the attempts to develop a new effective medicine 
or vaccine with an acceptable safety profile. The current review has 
provided a collective data on the potential beneficial properties of 
methylxanthines like pentoxifylline and caffeine as an adjuvant therapy 
to treat COVID-19 patients. Addressing the broad spectrum of COVID-19 
symptoms including respiratory failure due to hypersensitivity and 
exaggerated immune response, is challenging. Pentoxifylline and in 
some aspects, caffeine with extensively proven therapeutic properties 
like anti-inflammatory, antioxidant, immunomodulatory, antiviral, as 
well as their beneficial effects in the alleviation of respiratory symptoms 
can be considered as an adjuvant treatment in COVID-19 patients. 
Moreover, pentoxifylline can also address the treatment of thrombotic 
complications, a recently identified manifestation of COVID-19. 
Although direct evidence of pentoxifylline and caffeine in COVID-19 
patients are yet to be studied and also possible side effects should be 
considered, the insights gained from this review highlighted their effi-
cacy and safety in COVID-19 disease and can be used to develop addi-
tional strategies to tackle this global challenge. 
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2016. Middle East respiratory syndrome coronavirus shows poor replication but 
significant induction of antiviral responses in human monocyte-derived 
macrophages and dendritic cells. J. Gen. Virol. 97, 344. 

Utsunomiya, H., Ichinose, M., Ikeda, K., Uozaki, M., Morishita, J., Kuwahara, T., 
Koyama, A.H., Yamasaki, H., 2014. Inhibition by caffeic acid of the influenza A virus 
multiplication in vitro. Int. J. Mol. Med. 34, 1020–1024. 

van Koert, R.R., Bauer, P.R., Schuitema, I., Sander, J.W., Visser, G.H., 2018. Caffeine and 
seizures: a systematic review and quantitative analysis. Epilepsy Behav. 80, 37–47. 

Vyas-Read, S., Kanaan, U., Shankar, P., Stremming, J., Travers, C., Carlton, D.P., 
Fitzpatrick, A., 2017. Early characteristics of infants with pulmonary hypertension in 
a referral neonatal intensive care unit. BMC Pediatr. 17, 163. 

Wallis, R.S., Nsubuga, P., Whalen, C., Mugerwa, R.D., Okwera, A., Oette, D., Jackson, J. 
B., Johnson, J.L., Ellner, J.J., 1996. Pentoxifylline therapy in human 
immunodeficiency virus-seropositive persons with tuberculosis: a randomized, 
controlled trial. J. Infect. Dis. 174, 727–733. 

Wang, L., He, W., Yu, X., Hu, D., Bao, M., Liu, H., Zhou, J., Jiang, H., 2020a. Coronavirus 
disease 2019 in elderly patients: characteristics and prognostic factors based on 4- 
week follow-up. J. Infect. 80, 639–645. 

Wang, M., Cao, R., Zhang, L., Yang, X., Liu, J., Xu, M., Shi, Z., Hu, Z., Zhong, W., Xiao, G., 
2020b. Remdesivir and chloroquine effectively inhibit the recently emerged novel 
coronavirus (2019-nCoV) in vitro. Cell Res. 30, 269–271. 

Wedick, N.M., Brennan, A.M., Sun, Q., Hu, F.B., Mantzoros, C.S., van Dam, R.M., 2011. 
Effects of caffeinated and decaffeinated coffee on biological risk factors for type 2 
diabetes: a randomized controlled trial. Nutr. J. 10, 93. 

Welsh, E.J., Bara, A., Barley, E., Cates, C.J., 2010. Caffeine for asthma. Cochrane 
Database Syst. Rev., p. CD001112 

Wen, W.X., Lee, S.Y., Siang, R., Koh, R.Y., 2017. Repurposing pentoxifylline for the 
treatment of fibrosis: an overview. Adv. Ther. 34, 1245–1269. 

Weng, X., Odouli, R., Li, D.K., 2008. Maternal caffeine consumption during pregnancy 
and the risk of miscarriage: a prospective cohort study. Am. J. Obstet. Gynecol. 198, 
279 e271–278. 

Whitfield, K., Rambaldi, A., Wetterslev, J., Gluud, C., 2009. Pentoxifylline for alcoholic 
hepatitis. Cochrane Database Syst. Rev., p. CD007339 

Wu, D., Yang, X.O., 2020. TH17 responses in cytokine storm of COVID-19: an emerging 
target of JAK2 inhibitor Fedratinib. J. Microbiol. Immunol. Infect. 53, 368–370. 

Wu, J., Yan, Z., Schwartz, D.E., Yu, J., Malik, A.B., Hu, G., 2013. Activation of NLRP3 
inflammasome in alveolar macrophages contributes to mechanical stretch-induced 
lung inflammation and injury. J. Immunol. 190, 3590–3599. 

Wu, Y., Xu, X., Chen, Z., Duan, J., Hashimoto, K., Yang, L., Liu, C., Yang, C., 2020. 
Nervous system involvement after infection with COVID-19 and other coronaviruses. 
Brain Behav. Immun. 87, 18–22. 

Xu, X., Han, M., Li, T., Sun, W., Wang, D., Fu, B., Zhou, Y., Zheng, X., Yang, Y., Li, X., 
Zhang, X., Pan, A., Wei, H., 2020. Effective treatment of severe COVID-19 patients 
with tocilizumab. Proc. Natl. Acad. Sci. U. S. A 117, 10970–10975. 

Yamazaki, Z., Tagaya, I., 1980. Antiviral effects of atropine and caffeine. J. Gen. Virol. 
50, 429–431. 

Yang, C.-Y., Chen, C.-S., Yiang, G.-T., Cheng, Y.-L., Yong, S.-B., Wu, M.-Y., Li, C.-J., 2018. 
New insights into the immune molecular regulation of the pathogenesis of acute 
Respiratory Distress Syndrome. Int. J. Mol. Sci. 19, 588. 

Yang, R.-Z., Lee, M.-J., Hu, H., Pollin, T.I., Ryan, A.S., Nicklas, B.J., Snitker, S., 
Horenstein, R.B., Hull, K., Goldberg, N.H., 2006. Acute-phase serum amyloid A: an 
inflammatory adipokine and potential link between obesity and its metabolic 
complications. PLoS Med. 3, e287. 

Ye, M., Ren, Y., Lv, T., 2020. Encephalitis as a clinical manifestation of COVID-19. Brain 
Behav. Immun. S0889–1591, 30465–30467, 0820.  

Zhao, W., Ma, L., Cai, C., Gong, X., 2019. Caffeine inhibits NLRP3 inflammasome 
activation by suppressing MAPK/NF-kappaB and A2aR signaling in LPS-induced 
THP-1 macrophages. Int. J. Biol. Sci. 15, 1571–1581. 

Zhu, N., Zhang, D., Wang, W., Li, X., Yang, B., Song, J., Zhao, X., Huang, B., Shi, W., 
Lu, R., Niu, P., Zhan, F., Ma, X., Wang, D., Xu, W., Wu, G., Gao, G.F., Tan, W., China 
Novel Coronavirus, I., Research, T., 2020. A novel coronavirus from patients with 
pneumonia in China, 2019. N. Engl. J. Med. 382, 727–733. 

Zito, P.M., Murgia III, R.D., 2018. Pentoxifylline (trental) in venous insufficiency and 
venous leg ulcers. J. Dermatol. Nurses Assoc. 10, 294–296. 

Zumla, A., Chan, J.F., Azhar, E.I., Hui, D.S., Yuen, K.Y., 2016. Coronaviruses - drug 
discovery and therapeutic options. Nat. Rev. Drug Discov. 15, 327–347. 

F. Monji et al.                                                                                                                                                                                                                                   

http://refhub.elsevier.com/S0014-2999(20)30653-1/sref104
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref104
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref104
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref105
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref105
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref106
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref106
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref106
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref107
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref107
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref107
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref108
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref108
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref109
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref109
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref109
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref109
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref110
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref110
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref110
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref111
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref111
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref112
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref112
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref113
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref113
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref113
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref113
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref114
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref114
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref115
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref115
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref115
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref116
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref116
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref117
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref117
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref117
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref117
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref118
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref118
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref118
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref119
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref119
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref119
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref120
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref120
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref120
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref121
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref121
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref121
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref121
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref122
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref122
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref123
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref123
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref123
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref123
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref124
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref124
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref124
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref125
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref125
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref125
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref126
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref126
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref127
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref127
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref127
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref128
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref128
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref128
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref128
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref129
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref129
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref129
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref129
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref130
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref130
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref130
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref131
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref131
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref132
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref132
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref132
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref133
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref133
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref133
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref133
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref134
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref134
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref134
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref135
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref135
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref135
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref136
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref136
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref136
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref137
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref137
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref138
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref138
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref139
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref139
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref139
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref140
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref140
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref141
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref141
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref142
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref142
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref142
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref143
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref143
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref143
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref144
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref144
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref144
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref145
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref145
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref146
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref146
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref146
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref147
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref147
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref147
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref147
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref148
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref148
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref149
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref149
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref149
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref150
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref150
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref150
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref150
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref151
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref151
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref152
http://refhub.elsevier.com/S0014-2999(20)30653-1/sref152

