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A B S T R A C T   

The recent pandemic of COVID-19 caused by the novel severe acute respiratory syndrome coronavirus 2 (SARS- 
CoV-2) presents an extraordinary challenge to identify effective drugs for prevention and treatment. The path
ogenesis implicate acute respiratory disorder (ARD) which is attributed to significantly triggered “cytokine 
storm” and compromised immune system. This article summarizes the likely benefits of roflumilast, a 
Phosphodiesterase-4 (PDE-4) inhibitor as a comprehensive support COVID-19 pathogenesis. Roflumilast, a well- 
known anti-inflammatory and immunomodulatory drug, is protective against respiratory models of chemical and 
smoke induced lung damage. There is significant data which demonstrate the protective effect of PDE-4 inhibitor 
in respiratory viral models and is likely to be beneficial in combating COVID-19 pathogenesis. Roflumilast is 
effective in patients with severe COPD by reducing the rate of exacerbations with the improvement of the lung 
function, which might further be beneficial for better clinical outcomes in COVID-19 patients. However, further 
clinical trials are warranted to examine this conjecture.   

1. Introduction 

Corona virus disease 2019 (COVID-19) is a viral pandemic, origi
nated in Wuhan, China and is considered to be one of the most fatal 
pandemics which dramatically spread all over the world [1] and esca
lated into an international medical emergency. COVID-19, caused by 
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) had 
infected almost 16 million people across 216 countries/regions and 
caused 640,000 deaths [2]. Besides the tragic consequence caused by 
COVID- 19 on human health, the pandemic is likely to cost the global 
economy approximately $2 trillion [3]. 

COVD-19 is primarily a droplet-spread infection and patients exhibit 
various symptoms of which fever, dry cough, and fatigue is predomi
nant. In some cases, the symptoms had rapidly developed to acute res
piratory distress syndrome, metabolic acidosis, septic shock, 
coagulation dysfunction eventually leading to multiple organ failure 
[4–6]. However, the mild and/or asymptomatic type of COVID-19 pa
tients can recover shortly subsequent to isolation and healthy lifestyle 
and food habits [7,8]. There is no effective treatment recommended for 
COVID-19 except for comprehensive support. Evidences from in-vitro 
studies suggested that anti-malarial drugs such as chloroquine and 

hydroxychloroquine effectively blocked viral entry through inhibition of 
host receptor glycolysation, proteolytic processing and endosomal 
acidification [9–11]. Ramsedivir, a broad spectrum anti-viral drug is 
now in clinical trial and had demonstrated in-vitro and in-vivo efficacy 
against SARS-CoV-2 [12]. Combination of Lopinavir/ritonavir used for 
treating HIV demonstrated efficacious against other novel corona vi
ruses via inhibition of 3-chymotrypsin-likeprotease, in-vitro [13]. In 
addition, other potential drugs such as corticosteroids, IL-6 antagonist 
and granulocyte–macrophage colony-stimulating factor are proposed in 
the treatment of COVID-19 and their clinical investigations are 
underway. 

2. Pathogenesis of COVID-19 

Although the pathophysiological implications of SARS-CoV-2 infec
tion are not well elucidated, it closely resembles that of SARS-CoV 
infection characterized by fatal acute respiratory disease (ARD) [14]. 
SARS CoV mediated destructive inflammation exhibited increased 
release of pro inflammatory cytokines. Similarly, plasma analysis of 
SARS-CoV-2 patients showed marked elevation of pro-inflammatory 
cytokines like IL2, IL7, IL10 and GCSF, IP10, MCP1, MIP1α, and 
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TNF-α suggesting the presence of cytokine storm mediated disease 
progression and severity [6]. The chaotic inflammatory status in 
severely affected COVID-19 patients also lead to lymphocyte apoptosis 
and depletion thereby resulting in a drastic down regulation of CD4+, 
CD8+, B and Natural Killer (NK) cells [5,15–17]. The massive release of 
inflammatory cytokines damages the lung epithelium and also triggers 
rigorous co morbidities in cardiac, kidney tissue and other body tissues 
as well resulting in respiratory blockade and multiple organ failure [18]. 
Recent reports also suggest massive infiltration of large number of 
macrophages, neutrophils, diffuse alveolar wall thickening and alveolar 
damage in severely infected COVID-19 patients [19–21]. Further, au
topsy finding of COVID-19 cases also revealed the bilateral diffuse 
alveolar damage linked with pulmonary edema, pro-inflammatory 
concentrates, pneumocyte desquamation and indications of 
early-phase acute respiratory distress syndrome [19]. 

3. Phosphodiesterase-4 inhibitors 

PDE-4 is the main selective cyclic adenosine monophosphate (cAMP) 
metabolizing enzyme in inflammatory cells as well as immune cells. 
PDE-4 is predominantly expressed in a range of cells including, lym
phocytes, monocyte/macrophages, granulocytes, fibroblasts and 
epithelial cells [22–24]. Inhibition of PDE-4 enhances intracellular 
cAMP accumulation which subsequently activates protein kinase A 
(PKA). PKA activation further triggers anti-inflammatory cascade of 
events including decreased release of inflammatory mediators thereby 
suppressing neutrophil elastase and MMP-9 expression in neutrophils, 
eventually leading to reduced reactive oxygen species generation. PKA 
also augment IL-10 levels in macrophage and monocyte and inhibits 
eosinophil chemotaxis and degranulation and lymphocyte proliferation 
as well. This enhances relaxation of airway smooth muscle leading to 
bronchodilation [25–29]. Besides, cAMP inhibits NF-kβ pathway which 
also contribute to slowing down of immunosuppressive and 
anti-inflammatory events [30]. A wide range of studies have demon
strated the anti-inflammatory effects of PDE-4 inhibitors in in-vivo res
piratory models of chemical, bacterial and viral infections mediated 
lung injury [31–37]. 

Several PDE-4 inhibitors have been identified such as Cilomilast, 
Piclamilast, Oglemilast, Tetomilast, Tofimilast, ronomilast, Revamilast, 
UK-500,001, AWD 12–281, CDP840, CI-1018, GSK256066, YM976, GS- 
5759 to treat chronic obstructive pulmonary disease (COPD) and 
asthma. CHF 6001, is an inhaled PDE-4 inhibitor currently undergoing 
phase II clinical trials for COPD. Also, two orally administered PDE-4 
inhibitors such as roflumilast and apremilast have been approved in a 
row as treatments against inflammatory diseases including COPD, pso
riasis and psoriatic arthritis. Furthermore, Crisaborole is another 
example of PDE-4 inhibitor was approved for the topical treatment of 
mild to-moderate atopic dermatitis [38,39]. Recently, Mugheddu et al. 
reported that a 45-year-old obese male patient receiving apremilast for 
erythrodermic psoriasis recovered from COVID-19 without any adverse 
effects, suggesting that the anti-inflammatory properties of apremilast 
might have contributed to its preferential effect against SARS-CoV-2 
infection [40]. Dalamaga et al., suggested that the selective inhibition 
of PDE-4 showed significant anti-inflammatory effects in a wide range of 
inflammatory cells, which may in fact imply a promising treatment 
option for treatment of COVID-19 at the initial phase [38]. 

4. Roflumilast 

Roflumilast (3-cyclo-propylmethoxy-4-difluoromethoxy-N-[3,5-di- 
chloropyrid-4-yl]-benzamide; Fig. 1A), has been identified as a potent 
and highly selective second generation PDE-4 inhibitor [41]. The 
anti-inflammatory and immunomodulatory effects of roflumilast was 
studied in human leukocytes using cell specific interactions such as 
monocyte-derived macrophages, formyl-methyl-leucyl-phenylalanine 
(fMLP)-induced formation of LTB4 and ROS generation, dendritic cells 

and anti-CD3/anti-CD28 monoclonal antibody-stimulated proliferation 
etc. Results from the studies suggest that roflumilast is a potent immu
nomodulator and effects are substantially high compared to other 
structurally unrelated PDE-4 inhibitors like cilomilast and rolipram 
[42]. An in-vitro study suggested that roflumilast inhibited fibroblast 
chemotaxis in TGβ1 stimulated fibroblasts through activation of cAMP, 
signalled by PKA [43]. Also, roflumilast suppressed 
leukocyte-endothelial interactions and augmented endothelial perme
ability, significant hallmarks of chronic inflammation in lipopolysac
charide (LPS) model of inflammation, in-vitro and in-vivo [44]. 
Roflumilast and its active metabolite, roflumilast-N-oxide was reported 
to ameliorate LPS triggered inflammatory cytokines release and TNF-α 
release from human lung parenchymal explants [45]. In addition, 
roflumilast was reported to ameliorate bleomycin-induced lung fibrosis 
[46] and also inhibited benzo (a) pyrene induced lung carcinogenesis in 
mice models [47]. Further, it also showed to stabilize LPS-induced sys
temic inflammation in rats [48]. Izikki et al., demonstrated that roflu
milast alleviated pulmonary hypertension in chronic hypoxia and 
monocrotaline (MCT) rat model without affecting systemic artery 
pressure (SAP) in rats [49,50]. Similarly, roflumilast slowed down 
progression of emphysema and prevented parenchymal destruction in 
mice exposed to cigarette smoke [51,52]. Treatment with roflumilast in 
ovalbumin challenged BALB/c mice showed down regulated IL-17A, 
TNF-alpha, granulocyte-macrophage colony-stimulating factor and 

Fig. 1. Structure of (A) Roflumilast and (B) Roflumilast N-Oxide.  
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IL-6 expression and also suppressed the enhanced mRNA expression of 
growth factors such as TGF-beta1 and FGF-2 in airway epithelium [53]. 
Roflumilast also showed down regulated expression of IL-6 and TNF- α 
in cecal ligation and puncture (CLP)-induced sepsis in mice [54]. 

Also, roflumilast inhibited emphysema in polymeric Ig receptor 
(pIgR − /− ) deficient mice which exhibited age dependent emphysema, 
developed through an innate neutrophilic response to airway microbiota 
[55]. Roflumilast has shown affinity towards 3C-like proteinase of 
SARS-CoV-2 at the concentration of 248.89 nM. Although the concen
tration is high, affinity of roflumilast on 3C-like proteinase cannot be 
ignored [56]. Accumulation of cAMP due to inhibition of PDE-4 enzyme 
by roflumilast leads to increased levels of anti-inflammatory cytokine 
(IL-10) and reduced secretion of TNF- α and IL-12 by dendritic cells [57], 
which indicate that roflumilast is not only effective in upstream sup
pression of several cytokine signalling pathways, but also in balancing 
the pro-inflammatory/anti-inflammatory equilibrium. As cytokines like 
IL-6, IL-8, IL-1β, and TNF-α have been shown in the primary stage of 
COVID-19 infection [58], preventing the storm of cytokines in the pri
mary stage of COVID-19 pneumonia may be an appropriate treatment 
option. Therefore, it has been speculated that roflumilast can be 
considered as a potential therapeutic option against COVID-19 infection. 
Studies with roflumilast evidenced that it inhibited early and late 
allergic response and airway hyper-responsiveness in 
Aspergillus-fumigatus sensitized mice [59]. Recent finding suggested 
that roflumilast inhibit leukocyte-platelet interactions and also the 
pro-thrombotic functions in leukocytes and monocytes [60]. Throm
botic complications are largely reported in the pathogenesis of COVID 
-19 patients [61], which spicules scope of PDE-4 inhibitors like roflu
milast as a potent therapy option for COVID-19. The cytokine storms in 
severe COVID-19 cases were known to be inhibited by PDE-4 inhibitors 
such as roflumilast. Hence, it is likely that use of roflumilast would be 
favorable in augmenting myriad of complications like inflammation and 
apoptosis along with immunomodulatory effect and bronchial smooth 
muscle relaxation in patients with COVID- 19 (Fig. 2). Tabaa and Tabaa 
has hypothesized that neprilysin (NEP)-mediated therapeutic properties 
of roflumilast could help to fight against COVID-19 associated inflam
matory, coagulopathy and fibrotic cascades, since activation of NEP was 
previously reported to mitigate several airway inflammatory diseases 
[62]. 

5. Roflumilast in humans 

Several randomized, double-blind, placebo-controlled trials have 
demonstrated the safety and efficacy of roflumilast (500 μg orally once 
daily) in Chronic obstructive pulmonary disease (COPD) patients with 
the improvement in the lung function and reduced the rate of exacer
bations [63–65] and decreased sputum neutrophils and eosinophils by 
31% and 42%, respectively over one-month treatment [66]. Roflumilast 
also reduces allergen-induced inflammation in mild asthmatic subjects 
[67]. Several Phase III studies, single dose of roflumilast was associated 
with improvements from baseline in lung function, including increases 
in mean pre- and post- FEV1 and vital capacity [64,65,68–70]. The main 
clinical benefit of roflumilast in COPD is the reduction of exacerbations 
and a modest increase in FEV1 with improvement of symptoms [71]. 
This reduced exacerbation risk of roflumilast is directly correlated to its 
potential anti-inflammatory properties [72]. Further, Savelikhina et al. 
reported that roflumilast reduces IL-6 levels in bronchoalveolar lavage 
fluid (BALF) in severe COPD patients [73]. During July 2010, European 
Commission granted marketing authorisation for roflumilast (Daxas; 
Nycomed) in the European Union, for the maintenance treatment of 
severe COPD, due to its anti-inflammatory and bronchodilator proper
ties [68,74]. Later, in March 2011, USFDA approved roflumilast 
(Daliresp; Forest) only for patients with COPD [75,76]. After nearly 20 
years of efforts, roflumilast is the first class PDE-4 inhibitor to be mar
keted for treating COPD with severe airflow limitation, chronic bron
chitis and history of exacerbations [74] and this could be attributed to its 
good efficacy/tolerability ratio. Further studies found that memory 
performance was significantly improved after acute administration of 
0.1 mg roflumilast as a memory enhancer in humans without side effect. 
The plasma concentration of roflumilast and its active metabolite is 2.09 
ng/ml (5.18 nM) and 1.91 ng/ml (4.73 nM) respectively [77–79]. 
Further, Phase I study have shown cognitive impairment associated with 
schizophrenia with roflumilast administration for 8 days at a dose of 100 
or 250 μg, once daily in addition to second generation antipsychotics in 
participants with stable schizophrenia [80]. 

6. Pharmacokinetics of roflumilast 

Roflumilast is completely absorbed after the oral administration and 
the bioavailability of roflumilast is approximately 80% with the Cmax of 
~1 h after a single dose of 500 μg tablet in healthy volunteers. Plasma 
concentration (Cmax) of roflumilast was found to be 3.8 ng/ml (9.5 nM) 

Fig. 2. Pathogenesis of COVID-19 and potential 
adjuvant therapy of roflumilast. SARS-CoV-2 in
fections lead to elevation of inflammatory mediators 
and suppression of immune response which in turn 
triggers activation of cytokine storm. Overwhelming 
immune cell activation thus leads to ARDS, sepsis and 
multiorgan failure. In this context, Roflumilast might 
act as a potent adjuvant therapeutic agent by regu
lating the immune system, inflammation and bron
chial smooth muscle relaxation through enhanced 
cAMP production and provide support for patients 
with ARDS and related complications. ARDS: Acute 
respiratory distress syndrome; PDE-4: Phosphodies
trase-4; AC: Adenylate Cyclase.   
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when treated at 500 μg once daily in asthmatic and COPD patients [81]. 
Roflumilast is eliminated through hepatic metabolism by CYP1A2 and 
CYP3A4, primarily to the active metabolite roflumilast N-oxide (Fig. 1B) 
[82,83], which accounts for > 90% of roflumilast total PDE-4 inhibitory 
activity [42]. Parent and active metabolite of roflumilast are highly 
plasma protein bound (≥97%) and has a high volume of distribution, 
suggesting significant tissue penetration. Roflumilast N-oxide has 
approximately ten times more exposure than the parent drug. The 
plasma half-life (t½) of roflumilast and its active metabolite are ~17 
h–30 h respectively [41]. Pharmacokinetics of roflumilast or roflumilast 
N-oxide was not affected by food in healthy volunteers [84]. This 
favorable pharmacokinetic profile of roflumilast could be anticipated to 
produce prolonged PDE-4 enzyme inhibition thereby contributing to its 
anti-inflammatory and immunomodulatory properties in immune cells. 
The suppression of inflammatory mediators and cytokines usually 
translates into benefits for patients infected with corona virus who often 
have elevated markers of inflammation compared to patients with 
baseline disease. 

7. Roflumilast safety 

Roflumilast is usually well tolerated with adverse effects (AEs) con
stant with those expected for PDE-4 inhibitors [85]. However, few 
studies have reported increased frequency of roflumilast linked adverse 
events and further discontinuation of the drug [86–88]. Clinical trials of 
roflumilast revealed that the most common AEs were diarrhoea and 
nausea and these symptoms were related with an increased risk of 
decreased appetite, weight loss, insomnia, abdominal pain and signifi
cant increase of the risk of headache [89] at COPD dose of 500 μg. The 
typical side effects of PDE-4 inhibitors were not observed at the 100 μg 
dose of roflumilast (five times less than COPD dose) in the recent studies 
on cognition enhancement in young adults. However, at the 300 μg 
dosage, nausea was reported by some participants [77], indicating that 
roflumilast might have a favorable safety margin. Corona virus infection 
may directly affect heart disease, those with Cardiac diseases who are 
infected by the coronavirus have an elevated risk of adverse outcomes, 
and infection itself is associated with Cardio vascular complications 
[90]. Notably, roflumilast was associated with a significantly lower risk 
of major adverse cardiovascular events in patients with COPD versus 
placebo-treated patients [91]. Although, the safety of roflumilast has 
been demonstrated in many of the clinical studies, its beneficial effect 
when given to patients with COVID-19 should be carefully observed 
even though the roflumilast is highly tolerable. 

8. Conclusion 

At present, there are no specific treatments available for COVID-19. 
Considering the consistent effects of roflumilast on respiratory diseases 
from numerous preclinical and clinical studies, roflumilast holds great 
intrinsic value for future clinical applications. Although, there is no 
preclinical evidence supporting efficacy of roflumilast against COVID- 
19 infection, there are ample data on the efficacy and safety of roflu
milast in human respiratory diseases. We speculate the scope of roflu
milast as a potent adjuvant therapy to manage the severe clinical 
manifestations in severely infected COVID- 19 patients. 
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J. Milot, et al., Roflumilast attenuates allergen-induced inflammation in mild 
asthmatic subjects, Respir. Res. 12 (1) (2011) 140. https://doi/10.1186/1465-99 
21-12-140. 
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