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A B S T R A C T

Pentoxifylline (PTX) is a phosphodiesterase inhibitor that increases cyclic adenosine monophosphate levels, which in turn activate protein kinase, leading to a
reduction in the synthesis of proinflammatory cytokines to ultimately influence the renin-angiotensin system (RAS) in vitro by inhibiting angiotensin 1 receptor
(AT1R) expression. The rheological, anti-inflammatory, and renin-angiotensin axis properties of PTX highlight this drug as a therapeutic treatment alternative for
patients with COVID-19 by helping reduce the production of the inflammatory cytokines without deleterious effects on the immune system to delay viral clearance.
Moreover, PTX can restore the balance of the immune response, reduce damage to the endothelium and alveolar epithelial cells, improve circulation, and prevent
microvascular thrombosis. There is further evidence that PTX can improve ventilatory parameters. Therefore, we propose repositioning PTX in the treatment of
COVID-19. The main advantage of repositioning PTX is that it is an affordable drug that is already available worldwide with an established safety profile, further
offering the possibility of immediately analysing the result of its use and associated success rates. Another advantage is that PTX selectively reduces the concentration
of TNF-α mRNA in cells, which, in the case of an acute infectious state such as COVID-19, would seem to offer a more strategic approach.

Background

The immune dysregulation observed in COVID-19 clinically trans-
lates into a secondary hemophagocytic syndrome or lymphohistiocy-
tosis, acute respiratory distress syndrome (ARDS), and multiple organ
failure. However, multiple studies have indicated that im-
munosuppression with corticosteroids impairs the immune response to
various respiratory viruses as it affects the induction of antiviral in-
terferon (IFN) type I. Therefore, the decision to immunosuppress a
hospitalized patient with COVID-19 due to the possible benefits of re-
ducing inflammation must be carefully weighed against the potential
deleterious effect of delaying virus clearance or promoting bacterial
superinfection. In addition to the adverse effects of immunosuppression
therapy that further complicates the management of a hospitalized
patient, the use of systemic steroids may worsen lung injury, which is
particularly relevant in the case of treating patients with COVID-19.

Similar risks of perpetuating viral infection and bacterial or fungal
superinfection must be considered when administering a drug that in-
fluences IFN-mediated signalling, including JAK inhibitors and inter-
leukin (IL)-6 blockers, because the IL-6R-JAK-STAT3 signalling
pathway is an essential component of the type I IFN pathway.
Moreover, IL-6 can play an essential role in initiating the response

against virus infections by promoting viral clearance by neutrophils;
this was demonstrated in a study where deficiency of IL-6 or IL-6R in
mice favoured the persistence of influenza infection leading to death in
the experimental group.

Therefore, in the face of this global emergency that is witnessing
rapid degeneration in patients’ clinical conditions toward more serious
situations that can be overwhelming to primary physicians (despite the
best standards of care), the opportunity to redirect medications offers
an ethical and legal solution as medications outside of their usual in-
dications can be prescribed as long as there is sufficient justification to
do so.

Hypothesis

We here propose the repositioning of pentoxifylline (PTX) in the
treatment of COVID-19. PTX is a phosphodiesterase (PDE) inhibitor that
increases cyclic adenosine monophosphate (cAMP) levels, which in turn
activate protein kinase (PKA), leading to a reduction in the synthesis of
the proinflammatory cytokines IL-1, IL-6, and tumour necrosis factor-
alpha (TNF-α). PTX has also been shown to influence the renin-angio-
tensin system (RAS) in vitro by inhibiting angiotensin 1 receptor
(AT1R) expression. The effects of PTX on restoration of glutathione

https://doi.org/10.1016/j.mehy.2020.109988
Received 28 April 2020; Received in revised form 4 June 2020; Accepted 7 June 2020

⁎ Corresponding author at: Department of Allergy and Clinical Immunology Internal Medicine, General Hospital of Zone 27 Mexican Social Security Institute, Calle
Lerdo Number 311 Cuauhtémoc, Col. Nonoalco Tlatelolco Cuauhtémoc, Mexico City 6390, Mexico.

E-mail addresses: valentemaldonado@hotmail.com, valentemaldonado@lasallistas.org.mx (V. Maldonado).

Medical Hypotheses 144 (2020) 109988

Available online 09 June 2020
0306-9877/ © 2020 Elsevier Ltd. All rights reserved.

T

http://www.sciencedirect.com/science/journal/03069877
https://www.elsevier.com/locate/mehy
https://doi.org/10.1016/j.mehy.2020.109988
https://doi.org/10.1016/j.mehy.2020.109988
mailto:valentemaldonado@hotmail.com
mailto:valentemaldonado@lasallistas.org.mx
https://doi.org/10.1016/j.mehy.2020.109988
http://crossmark.crossref.org/dialog/?doi=10.1016/j.mehy.2020.109988&domain=pdf


levels, maintenance of mitochondrial viability, inhibition of TNF-α
production, and preservation of microvascular blood flow, along with
reports of improvement in endothelial function and coagulation have
encouraged its use in the treatment of neonatal sepsis, leading to a
reduction in hospital stay and mortality. Moreover, in the context of
COVID-19, PTX has shown evidence of improvement in experimental
ARDS models.

Moreover, since it is a short-lived drug, the effect of PTX can be
rapidly suppressed if severe adverse reactions arise due to excessive
suppression of TNF-α. Furthermore, the rheological properties of PTX
could be useful when faced with the atypical presentation of ARDS
associated with COVID-19, characterized by marked hypoxemia with
preservation of the ventilatory mechanics. This suggests that the loss of
regulation of pulmonary perfusion and hypoxic vasoconstriction (va-
soplegia) can be associated with microvascular obstructive in-
flammatory thrombus syndrome of the lungs (i.e., MicroCLOTS).

Overall, the rheological, anti-inflammatory, and renin-angiotensin
axis properties of PTX highlight this drug as a therapeutic treatment
alternative for patients with COVID-19, which can help reduce the
production of the inflammatory cytokines TNF-α, IL-6, IFN-γ, and IL-17
and increase the anti-inflammatory cytokine IL-10.

PTX also favours restoring the balance of the immune response,
reducing damage to the endothelium and alveolar epithelial cells, im-
proving circulation, and avoiding microvascular thrombosis. Moreover,
PTX decreases the neutrophil/lymphocyte ratio and restores the ratio of
Treg/Th17 lymphocyte subpopulations. PTX decreases C-reactive pro-
tein (CRP), ferritin, lactic dehydrogenase, and D-dimer, with con-
sequent improvement in the ventilatory parameters PaO2/FiO2 and
SatO2.

In view of this evidence, it seems reasonable to reposition a drug
with a proven safety profile and that is widely available as an alter-
native treatment of COVID-19 to reduce inflammation without the
trade-off of conventional immunosuppression. Moreover, such re-
positioning avoids ethical or legal barriers allowing for immediate ap-
plication in an acute setting.

Evaluation of the hypothesis

SARS-CoV-2 and the RAS

The SARS-CoV-2 spike protein (Spike S) binds only to human an-
giotensin-converting enzyme type 2 (ACE2) as a cell entry receptor [1].
This interaction partially explains why the lung is the organ most vul-
nerable to infection with SARS-CoV-2. Zhao et al. [2] demonstrated that
83% of the cells in the healthy lung tissue expressing ACE2 are type II
alveolar epithelial cells (AECII cells), suggesting that these cells can
serve as a reservoir for viral infection. Moreover, genetic analysis re-
vealed that ACE2-expressing AECII cells have high levels of regulatory
genes related to multiple viral processes, including the viral life cycle,
assembly, and genome replication, further supporting that ACE2 ex-
pressed in AECII cells facilitates the replication of coronavirus in the
lungs [2]. Similarly, other extrapulmonary tissues, including the heart,
kidney, endothelium, and intestine, express ACE2 [3–7]. This broad
distribution ACE2 tissue expression could partially explain the multi-
organ dysfunction seen in patients with severe SARS-CoV infection
[8–10].

Compounding these effects, the coupling of S protein to its cell-
binding site of ACE2 leads to the downregulation of ACE2, resulting in
excess production of angiotensin (Ang) by angiotensin-converting en-
zyme (ACE). The reduction in ACE2 concentrations in turn decreases
the production of the heptapeptide vasodilator or Ang1–7, which con-
tributes to lung injury, since the stimulation of angiotensin type 1 re-
ceptors (AT1Rs) by Ang II increases the permeability of the pulmonary
vasculature [11,12].

The RAS plays an essential role in maintaining blood pressure
homeostasis, as well as in fluid and electrolyte balance [13–15],

whereas ACE2 functions as a negative regulator of the RAS [3,16,17].
Specifically, ACE cleaves the Ang I decapeptide into the Ang II octa-
peptide [13,14], ACE2 cleaves a single Ang I residue to generate
Ang1–9 [16,17] and a single Ang II residue to produce Ang 1–7 [17],
thereby negatively regulating RAS by inactivating Ang II [16].

Imai et al. [11] demonstrated that Ang II receptor subtypes are re-
sponsible for ACE/ACE2-regulated acute lung injury (ALI) based on
experiments of a mouse model with genetic loss of AT1a receptor
(Rat1a) expression, which showed markedly improved lung function
and reduced oedema formation. Conversely, inactivation of the AT2
receptor (RAT2) was shown to aggravate ALI [15]. Moreover, they at-
tempted to prevent ALI in the ACE2-knockout mice using RAT1- and
RAT2-specific antagonists. Pharmacological inhibition of RAT1 atte-
nuated the severity of acid-induced lung injury, whereas RAT2 inhibi-
tion had no apparent effect on the phenotypes of ALI in ACE2 knockout
mice [11,15]. Collectively, these data show that Ang II–RAT1a inter-
actions play a role in the development and severity of ALI [15]. ACE
contributes to an increase in vascular permeability and a decrease in the
survival of pneumocytes [18]. At the same time, Ang II is considered to
function as a growth factor that regulates cell proliferation/apoptosis
and fibrosis, as well as a mediator that attracts inflammatory cells to
sites of tissue injury [19].

All of the evidence accumulated to date has led to the widely ac-
cepted belief that Ang II is the primary factor responsible for the ex-
acerbation of lung tissue lesions through the activation of RAT1
[20–22]. Similarly, Ang II exerts its fibrotic effects by inducing the
production of transforming growth factor-beta 1 (TGF-β1), thereby
triggering fibroblast proliferation and differentiation in collagen-se-
creting cells [23].

Accordingly, it would be reasonable to consider that dysregulation
of the RAS could partially explain the observations made by a group of
doctors in Italy that patients with COVID-19 pneumonia who meet the
Berlin criteria of ARDS present an atypical form of ARDS. The main
characteristic of these patients was a dissociation between their rela-
tively well-preserved lung mechanics and the severity of hypoxemia.
These doctors suggested that this disconnect may be explained by the
loss of regulation of pulmonary perfusion and hypoxic vasoconstriction
(i.e., vasoplegia) [24].

The obstructive inflammatory thrombus syndrome of the lungs that
occurs in patients with COVID-19 could offer another explanation for
this atypical presentation of ARDS involving inflammation of the en-
dothelial vascular lesions, which may involve dysregulation of the RAS
(i.e., MicroCLOTS) [25]. That is, the high concentration of ACE2 in the
endothelial cells of the arteries, veins, and arterial smooth muscle cells
favour viral replication along with secondary cell damage, conse-
quently releasing alarmins that are generated during cell death, thereby
triggering the host’s innate immune response through various me-
chanisms, including activation of complement via lectin and alveolar
macrophages through TNF-α and other mediators [25].

Complement activation would not only cause direct endothelial
damage but also participates in leukocyte recruitment through C3a and
C5a formation, leading to massive local production of the cytokines IL-
1, IL-6, IL-8, and IFN-γ. Along with this massive host immune response,
lymphocytes, resident macrophages, monocytes, and neutrophils per-
form their inflammatory functions, causing increased endothelial and
alveolar epithelial cell damage and microvascular thrombosis, as re-
flected in elevations of lactic dehydrogenase and Dimer D [25]. This
endothelial damage could be progressive and potentially involve the
microvascular beds of the kidney, brain, and other organs [1].

An attractive alternative to deal with the COVID-19 pandemic,
which may even be able to handle the emergence of new strains due to
acquired mutations of SARS-CoV-2, is to search for agents that could
block the activity of the AT1Rs [26] while simultaneously reducing the
vascular injury mediated by Ang II characterized by inflammation and
oxidative stress. Since nuclear factor-kappa B (NF-kB) is stimulated
after the coupling of RAT1 and Ang II, it would be beneficial to activate
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the expression of various cytokines such as TNF-α, IL-6, IL-8, MCP-1,
and VCAM-1 by generating oxidative stress, altering endothelial nitric
oxide, and inducing the activity of NADPH oxidase that increases the
production of superoxide and peroxynitrite [27–30].

Therefore, increasing ACE2 expression through AT1R blockade [26]
may affect viral replication and the release of useful viral materials.
This would confer protection against the ALI generated by SARS-CoV-2
due to the counterbalance of the excess production of Ang II and its
potentially harmful effects [18,26]. However, a limitation in the use of
available AT1R blockers is the risk or potential of deleterious hemo-
dynamic effects of arterial hypotension [26]. Although there is cur-
rently a lack of detailed information on hypotension rates among hos-
pitalized patients with SARS-CoV-2 during this pandemic [26], Yu and
colleagues [31] reported that half of the patients with SARS-CoV in-
fection developed hypotension during their hospitalization.

In this regard, PTX, as the drug we are considering repositioning for
COVID-19 treatment, has shown ATR blocking effects in experimental
studies, along with clinical evidence in humans showing no secondary
effect on blood pressure [32–34].

Inflammation and the immune response in COVID-19

All available reports and anecdotal information indicate that the
pathological process contributing to severe cases of COVID-19 is largely
related to dysregulation of the immune system owing to a storm of
cytokine production, characterized by increased expression levels of
inflammatory cytokines and chemokines with a concomitant decrease
in naive CD4 + T cells, CD8 + T cells, and regulatory T cells (Tregs)
[35,36]. These findings may be related to previous descriptions of an
association of higher levels of serum inflammatory cytokines with ex-
tensive lung damage in patients with other coronavirus infections in
addition to SARS-CoV-2, including SARS-CoV and MERS-CoV [36]. This
is due to induction of the production of large amounts of chemokines
and cytokines (IL-1, IL-6, IL-8, IL-21, TNF-α, and MCP-1) by CoV-in-
fected cells, followed by the recruitment of lymphocytes [36].

Coronaviruses also infects macrophages, which present the antigens
of the virus to the T cells, thereby generating their activation and dif-
ferentiation into the different subtypes of T lymphocytes. This results in
the massive release of cytokines to amplify the immune response (39).
The continuous production of these mediators due to viral persistence
ultimately harms CD8 + T cells and natural killer cells [36,37].

The CD8 + T cells in SARS-CoV infection play a vital role in the
elimination of infected cells and in generating inflammatory immune
damage, accounting for 80% of the total inflammatory cells in the
pulmonary interstitium in patients infected with SARS-CoV [36,37]. In
experimental models, T-cell-deficient BALB/c mice (transduced with
ad5-hdp4) were compared with controls and B-cell-deficient mice, de-
monstrating that T cells could survive in the infected lungs and destroy
infected cells [37]. Using these same models, the depletion of CD8 + T
cells did not affect viral replication during SARS-CoV infection [38,39],
whereas the depletion of CD4 + T cells was associated with reduced
numbers of lung lymphocytes, decreased production of neutralizing
antibodies and cytokines, and strong immune-mediated interstitial
pneumonitis with delayed clearance of SARS-CoV from the lungs [40].
Moreover, T-helper cells (Th) produce inflammatory cytokines through
the NF-κB signalling pathway [41], and IL-17 cytokines recruit mono-
cytes and neutrophils to the site of infection with inflammation to ac-
tivate other downstream signalling pathways for cytokines and che-
mokines, such as IL-1, IL-6, IL-8, IL-21, TNF-α, and MCP-1 [9,42].

A study of 452 patients with COVID-19 in Wuhan, China demon-
strated an increase in the neutrophil/lymphocyte ratio, with a high
frequency of lymphopenia of T cells and CD4 + T cells [35]. This study
further showed that patients with severe cases of COVID-19 had higher
serum levels of inflammatory cytokines (TNF-α, IL-1, and IL-6) com-
pared to those of individuals of the same age suffering from a milder
form of the disease [35].

Similar to other viral infections, direct virus-induced cytopathic
effects and viral evasion of host immune responses may play an es-
sential role in the disease severity of COVID-19 since subsets of naive
CD4 + T cells were found to be elevated with a smaller percentage of
memory cells and Tregs [36,43]. In particular, CD4 + T cells and
CD8 + T cells play an essential role in attenuating innate immune re-
sponses during viral infection [36]. By contrast, Tregs attenuate the
activation, proliferation, and effector functions of a wide range of im-
mune cells for the maintenance of auto-tolerance and immune home-
ostasis [37–39].

Moreover, a histopathological study of biopsy specimens from pa-
tients that died of COVID-19 in China revealed that the lungs were full
of a gelatinous substance [39] that was suspected to contain hyaluronic
acid (HA) given its reported dysfunction and deregulation in the case of
SARS-CoV infection [40]. The levels of inflammatory cytokines (e.g., IL-
1 and TNF-α) are elevated in patients with COVID-19, and these cyto-
kines are important inducers of HA-synthase 2 (HAS2) in CD31 + en-
dothelial cells, EpCAM + alveolar epithelial cells, and fibroblasts [41].

The Chinese National Health Commission reported that patients
infected with SARS-CoV-2 showed high leukocyte numbers and plasma
levels of the inflammatory markers CRP, globular sedimentation rate,
and D-dimer [42]. Another research group [9] found a correlation be-
tween viral RNA in the blood with the incidence of ground-glass opa-
cities and acute cardiac injury in patients with COVID-19. They further
reported high blood levels of cytokines and chemokines, including IL 1-
β, IL-1RA, IL-7, IL- 8, IL-9, IL-10, basic FGF2, GCSF, GMCSF, IFN-γ,
IP10MCP1, MIP1α, MIP1β, PDGFB, TNF-α, and VEGF. Similarly, pa-
tients admitted to the intensive care unit showed high levels of proin-
flammatory cytokines, including IL-2, IL-7, IL-10, G-CSF, IP-10, MCP-1,
MIP1α, and TNF-α.

In another study [44], the viral load of SARS-CoV-2 in serum
(RNAemia) was positive only in critically ill patients with more severe
lymphopenia and a higher number of neutrophils, and the degree of
RNAemia was positively correlated with both IL-6 levels and the mor-
tality rate. Notably, the authors acknowledged that they did not mea-
sure other cytokines due to the lack of available reagents; however, this
association of RNAemia with disease severity suggests a correlation
with other inflammatory markers [44]. This possibility is particularly
relevant given our suggestion of not limiting immunomodulatory stra-
tegies in the treatment of COVID-19 to the current trend of focusing on
the IL-6R JAK-STAT3 pathway, whose cost-benefit analysis would also
be questionable.

Xu et al. [39] documented the characteristics of a patient in China
who died of severe SARS-CoV-2 infection, indicating substantial re-
duction in CD4 + and CD8 + T-cell counts. They also found that these
cells were overactive, showing high proportions of HLA − DR (CD4
3–47%) and CD38 (CD8 39.4%) double-positive fractions and a high
concentration of pro-inflammatory CD4 + CCR6 + Th17 cells [39].
Furthermore, this patient had high concentrations of cytotoxic granules,
which is another marker of hyperactive CD8 + T cells, 31.6% of which
were perforin-positive, 64.2% were granulysin-positive, and 30.5%
were both perforin- and granulysin-positive. This dysregulation of the
immune system clinically manifests as respiratory failure with extensive
lung damage, which is histopathologically related to the massive in-
filtration of neutrophils and macrophages, diffuse alveolar damage with
the formation of hyaline membranes, and diffuse thickening of the al-
veolar wall [39,42]. In addition to the pathological findings of patients
who died from SARS-CoV-2 infection, splenic atrophy and necrosis of
the lymph nodes have been observed, further suggesting the progres-
sion to shock and multiple organ failure due to tissue damage to the
heart, liver, and kidneys [35,39].

Dysregulation of the immune response in COVID-19 involves an
immunosuppression stage with a subsequent inflammatory state char-
acterized by a substantial reduction in peripheral lymphocyte counts
that is correlated with disease severity [45]. As CD4 + and CD8 + T
cells are the most affected subpopulations in this process, the immune
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response to the virus is consequently compromised, thereby increasing
the risk of bacterial superinfection [46,47]. Although the detailed me-
chanism underlying the pathogenesis of lymphopenia is not fully un-
derstood, one of the pathways involved in lymphopenia induced by
respiratory viral infections is cell death triggered by activation of the
Fas–Fas-ligand interaction, as well as induction of the apoptosis axis
from TNF-α ligands [47–49].

Overall, these compounding effects of SARS-CoV-2 infection on the
immune response and inflammation lead to the conclusion that it is
necessary to search for appropriate immunomodulatory strategies to
dampen inflammatory responses without simultaneously suppressing
the immune response to avoid any deleterious effects. In this regard, in
2003, Bermejo et al. [50] suggested the use of PTX for the treatment of
SARS-CoV infection due to its anti-inflammatory effect by reducing
TNF-α and IFN-γ. This proposal was further based on the ability of PTX
to regulate activation of the transcription factors NF-κB and NFAT and
to inhibit various viruses such as herpes simplex virus, human im-
munodeficiency virus, tick-borne encephalitis virus, and rotavirus in
cell cultures. With this background, in 2006, Barnard et al. [51] tested
the effects of PTX on the replication of SARS-CoV in vitro and in a mouse
model of experimental infection. Although they found no effective in-
hibition of SARS-CoV replication in vitro, PTX showed a weak effect in
inhibiting the replication of the virus in the lungs of mice, albeit
without statistical significance.

Justification of the hypothesis: role of PTX in inflammation, the
RAS, and oxidative stress demonstrating potential for Covid-19
treatment

PTX is a drug with multifactorial action, including PDE inhibition
[52] and increasing cAMP levels, which in turn activate PKA [53],
leading to a reduction in the synthesis of the inflammatory cytokines IL-
1, IL-6, and TNF-α [52–54]. These inhibitory effects on PDEs result in
an overall reduction of inflammation [54,55]. Similarly, PTX modulates
IFN-γ [56–58] and other molecules such as intracellular adhesion mo-
lecule type 1 (ICAM-1), vascular cellular adhesion molecule type 1
(VCAM-1), and CRP [59,60].

Based on these foundations, several models of kidney disease and
clinical studies have shown that PTX is capable of attenuating protei-
nuria through modulating inflammatory cytokines [61–69]. In addition,
clinical trials with diabetic nephropathy patients demonstrated that
PTX enhanced the antiproteinuric effect of angiotensin receptor
blockade [70,71]. The effect of PTX on the RAS appears to be primarily
related to its inhibition of AT1R expression. This speculation was sup-
ported by studies using a rat model of heart failure induced by coronary
artery ligation, in which PTX infusion to the paraventricular hypotha-
lamic nucleus attenuated the increase in AT1R expression [32] and PTX
treatment could prevent the overexpression of AT1R mRNA [33]. In
addition, Azhar and El-Bassossy [72] showed that PTX significantly
decreased AT1R expression in the aortic tissue in a rat model of me-
tabolic syndrome, and counteracted the induced hypertension by re-
ducing the degree of inflammation, based on significantly lower levels
of TNF-α and higher levels of the anti-inflammatory cytokine adipo-
nectin.

Further, PTX shows promise as a useful therapeutic tool for COVID-
19 because the RAS is one of the most critical systems activated during
oxidative stress. Upon binding of Ang II with AT1Rs, the secondary
messengers inositol triphosphate and diacylglycerol are produced, re-
sulting in the production of reactive oxygen and vasoconstriction [73].

A meta-analysis showed that PTX had an anti-inflammatory effect in
adults with a variety of disorders, including coronary artery disease,
type 2 diabetes mellitus, idiopathic or ischemic cardiomyopathy, and
chronic kidney disease. The statistically significant differences were
corroborated by a reduction in plasma concentrations of TNF-α and
CRP and no deleterious effects on blood pressure [34].

From a practical perspective to reposition PTX for COVID-19, Li

et al. [74] proposed using PTX as a treatment strategy for ARDS in 2016
based on its ability to specifically interfere with cAMP signalling [24].
Considering that an increase in both Tregs and Th lymphocytes pro-
ducing interleukin IL-17 (Th17 cells) along with an imbalance of the
Treg/Th17 ratio are among the main immune alterations observed in
ARDS [75–80], targeting cAMP signalling is a reasonable strategy to
induce immune tolerance. In particular, cAMP signalling plays a critical
role give in the proliferation and function of Tregs and effector T cells;
that is, cAMP suppresses the adaptive differentiation of Tregs mediated
by TGF-β1 to reduce the Treg content [81,82]. Using a mouse model of
cephalic ligation and puncture-induced ARDS, Li et al. [74] demon-
strated that PTX pre-treatment attenuated lung injury and reduced the
mortality rate. The authors further observed an increase in the cAMP
levels of the spleens of the PTX-pretreated mice, whereas the number of
Tregs and Th17 cells decreased. More interestingly, overexpression of
STAT3, which is required for Th17 differentiation, restored the Treg/
Th17 ratio, accompanied by a decrease in IL-2, IL-6, IL-10, and IL-17
levels, and significant inhibition of the expression of Foxp3 and RORγt
[74]. Considering that these transcription factors are essential reg-
ulators of the differentiation and function of Tregs/Th17 cells [82,83],
Li and colleagues concluded that PTX-induced increases in cAMP might
have partially restored the Treg/Th17 balance by modulating Foxp3
and RORγt transcription through the STAT3 pathway. Therefore, reg-
ulating the Treg/Th17 balance and the subsequent immune response
through cAMP signalling was proposed as a feasible treatment strategy
for ARDS [74].

Moreover, PTX was shown to inhibit TNF-α production by alveolar
macrophages [84,85]. Because pulmonary sarcoidosis is a chronic in-
flammatory disease, interactions between an antigen-presenting cell
and an unknown antigen are perceived by naive CD4 + lymphocytes
(Th0 cells) and alveolar macrophages, leading to the activation and
proliferation of both cell types and the consequent release of IL-2, TNF-
α, and IFN-γ [86]. In support of these effects, adding PTX to a systemic
steroid regimen allowed for a steroid dose reduction [87]. Park et al.
[88] confirmed this steroid-sparing effect of PTX in a randomized
controlled clinical trial in patients with pulmonary sarcoidosis, in
which PTX improved the pulmonary diffusion of carbon monoxide and
arterial blood oxygen pressure during exercise, especially in patients
who were naive to steroid treatment.

In addition to these anti-inflammatory properties, PTX has also been
reported to suppress tissue fibrosis by blocking TGF-β1 and preventing
the deposition of type I collagen [89,90]. Several in vitro studies have
shown that PTX inhibits fibroblast proliferation and extracellular ma-
trix production [91–93], and a clinical study demonstrated that ad-
ministration of PTX to obese patients decreased the plasma levels of
plasminogen activator inhibitor-1 (PAI-1) [94]. These findings moti-
vated Lee and colleagues [95] to test the effect of PTX administration in
an experimental model of radiation-induced pulmonary fibrosis in rats,
and found a decrease in the expression levels of both fibronectin and
PAI-1. This was considered to be particularly relevant in light of evi-
dence that PAI-1 expression is elevated in fibrotic pathological condi-
tions. Indeed, PAI-1 contributes to a reduction in fibrinolysis rates and a
subsequent decrease in the degradation of components of the extra-
cellular matrix, including fibronectin, leading to tissue fibrosis [96].
Since there are no clinical guidelines for the management of pulmonary
fibrosis, PTX is currently recommended for the prevention and treat-
ment of this condition [97]. Moreover, PTX was shown to prevent the
development of pneumonitis in patients with breast and lung cancers
[98,99].

Taken together, the evidence highlighted herein strongly points to
the benefits of redirecting PTX as an ethical and legal attempt in the
treatment of COVID-19, which can help support patients in critical care
and overwhelmed hospital resources in the face of this pandemic.

V. Maldonado, et al. Medical Hypotheses 144 (2020) 109988

4



Declaration of conflicts of interest

The authors certify that they have no affiliations with or involve-
ment in any organization or entity with any financial interest (such as
honoraria; educational grants; participation in speakers’ bureaus;
membership, employment, consultancies, stock ownership, or other
equity interest; and expert testimony or patent-licensing arrangements),
or non-financial interest (such as personal or professional relationships,
affiliations, knowledge or beliefs) in the subject matter or materials
discussed in this manuscript.

Acknowledgement

We would like to thank Ms. Alejandra Maldonado for guidance and
support.

References

[1] Zhou P, Yang XL, Wang XG, et al. A pneumonia outbreak associated with a new
coronavirus of probable bat origin. Nature 2020;579:270–3. https://doi.org/10.
1038/s41586-020-2012-7.

[2] Zhao Y, Zhao Z, Wang Y, et al. Single-cell RNA expression profiling of ACE2, the
putative receptor of Wuhan COVID-19. bioRxiv 2020; https://doi.org/10.1101/
2020.01.26.919985.

[3] Crackower MA, Sarao R, Oudit GY, et al. Angiotensin-converting enzyme 2 is an
essential regulator of heart function. Nature 2002;417:822–8.

[4] Danilczyk U, Sarao R, Remy C, et al. Essential role for collectrin in renal amino acid
transport. Nature 2006;444:1088–91.

[5] Gu J, Gong E, Zhang B, et al. Multiple organ infection and the pathogenesis of SARS.
J Exp Med 2005;202:415–24.

[6] Ding Y, He L, Zhang Q, et al. Organ distribution of severe acute respiratory syn-
drome (SARS) associated coronavirus (SARS-CoV) in SARS patients: implications for
pathogenesis and virus transmission pathways. J Pathol 2004;203:622–30.

[7] Hamming I, Timens W, Bulthuis MLC, Lely AT, Navis GJ, van Goor H. Tissue dis-
tribution of ACE2 protein, the functional receptor for SARS coronavirus: a first step
in understanding SARS pathogenesis. J Pathol 2004;203:631–63.

[8] Wang D, Hu B, Hu C, et al. Clinical characteristics of 138 hospitalized patients with
2019 novel coronavirus-infected pneumonia in Wuhan, China. JAMA
2020;323:1061–9. https://doi.org/10.1001/jama.2020.1585.

[9] Huang C, Wang Y, Li X, et al. Clinical features of patients infected with 2019 novel
coronavirus in Wuhan, China. Lancet 2020;395:P497–506. https://doi.org/10.
1016/S0140-6736(20)30183-5.

[10] Guan W, Ni Z, Hu Y, et al. Clinical characteristics of coronavirus disease 2019 in
China. N Engl J Med 2020;382:1708–20.

[11] Imai Y, Kuba K, Rao S, et al. Angiotensin-converting enzyme 2 protects from severe
acute lung failure. Nature 2005;436:112–6.

[12] Kuba K, Imai Y, Rao S, et al. A crucial role of angiotensin converting enzyme 2
(ACE2) in SARS coronavirus-induced lung injury. Nat Med 2005;11:875–9.

[13] Skeggs LT, Dorer FE, Levine M, Lentz KE, Kahn JR. The biochemistry of the renin-
angiotensin system. Adv Exp Med Biol 1980;130:1–27.

[14] Corvol P, Williams TA, Soubrier F. Peptidyl dipeptidase A: angiotensin I-converting
enzyme. Methods Enzymol 1995;248:283–305.

[15] Boehm M, Nabel EG. Angiotensin-converting enzyme 2—a new cardiac regulator. N
Engl J Med 2002;347:1795–7.

[16] Donoghue M, Hsieh F, Baronas E, et al. A novel angiotensin-converting enzyme-
related carboxypeptidase (ACE2) converts angiotensin I to angiotensin 1–9. Circ Res
2000;87:E1–9.

[17] Tipnis SR, Hooper NM, Hyde R, Karran E, Christie G, Turner. AJ. A human homolog
of angiotensin-converting enzyme. Cloning and functional expression as a captopril-
insensitive carboxypeptidase. J Biol Chem 2000;275:33238–43.

[18] Nicholls J, Peiris M. Good ACE, bad ACE do battle in lung injury. SARS. Nat Med
2005;11:821–2.

[19] Ruiz-Ortega M, Lorenzo O, Ruperez M, et al. Role of the renin–angiotensin system in
vascular diseases: expanding the field. Hypertension 2001;38:1382–7.

[20] Li X, Molina-Molina M, Abdul-Hafez A, Uhal V, Xaubet A, Uhal BD. Angiotensin
converting enzyme-2 is protective but downregulated in human and experimental
lung fibrosis. Am J Physiol Lung Cell Mol Physiol 2008;295:L178–85.

[21] Uhal BD, Kim JK, Li X, Molina-Molina M. Angiotensin-TGF-b1 crosstalk in human
idiopathic pulmonary fibrosis: autocrine mechanisms in myofibroblasts and mac-
rophages. Curr Pharm Des 2007;13:1247–56.

[22] Weber KT. Fibrosis, a common pathway to organ failure: angiotensin II and tissue
repair. Semin Nephrol 1997;17:467–91.

[23] Wynn TA. Cellular and molecular mechanisms of fibrosis. J Pathol
2008;214:199–210.

[24] Gattinoni L, Coppola S, Cressoni M, Busana M, Chiumello D. COVID-19 does not
lead to a “typical” acute respiratory distress syndrome. Am J Respir Crit Care Med
2020;201:1299–300. https://doi.org/10.1164/rccm.202003-0817LE.

[25] Ciceri F, Beretta L, Scandroglio AM, et al. Microvascular COVID-19 lung vessels
obstructive thromboinflammatory syndrome (MicroCLOTS): an atypical acute re-
spiratory distress syndrome working hypothesis Crit Care Resusc 2020 [published

online ahead of print, 2020 Apr 15].
[26] David Gurwitz Angiotensin receptor blockers as tentative SARS‐CoV‐2 therapeutics

Drug Dev Res 10.1002/ddr.21656 https://onlinelibrary.wiley.com/doi/abs/10.
1002/ddr.21656.

[27] Jin HY, Song B, Oudit GY, et al. ACE2 deficiency enhances angiotensin II-mediated
aortic profilin-1 expression, inflammation and peroxynitrite production. PLoS ONE
2012;7:e38502.

[28] Kranzhofer R, Browatzki M, Schmidt J, Kubler W. Angiotensin II activates the
proinflammatory transcription factor nuclear factor kappa B in human monocytes.
Biochem Biophys Res Commun 1999;257:826–8.

[29] Celec P. Nuclear factor kappa B—molecular biomedicine: the next generation.
Biomed Pharmacother 2004;58:365–71.

[30] Montezano AC, Cat AND, Rios FJ, Touyz RM. Angiotensin II and vascular injury.
Curr Hypertens Rep 2014;16:1–11.

[31] Yu CM, Wong RS, Wu EB, et al. Cardiovascular complications of severe acute re-
spiratory syndrome. Postgrad Med J 2006;82:140–4. https://doi.org/10.1136/
pgmj.2005.037515.

[32] Kang YM, Wang Y, Yang LM, et al. TNF-α in hypothalamic paraventricular nucleus
contributes to sympathoexcitation in heart failure by modulating AT1 receptor and
neurotransmitters. Tohoku J Exp Med 2010;222:251–63.

[33] Guggilam A, Patel KP, Haque M, Ebenezer PJ, Kapusta DR, Francis J. Cytokine
blockade attenuates sympathoexcitation in heart failure: cross-talk between nNOS,
AT-1R and cytokines in the hypothalamic paraventricular nucleus. Eur J Heart Fail
2008;10:625–34.

[34] Brie D, Sahebkar A, Penson PE, et al. Effects of pentoxifylline on inflammatory
markers and blood pressure: a systematic review and meta-analysis of randomized
controlled trials. J Hypertens 2016;34:2318–29. https://doi.org/10.1097/HJH.
0000000000001086.

[35] Qin C, Zhou L, Hu Z, et al. Dysregulation of immune response in patients with
COVID-19 in Wuhan, China. Clin Infect Dis. 2020;ciaa248. doi:10.1093/cid/
ciaa248. [published online ahead of print, 2020 Mar 12].

[36] Channappanavar R, Perlman S. Pathogenic human coronavirus infections: causes
and consequences of cytokine storm and immunopathology. Semin Immunopathol
2017;39:529–39.

[37] Sakaguchi S, Miyara M, Costantino CM, Hafler DA. FOXP3+ regulatory T cells in
the human immune system. Nat Rev Immunol 2010;10:490–500.

[38] Sakaguchi S. Regulatory T cells: key controllers of immunologic self-tolerance. Cell
2000;101:455–8.

[39] Xu Z, Shi L, Wang Y, et al. Pathological findings of COVID-19 associated with acute
respiratory distress syndrome. Lancet Respir Med 2020;8:420–2. https://doi.org/
10.1016/S2213-2600(20)30076-X.

[40] Hallgren R, Samuelsson T, Laurent TC, Modig J. Accumulation of hyaluronan
(hyaluronic acid) in the lung in adult respiratory distress syndrome. Am Rev Respir
Dis 1989;139:682–687. https:// doi.org/10.1164/ajrccm/139.3.682.

[41] Bell TJ, Brand OJ, Morgan DJ, et al. Defective lung function following influenza
virus is due to prolonged, reversible hyaluronan synthesis. Matrix Biol
2018;80:14–28.

[42] Lei J, Li J, Li X, Qi X. CT imaging of the 2019 novel coronavirus (2019-nCoV)
pneumonia. Radiology 2020;295:200236https://doi.org/10.1148/radiol.
2020200236.

[43] Li G, Fan Y, Lai Y, et al. Coronavirus infections and immune responses. J Med Virol
2020;92:424–32. https://doi.org/10.1002/jmv.25685.

[44] Chen X, Zhao B, Qu Y, et al. Detectable serum SARS-CoV-2 viral load (RNAaemia) is
closely correlated with drastically elevated interleukin 6 (IL-6) level in critically ill
COVID-19 patients Clin Infect Dis. 2020;ciaa449. doi:10.1093/cid/ciaa449. [pub-
lished online ahead of print, 2020 Apr 17].

[45] Liu J, Li S, Liu J, et al. Longitudinal characteristics of lymphocyte responses and
cytokine profiles in the peripheral blood of SARS-CoV-2 infected patients.
EBioMedicine 2020;55:102763.

[46] Zhou F, Yu T, Du R, et al. Clinical course and risk factors for mortality of adult
inpatients with COVID-19 in Wuhan, China: a retrospective cohort study. Lancet
2020;395:1054–62.

[47] Li H, Liu L, Zhang D, et al. SARS-CoV-2 and viral sepsis: observations and hy-
potheses. Lancet 2020;395:1517–20.

[48] Peteranderl C, Herold S. The impact of the interferon/TNF-related apoptosis-indu-
cing ligand signaling axis on disease progression in respiratory viral infection and
beyond. Front Immunol 2017;8:313.

[49] Barry M, McFadden G. Apoptosis regulators from DNA viruses. Curr Opin Immunol
1998;10:422–30.

[50] Bermejo Martin JF, Jimenez JL, Muńoz-Fernández A. Pentoxifylline and severe
acute respiratory syndrome (SARS): a drug to be considered. Med Sci Monit
2003;9:SR29–SR34.

[51] Barnard DL, Day CW, Bailey K, et al. Evaluation of immunomodulators, interferons
and known in vitro SARS-coV inhibitors for inhibition of SARS-coV replication in
BALB/c mice. Antivir Chem Chemother 2006;17:275–84. https://doi.org/10.1177/
095632020601700505.

[52] Lugnier C. Cyclic nucleotide phosphodiesterase (PDE) superfamily: a new target for
the development of specific therapeutic agents. Pharmacol Ther 2006;109:366–98.

[53] Cheng J, Grande JP. Cyclic nucleotide phosphodiesterase (PDE) inhibitors: novel
therapeutic agents for progressive renal disease. Exp Biol Med 2007;232:38–51.

[54] Ward A, Clissold S. Pentoxifylline: a review of its pharmacodynamics and phar-
macokinetic properties and its therapeutic efficacy. Drugs 1987;34:50–97.

[55] Touret F, de Lamballerie X. Of chloroquine and COVID-19. Antiviral Res
2020;177:104762.

[56] Cooper A, Mikhail A, Lethbridge MW, Kemeny DM, Macdougall IC. Pentoxifylline
improves hemoglobin levels in patients with erythropoietin-resistant anemia in

V. Maldonado, et al. Medical Hypotheses 144 (2020) 109988

5

https://doi.org/10.1038/s41586-020-2012-7
https://doi.org/10.1038/s41586-020-2012-7
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0015
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0015
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0020
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0020
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0025
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0025
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0030
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0030
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0030
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0035
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0035
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0035
https://doi.org/10.1001/jama.2020.1585
https://doi.org/10.1016/S0140-6736(20)30183-5
https://doi.org/10.1016/S0140-6736(20)30183-5
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0050
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0050
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0055
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0055
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0060
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0060
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0065
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0065
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0070
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0070
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0075
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0075
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0080
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0080
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0080
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0085
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0085
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0085
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0090
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0090
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0095
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0095
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0100
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0100
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0100
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0105
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0105
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0105
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0110
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0110
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0115
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0115
https://doi.org/10.1164/rccm.202003-0817LE
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0135
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0135
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0135
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0140
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0140
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0140
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0145
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0145
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0150
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0150
https://doi.org/10.1136/pgmj.2005.037515
https://doi.org/10.1136/pgmj.2005.037515
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0160
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0160
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0160
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0165
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0165
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0165
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0165
https://doi.org/10.1097/HJH.0000000000001086
https://doi.org/10.1097/HJH.0000000000001086
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0180
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0180
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0180
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0185
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0185
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0190
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0190
https://doi.org/10.1016/S2213-2600(20)30076-X
https://doi.org/10.1016/S2213-2600(20)30076-X
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0205
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0205
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0205
https://doi.org/10.1148/radiol. 2020200236
https://doi.org/10.1148/radiol. 2020200236
https://doi.org/10.1002/jmv.25685
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0225
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0225
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0225
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0230
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0230
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0230
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0235
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0235
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0240
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0240
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0240
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0245
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0245
https://doi.org/10.1177/095632020601700505
https://doi.org/10.1177/095632020601700505
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0260
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0260
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0265
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0265
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0270
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0270
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0275
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0275
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0280
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0280


renal failure. J Am Soc Nephrol 2004;15:1877–82.
[57] Fernandes JL, Dias de Oliveira RT, Mamonib RL, et al. Pentoxifylline reduces pro-

inflammatory and increases anti-inflammatory activity in patients with coronary
artery disease-A randomized placebo controlled study. Atherosclerosis
2008;196:434–42.

[58] Mohammadpour AH, Falsoleiman H, Shamsara J, Abadi GA, Rasooli R, Ramezani
M. Pentoxifylline decreases serum level of adhesion molecules in atherosclerosis
patients. Iran Biomed J 2014;17:23–7.

[59] Dalla Vestra M, Mussap M, Gallina P, et al. Acute-phase markers of inflammation
and glomerular structure in patients with type 2 diabetes. J Am Soc Nephrol
2005;16:S78–82.

[60] McCarthy ET, Sharma R, Sharma M, et al. TNF-alpha increases albumin perme-
ability of isolated rat glomeruli through the generation of superoxide. J Am Soc
Nephrol 1998;9:433–8.

[61] Navarro JF, Milena FJ, Mora C, León C, García J. Renal pro-inflammatory cytokine
gene expression in diabetic nephropathy: effect of angiotensin-converting enzyme
inhibition and pentoxifylline administration. Am J Nephrol 2006;26:562–70.

[62] Voisin L, Breuillé D, Ruot B, et al. Cytokine modulation by PX differently affects
specific acute phase proteins during sepsis in rats. Am J Physiol 1998;275:R1412–9.

[63] Strutz F, Heeg M, Kochsiek T, Siemers G, Zeisberg M, Müller GA. Effects of pen-
toxifylline, pentifylline and gamma interferon on proliferation, differentiation, and
matrix synthesis of human renal fibroblasts. Nephrol Dial Transplant
2000;15:1535–46.

[64] Abdel-Salam OM, Baiuomy AR, El-Shenawy SM, Arbid MS. The anti-inflammatory
effects of the phosphodiesterase inhibitor pentoxifylline in the rat. Pharmacol Res
2003;4:331–40.

[65] Dávila-Esqueda ME, Martínez-Morales F. Pentoxifylline diminishes the oxidative
damage to renal tissue induced by streptozotocin in the rat. Exp Diabesity Res
2004;5:245–51.

[66] Navarro-González JF, Mora-Fernández C. The role of inflammatory cytokines in
diabetic nephropathy. J Am Soc Nephrol 2008;19:433–42.

[67] Donate-Correa J, Martín-Núñez E, Muros de Fuentes M, Mora-Fernández C.
Navarro-González JF. Inflammatory cytokines in diabetic nephropathy. J Diabetes
Res 2015;2015:948417.

[68] Han J, Thompson P, Beutler B. Dexamethasone and pentoxifylline inhibit en-
dotoxin-induced cachectin/tumor necrosis factor synthesis at separate points in the
signaling pathway. J Exp Med 1990;172:391–4.

[69] Navarro JF, Mora C, Muros M, García J. Urinary tumour necrosis factor-alpha ex-
cretion independently correlates with clinical markers of glomerular and tubu-
lointerstitial injury in type 2 diabetic patients. Nephrol Dial Transplant
2006;21:3428–34.

[70] Navarro JF, Mora C, Muros M, García J. Additive antiproteinuric effect of pentox-
ifylline in patients with type 2 diabetes under angiotensin II receptor blockade: a
short-term, randomized, controlled trial. J Am Soc Nephrol 2005;16:2119–26.

[71] Ghorbani A, Omidvar B, Beladi-Mousavi SS, Lak E, Vaziri S. The effect of pentox-
ifylline on reduction of proteinuria among patients with type 2 diabetes under
blockade of angiotensin system: a double blind and randomized clinical trial.
Nefrologia 2012;32:790–6.

[72] Azhar A, El-Bassossy HM. Pentoxifylline alleviates hypertension in metabolic syn-
drome: effect on low-grade inflammation and angiotensin system. J Endocrinol
Invest 2015;38:437–45. https://doi.org/10.1007/s40618-014-0209-z.

[73] Frigolet ME, Torres N, Tovar AR. The renin-angiotensin system in adipose tissue and
its metabolic consequences during obesity. J Nutr Biochem 2013;24:2003–15.

[74] Li Q, Hu X, Sun R, Tu Y, Gong F, Ni Y. Resolution acute respiratory distress syn-
drome through reversing the imbalance of Treg/Th17 by targeting the cAMP sig-
naling pathway. Mol Med Rep 2016;14:343–8. https://doi.org/10.3892/mmr.2016.
5222.

[75] Pierrakos C, Karanikolas M, Scolletta S, Karamouzos V, Velissaris D. Acute re-
spiratory distress syndrome: Pathophysiology and therapeutic options. J Clin Med
Res 2012;4:7–16.

[76] Ji L, Zhan Y, Hua F, et al. The ratio of Treg/Th17 cells correlates with the disease
activity of primary immune thrombocytopenia. PLoS ONE 2012;7:e50909.

[77] Ma L, Xue HB, Guan XH, et al. The imbalance of Th17 cells and CD4(+) CD25(high)
Foxp3(+) Treg cells in patients with atopic dermatitis. J Eur Acad Dermatol

Venereol 2014;28:1079–86.
[78] Adamzik M, Broll J, Steinmann J, et al. An increased alveolar

CD4+CD25+Foxp3+T regulatory cell ratio in acute respiratory distress syndrome
is associated with increased 30-day mortality. Intensive Care Med
2013;39:1743–51.

[79] D’Alessio FR, Tsushima K, Aggarwal NR, et al. CD4+CD25+Foxp3+ Tregs resolve
experimental lung injury in mice and are present in humans with acute lung injury.
J Clin Invest 2009;119:2898–913.

[80] Yu ZX, Ji MS, Yan J, et al. The ratio of Th17/Treg cells as a risk indicator in early
acute respiratory distress syndrome. Crit Care 2015;19:82.

[81] Lee J, Kim TH, Murray F, et al. Cyclic AMP concentrations in dendritic cells induce
and regulate Th2 immunity and allergic asthma. Proc Natl Acad Sci USA
2015;112:1529–34.

[82] Chen Z, Lin F, Gao Y, et al. FOXP3 and RORγt: Transcriptional regulation of Treg
and Th17. Int Immunopharmacol 2011;11:536–42.

[83] Chu S, Zhong X, Zhang J, Lao Q, He Z, Bai J. The expression of Foxp3 and ROR
gamma t in lung tissues from normal smokers and chronic obstructive pulmonary
disease patients. Int Immunopharmacol 2011;11:1780–8.

[84] Marques LJ, Zheng L, Poulakis N, Guzman J, Costabel U. Pentoxifylline inhibits
TNF-alpha production from human alveolar macrophages. Am J Respir Crit Care
Med 1999;159:508–11.

[85] Tong Z, Dai H, Chen B, Abdoh Z, Guzman J, Costabel U. Inhibition of cytokine
release from alveolar macrophages in pulmonary sarcoidosis by pentoxifylline:
comparison with dexamethasone. Chest 2003;124:1526–32.

[86] Crommelin HA, Vorselaars AD, van Moorsel CH, Korenromp IH, Deneer VH,
Grutters JC. Anti-TNF therapeutics for the treatment of sarcoidosis. Immunotherapy
2014;6:1127–43. https://doi.org/10.2217/imt.14.65.

[87] Zabel P, Entzian P, Dalhoff K, Schlaak M. Pentoxifylline in treatment of sarcoidosis.
Am J Respir Crit Care Med 1997;155:1665–9.

[88] Park MK, Fontana J, Babaali H, et al. Steroid-sparing effects of pentoxifylline in
pulmonary sarcoidosis. Sarcoidosis Vasc Diffuse Lung Dis 2009;26:121–31.

[89] Valente EG, Vernet D, Ferrini MG, et al. L-arginine and phosphodiesterase (PDE)
inhibitors counteract fibrosis in the Peyronie's fibrotic plaque and related fibroblast
cultures. Nitric Oxide 2003;9:229–44.

[90] Raetsch C, Jia JD, Boigk G, et al. Pentoxifylline downregulates profibrogenic cy-
tokines and procollagen I expression in rat secondary biliary fibrosis. Gut
2002;50:241–7.

[91] Lin SL, Chen RH, Chen YM, et al. Pentoxifylline attenuates tubulointerstitial fibrosis
by blocking Smad3/4-activated transcription and profibrogenic effects of con-
nective tissue growth factor. J Am Soc Nephrol 2005;16:2702–13.

[92] Berman B, Duncan MR. Pentoxifylline inhibits normal human dermal fibroblast in
vitro proliferation, collagen, glycosaminoglycan, and fibronectin production, and
increases collagenase activity. J Invest Dermatol 1989;92:605–10.

[93] Duncan MR, Hasan A, Berman B. Pentoxifylline, pentifylline, and interferons de-
crease type I and III procollagen mRNA levels in dermal fibroblasts: evidence for
mediation by nuclear factor 1 down-regulation. J Invest Dermatol 1995;104:282–6.

[94] Muldowney III JAS, Chen Q, Blakemore DL, Vaughan DE. Pentoxifylline lowers
plasminogen activator inhibitor 1 levels in obese individuals: a pilot study.
Angiology 2012;63:429–34.

[95] Lee JG, Shim S, Kim MJ, et al. Pentoxifylline regulates plasminogen activator in-
hibitor-1 expression and protein kinase A phosphorylation in radiation-induced
lung fibrosis. Biomed Res Int 2017;2017:1279280. https://doi.org/10.1155/2017/
1279280.

[96] Loskutoff DJ, Quigley JP. PAI-1, fibrosis, and the elusive provisional fibrin matrix. J
Clin Invest 2000;106:1441–3.

[97] Hanania AN, Mainwaring W, Ghebre YT, Hanania NA, Ludwig M. Radiation-in-
duced lung injury: assessment and management. Chest 2019;156:150–62. https://
doi.org/10.1016/j.chest.2019.03.033.

[98] Ozturk B, Egehan I, Atavci S, Kitapci M. Pentoxifylline in prevention of radiation-
induced lung toxicity in patients with breast and lung cancer: a double-blind ran-
domized trial. Int J Radiat Oncol Biol Phys 2004;58:213–9.

[99] Delanian S, Porcher R, Balla-Mekias S, Lefaix JL. Randomized, placebo-controlled
trial of combined pentoxifylline and tocopherol for regression of superficial radia-
tion-induced fibrosis. J Clin Oncol 2003;21:2545–50.

V. Maldonado, et al. Medical Hypotheses 144 (2020) 109988

6

http://refhub.elsevier.com/S0306-9877(20)31032-X/h0280
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0285
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0285
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0285
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0285
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0290
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0290
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0290
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0295
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0295
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0295
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0300
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0300
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0300
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0305
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0305
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0305
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0310
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0310
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0315
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0315
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0315
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0315
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0320
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0320
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0320
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0325
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0325
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0325
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0330
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0330
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0335
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0335
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0335
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0340
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0340
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0340
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0345
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0345
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0345
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0345
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0350
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0350
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0350
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0355
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0355
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0355
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0355
https://doi.org/10.1007/s40618-014-0209-z
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0365
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0365
https://doi.org/10.3892/mmr.2016.5222
https://doi.org/10.3892/mmr.2016.5222
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0375
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0375
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0375
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0380
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0380
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0385
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0385
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0385
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0390
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0390
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0390
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0390
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0395
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0395
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0395
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0400
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0400
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0405
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0405
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0405
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0410
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0410
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0415
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0415
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0415
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0420
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0420
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0420
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0425
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0425
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0425
https://doi.org/10.2217/imt.14.65
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0435
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0435
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0440
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0440
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0445
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0445
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0445
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0450
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0450
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0450
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0455
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0455
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0455
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0460
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0460
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0460
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0465
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0465
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0465
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0470
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0470
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0470
https://doi.org/10.1155/2017/1279280
https://doi.org/10.1155/2017/1279280
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0480
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0480
https://doi.org/10.1016/j.chest.2019.03.033
https://doi.org/10.1016/j.chest.2019.03.033
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0490
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0490
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0490
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0495
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0495
http://refhub.elsevier.com/S0306-9877(20)31032-X/h0495

