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Potential reversal of pulmonary vasoplegia by inhaled
ibuprofenate in COVID-19 pneumonia

Dear Editor,

As recently published, the reversal of SARS-CoV2-
induced hypoxia has been demonstrated with the admin-
istration of the non-steroidal anti-inflammatory drug
inhaled sodium ibuprofenate in hypertonic saline formu-
lation (NaIHS) immersed within a compassionate use
program of patients with moderate and severe Coron-
avirus disease 2019 (COVID-19) pneumonia in Argentina.!
Nonetheless, the underlying mechanisms of such effect
remain unknown.! Therefore, we hereby attempt to postu-
late the potential mechanisms upon which NalIHS exerts
the aforementioned beneficial effects, possibly related to
indirect inhibition of nitric oxide (NO) hyperproduction
and to COVID-19 pneumonia type L.? This vasoplegic form
of presentation was termed type L and may present from its
onset in up to 70%-80% of cases.” In the above-mentioned
compassionate use program, from a total of 383 patients
(15% mechanically ventilated), both ventilated and non-
ventilated groups experienced a rapid reversal of hypox-
emia with normalization of respiratory rate, a decrease in
hospitalization stay and a significant reduction in mortal-
ity in heterogeneous populations.! These emerging data
might suggest a pharmacological interaction associated
with the short elimination half-life of gaseous NO, which
is 1-5 s, and its harmful effect is concentration-dependent
in micromolar range. It is noteworthy that patients with
pneumonia type L might benefit from such treatment and
be non-respondent to inhaled NO (iNO).? Furthermore,
patients with acute respiratory distress syndrome might
improve with iNO? or inhaled prostacycline in the pres-
ence of pulmonary hypertension, although further studies
are required.

NO hyperproduction, the main vasoplegic mediator in
experimental sepsis, will be described as one of its most
likely determinant factors implicated in pneumonia type
L, through the probable overexpression and dysregula-
tion of NO-generating enzymes like inducible NO syn-
thase (iNOS) and indoleamine-2,3-dioxygenase-1 (IDO).

NalHS may inhibit NO hyperproduction mainly due to
its anti-inflammatory and immunomodulatory effects. It
may avoid the hyperproduction of NO by indirectly inhibit-
ing iNOS and IDO through different mechanisms, such
as negatively modulating the inflammatory signalling
pathways cyclooxygenase-2 (COX2), nuclear factor kappa
light chain enhancer of activated B cells (NF-kB), signal
transducer and activator of transcription 3 (STAT3), toll-
like receptor 4 (TLR4), kynurenine, phosphoinositide 3-
kinase/protein kinase B/mammalian target of rapamycin
(PI3K/AKT/mTOR) and the pro-inflammatory cytokines
Interleukin-1 beta/-one beta. (IL-13), tumour necrosis fac-
tor alpha (TNF-«), Interleukin-6/-six (IL-6), transforming
growth factor-beta 1 (TGF-£1) and other important effects
that will be further developed. Thus, NalHS may lead to
down-regulation of NO hyperproduction at monocyte and
endothelial level.

We will hereby briefly describe the main pathologi-
cal mechanisms related to NO hyperproduction and the
potential therapeutic beneficial effects of NaIHS (Figures 1
and 2 and Table 1).

The generalized vascular hyperinflammatory status may
lead to endothelial overexpression of IDO and STAT3 and
may activate the IDO and the IDO-kynurenine pathway.’
Under anaerobic conditions, the IDO-kynurenine pathway
may produce the degradation of L-tryptophan amino acid,
leading to the production of its catabolite, kynurenine, pro-
moting up-regulation of NO.? The activation of IDO may be
due to positive modulation of the COX2,* NF-kB,*> STAT3,?
TLR4* and the cytokines IL-18,* TNF-a* and IL-6.°> NaIHS
may produce the indirect inhibition of IDO* through nega-
tive modulation of the COX2,” NF-kB,” STAT3,” TLR4° and
the cytokines IL-18,° TNF-a° and IL-6.° Likewise, by nega-
tively modulating the IDO-kynurenine pathway.

Renin-angiotensin system (RAS) dysregulation is a key
factor in the production of endothelitis and generalized
endothelial dysfunction. It may produce angiotensin
converting enzyme 2 (ACE2) down-regulation and
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FIGURE 2
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angiotensin 2 (ang II) up-regulation.’® ACE2 down-
regulation may promote the increase of iNOS expression
with up-regulation of NO via L-arginine as its substrate,
the decrease of endothelial NO synthase expression, the
increase of reactivity of vascular smooth muscle to NO

Restoration of hypoxic pulmonary vasoconstriction

Reversal of pulmonary vasoplegia

Correction of the ventilation/perfusion mismatch and
the vasoplegic pulmonary shunting

Rapid reversal of hypoxemia

Potential anti-inflammatory and immunomodulatory effects of inhaled Ibuprofen in hydrosoluble formulation in COVID-19

and the increase of the cytokines IL-6 and TNF-a.° Ang
IT up-regulation may produce NF-kB activation through
angiotensin receptor type 1, promoting iNOS and COX2
induction and expression, the increase of cytokines
IL-18, TNF-a, IL-6 and others.” NalHS may restore RAS
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TABLE 1

Potential therapeutic effects of inhaled ibuprofenate leading to down-regulation of nitric oxide (NO) hyperproduction through

the indirect inhibition of inducible NO synthase (iNOS) and indoleamine-2,3-dioxygenase-1 (IDO)

Therapeutic targets

RAS dysregulation and iNOS*

Positive feed-back loop between
inflammatory signalling pathways
and pro-inflammatory cytokines and
iNOS®

Warburg effect and iNOS®

Blockade of calcium entry into vascular
smooth muscle cells and iNOS!

IDO¢ Inhibition of COX-dependent effect

Mechanisms of action
Inhibition of COX-dependent effect
Inhibition of COX-dependent effect

Inhibition of COX-dependent effect
Inhibition of COX-dependent effect

Mechanisms of action
Inhibition of NF-kB, COX2 and TGF 1
Inhibition of NF-kB, STAT3 and IL-6

Inhibition of PI3K/AKT/mTOR

Inhibition of NF-kB, COX2, TNF-a,
IL-18 and IL-6

Inhibition of STAT3, COX 2, NF-kB,
TLR4, IL1-8 TNF-a and IL-6

Abbreviations: COX2, cyclooxygenase-2; mTOR, mammalian target of rapamycin; NF-kB, nuclear factor kappa light chain enhancer of activated B cells; RAS,
renin-angiotensin system; STAT3, signal transducer and activator of transcription 3; TGF-£1, transforming growth factor-beta 1; TLR4, toll-like receptor 4.

aRestoration of RAS dysregulation® by inhibition of NF-kB,” COX2° and TGF-f1°

b Avoidance of the positive feed-back loop between STAT3,” NF-kB® and mainly IL-6

“Inhibition of the Warburg effect via COX-dependent effect PI3K/AKT/mTOR’

dRestoration of vasopressor effect by inhibition of NF-kB,” COX2,” TNF-a,’ IL-18° and IL-6° and
°Indirect inhibition of IDO* by negative modulation of STAT3,” COX2,” NF-kB,” TLR4,” IL-18,> TNF-&° and IL-6.°

dysregulation,® possibly by direct inhibition of NF-kB,’
COX2° and TGF-B1,° and thus, it may indirectly inhibit
iNOS induction.

The massive cytokine release by monocytes may be
amplified by a positive feed-back loop among STAT3, NF-
kB and mainly the cytokine IL-6, also thereby amplifying
the immune-inflammatory response and also possibly
inducing iNOS.” NaIHS may avoid the positive feed-back
loop between STAT3,” NF-kB> and mainly the cytokine 6.
In this way, NaIHS may indirectly inhibit iNOS induction.

The Warburg effect in COVID-19 sepsis is activated
in the presence of hypoxemia and thus, generates mito-
chondrial dysfunction and promotes the switch to oxida-
tive metabolism, blocking the Krebs cycle, intended to
obtain energy, and opting the inflamed cells for an alter-
native pathway to obtain quicker energy: altered aero-
bic glycolysis with lactate production, fatty-acid synthe-
sis and glutaminolysis.® Moreover, the Warburg effect
may possibly be activated, by positive modulation, by
M1 macrophages through the PI3K/AKT/mTOR pathway,
inducing iNOS.® NaIHS may inhibit the Warburg effect,
negatively modulating the PI3K/AKT/mTOR pathway,’
and thus, it may indirectly inhibit iNOS induction.

Possible inhibition of the vasopressor response by avoid-
ing the coupling necessary for calcium entry into vas-
cular smooth muscle cells, mainly by iNOS induction
through NF-kB, COX2 and cytokines TNF-a, IL-15, IL-6
and others.' NaIHS may restore the vasopressor effect
through the reversal of the blockade of calcium entry
into vascular smooth muscle cells. By negative modu-
lation of NF-kB> and COX2° and the cytokines TNF-
a,° IL-18° and IL-6,° it may indirectly inhibit iNOS
induction.

We have herein postulated the potential mechanisms
upon which NaIHS might promote reversal of hypoxemia
in COVID-19 pneumonia type L that seem to be mainly
related to indirect inhibition of NO hyperproduction. In
this sense, NaIHS might promote restoration of hypoxic
vasoconstriction, reversal of vasoplegia, correction of the
decreased ventilation/perfusion mismatch and the vaso-
plegic shunting and therefore, the reversal of hypoxemia.
On the basis of the above mentioned effects and of future
randomized clinical trials, NaIlHS might emerge as a
potential adjuvant for COVID-19 pneumonia.
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