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Abstract

Coronavirus disease 2019 (COVID-19) pandemic is still a world-class challenge. Inflammation, especially its severe form
with excess release of pro-inflammatory cytokines (cytokine storm) which is a life-threatening condition, is among the
most important suspects involved in COVID-19 pathogenesis. It has been shown that cytokine storm could cause notable
morbidities such as acute respiratory distress syndrome (ARDS) which leads to hypoxia which is significantly associated
with mortality of patients with COVID-19. Hypoxia-inducible factor 1o (HIF-1a) which activates following ARDS-induced
hypoxia plays a crucial role in pathogenesis of cytokine storm. The expression of tumor necrosis factor a (TNF-a), interleukin
1 B (IL-1p), and IL-6 which are key elements of cytokine storm are by nuclear factor ¥k (NFxB). Interestingly, during the
hypoxia, HIF-1a activates NF«kB to induce expression of pro-angiogenic and pro-inflammatory factors. These released factors
starts a autocrine/paracrine loop and causes deterioration of their etiological pathways of expression: cytokine storm and
ARDS. To sum up, it seems HIF-1a is an important target to hit to ameliorate the mentioned pathways. Herein, we suggest
perfluorocarbons (PFCs) which are among the organofluorine compounds as a possible co-treatment to reduce hypoxemia and
then hypoxia. These substances are known for their high gas solving potential that make them able to be used as a synthetic
artificial blood product. Due to the potential of PFCs to affect the fountain of important physiopathological pathway such as
inflammation a hypoxia through affecting NFxB, they could be considered as multi-target co-treatment for ARD individuals
with COVID-19. It is highly suggested to evaluate this hypothesis in following researches.
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Introduction

After more than a year from late 2019, coronavirus disease
2019 (COVID-19) which started a pandemic in Wuhan,
Hubei, China is a global health emergency [1] Other than
Responsible Editor: John Di Battista. the main and first virus variant identified from China, so
far, different variants of SARS-CoV-2 such as the UK one
has been identified which has caused a surge in UK [2].
Since further variants may be more invasive than common
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nia [3] In cases with more disease severity, pneumonia will
turn to acute respiratory distress syndrome (ARDS) which
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are common which of their causes/consequences could be
hypoxia and/or hypoxemia [8, 9]. It is worth mentioning
that acute inflammation of the lung, as the main affected
organ and the consequent hypoxia that occurred following
the inflammation, causes threatening conditions for patients
[10—-12]. Therefore, getting aid from treatments such as
anti-inflammatory agents to reduce the inflammation in a
patient with severe COVID-19 seems to be beneficial [3].
Unfortunately, despite the availability of a large number of
anti-inflammatory drugs, we cannot merely rely on them to
fully control the inflammatory response in the majority of
COVID-19 patients. That is why we need to increase our
knowledge about the causes of inflammation in COVID-
19 and find more effective ways in order to manage the
condition.

Hypothesis

COVID-19 has been known to be associated with inflam-
mation and inflammatory reactions which in the lungs could
cause hypoxia, and hypoxia could exacerbate the inflamma-
tion. Herein, we hypothesize using perfluorocarbon (PFC)
along with other anti-inflammatory treatments to restrict the
inflammation and prevent organ dysfunction/failure.

Evaluation of hypothesis

Although the inflammatory response has an essential role in
protecting cells and tissues against infection, in some cases
with COVID-19 over-reaction of the immune system to the
inflammation which has been known as cytokine storm could
be a destructive response [3, 13, 14] [7, 8]. Studies have
shown that in addition to direct viral infection, uncontrolled
inflammation and cytokine storm contribute to disease sever-
ity during infection. Inflammation is provided with a pro-
found cytokine response in the body and increased levels
of inflammatory mediators. Pro-inflammatory cytokines are
produced by innate and acquired immune cell involvement
after viral infection to remove viruses in the host [15]. As
mentioned, in the SARS-CoV-2 infection, severe inflamma-
tory response to the disease especially in the lung tissues
might lead to a critical condition for patients [11]. Thus,
decreasing the level of inflammatory cytokines produced by
inflammatory cells (especially macrophages and neutrophils)
in the lung is vital for reducing the injury, and therefore,
increase the possibility of patient’s survival rate.
According to previous studies, in the inflamed tissue/
organ, the site usually becomes notably hypoxic [10, 12].
Other than inflammation-induced hypoxia, the inflamma-
tory response through severe pneumonia following SARS-
CoV-2 infection which could characterize ARDS, might lead
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to alveolar edema, decreased lung capacity, and eventually,
hypoxemia which induces other organs hypoxia [15, 16].
Just as inflammation causes hypoxia in damaged lung tissues
due to inflammatory response, hypoxia provides a situation
to produce more inflammatory cytokines by immune cells
at the same site [15]. This could be correlated with hypoxia-
inducible factor la (HIF-1a) expression, a critical factor
that is activated in hypoxic conditions. HIF-1 is a conserved
heterodimer transcription factor that is regulated through the
availability and concentration of oxygen [17, 18]. Thus, the
expression of HIF-1a at the site of inflammation regulated
as a response to inflammation-hypoxia.

Macrophages and neutrophils as important phagocytic
cells which exist in the tissues play a crucial role in the
innate immune response against different pathogens such as
viruses [9]. Under normal concentration and saturation of
oxygen, they express low levels of HIF-1a, but on the other
hand, when oxygen demand and/or supply in interrupted
HIF-1a expression starts to increase [15]. The transcrip-
tional activity of HIF-1a includes increasing cell survival
of as well as stimulating the expression of angiogenic fac-
tors such as VEGF as well as pro-inflammatory cytokines
(e.g., interleukin 1 f or IL-1f, IL-6, IL-12, and tumor necro-
sis factor-ar) at the site of infection-induced inflammation
[19-23]. This increase in the levels of pro-inflammatory
cytokines as well as previous levels could lead to deteriora-
tion and/or the initiation of cytokine storm which is a serious
risk factor for disease severity (Fig. 1a) [3]. Taken together,
the processes mentioned above can lead to ARDS and the
patient’s death following COVID-19 infection. Moreover,
the increased pro-angiogenic factors could induce patho-
logic angiogenesis which has been seen in the autopsies of
patients with COVID-19. Ackerman et al. have found that
intussusceptive angiogenesis is a pathologic finding in the
COVID-19 patients with ARDS [24, 25].

In view of the foregoing, increased inflammation in the
lungs of a severe COVID-19 patient, leading to the hypoxia
and its mentioned consequences, brings us this hypothesis
that oxygen delivering to inflamed tissues could decrease
cytokine storm intensity, and therefore, morbidities (ARDS
and organ failure) and mortality. In this regard, perfluoro-
carbon (PFC) molecules as carriers of remarkable mass of
respiratory gases seem to be a great candidate. This is a mol-
ecule containing wholly of fluorine and carbon. PFCs have
specific features including high gas solubility, low surface
tension, fast release, average volatility, high volume qual-
ity, good histocompatibility, and the absence of absorption
and metabolism in vivo [26]. These features make them to
be utilized as oxygen carriers for various purposes such as
improving oxygen transport and oxygen delivery to tissues to
organ protection [27]. More interestingly, it has been shown
that PFCs also is able to reduce HIF-1a expression [28].
Accordingly, PFC utilization is efficient in HIF-1a instability
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Fig. 1 Destabilizing of HIF-1a through PFC administration. a During
of infection with coronavirus, the high expression of angiogenic fac-
tors such as VEGF as well as pro-inflammatory cytokines (e.g., inter-
leukin 1 B or IL-1p, IL-6, IL-12, and tumor necrosis factor-a) induce
the inflammation as a result of the transcriptional activity of HIF-1a.
The increasing levels of pro-inflammatory cytokines as well as previ-

which can reduce the inflammation cascade. Hence, PFCs’
features might help the body to tackle the hypoxic condition
which results in the formation of cytokine storms through
HIF-1a activity (Fig. 1b). It has been noted that the partial
liquid ventilation for ARDS in adults seems not to be useful
by a systematic review which only evaluated two eligible
studies [29]. On the other hand, it has been suggested that
ARDS in the COVID-19 is not similar as ARDS defined in
the Berlin criteria which seems to be due to “loss of lung
perfusion regulation and hypoxic vasoconstriction” [30].

Conclusion

Due to the severe inflammatory response against SARS-
CoV-2, hypoxia will occur at the site of infection-induced
inflammation and angiogenesis. Considering HIF-1a expres-
sion in hypoxic conditions and consequently, pro-inflamma-
tory cytokines and pro-angiogenic factor upregulation, chal-
lenging events including cytokine storm and then ARDS will
occur/deteriorate. Therefore, oxygen delivery through PFC
to these tissues seems to be efficient, as it might be capable
of dissipating HIF-1a expression and further cytokine pro-
duction. The authors strongly encourage further animal and
human studies on this hypothesis.
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ous levels lead to the initiation of cytokine storm which is a serious
risk factor for disease severity. b PFC might help the body to tackle
the hypoxic condition which results in the formation of cytokine
storms through HIF-1a activity. PFC utilization is efficient in HIF-1o
instability and reduces HIF-la expression, which causes reduce the
inflammation cascade
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