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The current coronavirus disease 2019 (COVID-19) pandemic
has become an unprecedented challenge for the healthcare
system worldwide, with an overwhelming number of patients
requiring clinical attention and an unacceptably high mortality
rate within critical care facilities. COVID-19 is caused by a
novel enveloped virus containing a single positive RNA
strand, designated severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), first identified in China. The virus
shows a high rate of infection, spreading very rapidly among
the population that, in this era of swift international connections, has resulted in a global pandemic. The lack of drug
treatments and vaccines for this condition has resulted in a
mitigation approach to avoid community transmission,
consisting of a general lockdown of the populations producing
a tremendous burden for the global economy.
The first SARS virus, SARS-CoV, also appeared in China
and spread to at least 29 countries during 2002–2003. The
most frequent cause of death from this virus was respiratory
insufficiency with subsequent respiratory failure. What little
we know about SARS-CoV-2 is based mainly on SARS-CoV
and a small number of other animal coronaviruses. These viruses cause damage to tissues and organs of the infected host
by direct infection of target cells or indirectly by prolonged
activation of host defense responses. The virus has been
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detected in the lungs and immune cells of patients who have
succumbed to the infection, consistent with direct injury to the
pulmonary tissue and activation of the immune response.
Activation of the innate immune system stimulates the production of chemokines and cytokines as part of the inflammatory defense response. As a result, neutrophils and macrophages, among other immune system cells, are drawn to infected tissues. Macrophage activation is accompanied by the
release of more chemokines creating a two-edged sword capable of both killing virus-infected cells and damaging normal
host tissues (reviewed in Perlman and Dandekar 2005). If
these activated leukocytes remained at the site of lung infection, the lethality of SARS-CoV-2 virus likely would be lower, but unfortunately, both the chemokine/cytokine “storm”
and infected/activated leukocytes released into the circulation
by damaged lung tissue affect several organs, of which the
brain, kidneys, and heart are particularly susceptible (Huang
et al. 2005). Leukocyte extravasation has drug targets that
should be explored for COVID-19 patients. As we will discuss in more detail, proteins of the infecting coronavirus interfere with these host responses, possibly causing imbalances
that result in immunopathogenesis.
The uncertainty about the biology and pathology of a new
virus has limited our ability to make predictions about possible treatments and has interfered with the ability of epidemiologists to formulate credible models for the pandemic spread.
In contrast, the rapid sequencing of the viral genome has been
key in the prompt development of a diagnostic test to detect
the presence of the virus. In spite of this information, the
prospect of producing an efficient vaccine is still months if
not years away. Therefore, immediate solutions are necessary
to reduce the burden of this disease. In this regard, an understanding of the basic pathophysiology underlying COVID-19
is critical. Emergency room and critical care doctors and
nurses along with hospital staff and EMTs have done heroic
work caring for patients and providing essential information
on the nature of this chameleon-like illness. Dr. Richard
Levitan, an emergency physician at Bellevue Hospital in
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New York City, made some striking patient observations regarding blood O2 levels that he shared in a New York Times
opinion piece (20 April 2020). He noted that the initial stage
of COVID-19 pneumonia is only now being understood as
“silent hypoxia,” alluding to its “insidious, hard-to-detect nature” as he described it. Oxygen saturation levels fell from the
normal range 94–100% to as low as 50%, but patients did not
experience shortness of breath until the depleted levels
reached critical values because CO2 continued to be released.
By the time CO2 does start to accumulate, triggering a feeling
of breathlessness, many COVID-19 patients progress quickly
into respiratory failure.
Although the initial insult is the infection by SARS-CoV-2,
morbidity and mortality from this condition are due to the
incidence of acute respiratory distress syndrome (ARDS),
which is defined as a condition of extremely low arterial oxygen concentration or hypoxia with a ratio of partial pressure
arterial oxygen and fraction of inspired oxygen (PaO2/FiO2
ratio) less than 300 and bilateral pulmonary thickness (ARDS
Definition Task Force et al. 2012). The development of ARDS
is likely the product of inflammation mounted by the patient’s
own response to the infection. When a localized infection is
produced, the body activates the innate immune response in
which immune cells, particularly neutrophils and monocytes,
infiltrate the tissue to combat the foreign particles. These cells
release a battery of toxic agents to kill the pathogen. However,
these antipathogenic agents also harm the surrounding tissue,
creating a focus of necrosis that results in the release of cellular debris that activates a secondary inflammatory response.
The evolutionary compromise has been that some tissue damage is acceptable if the source of infection is eradicated.
However, if the inflammatory process is not contained or controlled, it could spread systemically affecting other organs, the
function of which may be compromised, resulting in metabolic distress and subsequent organ collapse, known as multiple
organ failure (MOF) or multiple organ dysfunction syndrome
(MODS) (Fry et al. 1980; Marshall et al. 1995). Thus, the
clinical observations that secondary organs are affected during
COVID-19 may not be a direct effect of the viral attack to
these tissues, but organ deterioration due to an uncontrolled
inflammatory response that ends in shock, MOF, and death.
From the perspective of the cell stress and chaperone field,
we are interested in the abilities of SARS-CoV-2 to modulate
inducible cellular stress responses, including the innate immune
pathways and the inflammatory response pathways. These abilities are likely to be important for the COVID-19 links to
ARDS. Weiss and coworkers have reported that MERS-CoV,
another coronavirus that causes severe respiratory disease in
humans, produces at least two accessory proteins NS4a and
NS4b that dramatically suppress the activation of antiviral innate immune pathways (Comar et al. 2019). Research into the
classical heat shock response has revealed a composite of pathways, including the unfolded protein response (UPR), the
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proteotoxic stress response (PSR), and the metabolic stress response (MSR). SARS-CoV is known to modulate the UPR,
possibly due to the accumulation of the spike glycoprotein in
the endoplasmic reticulum of infected human cultured cells
(Chan et al. 2006). Proteins originally named GRP78 and
GRP94, now as HSPA5 and HSPC4, respectively, are induced
as part of the UPR, capable of triggering apoptosis. The
mRNAs encoding these stress response proteins escape the
translational block on most cellular protein synthesis imposed
by infected cells, so they are available to trigger additional
damage by apoptosis or necrosis at the site of coronaviral infection. In one of the few papers that report about properties of
SARS-CoV-2 proteins, Gordon and coworkers (Gordon et al.
2020) identified the human proteins from cells transfected with
genes encoding SARS-CoV-2 polypeptides physically associated with 26 of the 29 viral proteins expressed in cells using
affinity purification-mass spectrometry. They found 332 highconfidence protein-protein interactions. Of particular interest
here is that Nsp7 and Nsp4 bound to DNAJC19 and
DNAJC11, respectively, co-chaperones located within mitochondria. DNAJC19 is associated with cardiomyopathy
(Richter-Dennerlein et al. 2014), and DNAJC11 has been
linked to a neuromuscular pathology in mice (Ioakeimidis
et al. 2014). Two additional viral proteins, M and Nsp5, have
links to mitochondrial matrix function.
The incidence of ARDS and MOD/MODS is not unique to
respiratory viral infections. It can be triggered by a variety of
insults, including other infections (e.g., bacterial, fungal) or even
in the absence of a pathogenic agent during trauma or injury
(Vincent 2017). Indeed, ARDS is a common feature in the development of sepsis and septic shock that has been defined as a lifethreatening organ dysfunction condition caused by a dysregulated
host response to infection (Singer et al. 2016; Coopersmith and
Deutschman 2017), resulting in the inability to restore homeostasis
(Deutschman and Tracey 2014). Therefore, it may be possible to
learn something about the etiology of COVID-19 based on our
current understanding of the response to sepsis and injury. For
example, the great variability of patients’ responses to the
SARS-CoV-2 infection, from asymptomatic individuals to mild
and severe cases, could be explained by the multifactorial response
to injury. Thus, the disparate outcomes of infection have been
postulated to be the combination of multiple factors, including
the nature and extent of infection or injury, the genetic background
of the subject, sex, and age. Non-genetic factors also play a role,
such as the environment and the physical condition of the patient.
These factors can be modulated further by underlying conditions
such as obesity, alcohol drinking, smoking, and any other
preexisting conditions, like diabetes, cardiovascular disease, and
high blood pressure (De Maio et al. 2005).
The absence of drug treatments to limit lethality and vaccines to curve down COVID-19 infections have left clinicians
with the single option of using supportive therapy as the only
intervention, such as the delivery of oxygen and fluids, and
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mechanical ventilation as the last resource. Experimental animal studies about the response to sepsis have suggested that
early interventions are critical to ameliorate the condition,
such as source control of the infection or injury (Cauvi et al.
2012; Cauvi et al. 2019), the use of antibiotics (Puskarich et al.
2009), or a reduction in the inflammatory response (Halbach
et al. 2019). Indeed, the Surviving Sepsis Campaign calls for
early administration of supportive therapy (e.g., antibiotics
and fluids) to ameliorate the disease (http://www.
survivingsepsis.org). If we extrapolate these observations to
the COVID-19 situation, an early intervention before the need
for mechanical ventilation could be of extraordinary utility for
saving lives. In this regard, hyperbaric oxygen therapy
(HBOT) that consists of exposure to 100% oxygen under increased atmospheric pressure up to 2.4 atm could be a great
resource to improve the outcome from the infection when it is
administered at early stages as soon as a reduction of arterial
oxygen concentration is detected. Indeed, experimental animal studies have shown that an initial HBOT improved dramatically the outcome from sepsis, which was correlated with
a reduction of the inflammatory response triggered by the
initial insult (Halbach et al. 2019). The great advantage of
HBOT is that it delivers oxygen at elevated partial pressure
allowing this gas to penetrate tissues very rapidly and in
higher concentration, which is more effective than hemoglobin oxygen delivery. Both mechanical ventilators, the current
treatment for severely ill hypoxic COVID-19 patients in critical care, and HBOT are able to elevate the levels of arterial
O2, but in addition, HBOT provides a crucial function that
ventilators lack. The increased concentration of O2 delivered
to cells in tissues by HBOT at 2.4 atm provides a signal for
cells to induce two powerful transcription factors, Nrf-2 which
stimulates the production of literally hundreds of cell defense
proteins most of which participate in oxidative stress responses and heat shock transcription factor 1 which induces
cells to produce additional defense proteins that are also antiinflammatory (Godman et al. 2010). The elevated supply of
oxygen is likely to preserve cellular metabolism and organ
function. Indeed, HBOT has been reported to improve mitochondrial function (Tezgin et al. 2020). Moreover, HBOT
alters the balance between glycolysis and mitochondrial respiration, possibly countering an effect of viral infection on
cellular caloristasis networks (Tezgin et al. 2020) and improving hypoxia in COVID-19 patients. An additional advantage
of HBOT is its capacity to reduce the inflammatory response
(Buras et al. 2006; Halbach et al. 2019). Several studies have
shown that HBOT improves kidney function after infection
(Edremitlioglu et al. 2005) and reduces kidney damage in
diabetic patients (Harrison et al. 2018). It has also been reported to protect from ischemia/reperfusion injury (Buras and
Reenstra 2007; Yu et al. 2005) and diminish UV skin damage
(Fuller et al. 2013).
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HBOT has been used extensively with great safety in the
treatment of patients for a variety of maladies. HBOT is the
treatment of choice for carbon monoxide poisoning and gas
embolism (Goodman 1964; Tibbles and Edelsberg 1996). It
has been very effective in the treatment of diabetic ulcers (Gill
and Bell 2004; Stoekenbroek et al. 2014) and radiation injury
(Kirby 2019a) and in the improvement of wound healing
(Kirby 2019b). Therefore, HBOT could be a potential intervention to improve the outcome of COVID-19 patients. It has
been shown to be safe during the use of mechanical ventilation
(Bessereau et al. 2017). A small study from China has
shown excellent potential for its use in the treatment of
COVID-19 patients (https://drive.google.com/file/d/
1pjtuT44daBvc8LubVYcR064PLpgIjiFY/view). In this
study, five critically ill patients with COVID-19 and signs of
hypoxia were subjected to HBOT. After two treatments, a
dramatic improvement in the clinical condition of the patients
was observed with an increase in blood oxygen saturation
level and reduced lung inflammation, as observed by CT
scans. There were no concerns about viral contamination
and the spread of the disease to medical attendants.
All of these observations pointed out that HBOT could be a
useful tool for improving the conditions of COVID-19 patients, particularly if the intervention occurs at early stages,
although it could also be positive during the intubation period.
Obviously, there are some logistics in the use of HBOT in the
ICU setting. Hyperbaric chambers occupy significant space,
and they may not be available continuously to the ICU units.
Thus, patients need to be transported to the HBOT facility. In
addition, the number of bed settings per chamber is limited. It
would be of great utility to have portable chambers that could
be easily installed within the patient ICU bed. Although we
appear highly enthusiastic about the potential role of HBOT in
the treatment of COVID-19 patients, sound clinical trials are
needed to test whether or not this intervention could save lives
during the current pandemic.
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