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Novel mechanistic insights are discussed herein that link a single, nontoxic, low-dose radiotherapy
(LDRT) treatment (0.5-1.0 Gy) to (1) beneficial subcellular effects mediated by the activation of nuclear
factor erythroid 2-related transcription factor (Nrf2) and to (2) favorable clinical outcomes for COVID-19
pneumonia patients displaying symptoms of acute respiratory distress syndrome (ARDS). We posit that
the favorable clinical outcomes following LDRT result from potent Nrf2-mediated antioxidant responses
that rebalance the oxidatively skewed redox states of immunological cells, driving them toward anti-

Keywords: inflammatory phenotypes. Activation of Nrf2 by ionizing radiation is highly dose dependent and con-
SARS-Cov 2 . . .
LDRT forms to the features of a biphasic (hormetic) dose-response. At the cellular and subcellular levels, hor-

Nrf2 metic doses of <1.0 Gy induce polarization shifts in the predominant population of lung macrophages,

Hormesis from an M1 pro-inflammatory to an M2 anti-inflammatory phenotype. Together, the Nrf2-mediated
Cytokine storm antioxidant responses and the subsequent shifts to anti-inflammatory phenotypes have the capacity to
COVID-19 suppress cytokine storms, resolve inflammation, promote tissue repair, and prevent COVID-19-related

mortality. Given these mechanistic considerations—and the historical clinical success of LDRT early in
the 20th century—we opine that LDRT should be regarded as safe and effective for use at almost any stage
of COVID-19 infection. In theory, however, optimal life-saving potential is thought to occur when LDRT is
applied prior to the cytokine storms and before the patients are placed on mechanical oxygen ventilators.
The administration of LDRT either as an intervention of last resort or too early in the disease progression
may be far less effective in saving the lives of ARDS patients.

© 2021 Elsevier B.V. All rights reserved. Radiotherapy and Oncology 160 (2021) 125-131

The SARS CoV-2 virus that causes COVID-19 has proven to be
problematic to effectively contain, treat, and manage given extant
protocols and policies of the international medical and public
health communities. The virus’s sudden occurrence, high infectiv-
ity, variant morbidity, lethality, potential mutability, and hereto-
fore lack of safe and effective treatments or vaccines, have all
contributed to, and exacerbated public-health challenges through-
out the world. Although apparently effective vaccines are now
available, there is ongoing consideration and concern about their
provision and durability, as well as public willingness to accept
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them. Thus, until such broad distribution and utilization of the vac-
cine(s) are realized, there remains a continuing requirement for the
safe and effective treatment of patients critically infected with—
and dying of—COVID-19.

As an initial default strategy, current anti-viral and anti-
inflammatory treatments have been identified that may be repur-
posed for use against COVID-19. One such treatment involves low-
dose radiation therapy (LDRT), which was previously used (circa
1930-1950) prior to the “age of antibiotics” in the treatment of
critically ill patients with bacterial and/or viral pneumonia [1-4].
Based on the historically successful clinical use of LDRT, approxi-
mately 10 clinical trials are currently underway worldwide to test
the safety and effectiveness of LDRT against COVID-19 [5]. Encour-
aging preliminary results have been reported in several clinical
pilot studies [6-12]. Hess and co-workers have recently shown
[7] that LDRT of whole lung with 1.5 Gy was effective in reducing
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intubation time for COVID-19 patients receiving dexamethasone
and/or remdesevir. In an earlier trial of predominantly elderly
COVID-19 pneumonia patients, the same LDRT treatment protocol
[6] produced quicker recoveries in room air versus ventilatory
support, and significant or trending improvements in delirium,
radiographs, and (other) biomarkers, without signs of significant
acute toxicity. Sharma et al. [8] reported a 90% response rate to
single-fraction radiation dose of 0.7 Gy in COVID-19 patients hav-
ing moderate to severe risk of disease. Similarly, Ameri et al. [9,10],
Moreno-Olmeado et al. [11], and Sanmamed et al. [12] also demon-
strated beneficial outcomes in COVID-19 patients treated with
LDRT.

Herein, we present a biomedical rationale for the clinical use of
LDRT in the treatment of COVID-19 pneumonia and propose that
the activation of nuclear factor erythroid 2-related transcription
factor (Nrf2) and its mediation of anti-inflammatory effects are
the primary mechanisms accounting for the beneficial outcomes
of COVID-19 pneumonia patients to LDRT. The literature search
strategy employed focused on Nrf2 activation via chemicals and
ionizing radiation with application to the treatment of COVID-19.
The key words employed involved Nrf2, COVID-19 and a series of
chemicals that activate Nrf2 in experimental biological models in
conjunction with the term COVID-19. The data bases searched
included PubMed, Web of Sciences and Google Scholar. Once a rel-
evant paper was obtained, all references citing that paper were
evaluated, aswell as all relevant papers cited in the references.

The role of cytokines in SARS-COV-2 pneumonia and ARDS

When an antigen such as SARS-CoV2 enters the lungs of a
healthy, immuno-competent individual, blood-borne monocytes
are recruited to the alveoli where they differentiate to M1 macro-
phages and produce a host of pro-inflammatory cytokines (e.g., IL-
1, IL-6, and IL-18). Such cytokines attract neutrophils that generate
reactive oxygen species (ROS), phagocytose antigen(s) [13], and,
under normal allostatic conditions, clear infection, resolve tissue
damage, and facilitate recovery.

If, however, the individual is both immunocompromised (e.g.,
due to comorbidities, old age, and/or the activity of immunosup-
pressive agents) and infected with COVID-19, then a different -
and much less desirable disease progression and outcome may
occur. In such circumstances, COVID-19 may induce severe pul-
monary inflammation that can lead to ARDS, respiratory failure,
and ultimately death. This inflammatory reaction is characterized
by mononuclear cell infiltration, fibrin exudates, proliferation of
multinucleated giant cells, and thickening of the alveoli secondary
to proliferating interstitial fibroblasts and type Il pneumocyte
hyperplasia. It is noteworthy that patients suffering advanced pul-
monary diseases have been shown to have increased expressions of
inflammatory markers, such as ferritin, C-reactive protein, elevated
D dimers, and pro-inflammatory cytokines [13-15]. Such pul-
monary hyper-inflammation has also been noted in COVID-19
patients, as well as patients infected with SARS-CoV and MERS-
CoV. The so-called macrophage activation syndrome/secondary
hemophagocytic lympho-histiocytosis (MAS/sHLH) is character-
ized by a “cytokine storm” with constituent elevations of inter-
leukin 1 (IL-1), tumor necrosis factor 1 (TNF-1a), and interleukin
6 (IL-6) that are produced by M1 pro-inflammatory macrophages
[15] and which may be fatal—even with the best of medical care.

Cytokine storms are primarily driven by the production of IL-18
and require activation of pathogen-associated receptors (including
toll-like receptors, TLRs), followed by engagement of inflamma-
somes in target cells [15]. Specifically, the NLRP3 inflammasome
mediates caspase-1 activation, and the secretion of pro-
inflammatory cytokines in response to infection and cellular dam-
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age. Activated NLRP3 recruits the apoptosis-associated speck-like
protein (ASC) and pro-caspase-1 to form the NLRP3-
inflammasome assembly, leading to the formation of IL-1p. IL-1B-
activated monocytes/macrophages induce the production and
release of IL-6 and other cytokines that increase vascular perme-
ability, shrinking of cytosolic F-actin fibers, and collagen deposi-
tion, leading ultimately to tissue fibrosis. The persistence of
inflammatory neutrophils in the alveoli and the increased concen-
trations of ROS and TNFa directly contribute to pulmonary injury
[16].

During elimination of infection, the normal process entails
reversing the macrophage population from predominantly an M1
“pro-inflammatory” to an M2 “anti-inflammatory” phenotype
[17]. Although somewhat controversial, evidence indicates that
reversal of the macrophage population to an M2 anti-
inflammatory phenotype results from newly recruited monocytes
being polarized to an M2 phenotype upon their differentiation into
macrophages (rather than mature M1 pro-inflammatory macro-
phages being “re-polarized” to an M2 phenotype) [18]. In ARDS
and some autoimmune disorders, the hyper-inflammatory state
persists indefinitely, leading to both lung damage and multiple
organ system failure.

SARS-CoV-encoded E, ORF3a, and ORF8b proteins can activate
the NLRP3-inflammasome to produce a hyper-inflammatory syn-
drome that can produce increased levels of cytokines, with resul-
tant cardiac and pulmonary involvement [19]. Inflammasome
activation by COVID-19 plays a central role in increased levels of
IL-1 or IL-6 [20], and appears to be instrumental to the occurrence
of ventilator-induced lung injury [21]. Pharmacological treatments
for SARS-CoV-2-induced MAS/sHLH syndrome are similar to those
approved for autoimmune diseases (e.g., rheumatoid arthritis), and
include administration of IL-6/IL-1 blockers and anti-inflammatory
corticosteroids.

When seeking to identify pharmacological targets for the future
development of treatments against SARS-CoV-2 pneumonia, pre-
venting early activation of the NLRP3 inflammasome may prove
to be a more effective strategy than directly suppressing the subse-
quent production of various cytokines (a notable example is the
inhibition of NLRP3 by a small-molecule drug and the protection
it affords against infection by influenza A virus [22,23]).

Nrf2 activation via low-dose radiotherapy in SARS-CoV-2
pneumonia and ARDS

As previously noted, prior to the development and widespread
use of antibiotics, LDRT was used as an effective intervention for
numerous types of inflammatory and infectious diseases [2,24-
28]. Single LDRT administration ranging from 0.2 to 1.0 Gy proved
to be highly effective in producing rapid and enduring clinical
improvements in patients with either viral or bacterial pneumonia.
Putative patterns and mechanisms related to these LDRT-induced
beneficial outcomes have been investigated in animal studies. In
a mouse model, LDRT proved highly effective against pneumonia
caused by interstitial swine influenza [17]. However, after a rela-
tively short time, and before a thorough understanding of mecha-
nisms and effects could be achieved, LDRT was generally
abandoned following WWII, when equally effective antibiotic and
anti-inflammatory pharmacotherapeutics were becoming readily
available, and when the “atomic-age” was increasing awareness
and heightening concerns about radiation-induced cancer risks
[29].

The documented historical success of LDR in the treatment of
pulmonary infections reflects its effectiveness in modulating the
immune system and stimulating an integrated, anti-
inflammatory response (i.e. sufficiently robust and durable to mit-



EJ. Calabrese, W,J. Kozumbo, R. Kapoor et al.

igate or prevent the life-threatening effects of a “cytokine storm”).
Recent evidence suggests that this anti-inflammatory response
originates at the cellular level, with the polarization of macro-
phages toward an anti-inflammatory M2 phenotype [30]. At the
molecular level, however, LDRT-induced polarization of M2 macro-
phages is thought to involve cytoplasmic activation of transcrip-
tion factor Nrf2, its translocation to the nucleus, and its initiation
of a cascade of antioxidant responses and enzymatic detoxification
processes that suppress inflammation in the lungs as well as in
other organs.

Nrf2 is a transcription factor of emerging interest that is
encoded by the NFE2L2 gene and is a member of cap “n” collar
(CNC) subfamily of basic region leucine zipper (bZip) transcription
factors. Nrf2 has been called the “guardian of healthspan”, the
“master regulator of cellular redox homeostasis”, and the “gate-
keeper of species longevity” as it regulates redox balance, inflam-
mation, and proteostasis. Under normal conditions, cellular Nrf2
levels are regulated in the cytoplasm by Kelch-like ECH-
associated proteinl1 (Keap1), a redox-sensitive E3 ubiquitin ligase
substrate adaptor that binds Nrf2, and regulates its constitutive
degradation by proteosomes. Keap1 is therefore appropriately con-
sidered the principal negative regulator of Nrf2. In the presence of
any exogenous or endogenous cell stressors, such as ionizing radi-
ation or inflammatory ROS, the oxidative potential of the cell
increases, Keap1 is oxidized, and the Keap1-mediated degradation
of Nrf2 is halted, thereby liberating Nrf2 and allowing it to accu-
mulate and translocate to the nucleus. In the nucleus, Nrf2 forms
heterodimer complexes with transcription factors, such as small
Maf proteins (G/F/K) and c-Jun, after which the Nrf2 complex binds
to the antioxidant response element (ARE), a regulatory enhancer
region within gene promoters. The binding of Nrf2 to ARE up-
regulates cellular antioxidant and anti-inflammatory defense
mechanisms by controlling the expression of more than 200 genes,
including those that encode for proteins involved in metabolic bal-
ance, detoxification, redox homeostasis, and repair of macromolec-
ular (eg., DNA and protein) damage [31,32].

To be sure, Nrf2 triggers a prompt response against metabolic,
oxidative, and inflammatory stressors. Targeting Nrf2 is therefore
important to the treatment of diseases characterized by oxidative
stress and inflammation, such as COVID-19-induced pneumonia
and ARDS [33-36]. A recent study of lung biopsies obtained from
COVID-19 patients revealed that the virus mediates suppression
of Nrf2 and limits the anti-inflammatory response of the host
[37]. Therefore, the capacity for LDRT to activate Nrf2 and mediate
a potent anti-inflammatory response offers a viable opportunity to
re-establish a safe and successful treatment for ARDS, and to
develop and improve its clinical use and efficacy in the treatment
of patients with COVID-19 and other diseases of inflammatory
origin.

Nrf2 activation and its downstream mechanisms interact with
other transcription factors (either positively or negatively) to mod-
ulate cellular adaptations associated with various antioxidant,
cytoprotective, and anti-inflammatory responses. It has been
reported that Nrf2 may regulate inflammation through two
discrete mechanisms: (1) redox-dependent, and (2) redox-
independent. The redox dependent pathway is thought to
up-regulate cellular antioxidant defenses via ARE-driven transcrip-
tion (suppression of ROS in antigen presenting cells, MAP kinase
activation, NF-kB signaling, and epigenetic histone deacetylase
activity) and, in the process, to polarize macrophages toward the
anti-inflammatory M2 phenotype by cross-talk with NF-xB,
mitogen-activated protein kinases (MAPKs), peroxisome
proliferator-activated receptor y (PPARy), and autophagy. Con-
versely, the redox independent pathway is thought to involve the
direct suppressive action of Nrf2 on the genes of pro-inflammatory
cytokines, preventing their transcriptional upregulation [38-40].
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Wunderlich and co-workers [41] showed that LDRT reduced
levels of pro-inflammatory cytokines TNF-a and IL-1p via the sup-
pression of NF-kB in lipopolysaccharide (LPS)-activated macro-
phages. Other studies have shown that the production of the pro-
inflammatory factors TNF-1o0 and IL-1B (as well as IL-6) by M1
macrophages was also significantly reduced following LDRT
[30,42-46]. Fig. 1 illustrates the activation of Nrf2 via LDRT and
its subsequent effect on COVID-19-induced pneumopathy and
ARDS.

As well, Nrf2 activation has been shown to significantly sup-
press ROS in antigen-presenting dendritic cells and, as a result,
enhanced their capacity to interact with and promote the transfor-
mation of naive CD8 T cells into cytotoxic T lymphocytes (CTL);
which, upon transformation, were then functionally equipped to
destroy virally infected cells. In this case, the Nrf2 suppression of
oxidative stress shifted the redox balance and elicited a series of
molecular responses (including MAP kinase activation, NF-kB sig-
naling, and epigenetic histone deacetylase activity) that enabled
the dendritic cells to facilitate the CTL transformation [47]. The
reported suppression of Nrf2 activity by COVID-19 [37]| would
likely enhance oxidative stress and reduce the CTL populations
directed against COVID-19 antigens, exacerbating the infection.

A final example describes the coordinated interaction of Nrf2
with the transcription factor NF-E2 p45 and illustrates its role in
regulating the maturation of megakaryocytes and the formation
of blood platelets. As platelets form during the normal maturation
of megakaryocytes, Nrf2, and NF-E2 p45, a regulator of megakary-
opoiesis, compete for part of the same Nrf2 binding site on DNA
encoding for stress-responsive antioxidant genes. During early
stages of maturation, Nrf2 out-competes p45 and generates a less
oxidative redox state that favors early stage maturation. However,
during later stages of maturation, p45 out-competes Nrf2 and
blocks expression of Nrf2 antioxidant genes, generating a more
oxidative redox state that favors late-stage maturation and the for-
mation of normal platelets [48]. Given that COVID-19 suppresses
the Nrf2 pathway [37], the coordinated competitive balance
between Nrf2 and p45 may be easily disrupted, resulting in a
chronic highly oxidative state with potential to adversely affect
megakaryopoiesis and normal platelet development, leading to
possible microthromboses—as often reported to occur in COVID-
19 pneumonia patients [49].

In light of the critical roles of oxidative stress and pro-
inflammatory M1 macrophages to mediate ‘“cytokine storms”,
and of the countervailing potential of LDRT to activate Nrf2 and
polarize macrophages to anti-inflammatory M2 phenotypes, we
opine that LDRT is of value as a therapeutic intervention against
SARS-Co-V2-induced pneumonia and ARDS.

Low doses of ionizing radiation typically induce M2 anti-
inflammatory phenotypes in macrophages, while higher doses
tend to induce M1 pro-inflammatory phenotypes [50]. In an exten-
sive meta-analysis by Genard et al. [51], fifteen (15) studies of
radiation-induced polarization of macrophages were reviewed that
utilized a variety of biological models and radiation exposures,
ranging from 0.01 to 60.00 Gy. It was found that macrophages
are essentially polarized toward the M2 anti-inflammatory state
at doses below 1.0 Gy, and toward the M1 proinflammatory state
at doses above 1.0 Gy.

Recent publications demonstrated that radiation-induced
polarization of macrophages into M2 and M1 phenotypes at lower
(<1.0 Gy) and higher (>1.0 Gy) doses, respectively, are biphasic and
hormetic [27,30]. Further support for the induction of anti-
inflammatory M2 phenotypes in macrophages by low dose radia-
tion is provided by a study using an in vitro co-culture model of
rheumatoid arthritis, wherein single low doses (0.5 Gy) of radiation
reversed the imbalance in polarized macrophages from an M1 pro-
inflammatory to an M2 anti-inflammatory phenotype in the pres-
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LDRT (< 1Gy)

Nrf2 blocks M1 induced genes and downregulates pro-
inflammatory cytokine transcription, conversely Nrf2
upregulates M2 macrophages induced anti-inflammatory
cytokines expression and M2 polarization
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Fig. 1. Nrf2 activation by LDRT affecting COVID-19 induced pneumopathy and ARDS.

ence of fibroblast-like synoviocytes [52]. Similarly, but not surpris-
ingly, the activation of Nrf2 by ionizing radiation also displayed a
typical hormetic-like biphasic dose response [53,54], further impli-
cating a role for Nrf2 in the biphasic mediation of M1 and M2
polarization responses in macrophages [27,30].

Nrf2 activation protects against COVID-19 pneumonia, ARDS
and other inflammatory diseases

Other agents are also known to activate Nrf2 and mediate a cas-
cade of antioxidant and anti-inflammatory responses that are pro-
tective to multiple organs (including extrapulmonary sites, e.g., the
heart), and conditions (e.g., diabetes) that are involved in the sys-
temic effects of COVID-19. Such antioxidant/anti-inflammatory
responses promote therapeutic benefit by mitigating predisposing
pro-inflammatory conditions that have been shown to contribute
to and/or exacerbate a number of chronic diseases (e.g., cancer,
diabetes, heart disease, and arthritis). For example, it was shown
that activating Nrf2 pathways that block NLRP3 inflammasomes
and polarize macrophages to M2 anti-inflammatory phenotypes
also mitigate myocardial ischemic-reperfusion injury via the
downregulation of TXNIP and the inactivation of various proin-
flammatory factors, such as NLRP3 inflammasomes, TLR4, and
NF-kB [55]. Another example is the activation of Nrf2 by the glu-
coregulatory (anti-diabetic) agent, metformin. Metformin-
activated Nrf2 mediates both the AMPK/mTOR signaling pathways
that prevent formation of NLRP3 inflammasomes and polarize
macrophages to M2 anti-inflammatory phenotypes, resulting in
the acceleration of wound healing [56]. These findings are similar
to those of a number of other studies showing chemoprotective
agents (experimentally conducted in standard and pre-
conditioning protocols) that act in multiple organs to ameliorate
a spectrum of diseases with predisposing and underlying inflam-
matory etiologies [21,42,57-59]. An assessment of the molecular

cross-talk between Nrf2 and NF-kB (a key transcription factor
involved in the upregulation of inflammatory responses) estab-
lished that Nrf2 downregulates inflammasomes and suppresses
their influence in numerous disease models, inclusive of inflamma-
tory respiratory conditions [41,60].

The absence of Nrf2 resulted in the loss of both its downstream
antioxidant responses and hepatoprotection in models of remote
ischemic conditioning (RIC) against hemorrhagic shock [58]. This
report concluded that the protective effects of RIC are a manifesta-
tion of hormesis, whereby mild (i.e.- subtoxic) ischemic reperfu-
sion generates a low (subtoxic) dose of ROS (e.g., in one limb of
an animal) to produce a systemic whole-body response that blocks
a subsequent lethal (toxic) application of ischemic reperfusion in a
remote vital organ [61-64]. Such findings strongly suggest a cen-
tral role for Nrf2 activation as part of an adaptive low-dose (i.e.,
hormetic) strategy to prevent and/or treat inflammatory diseases,
or to protect against the deleterious effects of toxic exposures to
particular chemical and physical agents [65].

In pulmonary SARS-CoV-2 infections, LDRT may act similarly to
exert anti-inflammatory effects via engagement of Nrf2 and its
mediation of antioxidant responses. When taken together, such
antioxidant responses may alter redox status and reverse the sus-
tained elevated imbalance of M1 pro-inflammatory macrophages
in COVID-19 to favor the M2 anti-inflammatory phenotype,
thereby reducing (1) the inflammatory response, (2) likelihood of
cytokine storm, and (3) lethality.

We believe that not only the most critically ill, but most SARS-
CoV-2 pneumonia patients can potentially benefit from LDRT at
almost any time during the disease process. The literature indi-
cates high general success rates of LDRT at administered doses
between 0.5 and 1.0 Gy [2,24,27]. LDRT is most likely to be effec-
tive when cells are relatively healthy and possess sufficient energy
to sustain interactive, complementary, and overlapping adaptive
(hormetic) responses that synergistically promote a Nfr2-
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mediated anti-inflammatory state. Early activation of Nrf2—prior
to occurrence of a cytokine storm—may prove most effective in
preventing ARDS and saving lives. However, later activation of
Nrf2—upon initiation of and/or during a cytokine storm—may be
much less effective. With progression of the disease, the protective,
metabolic, and bioenergetic capacities required to ward off virus,
maintain vital functions, and repair damage become compromised,
weakened, and eventually insufficient to sustain life—the accumu-
lation of oxidative, inflammatory, and viral damage simply
becomes too great to overcome. At some time during this progres-
sion, a point of diminishing returns will likely be reached with
regard to the expected clinical effectiveness of LDRT, for example,
when COVID-19 patients become hypoxic and are placed on
mechanical ventilators to receive oxygen therapy and facilitate
breathing.

At such a point of clinical intervention during disease progres-
sion, the alveolar epithelium and capillary endothelium have likely
suffered severe viral-induced damage and, as a result, the diffusion
of oxygen into blood has been slowed to a rate that no longer can
sustain life. Administration of oxygen therapy to the patient at
higher-than-ambient partial pressures (and up to 1 atm) elevates
blood oxygen, enables cells to respire, and offers an immediate sur-
vival benefit to the patient. Sustained oxygen therapy (usually
>24 h and at >0.6 atm), however, is known to induce oxidative
stress (ROS) and hyperinflammation, culminating in oxygen toxic-
ity and a host of untoward responses—such as edema, micro-
thrombi, and fibrosis—that mimic responses associated with
acute lung injury and ARDS [66]. Similar to oxygen-induced lung
toxicity, COVID-19-induced ARDS also results from sustained
oxidative stress (ROS) and hyperinflammation (cytokine storm).
Since oxygen therapy produces a pathological profile similar to
that of COVID-19, the therapeutic purpose of such oxygen therapy
is obviously not to treat the underlying root causes of ARDS, but
rather to manage an hypoxic crisis by providing bioenergetic sup-
port and preventing imminent death. Clearly, there is a tradeoff
between short-term benefits (immediate survival) and possibly
exacerbating longer-term pathological consequences of COVID-19
(e.g., pulmonary fibrosis), assuming, of course, that patients can
survive the potentially exacerbating effects of oxygen therapy.

Hence, we argue that the best COVID-19 treatment would entail
neutralizing the virally induced oxidative and inflammatory condi-
tions with an antioxidative and anti-inflammatory therapy, and
that LDRT is such a tool. To apply LDRT as a treatment of last resort
to patients undergoing mechanical ventilation with oxygen, how-
ever, could jeopardize the likelihood of success (patient survival).
Instead, it would be preferable to administer LDRT when the lungs
are aberrantly inflamed but before the cytokine storm, and cer-
tainly before mechanical ventilation with oxygen. As oxygen ther-
apy only increases the oxidative burden on the lungs and thus
neutralizes the antioxidant effects of LDRT, it only undermines
the very rationale for administering LDRT in the first place. On
the other hand, administering LDRT too early in the course of a
viral infection may also be counterproductive. If pro-
inflammatory M1 states are required—and indeed normal—for
early and effective immune responses against infective agents,
then their inhibition by LDRT-induced antioxidant and anti-
inflammatory responses may be unwise and ill-advised. To sum-
marize, timing is likely to be important—if not essential—and
administering LDRT at a time during the course of the disease that
is either (1) too late (i.e., when patients are receiving oxygen ther-
apy that tends to exacerbate already inflamed lungs) or (2) too
early (i.e, when a pro-inflammatory state is necessary to Kkill
viruses) may be self-defeating and likely to yield less-than-
favorable outcomes, resulting in fewer lives saved.

The findings presented support recent demonstrations of posi-
tive clinical responses to LDRT in COVID-19 pneumonia patients
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[6-12]. However, animal studies also provide support for the effec-
tiveness of Nrf2 in protecting various tissues from pro-
inflammatory challenges. Nrf2-deficient mice displayed more
extensive pulmonary inflammation and significantly enhanced
susceptibility to ARDS compared to wild type mice [67] when both
groups of mice were administered non-lethal, pro-inflammatory
doses of lipopolysaccharide (LPS). LPS-treated, Nrf2-deficient mice
had higher levels of inflammatory biomarkers as compared to con-
trols. Other studies employing rat [68] and rabbit models [69] indi-
cated that Nrf2-mediated and sulforaphane-induced mechanisms
protected against acute oxidative lung injury. Such results indicate
that Nrf2 deficiency enhances susceptibility to oxidative lung dam-
age from ARDS, and that administration of Nrf2-activating agents
prevents the occurrence of ARDS and ARDS-related oxidative dam-
age. Interestingly, Nrf2 gene polymorphisms were found to
enhance susceptibility to acute lung injury in humans [70]. Addi-
tionally, some Nrf2-activating agents, such as sulforaphane, have
been shown to suppress the growth of respiratory influenza viruses
[71], and other, structurally diverse chemical agents have been
shown to activate Nrf2 and thus may also have the potential to
yield clinical benefits for COVID-19 patients (Table 1).

Given that many Nrf2-activating agents, such as sulforaphane
[82], are safe and commercially available, it may be that combina-
tory treatments could complement both the pharmacodynamic
and pharmacokinetic strengths and limits of each specific agent.
Although this approach has yet to be considered in the experimen-
tal and clinical literature with respect to Nrf2-activating agents, a
sound mechanistic framework suggests that this approach may
be worth further investigation. For example, since damage to the
lungs, heart, and kidneys are major concerns in most cases of
COVID-19, the optimal targeting of multiple organs with multiple
Nrf2 pathways may require a cocktail of diverse Nrf2 activators.
In theory, such a cocktail would be composed of a variety of chem-
ical Nrf2 activators that had been preselected based on their differ-
ing but complementary pharmacokinetic and pharmacodynamic
profiles, as well as on their differing but complementary (and/or
synergistic) Nrf2 pathway profiles. When Nrf2 activators are
administered in combination as a cocktail, treatment outcomes
should then improve as a result of being able to induce optimal
Nrf2 responses in multiple organs of the body.

Although the focus of this paper is on the treatment of COVID-
19 with LDRT, it is clear that a variety of chemical and physical
agents can activate Nrf2 and mediate a multitude of potent
antioxidant and anti-inflammatory responses. Regardless of the
Nrf2-activating agent, however, we consider - and herein purpose
- Nrf2 activation per se to be a promising potential (and potent)
therapeutic target. Upon its activation with low hormetic doses

Table 1
Nrf2 Activating Agents Reported to Offer Clinical Benefits in COVID-19 Patients.

No Nrf2 Activating Agent Name Reference

1. Dimethyl fumarate [72]

2. Ozone-oxygen gas mixtures [73,74]

3. Methylene blue [75,76]

4.  Low-level laser/photobiomodulation [77,78]

5. Azithromycin [79,80]

6. Chloroquine [80,81]

7.  Dexamethasone [14,82]

8. Naringenin [83,84]

9. Quercitin [85,86]

10. Sulforaphane https://www.dundee.ac.uk/
stories/clinical-trial-
potential-covid-19-
treatment; [32]

11. Sulforadex (SFX-01) [32]

12. Bardoxolone methyl [32]

13. Omaveloxolone (RTA-408) [32]
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of virtually any activating agent, such as LDRT, Nrf2 may advance
the treatment of many diverse and serious diseases with pro-
inflammatory etiologies, including COVID-19 pneumonia as well
as other types of viral and/or bacterial pneumonias.

Conclusion

The demonstrated clinical success of LDRT in saving lives of
patients with COVID-19-induced pneumonia and ARDS is closely
related to two sequentially and causally linked physiologic
responses. First, Nrf2-mediated antioxidant responses are acti-
vated by LDRT to change cellular redox states from predominantly
pro-oxidant to antioxidant. Second, in such an antioxidant environ-
ment, the dominant balance of macrophage phenotypes shifts from
M1 pro-inflammatory to M2 anti-inflammatory, thereby reducing
the likelihood of cytokine storms, ARDS, and lethality. We argue
that such beneficial outcomes cannot - and should not - be over-
looked and that further consideration of the clinical utility and
value of the timely administration of LDRT against COVID-19—
and possibly other inflammatory conditions—is warranted and
recommended.
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