'," frontiers

in Cardiovascular Medicine

REVIEW
published: 23 December 2020
doi: 10.3389/fcvm.2020.616527

OPEN ACCESS

Edited by:
Mireille Ouimet,
University of Ottawa, Canada

Reviewed by:

Kuldeep Dhama,

Indiian Veterinary Research Institute
(IVRI), India

Jaume Amengual,

University of lllinois at
Urbana-Champaign, United States

*Correspondence:
Shelley Gorman
shelley.gorman@telethonkids.org.au

Specialty section:

This article was submitted to
Cardiovascular Metabolism,

a section of the journal

Frontiers in Cardiovascular Medicine

Received: 13 October 2020
Accepted: 26 November 2020
Published: 23 December 2020

Citation:

Gorman S and Weller RB (2020)
Investigating the Potential for
Ultraviolet Light to Modulate Morbidity
and Mortality From COVID-19: A
Narrative Review and Update.

Front. Cardiovasc. Med. 7:616527.
doi: 10.3389/fcvm.2020.616527

Check for
updates

Investigating the Potential for
Ultraviolet Light to Modulate
Morbidity and Mortality From
COVID-19: A Narrative Review and
Update

Shelley Gorman ™ and Richard B. Weller?

" Telethon Kids Institute, University of Western Australia, Perth, WA, Australia, 2 Centre for Inflammation Research, University
of Edinburgh, Edinburgh, United Kingdom

During the COVID-19 (coronavirus disease of 2019) pandemic, researchers have
been seeking low-cost and accessible means of providing protection from its harms,
particularly for at-risk individuals such as those with cardiovascular disease, diabetes and
obesity. One possible way is via safe sun exposure, and/or dietary supplementation with
induced beneficial mediators (e.g., vitamin D). In this narrative review, we provide rationale
and updated evidence on the potential benefits and harms of sun exposure and ultraviolet
(UV) light that may impact COVID-19. We review recent studies that provide new evidence
for any benefits (or otherwise) of UV light, sun exposure, and the induced mediators,
vitamin D and nitric oxide, and their potential to modulate morbidity and mortality
induced by infection with SARS-CoV-2 (severe acute respiratory disease coronavirus-2).
We identified substantial interest in this research area, with many commentaries and
reviews already published; however, most of these have focused on vitamin D, with less
consideration of UV light (or sun exposure) or other mediators such as nitric oxide. Data
collected to-date suggest that ambient levels of both UVA and UVB may be beneficial
for reducing severity or mortality due to COVID-19, with some inconsistent findings.
Currently unresolved are the nature of the associations between blood 25-hydroxyvitamin
D and COVID-19 measures, with more prospective data needed that better consider
lifestyle factors, such as physical activity and personal sun exposure levels. Another
short-coming has been a lack of measurement of sun exposure, and its potential
to influence COVID-19 outcomes. We also discuss possible mechanisms by which
sun exposure, UV light and induced mediators could affect COVID-19 morbidity and
mortality, by focusing on likely effects on viral pathogenesis, immunity and inflammation,
and potential cardiometabolic protective mechanisms. Finally, we explore potential
issues including the impacts of exposure to high dose UV radiation on COVID-19 and
vaccination, and effective and safe doses for vitamin D supplementation.
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INTRODUCTION

The first cases of COVID-19 (coronavirus disease of 2019)
presented in Wuhan, China in December 2019. Since then,
COVID-19 has become a global pandemic, occurring on every
continent except Antarctica with >54 million confirmed cases
and >1.3 million deaths (18th November 2020, https://covid19.
who.int/) worldwide. Few treatments other than supportive
care are (currently) available, although there are likely benefits
for repurposed drugs, such corticosteroids (which have anti-
inflammatory effects) for reducing all-cause mortality in critically
ill COVID-19 patients (1), and multiple promising vaccine
candidates. The progression of COVID-19 is characterized by
three phases. First, angiotensin-converting enzyme 2 (ACE2)+
nasal epithelial cells (pre/asymptomatic phase) are infected with
SARS-CoV-2 (severe acute respiratory disease coronavirus-2).
Then, the infection spreads to ACE2+ type II alveolar epithelial
cells (pneumonitis). Finally, disruption of the epithelial-
endothelial barrier occurs with complement deposition and
hyperinflammation (severe COVID-19) (2). People at-risk of
developing severe COVID-19 and fatal outcomes include patients
with cardiovascular disease, diabetes, hypertension and/or
obesity (3-5). This increased risk may be related to the low-
grade inflammation that characterizes these chronic diseases,
age-related reductions in anti-viral immunity, expression of
ACE2 in vulnerable tissues (e.g., adipose, heart), underlying
tissue fibrosis, impairments in lung function, and non-medical
factors (e.g., poverty, crowding). For more information on other
aspects of SARS-CoV-2 and the COVID-19 pandemic, including
aspects of viral epidemiology and evolution, disease pathogenesis,
prevention and treatment, please refer to comprehensive reviews
6,7).

There is emerging evidence that sun exposure and UV
light may have beneficial effects in preventing cardiometabolic
dysfunction (8, 9). While there has been significant commentary
on the potential benefits of the UV-induced mediator vitamin
D (also reviewed below), the direct effects of exposure to UV
light on COVID-19 has received less attention. Historical use
of phototherapy and sun exposure to treat tuberculosis (10)
suggests that there are likely benefits. Here, we provide an
update of newly acquired knowledge (as of 18th November
2020), first describing beneficial associations between lower
latitudes and increased ambient UV levels and COVID-19-
related outcomes, and the capacity for germicidal UVC (254 nm)
radiation to inactivate the SARS-CoV-2 virus. We also consider
the potential harms of excessive sun exposure for both COVID-
19 disease and vaccination efficacy, contrasted with possible
benefits of low level (non-burning) sun exposure for those with

Abbreviations:  1,25(0H),;D, 1,25-dihydroxyvitamin D; 25(OH)D, 25-
hydroxyvitamin D; ACE2, angiotensin-converting enzyme 2; ARDS, acute
respiratory distress syndrome; COVID-19, coronavirus disease of 2019; GDP,
gross domestic product; IFN, interferon; IL-6, interleukin-6; LDL-, low-density
lipoproteins; LPS, lipopolysaccharide; MIS-C, multi-inflammatory syndrome
in children; mTOR, mammalian target of rapamycin; NOS, nitric oxide
synthase; RAAS, renin-angiotensin-aldosterone system; SARS-CoV-2, severe
acute respiratory disease coronavirus-2; Th, T helper cell; TNE, tumor necrosis
factor; VDR, vitamin D receptor; UV, ultraviolet.

cardiometabolic dysfunction. Finally, we review new knowledge
around the potential for “beneficial mediators” induced by
exposure to UV light on COVID-19, specifically vitamin D and
nitric oxide. We describe possible anti-viral, anti-inflammatory
and cardiometabolic beneficial means through which controlled
exposure to UV light, or interventions that administer these
beneficial mediators could be harnessed to combat COVID-19.
To provide this update, a literature search was conducted on
PubMed (until 18th November 2020) in which the following
keywords were combined: (COVID-19 OR social distancing)
AND (season, latitude, ultraviolet, sun exposure, sunlight, solar,
phototherapy, vitamin D OR nitric oxide). While we focus on
UV light and sun exposure, there may also be effects of other
wavelengths within the solar spectrum, including violet/blue
(400-700 nm), red (600-700 nm), and infrared (700-1,000 nm)
light on COVID-19 (11) as well as preventative and therapeutic
possibilities for other light-based therapies (12).

UV LIGHT, SUN EXPOSURE, AND
COVID-19

Sunlight is composed of a spectrum of light, of which the
UV component can be divided into 3 bandwidths: UVA (315-
400 nm), UVB (280-315 nm), and UVC (100-280 nm) radiation.
All UVC and most UVB (~90%) does not reach the Earth’s
surface as these wavelengths of light are blocked by oxygen in the
atmosphere. Most of the UV light that does reach the surface of
the Earth (terrestrial UV) is UVA (~95%), and the rest is UVB.
Harmful effects of excessive exposure to UV light, including
sunburn, skin cancers and eye disease are well-known, and the
reader is directed toward recent comprehensive reviews of the
impacts of UV radiation and sun exposure on human health
and disease, including those that consider infectious disease, viral
infection and vaccination (13, 14). In this section, we review
new findings describing the nature of the associations between
proxies for sun exposure (including: season, latitude, ambient
UV levels) and COVID-19, describe any clinical trials underway
testing the impacts of UV light, and review findings related to
the effects of social distancing measures on sun exposure levels.
For a “higher-level” overview of these new findings, please see
Figure 1.

Season and SARS-CoV-2

Seasonal variations in disease incidence can be caused by
environmental, behavioral, and immunological factors with the
relative importance of these varying by location and disorder
(15). Many infectious diseases show seasonal variations (16) in
incidence and mortality, including those caused by coronaviruses
(17, 18). Seasonality for coronaviruses may be more likely in
temperate climates (which have more distinct seasons and wider
temperature ranges) than tropical climates (19). This seasonality
can be explained by variations in the effective reproductive
number and population level susceptibility (20), which may be
influenced by the length of protective immunity induced by
infection (17). Natural oscillations in temperature (21), humidity
(22, 23), and UV radiation (24) correlate with variations in
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A. Season

e Likely to become a
seasonal disease

¢ Limited evidence

B. Latitude

® Positive gradients for
infection and deaths
observed in April-May
2020 (but unadjusted)

C. Ambient UV

® Negative associations
reported for incidence
and mortality with some
inconsistent findings

F. Vitamin D

with limitations)

Overview of the current evidence for the potential for UV light to modulate COVID-19

* Inverse associations of 25(OH)D with infection
and disease severity observed (in some studies,

* Many vitamin D supplementation trials underway

D. Sun exposure
* Unknown associations

¢ Likely reduced by social
isolation (‘stay-at-home’)

E. UV clinical trials

* Few underway

G. Nitric oxide \

® Multiple clinical trials
underway assessing
inhaled or intranasally
‘induced’ nitric oxide

FIGURE 1 | Overview of current evidence for the potential for UV light to modulate COVID-19. (A) Infections with SARS-CoV-2 are predicted to establish seasonality,
although there is limited evidence for this as yet. (B) Positive latitude gradients for COVID-19-related outcomes were observed in Apri-May 2020, although these
findings were largely unadjusted for country-wide differences in public health measures as well as other important factors. (C) Negative associations between ambient
UVA or UVB levels and COVID-19-related outcomes have been observed with some inconsistent findings, particularly for incidence. (D) Little information has been
published around the associations between sun exposure and COVID-19, although it is likely that social isolation (“stay-at-home”) orders implemented by many
legislatures limited opportunities for sun exposure. (E) Very few clinical trials are currently underway investigating whether deliberate exposure to UV radiation, or
sunlight could affect COVID-19 outcomes. (F) Some emerging evidence suggests inverse correlations between circulating 25-hydroxyvitamin D [25(0H)D] levels with
COVID-19 outcomes, although findings are limited in their scope. There are also many clinical trials that are testing the capacity of supplementation with vitamin D to
reduce the incidence and severity of COVID-19. (G) A number of clinical trials are also underway assessing the potential for inhaled nitric oxide or nitric oxide

intra-nasally generated or released (“induced”) by application of a chemical.

incidence of several infectious diseases. Observational studies
show that seasonal influenza incidence is affected by solar
radiation, humidity and temperature (22-24). During the 1918-
1919 influenza pandemic, estimated UVB doses in US summer
(July) correlated with reduced case fatality and pneumonia
rates (25). However, insufficient time has passed to determine
whether SARS-CoV-2 infections and COVID-19 have seasonal
variation, and whether increased ambient UV levels in summer
are protective (26), although some modeling studies predict
that SARS-CoV-2 infections will fall into seasonal patterns
with wintertime outbreaks (27) in 2020 in the northern
hemisphere (28).

Latitude and COVID-19

Terrestrial UV levels reduce with increasing distance from the
equator (i.e., latitude). A positive gradient between mortality

rates for COVID-19 and latitude was reported in mid-April
2020, with increased deaths observed for (mainly) European
countries at latitudes >35°N (29). Similar observations were
also made in the USA around this time (30). By April 2 2020,
using country-based data from the World Health Organization,
positive associations between latitude and COVID-19 cases (r =
0.54, p < 0.01) or deaths (r = 0.38, p < 0.01) were reported
(31). Similar findings were observed for data collected from 25
areas in the USA and Europe until April 30 2020 (32), and
for 88 countries on May 17 2020 (33). Caution should be used
when interpreting these findings, as they may be indicative of the
progression of the pandemic from northern to southern countries
across this time period. Furthermore, some of these studies
were limited by the lack of consideration of country-specific
differences in public health measures undertaken to limit viral
spread, such as social distancing strategies and infection testing
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rates, as well as other important factors such as: socioeconomic
status, population density, urban connectivity, age, gender and
comorbidities (34). Indeed, when similar confounders were
included in a multivariable analysis, no significant association for
latitude and COVID-19 case rates was observed in a worldwide
study of 144 geopolitical areas in March 2020 (35).

Ambient UV Levels, and COVID-19

Incidence and Deaths

“Beneficial” inverse associations have been observed between
higher ambient UV levels and lower COVID-19 incidence in
most, but not all studies. Incident UV light levels correlated
inversely with the peak rate of rise in SARS-CoV-2 infections,
with temperature and humidity having smaller effects, using
data collected from 128 countries and 98 states/provinces until
April 2020 (28). Similarly, in a study of 359 regions from
China, Italy, USA, Spain, Canada, and Australia, average solar
irradiance (W/m?) and UV Index (erythemally weighted for UVB
exposure) inversely correlated with COVID-19 cases per 100,000
individuals on March 23rd 2020 (36). Using data from 173
countries, across 3,235 regions, surface UV intensity levels were
estimated to reduce the daily growth rate in COVID-19 cases with
this effect estimation likely weakened by location-specific social
distancing strategies (37). A higher UV Index also associated
with lower rates of new cases in a state-based study in the USA,
independent of gross domestic product (GDP), obesity rates
and age-related factors in January-March 2020 (38). Significant
associations between higher UV Index and lower COVID-19
prevalence were observed in Japanese prefectures (39), and 33
cities in the USA (40). Some negative associations were also
reported for reduced infection rates and increased ambient UV
levels measured in 5 Brazilian cities (March-July 2020) (41)
and selected counties of north-east and central-mid-west (census
regions 1 and 2) of the USA (April-July 2020) (42).

However, no significant associations were observed between 7
or 14 day-lagged measurements of the UV Index and COVID-
19 incidence, following adjustment for other environmental
factors as well as GDP and global health security index for
data collected across 206 countries/regions (January-April 2020)
(43). Similarly, in a study of people living in 224 Chinese
cities, no significant associations between ambient UV levels and
COVID-19 incidence rate (January-March 2020) were observed
(44). There was also no significant association between solar
radiation and COVID-19 incidence across 31 regions in Iran
(February-March 2020) (45). Finally, levels of solar radiation or
sunshine hours positively associated with COVID-19 infections
or incidence in India (until the 27th April 2020) (46) and Spain
(March-April 2020) (47), respectively.

Some “beneficial” inverse associations of higher ambient UV
levels and lower COVID-19 mortality have been detected in most
studies done to-date. We observed a dose-dependent correlation
between average ambient UVA levels (from satellite-derived data,
measured in January-April 2020) and COVID-19 deaths, in a
trio of studies carried out in the USA, United Kingdom and
Italy, then pooled to show a reduced mortality risk ratio of 0.68
(95% CI 0.53-0.89) per 100 kJ/m? increase in mean daily UV

(48) (preprint). These data were corrected for the vitamin D-
weighted solar spectrum (excluding the vitamin D-forming UVB
component). A zero-inflated negative binomial model was used
which corrects firstly for the likelihood of encountering and being
infected with SARS-CoV-2 (considering population density,
transport patterns and prevalence of COVID-19 within that
population) and then for factors known to confound outcomes
of COVID-19 (including age, ethnicity, socio-economic status,
pollution). These data suggest that there are benefits from UV
light independently of vitamin D formation in reducing COVID-
19 mortality. Benefits for the UVB component of sunlight have
also been reported, in which a negative association between the
UV Index and COVID-19 deaths were observed in data from 152
countries using modeling that considered other potential effects
of local weather (e.g., temperature, humidity) across January—
May 2020 (49). Beneficial inverse associations between COVID-
19 severity or death and local ambient UV levels or annual
mean sunlight hours were also observed in Spain (50) and
France (51), respectively, although this French study has been
critiqued for the statistical approach undertaken (52). However,
GDP and body mass index, but not mean UV Index (measured
across November 2019-April 2020) were significant predictors
of COVID-19 deaths (per million) in a multivariate regression
analysis across the world (53).

There is uncertainty of the nature of the associations between
ambient UV levels and the basic reproduction number (Ry)
of SARS-CoV-2. Significant inverse correlations between UV
Index and SARS-CoV-2 R, values were observed in Pakistan
(April-June 2020) (54). However, no significant association was
detected between ambient UV levels and SARS-CoV-2 Rg values
in 134 locations in China, USA, and UK (after adjusting for
other weather conditions) (55). This observation is supported
by findings of another study of people living in 224 Chinese
cities, in which no significant associations between ambient UV
levels and SARS-CoV-2 R (January-March 2020) were observed
(44). These data may suggest that the transmissibility of SARS-
CoV-2 may be less sensitive to UV light than its effects on
COVID-19 severity.

An important caveat for many studies described above
was that adjustments for possible confounders were not often
done. Important confounders to consider that may help resolve
these inconsistencies in future studies include consideration
of population demographics (e.g., age, gender, GDP, etc.) as
well as local environmental and weather factors, particularly
temperature and humidity (28, 47, 56, 57). Indeed, a systematic
review of 17 studies identified that places with warm and wet
climates may reduce spread of SARS-CoV-2 (58). However,
these observations are not without controversy, with some
studies reporting non-linear influences of temperature and
humidity on COVID-19 incidence (59, 60). In one study, lower
temperatures but not ambient mean daily UV levels predicted
the spread of SARS-CoV-2 in Brazil across Feb-March 2020
(61). The combined effect of environmental conditions is another
important consideration, with reports of additional benefits of
increased temperatures and UV levels associating with reduced
COVID-19 incidence, in a study of 559 grid cells (0.25°)
with COVID-19 cases across China (January-February 2020)
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(62). Other studies report more complex interactions between
temperature and ambient UV levels when assessed using data
collected from 128 countries and 98 states/provinces (November
2019-April 2020) (28).

Sun Exposure and COVID-19

Few studies have investigated the impacts of personalized
sun exposure (via questionnaire or dosimeter) on COVID-19
incidence or mortality. Asyary and Verswati (63) present some
findings from Jakarta (Indonesia) around the impacts of sun
exposure on incidence, mortality and recovery from COVID-
19, with a significant correlation between recovery and sun
exposure reported; however, it is uncertain as to what defined
“sunlight exposure” in this study, with these data acquired from
the Meterological, Climatological, and Geophysical Agency of
Indonesia (63).

Clinical Trials Testing the Efficacy of UV
Light or Sun Exposure on COVID-19

There appear to be few clinical trials underway with the
intentions of specifically testing the effects of UV light or sun
exposure on COVID-19-related outcomes (ClinicalTrials.gov,
searched 18th November 2020 using keywords: ultraviolet/sun
exposure/phototherapy (+) COVID-19). One trial identified
through this search is assessing the effects of germicidal UVC
(254nm) as a means of decontaminating operating room
environments of SARS-CoV-2 (NCT04443803). A second single-
armed trial is assessing the capacity of “respiratory application”
of UVA to intubated COVID-19 patients to affect bacterial and
viral burden (NCT04572399).

Do Social Distancing Measures Affect Sun

Exposure?

In the absence of a vaccine, non-pharmacological interventions
such as social distancing measures are being relied on to
control spread of COVID-19. These include stay-at-home
orders and lockdowns. The strength of these orders and
their implementation by governments has varied significantly
around world. In a preprint mathematical modeling study, done
across 162 countries, every “unit increase” in lockdown severity
associated with a 77% decline in COVID-19 growth rates (64).
The impacts of lockdown measures on sun exposure levels are
largely undescribed, although depending on their severity are
likely to be significant. Findings of Moozhipurath and Kraft
(2020) suggested that even the “least severe” lockdown orders
(i.e., recommendation not to leave home) could mitigate any
“protective effects” of the UV Index with COVID-19 growth rates
declining by 17% for each unit increase in the UV Index. Of
relevance here were substantial reductions in physical activity
levels (by ~2 h/week) observed in children and teenagers with
obesity living in Verona (Italy) during the lockdown period
of March-April 2020 (65). These findings are also suggestive
of reductions in sun exposure, as much physical activity for
this age group takes place outside. A further concern is that
these reductions in physical activity may have adverse effects on
overweight and obesity, and potentially increase the risk for a
severe COVID-19 event (66). In contrast are findings of increased

use of cycling networks in Korea during the social distancing
period (March 2020), compared to the same time in 2019,
suggestive of more time spent doing physical activity outdoors
(67). These differing findings are likely mediated by the nature
and strength of lockdowns instituted by specific governments.

Other potential impacts of lockdowns on personalized
exposure to UV light could be mediated by changes in air
pollution levels, with increases in solar radiance observed in
some Indian cities in which particulate matter levels reduced by
>50% during lockdowns of March-April 2020 (68). Insolation
(the amount of solar radiation reaching the earth’s surface)
increased by 8% in Delhi (North India) in late March 2020
(during national lockdown) compared to previous years, which
was determined by measuring the amount of UV radiation
received by solar panels (69). Similarly, in Kannar (South India),
solar radiation levels (measured using a pyranometer) during
lockdown increased by 7% (68). Anecdotal evidence from media
reports suggests that Indian citizens were recommended to seek
sun exposure during social isolation in April, 2020 (70). Related
to this may be significant correlations observed between Google
Trends relative search volumes using the words “sunbathing” or
“vitamin D” with confirmed COVID-19 cases during the March-
April lockdown period (r<0.668, p < 0.001) (71). The combined
effects of reduced air pollution and any recommendations to
increase personal sun exposure on COVID-19 events are yet to
be determined.

COULD UV LIGHT HAVE HARMFUL OR
BENEFICIAL EFFECTS ON COVID-19?

UV Light as a Disinfectant

UV light may have direct effects on the viability of SARS-CoV-
2 virus in airborne droplets and fomites, thus reducing both
infection rates, and also the size of inoculum in those becoming
infected, with correspondingly reduced disease severity (72,
73). Germicidal UVC (254nm) has photoinactivation effects
on coronaviruses (74). It is been proposed as a means
of inactivating SARS-CoV-2 in food (75), medical air (76),
medical equipment [e.g., phototherapy units (77)], hospital
waste and wastewater (78), personal protective equipment [e.g.,
N95 respirators (79, 80)] and mobile phones (81). UVC may
effectively decontaminate N95 respirators, but over time could
impact their integrity and wear-ability (82). Potential phototoxic
effects of germicidal UVC is an important consideration,
especially if utilized by inexperienced users in the home (83), with
accidental skin damage reported in health care settings following
decontamination of N95 respirators (84).

UVC deactivates SARS-CoV-2 directly. Broad spectrum UVC
(200-280 nm) substantially reduced SARS-CoV-2 titers on glass
surfaces or N95 respirators by >4-log (85). UV radiation
(~280nm, 37.5 mJ/cm?) rapidly inactivated >99% of SARS-
CoV-2 virions within 10s when delivered from a light-emitting
diode (86). There may also be viral-inactivating effects of direct
sunlight, as simulated solar light, representative of the summer
solstice at 40°N (1.6 W/m?), inactivated 90% of SARS-CoV-2
virus in artificial saliva after 6-8 min of exposure, when dried
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onto a steel surface, or when aerosolized (87, 88). Similarly,
modeling studies suggest that relatively short durations of
exposure to sunlight will inactivate 90% of SARS-CoV-2 virions
in as little as 11 min in high UV environments such as Bogota
(Columbia; 4.6 °N) (89). However, viral inactivation may not be
possible in low UV environments, including at levels experienced
in many European cities around the winter solstice (89). These
findings have been largely reproduced in other modeling studies
(90, 91). While germicidal UVC is likely more effective, there
is evidence that other wavelengths of light have germicidal
properties, including, far-UVC (222nm), UVB, UVA, visible
(400-700nm) and infrared (92). It is likely that higher doses
of these wavelengths will be required for a similar efficacy as
germicidal UVC (254 nm), which was more effective than UVA
(365 nm) at inactivating SARS-CoV-2 (93).

Is UV Dose an Important Consideration?

The health harms of excessive sun exposure—especially that
causing sunburn, skin cancers and eye disease—are well-
described (14, 94). Too much sun exposure has also been linked
to reactivation of persisting viruses (95), an example being
herpes simplex virus-1, which resides in latency in trigeminal
nerves, and reactivates to form cold sores (herpes labialis) on
the lip and facial area. Exposure to high doses of UV (4 x
minimal erythemal doses/exposure) induced cold sores in adults
with a history of sun-induced cold sores (n = 20) (96). The
mechanisms behind this UV-induced viral reactivation are not
completely understood, but could be linked to suppression of
the ability of nerve ganglion-resident CD8+ T memory cells to
maintain viral latency (97, 98), and damage to nerve endings in
skin (95). After exposure to acute, burning doses of UV light,
there can be systemic induction of pro-inflammatory mediators,
which may be controlled by the induction of anti-inflammatory
pathways (13). This process is likely to be dependent on the
underlying health status of each affected individual. For example,
for many people with psoriasis, treatment with phototherapies
that include exposure to (often non-burning doses of) UV
light is likely to be beneficial, reducing skin plaque severity
by modulating innate and adaptive immune pathways and
suppressing skin inflammation. However, at both low and high
doses, UV radiation may injure skin and provoke psoriasis
in a subset of patients (13). There have also been calls to
limit the use of phototherapy units in dermatological clinics
during the pandemic because of concerns related to possible
transmission risk and the potential immunosuppressive effects
of these therapies (99). Interestingly, biologics, other immune-
modifying agents used to treat psoriasis by targeting specific pro-
inflammatory proteins such as tumor necrosis factor (TNF), may
increase risk for COVID-19. In individuals with psoriatic arthritis
living in Italy (n = 1,193), use of biologics increased risk for
COVID-19 infection (OR 3.4 95% CI 2.2-5.7) and hospitalization
(OR 3.6 95% CI 1.5-8.6), but not death (OR 0.4 95% CI 0.0-6.6)
(100). Phototherapies can also diminish systemic inflammatory
cytokine expression, with narrowband UVB radiation (~311 nm)
reducing blood levels of c-reactive protein in people with
psoriasis (101). Combined with the potential for UV light to
compromise viral-specific T cell responses, high doses of UV

light could increase susceptibility for COVID-19, although it is
likely that the timing between when UV and viral exposures occur
will be an important determinant. In the observational study of
Cherrie et al. (48) (described above), the greater reductions from
COVID-19 deaths were linked to increases in UV exposure from
lower baseline levels. This effect tailed off as environmental UV
light increased, suggesting that there may be an upper limit to the
levels of UV light associated with reduced COVID-19 mortality.

Skin Color and COVID-19

Black-American and Latino communities in the United States
(102) and Black-British and Asian communities in England (103)
have been disproportionately affected by COVID-19. While this
partly reflects pre-existing health and social disparities (102),
the ~2-fold over-representation of black, Asian and minority
ethnic (BAME) healthcare workers over their white co-workers
(104) suggest that skin color itself may play a part. Skin
is the barrier between the external environment and human
biological homeostasis and skin color is the evolutionarily
driven adaptation to the varied incident environmental UV
light encountered as Homo sapiens dispersed around the world
(105). The Eurocentric bias of dermatology (106) has resulted
in the focus of UV-skin research focusing largely on problems
due to over-exposure of lightly-pigmented skin. The contrasting
systemic health problems related to underexposure of more
heavily-pigmented skin have received less attention (8). We have
demonstrated reduced falls in blood pressure with UV exposure
in African Americans than white Americans (107) and vitamin D
synthesis may be reduced following UVB exposure of individuals
with more pigmented skin (108). The reduced penetration of UV
light through more pigmented skin (109, 110) suggests that any
UV-mediated reductions in COVID-19 mortality would be less in
darker-skinned individuals than their geographically co-located
compatriots with paler skin color.

Could Sun Exposure Compromise Effective

Vaccination?

The possibility that sun exposure may diminish the efficacy
of vaccination has been considered; however, there are limited
studies which have addressed this issue, particularly in humans
(94, 111, 112). UV-induced immunosuppression could diminish
memory-based immune responses to potentially compromise
the efficacy of vaccines (111, 113), with exposure dose an
important consideration. For example, non-burning doses of
solar-simulated light (3 x week; 1.3 x standard erythemal
dose during “restoration phase” for 4 weeks, then 1 x week
for 8 weeks) did not modify levels of anti-hepatitis B surface
antigen-specific antibodies (measured at 12 weeks) when the
vaccination was delivered at baseline and after 4 weeks (114).
Hart and Norval (112) recently reviewed the capacity of vaccines
delivered through UV-exposed skin to induce immune responses,
concluding that UV-induced reductions in vaccine efficacy might
be possible but that more research is needed to determine the
longevity of the effects of UV exposure, and the best skin sites
for vaccination.
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Benefits in Those With Cardiometabolic

Dysfunction?

Throughout the COVID-19 pandemic, there have been calls
for lifestyle interventions which include improvements to diet,
increased physical activity and sleep, and controlled sun exposure
to help limit cardiometabolic dysfunction to reduce risk for
severe events (115). Below we describe factors and mechanisms
that may increase risk for severe COVID-19 in those with
cardiometabolic comorbidities and describe potential means
through which exposure to UV light could be beneficial for
those at-risk.

COVID-19 and Cardiometabolic Comorbidities
Increased severity and risk of death have been reported across
multiple chronic diseases characterized by cardiometabolic
dysfunction, including cardiovascular disease, diabetes,
hypertension and obesity (3-5). These findings are reminiscent
of the associations between influenza (or other respiratory tract)
infections and increased risk of heart attack (116). For example,
findings from a systematic review and meta-analyses suggested
that there is increased risk for hospitalization (OR 2.1 95% CI
1.7-2.6, 19 studies) and death (OR 1.5 95% CI 1.2-1.8, 35 studies)
due to COVID-19 for individuals with obesity (4). Similarly,
increased risk for hypertension (OR 2.4 95% CI 1.5-3.8) and
cardiovascular disease (OR 3.4 95% CI 1.9-6.2) were observed
in meta-analyses of 7 studies (117). Other related risk factors
include: gender (male) (118, 119), age (older) (120) and ethnicity
(121). However, women with polycystic ovarian syndrome
may be a sub-population at-risk of COVID-19, due to their
increased risk for cardiometabolic comorbidities (122). Younger
adults with obesity may also be at increased risk compared
to those people of a similar age not living with obesity (123).
Lockdown events may have more severe impacts on those living
with metabolic dysfunction and obesity, with COVID-19 likely
exacerbating pre-existing inequity, racial inequality and the
stigma of obesity (124).

A range of likely intersecting mechanisms have been
hypothesized that might explain the associations between
cardiometabolic diseases and COVID-19 severity risk. The
low-grade inflammation which characterizes many of these
conditions may exacerbate the cytokine storm, which occurs
in the second week of infection with SARS-CoV-2 (125, 126).
Excessive oxidative stress and impaired immunity (particularly
innate cell activity, such as natural killer cells) and pro-
inflammatory pathways (including macrophages, T cells, B cells)
may increase susceptibility for severe COVID-19 (126, 127). The
ACE2 receptor for SARS-CoV-2 is highly expressed by adipose
tissue, and other relevant tissues [e.g., heart pericytes, pancreatic
beta-cells (128)], with adipose tissue a potential reservoir for viral
infection (125, 126). Entry of the virus may be promoted through
pre-existing endothelial dysfunction (129). Of interest, is also
the observation that SARS-CoV-2 was detected in the hearts of
61% of autopsied COVID-19 patients (n = 39) (130). Increased
blood levels of markers of cardiometabolic dysfunction, such
as creatinine kinase, aspartate aminotransferase and cardiac
troponin 1 have been detected in people who died from COVID-
19, compared to those who recovered (131). These observations

may be linked to complications of cardiovascular disease induced
by COVID-19, such as cardiomyocyte necrosis, hypertension
and coronary plaque instability (131) Other hypothesized
mechanisms that could increase risk of COVID-19 severity in
people with cardiometabolic disease include: diminished lung
function; pre-existing lung damage (including lipofibrosis in
lungs (132); impaired pancreatic beta-cell function (131); poor
responsiveness/capacity for mechanical ventilation; impaired
fibrinolysis capacity and pulmonary perfusion; dysregulated
endocrine function; and, gut dysbiosis (133, 134). Non-medical
factors that associate with increased risk include poverty and
over-crowded housing conditions that likely reduce the capacity
of individuals to undertake social isolation recommendations,
and promote viral spread (125).

Potential Means by Which UV Light Improves
Cardiometabolic Function

We have previously demonstrated that there are cardiovascular
and metabolic benefits of UV exposure, which are linked to
the photo-mobilization of nitric oxide from skin stores to the
circulation (135, 136). All-cause mortality reduced with increased
UV exposure (137) and this reduction is particularly related to
reduced cardiovascular deaths (138). Environmental UV levels
inversely correlated with myocardial infarctions (139) and blood
pressure, with this effect being stronger in white than black
Americans (107). COVID-19 deaths are notably more prevalent
in black and minority ethnic populations, which may be related to
the blunting of UV benefits in darker-skinned individuals (107).
The same UV-driven mechanism may drive seasonal variation in
development of diabetes and metabolic syndrome, and similar
protective effects in people with sun-seeking behaviors (140).
Our preclinical studies indicate that regular exposure to low
doses (2-3 min, non-burning) of UV light inhibits metabolic
dysfunction in mice fed a high fat diet, with beneficial effects
on liver lipid levels, glucose tolerance, insulin sensitivity and
adiposity (135, 141, 142). Glycemic control may be important to
avoid long-term hospital stays, intensive care unit requirement
and death from COVID-19 (143).

Some of the metabolic benefits of low dose UV light were
mediated via the photo-mobilization of nitric oxide from skin
(135,141, 142); however, there is likely a role for other mediators
including molecules affecting neuro-endocrine pathways (144),
and those that mediate anti-inflammatory effects of UV radiation
(142). It is likely that UV light has cardiometabolic benefits
in both males and females, with body weight, fat mass and
adiposity limited in both male and female mice exposed to
low-dose UV light (135, 141, 142, 145). Similarly, long-term
treatment to narrowband UVB (n = 3,229) reduced the risk
of cardiovascular and cerebrovascular events in both men and
women with vitiligo (compared to those with few or no sessions:
HR 0.64, 95% CI 0.52-0.78 for all events; n = 9,687) from
Korea, although associations were more significant in females
than males (146). There may also be benefits for sun exposure
on blood cholesterol levels, with LDL-cholesterol levels reduced
in individuals receiving advice to increase their sun exposure in
2 of 4 identified intervention studies (101), and findings from
association studies suggest that sun exposure was associated

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

with increases in HDL (high-density lipoproteins)-cholesterol
levels (9). An important consideration here is the potential for
outdoor activity to be a confounder in these studies. We have
also observed synergistic interactions in the combined effects
of physical activity and UV light to improve metabolic health,
with reduced liver steatosis and beneficial effects on metabolic
and immune pathways observed in brown adipose tissue of mice
allowed access to running wheels following exposure to low
dose UV light (147). Some commentators also suggest outdoor
activity may be a means of improving vitamin D status through
the combined effects of physical activity and skin production of
vitamin D in response to exposure to UV light (148).

Weathering the Cytokine Storm? Beneficial
Mediators Produced by Exposure to UV Light

One of the concerning features of COVID-19 is the cytokine
storm, which can occur in the second week of the illness.
Other related events may be rare inflammatory conditions,
such as a Kawasaki-like disease described in older children
(i.e., multi-inflammatory syndrome in children; MIS-C), which
is characterized by abdominal pain, cardiac dysfunction and
shock (149). It is possible that the cascade of anti-inflammatory
mediators produced in response to exposure to UV light (13),
including nitric oxide (as above) and vitamin D, may act in
concert to potentially prevent the COVID-19 cytokine storm and
induced inflammation. Indeed, exposure to UV light (and such
induced mediators) may reduce circulating pro-inflammatory
cytokines linked to COVID-19 cytokine storm events, including
interleukin-6 (IL-6) and c-reactive protein (101, 127, 142, 150).
Importantly, elevated IL-6 (>70 pg/ml) levels as well as other
cytokines (after multivariate adjustment for sex, age, ethnicity,
comorbidities) were associated with reduced survival (HR 2.47,
p < 0.0001) of patients hospitalized for COVID-19 in New
York (USA) (151). As we describe in further detail below, the
UV-induced mediators, vitamin D and nitric oxide, may have
direct anti-viral effects (143, 152, 153), promote the function of
mitochondria to limit reactive oxygen species formation, and
regulate the renin-angiotensin-aldosterone system (RAAS), to
potentially limit the pathogenesis of SARS-CoV-2 (154). Indeed,
the increased risk of severe COVID-19 in older people, might
be linked to a diminished capacity to produce these mediators
with age (155). Below, we review new findings and more specific
mechanisms through which UV-induced vitamin D and nitric
oxide may be beneficial for reducing risk of severe COVID-
19 events.

VITAMIN D AND COVID-19

Skin exposure to UVB radiation is necessary for vitamin
D synthesis from the precursor 7-dehydrocholesterol. Further
chemical conversions in the liver and kidney (and within cells
across the body) result in the formation of 25-hydroxyvitamin
D [25(OH)D; used to define vitamin D status in blood],
and 1,25-dihydroxvitamin D [1,25(OH),;D]. Classically, the
active hormone, 1,25(0OH),D, acts at a cellular level via its
interactions with the vitamin D receptor (VDR), then forming
a heterodimer with the retinoid X receptor binding to vitamin

D response elements across the genome (mainly promoter
regions) for genomic (or nuclear) regulation [reviewed by
(156)]. There are also non-genomic signaling pathways through
which 1,25(OH);D regulates gene expression [reviewed by
(157)]. Much commentary has been published already on
the potential for vitamin D supplementation to modulate
COVID-19 severity, with at least 70 reviews, commentary
and perspectives available on PubMed [as of 18th November
2020; e.g., (158-160)]. Some researchers suggest vitamin D
supplementation is likely to be of benefit for COVID-19, and that
evidence acquired to-date fulfills Hill’s criteria for causality in a
biological system (161).Vitamin D has a wide range of purported
antiviral, immunomodulatory and cardiometabolic effects, which
may help combat COVID-19. These include: induction of
antimicrobials (cathelicidin, f3-defensins, hepcidin); regulation
of lung surfactant levels; endothelial cell function; autophagy
(target intracellular pathogens); regulation of innate cytokines
(e.g., IL-183); inhibition of pro-inflammatory cytokine production
(e.g., IL-6, TNF); and, regulation of overactive T cell responses
(158, 161). Below we provide more details of possible protective
mechanisms of action of vitamin D, review new findings around
the associations between blood 25(OH)D and COVID-19, and
discuss issues around vitamin D supplementation and clinical
trials in this space. Readers are also directed toward a review (162)
of the many commentaries already published in the vitamin D
and COVID-19 space, which also provides comprehensive details
of earlier studies published until the 16th June 2020, as well as
another comprehensive review of studies published until 27th
September 2020 (161).

Postulated Mechanisms of Action

Is Viral Entry Limited by 1,25(0OH),D?

Anti-viral effects of the active metabolite, 1,25(OH),D, have
been reported and linked to antimicrobial peptide production by
bronchial epithelial cells (163, 164). These effects were observed
at relatively high doses of 1,25(OH),D (100 nM), compared to
circulating levels (in pM range). It may not be possible to achieve
these levels with dietary vitamin D supplementation, and perhaps
necessary to consider the possible benefits for non-calcemic
analogs of 1,25(OH),;D (such as calcipotriol). Newer findings
suggest that titers of SARS-CoV-2 grown in nasal epithelial
cells were significantly reduced by subsequent treatment with
relatively high doses of 1,25(OH),D (i.e., 10 uM) (165). Arboleda
Alzate et al. (166) observed that a more physiologically relevant
dose of 1,25(OH),D (0.1 nM) limited entry of dengue virus into
macrophages, by downregulating the mannose receptor (166).
Interestingly, calcitriol [1,25(OH);D] at “higher” doses (from
20 nM) increased ACE2 expression in lipopolysaccharide (LPS)-
treated microvascular endothelial cells (167). Further work is
needed to determine the in vitro and in vivo anti-viral effects of
1,25(0OH);,D treatment of SARS-CoV-2 infections across a range
of doses.

Immune and Other Pathways That Could Be

Regulated by Vitamin D to Reduce COVID-19 Severity
Other researchers have recently reviewed various others means
through which vitamin D could limit the impacts of SARS-CoV-2
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infection. These include its capacity to regulate autophagy
and apoptosis, reduce cytokine hyperproduction and limit
lung injury induced by viral infections (168-170). For people
infected with human immunodeficiency virus, vitamin D
may act as an adjuvant during retroviral therapy with some
VDR alleles increasing susceptibility for infection with the
human immunodeficiency virus (168). Others hypothesize that
vitamin D could combine effectively with interferon (IFN)
to control SARS-CoV-2 infection, with vitamin D modulating
the expression of IFN-stimulated genes during infection with
hepatitis C virus or rhinovirus (171). Vitamin D may limit the
proliferation and reduce innate inflammatory responses (e.g.,
by reducing matrix metalloproteinase expression) by bronchial
epithelial cells (153), with potential benefits for epithelial barrier
integrity (170). Vitamin D may promote the activity of T
regulatory cells and reduce the potential for dendritic cells to
activate and expand effector/pro-inflammatory T helper (Th) cell
subsets including Thl and Th17 cells (153). Other postulated
mechanisms of action include the capacity of vitamin D to
regulate lung and gut microbiota, and inhibitory effects on
fibrosis and aging (e.g., via Klotho-pathways) (170). Berthelot
et al. hypothesized that there may be benefits for 1,25(OH),D for
some manifestations of SARS-CoV-2 infection, including MIS-
C and thrombic coagulopathy via downregulation of the STING
(stimulator of interferon genes) pathway and production of IFNf3
(172). At this stage, these are plausible pathways through which
vitamin D could be beneficial but are yet-to-be demonstrated
for COVID-19.

Regulatory Mechanisms by Which Vitamin D May
Have Cardiometabolic Benefits

Various pre-clinical experiments have been undertaken to
determine mechanisms through which vitamin D may exert
benefits for cardiometabolic health. We have previously reviewed
mechanisms through which vitamin D may be beneficial for
metabolic health (140, 173). Here, we review some of the
pathways through which dietary vitamin D or treatment with
1,25(0OH);,D/related metabolites could modulate cardiovascular
health, with the reader directed toward more comprehensive
reviews for more information (174, 175).

Dietary Vitamin D

Dietary vitamin D may improve cardiovascular health by
directly affecting cells of the heart, inhibiting inflammation,
preventing fat accumulation and regulating cholesterol pathways.
Cardiomyocyte proliferation was increased in hearts of vitamin
D-deficient rats, which expressed higher levels of c-Myc protein
(176), a known driver of cardiomyocyte proliferation (177).
In micro-swine with coronary restenosis (abnormal narrowing
of the arteries), dietary vitamin D3 reduced expression of
circulating pro-inflammatory cytokines (TNF, IFNy) (178). A
vitamin D-deficient hypercholesterolemic diet increased NF-kB
(Nuclear Factor kappa-light-chain-enhancer of activated B cells)
activation in epicardial adipose tissue and promoted formation of
atherosclerotic plaques in pigs (179). Increased numbers of M2-
type macrophages with endoplasmic reticulum stress, and more
fat accumulation were detected in the aortic roots of vitamin

D-deficient mice (180). Finally, dietary vitamin D may suppress
circulating triglyceride and LDL-cholesterol levels by regulating
enzymatic pathways that modified cholesterol synthesis, through
activation of the regulatory Insig-2/sterol regulatory element-
binding protein 2 pathway (181).

Active 1,25(0OH),D

The active vitamin D metabolite/hormone, 1,25(OH),D,
may benefit heart health through modulating autophagy,
the mammalian target of rapamycin (mTOR) and f3-catenin
pathways, apoptosis and endothelial repair. Autophagy in
myocardium was normalized by 1,25(OH),;D treatment, with
increased phosphorylation of AMP-activated protein kinase
and reduced phosphorylation of mTOR (182). This reduction
in mTOR phosphorylation by 1,25(0H),D was also linked
with enhanced cardiac autophagy and the inhibition of the
3-catenin/T cell factor/lymphoid enhancer factor/glycogen
synthase kinase 38/mTOR pathway (183). Both mTOR and 83-
catenin are central mediators of cardiac pathophysiology, while
glycogen synthase kinase 3f3 is a negative regulator of cardiac
hypertrophy. 1,25(OH),D may also improve cardiomyocyte
energy metabolism by increasing expression of the SIRT1
enzyme (a NAD+-dependent protein deacetylase) and inhibiting
expression of PARP (a DNA-damage sensor) (184). Reduced
signs of apoptosis (lower Fas, FasL levels) were observed
in the hearts of rats treated with 1,25(OH),D, as well as
markers of diabetic cardiomyopathy such as circulating lactate
dehydrogenase and creatine kinase (185). 1,25(OH),D may also
promote endothelial repair with increased protein of the smooth
muscle isoform of the myosin light chain detected in the aortas
of rats injected with 1,25(OH),D (186).

Other Vitamin D Metabolites

Paricalcitol (a hypocalcemic analog of 1,25(0OH),D) may have
similar beneficial effects as 1,25(0OH),D to decrease markers
of fibrosis (187), inflammation (188) and oxidative stress in
the heart. These effects included reductions in the enzyme
activity of NADPH oxidase and superoxide dismutase (189), and
cardiac cholesterol levels (190), and increased serum and cardiac
adiponectin levels (190). Reduced atherosclerotic lesions were
observed in apolipoprotein E~/~ mice administered 25(0OH)Dj
(intragastrically) without causing hypercalcemia, while also
increasing regulatory T cells and reducing mature dendritic
cells in lesions (191). Neutralization of these regulatory T
cells with an anti-CD25 monoclonal antibody increased signs
of atherosclerosis (191), highlighting the anti-artherosclerotic
potential of these cells.

Vitamin D and the Renin-Angiotensin-Aldosterone System
(RAAS) Pathway

One important pathway regulated by vitamin D is the RAAS.
This has potential importance for COVID-19 with the ACE2
viral entry receptor likely playing important regulatory roles
during overactivation of RAAS (192). Furthermore, the capacity
for calcitriol [1,25(OH),D] to increase ACE2 expression by
microvascular endothelial cells (167) may have implications for
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the SARS-CoV-2 infectivity and regulation of RAAS by COVID-
19. As above, 1,25(0OH);D enhanced the expression of ACE2
in LPS-treated lung endothelial cells in vitro (from 20 nM) and
lungs of LPS-treated rats (167), and in rat brains and microgial
cells [1uM 1,25(0H);D] (193). Conversely alfacalcidiol [an
analog of 1,25(0OH),D] treatment reduced ACE2 mRNA levels
in kidneys of rats with kidney injury (194). Renin is the enzyme
which initiates the RAAS cascade. Dysregulation of the RAAS
pathway is associated with hypertension and many negative
effects upon cardiac and metabolic function, including fibrosis,
inflammation, heart failure, aging and diabetic injury (195).
Important components of the pathway include angiotensinogen
(cleaved by renin to form angiotensin I), the renin receptor and
ACE (angiotensin converting enzyme, which cleaves angiotensin
I into angiotensin II). Increased expression of some of these
components, including renin, the renin receptor, ACE and the
angiotensin II type 1 receptor was observed in pancreatic islets
of vitamin D-deficient mice (196). Serum renin activity was
enhanced in vitamin D-deficient adult LDL-receptor—/~ mice fed
a high fat diet, with these observations reversed by vitamin D
supplementation (180). Although hypothesized (197), is unclear
as-yet whether these modulating effects of dietary vitamin D
on RAAS will be of benefit for reducing the negative impacts
of COVID-19.

Vitamin D Status and COVID-19

Studies reporting associations between vitamin D status
[blood levels of 25(OH)D] and infection with SARS-CoV-
2, or morbidity/mortality due to COVID-19 include those
that: (i) used previously published data on mean “national”
vitamin D status for some European countries (Table 1A); (ii)
measured 25(OH)D levels upon hospitalization (for COVID-
19) or after PCR test for SARS-CoV-2 (Table 1B); or, (iii)
measured 25(OH)D prior to diagnosis of SARS-CoV-2 infection
(Table 1C).

Significant (or some evidence for) inverse correlations
between mean blood levels of 25(0OH)D for 12-20 European
nations, and COVID-19 cases or mortality in early April 2020
were observed (198-201) (Table 1A). For COVID-19 mortality
rates, these inverse correlations were no longer significant by
mid-May 2020 (198, 201). Possible limitations of these studies
include that there was no standardization in 25(OH)D levels
extracted from historical reports, nor adjustments made for
differences in 25(OH)D assays. Furthermore, no adjustments
were made for country-specific differences in COVID-19 testing
rates, social distancing strategies, population demographics,
comorbidities and/or other factors. Similar findings were also
observed for data acquired from 27 states and union territories
of India with inverse correlations observed in mid-August SARS-
CoV-2 infection and mortality and mean 25(OH)D levels from
previously published data (232).

In Table 1B, we report findings from 21 studies in which
25(OH)D levels were measured in individuals hospitalized for
COVID-19 or after confirmed positive test for SARS-CoV-2 (via
PCR) (Table 1B). Eleven of these studies reported significantly
lower 25(OH)D levels for those with COVID-19 or who were
positive for SARS-CoV-2 infection compared to control groups

(204, 205, 207-209, 211, 212, 214, 218, 219, 223). Many of these
studies were limited by their small sample size, a lack of clarity
on what assay was used to measure 25(OH)D, and that 25(OH)D
levels were not measured before infection was diagnosed. This is
an important consideration as acute illnesses, including COVID-
19, may affect blood 25(OH)D levels (228). This concept is
supported by findings of 10 studies in which vitamin D deficiency
or lower 25(OH)D levels in blood were associated with more
severe outcomes in people already diagnosed with COVID-
19 (202, 204, 205, 208, 209, 214, 216, 218, 221, 222) (see
Table 1B). Other limitations for some studies include a lack
of adjustment for differences in gender, age and comorbidities,
and that COVID-19 diagnoses did not necessarily include a
positive PCR result for SARS-CoV-2. Not all studies were small in
sample size, with 2 reporting findings for at least 500 individuals
with COVID-19 (218, 219). One of these was a preprint study
(218). Merzon et al. (219) reported that low 25(OH)D levels
associated with increased risk for infection (OR 1.5, 95% CI
1.1-1.9; p < 0.001) after controlling for age, sex, socioeconomic
status and comorbidities; however, there were some “unexpected”
observations of negative associations between COVID-19+ and
some comorbidities (e.g., cardiovascular disease) (219).

In Table 1C is a summary of 6 studies, in which 25(OH)D
levels were measured prior to confirmed SARS-CoV-2 infection
or COVID-19 diagnosis. Several of these included data from
the UK Biobank, with consistent findings for no significant
association between COVID-19 infection or mortality and blood
25(OH)D, with adjustments made for sex, age, ethnicity, and/or
body mass index, comorbidities and income (225-227, 231).
However, it is important to note that baseline 25(OH)D levels
were made >10 years before COVID-19 diagnosis, with the
assumption that vitamin D status remains stable over-time
[reviewed by (162)]. These studies have been also been critiqued
for “over-adjustment” (228). In one notable very large study
(n = 218,372), a significant negative relationship was observed
between lower rates of SARS-CoV-2 positivity and higher
blood 25(OH)D levels (OR 0.984 for every 1ng/ml increase in
25(OH)D, 95% CI 0.983-0.986, p < 0.001) following adjustment
for latitude, ethnicity, gender and age (229).

Overall, many of the published studies cited above have
significant limitations, and more clarity is needed on what
are the nature of the associations of SARS-CoV-2 infection
and COVID-19 outcomes with blood levels of 25(OH)D
that better consider confounding, and prospectively measure
25(OH)D using standardized assays. Some new cohort studies are
underway, which may address these issues, such as COVIDENCE
UK, which aims to examine the influence of diet and lifestyle on
transmission and severity of COVID-19 in 12,000 people (>16
years of age) (233). Findings from a systematic review and meta-
analysis suggest that vitamin D deficiency significantly associated
with an increased mortality risk (OR 1.8, 95% CI 1.1-2.6, p
= 0.045, including data from 5 studies reviewed above) (234).
However, potential sources of misinformation may be arising in
this field of research with issues raised (235) about the accuracy
of data in some preprint studies, and an Expression of Concern
raised by journal editors (217) around the validity of data and
its interpretation in another study (216). Another source of
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TABLE 1 | Studies reporting the associations between blood 25(OH)D level or vitamin D status and COVID-19 outcomes.

References Time frame

N (countries)

Main findings

Possible limitations

A. ASSOCIATION OF MEAN 25(oh)d LEVELSA AND covid-19 MORTALITY OR CASES (PER MILLION PEOPLE) ACROSS SOME eUROPEAN COUNTRIES

Ali (198) 8th April 2020 n=20 - Some evidence for inverse correlation of 25(0OH)D with - Historical 25(0OH)D levels not standardized
or 20th May mortality (= —0.44, p = 0.05) or cases (r = —0.44, p = 0.05) across countries nor any adjustments made
2020 (8th April 2020) for differences in 25(OH)D assays
- Significant inverse correlation of 25(OH)D with cases (r =
—0.48, p = 0.03) but not mortality (= —0.36, p = 0.12) (20th
May 2020)
llie et al. (199) 8th April 2020 n=20 - Some evidence for inverse correlation of 25(0OH)D with mortality (- = —0.44, p = - No adjustments made for differences in
0.05) or cases (r = —0.44, p = 0.05) testing rates, social distancing strategies,
population demographics, or comorbidities
Laird et al. (dates not n=12 - Significant inverse correlation of 25(0OH)D with mortality (r-value not stated, p
(200) stated, = 0.046)
published 7th
May 2020)
Singh et al. 8th April 2020 n=20 - Some evidence for inverse correlation of 25(0H)D with mortality (- = —0.44, p =
(201) and 12th May 0.05) or cases (r = —0.44, p = 0.05) (8th April 2020)
2020 - Significant inverse correlation of 25(0OH)D with cases (r = —0.55, p = 0.01) but
not mortality (r = —0.39, p = 0.09) (12th May 2020)
# References Time frame Population Main findings Possible limitations
Location

B. BLOOD 25(0H)D (LIKELY) MEASURED UPON HOSPITALIZATION OR AFTER PCR TEST FOR SARS-CoV-2.

1 Abrishami
etal. (202)
Tehran, Iran

2 Arvinte et al.
(203)
Thornton,
Colorado,
USA

3 Baktash et al.
(204) Slough,
UK

28th February—19th
April 2020

May 2020

1st March—30th April
2020

- n = 73 hospitalized with COVID-19 and - Higher 25(0OH)D levels associated with
PCR+ for SARS-CoV-2: less lung involvement (3 = —0.11 (SE =

- n =12 who died 0.034), p = 0.008 in adjusted model

- n =61 who were discharged Vitamin D deficiency [25(OH)D <

25 ng/mL] associated with increased

risk for mortality (HR 4.2, 95% CI

1.1-16.2) after adjusting for age,

sex, comorbidities

No difference in 25(0OH)D levels

reported between survivors [21.3

(11.3)] and non-survivors (22.8 (7.7)

ng/mL [mean (SD)]

- n = 21 hospitalized and critically ill with
COVID-19

- n =11 survivors

- n =10 non-survivors

- n =105 >65-year-olds, including:
- n=70COVID-19+
- n=35COVID-19-

25(0OH)D lower in COVID-19+ (mean =
27, 1QR 20-47 nmol/L), compared to
COVID-19- (mean = 52, IQR
31.5-71.5 nmol/L) (p = 0.0008)

- Increased ventilation and high
dependency unit admission rates, and
peak D-dimer blood levels for
COVID-19+ with 25(OH)D <30 nmol/L

- Small sample size

Some uncertainty as to when blood for
25(0OH)D was obtained (within 3 days of
chest CT?)

Small sample size

Uncertainty as to when blood for 25(0OH)D was
obtained

- Lack of clarity on 25(0OH)D assay

- No mention of whether diagnosis with
COVID-19 included a SARS-CoV-2+

PCR result

Small sample size

25(0OH)D not measured before illness

- Lack of clarity on 25(0OH)D assay

- Diagnosis of SARS-CoV-2 infection based on
positive viral RT-PCR swab or evidence for
COVID-19 on a chest radiograph or CT

(Continued)
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TABLE 1 | Continued

# References Time frame Population Main findings Possible limitations
Location
4 Carpagnano 11th March—30th April n = 42 adults with acute respiratory - Those with 25(OH)D < 10ng/mL had - Small sample size
et al. (205) 2020 failure due to COVID-19 increased mortality risk (50%) - 25(0OH)D not measured before illness
Bari, Italy compared to those with 25(OH)D >
10ng/mL (6%) (o = 0.019)
5 Cereda et al. March-April 2020 n = 129 patients hospitalized with - Positive association between blood - 25(0OH)D measured up to
(2086) Pavia, COVID-19 (confirmed PCR+- for 25(0OH)D and mortality risk (OR = 1.7 48 h post-hospitalization
Italy SARS-CoV-2) 95% Cl =1.1-2.7, p = 0.016) after
adjusting for age, sex, blood CRP
levels, heart disease, and
severe pneumonia
6 D’Avolio et al., 1st March—14th April - n =107 adults, including: - SARS-CoV-2+ people had significantly - Small sample size
(207) Canton 2020 - n =27 SARS-CoV-2+ (o = 0.004) lower 25(0OH)D (median = - 25(0OH)D measured within 7 weeks of the PCR
of Tessin, - n = 80 SARS-CoV-2- 11.1, IQR 8.2-21.0ng/mL) than test
Switzerland SARS-CoV-2- people (median = 24.6, - Not adjusted for gender or prevalence
IQR 8.9-30.5ng/mL) of co-morbidities
7 De Smet et al. 1st March—7th April - n = 186 patients hospitalized with - 25(0OH)D lower in those with - PREPRINT
(208) West 2020 COVID-19 pneumonia SARS-CoV-2 (median 18.6 ng/mL, IQR - 25(OH)D measured after presentation to
Flanders, - n= 2,717 controls (matched to 12.6-25.3) compared to controls hospital
Belgium season, of similar age, stratified for sex) (median 21.5ng/mL, IQR 13.9-30.8, p - Not adjusted for prevalence of
= 0.002) co-morbidities, although no differences in
- Progression of COVID-19 severity (CT prevalence of chronic lung disease, coronary
stage) significantly associated with artery disease and diabetes in people with
increased vitamin D deficiency in males COVID-19 after stratification for vitamin D
(o = 0.001) not females deficiency [25(OH)D < 20 ng/mL]
8 Faul et al. March 2020 n = 33 male Caucasian adults admitted - 25(0OH)D significantly lower (p = 0.03) - Small sample size
(209) for SARS-CoV-2 pneumonia in those who progressed to acute - 25(OH)D measured upon presentation to
Blanchardstown, respiratory distress syndrome (n = 12; hospital
Ireland 27 £ 12 nmol/L, mean + SD) than - Not adjusted for prevalence of co-morbidities
those who did not (n = 21; 41 £ although none had diabetes or
19 nmol/L) cardiovascular disease
9 Hars et al. March-April 2020 n = 160 older inpatients with COVID-19 - Vitamin D deficiency [25(0OH)D < 50 - 25(0OH)D measured during acute disease
(210) Geneva, including n = 95 women, and n = 65 men nmol/L] associated with reduced risk of - Not all individuals diagnosed with COVID-19
Switzerland survival in men (HR 2.5 95% Cl via SARS-CoV-2+ PCR result
1.0-6.0, p = 0.044), but not women in
a model that adjusted for age,
comorbidities, blood CRP and frailty
10 Hernandez - 10th —31st March - n = 216 patients hospitalized with - Blood 25(0OH)D lower in COVID-19 - 25(0OH)D measured on hospital admission
etal (211) 2020 for COVID-19 COVID-19 patients (11.9 95% Cl 9.6-14.3) ng/mL) - Some individuals with COVID-19 (n = 19)
Spain cases - n = 197 community controls than controls (21.2 95% CI 19.7-22.7) supplemented with vitamin D, although

- January-March “past
year” for
community controls

ng/mL) after adjusting for age,
smoking, comorbidities, BMI and other
(o < 0.0001)

- No significant association of vitamin D
deficiency [25(0OH)D < 20 ng/mL] and
COVID-19 severity (OR 1.1 95% Cl
0.3-4.8) in adjusted model

excluded from analyses

(Continued)
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TABLE 1 | Continued

# References Time frame Population Main findings Possible limitations
Location
11 Im et al. (212) February-June 2020 - n = 50 hospitalized with COVID-19 - 25(0OH)D significantly lower (o < 0.001) - Small sample size
South Korea - n = 150 controls matched for age in those hospitalized with COVID-19 - 25(0OH)D measured after admission to hospital
and sex (156.7 £ 7.9 ng/dL, mean + SD) than - Uncertainty about 25(0OH)D assay
controls (25.0 + 13.2 ng/dL) - Not adjusted/matched for co-morbidities
12 Lau et al (213) 27th March—21st April n = 20 patients with COVID-19 - 25(0H)D not significantly different (p = - PREPRINT
New Orleans, 2020 0.12) comparing levels from those - Small sample size
USA admitted to ICU (n = 13, 19.2 + - 25(0OH)D measured after admission to hospital
10.8ng/mL, mean + SD) to those not - Not adjusted for age, sex, or co-morbidities
(n=7,29.8+13.3ng/dL) (p = 0.012) - Definition of how COVID-19 was diagnosed
not described
13 Luo et al. - 27th February—21st - n = 335 patients hospitalized for - In-transformed 25(0OH)D levels - 25(0OH)D measured on admission
(214) Wuhan, March 2020 for COvVID-19 significantly less for COVID-19 patients
China COVID-19 patients - n =560 age- and sex-matched (3.32 £ 0.04 nmol/L, mean + SD) than
- Same period, controls group controls (3.46 + 0.02, p = 0.014) in
2018-2019 for model adjusted for age, sex,
control group comorbidities, BMI and other
- Vitamin D deficiency [25(0OH)D < 30
nmol/L] associated with increased
COVID-19 severity (OR 2.7 95% Cl
1.2-6.0, p = 0.014) in adjusted model
14 Macaya et al. 5th—31st March 2020 n = 80 patients presenting to hospital - Vitamin D deficiency [25(OH)D < - 25(0OH)D measured on admission or in the
(215) Madrid, emergency with COVID-19 20ng/mL] did not significantly associate past 3 months
Spain with increased risk of developing severe - Some patients (1 = 44) supplemented with
COVID-19 (OR 3.2 95% Cl 0.9-11.4, p vitamin D
= 0.07) in model adjusted for age,
gender, obesity, and comorbidities
15 Maghbooli Until 1st May 2020 n = 235 patients with COVID-19 - Vitamin D sufficiency [25(OH)D > - 25(0OH)D measured after admission to hospital
etal. (216) 30 ng/ml] associated with reduced - Not adjusted for age, sex, or co-morbidities
Tehran, Iran relative risk (RR) of severity (RR 1.6, - Only 31% of individuals diagnosed with
95% Cl 1.0-2.4, p = 0.02), COVID-19 included those with a PCR+ result
unconsciousness (RR 1.1, 95% Cl for SARS-CoV-2 RNA
1.0-1.1, p = 0.08), blood hypoxia (RR - An expression of concern from the PLoS
1.3, 95% Cl 1.1-1.6, p = 0.004), ONE editors has been published for this
c-reactive protein levels (RR 1.7, 95% paper, highlighting these and other possible
Cl 1.1-2.6, p = 0.01) and lymphocyte issues (217)
percentage<20% (RR 1.4, 95% Cl
1.0-1.8, p = 0.03)
16 Mendy et al. 13th March—31st May n = 689 patients diagnosed with - Vitamin D deficiency (not defined) - PREPRINT
(218) 2020 COVID-19 significantly associated with - Uncertainty about when blood for 25(OH)D
Cincinnati, hospitalization (OR 1.8, 95% ClI was obtained
USA 1.1-2.9, p = 0.03) or severity (OR 2.0, - Uncertainty about 25(0OH)D assay

95% Cl 1.1-3.6, p = 0.03) or ICU
admission (OR 2.6, 95% Cl 1.3-5.1, p
= 0.03) after adjusting for age, gender,
race/ethnicity, smoking

(Continued)
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TABLE 1 | Continued

# References Time frame Population Main findings Possible limitations
Location
17 Merzon et al. 1st February—30th n = 7,807 members of Leumit Health - 25(0OH)D significantly lower for - Uncertainty about when blood for 25(0OH)D
(219) Tel-Aviv, April 2020 Services with a previous blood test for COVID-19+ (n = 782, mean = was obtained
Israel 25(OH)D 19.0ng/ml, 95% CI 18.4-19.6) than - Uncertainty about 25(0OH)D assay
COVID-19- (n = 7,025, mean = - Some unexpected observations of negative
20.6ng/ml, 95% CI 20.3-20.8) associations between COVID-19+ for some
- low 25(0OH)D levels significantly comorbidities (e.g., cardiovascular disease)
associated with increased risk for
infection (OR 1.5, 95% Cl 1.1-2.0, p <
0.001) but not hospitalization (OR 2.0,
95% Cl 1.0-4.8, p = 0.06) after
adjusting for age, sex,
SES, comorbidities
18 Panagiotou (not stated) (published n = 134 patients hospitalized with - No significant difference (o = 0.3) - Uncertainty when blood for 25(0H)D was
et al (220) online 3rd July 2020) COVID-19 between 25(0OH)D levels for those in an obtained prior to COVID-19 testing (measured
Newcastle intensive therapy unit (n = 42, 33.5 + at “baseline”)
upon Tyne, 16.8 nmol/L, mean + SD) than those - Uncertainty about 25(0OH)D assay
UK not (n = 92, 48.1 & 38.2 nmol/L) - Some patients (55.8%) supplemented with
- 25(0H)D levels not associated with cholecalciferol (vitamin D)
mortality (OR 0.97, 95% CI 0.42-2.23) - Definition of how COVID-19 was diagnosed
not described
19 Pizzini et al. Recruited from 29th n = 109 adults PCR+ for SARS-CoV-2 - Blood 25(0H)D levels not significantly - 25(OH)D measured 8 weeks after disease
(221) Austria April 2020 (o = 0.12) different between people onset
with mild (n = 22, 64 4+ 31 nmol/L, - Uncertainty about 25(0OH)D assay
mean + SD), moderate (n = 34, 54 + - Some patients (n = 10) supplemented with
19 nmol/L), or severe (n = 53, 50 + 24 vitamin D
nmol/L) COVID-19 when measured 8 - Not adjusted for age, sex, or co-morbidities
weeks after disease onset, although a
difference was observed when mild and
moderate cases were combined (n =
56, 58 + 25 nmol/L, p < 0.05)
compared to severe only
20 Radujkovic 18th March—18th June n = 185 COVID-19 patients (n = 92 - Vitamin D deficiency [25(0OH)D < - 25(0OH)D measured on first presentation
et al. (222) 2020 outpatients, n = 93 hospitalized patients) 12ng/mL] at first presentation - Some inpatients (1 = 12) supplemented with
Heidelberg, associated with increased risk for vitamin D
Germany invasive mechanical ventilation or death
(hazard ration (HR) 6.1, 95% Cl
2.8-13.4, p < 0.001) or death only (HR
14.7 95% Cl 4.2-52.2, p < 0.001) after
adjusting for age, gender
and comorbidities
21 Yilmaz and March-May 2020 - n = 40 children (3 month—18 years) - Blood 25(0H)D levels significantly less - Uncertainty on when blood for 25(0H)D was
Sen (223) hospitalized with COVID-19 confirmed in children with COVID-19 (13.1, obtained
Diyarbakir, by SARS-CoV-2+ PCR 4.2-69.3; mean, range) compared to - Not adjusted for age, sex, or co-morbidities
Turkey - n = 45 healthy “matched” controls controls (34.8, 3.8-77.4; p < 0.001)

(Continued)

J8||8/\\ PUB UBLUIOL)

61-AINOO PUB 1YBI AN


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

10" UISISIUOL MMM | BUIDIPBA JeiNdSeAOIpIe)) Ul SIORUOIH

Sl

/2G99 8oy | 2 swnjoA | 020z Jequiedeq

TABLE 1 | Continued

References
Study

Location/Cohort

Time frame

Population

Main findings

Possible limitations

C. BLOOD 25(0H)D MEASURED BEFORE INFECTION

Chodick et al.
(224) Israel

Hastie et al.
(225, 226) UK
Biobank (n =
502,624)

Hastie et al.
(227)

UK Biobank
(n = 502,624)

Kaufman et al
(229) USA

Meltzer et al.,
(230)
Chicago, USA

Raisi-
Estabragh
etal., (231)
UK Biobank
(n = 497,996)

From 1st Jan
2020

16th
March—14th
April 2020

5th
March—25th
April 2020

9th
March—19th
June 2020

3rd
March—10th
April 2020

16th
March—18th
May 2020

- n= 14,520,
including:
- n=1,317
SARS-CoV-2+
- n=13,203 SARS-
CoV-2—-
n = 449 adults with
confirmed COVID-19
and 25(0OH)D test
(2006-2010) of
348,598 eligible
participants
n = 656 adults with
confirmed COVID-19
and 25(0OH)D test
(2006-2010) with n =
203 deaths of 341,484
eligible participants
Fromn = 218,372
tested for SARS-CoV-2

n = 489 patients tested
for COVID-19 who had
their 25(0OH)D levels
tested in the last year
(prior to testing positive
for SARS-CoV-2)

n = 1,326 with positive
COVID-19 testand n =
3,184 with negative
COVID-19 test all with
blood 25(0OH)D test
(2006-2010)

25(0H)D levels in those with (23.6 + 8.6 ng/mL, mean + SD)
SARS-CoV-2 infection, similar to those without (24.1
+ 9.1ng/mL)

25(0OH)D not significantly associated with confirmed COVID-19
(OR 1.00, 95% CI 0.998-1.01, p = 0.208) after adjustment for
ethnicity, age, sex, month of assessment, income, BMI,
comorbidities

Severe infection and mortality (HR 0.98, 95% CI 0.91-1.06, p
= 0.696) not significantly associated with 25(OH)D after
adjustment ethnicity, age, sex, month of assessment, income,
BMI, comorbidities

Significant negative relationship between lower rates of
SARS-CoV-2 positivity and higher blood 25(0H)D levels (OR
0.984 for every 1 ng/ml increase in 25(0OH)D, 95% Cl
0.983-0.986, p < 0.001) following adjustment for latitude,
ethnicity, gender and age (with 25(0OH)D levels

seasonally adjusted)

Testing positive for COVID-19 (n = 71) was significantly
associated with increased risk (RR 1.8 95% Cl 1.1-2.1, p =
0.02) for being vitamin D deficient [25(OH)D < 20 ng/ml] in
multivariable analysis

No significant association (OR 1.00 95% CI 1.00-1.00, p =
0.72) between seasonally adjusted 25(0OH)D levels and
COVID-19 positivity in a model that also considered sex, age,
and BAME ethnicity

Lack of clarity on 25(0OH)D assay

25(0OH)D measured some time before
COVID-19 pandemic

Possible “over-adjustment” as BMI and
ethnicity both may affect 25(0H)D
[commentary from (228)]

No consideration of co-morbidities

Uncertainty about 25(0OH)D assay

25(0OH)D measured some time before COVID-
19 pandemic

Observed significant associations for BAME
ethnicity OR 1.8, 95% Cl 1.4-2.2, p = 9.27
x 1077)

Identified in PubMed as of 18th November 2020.

Mean 25(0OH)D levels reported for each country, ranging in year of measurement.
Significance defined as p < 0.05, 25(0OHD = 25-hydroxyvitamin D.

Cl, confidence interval; CRF, c-reactive protein; HR, hazard ratio; OR, odds ratio; RR, relative risk.

BAME, black, Asian and minority ethnic;, 25(0H)D, 25-hydroxyvitamin D; Cl, confidence interval; HR, hazard ratio; OR, odds ratio; RR, relative risk.
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concern is an early systemic review and meta-analyses of 7 articles
(that were published between 9th April and 20th May 2020),
which reported that 25(OH)D levels were significantly lower for
those with “poor” (n = 634) than “good” (n = 669) COVID-19
prognosis (236). Meta-analyses reported in this study are likely
flawed with the inclusion of: studies previously in preprint, now
seemingly withdrawn [e.g., Alipio et al., 2020, (236)]; data from
a letter, which does not cite any original findings (237); and, the
inclusion of retrospective studies with small sample sizes that did
not adjust for gender, age, comorbidities and other important
factors [e.g., (209, 213) of Table 1B].

Could Vitamin D Supplementation Be a

Successful Strategy?

Some early findings suggest patients with COVID-19 (n =
105) may be less likely to be supplemented with vitamin D
(age-adjusted OR = 0.56, 95% CI 0.32-0.99) than unaffected
(n = 1,381) individuals, although infected people were also
more likely to have obesity and chronic obstructive pulmonary
disease in this study of individuals with Parkinson’s Disease
from Lombardy (Italy) (238). There may be benefits for vitamin
D supplementation in reducing the risk of acute respiratory
tract infections, as observed in a meta-analysis of high-quality
randomized clinical trials (25 trials; n = 11,131, adjusted OR
0.88, 95% CI 0.81-0.96) (239). Similar findings were observed
in a more recent preprint study, in which meta-analyses of
40 randomized clinical trials (n 30,956), with vitamin D
supplementation reducing risk of acute respiratory tract infection
(OR 0.89, 95% CI 0.81-0.98), although some publication bias
was detected (240). Sub-group analyses in this study point
toward better outcomes for those supplemented with daily doses
in the range of 400-1,000 IU/day (OR 0.70, 95% CI 0.55-
0.89) for 12 months duration (240). No effect was observed
on some outcomes such as percentage diagnosed with upper
or lower respiratory tract infection, use of anti-microbials,
hospitalization and emergency department attendance (240).
Vitamin D supplementation may also exert cardiovascular and
anti-inflammatory benefits, with meta-analyses pointing toward
reduced blood total cholesterol, LDL-cholesterol and triglyceride
levels (241) or pro-inflammatory cytokine concentrations (e.g.,
TNF) compared to placebo, although effect sizes were small
(241), especially for those not initially vitamin D-deficient (242).
Other meta-analyses suggest that vitamin D supplementation
may have beneficial effects on adiposity in certain populations,
with sub-group analyses of 20 randomized clinical trials (n =
3,153 participants) suggesting reduced body mass index and waist
circumference in women living in Asian countries supplemented
for > 6 months (243). Multi-omic analyses of published datasets
have identified vitamin D (among a suite of other candidates)
as a potential prophylactic agent for COVID-19 (244). However,
being treated with vitamin D, did not significantly change the
incidence of COVID-19 in a study of >2,000 people treated for
non-inflammatory rheumatic conditions (Mar-May 2020) (245).

Vitamin D Dose Considerations
One ongoing issue in vitamin D supplementation studies
concerns what are effective and safe dosing for optimal health.

Significant debate has been published across multiple journals,
including the Irish Medical Journal (246-248) and Nutrients (160,
249, 250) on what are safe doses of vitamin D that could provide
protection from COVID-19. Some suggest that very high bolus
doses are likely to be safe in ventilated, critically ill patients, based
on reports that doses of 250,000-500,000 IU vitamin D were
associated with reduced length of stay in hospital, and increased
blood oxygen levels [reviewed by (251, 252)]. Others are more
circumspect around dosing, calling for multi-center randomized
controlled trials to help define safe and effective doses for
COVID-19 (253). There may be ill effects of “high” daily doses
of vitamin D on markers of cardiovascular health. For example,
increased need for mechanical circulatory support implants was
observed in adults with heart failure (n = 400) supplemented
with 4,000 IU vitamin D/day for 3 years (HR 2.0, 95% CI 1.0-
3.7) (254). These implants are a last option to prevent death
in people with end-stage heart failure and their increased use
was linked to vitamin D-induced hypercalcemia (254). Indeed,
long-term (>12 months) treatment with “high” dose vitamin
D (>2,800 IU/day) may increase risk of hypercalcemia (255).
Further controversy lies in the frequency of dosing (e.g., daily vs.
bolus monthly), although for acute respiratory infections, meta-
analyses point toward increased efficacy of daily dosing with 400—
1,000 IU vitamin D (240). Clinical trials that compare the efficacy
of vitamin D supplementation to limit COVID-19 severity and
measure safety outcomes across range of daily doses are needed.

Factors Modulating the Potential
Protective Effects of Vitamin D and
COVID-19

Gender is an important consideration, with increased risk of
severe COVID-19 linked to being male (155). The reasons for
this observation are not fully understood, but could include sex-
linked differences in immunity, meta-inflammation responses,
expression of ACE2 and risk of developing acute respiratory
distress syndrome (ARDS) (155, 256-258). There may be gender
differences in the capacity of vitamin D to regulate immune
responses, including increased capacity to induce T regulatory
cells and immunosuppressive cytokines such as interleukin-
10 in females [reviewed in (259)]. These responses may be
mediated via sex hormones such as estrogen and progesterone.
Indeed, vitamin D may cooperate with progesterone to regulate
immunity (potentially by upregulating the VDR) to control pro-
inflammatory cytokine expression (260). Of importance here
were recent findings that men (but not women) with vitamin
D deficiency [25(OH)D < 50 nmol/L] were at increased “risk”
of dying due to COVID-19 (210), with similar findings in a
second study (208). Age may be another important factor to
consider as a significant interaction between age and vitamin
D deficiency was observed for associations with COVID-19
severity in one study (215). Other important considerations
include genetic influences, with significant associations between
polymorphisms in the vitamin D-binding protein and the
prevalence and mortality due to COVID-19 reported (261). How
ethnicity affects our capacity to make vitamin D after exposure
to sun exposure (or UVB radiation) is a further important

Frontiers in Cardiovascular Medicine | www.frontiersin.org

16

December 2020 | Volume 7 | Article 616527


https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

factor, which has been discussed (121, 262). Some researchers
hypothesize there may be important links between genetic
deficiencies in glutathione synthesis (via less G6PD enzyme
activity) and vitamin D deficiency in African American people,
compared to others, and protection from oxidative stress induced
by COVID-19 (263). Further data are needed on the influence
that skin color and type (e.g., Fitzpatrick) have on COVID-19-
related outcomes.

Clinical Trials Testing the Efficacy of

Vitamin D Supplementation
Early findings from small clinical trials and experimental studies
are suggestive of some benefit for vitamin D supplementation for
lessening COVID-19 severity. When the effects of standard care
with and without oral calcifediol [25(OH)D; 0.532 mg on day of
admission, 0.266 mg on days 3 and 7 then weekly] were compared
in 76 people admitted to a Spanish hospital for COVID-19,
reduced risk for admission to intensive care was observed for
those treated with calcifediol (OR 0.03, 95% CI 0.003-0.25, after
adjusting for prevalence of hypertension and type-2 diabetes)
(264). From two “quasi-experimental” French studies, regular
supplementation with “bolus” vitamin D [e.g., 80,000 IU vitamin
D every 2-3 months (265)] prior to disease onset, reduced the
risk of death from COVID-19 in both hospitalized patients [n
= 77: HR 0.07 95% CI 0.01-0.61 (266)], and people living in a
nursing home [n = 66: HR 0.11 95% CI 0.03-0.48 (265)] with
models adjusted for age, gender and other factors. A limitation
of these studies was that not all SARS-CoV-2 infections were
confirmed by PCR. The effects of daily dosing with 60,000
IU cholecalciferol (vitamin D3) daily for at least 7 days were
compared to placebo for 40 asymptomatic or mildly symptomatic
adults who were SARS-CoV-2+4 (by PCR), vitamin D-deficient
and did not require later ventilation nor had a “significant”
comorbidity (267). More individuals treated with cholecalciferol
(n = 16) were negative (62%) for SARS-CoV-2 RNA by PCR than
for those receiving placebo (n = 24) (21%, p < 0.018) at the 14
day time-point (267).

Other trials are underway testing the capacity of vitamin
D supplementation (alone) to reduce the severity of COVID-
19, with at least 25 registered on ClinicalTrials.gov as of
the 18th November 2020. These are mainly studies recruiting
adults, testing the effects of oral vitamin D [or 25(OH)D]
supplementation on a range of outcomes, including: SARS-
CoV-2 infection rates (including asymptomatic), COVID-19
hospitalization rates and length of stay, admission to intensive
care units, requirement for oxygen/ventilation support, symptom
severity, cardiovascular events (e.g., heart attack, stroke), sepsis,
inflammatory markers, 25(OH)D levels and anti-SARS-CoV-2
antibody titres in blood, and adverse events. Supplementation
doses and regimens also vary, ranging from “lower” daily doses
of 1,000 IU vitamin D/day (e.g., NCT04476680) to bolus vitamin
D administration (e.g., 20,000 IU/day for 3 days and then
6,000 IU day for 12 months; NCT04482673). Other related
approaches include supplementation via combined nutritional
support, including one very large clinical trial planning to recruit
80,000 individuals in Norway to test the preventative effects

of cod liver oil (via 5mL doses containing 10 pg vitamin
D3) (NCT04609423).

NITRIC OXIDE AND COVID-19

Nitric oxide levels are locally and systemically regulated by
multiple pathways. Nitric oxide is produced via the activity of
nitric oxide synthases [NOS; e.g., induced (iNOS); endothelial
(e)NOS], which convert oxygen and L-arginine into nitric oxide
and L-citrulline. There are also dietary sources of inorganic
nitric oxide precursors, nitrite (NO; ) and nitrate (NO;3'), which
occurring naturally in green leafy vegetables, beetroot and
seaweed (268). Nitrate is reduced to nitrite through the activity
of tongue microflora and enters the circulation via saliva and for
further reduction to nitric oxide in various tissues, including the
lung (269). Impaired production of local nitric oxide, through
endothelial dysfunction, and reduced expression of eNOS, and
decreased bioavailability of nitric oxide occurs in older men and
people with comorbidities such as obesity and hypertension, and
is hypothesized to increase mortality due to COVID-19 (270).
Genetic differences in the expression of eNOS may underpin
ethnic differences in susceptibility for severe COVID-19 (271).
However, nitric oxide can have more direct anti-viral effects,
including inhibition of the replication of a number of viruses
at an early stage and activating innate immune pathways for
more generalized anti-viral functions (152). Exposure to UV
radiation is also another means of increasing the bioavailability
of nitric oxide through photo-release from stores in the skin
(272). Nitric oxide “bioactivity” is then mobilized to the systemic
circulation (as nitrite) to potentially promote vasodilation and
reductions in blood pressure (136). Below we describe in more
detail potential mechanisms of action of nitric oxide that could
reduce severity of COVID-19, including anti-viral effects, as
well as anti-inflammatory and cardiometabolic benefits. We then
discuss other ways of improving nitric oxide bioavailability that
are being considered for prevention or treatment of COVID-
19, including provision of inhaled nitric oxide or via dietary
supplementation (with nitrate/nitrite) and other methods.

Postulated Mechanisms of Action

Anti-viral Effects

Nitric oxide has general anti-viral actions as well as specific
inhibitory effects on coronaviruses. In vitro replication of
SARS-CoV-2 was inhibited by treatment of Vero-E6 cells with
200-400 uM of the nitric oxide donor SNAP (S-nitroso-N-
acetylpenicillamine) (273). This effect might be related to the
capacity of nitric oxide to promote S-nitrosylation of cysteine
groups (274), a process which inhibits the action of viral
proteases (275). Indeed, the protease activity of the SARS-CoV-
2 3CL cysteine protease was inhibited by >100 wM SNAP (273).
Nitric oxide also inhibits replication of SARS-CoV-1 (276) and
does this by two S-nitrosylation-dependent pathways. Firstly, S-
nitrosylation of the SARS-CoV-1 spike protein prevents the post-
translational palmitoylation needed for it to fuse with its receptor
(i.e., ACE2) (277). Secondly, early viral replication is blocked by
actions on the SARS-CoV-1 cysteine proteases. The spike protein
of SARS-CoV-1 is highly homologous to that of SARS-CoV-2
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(278, 279), suggesting that nitric oxide will similarly limit binding
to ACE2 by SARS-CoV-2. Serine proteases including TMPRSS2
need to prime the spike protein of SARS-CoV-2 to allow cell
entry (280), a process particularly sensitive to nitrosylation. The
nitric oxide donor, furoxan, is hypothesized to act as a protease
inhibitor of SARS-CoV-2 (281).

Anti-inflammatory Effects

SARS-CoV-2 is responsible for a wide range of extra-pulmonary
manifestations. These may reflect direct viral tissue damage,
and include widespread endothelial cell damage, thrombo-
inflammation and immune dysregulation (282). Nitric oxide has
multiple functions and at low levels such as those produced
by the constitutive nitric oxide synthases, it is important
for healthy endothelial function (283) and is anti-thrombotic
(284). One important immune cell regulated by nitric oxide
are macrophages, which are “repolarized” from type-1 (MI)
toward a type-2 phenotype (M2), effectively neutralizing pro-
inflammatory mediator and reactive species production by these
cells [reviewed by (285)]. Nitric oxide mobilized from the skin
to the systemic circulation following exposure to UV radiation
shows the same bioactivity as these constitutive levels of nitric
oxide release and would be expected to have analogous anti-
inflammatory actions (136). The human transcriptome shows
strong seasonality, with almost one third of all genes involved,
with broad up-regulation of anti-inflammatory genes observed in
summer in healthy volunteers, a process which may be regulated
by sunlight exposure (286).

Mechanisms of Cardiometabolic Protection by Nitric
Oxide

While physiologically relevant levels of nitric oxide have
protective effects, nitric oxide in excess is damaging (287). For
example, high concentrations of nitric oxide cause nitrosative
stress and mitochondrial injury, while too little can impair
mitochondrial biogenesis and function (288). Below we review
mechanisms (identified in pre-clinical studies) by which “direct”
dietary sources of nitric oxide (i.e., inorganic nitrate and nitrite,
or, deficiency) may modulate cardiovascular health. For review of
the effects of nitric oxide on metabolic outcomes, please see other
reviews (140, 173, 289).

Dietary Nitrate

Dietary nitrate may have anti-inflammatory, -fibrotic and -
oxidative benefits to improve heart health. Long-term deficiency
in nitrate (or nitrite) through dietary restriction caused
hypertension, endothelial dysfunction, metabolic syndrome and
gut dysbiosis (reduced bacterial diversity, more Actinobacteria)
(290). These effects were all reversed by nitrate supplementation.
Dietary supplementation with sodium nitrate reduced blood
pressure in rats fed a high carbohydrate, high fat diet and was
accompanied by reduced inflammation and fibrosis in the left
ventricle, with modified cardiac expression of related mRNAs
(i.e., reduced Ctgf, Mcpla, and Mmp2; increased Ppara) (291).
Sodium nitrate also inhibited the formation of superoxides in
heart tissue and mesenteric arteries of rats with age-related
hypertension (292).

Dietary Nitrite

Similar to dietary nitrate, nitrite may also have protective effects
via pathways that reduce fibrosis and oxidative stress and impair
remodeling of cardiovascular tissues. Dietary nitrite reduced
the extent of fibrosis and both vascular (187, 293) and cardiac
(294, 295) remodeling. The hypotensive and cardiobeneficial
effects of dietary nitrite associated with activation of the
SIRT3-AMPK pathway in skeletal muscle (187). SIRT3 is a
mitochondrial regulator of reactive oxygen species. Nitrite
suppressed respiration and reactive oxygen species production
in mitochondria and improved their efficiency as an ongoing
source of ATP during ischemic attack (289). Dietary nitrite may
limit ventricle hypertrophy by suppressing phosphorylated-Akt
(a mediator of cardiomyocyte death) levels in the hearts of
mice (294).

Dietary Nitrite/Nitrate and the
Renin-Angiotensin-Aldosterone System (RAAS) Pathway
Like vitamin D, dietary nitrite and nitrate may regulate the RAAS
pathway to promote heart health. Inorganic nitrite prevented
cardiac remodeling and modulated elements of the RAAS,
including; plasma levels of angiotensin II, and cardiac mRNA
levels of the angiotensin II type 1 receptor (295). Similarly,
sodium nitrate “normalized” angiotensin II signaling in arteries
of rats with age-related hypertension (292).

Clinical Trials Assessing Nitric Oxide

Inhaled Nitric Oxide

Inhaled nitric oxide has been proposed for treatment of COVID-
19 in several commentaries and reviews (296-299) for its potent
selective pulmonary vasodilation and bronchodilation effects,
safety profile, and extensive use in treating respiratory disease.
Inhaled nitric oxide was previously tested in a very small trial of
people with SARS (n = 14, China), and significantly reduced the
“spread of lung infiltrates” measured via chest radiography (300).
Systematic reviews suggest no consistent benefits for inhaled
nitric oxide in reducing mortality due to ARDS, although it may
improve blood oxygenation and limit pulmonary hypertension
[reviewed by (285, 301)]. Even so, inhaled nitric oxide is already
recommended and used by some clinicians for treatment of
children infected with SARS-CoV-2 (302, 303), and is likely
already being combined with other therapies, such as treatment
of patients in the “supine and prone” position (i.e., on the tummy)
(302, 304), which its self may promote nitric oxide levels in dorsal
lung tissue (305).

Possible benefits of inhaled nitric oxide therapy have
been reported in case studies of people with COVID-19,
including “home therapy” (296, 306), and via portable systems
developed for potential use in out-patient settings [reviewed
by (285)]. In small clinical studies, inhaled nitric oxide
(at doses of 10-25 ppm) did not significantly modify the
PaO,/FiO, ratio (a measure of oxygenation) in ventilated
patients with COVID-19, who had refractory hypoxemia
(307-309). At a slightly higher dose, inhaled nitric oxide
(starting at 30 ppm) improved oxygenation of 21 of 39 non-
intubated individuals with COVID-19 (310). A number of
clinical trials are underway (n = 20, ClinicalTrials.gov, 18th
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November 2020 using keywords: nitric oxide (+) COVID-
19), examining potential benefits of inhaled nitric oxide in
both mechanically-ventilated (311) and spontaneously-breathing
(312) patients at “higher” (140-180 ppm) (312) or “lower”
doses (e.g., 20 ppm, NCT04388683). A range of outcomes are
being tested, including: oxygenation (311); disease progression
requiring intubation (312); hospitalization rate and length of
stay; mortality; respiratory failure; recovery; blood inflammatory
markers; SARS-CoV-2 burden; bacterial load in sputum; adverse
events (e.g., kidney failure); lung spirometry; and, quality of
life. Other clinical trials underway include those administering
a “nitric oxide releasing solution/drug” intranasally (e.g.,
NCT04443868, NCT04337918), or testing inhalation of a “nitric
oxide generating solution” (RESP301) (e.g., NCT04460183) to
prevent or treat COVID-19. One trial is testing the capacity
of nitric oxide (30 mg)-generating lozenges taken twice daily
on blood pressure and dizziness in participants with a recent
COVID-19 diagnosis (NCT04601077).

Dietary Supplementation and Other Approaches
Despite possible benefits for cardiovascular health, nitrite has
complex dose-dependent effects on vasodilation and systemic
blood pressure and toxicity issues, which may prevent it
from being administered chronically in humans (313, 314).
Indeed, no active clinical trials were identified in which
dietary nitrite or nitrate on COVID-19 outcomes are being
assessed (searching ClinicalTrials.gov, 18th November 2020,
using keywords: nitrite (OR) nitrate (4+) COVID-19). Other
concerns include observations that nitrate can attenuate vascular
responses to nitrite, reducing the capacity of nitrite to lower
blood pressure (as observed in Wistar rats), by inhibiting
xanthine oxidoreductase, the enzyme that catalyzes the formation
of nitric oxide from nitrite (and nitrate) (315). In addition,
many of the studies detailed above were performed in male
experimental animals, and as the cardioprotective effects of
estrogen (and other endogenous mediators) may occur through
nitric oxide-specific pathways (316, 317), it will be important in
the future to consider how translatable the preclinical findings
(from mainly male animals) are for both men and women.
Other means of increasing bioavailability of nitric oxide for
treatment of people with COVID-19 are being considered,
including the application of nitric oxide donors (e.g., SNAP,
RRx-001), novel technologies such as nanoparticles that release
nitric oxide (285, 318), and via the diet (e.g., promoting beetroot
intake) (319).

REFERENCES

1. WHO Rapid Evidence Appraisal for COVID-19 Therapies Working Group,
Sterne JAC, Murthy S, Diaz JV, Slutsky AS, Villar J, et al. Association between
administration of systemic corticosteroids and mortality among critically
Ill Patients with COVID-19: a meta-analysis. JAMA. (2020). 324:1330-41.
doi: 10.1001/jama.2020.17023

2. Matheson NJ, Lehner PJ. How does SARS-CoV-2 cause COVID-19? Science.
(2020) 369:510-11. doi: 10.1126/science.abc6156

FUTURE DIRECTIONS AND CONCLUDING
COMMENTS

It is clear that there is considerable interest in the potential
for UV light, and induced mediators such as vitamin D and
nitric oxide to modulate the incidence and severity of COVID-
19. Data collected to-date suggest that ambient levels of both
UVA and UVB may be beneficial for reducing incidence
or severity of COVID-19, although more studies are needed
that better consider possible environmental and population-
based confounding. Currently unresolved are the nature of the
associations between blood 25(OH)D and COVID-19, with more
prospective data needed that better consider lifestyle factors,
such as physical activity and personal sun exposure levels, and
other confounders (e.g., comorbidities). There has been little
data collected to-date that considers personal sun exposure and
COVID-19-related outcomes. This is an important consideration
as ambient UV levels do not always strongly correlate with an
individual’s sun exposure [e.g., when determined via dosimeter; r
= 0.2 (320)]. Clinical trials testing the efficacy of new vaccines,
and/or vitamin D supplementation, could provide additional
opportunities to collect information on personal sun exposure
levels, and its association with COVID-19 outcomes, as well as
interactions of sun exposure with the impacts of vaccination and
vitamin D supplementation. Measuring sun exposure may be
important for the development of informed and evidence-based
advice, particularly for people at-risk of severe COVID-19 events.
New trials will likely consider the combined effects of vitamin
D supplementation or inhaled nitric oxide with other successful
treatments [e.g., corticosteroids such as dexamethasone (321)].
We highlight that UV light, and induced mediators, may exert
anti-SARS-CoV-2 effects, with protective effects hypothesized
for respiratory and cardiometabolic health during COVID-19;
however, more evidence is needed.

AUTHOR CONTRIBUTIONS

SG and RW conceived, designed, and wrote this review
together. Both authors contributed toward the critical analyses
of manuscripts discussed and have given their final approval for
this version of the paper to be published.

ACKNOWLEDGMENTS

Thank-you to Ms. Tammy Gibbs and Charlize Donovan for
graphic design input into Figure 1.

3. Li X, Guan B, Su T, Liu W, Chen M, Bin Waleed K, et al
Impact of cardiovascular disease and cardiac injury on in-hospital
mortality in patients with COVID-19: a systematic review and meta-
analysis. Heart. (2020) 106:1142-7. doi: 10.1136/heartjnl-2020-3
17062

4. Popkin BM, Du S, Green WD, Beck MA, Algaith T, Herbst CH, et al.
Individuals with obesity and COVID-19: a global perspective on the
epidemiology and biological relationships. Obes Rev. (2020) 21:e13128.
doi: 10.1111/0br.13128

Frontiers in Cardiovascular Medicine | www.frontiersin.org

19

December 2020 | Volume 7 | Article 616527


https://ClinicalTrials.gov
https://doi.org/10.1001/jama.2020.17023
https://doi.org/10.1126/science.abc6156
https://doi.org/10.1136/heartjnl-2020-317062
https://doi.org/10.1111/obr.13128
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

. Xu L, Mao Y, Chen G. Risk factors for 2019 novel coronavirus disease.

(COVID-19) patients progressing to critical illness: a systematic review and
meta-analysis. Aging. (2020) 12:12410-21. doi: 10.18632/aging.103383

. Dhama K, Khan S, Tiwari R, Sircar S, Bhat S, Malik YS, et al

Coronavirus disease 2019-COVID-19. Clin Microbiol Rev. (2020) 33:¢00028-
20. doi: 10.1128/CMR.00028-20

. Rabaan AA, Al-Ahmed SH, Sah R, Tiwari R, Yatoo MI, Patel SK, et al. SARS-

CoV-2/COVID-19 and advances in developing potential therapeutics and
vaccines to counter this emerging pandemic. Ann Clin Microbiol Antimicrob.
(2020) 19:40. doi: 10.1186/512941-020-00384-w

. Weller RB. The health benefits of UV radiation exposure through

vitamin D production or non-vitamin D pathways. Blood pressure
and cardiovascular disease. Photochem Photobiol Sci. (2017) 16:374-80.
doi: 10.1039/C6PP00336B

. Gorman S. Sun exposure: an environmental preventer of metabolic

dysfunction?  Curr Opin  Endocr ~Metabol Res. (2020) 11:1-8.
doi: 10.1016/j.coemr.2019.11.001

Mccullough PJ, Lehrer DS. Vitamin D, cod liver oil, sunshine, and
phototherapy: safe, effective and forgotten tools for treating and curing
tuberculosis infections - A comprehensive review. J Steroid Biochem Mol Biol.
(2018) 177:21-9. doi: 10.1016/j.jsbmb.2017.07.027

Enwemeka CS, Bumah VV, Masson-Meyers DS. Light as a potential
treatment for pandemic coronavirus infections: a perspective. ]
Photochem Photobiol B. (2020) 207:111891. doi: 10.1016/j.jphotobiol.2020.1
11891

Sabino CP, Ball AR, Baptista MS, Dai T, Hamblin MR, Ribeiro
MS, et al. Light-based technologies for management of COVID-
19 pandemic crisis. J Photochem Photobiol B. (2020) 212:111999.
doi: 10.1016/j.jphotobiol.2020.111999

Hart PH, Norval M, Byrne SN, Rhodes LE. Exposure to ultraviolet radiation
in the modulation of human diseases. Annu Rev Pathol. (2019) 14:55-81.
doi: 10.1146/annurev-pathmechdis-012418-012809

Lucas RM, Yazar S, Young AR, Norval M, De Gruijl FR, Takizawa Y, et al.
Human health in relation to exposure to solar ultraviolet radiation under
changing stratospheric ozone and climate. Photochem Photobiol Sci. (2019)
18:641-80. doi: 10.1039/C8PP90060D

Price RHM, Graham C, Ramalingam §S. Association between viral

seasonality and meteorological factors. Sci  Rep. (2019) 9:929.
doi: 10.1038/541598-018-37481-y

Martinez ME. The calendar of epidemics: seasonal cycles
of infectious  diseases. =~ PLoS  Pathog. ~ (2018) 14:€1007327.

doi: 10.1371/journal.ppat.1007327

Edridge AWD, Kaczorowska ], Hoste ACR, Bakker M, Klein M, Loens K,
et al. Seasonal coronavirus protective immunity is short-lasting. Nat Med.
(2020) 26:1691-3. doi: 10.1038/s41591-020-1083-1

Rucinski SL, Binnicker MJ, Thomas AS, Patel R. Seasonality of coronavirus
229E, HKU1, NL63, and OC43 from 2014 to 2020. Mayo Clin Proc. (2020)
95:1701-3. doi: 10.1016/j.mayocp.2020.05.032

Li Y, Wang X, Nair H. Global seasonality of human seasonal
coronaviruses: a clue for postpandemic circulating season of severe
acute respiratory syndrome coronavirus 2? J Infect Dis. (2020) 222:1090-7.
doi: 10.1093/infdis/jiaa436

Audi A, Alibrahim M, Kaddoura M, Hijazi G, Yassine HM, Zaraket
H. Seasonality of respiratory viral infections: will COVID-19 follow
suit? Front Public Health. (2020) 8:567184. doi: 10.3389/fpubh.2020.
567184

Earn DJ, He D, Loeb MB, Fonseca K, Lee BE, Dushoff J. Effects of school
closure on incidence of pandemic influenza in Alberta, Canada. Ann Intern
Med. (2012) 156:173-81. doi: 10.7326/0003-4819-156-3-201202070-00005
Shaman J, Pitzer VE, Viboud C, Grenfell BT, Lipsitch M. Absolute humidity
and the seasonal onset of influenza in the continental United States. PLoS
Biol. (2010) 8:e1000316. doi: 10.1371/journal.pbio.1000316

Colas De La Noue A, Estienney M, Aho S, Perrier-Cornet JM, De Rougemont
A, Pothier P, et al. Absolute humidity influences the seasonal persistence and
infectivity of human norovirus. Appl Environ Microbiol. (2014) 80:7196-205.
doi: 10.1128/AEM.01871-14

Charland KM, Buckeridge DL, Sturtevant JL, Melton E Reis BY, Mandl
KD, et al. Effect of environmental factors on the spatio-temporal

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

patterns of influenza spread. Epidemiol Infect. (2009) 137:1377-87.
doi: 10.1017/S0950268809002283

Grant WB, Giovannucci E. The possible roles of solar ultraviolet-B
radiation and vitamin D in reducing case-fatality rates from the 1918-1919
influenza pandemic in the United States. Dermatoendocrinol. (2009) 1:215-9.
doi: 10.4161/derm.1.4.9063

Smit AJ, Fitchett JM, Engelbrecht FA, Scholes R], Dzhivhuho G, Sweijd NA.
Winter is coming: a southern hemisphere perspective of the environmental
drivers of sars-cov-2 and the potential seasonality of covid-19. Int ] Environ
Res Public Health. (2020) 17:5634. doi: 10.3390/ijerph17165634

Kissler SM, Tedijanto C, Goldstein E, Grad YH, Lipsitch M. Projecting the
transmission dynamics of SARS-CoV-2 through the postpandemic period.
Science. (2020) 368:860-8. doi: 10.1126/science.abb5793

Merow C, Urban MC. Seasonality and uncertainty in global COVID-
19 growth rates. Proc Natl Acad Sci USA. (2020) 117:27456-64.
doi: 10.1073/pnas.2008590117

Rhodes JM, Subramanian S, Laird E, Kenny RA. Editorial: low population
mortality from COVID-19 in countries south of latitude 35 degrees North
supports vitamin D as a factor determining severity. Aliment Pharmacol
Ther. (2020) 51:1434-7. doi: 10.1111/apt.15777

Marik PE, Kory P, Varon J. Does vitamin D status impact mortality
from SARS-CoV-2 infection? Med Drug Discov. (2020) 6:100041.
doi: 10.1016/j.medidd.2020.100041

Sarmadi M, Marufi N, Kazemi Moghaddam V. Association of COVID-
19 global distribution and environmental and demographic factors:
an updated three-month study. Environ Res. (2020) 188:109748.
doi: 10.1016/j.envres.2020.109748

Benedetti F, Pachetti M, Marini B, Ippodrino R, Gallo RC, Ciccozzi M,
et al. Inverse correlation between average monthly high temperatures and
COVID-19-related death rates in different geographical areas. ] Transl Med.
(2020) 18:251. doi: 10.1186/s12967-020-02418-5

Whittemore PB. COVID-19 fatalities, latitude, sunlight, and vitamin D. Am
] Infect Control. (2020) 48:1042-4. doi: 10.1016/j.2jic.2020.06.193

Garg M, Al-Ani A, Mitchell H, Hendy P, Christensen B. Editorial: low
population mortality from COVID-19 in countries south of latitude 35
degrees North-supports vitamin D as a factor determining severity. Aliment
Pharmacol Ther. (2020) 51:1438-9. doi: 10.1111/apt.15796

Juni P, Rothenbuhler M, Bobos P, Thorpe KE, Da Costa BR, Fisman DN,
et al. Impact of climate and public health interventions on the COVID-
19 pandemic: a prospective cohort study. CMAJ. (2020) 192:E566-73.
doi: 10.1503/cmaj.200920

Guasp M, Laredo C, Urra X. Higher solar irradiance is associated with
a lower incidence of COVID-19. Clin Infect Dis. (2020) 71:2269-71.
doi: 10.1093/cid/ciaa575

Carleton T, Cornetet J, Huybers P, Meng K, Proctor ]. Evidence for
Ultraviolet Radiation Decreasing COVID-19 Growth Rates: Global Estimates
and Seasonal Implication (2020). doi: 10.2139/ssrn.3588601

Sehra ST, Salciccioli JD, Wiebe DJ, Fundin S, Baker JF. Maximum daily
temperature, precipitation, ultra-violet light and rates of transmission of
SARS-Cov-2 in the United States. Clin Infect Dis. (2020) 71:2482-87.
doi: 10.1093/cid/ciaa681

Takagi H, Kuno T, Yokoyama Y, Ueyama H, Matsushiro T, Hari Y, et al.
Higher temperature, pressure, and ultraviolet are associated with less
COVID-19 prevalence: meta-regression of Japanese prefectural data. Asia
Pac ] Public Health. (2020). doi: 10.1101/2020.05.09.20096321. [Epub ahead
of print].

Takagi H, Kuno T, Yokoyama Y, Ueyama H, Matsushiro T, Hari Y, et al. The
higher temperature and ultraviolet, the lower COVID-19 prevalence-meta-
regression of data from large US cities. Am J Infect Control. (2020) 48:1281-5.
doi: 10.1016/j.ajic.2020.06.181

Nakada LYK, Urban RC. COVID-19 pandemic: environmental and social
factors influencing the spread of SARS-CoV-2 in Sao Paulo, Brazil. Environ
Sci Pollut Res Int. (2020). doi: 10.1007/s11356-020-10930-w. [Epub ahead
of print].

Tang L, Liu M, Ren B, Wu Z, Yu X, Peng C, et al. Sunlight ultraviolet radiation
dose is negatively correlated with the percent positive of SARS-CoV-2 four
other common human coronaviruses in the U.S. Sci Total Environ. (2021)
751:141816. doi: 10.1016/j.scitotenv.2020.141816

Frontiers in Cardiovascular Medicine | www.frontiersin.org

20

December 2020 | Volume 7 | Article 616527


https://doi.org/10.18632/aging.103383
https://doi.org/10.1128/CMR.00028-20
https://doi.org/10.1186/s12941-020-00384-w
https://doi.org/10.1039/C6PP00336B
https://doi.org/10.1016/j.coemr.2019.11.001
https://doi.org/10.1016/j.jsbmb.2017.07.027
https://doi.org/10.1016/j.jphotobiol.2020.111891
https://doi.org/10.1016/j.jphotobiol.2020.111999
https://doi.org/10.1146/annurev-pathmechdis-012418-012809
https://doi.org/10.1039/C8PP90060D
https://doi.org/10.1038/s41598-018-37481-y
https://doi.org/10.1371/journal.ppat.1007327
https://doi.org/10.1038/s41591-020-1083-1
https://doi.org/10.1016/j.mayocp.2020.05.032
https://doi.org/10.1093/infdis/jiaa436
https://doi.org/10.3389/fpubh.2020.567184
https://doi.org/10.7326/0003-4819-156-3-201202070-00005
https://doi.org/10.1371/journal.pbio.1000316
https://doi.org/10.1128/AEM.01871-14
https://doi.org/10.1017/S0950268809002283
https://doi.org/10.4161/derm.1.4.9063
https://doi.org/10.3390/ijerph17165634
https://doi.org/10.1126/science.abb5793
https://doi.org/10.1073/pnas.2008590117
https://doi.org/10.1111/apt.15777
https://doi.org/10.1016/j.medidd.2020.100041
https://doi.org/10.1016/j.envres.2020.109748
https://doi.org/10.1186/s12967-020-02418-5
https://doi.org/10.1016/j.ajic.2020.06.193
https://doi.org/10.1111/apt.15796
https://doi.org/10.1503/cmaj.200920
https://doi.org/10.1093/cid/ciaa575
https://doi.org/10.2139/ssrn.3588601
https://doi.org/10.1093/cid/ciaa681
https://doi.org/10.1101/2020.05.09.20096321
https://doi.org/10.1016/j.ajic.2020.06.181
https://doi.org/10.1007/s11356-020-10930-w
https://doi.org/10.1016/j.scitotenv.2020.141816
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Islam N, Bukhari Q, Jameel Y, Shabnam S, Erzurumluoglu AM, Siddique MA,
et al. COVID-19 and climatic factors: a global analysis. Environ Res. (2020)
28:110355. doi: 10.1016/j.envres.2020.110355

Yao Y, Pan J, Liu Z, Meng X, Wang W, Kan H, et al. No association of
COVID-19 transmission with temperature or UV radiation in Chinese cities.
Eur Respir J. (2020) 55:2000517. doi: 10.1183/13993003.00517-2020
Ahmadi M, Sharifi A, Dorosti S, Jafarzadeh Ghoushchi S, Ghanbari
N. Investigation of effective climatology parameters on COVID-
19 outbreak in Iran. Sci Total Environ. (2020) 729:138705.
doi: 10.1016/j.scitotenv.2020.138705

Gupta A, Banerjee S, Das S. Significance of geographical factors to
the COVID-19 outbreak in India. Model Earth Syst Environ. (2020).
doi: 10.1007/540808-020-00838-2. [Epub ahead of print].

Paez A, Lopez FA, Menezes T, Cavalcanti R, Pitta M. A spatio-temporal
analysis of the environmental correlates of covid-19 incidence in Spain.
Geogr Anal. (2020). doi: 10.1111/gean.12241. [Epub ahead of print].

Cherrie M, Clemens T, Colandrea C, Feng Z, Webb D, Dibben C, et al.
Ultraviolet a radiation and COVID-19 deaths: a multi country study.
medRxiv. (2020) doi: 10.1101/2020.07.03.20145912

Moozhipurath RK, Kraft L, Skiera B. Evidence of protective role of
ultraviolet-B (UVB) radiation in reducing COVID-19 deaths. Sci. Rep. (2020)
10:17705. doi: 10.1038/s41598-020-74825-z

Cacho PM, Hernandez JL, Lopez-Hoyos M, Martinez-Taboada VM. Can
climatic factors explain the differences in COVID-19 incidence and severity
across the Spanish regions?: an ecological study. Environ Health. (2020)
19:106. doi: 10.1186/s12940-020-00660-4

Lansiaux E, Péba,j PP, Picard JL, Forget J. Covid-19 and vit-d: disease
mortality negatively correlates with sunlight exposure. Spat Spatiotemporal
Epidemiol. (2020) 35:100362. doi: 10.1016/j.sste.2020.100362

Naudet F, Locher C, Braillon A, Gillibert A. Letter to the editor: covid-19 and
Vit-D: disease mortality negatively correlates with sunlight exposure. Spat
Spatiotemporal Epidemiol. (2020) 35:100373. doi: 10.1016/j.sste.2020.100373
Fakhry Abdelmassih A, Ghaly R, Amin A, Gaballah A, Kamel A,
Heikal B, et al. Obese communities among the best predictors of
COVID-19-related deaths. Cardiovasc Endocrinol Metab. (2020) 9:102-7.
doi: 10.1097/XCE.0000000000000218

Adnan S, Hanif M, Khan AH, Latif M, Ullah K, Bashir F, et al. Impact of
heat index and ultraviolet index on COVID-19 in major cities of Pakistan.
J Occup Environ Med. (2020). doi: 10.1097/JOM.0000000000002039. [Epub
ahead of print].

Pan J, Yao Y, Liu Z, Meng X, Ji JS, Qiu Y, et al. Warmer weather
unlikely to reduce the COVID-19 transmission: an ecological study in
202 locations in 8 countries. Sci Total Environ. (2021) 753:142272.
doi: 10.1016/j.scitotenv.2020.142272

Bukhari Q, Massaro JM, D’agostino RB Sr., Khan S. Effects of weather on
coronavirus pandemic. Int J Environ Res Public Health. (2020) 17:5399.
doi: 10.3390/ijerph17155399

Malki Z, Atlam ES, Hassanien AE, Dagnew G, Elhosseini MA, Gad L
Association between weather data and COVID-19 pandemic predicting
mortality rate: machine learning approaches. Chaos Solitons Fractals. (2020)
138:110137. doi: 10.1016/j.chaos.2020.110137

Mecenas P, Bastos R, Vallinoto ACR, Normando D. Effects of temperature
and humidity on the spread of COVID-19: a systematic review. PLoS ONE.
(2020) 15:€0238339. doi: 10.1371/journal.pone.0238339

Chien LC, Chen LW. Meteorological impacts on the incidence of
COVID-19 in the U.S. Stoch Environ Res Risk Assess. (2020) 4:1-6.
doi: 10.1007/s00477-020-01835-8

Ran J, Zhao S, Han L, Liao G, Wang K, Wang MH, et al. A re-
analysis in exploring the association between temperature and COVID-19
transmissibility: an ecological study with 154 Chinese cities. Eur Respir J.
(2020) 56:2001253. doi: 10.1183/13993003.01253-2020

Pequeno P, Mendel B, Rosa C, Bosholn M, Souza JL, Baccaro E
et al. Air transportation, population density and temperature predict the
spread of COVID-19 in Brazil. Peer]. (2020) 8:€9322. doi: 10.7717/pee
1j.9322

Byass P. Eco-epidemiological assessment of the COVID-19 epidemic in
China, January-February 2020. Glob Health Action. (2020) 13:1760490.
doi: 10.1080/16549716.2020.1760490

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Asyary A, Veruswati M. Sunlight exposure increased Covid-19 recovery
rates: a study in the central pandemic area of Indonesia. Sci Total Environ.
(2020) 729:139016. doi: 10.1016/j.scitotenv.2020.139016

Moozhipurath RK, Kraft L. Does lockdown decrease the protective role of
ultraviolet-B. (UVB) radiation in reducing COVID-19 Deaths? medRxiv.
(2020) doi: 10.1101/2020.06.30.20143586

Pietrobelli A, Pecoraro L, Ferruzzi A, Heo M, Faith M, Zoller T, et al.
Effects of COVID-19 lockdown on lifestyle behaviors in children with obesity
living in verona, Italy: a longitudinal study. Obesity. (2020) 28:1382-5.
doi: 10.1002/0by.22861

Katsoulis M, Pasea L, Lai A, Dobson RJN, Denaxas S, Hemingway H, et al.
Obesity during the COVID-19 pandemic: cause of high risk or an effect of
lockdown? A population-based electronic health record analysis in 1 958 184
individuals. medRxiv. (2020). doi: 10.1101/2020.06.22.20137182

Park S, Kim B, Lee J. Social distancing and outdoor physical activity
during the COVID-19 outbreak in South Korea: implications for
physical distancing strategies. Asia Pac ] Public Health. (2020) 32:360-2.
doi: 10.1177/1010539520940929

Resmi CT, Nishanth T, Satheesh Kumar MK, Manoj MG, Balachandramohan
M, Valsaraj KT. Air quality improvement during triple-lockdown in the
coastal city of Kannur, Kerala to combat Covid-19 transmission. Peer]. (2020)
8:€9642. doi: 10.7717/peerj.9642

Peters IM, Brabec C, Buonassisi T, Hauch J, Nobre AM. The impact of
COVID-19-related measures on the solar resource in areas with high levels
of air pollution. Joule. (2020) 4:1681-7. doi: 10.1016/j.joule.2020.06.009
Bhavani DK. The Hindu: How to Make Sure You Are Getting Enough Vitamin
D During the Lockdown. (2020). Available online at: https://www.thehindu.
com/life-and-style/fitness/how- to- get-enough- vitamin- d- during- the-
coronavirus-lockdown-in-india/article31317980.ece (accessed August 28,
2020).

Mayasari NR, Ho DKN, Lundy D], Skalny AV, Tinkov AA, Teng IC, et al.
Impacts of the COVID-19 pandemic on food security and diet-related
lifestyle behaviors: an analytical study of google trends-based query volumes.
Nutrients. (2020) 12:3103. doi: 10.3390/nu12103103

Paulo AC, Correia-Neves M, Domingos T, Murta AG, Pedrosa J. Influenza
infectious dose may explain the high mortality of the second and third
wave of 1918-1919 influenza pandemic. PLoS ONE. (2010) 5:el11655.
doi: 10.1371/journal.pone.0011655

Yu X, Sun S, Shi Y, Wang H, Zhao R, Sheng J. SARS-CoV-2 viral load in
sputum correlates with risk of COVID-19 progression. Crit Care. (2020)
24:170. doi: 10.1186/s13054-020-02893-8

Hessling M, Hones K, Vatter P, Lingenfelder C. Ultraviolet irradiation
doses for coronavirus inactivation - review and analysis of coronavirus
photoinactivation studies. GMS Hyg Infect Control. (2020) 15:Doc08.
doi: 10.3205/dgkh000343

Debnath S. Low cost homemade system to disinfect food items from SARS-
CoV-2. ] Med Syst. (2020) 44:126. doi: 10.1007/s10916-020-01594-7

Ren Y, Li L, Jia YM. New method to reduce COVID-19 transmission -
the need for medical air disinfection is now. ] Med Syst. (2020) 44:119.
doi: 10.1007/s10916-020-01585-8

Lim HW, Feldman SR, Van Voorhees AS, Gelfand JM. Recommendations for
phototherapy during the COVID-19 pandemic. ] Am Acad Dermatol. (2020)
83:287-8. doi: 10.1016/j.jaad.2020.04.091

Wang J, Shen ], Ye D, Yan X, Zhang Y, Yang W, et al. Disinfection technology
of hospital wastes and wastewater: suggestions for disinfection strategy
during coronavirus disease 2019 (COVID-19) pandemic in China. Environ
Pollut. (2020) 262:114665. doi: 10.1016/j.envpol.2020.114665

Hamzavi IH, Lyons AB, Kohli I, Narla S, Parks-Miller A, Gelfand JM,
et al. Ultraviolet germicidal irradiation: possible method for respirator
disinfection to facilitate reuse during the COVID-19 pandemic. ] Am Acad
Dermatol. (2020) 82:1511-2. doi: 10.1016/j.jaad.2020.03.085

Narla S, Lyons AB, Kohli I, Torres AE, Parks-Miller A, Ozog DM, et al. The
importance of the minimum dosage necessary for UVC decontamination
of N95 respirators during the COVID-19 pandemic. Photodermatol
Photoimmunol — Photomed.  (2020)  36:324-5.  doi:  10.1111/phpp.
12562

Malhotra S, Wlodarczyk J, Kuo C, Ngo C, Glucoft M, Sumulong I, et al.
Shining a light on the pathogenicity of health care providers’ mobile phones:

Frontiers in Cardiovascular Medicine | www.frontiersin.org

21

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1016/j.envres.2020.110355
https://doi.org/10.1183/13993003.00517-2020
https://doi.org/10.1016/j.scitotenv.2020.138705
https://doi.org/10.1007/s40808-020-00838-2
https://doi.org/10.1111/gean.12241
https://doi.org/10.1101/2020.07.03.20145912
https://doi.org/10.1038/s41598-020-74825-z
https://doi.org/10.1186/s12940-020-00660-4
https://doi.org/10.1016/j.sste.2020.100362
https://doi.org/10.1016/j.sste.2020.100373
https://doi.org/10.1097/XCE.0000000000000218
https://doi.org/10.1097/JOM.0000000000002039
https://doi.org/10.1016/j.scitotenv.2020.142272
https://doi.org/10.3390/ijerph17155399
https://doi.org/10.1016/j.chaos.2020.110137
https://doi.org/10.1371/journal.pone.0238339
https://doi.org/10.1007/s00477-020-01835-8
https://doi.org/10.1183/13993003.01253-2020
https://doi.org/10.7717/peerj.9322
https://doi.org/10.1080/16549716.2020.1760490
https://doi.org/10.1016/j.scitotenv.2020.139016
https://doi.org/10.1101/2020.06.30.20143586
https://doi.org/10.1002/oby.22861
https://doi.org/10.1101/2020.06.22.20137182
https://doi.org/10.1177/1010539520940929
https://doi.org/10.7717/peerj.9642
https://doi.org/10.1016/j.joule.2020.06.009
https://www.thehindu.com/life-and-style/fitness/how-to-get-enough-vitamin-d-during-the-coronavirus-lockdown-in-india/article31317980.ece
https://www.thehindu.com/life-and-style/fitness/how-to-get-enough-vitamin-d-during-the-coronavirus-lockdown-in-india/article31317980.ece
https://www.thehindu.com/life-and-style/fitness/how-to-get-enough-vitamin-d-during-the-coronavirus-lockdown-in-india/article31317980.ece
https://doi.org/10.3390/nu12103103
https://doi.org/10.1371/journal.pone.0011655
https://doi.org/10.1186/s13054-020-02893-8
https://doi.org/10.3205/dgkh000343
https://doi.org/10.1007/s10916-020-01594-7
https://doi.org/10.1007/s10916-020-01585-8
https://doi.org/10.1016/j.jaad.2020.04.091
https://doi.org/10.1016/j.envpol.2020.114665
https://doi.org/10.1016/j.jaad.2020.03.085
https://doi.org/10.1111/phpp.12562
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

use of a novel ultraviolet-C wave disinfection device. Am ] Infect Control.
(2020) 48:1370-4. doi: 10.1016/j.ajic.2020.05.040

Rodriguez-Martinez CE, Sossa-Briceno MP, Cortes JA. Decontamination
and reuse of NO95 filtering facemask respirators: a systematic
review of the literature. Am ] Infect Control. (2020) 48:1520-32.
doi: 10.1016/j.ajic.2020.07.004

Leung KCP, Ko TCS. Improper use of germicidal range ultraviolet lamp
for household disinfection leading to phototoxicity in COVID-19 suspects.
Cornea. (2020). 40:121-2. doi: 10.1097/ICO.0000000000002397

Lyons AB, Hamzavi IH. Ultraviolet C-induced skin reaction from ultraviolet
germicidal irradiation of N95 respirators during the COVID-19 pandemic.
Photodermatol  Photoimmunol Photomed. (2020). doi: 10.1111/phpp.
12612. [Epub ahead of print].

Simmons SE, Carrion R, Alfson KJ, Staples HM, Jinadatha C, Jarvis WR,
et al. Deactivation of SARS-CoV-2 with pulsed-xenon ultraviolet light:
implications for environmental COVID-19 control. Infect Control Hosp
Epidemiol. (2020). 3:1-4. doi: 10.1017/ice.2020.399

Inagaki H, Saito A, Sugiyama H, Okabayashi T, Fujimoto S. Rapid
inactivation of SARS-CoV-2 with deep-UV LED irradiation. Emerg Microbes
Infect. (2020) 9:1744-7. doi: 10.1080/22221751.2020.1796529
Ratnesar-Shumate S, Williams G, Green B, Krause M, Holland B, Wood S,
et al. Simulated sunlight rapidly inactivates SARS-CoV-2 on Surfaces. ] Infect
Dis. (2020) 222:214-22. doi: 10.1093/infdis/jiaa274

Schuit M, Ratnesar-Shumate S, Yolitz J, Williams G, Weaver W, Green B,
et al. Airborne SARS-CoV-2 Is rapidly inactivated by simulated sunlight. J
Infect Dis. (2020) 222:564-71. doi: 10.1093/infdis/jiaa334

Sagripanti JL, Lytle CD. Estimated inactivation of coronaviruses by solar
radiation with special reference to COVID-19. Photochem Photobiol. (2020)
96:731-7. doi: 10.1111/php.13293

Carvalho FRS, Henriques DV, Correia O, Schmalwieser AW. Potential of
solar UV radiation for inactivation of coronaviridae family estimated from
satellite data. Photochem Photobiol. (2020). doi: 10.1111/php.13345. [Epub
ahead of print].

Herman J, Biegel B, Huang L. Inactivation times from 290 to 315nm
UVB in sunlight for SARS coronaviruses CoV and CoV-2 using OMI
satellite data for the sunlit Earth. Air Qual Atmos Health. (2020).
doi: 10.1007/s11869-020-00927-2

Horton L, Torres AE, Narla S, Lyons AB, Kohli I, Gelfand JM, et al. Spectrum
of virucidal activity from ultraviolet to infrared radiation. Photochem
Photobiol Sci. (2020) 19:1262-70. doi: 10.1039/DOPP00221F

Heilingloh CS, Aufderhorst UW, Schipper L, Dittmer U, Witzke O, Yang D,
et al. Susceptibility of SARS-CoV-2 to UV irradiation. Am J Infect Control.
(2020) 48:1273-5. doi: 10.1016/j.ajic.2020.07.031

Lucas RM, Norval M, Neale RE, Young AR, De Gruijl FR, Takizawa Y,
et al. The consequences for human health of stratospheric ozone depletion
in association with other environmental factors. Photochem Photobiol Sci.
(2015) 14:53-87. doi: 10.1039/C4PP90033B

Norval M, Lucas RM, Cullen AP, De Gruijl FR, Longstreth ], Takizawa
Y, et al. The human health effects of ozone depletion and interactions
with climate change. Photochem Photobiol Sci. (2011) 10:199-225.
doi: 10.1039/c0pp90044c

Spruance SL, Kriesel JD, Evans TG, Mckeough MB. Susceptibility to herpes
labialis following multiple experimental exposures to ultraviolet radiation.
Antiviral Res. (1995) 28:57-67. doi: 10.1016/0166-3542(95)00038-N

Khan AA, Srivastava R, Chentoufi AA, Kritzer E, Chilukuri S, Garg S, et al.
Bolstering the number and function of HSV-1-specific CD8(+) effector
memory T cells and tissue-resident memory T cells in latently infected
trigeminal ganglia reduces recurrent ocular herpes infection and disease. J
Immunol. (2017) 199:186-203. doi: 10.4049/jimmunol.1700145

Ho AW, Kupper TS. T cells and the skin: from protective immunity
to inflammatory skin disorders. Nat Rev Immunol. (2019) 19:490-502.
doi: 10.1038/s41577-019-0162-3

Tursen U, Tursen B, Lotti T. Ultraviolet and COVID-19 pandemic. ] Cosmet
Dermatol. (2020) 19:2162-64. doi: 10.1111/jocd.13559

Damiani G, Pacifico A, Bragazzi NL, Malagoli P. Biologics increase the
risk of SARS-CoV-2 infection and hospitalization, but not ICU admission
and death: real-life data from a large cohort during red-zone declaration.
Dermatol Ther. (2020) 33:e13475. doi: 10.1111/dth.13475

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Gorman S, De Courten B, Lucas RM. Systematic review of the effects of
ultraviolet radiation on markers of metabolic dysfunction. Clin Biochem Rev.
(2019) 40:147-62. doi: 10.33176/AACB-19-00026

Webb Hooper M, Napoles AM, Pérez-Stable EJ. COVID-19 and racial/ethnic
disparities. JAMA. (2020) 323:2466-7. doi: 10.1001/jama.2020.8598
Aldridge RW, Lewer D, Katikireddi SV, Mathur R, Pathak N, Burns R, et al.
Black, Asian and minority ethnic groups in England are at increased risk
of death from COVID-19: indirect standardisation of NHS mortality data.
Wellcome Open Res. (2020) 5:88. doi: 10.12688/wellcomeopenres.15922.1
Cook T, Kursumovic E, Lennane S. Exclusive: deaths of NHS staff from
covid-19 analysed. Healthcare Serv ]J. (2020). Available online at: https://
www.hsj.co.uk/exclusive- deaths- of- nhs-staff- from- covid- 19-analysed/
7027471.article

Jablonski NG, Chaplin G. Human skin pigmentation as an adaptation
to UV radiation. Proc Natl Acad Sci USA. (2010) 107:8962-8.
doi: 10.1073/pnas.0914628107

Dadzie O, Alexis AF, Dlova N, Petit A, Rasanathan D. Dermatology
has come a long way in confronting its historical eurocentric bias.
Letters. (2020). Available online at: https://www.theguardian.com/world/
2020/aug/24/dermatology- has- come-a-long-way-in- confronting-its-
historical-eurocentric-bias

Weller RB, Wang Y, He ], Maddux FW, Usvyat L, Zhang H, et al. Does
incident solar ultraviolet radiation lower blood pressure? ] Am Heart Assoc.
(2020) 9:¢013837. doi: 10.1161/JAHA.119.013837

Libon F, Cavalier E, Nikkels AF. Skin color is relevant to vitamin D synthesis.
Dermatology. (2013) 227:250-4. doi: 10.1159/000354750

Halder RM, Bridgeman-Shah S. Skin cancer in African Americans. Cancer.
(1995) 75:667-73. doi: 10.1002/1097-0142(19950115)75:2+<667::AID-
CNCR2820751409>3.0.CO;2-1

Brenner M, Hearing VJ]. The protective role of melanin against UV
damage in human skin. Photochem Photobiol. (2008) 84:539-49.
doi: 10.1111/j.1751-1097.2007.00226.x

Norval M. The effect of ultraviolet
viral  infections.  Photochem  Photobiol.
doi: 10.1111/j.1751-1097.2006.tb09805.x

Hart PH, Norval M. Are there differences in immune responses
following delivery of vaccines through acutely or chronically sun-exposed
compared with sun-unexposed skin? Immunology. (2020) 159:133-41.
doi: 10.1111/imm.13128

Swaminathan A, Harrison SL, Ketheesan N, Van Den Boogaard CHA,
Dear K, Allen M, et al. Exposure to solar UVR suppresses cell-
mediated immunization responses in humans: the Australian ultraviolet
radiation and immunity study. J Invest Dermatol. (2019) 139:1545-53.
doi: 10.1016/j.jid.2018.12.025

Kashi DS, Oliver SJ, Wentz LM, Roberts R, Carswell AT, Tang JCY,
et al. Vitamin D and the hepatitis B vaccine response: a prospective
cohort study and a randomized, placebo-controlled oral vitamin D3 and
simulated sunlight supplementation trial in healthy adults. Eur ] Nutr.
(2020). doi: 10.1007/s00394-020-02261-w. [Epub ahead of print].

Frates EP, Rifai T. Making the case for “COVID-19 prophylaxis”
with lifestyle medicine. Am ] Health Promot. (2020) 34:689-91.
doi: 10.1177/0890117120930536¢

Barnes M, Heywood AE, Mahimbo A, Rahman B, Newall AT, Macintyre
CR. Acute myocardial infarction and influenza: a meta-analysis of case-
control studies. Heart. (2015) 101:1738-47. doi: 10.1136/heartjnl-2015-
307691

Yang ], Zheng Y, Gou X, Pu K, Chen Z, Guo Q, et al. Prevalence
of comorbidities and its effects in patients infected with SARS-CoV-2:
a systematic review and meta-analysis. Int ] Infect Dis. (2020) 94:91-5.
doi: 10.1016/j.1jid.2020.03.017

Nakeshbandi M, Maini R, Daniel P, Rosengarten S, Parmar P, Wilson C,
et al. The impact of obesity on COVID-19 complications: a retrospective
cohort study. Int ] Obes. (2020) 44:1832-7. doi: 10.1038/s41366-020-
0648-x

Pettit NN, Mackenzie EL, Ridgway ], Pursell K, Ash D, Patel B, et al.
Obesity is associated with increased risk for mortality among hospitalized
patients with COVID-19. Obesity. (2020) 28:1806-10. doi: 10.1002/0by.
22941

on human
82:1495-504.

radiation
(2006)

Frontiers in Cardiovascular Medicine | www.frontiersin.org

22

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1016/j.ajic.2020.05.040
https://doi.org/10.1016/j.ajic.2020.07.004
https://doi.org/10.1097/ICO.0000000000002397
https://doi.org/10.1111/phpp.12612
https://doi.org/10.1017/ice.2020.399
https://doi.org/10.1080/22221751.2020.1796529
https://doi.org/10.1093/infdis/jiaa274
https://doi.org/10.1093/infdis/jiaa334
https://doi.org/10.1111/php.13293
https://doi.org/10.1111/php.13345
https://doi.org/10.1007/s11869-020-00927-2
https://doi.org/10.1039/D0PP00221F
https://doi.org/10.1016/j.ajic.2020.07.031
https://doi.org/10.1039/C4PP90033B
https://doi.org/10.1039/c0pp90044c
https://doi.org/10.1016/0166-3542(95)00038-N
https://doi.org/10.4049/jimmunol.1700145
https://doi.org/10.1038/s41577-019-0162-3
https://doi.org/10.1111/jocd.13559
https://doi.org/10.1111/dth.13475
https://doi.org/10.33176/AACB-19-00026
https://doi.org/10.1001/jama.2020.8598
https://doi.org/10.12688/wellcomeopenres.15922.1
https://www.hsj.co.uk/exclusive-deaths-of-nhs-staff-from-covid-19-analysed/7027471.article
https://www.hsj.co.uk/exclusive-deaths-of-nhs-staff-from-covid-19-analysed/7027471.article
https://www.hsj.co.uk/exclusive-deaths-of-nhs-staff-from-covid-19-analysed/7027471.article
https://doi.org/10.1073/pnas.0914628107
https://www.theguardian.com/world/2020/aug/24/dermatology-has-come-a-long-way-in-confronting-its-historical-eurocentric-bias
https://www.theguardian.com/world/2020/aug/24/dermatology-has-come-a-long-way-in-confronting-its-historical-eurocentric-bias
https://www.theguardian.com/world/2020/aug/24/dermatology-has-come-a-long-way-in-confronting-its-historical-eurocentric-bias
https://doi.org/10.1161/JAHA.119.013837
https://doi.org/10.1159/000354750
https://doi.org/10.1002/1097-0142(19950115)75:2+<667::AID-CNCR2820751409>3.0.CO;2-I
https://doi.org/10.1111/j.1751-1097.2007.00226.x
https://doi.org/10.1111/j.1751-1097.2006.tb09805.x
https://doi.org/10.1111/imm.13128
https://doi.org/10.1016/j.jid.2018.12.025
https://doi.org/10.1007/s00394-020-02261-w
https://doi.org/10.1177/0890117120930536c
https://doi.org/10.1136/heartjnl-2015-307691
https://doi.org/10.1016/j.ijid.2020.03.017
https://doi.org/10.1038/s41366-020-0648-x
https://doi.org/10.1002/oby.22941
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

Chen J, Kelley WJ, Goldstein DR. Role of aging and the immune response
to respiratory viral infections: potential implications for COVID-19. |
Immunol. (2020) 205:313-20. doi: 10.4049/jimmunol.2000380

Townsend M]J, Kyle TK, Stanford FC. Outcomes of COVID-19:
disparities in obesity and by ethnicity/race. Int ] Obes. (2020) 44:1807-9.
doi: 10.1038/s41366-020-0635-2

Kyrou I, Karteris E, Robbins T, Chatha K, Drenos F, Randeva HS. Polycystic
ovary syndrome. (PCOS) and COVID-19: an overlooked female patient
population at potentially higher risk during the COVID-19 pandemic. BMC
Med. (2020) 18:220. doi: 10.1186/s12916-020-01697-5

Deng M, Qi Y, Deng L, Wang H, Xu Y, Li Z, et al. Obesity as a potential
predictor of disease severity in young COVID-19 patients: a retrospective
study. Obesity. (2020) 28:1815-25. doi: 10.1002/0by.22943

Johnson-Mann C, Hassan M, Johnson S. COVID-19 pandemic highlights
racial health inequities. Lancet Diabetes Endocrinol. (2020) 8:663-4.
doi: 10.1016/52213-8587(20)30225-4

Belanger MJ, Hill MA, Angelidi AM, Dalamaga M, Sowers JR, Mantzoros
CS. Covid-19 and disparities in nutrition and obesity. N Engl ] Med. (2020)
383:¢69. doi: 10.1056/NEJMp2021264

Caci G, Albini A, Malerba M, Noonan DM, Pochetti P, Polosa R.
COVID-19 and obesity: dangerous liaisons. J Clin Med. (2020) 9:2511.
doi: 10.3390/jcm9082511

Goossens GH, Dicker D, Farpour-Lambert NJ, Frithbeck G, Mullerova D,
Woodward E, et al. Obesity and COVID-19: a perspective from the European
association for the study of obesity on immunological perturbations,
therapeutic challenges, and opportunities in obesity. Obes Facts. (2020)
13:439-52. doi: 10.1159/000510719

Rajpal A, Rahimi L, Ismail-Beigi F. Factors leading to high morbidity and
mortality of COVID-19 in patients with type 2 diabetes. ] Diabetes. (2020).
doi: 10.1111/1753-0407.13085. [Epub ahead of print].

Lockhart SM, O’Rahilly S. When two pandemics meet: why is obesity
associated with increased COVID-19 mortality? Medicine. (2020)
doi: 10.1016/j.medj.2020.06.005. [Epub ahead of print].

Lindner D, Fitzek A, Brauninger H, Aleshcheva G, Edler C, Meissner
K, et al. Association of cardiac infection with SARS-CoV-2 in
confirmed COVID-19 autopsy cases. JAMA Cardiol. (2020) 5:1281-5.
doi: 10.1001/jamacardio.2020.3551

Arumugam VA, Thangavelu S, Fathah Z, Ravindran P, Sanjeev AMA,
Babu S, et al. COVID-19 and the world with co-morbidities of heart
disease, hypertension and diabetes. ] Pure Appl Microbiol. (2020) 14:1623-38.
doi: 10.22207/JPAM.14.3.01

Yadav R, Aggarwal S, Singh A. SARS-CoV-2-host dynamics: increased risk
of adverse outcomes of COVID-19 in obesity. Diabetes Metab Syndr. (2020)
14:1355-60. doi: 10.1016/j.dsx.2020.07.030

Kwok S, Adam S, Ho JH, Igbal Z, Turkington P, Razvi S, et al. Obesity: a
critical risk factor in the COVID-19 pandemic. Clin Obes. (2020). 28:¢12403.
doi: 10.1111/cob.12403

Muscogiuri G, Pugliese G, Barrea L, Savastano S, Colao A. Commentary:
obesity: the “achilles heel” for covid-19? Metabolism. (2020) 108:154251.
doi: 10.1016/j.metabol.2020.154251

Geldenhuys S, Hart PH, Endersby R, Jacoby P, Feelisch M, Weller RB,
et al. Ultraviolet radiation suppresses obesity and symptoms of metabolic
syndrome independently of vitamin D in mice fed a high-fat diet. Diabetes.
(2014) 63:3759-69. doi: 10.2337/db13-1675

Liu D, Fernandez BO, Hamilton A, Lang NN, Gallagher JMC, Newby
DE, et al. UVA irradiation of human skin vasodilates arterial vasculature
and lowers blood pressure independently of nitric oxide synthase. J Invest
Dermatol. (2014) 134:1839-46. doi: 10.1038/jid.2014.27

Lindqvist PG, Epstein E, Landin-Olsson M, Ingvar C, Nielsen K, Stenbeck
M, et al. Avoidance of sun exposure is a risk factor for all-cause mortality:
results from the Melanoma in Southern Sweden cohort. ] Intern Med. (2014)
276:77-86. doi: 10.1111/joim.12251

Lindqvist PG, Epstein E, Nielsen K, Landin-Olsson M, Ingvar C, Olsson
H. Avoidance of sun exposure as a risk factor for major causes of death:
a competing risk analysis of the Melanoma in Southern Sweden cohort. |
Intern Med. (2016) 280:375-87. doi: 10.1111/joim.12496

Mackay DE Clemens TL, Hastie CE, Cherrie MPC, Dibben C, Pell
JP. UVA and seasonal patterning of 56 370 myocardial infarctions

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

across Scotland, 2000-2011.
doi: 10.1161/JAHA.119.012551
Gorman S, Lucas RM, Allen-Hall A, Fleury N, Feelisch M. Ultraviolet
radiation, vitamin D and the development of obesity, metabolic
syndrome and type-2 diabetes. Photochem Photobiol Sci. (2017) 16:362-73.
doi: 10.1039/C6PP00274A

Fleury N, Feelisch M, Hart PH, Weller RB, Smoothy ], Matthews VB, et al.
Sub-erythemal ultraviolet radiation reduces metabolic dysfunction in already
overweight mice. ] Endocrinol. (2017) 233:81-92. doi: 10.1530/JOE-16-0616
Dhamrait GK, Panchal K, Fleury NJ, Abel TN, Ancliffe MK, Crew RC,
et al. Characterising nitric oxide-mediated metabolic benefits of low-dose
ultraviolet radiation in the mouse: a focus on brown adipose tissue.
Diabetologia. (2020) 63:179-93. doi: 10.1007/s00125-019-05022-5
Marazuela M, Giustina A, Puig-Domingo M. Endocrine and metabolic
aspects of the COVID-19 pandemic. Rev Endocr Metab Disord. (2020)
21:495-507. doi: 10.1007/s11154-020-09569-2

Slominski AT, Zmijewski MA, Plonka PM, Szaflarski JP, Paus R. How
UV light touches the brain and endocrine system through skin, and why.
Endocrinology. (2018) 159:1992-2007. doi: 10.1210/en.2017-03230

Makida K, Nishida Y, Morita D, Ochiai S, Higuchi Y, Seki T, et al. Low energy
irradiation of narrow-range UV-LED prevents osteosarcopenia associated
with vitamin D deficiency in senescence-accelerated mouse prone 6. Sci Rep.
(2020) 10:11892. doi: 10.1038/s41598-020-68641-8

Bae JM, Kim YS, Choo EH, Kim MY, Lee JY, Kim HO, et al. Both
cardiovascular and cerebrovascular events are decreased following long-
term narrowband ultraviolet B phototherapy in patients with vitiligo: a
propensity score matching analysis. ] Eur Acad Dermatol Venereol. (2020).
doi: 10.1111/jdv.16830. [Epub ahead of print].

Allemann TS, Dhamrait GK, Fleury NJ, Abel TN, Hart PH, Lucas RM, et al.
Low-dose UV radiation before running wheel access activates brown adipose
tissue. ] Endocrinol. (2020) 244:473-86. doi: 10.1530/JOE-19-0470

Carter SJ, Baranauskas MN, Fly AD. Considerations for obesity, vitamin
d, and physical activity amid the COVID-19 pandemic. Obesity. (2020)
28:1176-7. doi: 10.1002/0by.22838

Rowley AH.  Understanding ~ SARS-CoV-2-related
inflammatory syndrome in children. Nat Rev Immunol. (2020) 20:453-4.
doi: 10.1038/s41577-020-0367-5

Roy S, Mazumder T, Banik S. The association of cardiovascular diseases
and diabetes mellitus with COVID-19. (SARS-CoV-2) and their possible
mechanisms. SN Compr Clin Med. (2020) doi: 10.1007/s42399-020-00376-z
Del Valle DM, Kim-Schulze S, Huang H-H, Beckmann ND, Nirenberg
S, Wang B, et al. An inflammatory cytokine signature predicts
COVID-19 severity and survival. Nat Med. (2020) 26:1636-43.
doi: 10.1038/s41591-020-1051-9

Reiss CS, Komatsu T. Does nitric oxide play a critical role in viral infections?
J Virol. (1998) 72:4547-51. doi: 10.1128/JV1.72.6.4547-4551.1998

Martin Gimenez VM, Inserra F, Tajer CD, Mariani J, Ferder L, Reiter R],
et al. Lungs as target of COVID-19 infection: protective common molecular
mechanisms of vitamin D and melatonin as a new potential synergistic
treatment. Life Sci. (2020) 254:117808. doi: 10.1016/j.1fs.2020.117808
Mocayar Maron FJ, Ferder L, Reiter R], Manucha W. Daily and seasonal
mitochondrial protection: unraveling common possible mechanisms
involving vitamin D and melatonin. ] Steroid Biochem Mol Biol. (2020)
199:105595. doi: 10.1016/j.jsbmb.2020.105595

Mauvais-Jarvis F. Aging, male sex, obesity, and metabolic inflammation
create the perfect storm for COVID-19. Diabetes. (2020) 69:1857-63.
doi: 10.2337/dbi19-0023

Teymoori-Rad M, Shokri E Salimi V, Marashi SM. The interplay
between vitamin D and viral infections. Rev Med Virol. (2019) 29:¢2032.
doi: 10.1002/rmv.2032

Hii CS, Ferrante A. The non-genomic actions of vitamin D. Nutrients. (2016)
8:135. doi: 10.3390/nu8030135

Bishop E, Ismailova A, Dimeloe SK, Hewison M, White JH. Vitamin D and
immune regulation: antibacterial, antiviral, anti-inflammatory. JBMR Plus.
(2020) doi: 10.1002/jbm4.10405. [Epub ahead of print].

Charoenngam N, Holick MF. Immunologic effects of vitamin D on
human health and disease. Nutrients. (2020) 12:2097. doi: 10.3390/nul20
72097

] Am Heart Assoc. (2019) 8:e012551.

multisystem

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://doi.org/10.4049/jimmunol.2000380
https://doi.org/10.1038/s41366-020-0635-2
https://doi.org/10.1186/s12916-020-01697-5
https://doi.org/10.1002/oby.22943
https://doi.org/10.1016/S2213-8587(20)30225-4
https://doi.org/10.1056/NEJMp2021264
https://doi.org/10.3390/jcm9082511
https://doi.org/10.1159/000510719
https://doi.org/10.1111/1753-0407.13085
https://doi.org/10.1016/j.medj.2020.06.005
https://doi.org/10.1001/jamacardio.2020.3551
https://doi.org/10.22207/JPAM.14.3.01
https://doi.org/10.1016/j.dsx.2020.07.030
https://doi.org/10.1111/cob.12403
https://doi.org/10.1016/j.metabol.2020.154251
https://doi.org/10.2337/db13-1675
https://doi.org/10.1038/jid.2014.27
https://doi.org/10.1111/joim.12251
https://doi.org/10.1111/joim.12496
https://doi.org/10.1161/JAHA.119.012551
https://doi.org/10.1039/C6PP00274A
https://doi.org/10.1530/JOE-16-0616
https://doi.org/10.1007/s00125-019-05022-5
https://doi.org/10.1007/s11154-020-09569-2
https://doi.org/10.1210/en.2017-03230
https://doi.org/10.1038/s41598-020-68641-8
https://doi.org/10.1111/jdv.16830
https://doi.org/10.1530/JOE-19-0470
https://doi.org/10.1002/oby.22838
https://doi.org/10.1038/s41577-020-0367-5
https://doi.org/10.1007/s42399-020-00376-z
https://doi.org/10.1038/s41591-020-1051-9
https://doi.org/10.1128/JVI.72.6.4547-4551.1998
https://doi.org/10.1016/j.lfs.2020.117808
https://doi.org/10.1016/j.jsbmb.2020.105595
https://doi.org/10.2337/dbi19-0023
https://doi.org/10.1002/rmv.2032
https://doi.org/10.3390/nu8030135
https://doi.org/10.1002/jbm4.10405
https://doi.org/10.3390/nu12072097
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

Grant WB, Lahore H, Mcdonnell SL, Baggerly CA, French CB, Aliano
JL, et al. Evidence that vitamin D supplementation could reduce risk of
influenza and COVID-19 infections and deaths. Nutrients. (2020) 12:988.
doi: 10.3390/nu12040988

Mercola J, Grant WB, Wagner CL. Evidence regarding vitamin D
and risk of covid-19 and its severity. Nutrients. (2020) 12:E3361.
doi: 10.3390/nul12113361

Benskin LL. A basic review of the preliminary evidence that covid-19 risk
and severity is increased in vitamin D deficiency. Front Public Health. (2020)
8:513. doi: 10.3389/fpubh.2020.00513

Schogler A, Muster R]J, Kieninger E, Casaulta C, Tapparel C, Jung A, et al.
Vitamin D represses rhinovirus replication in cystic fibrosis cells by inducing
LL-37. Eur Respir J. (2016) 47:520-30. doi: 10.1183/13993003.00665-2015
Telcian AG, Zdrenghea MT, Edwards MR, Laza-Stanca V, Mallia P,
Johnston SL, et al. Vitamin D increases the antiviral activity of
bronchial epithelial cells in vitro. Antiviral Res. (2017) 137:93-101.
doi: 10.1016/j.antiviral.2016.11.004

Mok CK, Ng YL, Ahidjo BA, Hua Lee RC, Choy Loe MW, Liu J, et al.
Calcitriol, the active form of vitamin D, is a promising candidate for COVID-
19 prophylaxis. bioRxiv. (2020). doi: 10.1101/2020.06.21.162396

Arboleda Alzate JE, Rodenhuis-Zybert IA, Hernandez JC, Smit JM, Urcuqui-
Inchima S. Human macrophages differentiated in the presence of vitamin
D3 restrict dengue virus infection and innate responses by downregulating
mannose receptor expression. PLoS Negl Trop Dis. (2017) 11:0005904.
doi: 10.1371/journal.pntd.0005904

Xu J, Yang J, Chen J, Luo Q, Zhang Q, Zhang H. Vitamin D
alleviates lipopolysaccharideinduced acute lung injury via regulation
of the reninangiotensin system. Mol Med Rep. (2017) 16:7432-8.
doi: 10.3892/mmr.2017.7546

Jakovac H. COVID-19 and vitamin D-Is there a link and an opportunity
for intervention? Am ] Physiol Endocrinol Metab. (2020) 318:E589.
doi: 10.1152/ajpendo.00138.2020

Martineau AR, Forouhi NG. Vitamin D for
case to answer? Lancet Diabetes
doi: 10.1016/S2213-8587(20)30268-0
Schrumpf JA, Van Der Does AM, Hiemstra PS. Impact of the local
inflammatory environment on mucosal vitamin D metabolism and signaling
in chronic inflammatory lung diseases. Front Immunol. (2020) 11:1433.
doi: 10.3389/fimmu.2020.01433

Gauzzi MC, Fantuzzi L. Reply to Jakovac: covid-19, vitamin D, and
type I interferon. Am ] Physiol Endocrinol Metab. (2020) 319:E245-6.
doi: 10.1152/ajpendo.00315.2020

Berthelot JM, Drouet L, Liote F. Kawasaki-like
thrombotic ~ coagulopathy in COVID-19: delayed over-activation
of the STING pathway? Emerg Microbes Infect. (2020) 9:1514-22.
doi: 10.1080/22221751.2020.1785336

Fleury N, Geldenhuys S, Gorman S. Sun exposure and its effects on human
health: mechanisms through which sun exposure could reduce the risk of
developing obesity and cardiometabolic dysfunction. Int ] Environ Res Public
Health. (2016) 13:999. doi: 10.3390/ijerph13100999

El-Fakhri N, Mcdevitt H, Shaikh MG, Halsey C, Ahmed SF. Vitamin D
and its effects on glucose homeostasis, cardiovascular function and immune
function. Horm Res Paediatr. (2014) 81:363-78. doi: 10.1159/000357731
Norman PE, Powell JT. Vitamin D and cardiovascular disease. Circ Res.
(2014) 114:379-93. doi: 10.1161/CIRCRESAHA.113.301241

O’connell TD, Simpson RU. 1,25-Dihydroxyvitamin D3 regulation of
myocardial growth and c-myc levels in the rat heart. Biochem Biophys Res
Commun. (1995) 213:59-65. doi: 10.1006/bbrc.1995.2098

Zhong W, Mao S, Tobis S, Angelis E, Jordan MC, Roos KP, et al.
Hypertrophic growth in cardiac myocytes is mediated by Myc
through a Cyclin D2-dependent pathway. EMBO ]. (2006) 25:3869-79.
doi: 10.1038/sj.emboj.7601252

Gupta GK, Agrawal T, Rai V, Del Core MG, Hunter W] III, Agrawal
DK. Vitamin D supplementation reduces intimal hyperplasia and restenosis
following coronary intervention in atherosclerotic swine. PLoS ONE. (2016)
11:¢0156857. doi: 10.1371/journal.pone.0156857

Chen S, Swier VJ, Boosani CS, Radwan MM, Agrawal DK. Vitamin
D  deficiency coronary artery disease  progression

COVID-19: a

Endocrinol.  (2020)  8:735-6.

diseases and

accelerates

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

194.

195.

in swine. Arterioscler Thromb  Vasc  Biol. 36:1651-9.
doi: 10.1161/ATVBAHA.116.307586

Weng S, Sprague JE, Oh J, Riek AE, Chin K, Garcia M, et al. Vitamin D
deficiency induces high blood pressure and accelerates atherosclerosis in
mice. PLoS ONE. (2013) 8:€54625. doi: 10.1371/journal.pone.0054625

LiS, He Y, Lin S, Hao L, Ye Y, Lv L, et al. Increase of circulating cholesterol
in vitamin D deficiency is linked to reduced vitamin D receptor activity
via the Insig-2/SREBP-2 pathway. Mol Nutr Food Res. (2016) 60:798-809.
doi: 10.1002/mnfr.201500425

Gao L, Cao JT, Liang Y, Zhao YC, Lin XH, Li XC, et al. Calcitriol attenuates
cardiac remodeling and dysfunction in a murine model of polycystic ovary
syndrome. Endocrine. (2016) 52:363-73. doi: 10.1007/s12020-015-0797-1
Wei H, Qu H, Wang H, Ji B, Ding Y, Liu D, et al. 1,25-Dihydroxyvitamin-
D3 prevents the development of diabetic cardiomyopathy in type 1 diabetic
rats by enhancing autophagy via inhibiting the beta-catenin/TCF4/GSK-
3beta/mTOR pathway. ] Steroid Biochem Mol Biol. (2017) 168:71-90.
doi: 10.1016/j.jsbmb.2017.02.007

Qu H, Lin K, Wang H, Wei H, Ji B, Yang Z, et al. 1,25(0OH)(2)
D(3) improves cardiac dysfunction, hypertrophy, and fibrosis through
PARP1/SIRT1/mTOR-related mechanisms in type 1 diabetes. Mol Nutr Food
Res. (2017) 61:1600338. doi: 10.1002/mnfr.201600338

Zeng X, Yu X, Xiao S, Yao H, Zhu J. Effects of 1,25-dihydroxyvitamin D3 on
pathological changes in rats with diabetic cardiomyopathy. Lipids Health Dis.
(2017) 16:109. doi: 10.1186/512944-017-0498-2

Ishibashi K, Evans A, Shingu T, Bian K, Bukoski RD. Differential expression
and effect of 1,25-dihydroxyvitamin D3 on myosin in arterial tree of rats. Am
J Physiol. (1995) 269:C443-50. doi: 10.1152/ajpcell.1995.269.2.C443
Lai YC, Tabima DM, Dube JJ, Hughan KS, Vanderpool
DA, et al. SIRT3-AMP-Activated protein
activation by nitrite and metformin improves hyperglycemia and
normalizes pulmonary hypertension associated with heart failure
with preserved ejection fraction. Circulation. (2016) 133:717-31.
doi: 10.1161/CIRCULATIONAHA.115.018935

Lee AS, Jung YJ, Thanh TN, Lee S, Kim W, Kang KP, et al
Paricalcitol attenuates lipopolysaccharide-induced myocardial inflammation
by regulating the NF-kappaB signaling pathway. Int ] Mol Med. (2016)
37:1023-9. doi: 10.3892/ijmm.2016.2516

Husain K, Ferder L, Mizobuchi M, Finch ], Slatopolsky E. Combination
therapy with paricalcitol and enalapril ameliorates cardiac oxidative injury
in uremic rats. Am J Nephrol. (2009) 29:465-72. doi: 10.1159/000178251
Suarez-Martinez E, Husain K, Ferder L. Adiponectin expression and the
cardioprotective role of the vitamin D receptor activator paricalcitol and
the angiotensin converting enzyme inhibitor enalapril in ApoE-deficient
mice. Ther Adv Cardiovasc Dis. (2014) 8:224-36. doi: 10.1177/17539447145
42593

Takeda M, Yamashita T, Sasaki N, Nakajima K, Kita T, Shinohara
M, et al
(calcitriol) decreases atherosclerosis in mice by inducing regulatory T
cells and immature dendritic cells with tolerogenic functions. Arterioscler
Thromb Vasc Biol. (2010) 30:2495-503. doi: 10.1161/ATVBAHA.110.2
15459

Ingraham NE, Barakat AG, Reilkoff R, Bezdicek T, Schacker T, Chipman
JG, et al. Understanding the renin-angiotensin-aldosterone-SARS-
CoV axis: a comprehensive review. Eur Respir J. (2020) 56:2000912.
doi: 10.1183/13993003.00912-2020

Cui C, Xu P, Li G, Qiao Y, Han W, Geng C, et al. Vitamin D
receptor activation regulates microglia polarization and oxidative stress
in spontaneously hypertensive rats and angiotensin II-exposed microglial
cells: role of renin-angiotensin system. Redox Biol. (2019) 26:101295.
doi: 10.1016/j.redox.2019.101295

Ali RM, Al-Shorbagy MY, Helmy MW, El-Abhar HS. Role of
Wnt4/beta-catenin, Ang II/TGFbeta, ACE2, NF-kappaB, and IL-18 in
attenuating renal ischemia/reperfusion-induced injury in rats treated
with Vit D and pioglitazone. Eur ] Pharmacol. (2018) 831:68-76.
doi: 10.1016/j.ejphar.2018.04.032

Chappell MC. Biochemical evaluation of the renin-angiotensin system: the
good, bad, and absolute? Am J Physiol Heart Circ Physiol. (2016) 310:H137-
52. doi: 10.1152/ajpheart.00618.2015

(2016)

RR,

Goncharov kinase

Oral administration of an active form of vitamin D3

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://doi.org/10.3390/nu12040988
https://doi.org/10.3390/nu12113361
https://doi.org/10.3389/fpubh.2020.00513
https://doi.org/10.1183/13993003.00665-2015
https://doi.org/10.1016/j.antiviral.2016.11.004
https://doi.org/10.1101/2020.06.21.162396
https://doi.org/10.1371/journal.pntd.0005904
https://doi.org/10.3892/mmr.2017.7546
https://doi.org/10.1152/ajpendo.00138.2020
https://doi.org/10.1016/S2213-8587(20)30268-0
https://doi.org/10.3389/fimmu.2020.01433
https://doi.org/10.1152/ajpendo.00315.2020
https://doi.org/10.1080/22221751.2020.1785336
https://doi.org/10.3390/ijerph13100999
https://doi.org/10.1159/000357731
https://doi.org/10.1161/CIRCRESAHA.113.301241
https://doi.org/10.1006/bbrc.1995.2098
https://doi.org/10.1038/sj.emboj.7601252
https://doi.org/10.1371/journal.pone.0156857
https://doi.org/10.1161/ATVBAHA.116.307586
https://doi.org/10.1371/journal.pone.0054625
https://doi.org/10.1002/mnfr.201500425
https://doi.org/10.1007/s12020-015-0797-1
https://doi.org/10.1016/j.jsbmb.2017.02.007
https://doi.org/10.1002/mnfr.201600338
https://doi.org/10.1186/s12944-017-0498-2
https://doi.org/10.1152/ajpcell.1995.269.2.C443
https://doi.org/10.1161/CIRCULATIONAHA.115.018935
https://doi.org/10.3892/ijmm.2016.2516
https://doi.org/10.1159/000178251
https://doi.org/10.1177/1753944714542593
https://doi.org/10.1161/ATVBAHA.110.215459
https://doi.org/10.1183/13993003.00912-2020
https://doi.org/10.1016/j.redox.2019.101295
https://doi.org/10.1016/j.ejphar.2018.04.032
https://doi.org/10.1152/ajpheart.00618.2015
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Cheng Q, Boucher BJ, Leung PS. Modulation of hypovitaminosis D-induced
islet dysfunction and insulin resistance through direct suppression of the
pancreatic islet renin-angiotensin system in mice. Diabetologia. (2013)
56:553-62. doi: 10.1007/s00125-012-2801-0

Malek Mahdavi A. A brief review of interplay between vitamin D and
angiotensin-converting enzyme 2: implications for a potential treatment for
COVID-19. Rev Med Virol. (2020) 30:€2119. doi: 10.1002/rmv.2119

Ali N. Role of vitamin D in preventing of COVID-19 infection,
progression and severity. ] Infect Public Health. (2020) 13:1373-80.
doi: 10.1016/j.jiph.2020.06.021

Ilie PC, Stefanescu S, Smith L. The role of vitamin D in the prevention of
coronavirus disease 2019 infection and mortality. Aging Clin Exp Res. (2020)
32:1195-8. doi: 10.1007/s40520-020-01570-8

Laird E, Rhodes ], Kenny RA. Vitamin D and inflammation: potential
implications for severity of covid-19. Ir Med J. (2020) 113:81.

Singh S, Kaur R, Singh RK. Revisiting the role of vitamin D levels
in the prevention of COVID-19 infection and mortality in European
countries post infections peak. Aging Clin Exp Res. (2020) 32:1609-12.
doi: 10.1007/s40520-020-01619-8

Abrishami A, Dalili N, Mohammadi Torbati P, Asgari R, Arab-Ahmadi
M, Behnam B, et al. Possible association of vitamin D status with lung
involvement and outcome in patients with COVID-19: a retrospective study.
Eur J Nutr. (2020) 1-9. doi: 10.1007/s00394-020-02411-0. [Epub ahead
of print].

Arvinte C, Singh M, Marik PE. Serum levels of vitamin ¢ and vitamin d in a
cohort of critically Il COVID-19 patients of a north American community
hospital intensive care unit in May 2020: a pilot study. Med Drug Discov.
(2020) 8:100064. doi: 10.1016/j.medidd.2020.100064

Baktash V, Hosack T, Patel N, Shah S, Kandiah P, Van Den Abbeele K, et al.
Vitamin D status and outcomes for hospitalised older patients with COVID-
19. Postgrad Med J. (2020). doi: 10.1136/postgradmed;j-2020-138712. [Epub
ahead of print].

Carpagnano GE, Di Lecce V, Quaranta VN, Zito A, Buonamico E, Capozza E,
et al. Vitamin D deficiency as a predictor of poor prognosis in patients with
acute respiratory failure due to COVID-19. ] Endocrinol Invest. (2020) 1-7.
doi: 10.1007/540618-020-01370-x. [Epub ahead of print].

Cereda E, Bogliolo L, Klersy C, Lobascio F Masi S, Crotti S, et al.
Vitamin D 250H deficiency in COVID-19 patients admitted to a
tertiary referral hospital. Clin Nutr. (2020) S0261-5614(20)30601-4.
doi: 10.1016/j.cInu.2020.10.055

D’avolio A, Avataneo V, Manca A, Cusato ], De Nicolo A, Lucchini R, et al.
25-Hydroxyvitamin D Concentrations Are Lower in Patients with Positive
PCR for SARS-CoV-2. Nutrients. (2020). 12:1359. doi: 10.3390/nul12051359
De Smet D, De Smet K, Herroelen P, Gryspeerdt S, Martens GA. Vitamin
D deficiency as risk factor for severe COVID-19: a convergence of two
pandemics. medRxiv. (2020). doi: 10.1101/2020.05.01.20079376

Faul JL, Kerley CP, Love B, O’neill E, Cody C, Tormey W, et al. Vitamin D
deficiency and ARDS after SARS-CoV-2 Infection. Ir Med J. (2020) 113:84.
Hars M, Mendes A, Serratrice C, Herrmann FR, Gold G, Graf
C, et al. Sex-specific association between vitamin D deficiency and
COVID-19 mortality in older patients. Osteoporos Int. (2020) 31:2495-6.
doi: 10.1007/s00198-020-05677-6

Hernandez JL, Nan D, Fernandez-Ayala M, Garcia-Unzueta M, Hernandez-
Hernandez MA, Lopez-Hoyos M, et al. Vitamin D status in hospitalized
patients with SARS-CoV-2 infection. J Clin Endocrinol Metab. (2020).
doi: 10.1210/clinem/dgaa733

Im JH, Je YS, Baek J, Chung MH, Kwon HY, Lee JS. Nutritional status of
patients with coronavirus disease 2019. (COVID-19). Int ] Infect Dis. (2020)
100:390-3. doi: 10.1016/}.ijid.2020.08.018

Lau FH, Majumder R, Torabi R, Saeg F Hoffman R, Cirillo JD, et al.
Vitamin D Insufficiency is Prevalent in Severe COVID-19. medRxiv. (2020)
doi: 10.1101/2020.04.24.20075838

Luo X, Liao Q, Shen Y, Li H, Cheng L. Vitamin D deficiency is inversely
associated with covid-19 incidence and disease severity in Chinese people.
J Nutr. (2020) nxaa332. doi: 10.1093/jn/nxaa332. [Epub ahead of print].
Macaya E Espejo Paeres C, Valls A, Fernandez-Ortiz A, Gonzalez Del
Castillo J, Martin-Sanchez FJ, et al. Interaction between age and vitamin

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

227.

228.

229.

230.

232.

D deficiency in severe COVID-19 infection. Nutr Hosp. (2020) 37:1039-42.
doi: 10.20960/nh.03193

Maghbooli Z, Sahraian MA, Ebrahimi M, Pazoki M, Kafan S, Tabriz
HM, et al. Vitamin D sufficiency, a serum 25-hydroxyvitamin D
at least 30ng/mL reduced risk for adverse clinical outcomes in
patients with COVID-19 infection. PLoS ONE. (2020) 15:€0239799.
doi: 10.1371/journal.pone.0239799

Editors PLoS ONE. Expression of concern: vitamin D sufficiency, a
serum 25-hydroxyvitamin D at least 30 ng/mL reduced risk for adverse
clinical outcomes in patients with COVID-19 infection. PLoS ONE. (2020)
15:€0240965. doi: 10.1371/journal.pone.0240965

Mendy A, Apewokin S, Wells AA, Morrow AL. Factors associated
with hospitalization and disease severity in a racially and ethnically
diverse  population of COVID-19 patients. medRxiv.  (2020).
doi: 10.1101/2020.06.25.20137323

Merzon E, Tworowski D, Gorohovski A, Vinker S, Golan Cohen A, Green I,
et al. Low plasma 25(OH) vitamin D level is associated with increased risk
of COVID-19 infection: an Israeli population-based study. FEBS J. (2020)
287:3693-02. doi: 10.1111/febs.15495

Panagiotou G, Tee SA, Thsan Y, Athar W, Marchitelli G, Kelly D, et al.
Low serum 25-hydroxyvitamin D. (25[OH]D) levels in patients hospitalized
with COVID-19 are associated with greater disease severity. Clin Endocrinol.
(2020) doi: 10.1101/2020.06.21.20136903

Pizzini A, Aichner M, Sahanic S, Bohm A, Egger A, Hoermann G, et al.
Impact of Vitamin D Deficiency on COVID-19-a prospective analysis
from the covild registry. Nutrients. (2020) 12:2775. doi: 10.3390/nul20
92775

Radujkovic A, Hippchen T, Tiwari-Heckler S, Dreher S, Boxberger M, Merle
U. Vitamin D Deficiency and outcome of COVID-19 patients. Nutrients.
(2020) 12:2757. doi: 10.3390/nul12092757

Yilmaz K, Sen V. Is vitamin D deficiency a risk factor for COVID-
19 in children? Pediatr Pulmonol. (2020) 55:3595-601. doi: 10.1002/ppul.
25106

Chodick G, Nutman A, Yiekutiel N, Shalev V. Angiotensin-converting
enzyme inhibitors and angiotensin-receptor blockers are not associated with
increased risk of SARS-CoV-2 infection. J Travel Med. (2020) 27:taaa069.
doi: 10.1093/jtm/taaa069

Hastie CE, Mackay DF, Ho E Celis-Morales CA, Katikireddi SV, Niedzwiedz
CL, et al. Vitamin D concentrations and COVID-19 infection in UK biobank.
Diabetes Metab Syndr. (2020) 14:561-5. doi: 10.1016/j.dsx.2020.04.050
Hastie CE, Mackay DF, Ho E, Celis-Morales CA, Katikireddi SV, Niedzwiedz
CL, et al. Corrigendum to “Vitamin D concentrations and COVID-
19 infection in UK Biobank. Diabetes Metab Syndr. (2020) 14:1315-6.
doi: 10.1016/j.dsx.2020.07.021

Hastie CE, Pell JP, Sattar N. Vitamin D and COVID-19 infection
and mortality in UK biobank. Eur ] Nutr. (2020). 26:1-4.
doi: 10.1101/2020.06.26.20140921

Boucher BJ. Vitamin D status as a predictor of Covid-19 risk in Black, Asian
other ethnic minority groups in the UK. Diabetes Metab Res Rev. (2020)
36:€3375. doi: 10.1002/dmrr.3375

Kaufman HW, Niles JK, Kroll MH, Bi C, Holick MF. SARS-CoV-2 positivity
rates associated with circulating 25-hydroxyvitamin D levels. PLoS ONE.
(2020) 15:€0239252. doi: 10.1371/journal.pone.0239252

Meltzer DO, Best TJ, Zhang H, Vokes T, Arora V, Solway J.
Association of vitamin D Status and other clinical characteristics
with COVID-19 Test results. JAMA Netw Open. (2020) 3:2019722.
doi: 10.1001/jamanetworkopen.2020.19722

. Raisi-Estabragh Z, Mccracken C, Bethell MS, Cooper J, Cooper C,

Caulfield MJ, et al. Greater risk of severe COVID-19 in Black, Asian
and minority ethnic populations is not explained by cardiometabolic,
socioeconomic or behavioural factors, or by 25(OH)-vitamin D status: study
of 1326 cases from the UK Biobank. J Public Health. (2020) 42:451-60.
doi: 10.1093/pubmed/fdaa095

Padhi S, Suvankar S, Panda VK, Pati A, Panda AK. Lower levels of
vitamin D are associated with SARS-CoV-2 infection and mortality in the
Indian population: an observational study. Int Immunopharmacol. (2020)
88:107001. doi: 10.1016/j.intimp.2020.107001

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1007/s00125-012-2801-0
https://doi.org/10.1002/rmv.2119
https://doi.org/10.1016/j.jiph.2020.06.021
https://doi.org/10.1007/s40520-020-01570-8
https://doi.org/10.1007/s40520-020-01619-8
https://doi.org/10.1007/s00394-020-02411-0
https://doi.org/10.1016/j.medidd.2020.100064
https://doi.org/10.1136/postgradmedj-2020-138712
https://doi.org/10.1007/s40618-020-01370-x
https://doi.org/10.1016/j.clnu.2020.10.055
https://doi.org/10.3390/nu12051359
https://doi.org/10.1101/2020.05.01.20079376
https://doi.org/10.1007/s00198-020-05677-6
https://doi.org/10.1210/clinem/dgaa733
https://doi.org/10.1016/j.ijid.2020.08.018
https://doi.org/10.1101/2020.04.24.20075838
https://doi.org/10.1093/jn/nxaa332
https://doi.org/10.20960/nh.03193
https://doi.org/10.1371/journal.pone.0239799
https://doi.org/10.1371/journal.pone.0240965
https://doi.org/10.1101/2020.06.25.20137323
https://doi.org/10.1111/febs.15495
https://doi.org/10.1101/2020.06.21.20136903
https://doi.org/10.3390/nu12092775
https://doi.org/10.3390/nu12092757
https://doi.org/10.1002/ppul.25106
https://doi.org/10.1093/jtm/taaa069
https://doi.org/10.1016/j.dsx.2020.04.050
https://doi.org/10.1016/j.dsx.2020.07.021
https://doi.org/10.1101/2020.06.26.20140921
https://doi.org/10.1002/dmrr.3375
https://doi.org/10.1371/journal.pone.0239252
https://doi.org/10.1001/jamanetworkopen.2020.19722
https://doi.org/10.1093/pubmed/fdaa095
https://doi.org/10.1016/j.intimp.2020.107001
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

233.

234.

236.

237.

238.

239.

240.

241.

242.

243.

244.

245.

246.

247.

248.

249.

250.

251.

Mitchell F. Vitamin-D and COVID-19: do deficient risk a
poorer outcome? Lancet Diabetes Endocrinol. (2020)  8:P570.
doi: 10.1016/S2213-8587(20)30183-2

Pereira M, Dantas Damascena A, Galvao Azevedo LM, De

Almeida Oliveira T, Da Mota Santana J. Vitamin D deficiency
aggravates ~COVID-19:  systematic and  meta-analysis.
Crit Rev Food Sci Nutr. (2020) 10.1080/10408398.2020.18
41090. [Epub ahead of print].

review
doi:

. Henrina J, Lim MA, Pranata R. COVID-19 and misinformation: how

an infodemic fuelled the prominence of vitamin D. Br J Nutr. (2020).
doi: 10.1017/S0007114520002950. [Epub ahead of print].

Munshi R, Hussein MH, Toraih EA, Elshazli RM, Jardak C, Sultana N, et al.
Vitamin D insufficiency as a potential culprit in critical COVID-19 patients.
J Med Virol. (2020) doi: 10.1002/jmv.26360. [Epub ahead of print].

Tian Y, Rong L. Letter: does vitamin D have a potential role against
COVID-19? Authors’ reply. Aliment Pharmacol Ther. (2020) 52:410-11.
doi: 10.1111/apt.15817

Fasano A, Cereda E, Barichella M, Cassani E, Ferri V, Zecchinelli AL, et al.
COVID-19 in Parkinson’s disease patients living in Lombardy, Italy. Mov
Disord. (2020) 35:1089-93. doi: 10.1002/mds.28176

Martineau AR, Jolliffe DA, Hooper RL, Greenberg L, Aloia JE, Bergman
P, et al. Vitamin D supplementation to prevent acute respiratory tract
infections: systematic review and meta-analysis of individual participant
data. BMJ. (2017) 356:i6583. doi: 10.1136/bmj.i6583

Jolliffe DA, Camargo CA Jr, Sluyter JD, Aglipay M, Aloia JE, Bergman P,
et al. Vitamin D supplementation to prevent acute respiratory infections:
systematic review and meta-analysis of aggregate data from randomised
controlled trials. medRxiv. (2020). doi: 10.1101/2020.07.14.20152728
Dibaba DT. Effect of vitamin D supplementation on serum lipid profiles:
a systematic review and meta-analysis. Nutr Rev. (2019) 77:890-902.
doi: 10.1093/nutrit/nuz037

Rodriguez AJ, Mousa A, Ebeling PR, Scott D, De Courten B. Effects of
vitamin D supplementation on inflammatory markers in heart failure: a
systematic review and meta-analysis of randomized controlled trials. Sci Rep.
(2018) 8:1169. doi: 10.1038/s41598-018-19708-0

Duan L, Han L, Liu Q, Zhao Y, Wang L, Wang Y. Effects of vitamin D
supplementation on general and central obesity: results from 20 randomized
controlled trials involving apparently healthy populations. Ann Nutr Metab.
(2020) 76:153-164. doi: 10.1159/000507418

Barh D, Tiwari S, Weener ME, Azevedo V, Goes-Neto A, Gromiha MM,
et al. Multi-omics-based identification of SARS-CoV-2 infection biology and
candidate drugs against COVID-19. Comput Biol Med. (2020) 126:104051.
doi: 10.1016/j.compbiomed.2020.104051

Blanch-Rubié J, Soldevila-Domenech N, Tio L, Llorente-Onaindia J, Ciria-
Recasens M, Polino L, et al. Influence of anti-osteoporosis treatments on
the incidence of COVID-19 in patients with non-inflammatory rheumatic
conditions. Aging. (2020) 12:19923-37. doi: 10.18632/aging.104117
Mccartney DM, Byrne DG. Optimisation of Vitamin D status for enhanced
immuno-protection against covid-19. Ir Med J. (2020) 113:58.

Mckenna M]J, Flynn MAT. Covid-19, Cocooning and Vitamin D Intake
Requirements. Ir Med J. (2020) 113:79-84.

Rabbitt L, Slattery E. Vitamin D and Covid-19: a note of caution. Ir Med J.
(2020) 113:82-3.

Grant WB, Baggerly CA, Lahore H. Reply: Vitamin D supplementation in
influenza and covid-19 infections. Comment on: evidence that vitamin d
supplementation could reduce risk of influenza and covid-19 infections and
deaths. Nutrients. (2020) 12:988. doi: 10.3390/nu12040988

Kow CS, Hadi MA, Hasan SS. Vitamin D supplementation in influenza
and COVID-19 infections comment on:
Supplementation could reduce risk of influenza and COVID-19 infections
and deaths. Nutrients. (2020) 12:1626. doi: 10.3390/nul2061626

Ebadi M, Montano-Loza AJ. Perspective: improving vitamin D status
in the management of COVID-19. Eur ] Clin Nutr. (2020) 74:856-9.
doi: 10.1038/s41430-020-0661-0

“evidence that vitamin D

. Slominski RM, Stefan J, Athar M, Holick ME, Jetten AM, Raman C, et al.

COVID-19 and Vitamin D: a lesson from the skin. Exp Dermatol. (2020)
29:885-90. doi: 10.1111/exd.14170

253.

254.

255.

256.

257.

258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.

269.

270.

Chakhtoura M, Napoli N, El Hajj Fuleihan G. Commentary: myths and
facts on vitamin D amidst the COVID-19 pandemic. Metabolism. (2020)
109:154276. doi: 10.1016/j.metabol.2020.154276

Zittermann A, Ernst JB, Prokop S, Fuchs U, Dreier ], Kuhn J, et al. Effect
of vitamin D on all-cause mortality in heart failure. (EVITA): a 3-year
randomized clinical trial with 4000 IU vitamin D daily. Eur Heart J. (2017)
38:2279-86. doi: 10.1093/eurheartj/ehx235

Malihi Z, Wu Z, Lawes CMM, Scragg R. Adverse events from large dose
vitamin D supplementation taken for one year or longer. J Steroid Biochem
Mol Biol. (2019) 188:29-37. doi: 10.1016/j.jsbmb.2018.12.002

La Vignera S, Cannarella R, Condorelli RA, Torre F, Aversa A, Calogero
AE. Sex-specific sars-cov-2 mortality: among hormone-modulated ACE2
expression, risk of venous thromboembolism and hypovitaminosis D. Int ]
Mol Sci. (2020) 21:2948. doi: 10.3390/ijms21082948
Manjili RH, Zarei M, Habibi M, Manjili
an acute inflammatory disease. ] Immunol.
doi: 10.4049/jimmunol.2000413

Scully EP, Haverfield J, Ursin RL, Tannenbaum C, Klein SL. Considering how
biological sex impacts immune responses and COVID-19 outcomes. Nat Rev
Immunol. (2020) 20:442-7. doi: 10.1038/s41577-020-0348-8

Rhodes JM, Subramanian S, Laird E, Griffin G, Kenny RA. Perspective:
vitamin D deficiency and COVID-19 severity - plausibly linked by latitude,
ethnicity, impacts on cytokines, ACE2 and thrombosis. ] Intern Med. (2020).
doi: 10.1111/joim.13149. [Epub ahead of print].

Orru B, Szekeres-Bartho J, Bizzarri M, Spiga AM, Unfer V. Inhibitory effects
of vitamin D on inflammation and IL-6 release. A further support for
COVID-19 management? Eur Rev Med Pharmacol Sci. (2020). 24:8187-93.
doi: 10.26355/eurrev_202008_22507

Batur LK, Hekim N. The role of DBP gene polymorphisms in the prevalence
of new coronavirus disease 2019 infection and mortality rate. ] Med Virol.
(2020). doi: 10.1002/jmv.26409. [Epub ahead of print].

Khunti K, Singh AK, Pareek M, Hanif W. Is ethnicity linked to incidence or
outcomes of covid-19? BMJ. (2020) 369:m1548. doi: 10.1136/bmj.m1548
Jain SK, Parsanathan R, Levine SN, Bocchini JA, Holick ME, Vanchiere
JA. The potential link between inherited G6PD deficiency, oxidative
stress, and vitamin D deficiency and the racial inequities in mortality
associated with COVID-19. Free Radic Biol Med. (2020) 161:84-91.
doi: 10.1016/j.freeradbiomed.2020.10.002

Entrenas Castillo M, Entrenas Costa LM, Vaquero Barrios JM, Alcala Diaz
JE Lopez Miranda J, Bouillon R, et al. Effect of calcifediol treatment and
best available therapy versus best available therapy on intensive care unit
admission and mortality among patients hospitalized for COVID-19: a pilot
randomized clinical study. J Steroid Biochem Mol Biol. (2020) 203:105751.
doi: 10.1016/j.jsbmb.2020.105751

Annweiler C, Hanotte B, Grandin De Leprevier C, Sabatier JM, Lafaie
L, Celarier T. Vitamin D and survival in COVID-19 patients: a
quasi-experimental study. ] Steroid Biochem Mol Biol. (2020) 204:1
05771. doi: 10.1016/j.jsbmb.2020.105771

Annweiler G, Corvaisier M, Gautier ], Dubee V, Legrand E, Sacco
G, et al. Vitamin D Supplementation associated to better survival
in hospitalized frail elderly COVID-19 Patients: the GERIA-COVID
quasi-experimental study. Nutrients. (2020) 12:E3377. doi: 10.3390/nul21
13377

Rastogi A, Bhansali A, Khare N, Suri V, Yaddanapudi N, Sachdeva N, et al.
Short term, high-dose vitamin D supplementation for COVID-19 disease:
a randomised, placebo-controlled, study. (SHADE study). Postgrad Med ].
(2020) doi: 10.1136/postgradmed;j-2020-139065. [Epub ahead of print].
Yamasaki H. Blood nitrate and nitrite modulating nitric oxide bioavailability:
potential therapeutic functions in COVID-19. Nitric Oxide. (2020) 103:29-
30. doi: 10.1016/§.ni0x.2020.07.005

Green SJ. Covid-19
nitric  oxide  deficiency.
doi: 10.1016/j.micinf.2020.05.006
Ozdemir B, Yazici A. Could the decrease in the endothelial nitric
oxide. (NO) production and NO bioavailability be the crucial cause
of COVID-19 related deaths? Med Hypotheses. (2020) 144:109970.
doi: 10.1016/j.mehy.2020.109970

MH. COVID-19 as
(2020)  205:12-9.

endothelial
Infect.

accelerates
Microb

dysfunction and
(2020)  22:149-50.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1016/S2213-8587(20)30183-2
https://doi.org/10.1080/10408398.2020.1841090
https://doi.org/10.1017/S0007114520002950
https://doi.org/10.1002/jmv.26360
https://doi.org/10.1111/apt.15817
https://doi.org/10.1002/mds.28176
https://doi.org/10.1136/bmj.i6583
https://doi.org/10.1101/2020.07.14.20152728
https://doi.org/10.1093/nutrit/nuz037
https://doi.org/10.1038/s41598-018-19708-0
https://doi.org/10.1159/000507418
https://doi.org/10.1016/j.compbiomed.2020.104051
https://doi.org/10.18632/aging.104117
https://doi.org/10.3390/nu12040988
https://doi.org/10.3390/nu12061626
https://doi.org/10.1038/s41430-020-0661-0
https://doi.org/10.1111/exd.14170
https://doi.org/10.1016/j.metabol.2020.154276
https://doi.org/10.1093/eurheartj/ehx235
https://doi.org/10.1016/j.jsbmb.2018.12.002
https://doi.org/10.3390/ijms21082948
https://doi.org/10.4049/jimmunol.2000413
https://doi.org/10.1038/s41577-020-0348-8
https://doi.org/10.1111/joim.13149
https://doi.org/10.26355/eurrev_202008_22507
https://doi.org/10.1002/jmv.26409
https://doi.org/10.1136/bmj.m1548
https://doi.org/10.1016/j.freeradbiomed.2020.10.002
https://doi.org/10.1016/j.jsbmb.2020.105751
https://doi.org/10.1016/j.jsbmb.2020.105771
https://doi.org/10.3390/nu12113377
https://doi.org/10.1136/postgradmedj-2020-139065
https://doi.org/10.1016/j.niox.2020.07.005
https://doi.org/10.1016/j.micinf.2020.05.006
https://doi.org/10.1016/j.mehy.2020.109970
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

271.

272.

273.

274.

275.

276.

277.

278.

279.

280.

282.

283.

284.

285.

286.

287.

288.

289.

Guan SP, Seet RCS, Kennedy BK. Does eNOS derived nitric oxide protect
the young from severe COVID-19 complications? Ageing Res Rev. (2020)
64:101201. doi: 10.1016/j.arr.2020.101201

Mowbray M, Mclintock S, Weerakoon R, Lomatschinsky N, Jones S, Rossi
AG, et al. Enzyme-independent NO stores in human skin: quantification
and influence of UV radiation. J Invest Dermatol. (2009) 129:834-42.
doi: 10.1038/jid.2008.296

Akaberi D, Krambrich ], Ling J, Luni C, Hedenstierna G, Jarhult JD, et al.
Mitigation of the replication of SARS-CoV-2 by nitric oxide in vitro. Redox
Biol. (2020) 37:101734. doi: 10.1016/j.redox.2020.101734

Jaffrey SR, Erdjument-Bromage H, Ferris CD, Tempst P, Snyder SH. Protein
S-nitrosylation: a physiological signal for neuronal nitric oxide. Nat Cell Biol.
(2001) 3:193-7. doi: 10.1038/35055104

Saura M, Zaragoza C, Mcmillan A, Quick RA, Hohenadl C, Lowenstein JM,
et al. An antiviral mechanism of nitric oxide: inhibition of a viral protease.
Immunity. (1999) 10:21-8. doi: 10.1016/S1074-7613(00)80003-5

Akerstrom S, Mousavi-Jazi M, Klingstrom J, Leijon M, Lundkvist
A, Mirazimi A. Nitric oxide inhibits the replication cycle of severe
acute respiratory syndrome coronavirus. J Virol. (2005) 79:1966-9.
doi: 10.1128/JV1.79.3.1966-1969.2005

Akerstrom S, Gunalan V, Keng CT, Tan YJ, Mirazimi A. Dual effect
of nitric oxide on SARS-CoV replication: viral RNA production and
palmitoylation of the S protein are affected. Virology. (2009) 395:1-9.
doi: 10.1016/j.virol.2009.09.007

Grifoni A, Sidney J, Zhang Y, Scheuermann RH, Peters B, Sette A. A sequence
homology and bioinformatic approach can predict candidate targets for
immune responses to SARS-CoV-2. Cell Host Microbe. (2020). 27:671-
80.e672. doi: 10.1016/j.chom.2020.03.002

Wrapp D, Wang N, Corbett KS, Goldsmith JA, Hsieh CL, Abiona O, et al.
Cryo-EM structure of the 2019-nCoV spike in the prefusion conformation.
Science. (2020) 367:1260-3. doi: 10.1126/science.abb2507

Hoffmann M, Kleine-Weber H, Schroeder S, Kriiger N, Herrler T, Erichsen S,
etal. SARS-CoV-2 cell entry depends on ACE2 and TMPRSS2 and is blocked
by a clinically proven protease inhibitor. Cell. (2020) 181:271-80.e278.
doi: 10.1016/j.cell.2020.02.052

. Al-Sehemi AG, Pannipara M, Parulekar RS, Patil O, Choudhari PB,

Bhatia MS, et al. Potential of NO donor furoxan as SARS-CoV-2 main
protease. (M(pro)) inhibitors: in silico analysis. ] Biomol Struct Dyn. (2020).
doi: 10.1080/07391102.2020.1790038. [Epub ahead of print].

Gupta A, Madhavan MV, Sehgal K, Nair N, Mahajan S, Sehrawat TS, et al.
Extrapulmonary manifestations of COVID-19. Nat Med. (2020) 26:1017-32.
doi: 10.1038/s41591-020-0968-3

Yuyun ME Ng LL, Ng GA. Endothelial dysfunction, endothelial nitric
oxide bioavailability, tetrahydrobiopterin, and 5-methyltetrahydrofolate in
cardiovascular disease. Where are we with therapy? Microvasc Res. (2018)
119:7-12. doi: 10.1016/j.mvr.2018.03.012

Makhoul S, Walter E, Pagel O, Walter U, Sickmann A, Gambaryan
S, et al. Effects of the NO/soluble guanylate cyclase/cGMP system
on the functions of human platelets. Nitric Oxide. (2018) 76:71-80.
doi: 10.1016/j.ni0x.2018.03.008

Adusumilli NC, Zhang D, Friedman JM, Friedman AJ. Harnessing
nitric oxide for preventing, limiting and treating the severe
pulmonary consequences of COVID-19. Nitric Oxide. (2020) 103:4-8.
doi: 10.1016/j.ni0x.2020.07.003

Dopico XC, Evangelou M, Ferreira RC, Guo H, Pekalski ML, Smyth
DJ, et al. Widespread seasonal gene expression reveals annual differences
in human immunity and physiology. Nat Commun. (2015) 6:7000.
doi: 10.1038/ncomms8000

Jobgen WS, Fried SK, Fu W], Meininger CJ, Wu G. Regulatory
role for the arginine-nitric oxide pathway in metabolism of energy
substrates. ] Nutr Biochem. (2006) 17:571-88. doi: 10.1016/j.jnutbio.200
5.12.001

Knott AB, Bossy-Wetzel E. Impact of nitric oxide on metabolism in health
and age-related disease. Diabetes Obes Metab. (2010) 12(Suppl. 2):126-33.
doi: 10.1111/j.1463-1326.2010.01267.x

Omar SA, Webb AJ, Lundberg JO, Weitzberg E. Therapeutic effects of
inorganic nitrate and nitrite in cardiovascular and metabolic diseases. J
Intern Med. (2016) 279:315-36. doi: 10.1111/joim.12441

290.

292.

293.

294.

295.

296.

297.

298.

299.

300.

301.

302.

303.

304.

305.

306.

307.

Kina-Tanada M, Sakanashi M, Tanimoto A, Kaname T, Matsuzaki T,
Noguchi K, et al. Long-term dietary nitrite and nitrate deficiency causes the
metabolic syndrome, endothelial dysfunction and cardiovascular death in
mice. Diabetologia. (2017) 60:1138-51. doi: 10.1007/s00125-017-4259-6

. Bhaswant M, Brown L, Mcainch AJ, Mathai ML. Beetroot and sodium nitrate

ameliorate cardiometabolic changes in diet-induced obese hypertensive rats.
Mol Nutr Food Res. (2017) 61:1700478. doi: 10.1002/mnfr.201700478

Hezel M, Peleli M, Liu M, Zollbrecht C, Jensen BL, Checa A,
et al. Dietary nitrate improves age-related hypertension and metabolic
abnormalities in rats via modulation of angiotensin II receptor signaling and
inhibition of superoxide generation. Free Radic Biol Med. (2016) 99:87-98.
doi: 10.1016/j.freeradbiomed.2016.07.025

Lai YC, Gladwin MT. Response by Lai And Gladwin To Letter
Regarding  Article, sirt3-amp-activated protein kinase activation
by nitrite and metformin improves hyperglycemia and normalizes
pulmonary  hypertension  associated ~ with  heart failure  with
preserved  ejection  fraction.  Circulation.  (2016)  134:e79-80.
doi: 10.1161/CIRCULATIONAHA.116.023201

Hu J, Sharifi-Sanjani M, Tofovic SP. Nitrite prevents right ventricular
failure and remodeling induced by pulmonary artery banding. J Cardiovasc
Pharmacol. (2017) 69:93-100. doi: 10.1097/FJC.0000000000000446

Sonoda K, Ohtake K, Uchida H, Ito ], Uchida M, Natsume H,
et al. Dietary nitrite supplementation attenuates cardiac remodeling
in I-NAME-induced hypertensive rats. Nitric Oxide. (2017) 67:1-9.
doi: 10.1016/j.ni0x.2017.04.009

Alvarez RA, Berra L, Gladwin MT. Home nitric oxide therapy
for COVID-19. Am ] Respir Crit Care Med. (2020) 202:16-20.
doi: 10.1164/rccm.202005-1906ED

Andreou A, Trantza S, Filippou D, Sipsas N, Tsiodras S. COVID-19: the
potential role of copper and N-acetylcysteine. (NAC) in a combination
of candidate antiviral treatments against SARS-COV-2. In vivo. (2020)
34:1567-88. doi: 10.21873/invivo.11946

Kobayashi J, Murata I. Nitric oxide inhalation as an interventional rescue
therapy for COVID-19-induced acute respiratory distress syndrome. Annals
of Intensive Care. (2020) 10:61. doi: 10.1186/s13613-020-00681-9

Zhang J, Xie B, Hashimoto K. Current status of potential therapeutic
candidates for the COVID-19 crisis. Brain Behav Immun. (2020) 87:59-73.
doi: 10.1016/j.bbi.2020.04.046

Chen L, Liu P, Gao H, Sun B, Chao D, Wang F et al. Inhalation of
nitric oxide in the treatment of severe acute respiratory syndrome: a
rescue trial in Beijing. Clin Infect Dis. (2004) 39:1531-5. doi: 10.1086/4
25357

Wu R, Wang L, Kuo H-CD, Shannar A, Peter R, Chou PJ, et al. An update on
current therapeutic drugs treating COVID-19. Curr Pharmacol Rep. (2020).
doi: 10.1007/s40495-020-00216-7. [Epub ahead of print].

Carvalho WB, Rodriguez IS, Motta E, Delgado AF. Ventilatory support
recommendations in children with Sars-CoV-2. Rev Assoc Med Bras. (2020)
66:528-33. doi: 10.1590/1806-9282.66.4.528

Derespina KR, Kaushik S, Plichta A, Conway EE Jr, Bercow A, Choi J, et al.
Clinical manifestations and outcomes of critically ill children and adolescents
with coronavirus disease 2019 in New York city. ] Pediatr. (2020) 226:55-63.
doi: 10.1016/j.jpeds.2020.07.039

Osho AA, Moonsamy P, Hibbert KA, Shelton KT, Trahanas JM,
Attia RQ, et al. Veno-venous extracorporeal membrane oxygenation for
respiratory failure in covid-19 patients: early experience from a major
academic medical center in North America. Ann Surg. (2020) 272:e75-8.
doi: 10.1097/SLA.0000000000004084

Lindahl SGE. Using the prone position could help to combat the
development of fast hypoxia in some patients with COVID-19. Acta Paediatr.
(2020) 109:1539-44. doi: 10.1111/apa.15382

Zamanian RT, Pollack CV Jr, Gentile MA, Rashid M, Fox JC, Mahaffey KW,
et al. Outpatient inhaled nitric oxide in a patient with vasoreactive idiopathic
pulmonary arterial hypertension and covid-19 infection. Am | Respir Crit
Care Med. (2020) 202:130-2. doi: 10.1164/rccm.202004-0937LE

Cardinale M, Esnault P, Cotte J, Cungi PJ, Goutorbe P. Effect of almitrine
bismesylate and inhaled nitric oxide on oxygenation in COVID-19 acute
respiratory distress syndrome. Anaesth Crit Care Pain Med. (2020) 39:471-2.
doi: 10.1016/j.accpm.2020.05.014

Frontiers in Cardiovascular Medicine | www.frontiersin.org

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1016/j.arr.2020.101201
https://doi.org/10.1038/jid.2008.296
https://doi.org/10.1016/j.redox.2020.101734
https://doi.org/10.1038/35055104
https://doi.org/10.1016/S1074-7613(00)80003-5
https://doi.org/10.1128/JVI.79.3.1966-1969.2005
https://doi.org/10.1016/j.virol.2009.09.007
https://doi.org/10.1016/j.chom.2020.03.002
https://doi.org/10.1126/science.abb2507
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1080/07391102.2020.1790038
https://doi.org/10.1038/s41591-020-0968-3
https://doi.org/10.1016/j.mvr.2018.03.012
https://doi.org/10.1016/j.niox.2018.03.008
https://doi.org/10.1016/j.niox.2020.07.003
https://doi.org/10.1038/ncomms8000
https://doi.org/10.1016/j.jnutbio.2005.12.001
https://doi.org/10.1111/j.1463-1326.2010.01267.x
https://doi.org/10.1111/joim.12441
https://doi.org/10.1007/s00125-017-4259-6
https://doi.org/10.1002/mnfr.201700478
https://doi.org/10.1016/j.freeradbiomed.2016.07.025
https://doi.org/10.1161/CIRCULATIONAHA.116.023201
https://doi.org/10.1097/FJC.0000000000000446
https://doi.org/10.1016/j.niox.2017.04.009
https://doi.org/10.1164/rccm.202005-1906ED
https://doi.org/10.21873/invivo.11946
https://doi.org/10.1186/s13613-020-00681-9
https://doi.org/10.1016/j.bbi.2020.04.046
https://doi.org/10.1086/425357
https://doi.org/10.1007/s40495-020-00216-7
https://doi.org/10.1590/1806-9282.66.4.528
https://doi.org/10.1016/j.jpeds.2020.07.039
https://doi.org/10.1097/SLA.0000000000004084
https://doi.org/10.1111/apa.15382
https://doi.org/10.1164/rccm.202004-0937LE
https://doi.org/10.1016/j.accpm.2020.05.014
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

Gorman and Weller

UV Light and COVID-19

308.

309.

310.

312.

313.

314.

315.

316.

Ferrari M, Santini A, Protti A, Andreis DT, Iapichino G, Castellani G, et al.
Inhaled nitric oxide in mechanically ventilated patients with COVID-19. |
Crit Care. (2020) 60:159-60. doi: 10.1016/j.jcrc.2020.08.007

Tavazzi G, Marco P, Mongodi S, Dammassa V, Romito G, Mojoli F. Inhaled
nitric oxide in patients admitted to intensive care unit with COVID-19
pneumonia. Crit Care. (2020) 24:508. doi: 10.1186/s13054-020-03390-8
Parikh R, Wilson C, Weinberg ], Gavin D, Murphy J, Reardon CC.
Inhaled nitric oxide treatment in spontaneously breathing COVID-
19 patients. Ther Adv Respir Dis. (2020) 14:1753466620933510.
doi: 10.1177/1753466620933510

. Lei C, Su B, Dong H, Bellavia A, Di Fenza R, Saface Fakhr B, et al.

Protocol of a randomized controlled trial testing inhaled nitric oxide in
mechanically ventilated patients with severe acute respiratory syndrome in
COVID-19. (SARS-CoV-2). medRxiv. (2020). doi: 10.1101/2020.03.09.200
33530

Lei C, Su B, Dong H, Fakhr BS, Grassi LG, Di Fenza R, et al. Protocol
for a randomized controlled trial testing inhaled nitric oxide therapy
in spontaneously breathing patients with COVID-19. medRxiv. (2020).
doi: 10.1101/2020.03.10.20033522

Gilchrist M, Shore AC, Benjamin N. Inorganic nitrate and nitrite and control
of blood pressure. Cardiovasc Res. (2011) 89:492-8. doi: 10.1093/cvr/cvq309
Bueno M, Wang J, Mora AL, Gladwin MT. Nitrite signaling in pulmonary
hypertension: mechanisms of bioactivation, signaling, and therapeutics.
Antioxid Redox Signal. (2013) 18:1797-809. doi: 10.1089/ars.2012.
4833

Damacena-Angelis C, Oliveira-Paula GH, Pinheiro LC, Crevelin EJ,
Portella RL, Moraes L, et al. Nitrate decreases xanthine oxidoreductase-
mediated nitrite reductase activity and attenuates vascular and
blood pressure responses to nitrite. Redox Biol. (2017) 12:291-9.
doi: 10.1016/j.redox.2017.03.003

Vanhoutte PM, Zhao Y, Xu A, Leung SW. Thirty years of saying
sources, fate, actions, and misfortunes of the endothelium-
derived  vasodilator  mediator. Circ  Res. (2016)  119:375-96.
doi: 10.1161/CIRCRESAHA.116.306531

no:

317. Sudar-Milovanovic E, Zafirovic S, Jovanovic A, Trebaljevac J, Obradovic
M, Cenic-Milosevic D, et al. Hormonal regulation of nitric oxide.
(NO) in cardio-metabolic diseases. Curr Pharm Des. (2017) 23:1427-34.
doi: 10.2174/1381612823666170124124855

Oronsky B, Knox S, Cabrales P, Oronsky A, Reid TR. Desperate
times, desperate measures: the case for RRx-001 in the treatment of
COVID-19. Semin Oncol. (2020) 47:305-8. doi: 10.1053/j.seminoncol.2020.
07.002

Volino-Souza M, De Oliveira GV, Conte-Junior CA, Alvares TS. Covid-19
quarantine: impact of lifestyle behaviors changes on endothelial function
and possible protective effect of beetroot juice. Front Nutr. (2020) 7:582210.
doi: 10.3389/fnut.2020.582210

Donaire-Gonzalez D, Curto A, Valentin A, Andrusaityte S, Basagana X,
Casas M, et al. Personal assessment of the external exposome during
pregnancy and childhood in Europe. Environ Res. (2019) 174:95-104.
doi: 10.1016/j.envres.2019.04.015

Mann EH, Chambers ES, Pfeffer PE, Hawrylowicz CM. Immunoregulatory
mechanisms of vitamin D relevant to respiratory health and asthma. Ann N
Y Acad Sci. (2014) 1317:57-69. doi: 10.1111/nyas.12410

318.

319.

320.

321.

Conflict of Interest: RW is a member of the Scientific Advisory Board of
AOBiome LLC, a company commercializing ammonia-oxidizing bacteria for use
in inflammatory skin disease.

The remaining author declares that the research was conducted in the absence of
any commercial or financial relationships that could be construed as a potential
conflict of interest.

Copyright © 2020 Gorman and Weller. This is an open-access article distributed
under the terms of the Creative Commons Attribution License (CC BY). The use,
distribution or reproduction in other forums is permitted, provided the original
author(s) and the copyright owner(s) are credited and that the original publication
in this journal is cited, in accordance with accepted academic practice. No use,
distribution or reproduction is permitted which does not comply with these terms.

Frontiers in Cardiovascular Medicine | www.frontiersin.org

28

December 2020 | Volume 7 | Article 616527


https://doi.org/10.1016/j.jcrc.2020.08.007
https://doi.org/10.1186/s13054-020-03390-8
https://doi.org/10.1177/1753466620933510
https://doi.org/10.1101/2020.03.09.20033530
https://doi.org/10.1101/2020.03.10.20033522
https://doi.org/10.1093/cvr/cvq309
https://doi.org/10.1089/ars.2012.4833
https://doi.org/10.1016/j.redox.2017.03.003
https://doi.org/10.1161/CIRCRESAHA.116.306531
https://doi.org/10.2174/1381612823666170124124855
https://doi.org/10.1053/j.seminoncol.2020.07.002
https://doi.org/10.3389/fnut.2020.582210
https://doi.org/10.1016/j.envres.2019.04.015
https://doi.org/10.1111/nyas.12410
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/cardiovascular-medicine#articles

	Investigating the Potential for Ultraviolet Light to Modulate Morbidity and Mortality From COVID-19: A Narrative Review and Update
	Introduction
	UV Light, Sun Exposure, and COVID-19
	Season and SARS-CoV-2
	Latitude and COVID-19
	Ambient UV Levels, and COVID-19 Incidence and Deaths
	Sun Exposure and COVID-19
	Clinical Trials Testing the Efficacy of UV Light or Sun Exposure on COVID-19
	Do Social Distancing Measures Affect Sun Exposure?

	Could UV Light Have Harmful or Beneficial Effects on COVID-19?
	UV Light as a Disinfectant
	Is UV Dose an Important Consideration?
	Skin Color and COVID-19
	Could Sun Exposure Compromise Effective Vaccination?
	Benefits in Those With Cardiometabolic Dysfunction?
	COVID-19 and Cardiometabolic Comorbidities
	Potential Means by Which UV Light Improves Cardiometabolic Function
	Weathering the Cytokine Storm? Beneficial Mediators Produced by Exposure to UV Light


	Vitamin D and COVID-19
	Postulated Mechanisms of Action
	Is Viral Entry Limited by 1,25(OH)2D?
	Immune and Other Pathways That Could Be Regulated by Vitamin D to Reduce COVID-19 Severity
	Regulatory Mechanisms by Which Vitamin D May Have Cardiometabolic Benefits
	Dietary Vitamin D
	Active 1,25(OH)2D
	Other Vitamin D Metabolites
	Vitamin D and the Renin-Angiotensin-Aldosterone System (RAAS) Pathway


	Vitamin D Status and COVID-19
	Could Vitamin D Supplementation Be a Successful Strategy?
	Vitamin D Dose Considerations
	Factors Modulating the Potential Protective Effects of Vitamin D and COVID-19
	Clinical Trials Testing the Efficacy of Vitamin D Supplementation

	Nitric Oxide and COVID-19
	Postulated Mechanisms of Action
	Anti-viral Effects
	Anti-inflammatory Effects
	Mechanisms of Cardiometabolic Protection by Nitric Oxide
	Dietary Nitrate
	Dietary Nitrite
	Dietary Nitrite/Nitrate and the Renin-Angiotensin-Aldosterone System (RAAS) Pathway


	Clinical Trials Assessing Nitric Oxide
	Inhaled Nitric Oxide
	Dietary Supplementation and Other Approaches


	Future Directions and Concluding Comments
	Author Contributions
	Acknowledgments
	References


