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Abstract

A hypothesis is proposed to explain the increased detrimental effect of COVID-19 for Black, Asian and Minority Ethnic
(BAME) men and women compared to Caucasian individuals. This is based on the differing photochemistry of phacomelanin
in fair skin and eumelanin in dark/black skin. It is suggested that a range of reactive oxygen species, including, singlet oxy-
gen and the superoxide radical anion, derived via direct photolysis of phaeomelanin, may escape the melanocyte and cause
subsequent damage to the SARS-CoV-2 virus. It is further suggested that (large) carbon and sulphur peroxy radicals, from
oxygen addition to radicals formed by carbon—sulphur bond cleavage, may assist via damage to the cell membranes. It is also
speculated that light absorption by phaeomelanin and the subsequent C-S bond cleavage, leads to release of pre-absorbed
reactive oxygen species, such as singlet oxygen and free radicals, which may also contribute to an enhanced protective effect

for fair-skinned people.
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It is now well established, but not yet understood, that
COVID-19 is more damaging, for Black, Asian and Minor-
ity Ethnic (BAME) men and women and, even allowing for
social aspects there still appears to be an increased detri-
mental effect, with Black Africans having the highest death
rates (by a factor of two compared with White (Caucasian)
individuals) [1, 2]. Of course, BAME people, particularly
Black Africans, have much darker skin types, e.g., skin types
IV-V (brown to black) or type VI (very black) which contain
an increased amount of melanin pigment. BAME individu-
als could be both at increased risk of acquiring the disease
as well as an increased disease severity, susceptibility or
response to infection.

Since no molecular mechanism is established for the
increased risk of COVID-19 among BAME communities,
it is worth considering possible photochemical processes in
the skin, generating and releasing activated oxygen species,
free radicals, metal ions.
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One possible reason for an increased susceptibility that
has been discussed is their higher prevalence of Vitamin D
deficiency. While there is strong support for the beneficial
value of vitamin D [3-5], there are reports that do not sup-
port a potential link between vitamin D concentrations and
risk of COVID-19 infection, nor that vitamin D concentra-
tion may explain ethnic differences in COVID-19 infection
[6]. If vitamin D is relevant there is, of course, an indirect
photochemical link associated with vitamin D synthesis and
light transmission through the skin. Of course, all photo-
chemical processes will be related to light exposure, i.e., to
seasonal and social factors.

Skin colour and photo-protection are related to melanin
type (Eumelanin [EM] and Phaeomelanin [PM]) and their
levels/concentrations/size of pigment granules. Melanogen-
esis of both types starts with the generation of dopaquinone,
the initial product of tyrosine oxidation by tyrosinase, with
a detailed kinetic understanding now established [7]. This
process then diverges and, for eumelanogenis, cyclodopa
is formed which proceeds rapidly to produce dopachrome
while for phaeomelanogenis cysteine addition leads to
cysteinyldopa and then to benzothiazoles—these are a
characteristic of PM [7]. EM and PM can exist as intimate
mixtures in epidermal areas of skin pigmentation [8]. EM
protects skin and increases with light exposure while PM
causes the susceptibility of fair-skinned individuals to the
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deleterious effects of sunlight. In addition, of course, there
is deeper penetration of light in such fair skin compared to
dark/black skin [9].

Two aspects of specific ROS component generation must
be considered; (i) the direct generation of ROS such as free
radicals, metal ions and singlet oxygen and (ii) an indirect
route via melanin structural changes resulting in the release
of such damaging species which have been incapsulated by
the melanins as they are formed.

Direct ROS generation: as noted above phaeomelanogen-
esis is responsible for the increased susceptibility of fair-
skinned phaeomelonic individuals to the deleterious effects
of sunlight and this is due to the photo-processes following
light absorption by phaecomelanin [10]. Photochemical stud-
ies of models of PM show that this melanin can produce
singlet oxygen, the superoxide radical anion (0,°”) and
carbon and sulphur-based radicals [10-12]. Also melanins
chelate metals especially iron [13, 14] leading to Fenton
chemistry, which is a route to producing hydroxyl radicals
from superoxide.

For PM, the damaging radical superoxide (0,°”) and,
less likely, see below, activated (singlet) oxygen could be
particularly important because they may be able to undergo
trans-membrane processes—discussed later. Of course, cells
are protected from O,*~ by superoxide dismutase (SOD)
[15].

Our early work, over 30 years ago [11], on PM models,
showed unambiguously that light causes the production of
the melanin triplet states (via sensitisation of the p-carotene
triplet). Such triplets will, of course, undergo energy transfer
with oxygen to give the damaging ROS known as singlet
oxygen. Others have also shown SO generation and, impor-
tantly, that melanins quench such species, with EM being a
more efficient quencher than PM [16, 17]. So, for the fair-
skinned, there may be a ‘compounded’ effect with the yield
of singlet oxygen generated being higher for PM than EM
and also less quenching of the singlet oxygen by the reduced
EM concentration. This aspect has been comprehensively
reviewed by Ito and co-workers who also discuss the genera-
tion of O,°” and the light induced structural modifications
of both melanins [18].

An important aspect of PM photo-destruction is cleavage
of the C-S bonds leading to the corresponding S-based and
C-based neutral free radicals [12]. We have recently shown,
in human cells/lymphocytes, neutral free radicals can add
oxygen to generate the corresponding peroxyl radical and
this species can be a particularly effective at cell membrane
damage [15, 19]. The effectiveness depending on the posi-
tion of the equilibrium for the systems studied.
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A possible role of such peroxyl species relating to mem-
brane damage is discussed later.

Indirect ROS generation: Here we are not concerned with
generating such species directly with light but with releasing
ROS due to the photo-modification of the melanins, these
ROS having originally been accumulated internally into the
melanin granule by the melanogenis processes itself. It is
well established that free radicals within the melanins can
be detected via ESR [20, 21] and this is increased by UVA
and B, visible light and even red/infra-red ‘light’ [22]. In this
study skin types IV-V were used, with the darker skin types
based on volunteers of African, South American and Indian
origin, and showed increased radical formation from near
infra-red irradiation [22]. Clearly, such low energy radiation
does not generate ‘new’ free radicals via bond cleavage. The
reasons for this observation are not clear but may involve
the radiation causing bond disruption and possibly bond
rotations in the melanin macromolecule with this leading
to structural changes allowing the pre-absorbed radicals to
escape. Whatever, of course, EM is photoprotective against
radiation and the deleterious effects are due to PM. How-
ever, it should be noted that the PM and EM in vivo are not
polymers which lie discreetly ‘side by side’. By analogy to
neuromelanin [23], they are arranged in melanosomes so
that a core of PM is surrounded by EM polymers, with the
thickness of the eumelanic exterior diminishing as the ratio
of PM to EM increases. So, we also propose the change of
shape of PM due to photocleavage and other structural rear-
rangements are processes which cause, as a secondary effect,
the EM to rearrange and release some of its bound free radi-
cals, without necessarily involving direct light absorption by
EM. Indeed, as noted above, EM may quench some of the
ROS produced by PM, such as singlet oxygen.

Two critical aspects must be considered for our hypoth-
esis to be feasible and worthy of detailed consideration.
Firstly, can any PM photolysis products escape from mel-
anocytes and, secondly, are their lifetimes sufficiently long
to interact with other species in the blood stream, especially
the virus particle. We consider both these questions below.

Dealing first with possible escape processes:

As noted above [18] a complex range of structural
changes of both EM and PM can arise by the absorption of
specific wavelengths of light. We suggest, for PM, another
possible mechanism is that (large) peroxyl radicals such
as RSO,* assist the escape of smaller ROS, such as singlet
oxygen and O,°~ from the melanin particles via membrane
damage. Furthermore, it has been shown that singlet oxygen
can cross model cell membranes [24]. For O,°” it is gener-
ally thought [25] such a trans-membrane route is inefficient
because the O,"~ is charged and any escape would need to be
via H,O, However, a review of redox signalling across cell
membranes has shown, in addition to the route via H,O,, a
direct chloride channel can allow direct membrane crossing



Photochemical & Photobiological Sciences (2021) 20:183-188

185

[26]. Another possibility is that certain membrane-spanning
molecules, such as astaxanthin, can act as radical transfer
bridges [27]. Strong evidence for the escape comes from
the ex-vivo ESR studies of human skin by Zastrow and co-
workers [28]. Taking into account the depth of penetration
of sunlight these workers showed the radicals produced can
interact with blood or lymphatic liquids so that systemic
action can be expected.

Of course, from early work, as discussed above [10], this
seems feasible because O,°” can be detected by a colour-
metric measurement with nitroblue tetrazolium following
UV/visible light exposure of PM. However, it is also well
established that PM (and EM) react with free radicals [29].
So, a confusing aspect of PM photochemistry is that it not
only generates a wide range of ROS it also reacts with these
same species — i.e., it is both an initiator and victim of oxida-
tive stress! Of course, despite such reactions, PM still leads
to significant photosensitivity so its reactions with ROS do
not prevent the generation and escape of some ROS such as
0,°". Indeed, as shown previously [10] if there is a direct
reaction of PM with O,°” it is not fast enough to prevent
0,°” escaping to the free solution.

Now dealing with lifetimes:

1 Singlet oxygen

The role of SO is worthy of discussion even though it may
be too short lived to be of relevance to this hypothesis. Stud-
ies using D,0 (lifetime of SO =56 ps) [24] show it is suf-
ficiently long-lived to migrate through the ‘aqueous’ solu-
tion and cross into a DPPC membrane before reacting with
lycopene and p-Carotene which are embedded in the mem-
brane far from the aqueous boundary. Furthermore, the SO
quenching reaction rate constant, compared to the situation
where the SO is generated in the membrane itself, is identi-
cal-that is, there is no measurable decay of the SO while it
migrates from its source in water (D,0) to the centre of the
lipid bilayer. The environment of the melanocyte is hetero-
geneous but primarily ‘organic’ where the SO lifetime can
range from about 10 ps in ethanol to 250 ps in chloroform
and 26,000 ps in CCl, [30], so it is certainly feasible that the
SO has time to escape from the melanocyte into the blood
stream. Of course, once in the blood stream, the lifetime is
much reduced (to 4.2 ps in H,0 — a factor of 13 times com-
pared to D,0) [31] so it may well have significantly decayed
(minimum 6% left) before it can contribute to our hypotheses
of virus inactivation. Nevertheless, our estimate of SO life-
time being reduced to only 6% of that in an organic environ-
ment, is a minimum value. So while a possible role for SO
seems unlikely it should not be totally dismissed since we
saw zero deactivation of SO in D,O for migration into the
lipid bilayer [24]. Another aspect is that EM quenches SO

itself, but, of course, there is reduced EM in fair skinned
people so this route to deactivation of SO is less significant.

2 Superoxide radical anion

Here the situation is quite different to SO. Generally, it is
known as a relatively unreactive species. In organic solvents
0,°” is stable, i.e., has an extremely long lifetime, while in
water it is much shorter lived due to a range of possible reac-
tions [32]. As noted for SO the O,°~ will be generated from
light absorption by PM in a mainly organic environment
so will have time to enter the bloodstream provided it can
escape from the PM. Basically, there are two initial conse-
quences of O,°". It can be rendered harmless, as presumably
happens with SOD or it can react to generate another damag-
ing species such as with nitric oxide to give the non-radical
but damaging peroxynitrite (O,*~ + NO— OONO™).

One important finding, as noted above, is that a very
recent study [33] shows the coronavirus affects endothelial
cells in the blood vessels. So, the radicals which escape the
melanocytes may not need to travel to the lungs and res-
piratory tract but just need to reach the blood and thus their
lifetime may be adequate for reaction with/deactivation of
the virus.

Furthermore, the fact that viruses such as COVID-19
does not contain SOD may be important in this respect.

The authors of the research on COVID-19 endothelial cell
injury [33] also state ‘early identification of endotheliopathy
and strategies to mitigate its progression might improve out-
comes in COVID-19'. Given the article of Zastrow et al. [28]
on human skin indicating photolytically generated radicals
can reach the blood and the fact that blood irradiation was
used in the 1940s and 50 s to treat patients with pneumo-
nia, TB, sepsis and asthma (among other diseases) [34], it
seems feasible to hypothesise that phototherapy could ease
endotheliopathy due to COVID-19 and, in general, that those
with paler skins may need lower levels of light to generate
beneficial effects.

Additionally, very old work by Knott [35] suggested that
at least some of the beneficial effects of UV skin irradiation
could be due to direct irradiation of the blood circulating in
the skin’s capillaries. Whilst this effect may not be directly
related to any radical production from melanin, the amount
of light penetrating paler skins is higher [9] meaning more
will be able to reach the bloodstream.

3 C-and S-based radicals

PM, like EM is a huge polymeric molecule with many
thousands of monomer units. While little is known about
the molecular processes following light and near UV
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absorption [18], it is destroyed. Breakage, and subse-
quent cross linking, of just one C—C or C-S bond can
itself lead to many thousands of products depending on
where the photolysis occurs. Subsequent photolysis, over
and over, would end up with a substantial number of the
molecular units which are the precursors of the PM such
as 5-S-cysteinyldopa (HO),RC¢H,SCH,CH(COO-)NH,*.
It was established over 40 years ago that the concentra-
tion of this species in the serum increases by 100-300% in
fair skinned humans following exposure to sunlight [36].
The primary photochemical events in 5-SCD photolysis
generates sulphur [(HO),RC4H,S*] radicals and carbon
[(*CH,CH(COO —)NH,;"] radicals. Both these are likely
to form reactive peroxyl radicals via molecular oxygen
addition. The sulphur containing thiyl and thiyl-sulphonyl
radicals can readily initiate lipid peroxidation and can also
form long-lived, resonance stabilised adducts with organic
bio-substrates species [37]. We suggest such reactive sul-
phur based radicals may damage lipid bilayers assisting the
escape of smaller reactive species such as O,°~ and possibly
species generated via iron catalysed Fenton chemistry, to
escape into the blood stream.

In this hypothesis we are not concerned with comparing
the detailed mechanism of specific ROS with EM and PM
[18] nor with mechanisms which may lead to the destruction
of the COVID-19 virus. Rather, we have suggested virus-
damaging ROS can arise from skin melanins via several
distinct routes. Furthermore, it may be noted (i) there are
claims that smoking, which leads to the production of free
radicals, may reduce COVID-19 infection risk [38] and (ii)
the COVID-19 spikes are rich in cysteine [39-41] and this
amino acid is readily destroyed by ROS, such as singlet oxy-
gen and O,°".

Overall, taking a simplistic view, it may appear counter-
intuitive that skin photo-protection and reduced damaging
pro-oxidative species from eumelanin photochemistry may
be linked to the increased severity of COVID-19 in dark
skinned BAME. However, whatever the precise molecular
mechanism leading to partial protection from the COVID-19
virus for fair-skinned individuals, we propose this may arise
from the reactive species generated from PM photolysis and
rearrangement, with deeper light penetration for people with
skin types I-III (fair-skinned), in contrast to low light pen-
etration in people with skin types IV-V (dark-skinned) and
virtually none at all in those with Type VI black skin. We
note' that native Americans have high PM content in their
skin and from CDC data (Centers for Disease Control and
Prevention), although the number of coronavirus cases per
100,000 in American Indian or Alaskan natives is 2.8 times
higher than for the US white population, the death rate per

! We thank referee 3 for informing us of this point.
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100,000 is only 1.4 x higher. This is compared to a 2.6 times
higher case rate for Black and African Americans with a 2.1
times higher death rate [42].

In conclusion, we suggest that photochemistry should
be considered as a mechanism for the ethnicity links to
COVID-19.

Acknowledgments We acknowledge the support of The University
of Manchester’s Dalton Cumbrian Facility (DCF), a partner in the
National Nuclear User Facility, the EPSRC UK National Ion Beam
Centre and the Henry Royce Institute, and we thank Keele University
for support. We would also like to thank Professor P A Riley for exten-
sive discussion and many useful suggestions.

Funding The University of Manchester and Keele University.

Availability of data and material Not applicable.

Compliance with ethical standards

Conflicts of interest There are no conflicts of interest.

Code availability Not applicable.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article’s Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

1. Pareek, M., Bangash, M. N., Pareek, N., Pan, D., Sze, S., Minhas,
J. S., et al. (2020). Ethnicity and COVID-19: an urgent public
health research priority. The Lancet, 395, 1421-1422.

2. Khunti, K., Platt, L., Routen, A., & Abbasi, K. (2020). Covid-19
and ethnic minorities: an urgent agenda for overdue action. BMJ,
369, m2503. https://doi.org/10.1136/bmj.m2503.

3. llie, P. C., Stefanescu, S., & Smith, L. (2020). The role of vita-
min D in the prevention of coronavirus disease 2019 infection
and mortality. Exp Res Aging Clin. https://doi.org/10.1007/s4052
0-020-01570-8.

4. Alipio, M. (2020). Vitamin D supplementation could possi-
bly improve clinical outcomes of patients infected with Coro-
navirus-2019 (COVID-2019). SSRN Preprints. https://doi.
org/10.2139/ssrn.3571484.

5. Israel, A., Cicurel, A. A., Feldhamer, 1., Dror, Y., Giveon, S. M.,
Gillis, D., et al. (2020). The link between vitamin D deficiency
and Covid-19 in a large population. medrXiv biorXiv. https://doi.
org/10.1101/2020.09.04.20188268.

6. Hastie, C. E., Mackay, D. F., Ho, F., Celis-Morales, C. A.,
Katikireddi, S. V., Niedzwiedz, C. L., et al. (2020). Vitamin D


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1136/bmj.m2503
https://doi.org/10.1007/s40520-020-01570-8
https://doi.org/10.1007/s40520-020-01570-8
https://doi.org/10.2139/ssrn.3571484
https://doi.org/10.2139/ssrn.3571484
https://doi.org/10.1101/2020.09.04.20188268
https://doi.org/10.1101/2020.09.04.20188268

Photochemical & Photobiological Sciences (2021) 20:183-188

187

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

concentrations and COVID-19 infection in UK Biobank. Diabetes
Meta Syndrome Clin Res Rev, 14(4), 561-565.

Thomson, A., Land, E. J., Chedekel, M. R., Subbaro, K. V., &
Truscott, T. G. (1985). A pulse radiolysis investigation of the
oxidation of the melanin precursors 3,4-dihydroxyphenylalanine
(dopa) and the cysteinyldopas. Biochimica et Biophysica Acta,
843(1-2), 49-57.

Nasti, T. H., & Timares, L. (2015). MC1R, Eumelanin and
Pheomelanin: their role in determining the susceptibility to skin
cancer. Photochemistry and Photobiology, 91(1), 188-200.
Mustafa, F. H., & Jaafar, M. S. (2013). Comparison of wavelength-
dependent penetration depths of lasers in different types of skin in
photodynamic therapy. Indian Journal Physics, 87(3), 203-209.
Chedekel, M. R., Smith, S. K., Post, P. W., Pokora, A., & Vessell,
D. L. (1978). Photodestruction of pheomelanin: role of oxygen.
Proceedings of the National Academy of Sciences of the United
States of America, 75(11), 5395-5399.

Lambert, C., Sinclair, R. S., Truscott, T. G., Land, E. J., Chede-
kel, M. R., & Liu, C.-T. (1984). Photochemistry of benzothiazole
models of pheomelanin. Photochemistry and Photobiology, 39(1),
5-10.

Land, E. J., Thompson, A., Truscott, T. G., Subbarao, K. V., &
Chedekel, M. R. (1986). Photochemistry of melanin precursors:
dopa, 5-S-cysteinyldopa and 2,5-S S’-dicysteinyldopa. Photo-
chemistry and Photobiology, 44(6), 697-702.

Lui, Y., Hong, L., Kempf, V. E., Wakamatsu, K., & Simon, J. D.
(2004). Ion-exchange and adsorption of Fe(IlI) by Sepia Melanin.
Pigment Cell Research, 17(3), 262-269.

Di Mauro, R., Xu, G., Soliveri, C., & Santato, C. (2017). Natural
melanin pigments and their interfaces with metal ions and oxides:
emerging concepts and technologies. MRS Communication, 7(2),
141-151.

Boehm, F., Edge, R., & Truscott, T. G. (2020). Anti- and pro-
oxidative mechanisms comparing the macular carotenoids zeax-
anthin and lutein with other dietary carotenoids — a singlet oxygen,
free-radical in vitro and ex vivo study. Photochemical and Photo-
biological Sciences, 19(8), 1001-1008. https://doi.org/10.1039/
DOPPO0120A.

Nofsinger, J. B., Lui, Y., & Simon, J. D. (2002). Agregation of
eumelanin mitigates photogeneration of reactive oxygen species.
Free Radical Biology and Medicine, 32(8), 720-730.
Chiarelli-Neto, O., & Baptista, M. S. (2016). Photosensitizing
properties of melanin upon excitation with visible light. Trends
Photochemistry Photobiology, 17, 57-68.

Ito, S., Wakamatsu, K., & Sarna, T. (2018). Photodegradation of
eumelanin and pheomelanin and its pathophysiological implica-
tions. Photochemistry and Photobiology, 94(3), 409-420.
Boehm, F., Edge, R., & Truscott, T. G. (2016). A dramatic effect
of oxygen on protection of human cells against y-radiation by
lycopene. FEBS Letters, 590(8), 1086—-1093.

Kassouf, N., Kay, C. W. M., Volkov, A., Chiang, S.-H., Birch-
Machin, M. A., El-Khamisy, S. F., et al. (2018). UVA-induced
carbon-centred radicals in lightly pigmented cells detected using
ESR spectroscopy. Free Radical Biology and Medicine, 126,
153-165.

Galvan, 1., Jorge, A., & Garcia-Gil, M. (2017). Pheomelanin
molecular vibration is associated with mitochondrial ROS pro-
duction in melanocytes and systemic oxidative stress and damage.
Integrative Biology, 9(9), 751-761.

Albrecht, S., Jung, S., Miiller, R., Lademann, J., Zuberbier, T.,
Zastrow, L., et al. (2019). Skin type differences in solar-simulated
radiation-induced oxidative stress. British Journal Dermatology,
180(3), 597-603.

Simon, J. D., Peles, D., Wakamatsu, K., & Ito, S. (2009). Current
challenges in understanding melanogenesis: bridging chemistry,

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

biological control, morphology and function. Pigment Cell Mela-
noma Res, 22(5), 563-579.

Cantrell, A., McGarvey, D. J., & Truscott, T. G. (2003). Singlet
oxygen quenching by dietary carotenoids in a model membrane
environment. Arch Biochem Biophysics, 412(1), 47-54.
Paardekooper, L. M., Vos, W., & van den Bogaart, G. (2019).
Oxygen in the tumor microenvironment: effects on dendritic cell
function. Oncotarget, 10(8), 883-896.

Fisher, A. B. (2009). Redox signaling across cell membranes.
Antiox Redox Signaling, 11(6), 1349-1356.

Liang, J., Tian, Y.-X., Xan, F., Zhang, J.-P., & Skibsted, L. H.
(2009). Antioxidant synergism between carotenoids in mem-
branes. Astaxanthin as a radical transfer bridge. Food Chemistry,
115(4), 1437-1442.

Zastrow, L., Groth, N., Klein, F., Kockott, D., Lademann, J., Ren-
neberg, R., et al. (2009). The missing link — light-induced (280-
1,600 nm) free radical formation in human skin. Skin Pharmacol
Physiol, 22(1), 31-44.

Sarna, T., Pilas, B., Land, E. J., & Truscott, T. G. (1986). Interac-
tion of radicals from water radiolysis with melanin. Biochimica
et Biophysica Acta, 883(1), 162-167.

Salokhiddinov, K. L., Byteva, I. M., & Gurinovich, G. P. (1981).
Lifetime of singlet oxygen in various solvents. Journal Applied
Spectrosc, 34, 561-564.

Rodgers, M. A.J. (1983). Solvent-induced deactivation of singlet
oxygen: additivity relationships in nonaromatic solvents. Journal
of the American Chemical Society, 105(20), 6201-6205.
Hayyan, M., Hashim, M. A., & AlNashef, I. M. (2016). Superox-
ide ion: generation and chemical implications. Chemical Reviews,
116(5), 3029-3085.

Goshua, G., Pine, A. B., Meizlish, M. L., Chang, C.-H., Zhang,
H., Bahel, P, et al. (2020). Endotheliopathy in COVID-19-associ-
ated coagulopathy: evidence from a single-centre, cross-sectional
study. Lancet Haematology, 7(8), e575-582.

Hamblin, M. R. (2017). Ultraviolet irradiation of blood: “the cure
that time forgot”? Advances in Experimental Medicine and Biol-
ogy, 996, 295-309.

Knott, E. K. (1948). Development of ultraviolet blood irradiation.
American Journal of Surgery, 76(2), 165-171.

Rorsman, H. G., Agrup, C., Falck, B., Rosengren, A. M., &
Rosengren, E. (1976). Exposure to sunlight and urinary excretion
of 5-S-cysteinyldopa. Pigment Cell, 2, 284-289.

Everett, S. A., Dennis, M. F., Patel, K. B., Maddix, S., Kundu,
S. C., & Willson, R. L. (1996). Scavenging of nitrogen dioxide,
Thiyl, and Sulfonyl free radicals by the nutritional antioxidant
p-carotene. Journal of Biological Chemistry, 271(8), 3988-3994.
Israel, A., Feldhamer, 1., Lahad, A., Levin-Zamir, D., & Lavie, G.
(2020). Smoking and the risk of COVID-19 in a large observa-
tional population study. Journal of Infectious Diseases and Epi-
demiology. https://doi.org/10.1101/2020.06.01.20118877.
Rowan, R. J., & Robins, H. R. (2020). A plausible, “penny” cost-
ing effective treatment for corona virus ozone therapy. Journal
of Infectious Diseases and Epidemiology, 6, 113. https://doi.
org/10.23937/2474-3658/1510113.

Lan, J., Ge, J., Yu, J., Shan, S., Zhou, H., Fan, S., et al. (2020).
Structure of the SARS-CoV-2 spike receptor-binding domain
bound to the ACE2 receptor. Nature, 581, 215-220. https://doi.
0rg/10.1038/s41586-020-2180-5.

Sharov, V. S., Dremina, E. S., Galeva, N. A., Williams, T. D., &
Schoneich, C. (2006). Quantitative mapping of oxidation-sensitive
cysteine residues in SERCA in vivo and in vitro by HPLC—elec-
trospray-tandem MS: selective protein oxidation during biological
aging. The Biochemical Journal, 394(3), 605-615.

Centre for Disease Control and Prevention. COVID-19 Hospitali-
zation and Death by Race/Ethnicity. (2020) https://www.cdc.gov/
coronavirus/2019-ncov/covid-data/investigations-discovery/hospi

@ Springer


https://doi.org/10.1039/D0PP00120A
https://doi.org/10.1039/D0PP00120A
https://doi.org/10.1101/2020.06.01.20118877
https://doi.org/10.23937/2474-3658/1510113
https://doi.org/10.23937/2474-3658/1510113
https://doi.org/10.1038/s41586-020-2180-5
https://doi.org/10.1038/s41586-020-2180-5
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-race-ethnicity.html#footnote01
https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-race-ethnicity.html#footnote01

188 Photochemical & Photobiological Sciences (2021) 20:183-188

talization-death-by-race-ethnicity.html#footnoteO1. (Accessed 12
Nov 2020).

@ Springer


https://www.cdc.gov/coronavirus/2019-ncov/covid-data/investigations-discovery/hospitalization-death-by-race-ethnicity.html#footnote01

	COVID-19 and the ethnicity link – is there a photochemical link?
	Abstract
	1 Singlet oxygen
	2 Superoxide radical anion
	3 C- and S-based radicals
	Acknowledgments 
	References




