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MEDICINAL USES OF CHLOROPHYLL DERIVATIVES

A range of tetrapyrrole derivatives are in development for their observed cytotoxicity (Kang et al., 2018;
Singh et al., 2019). Non-toxic, water-soluble chlorophyll derivative compounds are a popular dietary
supplement among health-conscious members of high-income countries. Many organometallic
compounds derived from chlorophyll a or b are approved for human consumption. For instance,
sodium copper chlorophyllin is promoted for both its anti-bacterial and anti-viral properties (Ulbricht
et al., 2014; Solymosi and Mysliwa-Kurdziel, 2017). It contains replacement ions of Cu2+ instead of
Mg2+, which aids its water solubility and intestinal absorption (Ferruzzi and Blakeslee, 2007; Mishra
et al., 2011; Ulbricht et al., 2014). While most derivatives are not deemed suitable for non-prescribed
ingestion, their use in the medical field, particularly for the treatment of cancers, is considered a far
safer alternative to most conventional therapies (Solymosi and Mysliwa-Kurdziel, 2017).
Intramuscular injection and intravenous infusion are common modes of drug delivery for
compounds derived from chlorophyll a in a clinical setting (Yoshida et al., 1980; Wang et al., 2001;
Kochneva et al., 2010; Ulbricht et al., 2014).
CHLOROPHYLL DERIVATIVES AND FREE ZN2+

Zinc pheophorbide a (ZnPh), a chlorophyll derivative for which a Zn2+ ion replaces the naturally
occurringMg2+, is similar tonon-metallated organicmolecules inpossessing photosensitiser properties.
These are harnessed to produce a cytotoxic effect in the treatment of cancer cells (Ahn et al., 2012;
Jakubowska et al., 2013; Ocakoglu et al., 2015; Ahn et al., 2017; Solymosi and Mysliwa-Kurdziel, 2017;
Mokwena et al., 2018; Singh et al., 2019). While this is particularly relevant to human adenocarcinoma
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cell lines, the most commonly used in vitro model to represent
the alveoli of the lungs, a broad array of cell types has been shown
to respond to ZnPh (Jakubowska et al., 2013; Ocakoglu et al., 2015).
Zn2+ ions attached to this tetrapyrrole derivative can pass
through cell membranes as it is water-soluble. Aggregation and
accumulation by different organelles of pheophorbide a and other
chlorophyll breakdown products, both with and without Zn2+, are
demonstrated inmanystudies (Taoetal., 1990; Szczygieł etal., 2008;
Yoon et al., 2011; Ahn et al., 2012; Tamiaki et al., 2012; Xodo et al.,
2012; Jakubowska et al., 2013;Ocakoglu et al., 2015;Ahn et al., 2017;
Kanget al., 2018;Mokwenaet al., 2018; Singhet al., 2019;Zhouet al.,
2019; Tamiaki et al., 2020). Interestingly, no localization of ZnPh to
mitochondriahas beenobserved (Jakubowska et al., 2013;Ocakoglu
et al., 2015). Therefore, ZnPh is unlikely to impair the function of
mitochondria in healthy cells, highlighting a number of potential
benefits to this treatment. Moreover, since the charge separation of
Cu2+ and Zn2+ ions is identical, with the latter displaying only a
slightly higher electronegativity, ion substitution of pheophorbides
with Zn2+ aids the solubility of ZnPh. Hence, this improves the
abilityofZnPh tobea carriermolecule for the free ionisationofZn2+

(Ferruzzi and Blakeslee, 2007; Jakubowska et al., 2013; Ocakoglu
et al., 2015; Martinez De Pinillos Bayona et al., 2017; Kang et al.,
2018) and thus potentially to act as a drug delivery system.

It has been suggested that as a clinical treatment, ZnPh may be
used in conjunction with photodynamic therapy (ultraviolet B
irradiation) to induce singlet oxygen stress and ionisation of Zn2+

molecules, resulting incytotoxicity towardscarcinogenic cells lining
the human lungs (Jakubowska et al., 2013). There is also a low
overall cytotoxic effect in murine models, with animals generally
healthy throughout treatment indicative of limited systemic side
effects (Jakubowska et al., 2013; Ocakoglu et al., 2015).Aswith non-
metallated organic molecules, above a threshold concentration
ZnPh, is cytotoxic in the dark, a phenomenon that continues
upon illumination; however, at low concentrations, no cytotoxic
effect is observed regardless of the level of light intensity
(Jakubowska et al., 2013; Ocakoglu et al., 2015). Exposure and
singlet oxygen stress can be controlled according to light spectrum
settings, i.e. red light versus blue light. Whether irradiated or not,
light-induced cytotoxicity that is triggered by pheophorbides is
dose-related and diminishes rapidly (Ahn et al., 2012; Jakubowska
et al., 2013;Ocakoglu et al., 2015), and no systemic toxicity has been
detected (Ahn et al., 2017).

ZnPh and similar non-metallated forms facilitate the successful
transmembrane passage of non-polar components of a molecule,
wherein irradiance alters the ionic concentration offree ions once it
has entered into the cytoplasm (Martinez De Pinillos Bayona et al.,
2017). Free Zn2+ appears to promote an antiviral effect, research in
vitro demonstrating accumulation of Zn2+ in human lung tissue
(Hagimori et al., 2019). Moreover, increasing the cellular
concentration of Zn2+ through zinc supplementation and using
ionophores such as pyrithione efficiently impairs RNA replication
by human coronaviruses, leading to improved treatment outcomes
(teVelthuis et al., 2010;Read et al., 2019;DerwandandScholz, 2020;
Zhang and Liu, 2020). Similarly, sucking zinc lozenges reduces
symptoms of viral respiratory infection (Turner and Cetnarowski,
2000). Zinc ionophores are effective at increasing concentrations of
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Zn2+ because they allow more zinc to pass through the cell
membrane (Zhang and Liu, 2020). Yet, as uptake of zinc is a less
efficient and therefore slower metabolic process in eukaryotes
(Krężel and Maret, 2006), very little is known about zinc
ionophores as transporters (Gaither and Eide, 2001).

The primary function of an ionophore is to increase cell
permeability to enable transport of ionic compounds across the
cell membrane by endocytosis. Although this is a role fundamental
to normal functioning of a healthy cell, the presence of ionophores
can weaken the integrity of the cell membrane, thus paradoxically
leading todecreased cell defence systems (Gaither andEide, 2001; te
Velthuis et al., 2010; Derwand and Scholz, 2020). However, it is not
known if ZnPh also weakens cell membranes nor whether the rate
and/or extent of ionisation of free zinc is increased during this
uptake. Despite ZnPh not being a recognized ionophore, as it is
highly soluble when irradiated, uptake of Zn2+ is likely to be
improved by this process (Szczygieł et al., 2008; Tamiaki et al.,
2012; Martinez De Pinillos Bayona et al., 2017; Hagimori et al.,
2019). Studies using in vitro cultured cells point to the capacity of
ZnPh to elevate free ion concentrations of Zn2+ (Jakubowska et al.,
2013;Ocakoglu et al., 2015). If this effect translates successfully from
in vitro to in vivo, then such a mechanism would reduce the
therapeutic demand for the use of toxic or dose-dependent
ionophores such as hydroxychloroquine.
CLINICAL CAPACITY AND THERAPEUTIC
POTENTIAL OF ZINC PHEOPHORBIDE A

While our understanding of the metabolic processes of zinc
transporters remains limited, it is plausible to speculate that ZnPh
combined with zinc supplementation could reach deep inside
human lungs (Jakubowska et al., 2013). This would increase the
cellular concentration of Zn2+ to target cells such as alveolar
epithelia (Hagimori et al., 2019), corroborating in vitro studies on
the free ionisation of Zn2+ (Szczygieł et al., 2008; Tamiaki et al.,
2012; Hagimori et al., 2019; Zhou et al., 2019). Additionally, such
raised intracellular levels may be achieved independently of the need
for a cytotoxic effect experienced both in the dark and upon
illumination, eliminating associated risks of singlet oxygen stress,
ionisation and phosphorylated nuclear cell damage. Therefore, since
ZnPh is water-soluble, it is reasonable to consider that ionic uptake
of Zn2+ is increased, potentially producing a similar effect as
observed with other ionophores such as pyrithione and
hydroxychloroquine (Derwand and Scholz, 2020). Together with
zinc supplementation, this may significantly impair replication of
human coronaviruses, notably SARS-CoV-2, under experimental
conditions. Hence, we propose that this novel therapymerits further
evaluation to develop long-term as a possible clinical treatment of
symptomatic COVID-19 patients.

The drug delivery capacity of chlorophyll derivatives depends
on the properties of each compound (Ulbricht et al., 2014; Kang
et al., 2018), as some display non-polar behaviour in a dose-
dependent ratio (Jakubowska et al., 2013; Ocakoglu et al., 2015;
Martinez De Pinillos Bayona et al., 2017), thus emphasising the
need for clinical trials (Tang et al., 2006; Ferruzzi and Blakeslee,
August 2020 | Volume 11 | Article 1270
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2007; Mishra et al., 2011; Ulbricht et al., 2014; Solymosi and
Mysliwa-Kurdziel, 2017). It is important to appreciate that
replacement of the central ion in pheophorbides can yield
varied results in vitro and in vivo, with some studies suggesting
that ionic inclusion may reduce toxicity (Szczygieł et al., 2008;
Tamiaki et al., 2012; Martinez De Pinillos Bayona et al., 2017;
Tamiaki et al., 2020). Accidental ingestion of non-dietary levels
of pheophorbide a, a compound that lacks a central ion, induces
a rare but mild phototoxic effect at low doses; however, this was
still deemed safe for human consumption (Hwang et al., 2005).

Chlorophyll is generally considered not harmful to humans
(Ulbricht et al., 2014), but information is scarce on any possible
toxicity posed by chlorophyll derivatives, especially those
compounds, both with and without ion inclusion, e.g. Zn2+,
which have not been subject to clinical trials. Pre-clinical and
clinical safety tests on ZnPh are required. However, it is generally
accepted that toxicity is dependent on a photo-reactive response
(Tao et al., 1990; Hwang et al., 2005; Szczygieł et al., 2008;
Tamiaki et al., 2012; Jakubowska et al., 2013; Ocakoglu et al.,
2015; Martinez De Pinillos Bayona et al., 2017; Zhou et al., 2019;
Tamiaki et al., 2020), given that phototoxicity induced by ZnPh
is short-lived (Ahn et al., 2012; Jakubowska et al., 2013; Ocakoglu
et al., 2015; Solymosi and Mysliwa-Kurdziel, 2017). Rapid
clearance of zinc chlorophyll compounds is observed in human
cell lines, with low doses invoking no or limited cytotoxic effect
(Tao et al., 1990; Tang et al., 2006; Jakubowska et al., 2013;
Ocakoglu et al., 2015; Martinez De Pinillos Bayona et al., 2017;
Diogo et al., 2018).
Frontiers in Plant Science | www.frontiersin.org 3
CONCLUSION

Here, we provide an insight into the properties of ZnPh that
make this chlorophyll derivative a potential therapeutic agent for
treating COVID-19. Our understanding of ZnPh and similar
compounds relates to the reported success of in vitro and in vivo
cancer studies, so this recognised drug delivery system has not
been used yet as a treatment for respiratory illness. However, the
possibility that this may translate to an anti-viral property
merits investigation.

Unless a pronounced phototoxic effect is induced — highly
unlikely under physiological conditions — ZnPh is non-toxic to
humans. Therefore, there is a strong likelihood that this
compound offers great potential to act as a carrier molecule for
Zn2+ to trigger an anti-viral response that impairs SARS-CoV-2
replication. Hence, Zn2+ ionophores provide a novel therapeutic
option that may be of benefit to the development of an effective
treatment for the severe clinical manifestations of COVID-19.
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