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Abstract

The review focuses on the recent knowledge on natural anthraquinones (AQs) of plant origin and their potential for application in an
exclusive medicinal curative and palliative method named photodynamic therapy (PDT). Green approach to PDT is associated with
photosensitizers (PS) from plants or other natural sources and excitation light in visible spectrum. The investigations of plants are of high
research interests due to their unique health supportive properties as herbs and the high percentage availability to obtain compounds with
medical value. Up-to-date many naturally occurring compounds with therapeutic properties are known and are still under investigations.
Some natural quinones have already been evaluated and clinically approved as anti-tumor agents. Recent scientific interests are beyond
their common medical applications but also in directions to their photo-properties as natural PSs. The study presents a systematic
searches on the latest knowledge on AQ derivatives that are isolated from the higher plants as photosensitizers for PDT applications.
The natural quinones have been recognized with functions of natural dyes since the ancient times. Lately, AQs have been explored due
to their biological activity including the photosensitive properties useful for PDT especially towards medical problems with no other
alternatives. The existing literature’ overview suggests that natural AQs possess characteristics of valuable PSs for PDT. This method is
based on an application of a photoactive compound and light arrangement in oxygen media, such that the harmful general cytotoxicity
could be avoided. Moreover, the common anticancer and antimicrobial drug resistance has been evaluated with very low occurrence
after PDT. Natural AQs have been focused the scientific efforts to further developments because of the high range of natural sources,
desirable biocompatibility, low toxicity, minimal side effects and low accident of drug resistance, together with their good photosensitivity
and therapeutic capacity. Among the known AQs, only hypericin has been studied in anticancer clinical PDT. Currently, the natural PSs
are under intensive research for the future PDT applications for diseases without alternative effective treatments.

Keywords: anthraquinones; natural photosensitizers; plants; herbs; reactive oxygen species; photodynamic therapy (PDT); biomedical
applications

1. Introduction

The naturally occurring compounds including an-
thraquinones (AQs) have been under intensive investiga-
tions because of the fast development of drug resistance
towards conventional chemo-drugs and routine therapeu-
tics [1]. Moreover, there is a general tendency of back to
the nature as a main source of low toxicity substances with
comparable biological activity as the synthetic analogues.
Worldwide, ~80% plants are used to treat diseases in ev-
eryday life [2]. As a result of the recognition of the numer-
ous traditional routines in healthcare systems, these medic-
inal plants and herbs have increasingly been in free us-
ages. Most of the natural AQ derivatives that have been iso-
lated from plants are introduced to be photosensitive com-
pounds in the ultraviolet (UV)-visible spectrum [3]. Among
the natural photosensitizers (PS) only few of them such as
chlorophyll, curcumin, pheophorbide A, hypocreline and
AQs aloe-emodin, and hypericin have been studied for pho-
todynamic therapy (PDT) method [4]. Nonetheless that

most of the natural occurring-PSs have been evaluated with
properties apart of being ideal PS, their research and devel-
opment as photosensitive compounds for PDT are still un-
der research interests because of other advantages of their
curative actions [5]. A better solution to the main problem
with harsh dark and phototoxicity of synthetic PSs are the
photosensitive compounds of natural origin.

Currently, only synthetic PDT drugs are in clinical
practice [6]. The properties of the known AQs such as
low water-solubility, insufficient selectivity, long lasting
skin phototoxicity are leading to many complications and
undesirable side effects including genotoxicity and mu-
tagenicity. These drugs are under further improvement
through different structural modifications. It is worth to re-
fer to the nature for PDT drugs starting with the known as
well as the novel natural photoactive compounds. Among
the natural AQs, only hypericin (HYP) found in the plant
species of the genus Hypericum L., especially Hyper-
icum perforatum L. has already been clinically investi-
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gated in cancer PDT [7]. Chemically HYP is a polymeric
1,8- dihydroxyanthraquinone (4,5,7,4',5’,7’-hexahydroxy-
2,2-dimethylnaphtodi anthrone) with a restriction of ab-
sorbance which is in UV and short visible range (<590 nm),
situated out of the “optical PDT window” (630-850 nm)
[8]. A limitation of natural PSs which includes the spectra
of absorption within the sun light spectrum might lead to
undesirable phototoxicity. Another one such as a minimal
or lack of selectivity can provoke the harmful phototoxicity
on normal cells as well together with skin phototoxicity [9].

One of the largest groups of natural quinones that can
be found in plants, but also in fungi, insects and lichens are
1,8-dihydroxyanthraquinones [10]. Initially, AQs are dis-
covered as natural colorants with variety of colors that make
them usable as dyes and pigments in industrial coloration
[11]. Their polycyclic planar, rigid aromatic structure con-
tains 14 carbons in the fused benzene rings which is tri-
cyclic anthracene with two carbonyl groups including two
benzene rings. The largest class of quinones are oxidized
forms of anthracene derivatives which include 1,4- and
9,10-anthraquinones creating dioxoanthracene with charac-
teristics of natural pigments.

The most studied plants containing AQs are part
of mainly three families (81%): Fabaceae, Rubiaceae
and Polygonaceae [12]. Additional families that contain
AQ-derivatives are Asphodelaceae, Rhamnaceae, Hyperi-
caceae, Scrophulariaceae, Bignoniaceae, Pedaliaceae, Ver-
benaceae and Valerianaceae. However, in higher amount
AQs can be found in Fabaceae (Cassia spp. and Senna
spp.), Rubiaceae (Morinda spp. and Rubia spp.), Polygo-
naceae (Rheum spp. and Rumex spp.), Rhamnaceae (Rham-
nus spp. and Berchemia spp.) and Asphodelaceae (4loe
spp- and Asphodeline spp.). Among the most identified
AQ-derivatives are aloe emodin, chrysophanol, emodin,
physicion, rhein, rubiadin and soranjidiol, and damnacan-
thal (Supplementary Table 1).

Recent literature reviews suggested that the plants’ oc-
curring AQs possess a broad spectrum of medical actions,
including antimicrobial, antiviral, cathartic, anticancer, di-
uretic, vasorelaxant, phytoestrogen, autoimmune disorders
and many other clinical applications [13,14]. The wave-
length of HYP (~590 nm) used for photo-experiments is
considered as limitation for PDT due to the lesser light pen-
etration in disordered cells [15]. This determines the devel-
opment of the synthetic AQs [16]. PDT procedure includes
a multi-factorial step that generally lead to production of
toxic oxygen species (Fig. 1). The photodynamic com-
pounds aim to produce different reactive oxygen species
(ROS) by two mechanisms including oxygen radicals and
anions (Type I) and singlet oxygen (Type 1I). The both are
initiated by photon energy and next the electron/ proton or
an energy transfer reaction due to formation of excited-state
PSs. The produced reactive species further affect the patho-
logic target cells by several mechanisms [17]. There are
limited numbers of studies on natural AQs, which are re-

lated to possible mechanisms of PDT action [18-20]. The
PDT response might lead to apoptosis or necrosis, degen-
eration of the tumor vasculature, stimulation of anti-tumor
immune response, and inflammatory reactions in the treated
lesion (Fig. 1).

The plant-occurring AQs are among the natural pro-
ducers of anthracycline drugs which are observed as the
most effective antineoplastic agents with planar tetracyclic
molecules based on AQ core linked to a sugar moiety and
phenolic groups [21]. The first clinically accepted com-
pounds in cancer chemotherapy were daunorubicin and
doxorubicin (DOX) with DNA binding by intercalation and
the trapping of DNA Topoisomerase II complexes [22].
As a DNA intercalator, DOX forms hydrogen-bonds with
guanine and insert into the DNA strand at sites with adja-
cent guanine-cytosine (GC) base pairs. This process tends
to cause DNA damage and induce cell death. A second,
Topoisomerase II poisoning by DOX interrupts DNA repli-
cation and transcription, resulting in apoptosis mediated
cell death. The oxidation of DOX consequences in radical
formation and then, the superoxide and HoOs production
that leads to raised oxidative stress, which may lead to DNA
damage [23]. The treatment also outcomes in an increased
cellular ceramide level, activating growth arrest, apoptosis,
and senescence. A catalytic action was observed as a re-
sult of undergoing cyclic one electron oxidation-reduction
reactions. The produced ROS are capable of induction of
oxidative stress causing membrane lyses and cellular dam-
age, which consequently results in cell death [24,25].

This review summarizes on the recent studies of natu-
ral AQs originated from higher plants and the main plants’
families with plant-originated AQs which are already stud-
ied as therapeutics. This is an attempt for a critical overview
on the AQs as photosensitizers and their phototoxicity and
photodynamic action. Additionally, we made a discussion
on the chemical structure, and the correlation between the
photosensitizing properties and biological PDT functions of
the most investigated plants extracts and the isolated AQs.
The limited AQ-PDT studies on different pathological tar-
gets (tumors, viruses, pathogenic bacteria, fungi and others)
are described and discussed in respect to the potential usage
of AQs in clinical PDT practice for an alternative curative
therapy due to resistance and in emergency cases.

2. Materials and Methods

The article is based on the systematic overview on
the research papers and reviews published in the last years
considering the research field of our interest. The litera-
ture sources taken from the PubMed, Scholar Google, Web
of Science and Scopus databases are issued during last ten
years (till end of 2023) but not limited to this time for some
themes. Supplementary Material summarizes in a Table
the data about AQs with their structures and the plants of
their origin during the first appearance in the literature un-
til the time of manuscript preparation. The searches were
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Fig. 1. Mechanisms of anthraquinone (AQ) photo-excitation and the possible pathways of the photodynamic therapy (PDT)

action and the targets. *: singlet or triplet excited state of AQ; **: lowest energy excited state of AQ.

%

made using the keywords “anthraquinones”, “plants and
herbs”, “photosensitizers” and “photosensitization”, “pho-
todynamic therapy”, “phototoxicity”. The searches were
limited to the most popular AQs isolated from higher plants
which are already in usage as medicinal herbs with focus on
the photo-properties and PDT studies.

3. Plants-occurring Anthraquinone
Photosensitizers

A great number of anthraquinones (AQs) have been
isolated from higher plant species and subsequently char-
acterized. Those higher plant speaces are spreading mainly
in angiosperm of limited number of families [26]. In plants,
fungi, and lichens, there are around 700 representatives
species of this group. Compounds with origin from flow-
ering plants which contain AQs as was lately described
are approximately 200 structures [27]. Different quanti-
ties of AQs have been found in various parts of plant tis-
sues namely flowers, roots, stems, rhizomes, bark, fruits
and leaves like rhizomes. In those plants, where the biosyn-
thesis goes by the shikimate-mevalonate pathway, the AQs
predominate as aglycones [28,29]. Much more deriva-
tives of AQs (~700) are described as useful dyes and pig-
ments, making them the most significant group of naturally
occurring colorants [30]. Natural AQs are well-studied
secondary metabolites, products of biosynthesis that oc-
curs via two major metabolic pathways, namely polyke-
tide pathway (acetate-malonate pathway) and the shiki-
mate pathway. The main difference between the both
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biosynthetic pathways is that one produces 1,8-dihydroxy
anthraquinones (acetate-malonate pathway) and the other
(shikimate) pathway never generates substitution at posi-
tion 8 (Fig. 2). The cathartic activity of some AQs is re-
lated to the 1,8-diOH substitution [26,30]. Anthraquinones
from Rubia spp. are produced through the chorismite/o-
succinylbenzoic acid or shikimate pathways [31], while
the emodin type AQs (among them are the most effec-
tive photoactive compounds) are predominantly synthe-
sized through the polyketide pathway [32].

3.1 Fabaceae (Cassia, Senna)

The plants of the genus Cassia L. are an important
source of naturally occurring AQs mainly used as bioactive
compounds with antifungal, antibacterial, antiviral, insec-
ticidal and other biological activity [33,34]. A large num-
ber of AQ structures were isolated from various parts of
the Cassia spp. [35]. The numerous derivatives of AQs
are characterized in these plants which are widely used in
traditional folk medicines as therapeutics in antimalarial,
ulcer healing, anti-diabetic, hepatoprotective, nephropro-
tective, antitumor and also in treatment of skin infection
from the population over the tropical and subtropical re-
gions [36-38]. Firstly, the plant extracts have been pro-
gressively used not only for cosmetics, foods and dyes but
also for treatment of different medical problems and acute
diseases due to their wide therapeutic and pharmacological
properties [39,40]. Many Cassia spp. exist worldwide that
are mostly used in herbal medicine [41]. These particular
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Fig. 2. Anthraquinones from higher plants with properties for PDT. Their common substitution groups are in color and close to the

plants.

family of plants is known for their laxative actions. Cassia
fistula L. has the capacity of curative important and/or nu-
tritionally valuable source. Leafs of Cassia fistula mainly
contain AQ-derivatives together with other group of com-
pounds (quinones, oxalic acids and tannins). The phyto-
chemical investigation reveals that this specie contains a
mixture of chrysophanol, physcion, rhein and other non-
AQ compounds [42]. The reduced toxicity and minimal
side effects of natural AQs observed in Cassia plants feature
their potential as therapeutics. A recent report of Oliveira et
al. [43] showed the first-time successful application Senna
macranthera 1&B., Senna splendida 1&B. and Senna alata
L. leaves and branches extracts as photoactive substances
to treat pathogenic bacteria of Cutibacterium acnes, Can-
dida albicans, Staphylococcus aureus and Streptococcus
mutans. The study showed seven AQs and one naphthopy-
rone as potential photoactive substances in the extracts of
liquid chromatography —diode-array detection-mass spec-
trometry (LC-DAD-MS) analysis [43]. The data about the
microbial resistance and the treatment of viral infections in-
cluding COVID-19 are in an early stage of the studies [44].
The investigation of the crude ethanolic plant extracts of
Albizia procera (Roxb.) Benth. (Fabaceae) and Lumnitzera

racemosa Willd. (Combretaceae) showed that they are non-
toxic on cancer but also on non-cancer cells [45]. However,
the irradiation of the same extracts demonstrated photocy-
totoxic effect against breast cancer cells (MCF-7).

3.2 Rubiaceae (Rubia, Morinda)

Rubiaceae family contains majorly terrestrial plants
including more than 13,000 species which are distributed
in at least 650 genera. This family belongs to the Gen-
tianales, which worldwide spreading makes it the fourth
largest angiosperms. Rubiaceae contains a large amount of
AQ derivatives, particularly in the roots [46]. The various
parts of the species Morinda elliptica L. followed by Het-
erophylleae pustulata Hook. f. and Morinda royoc L. are
also rich source of AQs. These very important natural prod-
ucts have been evaluated with various bioactivities, includ-
ing antibacterial, antiviral and antitumor, and antiparasitic
which make them of high interests for the research studies
[47]. At the present, the increasing incidence of terminal
infections caused by antibiotic-resistant bacteria tends the
discovery of new drugs originated from natural substances
with wide-spectrum of antimicrobial action [48].

&% IMR Press


https://www.imrpress.com

Many Chinese herbs namely Rheum palmatum L.,
Fallopia multiflora Harald. and Reynoutria japonica Houtt.
are source of AQs including aloe emodin, emodin and other
biologically-active ingredients [49]. This study concluded
that the development of traditional Chinese medicine based
on AQs is prospective in combating the drug resistant
pathogenic bacteria. The antibacterial effects of emodin,
rhein and aloe emodin are more potent than those of emodin
methyl ether and chrysophanol [50]. Structurally, these
AQs have the same parent nucleus but they differ from
their substituents on positions 3 and 6 (Fig. 2). The po-
lar substituents -COOH and —CH5OH as seen for rhein and
aloe emodin are beneficial to antibacterial activity, while
the electron-donating groups, —CH3 and -OCHg which are
in emodin and chrysophanol, and rubiadin 1-methyl ether
may reduce the antibacterial activity. Obviously the struc-
ture of natural AQs for PDT has in common two or more
OH groups and OCH3 substituents (Fig. 2).

Rubiaceae family of flowering plants have been re-
ported to have a phototoxic effect under the sun-light ex-
posure, being part of animal feedstuffs. H. pustulata (Ru-
biaceae) grows in the Andean mountain range of the north-
west of Argentina, and the plants were evaluated with
strong undesirable phototoxicity [51,52]. The phototoxi-
city of rubiadin and soranjidiol which were mostly found
in the aerial parts of H. pustulata was observed on the an-
imals after consuming the plant and staying on sunlight
[51]. At skin level the observed effects were inflamma-
tion, erythema, itching and petechiae but also some changes
of the behavior such as nervousness, aggressiveness and
photophobia. The isolated AQs rubiadin 1-methyl ether,
damnacanthal, soranjidiol, pustuline, damnacanthol, and
heterophylline were evaluated with photosensitizing prop-
erties due to generation of superoxide anion under illumi-
nation [52]. The control group of animals kept in dark place
showed neither anomalous behavior nor skin phototoxicity
as well as the control group of animals exposed to light. The
metabolic species were evaluated with generation of rad-
ical/ions typical for photosensitization reactions. In view
of the toxicity the latest known benefit is the low systemic
toxicity of AQs, which is just the opposite observation on
the previous finding (excluding danthron) [51,52]. There
are negligible side effects due to everyday light exposure
as might be not observed for synthetic drugs.

Chemical investigation of the plant leaves and stems
of H. pustulata revealed the numerous AQs (9,10- an-
thraquinone derivatives), soranjidiol, soranjidiol 1-methyl
ether, rubiadin, rubiadin 1-methyl ether, damnacanthal,
damnacanthol, heterophylline, pustuline, 2-hydroxy-3-
methyl anthraquinone and (S)-5,5'-bisoranjidiol [53-55].
A study by Comini et al. [56] demonstrated that soranjidiol,
soranjidiol 1-methyl ether, rubiadin, and rubiadin 1-methyl
ether, have PDT activity on caspase-3-transfected human
breast carcinoma cells (MCF-7). In this study, the percent-
age of cell internalization was positively correlated with the
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phototoxic efficacy of the contents of AQ-compounds. The
fine selection of the most effective natural AQ-sensitizer for
PDT needs more experimental data.

The plant H. pustulata was evaluated with photoactive
AQs rubiadin and soranjidiol that have different biological
activity. In case of monoculture of colon cancer cells, two
AQs such as soranjidiol and rubiadin showed no signifi-
cant difference in the photosensitizing ability as they did
in spheroid cultures [57]. It was determined that a concen-
tration of 10 pg/mL for rubiadin and soranjidiol retains the
cellular viability up to 80% in mammalian eukaryotic Vero
cells [58]. The study described that cells cultures did not
deliver soranjidiol and rubiadin into the cellular nucleus,
which is presenting a minimal mutagenesis risk. More so
after irradiation the generation of ROS was considerably
and consistently higher for the treated cells and this is one
of the desirable behaviors for PSs. As well, both AQs ex-
ist as regioisomers formed during the biosynthetic shikimic
acid pathway (acid o-succinilbenzoico; mevalonate) [59].
Photosensitizing rubiadin, soranjidiol, damnacanthal and
5,5’-bisoranjidiol isolated from H. pustulata Hook f. (Ru-
biaceae) showed antibacterial activity (bacteriostatic) on
Staphylococcus aureus [60]. Dimmer et al. [61] demon-
strated that irradiation enhanced the reactive oxygen pro-
duction compared to the control samples without light. The
mechanism of action involves an increase in the levels of
superoxide anion (O?7). Three new AQs such as lycio-
nine (1), 7-chlorobisoranjidiol (2) and 5-chlorosoranjidiol
(3) isolated from Heterophyllaea lycioides (Rusby) Sand-
with (Rubiaceae) participate in photosensitization mecha-
nism Type 1. The study observed as an evidenced the in-
crease of superoxide anion radical generation under the
light application. The most active AQ with the greatest
production of this ROS was compound 2, with an increase
of 20% of this ROS compared to samples without light.
The other AQs (1 and 3) produced only a slight rise of
7% ROS generation [61]. This early study also demon-
strated the effect of light irradiation as an enhancing fac-
tor for the production of ROS that enhance the antibacterial
activity of the applied AQ-compounds. The phenomenon
is typical for PDT drugs known as prooxidant and photo-
chemotherapeutics.

As is known the photocytotoxicity depends on the
proper interactions between PS, light and oxygen, but the
first object is the chemical structure of a PS, which further
determines the light penetration depth and in the end the
oxygen availability [62]. The oxygen atmosphere is criti-
cal for the sufficient production of ROS and other species
which are needed to induce cells inactivation. The mech-
anism of ROS generation is typical for the photosensitive
natural AQs [63]. Another study shows for the first time
the reduction of biofilms of Candida tropicalis with two
AQs [64]. More effective inactivation was observed with
rubiadin (AQ1) than with rubiadin 1-methyl (AQ2). The
mechanism of action after light application was examined
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as mediated by an oxidative and nitrative stress with for-
mation of endogenous ROS mainly O5"~ (Type I). Con-
sequently, the prooxidant-antioxidant balance was altered
specifically by AQI. The best coactive combination with
an antifungal drug Amphotericin B was also obtained with
rubiadin, AQ1 (80.5%). The further study explored the gen-
eration of Oy (Type II) in fungal biofilms, but its contribu-
tion to the photo-initiated biofilm reduction was established
as negligible [65].

3.3 Polygonaceae (Rhubarb, Polygonum, Rumex)

Polygonaceae plants have a worldwide distribution,
most of which are in the temperate region of the North-
ern Hemisphere. There are 235 Polygonaceae species and
37 varieties in China. Plants of the Polygonaceae family
have been shown with a high frequency of AQ structured
compounds. The Polygonaceae are commonly known as
the knotwood or smartweed family, which consist of flow-
ering plants and comprise about 1200 species in 48 genera
[66]. Among which the largest ones are Eriogonum Michx.
(2410 spp.), Rumex L. (200 spp.), Cocoloba P. Browne (120
spp.) and Persicaria Mill. (100 spp.) and among oth-
ers. This family is wildly distributed in the North Tem-
perature Zone although can be found worldwide [67]. The
best known compounds emodin, rhein, physcion, chryso-
phanol, catenarin, and pupurin have been studied to have a
wide range of versatile bioactivities, including bactericidal,
fungicidal, antioxidant, anti-inflammatory, anticancer, and
many others attributed to substances in this family [68,69].

The well known compounds such as emodin, chryso-
phanol, and aloe emodin have been isolated from different
Polygonum spp., including Polygonum bistorta L. [70]. A
potential antiviral activity of emodin isolated from Rheum
palmatum L., Rheum tanguticum Balf., Rheum officinale
Baill., Polygonum cuspidatum Siebold & Zucc. and Poly-
gonum multiflorum Thunb. was reported in a recent review
[13]. A traditional Chinese medicine plant P. cuspidatum
has roots rich in three AQs namely emodin (50 pg/mg),
physcion (10 pg/mg) and rhein (5.6 pg/mg) [71]. The re-
sults included a visible light-dependent decrease of HSV-2
plaque using the extract for inactivation of Herpes virus.
The photosensitizing effect of extract was due to emodin as
the main active compound with a high production of ROS
while no reduction effect was observed for the control sam-
ples without light irradiation.

Many different genera of Polygonaceae family includ-
ing Rheum spp., Polygonum spp. and Rumex spp. have been
documented to contain AQ-derivatives with phototoxicity
action [72]. Importantly, the antiviral activity was demon-
strated to be a combination of effects of different classes
of compounds with or without photoactivity. So that they
can have a potential in the development of new photo-active
drugs [73]. The studied AQs from the plants of the above
families have shown their effects against viruses that infect
the respiratory tract, including human respiratory syncytial

virus and influenza virus which infect the respiratory tract
like coronavirus. AQs were evaluated with high capacity to
inhibit coronavirus in vitro and in silico which could serve
as a base for development of effective antiviral drugs to-
wards coronaviruses [74].

The photodynamic activity studied for aloe emodin
(AE) isolated from Rheum palmatum L. and Aloe barbaden-
sis Miller against pathogenic bacteria and fungi showed a
high efficiency of this compound [75—-77]. This study sug-
gested that the limitation of AE absorption spectrum leads
to PDT effectiveness only for treatment of superficial dis-
eases (skin cancers, infections in oral cavity, eye condi-
tions and among others). The singlet oxygen quantum yield
(®A) of AE showed a value 0.54 (MeCN, 355 nm) for the
studies of singlet oxygen in solution [78]. Another study
of ®A of AE determined a value 0.57 (MeOH), which is
much higher than in comparison with the $A for phenoth-
iazine dye toluidine blue [79]. This study also presented the
cytotoxic effect of AE which was evaluated as significantly
higher than that of AE applied alone without light exposure.
The bioactive components in “rhubarb” are AE and emodin,
both has been evaluated with favored toxicity towards car-
cinoma cells. Whilst it has been reported that emodin is
toxic to leukemia cells only after application of blue light
[80]. The cytotoxic effect gradually increased for the cells
treated with different concentrations of AE and different
light fluences under the identical irradiance [81]. These re-
sults indicated that AE-blue light mediated PDT offers an
effective strategy for the treatment of superficial diseases
without harmful effect on the normal tissues. Therefore,
the authors assumed that the photoinduced damages due to
PS — light interaction might be avoided. Resent study of
Lin et al. [82] hypothesized the mechanism of AE-induced
photodynamic effect on cancer cell that may be associated
with apoptosis and mitochondrial pathway. The investiga-
tions of AE-photodynamic effect was carried out on human
gastric cancer cells. The apoptosis and expression levels of
caspases involved in the mitochondrial pathway were de-
termined as a result of AE-PDT.

3.4 Asphodelaceae (Asphodeline, Aloe, Asphodelus)

Asphodelaceae is a family of monocotyledonous flow-
ering plants occurring in Africa and spread from the
Mediterranean to central Asia. The genus Asphodeline
Rchb., containing 14 species, common in Mediterranean
region from this family and subfamily Asphodeloideae.
Three of them specifically, 4. lutea (L.) Reichenb., A. libur-
nica (Scop.) Rchb, and A. taurica (Pall. ex M.Bieb.)
Endl. are growing in Europe Balkan region. The main
gene Asphodeline includes 20 taxa of which 12 are en-
demic in Anadolu region [83]. The Asphodeline spp.
are traditionally used as medicinal plants in Turkish folk
medicine and for human diet. These are 4. damas-
cena subspp. damascena and A. tenuior subspp. tenui-

flora with applications for healing of scratches and ver-
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rucae in traditional medicine [83]. The studies showed
that the roots from Asphodeline spp. are rich source of
both monomeric chrysophanol and dimeric asphodeline
with probable photosensitizing effect [84]. In addition,
many other AQs such as aloe-emodin, isochrysophanol,
physcion, rhein, 1,5,8-trihydroxy-3-methylanthraquinone,
2-acetyl-1-hydroxy-8-methoxy-3 methylanthraquinone, as-
phodeline and 1,1’,8,8’,10-pentahydroxy-3,3’- dimethyl-
10,7’-bianthracene-9,9’,10’-trione were also identified [85,
86]. A chrysophanol as dimer of asphodeline and 10,7’-
bichrysophanol is widely spreaded in Asphodeline spp., As-
phodelus spp., Bulbine spp., Bulbinella spp., and others
chrysophanol derivatives [87].

The most studied valuable genera belonging to Aspho-
deloideae subfamily is Aloe vera L. and the roots of Aloe
spp. are containing 1-methyl-8-hydroxyanthraquinones
[88]. The extracts were shown to be protective against pho-
todamages after removing the fraction with AQ [89]. The
major bioactive compound in the leaves and roots of Aloe
vera L. is AE which has been studied with a broad spectrum
of anti-cancer activity [90]. The photochemical activity of
AE was evaluated with phototoxicity against the K3 cell
line with an increased effect (77%) due to irradiation with
blue light (405 nm, 12.8 J/cm?) but in the dark, AE was not
active for concentrations below 30 uM [91]. Wamer and
co-authors showed that the phototoxic effect (UVA) of AE
on skin fibroblasts is mediated by oxidative damage of nu-
cleic acids [92]. The levels of oxidized RNA were higher
than DNA, which allows to speculate that AE does not ac-
cumulate in the cell nucleus. PDT with AE was shown to
induce the autophagy and apoptosis of human osteosarcoma
cell line MG-63 through the activation of the ROS-JNK sig-
naling pathway [93]. Autophagy may play a protective role
during the early stage following AE-PDT procedure. The
further research is needed on the antitumor effect of AE-
PDT to understand the modulating autophagy and prompt-
ing apoptosis.

Liu et al. [94] reported inhibition of human oral squa-
mous cell carcinoma in vitro and in vivo, after application
of AE-PDT. The authors concluded that AE-PDT can en-
hance the killing effect of KB cells (human epithelial carci-
noma cells), inducing the cell apoptosis and finally leading
to cell death in vivo and in vitro, hence it was evaluated as
an effective therapy to cure oral cancers. It demonstrates
that cell apoptosis rate in PDT is apparently higher than
other single therapeutic approaches. PDT is much more ef-
fective in tumor growth inhibition and the retention of AE
in tumors after treatment may promote KB cell apoptosis.
This study concluded that AE mediated PDT is an innova-
tive approach for oral cancer treatment with the suprema-
cies of effectivity, minimal invasion, tissue integrity reten-
tion and none observed side effects on main organs. The
light exposure in presence of oxygen was shown to endorse
photochemical reaction including the generation of singlet
oxygen but also in high extend many other ROS which can
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be in advance for treatment of hypoxic pathological condi-
tions such as malignant tumours and resistant air-free bac-
terial species [92-94]. The mechanism of cell death is as-
sociated with inducement of cell cycle arrest with an incre-
ment of apoptosis by upregulation of Caspase-3 and Bax
proapoptotic proteins [95]. Another study on the therapeu-
tic effect of aloe-emodin in nano-liposome (AE-L) medi-
ated PDT showed a significant killing effect on Tca-8113
cells of human tongue squamous cell carcinoma [96]. The
results indicated that for concentrations less than 7.5 pg/mL
there was no significant difference between PDT group and
control group (p > 0.05). However, the increase of irra-
diation time led to gradual decrease the cell survival rates
(76.6% for irradiation time 80 s, p < 0.001). The results of
fluorescent staining analysis showed that the reason might
be due to the amount of ROS in tumor cells which in-
creased significantly after PDT treatment. The roots of Aloe
dawei A. Berger revealed rich content of AQs metabolite
[97]. In this study two quinones 1-hydroxy-8-methoxy-
3-methyl anthraquinone and 5,8-dihydroxy-3-methoxy-2-
methylnaphthalene-1,4-dione were evaluated with high cy-
totoxicity against MCF-7 breast cancer cells. The other iso-
lates from A. dawei with lesser amount of AQs were with
low or medium cytotoxicity [97].

3.5 Rhamnaceae (Rhamnus, Ventilago)

The genus Rhamnus L. belongs to the Rhamnaceae
family contains approximately 137 species, traditionally
used in folk medicine of East Asia, North and South Amer-
ica, and subtropical regions of Africa. The selected species
Rhamnus purshiana DC., Rhamnus frangula L., Rhamnus
catartica L., Ventilago maderaspatana Gaertn. have usu-
ally been used in treatment of cancer, wound, jaundice, hep-
atitis, gonorrhea, constipation, hypertension, malaria, stom-
ach ache, snake bite and diarrhea [98]. Rhamnaceae family
commonly known as a Buckthorn Family consists of ~50
genera and ~900 flowering species, mostly trees, shrubs,
and some vines, and one herb. The family plants are dis-
tributed worldwide, especially in the subtropical and tropi-
cal origins [98]. The pharmacological analysis showed that
the extracts and isolated several AQs found in the Rham-
nus spp. revealed different biological activity as potential
photosensitizers. The derivative prinoidin isolated from the
fruits of R. nepalensis Laws. (Rhamnaceae) have four times
more potent cytotoxic effect against human epidermoid car-
cinoma with IC5y value of 0.045 puM than the used as a
standard anticancer drug doxorubicin which is already in
clinical application [99].

4. Discussion

The natural photosensitive compounds such as chloro-
phylls and chlorophyll metabolites, curcumin, thiophenes,
alkaloids, as well as anthraquinones have been featured of
importance for investigations as photosensitizers for PDT
applications (Fig. 3). Recent work about the phototoxic


https://www.imrpress.com

terrestrial plants including the plants containing AQs, re-
views the phototoxic and photosensitizing metabolites of
250 vascular plants that have been documented as photo-
toxic or with photosensitive properties [100]. This review
presents an in-depth investigation with the list of phyto-
chemicals synthesized by terrestrial plants with the photo-
sensitive compounds, and the basic molecules for the fur-
ther development of new PDT-PSs. The compounds orig-
inated from different plant species are under intensive re-
search due to their promising photocytotoxicity in the treat-
ment of cancer and microbial infections [101]. This indi-
cates the future for natural compounds among the class of
AQs as anticancer and antiinfection therapeutics (Fig. 3).
Moreover, PDT is recognized as a method with a high im-
pact on the resistance inhibition.

Green PDT

Fig. 3. Green PDT approach due to the spectra and plants’
origin of the photosensitive anthraquinone compounds.

Presently, the application of quinones as PDT agents
is limited because of their intensive absorption in the whole
UV spectrum, the lack of selectivity, fast clearance and
strong hydrophobicity. However, there are few derivatives
that can be used as potential PDT agents after properly per-
formed structural modification, so that the absorption re-
locates to the longer wavelength (>500 nm), improves se-
lectivity and also reduces hydrophobicity [102]. The posi-
tive aspect of AQs’ mechanism of action is their ability to
produce toxic species without loss of cytotoxic abilities in
pathologic sites with a low oxygen level, such as hypoxic
tumors or oxygen-free pathogenic bacteria [103]. More-
over, the production of the reactive species might happen
without light exposure of AQs. The appropriate photosensi-
tization mechanisms responsible for PDT outcome require a

sufficient oxygen surrounding atmosphere. The early stud-
ies suggested that the natural AQ compounds such as aloe
emodin and hypericin can be considered as promising PS
candidates for PDT [104]. The recent advances in anti-
cancer activity of emodin, aloe emodin, hypericin, chryso-
phanol, rhein, and physcion showed these AQs as effective
individually but also in combination with other chemother-
apeutic agents on in vitro and in vivo basal carcinoma (BC)
models [105].

Currently, several chemotherapeutic anticancer agents
containing AQ-nucleus are the Food and Drug Admin-
istration (FDA) approved drugs, namely daunorubicin,
idarubicin, doxorubicin (DOX), epirubicin, valrubicin, pix-
antrone and mitoxantrone all for clinical use in cancer ther-
apy [106]. The appearance of drug resistance and some
possible side effects as for example, the heart muscle in-
jure after DOX treatment, lower the use of doxorubicin-
based cancer treatments. Mechanisms of antitumor action
of these anthracycline drugs are associated with hyperpro-
duction of ROS and inhibition of glycolysis [107]. How-
ever, there is an emerging limitation related to the poor
efficacy of chemotherapeutic agents, due to the resistance
of tumor cells to these drugs, as well as due to toxicity-
related side effects [108]. The score of new drug discovery
is known as very low with the estimation that only ten of
ten thousand novel tested compounds have been passed the
regulations to enter clinical stage, and then only one may
be approved through regulatory valuation and licensed for
the medical application. The biologically active substances
require a long term and complicated procedure including
many stages of research, pre- and clinical trials on humans
to develop medicine for the pharmacy shelf [109].

Gollnick et al. [110] (1992) showed in an initial study
on AQs that the compounds bearing hydroxyl groups in
their structure which are distributed on the benzene rings of
both sides may have promising potential for photodynamic
action. The further study on the photosensitizing proper-
ties of some natural AQs isolated from leaves and stems of
Heterophyllaea pustulata Hook. f. (Rubiaceae) showed the
both mechanisms of photosensitization for the studied ru-
biadin, soranjidiol, soranjidiol-1-methyl ether, damnacan-
thal and damnacanthol [111]. The photosensitized genera-
tion of superoxide anion radical (Type I mechanism) was
presented only for rubiadin-1-methyl ether as was deter-
mined in leukocyte suspensions. The singlet oxygen gen-
eration (Type II mechanism) was studied in solution for
damnacanthal (0.70) followed by soranjidiol (0.47) which
were evaluated with relatively very high yields.

Although there are drugs with AQ structure that have
already been approved for clinical practice, a large num-
ber of AQ analogues have been synthesized and the syn-
thesis continued [112]. The structure of AQ is suitable for
metal/non-metal coordination, but there is a limited number
of studies on synthetic AQs prepared as a complexe [113].
The coordination of metals was studied with the synthetic
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ligands through the carbonyl group at AQ-ring and nitro-
gen atom of amide group. The antibacterial inactivation of
both Gram-positive and Gram-negative pathogenic bacte-
rial species showed the high activity for complexes types
[CA(L1)2CI2] and [Cd(L2)2CI2]. The clinical AQs have
been found to have positive cardiotoxicity, but after the for-
mation of complexes with metals such as Cu, Co, Fe and
Mn was shown to limit the ROS production and reduce their
toxic and side effects [114]. This can be a starting point for
design of novel AQ complexes with low side effect and the
superior mechanism Type II photosensitization for PDT.

A very recent study summarized the phototoxic effect
of AQs and the plants of their origin and the compounds
that are with promising efficiency on different experimental
cancer cells [115]. The research and review papers present
the AQs such as emodin, aloe-emodin, parietin, rubiadin,
hypericin, and soranjidiol as photosensitive compounds for
cancer PDT [116,117].

Generally, depending on drug and light administration
conditions, the PDT effect induces the cell death through
several mechanims, which can be the initiation of apopto-
sis, autophagy-associated cell death or necrosis [118,119].
Another possible mechanism could be an immunogenic cell
death (ICD) [120]. A recent study on aloe emodin (AE)
from Rheum palmatum’s thizome reported a mechanism of
the PDT of apoptosis in target cells [121]. The mecha-
nisms of cell-death have been mostly investigated for the
natural hypericin [122]. Hypericin shows absorption with
maximum close to therapeutic region (630 nm—850 nm),
which by the irradiation leads to generation of ROS as
well as singlet oxygen. In cells, HYP primarily accumu-
lates in the hydrophobic core of the membrane by form-
ing non-covalent persistent interactions and the lipid dou-
ble bonds, plus in the endoplasmic reticulum (ER), mito-
chondria, lysosomes and Golgi apparatus [123]. Recently,
Kessel reported the capacity of HYP to target the ER for
photodamage, which provokes a mainly unexplored man-
ner of photokilling that implicates extensive cytoplasmic
vacuole formation but does not represent autophagy [124].
This phenomenon called ‘paraptosis’ seems to be a response
to the appearance of misfolded ER proteins as important
to eradicate the malignant cell population with a reduced
apoptotic pathway [125,126].

A review paper about “anthraquinones as a promis-
ing scaffold for the discovery and development of ther-
apeutic agents in cancer therapy” concluded that in sil-
ico approaches (molecular modeling and docking studies)
have been recognized as an extensively useful support for
progress of novel anticancer compounds based on AQ-
moieties [127,128]. The knowledge on the binding interac-
tions of AQs with amino acids located in active site pocket
of targeting enzymes such as CK2a, topoisomerase 11 3,
human Ser/Thr kinase pim! and reacted quinone reductase
might lead to further promising modifications [128]. The
AQ core molecule gives the idea to develop an advantaged
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scaffold in medicinal chemistry in targeting various biologi-
cal proteins. The genetic reports including topoisomerases,
telomerase, protein kinases and matrix metalloproteinases
(MMPs) have been widely highlighted. Since the natural
AQs and their synthetic derivatives show an inclusive va-
riety of biological activities. Some of them are with high
social importance suggesting their probable medical appli-
cation and surely might serve as a source of effective medi-
cations for the progress in development of anticancer drugs
[129].

The conformational analysis with three-dimensional
quantitative structure-activity relationships (3D-QSAR) of
compounds and thus the design of new synthetic photo-
sensitizers could provide a methodological reference for
the design and synthesis studies of novel photosensitizers
[130,131]. The AQ moiety provides a potential substrate
for DNA insertion and bio-reduction activation, and the
alkylation group confers cytotoxic activity [130]. DNA in-
tercalators that typically contain coplanar aromatic back-
bones such as doxorubicin, daunorubicin, and mitoxantrone
(MTZ) can be reversibly inserted into base pairs of DNA.
The scientists reported that AQ moieties may serve as
a base for preparation of synthetic hydroxyanthraquinone
derivatives as the recently reported with N-mustards, thio-
phene and benzene ring as substituents. The molecu-
lar docking studies of compounds demonstrated that the
new compound (A1) could interact with the catalytic ac-
tive site in topoisomerase II. The recent paper studied five
pH-responsive anthraquinone photosensitizers (Al to AS)
synthesized through addition, elimination, and substitu-
tion mechanisms using chrysophanol as the raw material
[131]. The compounds were shown to have good PDT
antibacterial activity and selectivity in weak acid environ-
ments. The cytotoxicity (3-[4,5-dimethylthiazol-2-yl]-2,5
diphenyl tetrazolium bromide, MTT test) on the cancer cell
line HeLa demonstrated the photo- and dark toxicity effects
of compounds (for A3 at 0.625 uM) similar to the reference
photosensitizer Chlorin e6 (Ce6). Nevertheless these find-
ings, it is still very questionable to find a very powerful PS
among the plants-originated AQ-compounds because of the
spectral properties of short-wavelength absorption (<600
nm). One obvious explanation of the low toxicity and gen-
tle photodynamic action after irradiation can be explained
with the evolution stage under the sun light and oxygen at-
mosphere, and both are involved in photosensitization but
also they are critical for the plants’ growth and their being
in material sense.

5. Perspectives of Anthraquinones for PDT

Green approach to PDT includes the PS isolated from
plants or other natural source and the specific visible light
spectra (400-600 nm), and sufficient oxygen surrounding
[132]. Presently, there are no clinically approved plants
isolated photosensitizers (PSs) for application as drugs in
medical PDT. It is only hypericin which pass throughout


https://www.imrpress.com

many years of research and development and pre-clinical
studies so that it has been featured with good perspectives
for clinical applications [133]. The scientific society expect
that it is the near future when the natural PSs and their syn-
thetic analogues to be invented in cancer PDT. The natural
AQs can serve as a core molecule for design of novel more
powerful anticancer agents with photosensitive properties
that are tailored for PDT.

Practically the natural compounds exhibited the poor
solubility, high body clearance rate and restricted tumor tar-
geting capability together the expected lower efficiency as
PDT drugs. In order to solve these problems, natural PSs
and their derivatives might be involved in molecular assem-
bly technique to enhance uptake, selectivity and PDT effi-
cacy in addition to minimal toxicity in the presence of vis-
ible light as the main advantage of these PSs. Also, since
natural compounds are usually universal, and some of them
are already in usage as herbs and therapeutic drugs, they
may be more readily-accessible and easy for therapeutic in-
vention.

In future, researchers may discover these photoactive
plants in nature and compare the effects with clinical drugs.
Furthermore, owning on the well-accepted structures of PSs
for PDT, the natural AQs’ might serve as a template for de-
velopment of variety of novel target-specific PSs contain-
ing definite functional groups as substituents for the target
specific PDT. The novel compounds may have the tunabil-
ity of the photochemical and the photobiological properties,
high biocompatibility, and selective cellular uptake in the
tumors or other target pathologic tissue and cells, and not
the last the better solubility in natural fluids, and absorbance
in the optical PDT window (630-850 nm). In addition, the
far-red fluorescence emission will be advantageous for the
non-invasive optical diagnosis.

6. Conclusions

As researchers, we must consider the enquiry whether
or not is realistic the anthraquinone—associated PDT to
get permission for clinical practice? The crucial aspect
about plants’ PS is that they have not characteristics of typ-
ical photosensitizers due to the natural exposure to sunlight
which could be harmful and destructive during the plants
growing. However, there are good opportunities for natural
anthraquinone hypericin, as it is already on clinical level in
cancer PDT. Since the progress in PDT involves the appli-
cations of the method to the actual diseases due to resistance
to present drugs and for the other diseases without alterna-
tive treatments or with insufficient treatment consequence.
The decisive stage for further development of natural plant-
occurring AQ for PDT applications is to find the unique
plant or plants that are having high quantity appropriate
compounds and substances with valuable photosensitizing
properties. This fact will allow to develop a procedure to
obtain the photoactive compound(s) in a large scale. More-
over, the plant cultures hold great potential for the manu-
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facture of phytochemicals to obtain natural compounds on
a large scale, in an economically viable and eco-friendly
manner.
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