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Abstract: Plants of the genus Euphorbia are widely distributed across temperate, tropical and sub-
tropical regions of South America, Asia and Africa with established Ayurvedic, Chinese and Malay
ethnomedical records. The present review reports the isolation, occurrence, phytochemistry, bio-
logical properties, therapeutic potential and structure-activity relationship of Euphorbia flavonoids
for the period covering 2000-2020, while identifying potential areas for future studies aimed at
development of new therapeutic agents from these plants. The findings suggest that the extracts
and isolated flavonoids possess anticancer, antiproliferative, antimalarial, antibacterial, anti-venom,
anti-inflammatory, anti-hepatitis and antioxidant properties and have different mechanisms of action
against cancer cells. Of the investigated species, over 80 different types of flavonoids have been
isolated to date. Most of the isolated flavonoids were flavonols and comprised simple O-substitution
patterns, C-methylation and prenylation. Others had a glycoside, glycosidic linkages and a carbohy-
drate attached at either C-3 or C-7, and were designated as D-glucose, L-thamnose or glucorhamnose.
The structure-activity relationship studies showed that methylation of the hydroxyl groups on C-3 or
C-7 reduces the activities while glycosylation loses the activity and that the parent skeletal structure is
essential in retaining the activity. These constituents can therefore offer potential alternative scaffolds
towards development of new Euphorbia-based therapeutic agents.

Keywords: Euphorbia; flavonoids; pharmacological activities; structure-activity relationship

1. Introduction

Euphorbia species are used in traditional medicine for the treatment of various diseases.
Plants of the Euphorbia genus are common herbs that are applied in the treatment of respi-
ratory diseases, healing of wounds, relieving skin irritations, indigestion, inflammation,
microbial infestations and also as a food source [1-4]. Prehistorical records show that
Euphorbia species were used in the treatment of scorpion and snake bites, liver diseases,
respiratory disorders, asthma and rheumatism in the Chinese and Ayurveda medicine
systems [3,4].

The medicinal applications of these species have been attributed to the presence of
diverse secondary metabolites such as flavonoids and terpenes [5-7]. The abundance of
these chemical constituents in Euphorbia species qualifies them as a rich source of therapeu-
tic natural products possessing various pharmacological activities. These constituents can
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provide potential lead molecules for drug discovery. The genus Euphorbia is also among
the largest of genera in the spurge family, and consists of several other subsections and
subgenera, having more than 2000 species [8,9] with promising research potential.

Flavonoids are among the dominant constituents of Euphorbia species after macro-
cyclic diterpenes and triterpenoids [4,10]. Flavonoids mainly occur as isoflavonoids (3-
phenylbenzopyrans), neoflavonoids (4-phenylbenzopyrans), chalcones [7,11], flavonols,
flavanone, flavanonol, flavanol and anthocyanidins [11]. These constituents are structurally
and biogenetically related as they share a common precursor, the chalcone [11,12]. They
have also been reported to possess various pharmacological activities [12-14] and have
promising therapeutic potential.

Apart from their biological functions in protecting plant species against herbivores and
other pathogens as well as acting as stress-protecting agents, they also perform important
pharmacological activities in humans. Reports indicate that plant flavonoids exhibit anti-
ulcer, antidepressant, antimicrobial, antiviral, antibacterial, anti-diabetic, anti-inflammatory,
anti-agiogenic [15], antiproliferative [16-22] and anticancer [6] activities in vitro. Even
though they have not been classified as nutrients, the intake of flavonoids is considered
to be significant for human health [23]. They are also used as natural dyes as well as for
cosmetics and skin-care products [16,24]. Related studies have shown that flavonoids from
the Euphorbia species also have a wide range of pharmacological activities such as cytotoxic,
anti-inflammatory properties and tumor-promoting abilities [25,26].

Furthermore, various reports have stated the significance of flavonoids in metabolism
of the thyroid hormone, which is commonly reported to be vitamin P and is considered
useful in counteracting hemorrhage [27]. They are also functional foods for promotion
of good health and prevention of diseases [27]. As a result, significant efforts have been
made in isolation, identification and characterization of flavonoids from the latex, aerial
parts, roots, stems, seeds, stem bark and whole plant extracts of some Euphorbia species
since early times [28,29]. Indeed, several reviews have been published about the role and
significance of plant flavonoids as a source of bioactive compounds. For instance, in 2019,
Avtar and Bhawna [20] reviewed the chemistry and pharmacology of flavonoids, while
Dieter [30] reported the significance of flavonoids in plant resistance to microbial attack.

Similarly, Muhammad et al. [7] reviewed the significance of flavonoids as prospective
neuroprotectants in ageing associated with neurological disorders, while Ali et al. [31]
reported the therapeutic role of flavonoids in bowel diseases. In addition, the role of plant
flavonoids in cancer and apoptosis mechanisms was also reported [32], as well as the
commercial application of flavonoids as anti-infective agents [14]. Efforts have also been
made to review the occurrence of flavonoids in medicinal plants. For example, Bathelemy
et al. [33] reported the occurrence, classification and biological activities of flavonoids from
African medicinal plants, while Panche et al. [34] and Shashank and Abhay [35] reported
the occurrence of flavonoids in selected species of different plant families. In addition,
Nigel and Renee [36] reviewed over 796 naturally occurring flavonols, dihydroflavonols,
chalcones, dihydrochalcones, aurones and anthocyanins.

However, even though other reports have reviewed the phytochemical constituents of
Euphorbia species, most of the published reviews have exclusively focused on ethnomedici-
nal uses [2-6], isolated diterpenes [10], essential oils and triterpenoids [4]. For example,
Goel et al. [37] reviewed the structural diversity of phorbol esters while Shi et al. [38]
reported the pharmacological activities and chemical constituents of Euphorbia species. In
addition, Andrea and co-authors reviewed the structural diversity of Euphorbia diterpenes
covering the period 2008-2012, and their pharmacological activities [10], while Kemboi
et al. [4] reported the ethnomedicinal uses and the structural diversity of Euphorbia triter-
penoids. Rojas et al. [39] reviewed the phytochemical and functional properties of E.
antisyphilitica Zucc, while Yang et al. [40] described the traditional uses, phytochemistry
and pharmacological aspects of E. ebracteolata Hayata. In general, reports on Euphorbia
species have exclusively focused on isolated diterpenes and triterpenes with limited ref-
erence to flavonoids, and other phenolic constituents such as flavonoids over the past
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two decades, and there is no report of isolated Euphorbia flavonoids within this period.
Hence, in order to gain a more comprehensive understanding of Euphorbia flavonoids,
the current review reports the occurrence, isolation, structure, pharmacological activities
and the therapeutic potential of flavonoids of the genus Euphorbia covering the period
2000-2020. Harnessing this information can provide an updated database of compounds
of the Euphorbia species that may provide potential hits for drug discovery or developing a
useful pharmacopeia, as well as assisting in explaining the observed synergistic effect of
the crude extracts.

2. Literature Sources and Search Strategy

Information about the Euphorbia flavonoids, their chemistry, biosynthesis, structure,
biological activities, structure—activity relationships and potential therapeutic value was
obtained through an online literature search using terms such as ‘Euphorbia flavonoids’,
‘Euphorbia constituents’, ‘biological activities of Euphorbia flavonoids’, ‘therapeutic potential’
and ‘structure-activity relationship of Euphorbia flavonoids’ using online databases such as
Scopus, Scifinder, Wiley online, Springer Link, Science Direct, PubMed, and Google Scholar.
The online search was customized between the years 2000 and 2020 which resulted into
over 400 reports about Euphorbia, mainly in the English language that were easily accessible.
Of these over 100 reports relevant to the study that described studies on isolation and
elucidation of known and novel Euphorbia flavonoids, their biological activities, therapeutic
potential and the structure-activity relationships were selected. The retrieved information
was critically analyzed and searched for descriptions of previously described Euphorbia
flavonoids, their occurrence (extraction solvent and plant part used), structures, their
biological activities, therapeutic potential, and structure-activity relationships. Additional
information was obtained by reviewing and analyzing the cited references in the selected
articles. Hence, the present review provide an account of the previous and the latest
information on Euphorbia flavonoids isolated between January 2000 and December 2020,
their pharmacological activities, therapeutic potential and structure-activity relationships.

3. Flavonoids

Flavonoids are natural compounds with various phenolic structures biosynthesized
by plants [11]. Since the first isolation of a plant flavonoid, rutin, in 1930, there have been
over 6000 different types of flavonoids identified from plant species to date [11,41]. The
basic skeletal structure of flavonoids has 15 carbon atoms that are arranged to form a
C4-C3-Cq ring system. They are divided into different classes based on their molecular
structures and the degree of oxidation and unsaturation of the linking chain at C-3. They
are biosynthesized in plants via the shikimic acid pathway [11,12,16] as summarized in
Figure 1.

The initial stage is the condensation of a p-coumaroyl-CoA molecule with 3 molecules
of malonyl-CoA to give chalcone in the presence of the chalcone isomerase enzyme. Chal-
cone is further isomerized by chalcone flavanone isomerase enzyme (CHI) to form fla-
vanone. Thereafter, the pathway diverges to several other branches to produce differ-
ent classes of flavonoids such as flavonols, flavones, flavonones or their dihydroderiva-
tives [11,12] as illustrated in Figure 1.

The position of the benzenoid substituent is the basis of their classification into 2-
phenylbenzopyrans, isoflavonoids (3-phenylbenzopyrans), neoflavonoids (4- phenylben-
zopyrans) and chalcones. However, flavonols differ from flavonones by the hydroxyl
substituent at C-3’ and C-2-C-3 double bonds (Havsteen, 1983). In most cases, flavonoids
have the hydroxyl group at C-3, C-5, C-7, C-2/, C-3/, C- C-4/, C-5'. For flavonoid glycosides,
the glycosidic linkage is unusually located at C-3 or C-7 and the carbohydrate attached can
either be D-glucose, L-rhamnose, glucorhamnose, galactose or arabinose [42]. As a conse-
quence, flavonoids are divided into seven major groups [35,43] as in Figure 2. However,
further information on classification and biosynthesis of plant flavonoids is not dealt with
in this review as the references can be consulted for detailed information.
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Figure 2. Representative structures of major classes of flavonoids.

4. Isolation of Euphorbia Flavonoids

Generally, flavonoids of the Euphorbia species are isolated using similar procedures
as employed for other chemical constituents. Since all Euphorbia parts accumulate these
constituents, the stems, aerial parts, roots, fruits, seeds, flowers and in some cases the
whole plant are usually investigated. The aerial part is commonly studied since it is known
to contain different phenolic compounds, especially flavonoids [44-46]. However, isolation
of these constituents is a complex procedure, because they occur in small quantities as com-
plex mixtures of sugars with similar or related structural parent skeletal framework. Thus,
their isolation and identification require the use of a multistep method. The common proce-
dure involves three main stages, including plant preparation, extraction and fractionation
of the crude extracts into discrete portions of similar Rf values, and isolation/purification.
The sample preparation mostly involves maceration of shade-dried and powdered plant
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material with methanol or ethanol at room temperature for several days. The resulted
filtrates are concentrated under reduced pressure to afford crude extracts. The organic
extracts are then subjected to column chromatography with differing step-gradient solvent
systems as eluents. Thereafter, the concentrated fractions are monitored by thin-layer chro-
matography (TLC) using various solvent systems. In cases where the species are rich with
flavonoids, the TLC chromatograms of the fractions that have been eluted display intense
yellow or brown spots when stained with p-anisaldehyde-sulphuric acid mixture [7].

In some cases, due to trace levels and the complexity of these constituents, they
are identified using updated techniques with better resolution and sensitivity such as
ultraperformance liquid chromatography coupled with quadrupole tandem time of flight
mass spectrometry (UPLC-Q-TOF-MS) or the more traditional techniques such as high-
performance liquid chromatography mass spectrometry (HPLC-MS) or vacuum liquid
chromatography (VLC) and rotation planar chromatography (RPC) over silica gel using
step gradient elution [44].

5. Flavonoids Isolated from Euphorbia Species

The current report documents the isolation, identification, structure, biological ac-
tivities, structure—activity relationships and the therapeutic potential of various types of
flavonoids from more than 30 Euphorbia species in the past two decades as summarized in
Table 1. Of the species that have been investigated, over 80 different types of flavonoids
(1-85) have been isolated from the aerial parts, roots, seeds and whole plant of these species.
Over 50 of these compounds were isolated from the aerial and roots extracts, representing
about 90% of all flavonoids reported. It could therefore be suggested that the concentration
of these chemical constituents is in the aerial and roots parts. Many of these compounds
were derived from the ethanol or methanol extracts of these plant parts. Among the in-
vestigated species, E. lunulata (number of isolated flavonoids (1) = 33) [26,47], E. humifusa
(n =11) [48], E. hirta (n = 10) [49] and E. tirucalli (n = 8) [50] were frequently investigated
species, with E. lunulata [26,47] recording the highest number of isolated flavonoids (1 = 33).
In contrast, E. mygdaloides [51], E. paralias [52], E. stenoclada [53], E. altotibetic [51,54], E.
allepica [51,55] and E. magalanta [51] were the least-investigated species, having the least
number of isolated flavonoids (n = 1). Others include E. helioscopia (n = 7) [56], E. lathyris
(n = 3) [57], E. humifusa [58], E. ebracteolata (n = 4) [59] and E. lunulata [60]. Future stud-
ies should therefore be directed on these species, as they remain a promising source of
bioactive constituents.

Most of the isolated flavonoids were flavonols and comprise simple O-substitution pat-
terns, C-methylation, prenylation, and adducts of quercetin (55) and kaempferol (30). Oth-
ers have a glycoside, glycosidic linkages and a carbohydrate attached at either C-3 or C-7,
and have been designated as D-glucose such as kaempferol 3-O-glucoside (31), L-rhamnose
such as kaempferol-3-L-thamnoside (37), or glucorhamnose such as kaempferol-3-O-a-
rhamnoside-O-B-D-glucopyranoside (39). Of these, prenylated and glycosylated flavonols
remain the most abundant classes of reported flavonoids in the review period, representing
about 80% of all reported flavonoids in Euphorbia species to date. However, flavanones
and chalcones have also been reported within the review period. For instance, 2,4,4'-
trihydroxychalcone (9) [56], has been reported from E. helioscopia. In addition, Laila [48]
reported the isolation of 3,5,3'-trihydroxy-6,7-D-methoxy-4’ (7”-hydroxygeranyl-1”-ether)
flavone (10) and 5,7,8,3' 4'-pentahydroxy-3-methoxyflavone (19) from the methanol extracts
of E. paralais and E. retusa, respectively. Reported literature also shows that the flavone
category makes up the second-largest group of flavonoids of the Euphorbia species, and in-
cludes apigenin (21), O-methylated flavones such as acacetin (20) from E. bivonae as well as
flavonoid glycosides such as rutin (81) from E. guyoniana, kaempferol-3-O-a-dirhamnoside-
O-B-D-glucopyranoside (39) from E. bivonae and kaempferol-3-rutinoside (15) from E. larica,
among others. Most of the studied species contain one or many different classes of these
flavonoids. Table 1 gives a summary of the isolated flavonoids, their structures, occurrence
and their pharmacological effect.
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Table 1. Reported flavonoids from Euphorbia species.
g ae . Plant Part, . .
No Compound Structure and Name Classification Species Name Solvent Biological Effect  Reference
1 Glucosidic E. microsciadia Aerial, EtOH Antiproliferative [45]
’ flavonol ’ ¢ P
OH O
R,;= B-D-glucopyranoside
quercetin 3-O-B-D-rutinoside

2. Glucosidic E. microsciadia Aerial, EtOH Antiproliferative [45]

flavonol

OH O
R,= o-L-rhamnopyranosyl(1-6)-B-D-
glucopyranoside
myricetin 3-O-B-D-galactopyranoside
Glucosidic E. microsciadia, . . . . )
3. flavonol E. heterophylla Aerial, EtOH Antiproliferative [45,46]
OH O
R;= B-D-galactopyranoside
quercetin 3-O-B-D-galactopyranoside
OH
OH
. . Whole plant, Antibacterial,
4. Flavonol E. tirucalli EtOH antifungal [50]
. . Whole plant, Antibacterial, )
Flavonol E. tirucalli EtOH antifungal [49]

OH O

myricetin
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Table 1. Cont.

No Compound Structure and Name

Classification

Species Name

Plant Part,
Solvent

Biological Effect

Reference

R=B-D-glucopyr-anosyl-(2"—>1")-

O-a-L-rhamnopyranoside

R;=p-coumaroyl

hirtacoumaroflavonoside
(7-O-(p-coumaroyl)-5,7 4-trihydroxy-
6-(3,3-dimethylallyl)-flavonol-3-O--
D-glucopyr-anosyl-(2”—1"")-O-a-L-
rhamnopyranoside)

Carbohydrate
flavonol

E. hirta

Roots, MeOH

Inhibitory activity
(x-glucosidase)

[49]

OH

OH
OCH;0 O%OH

OH
dimethoxyquercitrin

Glucosidic
flavonol

E. hirta

Roots, MeOH

Inhibitory activity
(o-glucosidase)

[49]

OH

OH
H,CO 0 O
O | OCHj
8.

H;CO OH
OH O
2-(3,4-dihydroxy-5-methoxy-phenyl)-
3,5-dihydroxy-6,7-
dimethoxychromen-4-one

Flavonol

E. neriifolia

EtOH, leaves

Ant-oxidant

[61]

HO O OH O
9, X

(0] OH
2/ 4 ,4'-trihydroxychalcone

Chalcone

E. helioscopia

Whole plant,
EtOH

Not evaluated

[56]

10. OH

3,5,3'-trihydroxy-6,7-dimethoxy-4'
(7”-hydroxygeranyl-1”-ether) flavone

Flavone

E. paralais

Whole plant,
Meo

Not evaluated

[48]
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Table 1. Cont.
g ae . Plant Part, . .
No Compound Structure and Name Classification Species Name Solvent Biological Effect  Reference
OH
OH
HO (0) O
OH E. tirucalli
11. Flavonol E hellggscfopl{a Roots, EtOH Antimicrobial [50,56,62]
OH
OH O
3,5,7-trihydroxi-2-(3' 4,5’
trihidroxefenil)-2,3
dihidrobenzopiran-4-ona
12. Flavone E. lunulata Aerial, EtOH [26,47]
OH O
3,5,7-trihydroxy-8-
methoxyflavone
13. Flavonol E. tirucalli Roots, EtOH Antimicrobial [50,63]
OH O
3,5,7-trihydroxy-2-2(3/, 4/,
5'-trihydroxyphenyl)
benzopyran-4-one
OH
OH
HO O
14. Flavonol E. lunulata Aerial, EtOH Antiproliferative [25,26]
OCHj3
OH O
3-O-methylquercetin
OH
o O
E. larica,
OH OH E. virgata,
Glucosidic E. mgalanta, Whole plant, [56,64—
15. OH O flavonol E. helioscopia, EtOH Not evaluated 66]
HO 00 E. bivonae,
j%\ E. ebracteolata
HO
kaempferol 3-O-rutinoside
16. Flavone E. lunulata Aerial, EtOH Antiproliferative [25,26]

OH O
5,7,2' 5'-tetrahydroxyflavone
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Table 1. Cont.
g ae . Plant Part, . .
No Compound Structure and Name Classification Species Name Solvent Biological Effect  Reference
OH
OH = o ..
17. oH Glucosidic E. hirta Roots, MeOH Inhibitory activity [49]
flavonol (o-glucosidase)
OH O OH OH
hirtaflavonoside-B (5,7,3,4/
—trihyroxy-6-(3,3 —dimethyl
allyl)-8-9-iso-butenyl)-flavonol-3-O--
D-glucosidase)
OH
18. Flavone E.EiLfZ’Z(l:gfu Aerial, EtOH Antiproliferative [29,67]
OH O
19. Flavone E.retusa Whl\o/lleeo};_llant, Not evaluated [48]
OH O
5,7,8,3' 4’-pentahydroxy-3-
methoxyflavone
OCH;
20. O | Flavone E. bivonae Roots, MeOH Not evaluated [66]
OH O
acacetin
Antiproliferative,
antioxidant,
E. lunulata, . anti-tumour, anti-
21. Flavone E. condylocarpa Aerial, EtOH inflammatory, [25,26,68]
antibacterial,
antiproliferative
Glucosidic . Whole plant, .
22. avone E. humifusa E to}f{ Anti-HBV [58]

OH O

R=-(6"-O-galloyl)--D-glucopyranoside)
apigenin-7-O-(6"'-
O-galloyl)-B-D-glucopyranoside
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Table 1. Cont.
g ae . Plant Part, . .
No Compound Structure and Name Classification Species Name Solvent Biological Effect  Reference
OH
Glucosidic E. lunulata, . .
23. flavone E. humifusa Aerial, EtOH Anti-HBV [26,54,58]
OH O
R=0-B-D-Glc
apigenin-7-O-pB-D-glucoside
OH
HO (0] \\\‘©/
24, Flavonol E. cuneate Aerial, EtOH Antiulcerogenic [69]
OH
OH O
aromadendrin
HO (0]
COL Lz
25. N Flavone E. helioscopia Whgieo}ﬁant, Not evaluated [56]
(0]
(6]
glabrone
26. Flavone E. lunulata Aerial, EtOH Antiproliferative [26,70]
27. Gflllal‘c](())igli ¢ E. lunulata thoalle{}:g nt, Antiproliferative [60]
. 3 E. lunulata,
28. Gfllzl‘cjgsr:(c)lllc E. tirucalli, Aerial, EtOH Antiproliferative [25’72]6]’50’

isoquercetin

E. ebracteolata
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Table 1. Cont.
No Compound Structure and Name Classification Species Name Péa(ﬁ:,gift’ Biological Effect  Reference
O OH
29. Hs Flavone E. lunulata Aerial, EtOH Antiproliferative [26,67]
H;CO
OH O
jaceosidin
OH .
O E. gulylomana,
E. allepica, 1.
HO 0] E. charnaesyce, Cs H?C%fll\?[léOH
30. | Flavonol E. rnagalanta, whole plant; Not evaluated [26’29755’
E. virgate, Me,COs. Leaf: 72-74]
OH E. lunulata, eZEtOZH eat;
E. hirta,
OH O E. wallichii
kaempferol
! OH
o E. guyoniana, Aerial
31. \,;‘f/ Glucosidic E. ragalanta, C3HgO:MeOH,  Not evaluated [29,72]
flavonol E. charnaesyce, Leafs EtOH
E. virgata 4
OH
kaempferol 3- O -glucoside
Glucosidic E. altotibetic,
32. flavonol E. retusa Whole plant [54]
kaempferol 3-O-B-D-glucopyranoside
OH
33. OH O Cal;ll;c;}é};c(l)liate E. ebracteolata Aerial, EtOH Not evaluated [59]
R=0-f-D-glucopyranosyl-(1—4)-a-L-
rhamnopyranosyl-(1—6)-4-
D-galactopyranoside
kaempferol 3-O-pB-D-glucopyranosyl-
(1—4)-a-L-thamnopyranosyl-(1—6)-f-
D-galactopyranoside
OCH;
OH
E. hirta,
HO (0] E. guyoniana, Aerial,
34. Flavanone E. charnaesyce, C3HgO:MeOH, Not evaluated [29,72,75]
E. rnagalanta, Leaf; EtOH

E. amygdaloides
OH O

isorhamnetin
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No Compound Structure and Name Classification Species Name Péa(ﬁ:,gift’ Biological Effect  Reference
OH
Glucosidic . . .
35. Havonol E. lathyris Aerial, EtOH Cytotoxic [57]
OH
HO,C
OH
kaempferol-3-O-pB-D-glucuronide
OH O
! OR
36. HO (6) O Gflllé‘c/c())sri (C)lll ¢ E. lathyris Aerial, MeoH Not evaluated [51,57]
OH
R=glucuronide
kaempferol-3-glucuronide
37. Caﬂoac‘)]lr;};f(l)l;ate E. lunulata Aerial, EtOH Antiproliferative [26,70]
OH O
R=0-L-Rh
kaempferol-3-L-rhamnoside
OH
E. lunulata,
38. Caﬂaohydliate E. fischeriana, Aerial, EtOH Antiproliferative [26,76]
OH O avono E. esula
R=0-(6"-O-Galloyl)-pB-D-Glc
kaempferol-3-O-(6'"-galloyl)-B-D-
glucoside
OH
39. Cal}}t;?/kg;iﬁate E. bivonae Roots, MeOH Not evaluated [66]
OH O
R=0-a-dirha-O-B-D-glucopyranoside
kaempferol-3-O-a-rhamnoside-O-B-D-
glucopyranoside
Glucosidic E. lunulata,
40. flavonol E. fischeriana, Aerial, EtOH Antiproliferative [26,76]

OH O

R=0-B-D-Glc
kaempferol-3-O-p-D-glucoside

E. esula
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41. Calg;(;};};%liate E. cuneate Aerial, EtOH Antiulcerogenic [69]
OH O
R=0-glucose-rhamnose
4/-O-methoxy-luteolin-7-O-
rhamnoglucoside
42, Gflllal‘c](())igli ¢ E.retusa Whl\(;lleeO}I)%ant, Not evaluated [48]
OH O
R=0-fglucopyranosyl
kaempferol-3-B-D glucopyranosyl
Glucosidic E. lunulata, . . . .
43, flavonol E. fllgscherlmna, Aerial, EtOH Antiproliferative [26,76]
. esula
OH O
R=0-B-D-Gal
kaempferol-7-O-p-D-glucoside
OH
44. HO O | O Chalcone E. helioscopia Wh](g)}(eo%lant, Not evaluated [56]
O\
(0]
licochalcone A
OH
o g
45 | OH Chal E. helioscopi Whole plant, Not evaluated [56]
. O alcone . helioscopia EtOH ot evaluate
(0]
licochalcone B
OH
E. lunulata, Aerial. whol
46 Flavon E. hirta, el r?t, f[) € Antiproliferative, [25,26,58,
: avone E. humifusa, P aEt’OIi?IO S, Anti-HBV 66,73]
E. bivonae !

OH O
luteolin
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Table 1. Cont.
No Compound Structure and Name Classification Species Name Péa(ﬁ:,gift’ Biological Effect  Reference
R
OH
e
/ OH Glucosidi Whole plant
ucosidic . ole plant, .
47. HO 4 flavonol E. humifusa EtOH Anti-HBV [58]
R=0-(6"-O-coumaroyl)-#D-glucopyranoside
luteolin-7-O-(6"'-O-coumaroyl)-B-D-
glucopyranoside
R
OH
()
bChon
HO Glucosidic : Whole plant, g
48. K flavonol E. humifusa EtOH Anti-HBV [58]
R=0-(6"-trans-feruloyl)
--D-glucopyranoside
luteolin-7-O-(6"'-O-trans-
feruloyl)-B-D-glucopyranoside
OH
Gl idi . Whole plant, .
49. ﬂgigiofc E. humifusa gt%%an Anti-HBV [58]
OH O
R=glu
luteolin-7-O-B-D-glucopyranoside
50. Flavonol E ZZI;#CLZZ’ Aerial, EtOH Antiproliferative [25,26,74]
OH O
51. Carftl"’hydrate E. lunulata Aerial, EOH  Antiproliferative  [25,26]
avone
OH O
R=0-(2", 3"-O-digalloyl)-B-D-Gal
myricetin-3-0-(2"/,3''-digalloyl)-B-D-
galactopyranoside
52. Carftfohydrate E. lunulata Aerial, EtOH Antiproliferative [25,26]
avone

OH O

R=0-(2"-galloyl)-p-D-Gal
myricetin-3-O-(2'-galloyl)-B-D-
galactopyranoside
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No Compound Structure and Name Classification Species Name Péa(ﬁ:,gift’ Biological Effect  Reference
53 Glucosidic E. lunulata Aerial, BOH  Antiproliferative  [25,26]
: flavone ’ 4 P =

OH
myricitrin
H
OH 0
(0] (NGRS
Glucosidic . )
54, flavone E. lunulata Aerial, EtOH [26,54]
O/ “OH
HO OH  OH O
naringenin-7-O-B-D-glucoside
E. guyoniana,
E. stenoclada,
E. hirta, Antiproliferative,
E. neriifolia, anti-HBV,
E. charnaesyce, Aerial, leaves, antidiarrheal, [26,29,50,
55. Flavonol E. rnagalanta, C3HgO:MeOH, anticancer, 53,58,62,
E. virgate, Leaf; EtOH antimalarial, 67,72,77]
E. lunulata, antibacterial,
E. humifusa, antifungal
OH O E. helioscopia,
E. tirucalli
Carbohydrate Whole plant, . . .
56. ﬂavo};ol E. lunulata C3H}ZO Antiproliferative [60]
OH O
R=0-(2",3"-digalloyl)-B-D-Glc
quercetin 3-O-(2',3/-digalloyl)-B-D-
galactopyranoside
Carbohydrate Whole plant, . s .
57. ﬂavo};mol E. lunulata C3H16:)O Antiproliferative [60]
OH O
R=0-(2"-O-Galloyl)-pB-D-Gal
quercetin 3-O-(2'-galloyl)-B-D-
galactopyranoside
HO
OH
e
74 O OH Carbohyd iproliferati
58. HO arbohydrate E. lunulata Roots, MeOH Antiproliferation [78]
R flavonol activity

(¢}

R=0-(2",3"-digalloyl)- f-D-galactopyranoside

quercetin 3-O-(2”,3”-digalloyl)-B-D-

galactopyranoside
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No Compound Structure and Name Classification Species Name Plsa(ﬁ:,gift’ Biological Effect  Reference
OH
59. Cafl{bhydrate E. lunulata Roots, MeOH Antipro}if.eration [78]
oy flavonol activity
OH
OH
quercetin 3-O-(2"-galloyl)-B-D-
galactopyranoside
OH
HO 0 O
L
O
OH O e o
60. o Glucosidic E. ebracteolata Aerial, EtOH Not evaluated [59]
o flavonol
OH
(6]
HOOC OH
quercetin 3-O-6"-(3-hydroxyl-3-
methylglutaryl)-B-D-glucopyranoside
OH
61. Gflllal‘c](())igli ¢ E. ebracteolata Aerial, MeOH Not evaluated [78,79]
HO,C 0
OH
quercetin 3-O-6'-(3hydroxyl-3-
methylglutaryl)-B-D-glucopyranoside
Anticancer
E. guyoniana, . against colon,
Glucosidic E-charnaesyce,  ACTELNROIC - breast hepato g 55 g
62. favonol E. Uirga{te, CaH O'M/eOH cellular and lung ’72]’ ’
E. paralias, iegf' EtOH cancer cell lines,
E. condylocarpa ! inhibitory
activities

HO

quercetin 3-O-glucoside




Pharmaceuticals 2021, 14, 428 17 of 34
Table 1. Cont.
No Compound Structure and Name Classification Species Name Péa(ﬁ:,gift’ Biological Effect  Reference
63. Cal}};?]kg;irlate E. heterophylla Aerial, EtOH Not evaluated [46]
OH O
R=0-a~L-rhamnopyranoside
quercetin 3-O-a-L-rhamnopyranoside
64. Caﬁ;‘:}giﬁate E. heterophylla Aerial, EtOH Not evaluated [46]
E. paralias,
65. Glucosidic EEm}zlgrrgsycﬁzlassza Whole plant, Ant-HBV [45,52,58,
flavonol E. heterophylla, Aerial, EtOH 71]
E. ebracteolata
OH O
R=glu
quercetin 3-O-B-D-glucopyranoside
66. Gégﬁ%s;gli ¢ E'Elugsblltllfllm’ Aerial, EtOH Antiproliferative [26,80]
OH O
R=0-B-D-Glc
quercetin-3-O-B-glucuronic
67. Ca;ba‘f(‘)zl‘irlate E. lunulata Aerial, EBOH  Antiproliferative  [26,70]
OH O
R=0-L-Rha
quercetin-3-L-thamnoside
OH
68. Gfllg‘clt())iglic E. lunulata Aerial, EtOH Antiproliferative [26,70]

OH O

R=(2"-galloyl)-D-galactopyranoside
quercetin-3-O-
(2"'-galloyl)-B-D-galactopyranoside
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No Compound Structure and Name Classification Species Name Plsa(ﬁ:,gift’ Biological Effect  Reference
69 Glucosidic E. lunulata Aerial, OH  Antiproliferative  [26,70]
: flavonol ’ 4 p 4

OH O
R= 0O-(2",3"-digalloyl)-B-D-Gal
quercetin-3-O-(2",3"-
digalloyl)-B-D-galactopyranoside
70. Catbohydrate E. lunulata Aerial, EtOH [26,54]
avonol
OH O
R=0-(6"-O-Galloyl)-p-D-Gal
quercetin-3-O-(6"-galloyl)-B-D-
galactopyranoside
Carbohydrate . Whole plant, .
71. favonol E. humifusa EtOH Anti-HBV [58]
OH O
R= rha(1—>2)gal
quercetin-3-O-a-L-rhamnosyl
(1—6)-B-D-galactoside
Carbohydrate . Whole plant, Anti-snake
72. flavonol E. hirta MeOH venom activity [81]
OH O
R=0-a-L-Rh
quercetin-3-O-a-rhamnoside
73. Carboydrate E.drancunculoides Aerial, EtOH Cytotoxic [82]
flavonol
OH O
R= B-D-glucopyr-(1-4)-O-B-Lrha quercetin-

3-0-8-
D-glucopyranosyl-
(1-4)-O-a-L-thamnopyranoside
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Table 1. Cont.
No Compound Structure and Name Classification Species Name Plsa(ﬁ:,gift’ Biological Effect  Reference
Glucosidic . Whole plant, Anti-HBYV,
74 flavonol E. humifusa, EtOH, cytotoxic [56]
OH O
R=gal
quercetin-3-O-B-D-galactoside
E. lunulata,
75, Ca;ba‘le‘irlate E. fischeriana, Aerial EBOH  Antiproliferative  [26,76]
E. esula
OH O
R= B-L-rha
quercetin-3-O-p-L-rhamnoside
Glucosidic E. lunulata,
76. favonol E. fischeriana, Aerial, EtOH Antiproliferative [26,76]
E. esula
OH O
R=0-B-D-Glc
quercetin-7-O-B-D-glucoside
OH
OH
77. 1) OH Gfllg‘c]?)igllic E. ebracteolata leaves [83]
O
OH
HOOC
quercetin 3-0-6'"~(3-hydroxy-3-
methylglutaryl)-B-D-glucopyranoside
OH
L1 . Antiproliferative
Glucosidic E. stenoclada, Aerial, MeOH, . . i
78. flavonol E. tirucalli EtOH ant1bacter1al, (50,53]
antifungal

quercitrin
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No Compound Structure and Name Classification Species Name Solvent Biological Effect  Reference
oo
79. O Flavone E. hirta Aerial, EtOH Not evaluated [75]
OH O
pinocembrin
OH
0 g
80 0 Carbohydrate E. lathyris, Aerial. EtOH Not evaluated [51,75]
: OH O OH flavonol E-amygdaloides era, ot evaluate ’
O
OH
OH
rhamnetin-3-a-arabinofuranoside
OH
E. guyoniana,
E. charnaesyce, .
g1, OH H(O) 0 OH Glucosidic E. rnagalantu, C3H‘:‘8fll\e/llle,OH, Antibacterial, [29,50,71,
flavonol E. virgate, Leaf: EtOH antifungal 72]
HO E. tirucalli, ’
E. ebracteolata
O
HO Q
HO
OH
rutin
OH
OH
HO O\ .
82. A Flavone E. matabelensis Stems, MeOH Antiproliferative [84]
OH O
erjodictyol
OH
HO O \\\'©/
83. Flavone E. matabelensis Stems, MeOH Antiproliferative [84]
OH O
naringenin
1 idi . . Inhibit tivi
84. Gﬂ;l‘cjgsr:(c)lllc E. hirta Aerial, MeOH nhibitory activity [85]

5,7,3' A -trihyroxy-6-(3,3 —dimethyl
allyl)-8-9-iso-butenyl)-flavonol-3-C-B-
D-glucosidase

(o-glucosidase)
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Table 1. Cont.

No Compound Structure and Name Classification Species Name Plsa(ﬁ:,gift’ Biological Effect  Reference
OH
Glucosidic . Whole plant, .
85. OH O flavonol E. humifusa EtOH Anti-HBV [58]
R=apio(1>2)glu
apigenin-7-O-B-D-
apiofuranosyl(1—2)--D-
glucopyranoside
OH
OH
RO O (0] O
1 idi Whole plant, .
86. OH Gﬂl;‘c]c())s;()llc E. cuneata }cz)tc(a)%an . Hypertensive [86]

OH O

R=/D-glucoside
isoaromadendrin-7-O-B-D-
glucopyranoside

(isosinemsin)

Some flavonoids such as rhamnetin-3-x-arabinofuranoside (80) from E. amygdaloides,
kaempferol-3-glucuronide (36) from E. lathyris [52,57] and quercetin-3-O-B-D-glucopyranosyl-
(1-4)-O-a-L-thamnopyranoside (73) from E. drancunculoides were identified for the first
time in these species. Phytochemical investigation of E. humifusa ethanol extracts re-
sulted in isolation of 13 flavone glucosides. Among them were the uncommonly isolated
apigenin-7-O-(6''-O-galloyl)-B-D-glucopyranoside (22), luteolin-7-O-B-D-glucopyranoside
(49), luteolin-7-O-(6"'-O-trans-feruloyl)-B-D-glucopyranoside (48) as well as luteolin-7-
O-(6"-O-coumaroyl)-B-D-glucopyranoside (47). It was interesting to note that luteolin-
7-O-(6"-O-trans-feruloyl)-B-D-glucopyranoside (48) and luteolin-7-O-(6"-O-coumaroyl)-p-D-
glucopyranoside (47) had similar features as apigenin-7-O-(6''-O-galloyl)-3-D-glucopyranoside
(22). The distinctive feature was that the parent structure of apigenin-7-O-(6''-O-galloyl)-
B-D-glucopyranoside (22) was apigenin (21) with a galloyl substitution on glucoside,
while luteolin-7-O-(6"-O-trans-feruloyl)-B-D-glucopyranoside (48) and luteolin-7-O-(6"'-
O-coumaroyl)-B-D-glucopyranoside (47) was luteolin (46) with a feruloyl and coumaroyl
substituent on the parent ring system, respectively [58].

In addition, flavonoids named kaempferol-3-O-B-D-glucopyranosyl-(1—4)-a-L-rhamn-
opyranosyl-(1—6)-B-D-galactopyranoside (33) and quercetin 3-O-6"'-(3-hydroxyl-3-methyl-
glutaryl)-B-D-glucopyranoside (60) from E. ebracteolata were reported for the first time by
Xin et al. [59]. This showed the structural diversity of Euphorbia flavonoids. A limited num-
ber of chalcones have also been isolated from Euphorbia species. For instance, licochalcone
A (44), 2/ 4,4’ -trihydroxychalcone (9), licochalcone B (45), and glabrone (25) were isolated
from E. helioscopia [56]. Most of these flavonoids were identified from the aerial extracts,
which also reported significant pharmacological activities. Chemical investigation of the
ethanolic root extracts of E. tirucalli using chromatographic procedures led to the isolation
of a previously unreported flavonoid called myricetin (5) [50]. In addition, previously
unreported quercetin 3-O-(2/,3'-digalloyl)-B-D-galactopyranoside (56) was isolated from
the acetone whole plant extract of E. lunulata [60]. This compound showed weak antiprolif-
erative activities and was found to mimic insulin that is bound with the galloyl group at
the galactosyl moiety. Hence, it could become one of the seed molecules that can be used
for the development of a nonpeptidyl insulin alternative medicine [60].
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6. Biological Studies, Structure—Activity Relationship and Therapeutic Potential
6.1. Cytotoxic Studies

In vitro evaluation of the ethanolic extract of E. stenoclada for its antiproliferative
activity against human airway smooth muscle cells (HASMC) was conducted by Chaabi
etal. [53]. The results showed that the ethanolic extract abolished completely the interleukin-
18 (IL-1B)-induced proliferation of HASMC with ICsy of 0.73 £ 0.08 pg/mL. However,
there was reduced activity of the fractionated crude extracts, suggesting that the crude
extract was active due to the synergetic effect of multiple compounds. In addition, no
cytotoxic effects were exhibited up to 20 ug/mL. Quercetin (55), the major constituent
isolated from this extract, showed moderate activity with ICsq of 0.49 + 0.12 pg/mL.

The structure-activity relationship studies using methylated and glycosylated flavonols
showed that methylation reduces the antiproliferative activities, while glycosylation lost
the activity [53]. For all the quercetin heterosides used, none of them exhibited any activity
on the 1B (IL-18)-induced proliferation of HASMC, an indication that the presence of the
hydroxyl group at C-3 is key in retaining the activity, as its substitution resulted in low
activity or complete loss of it. In addition, methylation of any of the hydroxyl groups
of flavonol also had a negative effect on the activity. This was the case even at higher
concentrations, suggesting that the free hydroxyl groups of quercetin (55) are all important
in retaining its activity and that its substitution by methylation and glycosylation results in
a lowering or loss of its activity [53]. It was also found to have a relaxant effect on guinea
pig trachea pre-contracted with histamine [78,87] as well as in vitro inhibition of histamine
release from the rat peritoneal mast cells by 95-97% [88]. This shows the therapeutic
potential of quercetin (55) as a promising antiasthmatic agent.

Analysis of the anticancer activities of the flavonoid rich extract of E. lunulata showed
that it could inhibit the growth of Lewis lung cancer cells in mice and the rabbit serum.
It was also shown to significantly inhibit the proliferation of lung cancer cells (A549) in
a concentration—time dependent manner. For instance, at a concentration of 20% for 72
h, the proliferation rate of lung cancer cells was 39.08% [89]. The authors suggested that
the plant extract could induce cell apoptosis by cell arrest in G1 phase. In addition, Gao
et al. [90] found that the hexane extract of E. lunulata could inhibit the proliferation of
human hepatoma (Hep-G2) cells also in a time—concentration dependent manner in vitro,
with an inhibition rate of 0.063 at 2.5 ug/mL and 0.69 at 80 pg/mL after 48 h. This was
further related to the mitochondrial pathways and/or cellular pathways of apoptosis.

The flavonoids eriodictyol (82) and naringenin (83) isolated from E. metabelensis tested
negative on human normal cells (HeLa), breast cancer (MCF-7) and epithelial human
breast cancer (MDA-MB-231) cell lines, and G-protein-gated inwardly rectifying potassium
(GIRK) channel-blocking activities in vitro. The ICsy values for naringenin (83) were
reported as 12.43 uM for HeLa, 5.78 uM for MCF-7, and 19.13 pM for MDA-MB-231
cells. Its blocking activity on GIRK channels was reported to be weak with inhibition
of 12.18% = 1.39 for eriodictyol (82) and 13.50% = 2.69 for naringenin (83), at 10.00 uM.
Despite the negative effect, these compounds possess promising anti-inflammatory, anti-
allergenic, antimicrobial, and antioxidant properties [77,84,91-93].

Phytochemical analysis of 15 Euphorbia species revealed the presence of flavonoids
from the methanol aerial extracts [51]. The plant extracts were evaluated for their in vitro
anticancer properties against human liver cancer (HepG-2) and breast cancer (MCE-7) cell
lines. The methanol extract of E. lactea exhibited good anticancer activities against HepG-2
and MCF-7 cell lines with ICsg of 5.20 and 5.10 pg/mL, respectively. Previous anticancer
assays of ethanolic extracts from the same species displayed significant activities against a
hepatic cancer cell line (HEp-2) with ICs5q of 89.00 pug/mL [94]. In addition, similar studies
have shown that the extract of E. lactea displayed anticancer and anti-migratory activities
toward cellosaurus (HN22) cells [95]. It was also observed that the extracts of E. officinarum
and E. royleana showed significant activities against human colon cancer adenocarcinoma
cell lines (Caco-2) [51]. This was the first assay on the cytotoxicity of E. officinarum against
these cancer cell lines. Methanol extracts of E. trigona reported moderate cytotoxicity
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against MCF-7 and Caco-2 cells, while previous studies on the latex of E. trigona against
colon cancer cell lines (HT-29) were found to be inactive [96]. Notably, among the tested
Euphorbia extracts, only E. horrida, E. tirucalli and E. ingens were inactive against all three
tested cell lines. In contrast, previous studies reported good cytotoxic effects of E. tirucalli
butanol extract against MCF-7 cells as well as against human leukocytes, with ICsg of
between 100 and 150 pg/mL [97]. The observed anticancer activities were attributed to the
presence of identified phenolic and flavonoid constituents in the plant extracts.

Chemical investigation of E. paralias whole-plant extracts afforded quercetin-3-O-
B-D-glucoside (62). This compound exhibited moderate toxicity against human liver
cancer (HepG-2) and human lung cancer (A549) cells with ICsy values of 41 and 36 uM,
respectively [52]. It also displayed the ability to inhibit the glutamine synthase enzyme
with ICsg of 40 uM. Due to the fact that this enzyme is a potential target in the development
of new antimycobacterial agents and that it plays an important role as a virulent factor
of Mycobacterium tuberculosis, quercetin-3-O-B-D-glucoside (62) could be suggested for
development as a potential antituberculotic agent [52]. In addition, Salehi et al. [77]
reported the antidiarrheal activities of quercitrin (78) isolated from E. hirta decoction in
mice at doses of 50 mg/kg.

Cheng et al. [62] found that E. helioscopia had a high concentration of quercetin (55)
flavonoid. Evaluation of the extracts showed that it effectively inhibited the growth of
HepG2 (human hepatocellular carcinoma lines) at 50 ug/mL in vivo (p < 0.01).

Flavonoids show anti-inflammatory and antiproliferative properties through several
mechanisms of action such as inhibition of protein kinase and transcription factors, inhibi-
tion of phosphodiesterase impact on arachidonic acid metabolisms and effects in immune
system, among others. Since protein kinases are essential in signal transduction during cell
activation in inflammation, some flavonoids are known to target multiple central kinases
involved in the processes of multiple signaling pathways [98]. Flavonoids have also been
reported to inhibit kinases such as protein kinase C, phosphatidylinositol kinase, phospho-
inositol kinase, tyrosine kinase or cyclin-dependent kinase-4 [99,100]. They are suggested
to modulate protein kinases by inhibiting the transcription factors, such as nuclear factor
kappa-light chain enhancer of activated B cells (NF-«B) [101], which regulates different
chemokines, cytokines and cell adhesion molecules that are involved in inflammation.
For example, quercetin (55) has been used as an effective colorectal cancer agent and has
been shown to exhibit different mechanisms of action, among them antioxidant activity,
cell-cycle arrest, modulation of estrogen receptors, increase in apoptosis, inhibition of
metastasis, regulation of signaling pathways and angiogenesis [102]. Luteolin (46) has
shown anticancer activities in hepatocellular carcinoma (HCC) through a pro-apoptotic
process and cell-cycle arrest at the G2/M stage [103].

In respect to the inhibition of phosphodiesterase enzyme impact on arachidonic acid
metabolisms, flavonoids are known to inhibit the phosphodiesterases signals such as
cAMP phosphodiesterase which is a key messenger molecule that regulates cell functions
during inflammation stages. Flavonoids have the potential to block phosphodiesterases
cAMP degradation and prolong cAMP signaling of the enzyme, thereby exhibiting anti-
inflammatory properties [104]. Kaempferol (30) was found to stimulate body antioxidants
against free radicals that may cause cancer [105], while myricetin (5) showed significant
anti-inflammatory and anticancer activities by targeting different metabolic pathways
in mitochondria that may result in cancer-cell death [106]. Furthermore, the synthetic
polylactic-co-glycolic acid (PLGA) nanoparticles from the flavonoid hesperidin decreased
the cell viability against C6 glioma cells [106,107]. In addition, the most common benzo-
furanone, an anticancer flavonoid, was found to have different mechanisms of action
against cancer cells as it has multiple targets such as acting on cyclin dependent kinase,
adenosine receptor, histone deacetylase, microtubules, telomerase and sirtuins [108].

During inflammation, arachidonic acid is produced from the phospholipids of the
plasma membranes by the phospholipase A2 (PLA2) enzyme. The acid is then oxidized
by different oxygenases enzymes to produce thromboxanes, leukotrienes prostaglandins
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and other inflammatory mediators [109]. Flavonoids can inhibit such enzymes that are
involved in this process (metabolism of arachidonic acid) and hence reduce the discharge
of inflammatory mediators resulting from this pathway. Flavonoids are further suggested
to inhibit the biosynthesis of thromboxanes, prostaglandins and leukotrienes by inhibition
of the phospholipase A2 (PLA2) [110,111] and cyclooxygenase (COX) [112] enzymes.
Flavonoids can also inhibit maturation of dendritic cells (DCs) by suppressing mat-
uration markers such as CD80, CD86, which are relevant for CD4+T lymphocytes cell
activation [113,114]. Flavonoids influence the inflammatory response of dendritic cells by
modulation of the iron metabolism [115]. Other studies have shown that some flavonoids
decrease the discharge of histamine or prostaglandin from mast cells or can lead to inhi-
bition of pro-inflammatory cytokines or chemokine production in neutrophils, mast cells
and other immune cells [116-118]. It has also been demonstrated that flavonoids can bind
to cytokine receptors such as the IL-17RA subunit of the IL-17 receptor, leading to the
attenuation in its signaling. They can also inhibit the downstream signaling from receptors
such as the high affinity receptor and other receptors at the site of inflammation [119].

6.2. Antioxidant Activities

Phytochemical investigation of E. neriifolia resulted in identification of the 2-(3,4-
dihydroxy-5-methoxy-phenyl)-3,5-dihydroxy-6,7-dimethoxychromen-4-one (8) flavonoid
from the leaf ethanol extract. This compound scavenged free radicals and reactive oxy-
gen species (ROS), and inhibited lipid peroxidation with antioxidant activity of 76.15%
compared to ascorbic acid at 75.6%. This suggests that compound (8) may have anti-
cancer potential if such activity can be replicated in vivo. The high concentration of such
flavonoids in E. neriifolia has been predicted to be responsible for the observed antioxidative
mechanisms, which may be useful therapeutically, as oxidation has been implicated in
causing several degenerative diseases [61].

A previous study by the same group reported that the pre-hepato-carcinogenesis,
which is commonly induced by N-nitrosodiethylamine (DENA), was inhibited by the 70%
hydro-ethanolic (v/v) extract of E. neriifolia and by the isolated flavonoid (8) [120]. These
bioactive constituents, especially flavonoids and saponins, are known to neutralize the
free radicals and other metabolic intermediate products that are highly reactive due to
the presence of an unpaired electron. Hence, they are attributed to the observed protec-
tive histological effects. These findings could therefore be essential in validation of the
ethnomedicinal uses and therapeutic potential of this plant.

Phytochemical investigation of E. lathyris showed that the root extract has the highest
concentration of rutin flavonoids. However, the antioxidant evaluation of the testa, root and
seed extracts showed that 2,2-diphenyl-1-picrylhydrazyl (DPPH) free-radical scavenging
activity was highest for the testa extracts (61.29 £ 0.29 mmol Trolox/100 g dry weight of
free compounds), while the highest ferric-reducing antioxidant power was shown by the
seed extracts (1927.43 £ 52.13 mg FeSO4 /100 g dry weight of free compounds). It was also
established that the DPPH free-radical scavenging activities are dependent on the total
phenolic content for different parts of E. lathyris extracts, which means that the higher the
concentration of flavonoids and other phenolic compounds, the higher is the activity [121].

The postulated mechanism of action of these flavonoids as antioxidants is protection
against lipid peroxidation that results in cell death. Quercetin (55), a free radical scavenger,
was found to exert a protective effect. Furthermore, it was found to prevent free-radical-
induced tissue damage in different ways. The most common is suggested to be the direct
scavenging of free radicals. By doing so, the flavonoid, specifically quercetin (55), could
inhibit the oxidized low-density lipoprotein (LDL) oxidation in vitro [122]. This action is
known to protect against atherosclerosis. In addition, quercetin (55) can offer other potential
therapeutic application in the prevention and treatment of allergies, fever and asthma.
It was also found to work better when it is used in combination with bromelain [122].
Indeed, flavonoids such as quercetin (55) are common in foods such as apples, onions,
tea, nuts, berries, cauliflower and cabbage among others. They can therefore provide
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many health-promoting benefits such as improving cardiovascular health, treatment of eye
diseases, arthritis and, allergic disorders, as well as reducing the risk of cancers. Chemical
analysis of the ethyl acetate aerial extracts of E. geniculata resulted in isolation of rutin (81),
quercetin-3-O-rhamnoside (75), quercetin-3-O-3-D- glucopyranoside (65), and quercetin
(55). The nephroprotective potential of the plant extract was further evaluated in male
rats with thioacetamide-induced kidney injury. The results showed marked nephrotoxicity
and were suggested to be through the alteration of kidney biomarkers and improving the
redox status of the tissue, hence bringing the serum biochemical parameters to normal
levels [123].

Within the larger Euphorbiaceae species, other genera have been reported to contain
antioxidant flavonoids. For instance, chemical analysis of Croton species; C. andinus, C.
argentines, C. catamarcensis, C. cordobensis, C. curiosus, C. lachnostachyus, C. lanatus, C. saltensis
and C. serratifolius revealed the presence of O-glycosides flavonols, including kaempferol,
quercetin and isorhamnetin as well as flavones such as apigenin. There was a significant
degree (p > 0.05) of correlation between relative abundances of phenolic content and
quercetin derivatives in these species, with the reducing antioxidant potential [124].

6.3. Anti-Hepatitis Activities

All the isolated flavonoids from E. humifusa were evaluated for their anti-HBV activity
in vitro [58]. The compounds were assayed for their anti-HBV potential by observing
the inhibitory secretion of hepatitis B surface antigen (HBsAg) and hepatitis B e-antigen
(HBVe, HBeAg) in HBV-infected HepG-2 cells, at a non-cytotoxic concentration. The
flavonoids apigenin-7-O-B-D-glucopyranoside (23) and apigenin-7-O-(6""-O-galloyl)-B-D-
glucopyranoside (22) significantly blocked the secretion of HBsAg and HBeAg in a dose-
dependent manner. Apigenin-7-O-B-D-glucopyranoside (23) inhibited HBsAg secretion
and HBeAg secretion by 77.2% and 55.5%, respectively, at a non-cytotoxic concentration
of 40 ugmL~!, This was slightly higher than that of apigenin-7-O-(6'"-O-galloyl)-B-D-
glucopyranoside (23) with inhibition of 82.2% and 65.6% for HBsAg and HBeAg secretion,
respectively, at non-cytotoxic concentrations of 80 pgmL~!. Apigenin-7-O-(6""-O-galloyl)-
B-D-glucopyranoside (22) has a similar structure to apigenin-7-O--D-glucopyranoside
(23) except for the substitution of a galloyl group on C-6 of glucoside. Therefore, it was
postulated that the galloyl group could be important in retaining the anti-HBV activity [58].

In contrast, luteolin-7-O-B-D-glucopyranoside (49) and luteolin-7-O-(6"'-O-trans-feruloyl)-
B-D-glucopyranoside (48) showed weaker anti-HBV activity, as they had 50% and 33.9%
secretion inhibition of HBsAg and HBeAg, respectively, at a non-cytotoxic concentration
of 30 pgmL~!. In addition, luteolin-7-O-(6"-O-coumaroyl)-B-D-glucopyranoside (48) dis-
played weak activity with secretion inhibition of HBsAg and HBeAg at 18.6% and 58.9% at
a concentration of 80 ugmL’l. Luteolin (46), and quercetin (55), on the other hand, were
inactive in relation to their high cytotoxicity. In addition apigenin-7-O-B-D-apiofuranosyl
(1—2)-B-D-glucopyranoside (85), quercetin-3-O-a-L-rhamnosyl(1—6)-B-D-galactoside (84),
quercetin-3-O-B-D-glucopyranoside (65) and quercetin-3-O-B-D-galactoside (74) (quercetin
glucoside) showed no effect. The structure—activity relationship studies revealed that the
parent structure (Figure 3) was essential to the anti-HBV activity of these compounds. It
was also established that the number of glucosides in the parent structure could signif-
icantly influence their cytotoxicity. Furthermore, substitution of an acyl moiety for the
glucoside is also important in retaining the anti-HBV activities of these compounds [58].

Analysis of the aerial part extracts of E. microsciadia resulted in isolation of four (1-3, 65)
flavonoids for the first time from this species [45]. These compounds were further evaluated
for their immunomodulatory activities in vitro. The results showed lower lymphocyte
suppression activity for all the flavonoids compared to prednisolone, the standard drug.
It was also established that the suppressive activities of flavonoids having a hydroxyl
group at both C-3/-and C-4’ in their B-ring such as quercetin 3-O-p-D-galactopyranoside (3)
were more active than those with C-3/, C-4’ and C-5' hydroxyl substitution as in myricetin
3-O-B-D-galactopyranoside (2). In addition, quercetin 3-O-f-D-rutinoside and myricetin 3-



Pharmaceuticals 2021, 14, 428

26 of 34

O-B-D-galactopyranoside (2) were inactive even at a higher concentration of 50 ng/mL [45].
It can therefore be rationalized that the hydroxyl groups at C-3, C-3/, C-4/, C-5' and
the parent structure are essential in retaining the activities and that glycosylation and
methylation of these hydroxyl groups lowers the activity. Hence, they can be considered as
key pharmacopheric elements of flavonoids as illustrated in Figure 3.

Group Antibacterial _Anticancer _Anti-inflammatory _Antioxidant
Number of OH  Increase Increase Increase Increase

0O-Me Decrease Increase Increase Increase

C=Cs Retains Retains Retains Retains

3-OH  Increase Increase Increase Increase

OH O Glycosylation  Increase Decrease Decrease Decrease
Flavonol 3.0H Increase Increase Increase Increase
4-OH Increase Increase Increase

Retains the activity -

5'-OH Decrease - Decrease Decrease

Decreases/loses the activity

Figure 3. Summary of key pharmacopheric elements of flavonoids.

This was in agreement with previous reports that showed reduction of in vitro biolog-
ical activities of the glycosylated form of these flavonoids [125]. Glycosylation of quercetin
flavonoids reduces the in vitro biological activities compared to their corresponding agly-
cone forms. The lymphocyte antiproliferative activities of these compounds suggests that
the type and the size of the sugar moiety influences the suppression activity on the T-cells.
In other similar studies, using five different cell lines (colorectal adenocarcinoma (HT-29),
lung carcinoma (A549), breast cancer (MCF-7), hepatocellular carcinoma (HepG-2) and
colorectal carcinoma (HCT-116)), quercetin 3-O-B-D-galactopyranoside (2) showed the
highest growth inhibitory rate of 20% in HT-29 and HepG-2, while rutin (81) recorded an
inhibitory rate of 15% [126]. Flavonoids have also been suggested to have the capability to
inhibit the production of superoxide enzymes such as xanthine oxidase and protein kinase
C (PKC). PKC plays a significant role in the activation of T-cells. Hence, the inhibition
of PKC by these compounds could be suggested to be their mechanism of action for the
observed lymphocyte antiproliferative activities [126].

6.4. Anti-Venom Activities

Quercetin-3-O-rhamnoside (72) from the methanol extract of E. hirta demonstrated
inhibition of the protease, phospholipase (PLA;), hyaluronidase and hemolytic activity
of lyophilized snake venom. There was also an increase in survival time of mice that
were injected with a mixture of snake venom with quercetin-3-O-rhamnoside (72). An
increase in concentration of quercetin led to a reduction in edema to 107%, suggesting the
inflammation inhibition that is caused by the venom. This could validate the medicinal
application of this species traditionally in treating snake and scorpion poisoning [2,4].
Exploring such multifunctional plant molecules with anti-venom activities could further
help in development of alternative and complementary medicine for snake- and scorpion-
bite treatments, particularly in rural areas where the distribution of snake antivenom is
not available. Furthermore, in silico molecular-docking analysis showed that quercetin-
3-O-rhamnoside (72) interacts more efficiently through hydrogen bonds. The presence of
a sugar substituent in quercetin-3-O-rhamnoside (72) was found to enhance the enzyme-
ligand interactions. This was supported by findings of molecular dynamic simulations
in vitro that showed the presence of various amino acid residues at the substrate binding
sites of quercetin-3-O-rhamnoside (72) over quercetin (55). This study can therefore provide
a scientific basis for the use of E. hirta extracts in traditional medicines [81]. In a related
study, two Jatropha (Euphorbiaceae) species showed marked anti-edematogenic activities.
While there was no observed difference when the extracts of the two species (J. mollissima
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and J. gossypiifolia) were administered by oral route (p > 0.05), through the intraperitoneal
route |. gossypiifolia exhibited promising anti-edematogenic activity (p < 0.001) higher than
J. mollissima. In antimicrobial studies, only J. gossypiifolia displayed antibacterial activity
against Staphylococcus aureus, Staphylococcus epidermidis and Bacillus cereus with MIC value
of 6.0 ug/puL compared to Vancomycin with MIC value of 0.5 ug/uL [127].

6.5. Antimalarial Activities

The methanol extract of E. hirta aerial parts exhibited 90% growth inhibition against
Plasmodium falciparum at 5 pg/mL and displayed low toxicity against multidrug-resistant
KB 3-1 cells [16]. This demonstrates the potential of this plant as an antimalarial agent,
which supports the traditional uses in treatment of microbial infections [2]. Moreover, from
this extract through a bio-guided methodology, flavonols were identified as quercitrin
(78), and myricitrin (53). These flavonoids were able to inhibit the proliferation of the
protozoan parasite responsible for malaria disease, Plasmodium falciparum strains FCR-3
(cycloguanil-resistant from Gambia) and CDC1 (chloroquine sensitive), with similar ICsg
values 2.50 to 11.60 uM, respectively [16]. Antiplasmodial studies of ethanol extracts of the
E. hirta whole plant showed that the flavonoid rich ethanol extracts did not suppress the
chloroquine-sensitive strains of Plasmodium in vivo. The extract reduced the parasetemia
levels at 44.36% compared to Camosunate (68.35%) [128]. Moreover, in vivo studies on
the effects of flavonoids on mean arterial blood pressure and heart rate in albino rats
showed that isoaromadendrin-7-O-B-D-glucopyranoside (isosinemsin) isolated from E.
cuneata exhibited a decrease in blood pressure and heart rate at 16.6 mmHg and 16.6%,
respectively [87].

6.6. Antibacterial and Antifungal Activities

Evaluation of extracts and isolated compounds from E. tirucalli displayed significant
antibacterial and antifungal activities of the extracts against Staphylococcus aureus ATCC
6538, S. brasiliensis UFPE 121, E. coli ATCC 8739 and C. albicans UFPE 0231, with minimum
inhibition (MIC) values ranging between 256 to 1024 ng/mL. Ampelopsin (4) was the most
active compound with MIC value of 16 pg/mL against E. coli ATCC 8739, compared to
tetracycline, with MIC value of 32 pug/mL. This demonstrates the antibacterial potential of
Euphorbia flavonoids compared to conventional antibiotics. In antifungal studies, myricetin
(5) showed the highest activity compared to amphotericin B against C. albicans UFPE 0231
with MIC value of 32 pg/mL compared to amphotericin B (16 pug/mL) [50]. Similarly,
chemical profiling of the hexane extract of E. royleana revealed high phenolic and flavonoid
contents and displayed significant antimicrobial activities [129]. The extract exhibited
antifungal activity against Aspergillus niger and antibacterial activity against the Gram-
positive bacteria Bacillus subtilis [129]. In addition, antibacterial evaluation of E. guyoniana
extracts showed that the strains used were more sensitive to the flavonoids fractions of
E. guyoniana with MICs varying from 1.47 to 61.78 mg/mL in the order of Staphylococcus
aureus > Streptococcus faecalis > Escherichia coli [130].

In related studies, antibacterial activities of flavonoids from other genera in the Eu-
phorbiaceae family have been reported. For instance, kaempferol 7-O-3-D-(6"-O-cumaroyl)-
glucopyranoside, isolated from Croton piauhiensis (Euphorbiaceae) leaves, was evaluated for
its antibacterial activities. The intrinsic antimicrobial activities and enhancement proper-
ties of this compound against Pseudomonas aeruginosa Escherichia coli and Staphylococcus
aureus strains were further investigated. The results revealed that kaempferol 7-O-(3-D-
(6”-O-cumaroyl)-glucopyranoside had no antibacterial activity against strains tested at
concentrations <1024 pg/mL. The combination of kaempferol 7-O-3-D-(6”-O-cumaroyl)-
glucopyranoside at a concentration of 128 nug/mL with gentamicin exhibited synergistic
effects against S. aureus and E. coli and also reduced the minimum inhibition (MIC) from
16 pg/mL to 4 pg/mL and 8 pg/mL, respectively [131]. In contrast, Ali et al. [132] showed
that 5-7-dihydroxyflavone from Oroxylum indicum inhibited the growth of Gram-negative
bacteria such as E. coli and P. aeruginosa. In the same study, the authors reported that the
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baicalein flavonoid exhibited weak activities against Gram-positive bacteria such as Bacillus
subtilis and S. aureus. The weak activity was attributed to the presence of a new group at
C-6. The activities with synergistic effects were attributed to the hydroxyl phenyl groups
that have high affinity for proteins [133].

Even though the mechanisms of action of various Euphorbia flavonoids have not
been fully explored, various mechanisms of action of plant flavonoids have previously
been fronted. Flavones are suggested to form a complex with components of the cell
wall and thus inhibit further adhesions or microbial growth. For instance, licoflavone C
isolated from Retama raetam flowers was found to be active against E. coli via formation
of complexes with extracellular and soluble proteins with MIC value of 7.81 ug/mL [134].
Other postulated mechanisms include inhibition of bacterial enzymes (such as tyrosyl-
tRNA synthetase) [135], inhibition of bacterial efflux pump and rise in the susceptibility of
existing antibiotics [136], change in cytoplasmic membrane function, nucleic acid synthesis
inhibition, decrease in cell attachment, inhibition of energy metabolism, formation of
biofilm, changing in membrane permeability, attenuation of the pathogenicity [137,138],
damage of the cytoplasmic membrane [137,138], inhibition of nucleic acid synthesis (for
instance, the inhibition of DNA gyrase from E. coli by quercetin (55), and apigenin (21) [139])
among others, as summarized in Figure 4. It was further established that the combination
of apigenin and ceftazidime damages the cytoplasmic membrane of ceftazidime-resistant
enterobacter cloacae, leading to subsequent leakage of intracellular components [140].

Plasma membrane dysfunction

Inhibition of nucleic acid synthesis
Inhibition of protein kinase a
nd transcription factors N /

\\

/ Inhibition of phosphodiesterase impact

Inhibition of cell division <\ Flavonoids { > Helicase inhibition

ey

Biofilm formation Inhibition of bacterial virulence:

Cell membrane disruption

Inhibition of efflux pumps

Toxi Inhibition of cell wall formation
Inhibition of peptidoglycan synthesis OXins

Figure 4. Summary of antibacterial and antifungal mechanisms of actions of flavonoids.

7. Conclusions and Future Perspectives

The extensive utilization of Euphorbia species in traditional and complementary
medicines for treatment of various diseased conditions has led to increased interest in
their phytochemistry and in vitro as well as in vivo studies using cells and animal models.
The present review comprises a detailed phytopharmacological account of information
available on Euphorbia flavonoids between 2000 and 2020. The findings suggest that the
extracts and isolated flavonoids possess anticancer, antiproliferative, antimalarial, antibac-
terial, antivenom, anti-inflammatory, anti-hepatitis and antioxidant properties. Of these,
antioxidant and anticancer activities are the most studied biological activities, partly due
to the ethnomedicinal application of these species as anticancer agents. Indeed, it is widely
accepted that the crude extracts have a synergetic effect compared to individual bioactive
compounds. Nonetheless, only a handful of studies assessed the pharmacological potential
of Euphorbia flavonoids as most studies employed the whole crude extracts. This limits
the translational value as researchers are not equipped to determine whether the observed
activities are related to the actions of a single bioactive compound or the synergy between
multiple constituents present. It was also reported that these flavonoids possess different
mechanisms of action against cancer cells. For instance, quercetin exhibited different mech-
anisms of action such as antioxidant activity, cell-cycle arrest and modulation of estrogen
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receptors among others. This is essential towards development of a potent anticancer
agent. Of the investigated species, over 80 different types of flavonoids have been isolated
from the aerial parts, roots, seeds and whole plant of these species. Most of the isolated
flavonoids were flavonols and comprised simple O-substitution patterns, C-methylation
and prenylation. Others had glycoside, glycosidic linkages and a carbohydrate attached
at either C-3 or C-7, and were designated as D-glucose, L-thamnose or glucorhamnose. A
limited number of chalcones were also reported. The structure-activity relationship studies
showed that methylation of hydroxyl groups at C-3 or C-7 reduces the activities, while
glycosylation results in loss of activity. These constituents can therefore offer a potential
alternative for development of therapeutic agents based on the Euphorbia species.

While the overall findings suggest a promising future with an abundance of therapeu-
tic potential of the Euphorbia species, there are still many aspects of research on these species
that need to be considered. These include using species from different ecological zones,
adoption of high throughput screening strategies and metabolomics tools for discovery
of new bioactive compounds in complex plant matrices, toxicological studies, detailed
mechanistic studies and molecular analysis. Furthermore, the current evidence is largely
limited to the unverified ethnomedicinal application of these species in folk medicine and
their pharmacological studies in vitro. Essentially, more robust scientific studies are needed
before confirmatory decisions can be made on the therapeutic potential of flavonoids from
Euphorbia species.
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