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ABSTRACT

Plant-derived drugs play an important role in both traditional and modern medicine due to nature’s high
potential of yielding therapeutically relevant bioactive compounds, and natural products are emerging as
new lead structures for the development of novel drugs for the prevention and treatment of diseases of
modern civilization. On the basis of modern bibliographic data, sesquiterpene lactones from Centaurea
and Calea, phloroglucinols and essential oils from Hypericum, as well as diterpenoids from Euphorbia were
studied, emphasizing on anti-inflammatory and cytotoxic activities. Plants from various families with
different phylogenetic relationships and phytochemical profiles have been chosen. Centaurea, Hypericum,
and Euphorbia have been referred from Hippocrates (5% century B.C.), and up to now, common uses have
been reported for these genera in traditional medicine (including wound-healing, anti-inflammatory,
diuretics, antipyretics). When selecting plants from regions with high diversity and endemism (Panama,
Algeria, and Greece are biodiversity spots), the probability of finding novel (bioactive or not) substances
is higher and demonstrates the potential of different plant species that have never been investigated

before.

A total of 84 specialized natural products were isolated from endemic plants of cosmopolitan distribution:
26 from Calea jamaicensis, 12 from Centaurea papposa, 24 from Hypericum jovis, and 22 from Euphorbia
deflexa. NMR metabolomic strategy was used to target the highly bioactive groups of interest e.g.
sesquiterpene lactones, phloroglucinols, and diterpenes in the crude plant extracts and sub-fractions. The
isolation procedure included a variety of chromatographic steps using column chromatography in
different packing materials (e.g. silica gel, diaion, sephadex), preparative TLC, and HPLC equipped with RI
or DAD detector using various columns (eg. RP-C18, RP-Biphenyl, NP). Their chemical structures were
elucidated through a combination of HRESIMS, 2D NMR, and X-ray data. 28 sesquiterpene lactones, 14
phloroglucinols, 22 diterpenes, and 20 other compounds were elucidated, among them, 14 sesquiterpene
lactones, 2 phloroglucinols, 16 diterpenes, and 3 chromenes are novel natural products and have not been
described in the literature before; also the X-ray crystallographic data of 2 diterpenes were reported for
the first time. In parallel, more than 120 volatile compounds were identified using GC-MS from the
essential oils from Hypericum spp. (H. jovis, H. empetrifolium, H. amblyocalyx, H. triquetrifolium and H.

perforatum), belonging mainly to the groups of monoterpene and sesquiterpene hydrocarbons.



Several sesquiterpene lactones were evaluated for their cytotoxic effects in vitro reporting 1Csp < 10 pM,
thus considered to be active and could be potential anti-cancer drugs according to the National Cancer
Institute. Carbetolide C afforded ICso values for Hela, SK-MEL-28 and HePG2 cells similar to that of
parthenolide (2.9, 7.5, 12.6 uM and 2.1, 4.9, 10.0 uM, respectively), a well-known cytotoxic sesquiterpene
lactone used as a positive control. It is noteworthy that the tested SLs revealed no toxicity in the non-
cancerous endothelial HMEC-1 cell line, although Michael reactions of the lactone ring usually also involve
non-specific toxicity. In the same cell line, sesquiterpene lactones showed strong inhibition of the TNF-a
induced ICAM-1 expression, in a dose-dependent manner. Similar results were obtained from
phloroglucinols in the ICAM-1 assay, as well as in the ex vivo COX/LOX assay, although only a few studies
in the literature demonstrate anti-inflammatory effects from this group of compounds, suggesting the
need for further research to explore their anti-inflammatory potential. Regarding diterpenes from
Euphorbia plants, although abundant and extremely intriguing in their complicated structure elucidation,
most of them presented very weak biological activities. Athough the wound healing activities of
Hypericum perforatum infused oil is known, so far, no studies have been conducted on Hypericum
essential oils. Besides several non polar ingredients of the essential oil are extracted to the infused oil and
contribute to activity. To fulfill this gap, this study describes the investigation of five essential oils in vivo,
and their significant wound healing effects gave a new insight into the healing properties of genus
Hypericum. The metabolization of natural products is much less studied than their biosynthetic pathways,
thus a final goal was the investigation of the in vitro metabolism of the drug-like group of sesquiterpene
lactones using human liver microsomes, identified by LC-MS/MS. Sesquiterpene lactones resulted in
changeable metabolism due to their structural diversity, though the highly active lactone ring remained

the most common metabolic site.

As a concluding mark, high cytotoxic, anti-inflammatory, and wound healing effects were reported from
natural products derived from Calea jamaicensis, Centaurea papposa, Hypericum jovis, H. empetrifolium,
and Euphorbia deflexa. For these taxa, almost no records existed in the literature using modern techniques
and investigating the biological activities of their constituents. Nature will still be a source of new drugs in
the future, and the results of this study contribute to the natural product-based drug discovery, further
supporting the strategic use of natural products as a starting point to investigate novel potential effective

agents against a variety of human ailments.



MEPINHWH

Ta pappaka GuoLkng mpoéAeuang mailouv Kaiplo poAo TG0 oTnV MapadoaLakr 660 Kol oTnV cUyXpovh
laTpLkn, KBwe n ¢uon mapéxel pio ave€AvtAntn mnyn BLoSpACTIKWY CUCTATIKWY, KAl 0 pOAog Twv
dUCKWV TIPOTOVTWY OTNV EVPECH KALVOUPYLWY HOPLwV-08NywV yla TNV avakdAudn amoTeAECUOTIKWY
dopUaKwy yla pio TAnBwpa aobevelwv kabBnuepvwg evioxVetal. Me Bdaon olyxpova PBLBAloypadikd
S6ebopéva, N HEAETN elxE WG OTOXO TNV avalfTNGON KL TOV EVIOTILOUO CEOKITEPTIEVIKWY AQKTOVWY (Ao Ta
evinuUIKa €idn Centaurea kot Calea), davoAlkwv Tapaywywv Kot albepiwv eaiwv (amd evénuikad €i6n
Hypericum), kaBw¢ kal dttepmeviwy (amd evénuikn Euphorbia), pue éudacn otnv avtipAeypovwdn Kol
KuTtapotoflky dpaocn. Avadopikd pe Ta TEcoepo UTO £€étaon €idn, av Kal Stadépouv TOCO OTNY
Botavikn katdataln, 600 Kal oto XNUkd Tpodil, epdavilouv opoldtnTeg, mou adopouv atn BloAoyikn
6paon. To Kevtavplo, To Yrepikd kat n EudopPio avadépovral ano tov Immokpadtn (5° awwvag m.X.) kal
mapaTnpoU e emiong OTL £xouv Kataypadel KOWEG XPAOELS KAL YL TOL TECOEPA YEVN OTNV MOPASOCLaKN)
Aaikn Bepameutikn HEXPL OHUEPQ, KOL OUYKEKPLUEVA OvapEPOVTAL WG EMOUAWTLKA, OVTLUTUPETIKA,
avTipAeypovwsn, SLoUPNTIKA, EUUNVAYWYA, YO YOOTPEVTEPIKEG dlatapoxés. Elval onupavtiko Ot ta
evonuka eidn pe otevn efamlwon amotelolv SuVNTIKA ONUAVTIKEG TINYEG VEWV BLOSPOOTIKWY
Seutepoyevwv petafBolitwy, Sedopévou OTL Ta avtiotolya GUTIKA €16n amd Ta iSla yévn eupeiog OUwWG

e€amlwong epdavifouv mAnbwpa eBvodpappakoloykwy avadopwv.

JUuvoAKA 84 Seutepoyevei peTaBoAiteg amopovwonkay amno evonuika ¢putd mou ¢puovtal ava Tov KOG,
KOL CUYKEKPLUEVA 26 amo tnv Calea jamaicensis, 12 ano tnv Centaurea papposa, 24 and 1o Hypericum
jovis, kal 22 ano tnv Euphorbia deflexa. H aviyveuon kal anopudvwon UETABOALTWY, TTOU QVIKOUV OTLG
KOTNYOplEG TWV CEOKITEPTIEVIKWV AAKTOVWY, GAOPOYAOUKIVWV KoL SLTEpTEViWY NTAV KOTEUBUVOUEVN
péow 'H NMR (Qaocpatockomia Mupnvikov MayvntikoU uvtovicpou). OL Topeieg amopdvwong
nepleAdpfavay pio mMAnBwpa Xpwpatoypadlkwy TEXVIKWY, ONwS OTAANG UE SLOUPOPETIKA TIANPWTIKA
UAKa (my. silica, diaion, sephadex), mapackevacotikn xpwuotoypadio Aemtng otipadag, kabwg Kat uypn
xpwpatoypadia vPnAng anodoong (HPLC) pe avixveutég Rl kat DAD kat kat@AANnAeg otrAeg (RP-C18, RP-
Biphenyl, NP). OLxnuikég dopég amodwbnkav pe cuvduacud ano dedopéva NMR, pacpatopetpia paing
(HRESIMS) kot kpuotaAloypadiag (X-ray). AmopovwBnkoav Kol TOUTOTONONKAY 28 CEOKITEPTIEVIKES
Aaktoveg, 14 dAopoyAoUKIVOAEG, 22 Sitepmévia Ko 20 GAAO CUOTOTIKA, HETOEY QUTWY 14 OECKITEPTIEVIKES
Aaktoveg, 2 pAopoyAoukLvoAeg, 16 Sitepmévia kat 3 xpwuévia amoteholv véa GpuaLKA mPoIovTa, TToU

neplypadovtal ya npwtn Gpopd otn mapovca pyacia, 6Tmwe Kal ta kpuotaAloypadikd dedopéva ano



600 Sutepmévia. MapdAAnAa, meploodtepa amd 120 MTNTIKA CUOTATIKA TAUTOTIOLRONKAV LE TNV TEXVIKN
¢ aeploxpwpoatoypadioc oculevyuévng pe doaopatopetpia palng (GC-MS) amdé ¢utd tou yévoug
Hypericum (H. jovis, H. empetrifolium, H. amblyocalyx, H. triquetrifolium xou H. perforatum), Kupiwg

LOVOTEPTIEVIKOL KOl GEOKITEPTIEVIKOL USPOYOVAVOPAKEC.

OL QTOUOVWHEVEG OCEOKITEPTEVIKEG AOKTOVEC afloloynBnkav in Vitro Of KOPKWVIKEG OELPEG,
napouotalovrag ICsp < 10 pM, TIUEG TTIOU KATOTACOOUV TA JOPLA O SpOOTIKA Kal TOAVA aVTIKOPKIVIKA
ddppaka pe Pdaon tic odnyieg amd to EOBVKO Ivotitovto Kapkivou (National Cancer Institute).
Juykekpuéva, o carbetolide C anédwoe TLUES ICso YA TIC KOPKIVIKEG oelpéC Hela, SK-MEL-28 kal HePG2
TMAPOUOLEG HE QUTEC Tou mapBevoAdiou (2.9, 7.5, 12.6 uM kot 2.1, 4.9, 10.0 uM, avtictolya), mou
QTOTEAEL LOXUPN OVTIKAPKLVIKN OEOKITEPTIEVIKY] AOKTOVN KOL N Omoia XpnoLUOToLOnKeE w¢ TMPOTUTIN
ouola-pdptupag (positive control). Eival onpovTikd Tw¢ 6To 0UVOAO TOUC OL CEOKITEPTEVIKEG AAKTOVEG
6ev mapouciacav ToEKOTNTA ot GUGLOAOYKA/UN KapKwikd kUTtopa HMEC-1, mapdtl ol avilSpAaoelg
tonou Michael tou Aaktovikol &aktuliou ocuvnBwg mepapfdvouv Kot davopeva pn eL8LKAG
TOEKATNTOGC. XTNV KUTTOPPLKA 0elpd HMEC-1, oL 0e0KITEPTIEVIKEG AOKTOVEC 08 YNOAV O §0C0EEOPTWUEVN
aviipAeypovwsdn Spdaon avaotéAhovtag thy emayopevn péow TNF-a ékdpacn tou popiou ICAM-1. loxupn
avtipAeypovwdn Spdon mapouvcioocav emniong kot ot GAopoyAouKIvOAEG TGO oTnV in vitro Blodokiuacia
tou ICAM-1, 600 kat otnv ex vivo Bodokipocioc COX/LOX. MoAU Ailyec peléteg meplypddouv TIg
AVTLPAEYUOVWEELS LELOTNTEG AUTWV TWV OUCLWY, KATASEIKVUOVTAG TNV OVAYKN yla TeEpaLtépw Slepebivnon
NG SUVAULKNG TOUG WG avTlpAeypovwdeLls mapdyovtes. Ooov adopd ota dttepnévia anod tnv Euphorbia,
av kot addpBova pe e€alpetiko evbladEpov otnv MEPUTAOKN amodoon SoUwy, Ta TEPLOCOTEPA MO AUTA
Sev mapouciaoav aloloyeg Bloloyikég Spacels. Mepaltépw, av Kal elval yvwaotr n emMouAwTkr dpdon
tou BaAoapélalou (Oleum Hyperici), dev eiyav peAetnBel MPONYOUHEVWG OL EMOUAWTIKEG LOLOTNTEG TWV
aBeplwv edaiwv anod ¢utd tou yévoug Hypericum, mapoTL MINTIKA CUCTATIKA cuVeKXUAL{ovTaL KATA TNV
napackeun tou Baloapélatou. Na va kahupBel auto 1o kevo, SlepeuviBnkav in vivo mévie alBépla
€lata Kot £8e1€av onUAVTIKA EMOUAWTLKA 6pAdcr, eVioXUOVTOG TN YVWaon YLo TIG BEpATMEVTIKEG LBLOTNTEG
Tou yévoug Hypericum. EmumAéov, o PETABOALOMOGC TwV GUOIKWY TPOIOVTWY €lvatl TMOAU Alyotepo
UEAETNUEVOC OE OXEON HE TA BLOCUVOETIKA TOUG HOVOTIATLA, OTIOTE €vag TEALKOG OTOXOC TNG TAPOUCaG
SlatpBrg amotélece n Slepelivnon TOU in Vitro HUETAPOACUOU TWV OECKITEPTIEVIKWY AOKTOVWV
XPNOLLOTIOLWVTOG UKPOCOWHOTA AvOpWITLVOU NTIOTOG KaL oL petaBoliteg aviyBelBnkav pe LC-MS/MS. OL
OEOKITEPTEVIKEG AKTOVEG 08ynoav o€ molkiloug petaBoAiteg Adyw TG SOULKNAG Toug Mokhopopoiag,

av Kal 0 eEQLPETIKA EVEPYOS SAKTUALOG AAKTOVNG TIAPEUELVE N TILO KOV peTaBoAkr) BEan.



JUUMEPAOUATIKA, avadépBnke uPNAnN KUTTtapoTtofikr, avilpAeyHovwong Kol EMOUAWTIKNA Spdan amod
duokd mpoiovra mou mpoépxovral and ta Gutd mou peAeTiOnkav, i.e. Calea jamaicensis, Centaurea
papposa, Hypericum jovis, H. empetrifolium kot Euphorbia deflexa. Mo autd ta €161, umpxav EAAXLOTEG
avadopéc otn PipAloypadia. Itn mapovca Sidaktoplkn SlatplPry HEAETRBNKAvV AUTA Ta €16n
XPNOLLOTIOLWVTOG OUYXPOVEG TEXVIKEC KoL SLEPELVWVTAC TIG BLOAOYLKEG EMOPATELG TWV CUCTATLKWY TOUG.
H ¢Von Ba ouvexioel va amotelel pia mnyn VEwV Gapudkwy oTo LEAAOV KOl TOL ATIOTEAEGHOTA QUTNG TNG
MEAETNG oupPAaMouv otnv avakaAuyn OpacTikwy oucwwv Paclopévwy ota ¢uaolkd Tpoiovta,
UTIOOTNPITOVTOC TEPALTEPW TN OTPATNYLKN XPHion UKWV MPooVTwY WG adetnpla yia tn Stepevvnon

VEWV SOUWV WG SUVNTIKWY TAPAyOVIWY yLa TIOLKIAEC avOpwTveg mabnoEL.
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1.INTRODUCTION



1.1. Natural Products

1.1.1. The role of Natural Products

Despite its impressive progress, modern Western medicine is incapable of dealing with chronic
degenerative disorders associated with the environment, lifestyle, and stress that plague modern society.
Thus, an important, complementary role for traditional herbal medicines emerges in the prevention and
cure of diseases of modern civilization and natural products provide a variety of lead structures for the
development of new drugs (Mushtaq et al., 2018). The rapid development of sciences and pharmaceutical
industry, after the industrial revolution, overlooked much of the past knowledge and the use of some
plant products in medicines for the prevention and treatment of diseases. Nowadays, we observe the
increasing popularity of plant preparations for a range of therapeutic applications. Individuals are taking
greater responsibility for their own health and quality of life, taking confidence in herbal and alternative
therapies. WHO reported that 80% of the world’s population uses medicinal plants for primary health
needs (Khan & Ahmad, 2019).

Bioactive compounds relevant to human/animal health that are derived from natural sources, e.g., plants,
animals and microorganisms, are defined as natural products. Nature is an important source for the
discovery of new bioactive compounds and natural products have a significant potential to expand the
field of disease prevention and treatment. Natural products constitute a strategic starting point for the
development of novel drugs (drug leads) in comparison to synthetic compounds, since they exhibit a wide
range of pharmacophores (chemical diversity) and a large number of chiral centers that allow the
interaction with proteins and biological targets. Research in the field of natural products has gained great
attention in the past few decades, a trend expected to continue in the coming years. Considering the
current decrease of new drugs introduced to the market, as well as nature’s high potential of yielding
therapeutically relevant bioactive compounds, plant metabolites are emerging as new lead structures for
the development of novel drugs for treating various diseases (Mushtaq et al., 2018, Shin et al., 2018).
According to Newman & Cragg (2020): “natural products still hold out the best options for finding novel
agents/active templates, which when worked on in conjunction with synthetic chemists and biologists,
offer the potential to discover novel structures that can lead to effective agents in a variety of human

diseases”.
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1.1.2. Cancer and Inflammation

Across the globe, cancer is the leading cause of mortality and morbidity (Fridlender et al., 2015). The
number of cancer patients is continuously increasing every year, with a speculation of 15.5 million people
worldwide becoming cancer patients by 2030, with 11.5 million are expected to be proven fatal (Amin et
al., 2009). Regardless of the plethora of efforts to treat cancer with various methods (surgery,
radiotherapy, chemotherapy, and immunotherapy), the severe side effects have a negative impact on
patients, impeding the process of curing cancer (Morrissey et al., 2016). In the area of cancer, according
to Newman and Cragg (2020), over the time frame from around the 1940s to date, of the 259 small
antitumor molecules, 206, or 79%, are other than synthetic, including all the well-known anticancer plant
derived agents such as paclitaxel and vinblastine/vincristine, as well as the more recently approved

ingenol mebutate (see 1.2.4.1).

Moreover, the role of natural products in the discovery of new drugs with anti-inflammatory and
immunomodulatory potential is progressively enhanced (Aswad et al., 2018). Inflammation is an important
mechanism to fight infections and injuries in order to restore tissue homeostasis, however chronic
inflammation plays a crucial role in the pathogenesis of various diseases such as asthma, allergies,
rheumatoid arthritis, multiple sclerosis, psoriasis, chronic inflammatory bowel disease, type Il diabetes,
neurodegenerative diseases and higher risk of cancer development (Scrivo et al., 2011). They place a
significant burden on patients suffering and economic cost in Western society (Wylezinski et al., 2019) and
the estimated prevalence is 5 to 7% (El-Gabalawy et al., 2010). In Europe, asthma affects one child in seven,
while allergies notably have continued to increase dramatically over the past 30 years (Sanchez-Borges et
al., 2018). Rheumatoid arthritis affects approximately 17.6 million people worldwide (Centers for Disease
Control and Prevention, 2018). Glucocorticoids and nonsteroidal anti-inflammatory drugs (NSAIDS) are the
most common agents used, however, they are often proved to be ineffective, and they present several
adverse effects. Thus, researchers around the world are interested in novel substances as safe and effective
therapies for chronic inflammatory diseases (Atanasov et al., 2015). Based on the ancient use of salicylic
acid, the well-known aspirin was synthesized, while other examples of plant-derived drugs used in such
diseases include galantamine for Alzheimer’s, semaglutide for diabetes, and siponomod fumarate for

multiple sclerosis (Newman & Cragg, 2020).
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1.1.3. Why selecting plants from regions with high biodiversity

When selecting plants from regions with high biodiversity and endemism, the probability of finding novel
bioactive or not substances is certainly higher and demonstrates the potential of different plant species that
have never been investigated before. This type of approach provides an unlimited source of previously
undescribed compounds, since nature is a vast chemical laboratory, and when combined with
chemotaxonomic and ethnomedicinal data it could lead to the selection of propitious plant taxa with
therapeutically relevant bioactive metabolites (Ramos Barbosa et al., 2012). Based on these criteria, plants
from various families with different phylogenetic relationships and phytochemical profiles have been
chosen, namely, Calea jamaicensis from Panama, Centaurea papposa from Algeria, Hypericum jovis from
Crete and Euphorbia deflexa from Central Greece. Panama, Algeria and Greece are biodiversity spots (Myers
et al., 2000, Figure 1), and the under-investigation taxa have some further common features, except for
being narrow endemic in regions of high biodiversity. For example, Centaurea, Hypericum and Euphorbia
have been indicated as medicinal plants being referred from Hippocrates (5™ century B.C.), while up to now
some common uses are being reported for these four genera in folkmedicine (including wound healing,

inflammation, diuretics, antipyretics) (see 1.2).
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1.2. The under-investigation plant taxa

1.2.1. The genus Calea L.

Calea L. is a genus of the family Asteraceae (tribe Helianthae) with more than 120 species growing in tropical
and subtropical regions of the Americas (Kadereit & Jeffrey, 2007). The etymology of the name Calea
originates from the Ancient Greek word kalos (“k@AAog” meaning beautiful) in reference to the showy
inflorescence (Quattrocchi, 2012). Members of the genus are used throughout their geographic distribution
for gastrointestinal and skin disorders, hypertension, diabetes, infections, and even cancer (Amaral et al,,
2017). C. zacatechichi (C. tenuifolia) is well-known Calea taxa, which is being used from Mexico to Costa Rica
for fever, diarrhea, malaria and to enhance dreams (Kohler et al., 2002). Sesquiterpene lactones (SLs) are
the principal bioactive constituents of the genus, while chromenes and p-hydroxyacetophenone derivatives

are also frequently isolated (Lima et al., 2018).

1.2.1.1. Sesquiterpene Lactones

In recent years, the interest of the scientific community around SLs, their isolation, semi-synthesis, and
biological activities, reports a constant growth, to a great extent because of the Nobel Prize in Physiology
and Medicine, for the evaluation of artemisinin and its use in the treatment of malaria (Guo, 2016).
Numerous plants rich in SLs, such as Arnica montana, Tanacetum parthenium, Matricaria chamomilla, are
used in folk medicine around the world for the treatment of a variety of ailments including fever, respiratory
and gastrointestinal disorders, infections, wound healing and rheumatism (Merfort, 2011). SLs are mostly
produced by plants belonging to Asteraceae family, but they can also be isolated in lower amounts from
other families, such as Acanthaceae, Amaranthaceae, Anacardiaceae, Apiaceae, Aristolochiaceae,
Burseraceae, Cortiariaceae, Cannellaceae, Euphorbiaceae, Hepaticae, llliciaceae, Lauraceae, Lamiaceae,
Menispermaceae, Magnoliaceae, Rutaceae, Winteraceae, as well as in Marchantiophyta, gymnosperms and
fungi (Chadwick et al., 2013, Sokovic et al., 2017, Canales et al., 2005, Maries et al., 1995, Rodriguez et al.,
1976). Besides artemisinin, other well-known SLs are thapsigargin, parthenolide, alantolactone and
costunolide (Figure 2.A), which possess important cytotoxic and anti-inflammatory effects on various targets
and they are in cancer clinical or pre-clinical studies (Merfort, 2011, Moujir et al., 2020). SLs are terpenoids
with a basic skeleton of 15 carbon atoms with a fused a-methylene-y-lactone ring, resulting in different
skeletal types, eg. guaianolides, eudesmanolides, elemanolides, germacranolides, xantholides etc, which

have been reported to exhibit important pharmacological activities (Figure 2.B). Structure-activity
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relationships suggest that the fused a-methylene-y-lactone ring plays a crucial role in the high bioactivity of
this group of compounds, by acting as an alkylating center on sulphidric groups from biological systems
through Michael additions (Figure 2.C) (Schmidt, 2018). The non-specific toxicity, as a result of the high
reactivity of the SL ring, and the unstable absorption/extensive metabolism do not hinder the investigation
or exploitation of SLs as therapeutic agents, mainly because of their dominant medicinal potential and drug-

like physicochemical properties (Lipinski’s rule of 5), suggesting them as promising drug leads.
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guaianolide eudesmanolide elemanalide
=
0 o}
o 0
germacranolide xantholide
thapsigargin
C
0 Michael
o] SH O\ reaction F’O
ok o?ﬁ,a — Rw\ﬁzo
g— %
alantolactone costunolide A

Figure 2. A. Structures of the well-known SLs artemisinin, thapsigargin, parthenolide, alantolactone and
costunolide. B. Types of SLs. C. Michael type addition of SL ring to SH groups in biological systems.

As terpenoids, SLs derive from the universal isoprenoid precursors isopentenyl diphosphate (IPP) and its
isomer dimethylallyl diphosphate (DMAPP) (Padilla-Gonzalez et al., 2016). IPP and DMAPP are synthesized
through two independent metabolic routes, the mevalonate (MVA) pathway and the 2-C-methyl-D-
erythritol 4-phosphate (MEP) pathway, which are localized in the cytosol and the chloroplast, respectively.
It has been generally assumed that the MVA pathway supplies isoprenoid precursors for the synthesis of
sesquiterpenes, as well as sterols and triterpenes, while the MEP pathway is responsible for monoterpenes,
diterpenes and carotenoids (Figure 3). The biosynthesis of SLs starts with the cyclization of farnesyl

diphosphate (FPP) by a sesquiterpene synthase (SPS). The reaction is followed by a series of oxidations and
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hydroxylations. The biosynthesis of SLs is presented in Figure 4, together with the proposed biosynthesis of

the previously undescribed SLs from Calea Jamaicensis.
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Figure 3. Biosynthesis of terpene categories from activated 5-C units (IPP and DMAPP)
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Figure 4. Biosynthetic pathway of SLs: Solid arrows represent confirmed pathway in Cichorium intybus (de Kraker,
2002) and dashed arrows represent proposed pathway for previously undescribed SLs from Calea jamaicensis.
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1.2.1.1. Calea jamaicensis (L.) L.

The selected plant, C. jamaicensis (L.) L., is a narrow endemic species from the region of Panama, more
specifically its distribution is from Mexico to Central America and Jamaica, as presented in Figure 5 (Wussow
et al.,, 1985). It is a shrub with opposite, simple leaves of broadly ovate shape with different types of
trichomes, capitulescence with numerous, few-flowered heads in cymose cluster, yellow florets with five-
lobed, yellow disc corollas. Resin-globules are present on the achenes back, obconic to cylindrical, and
somewhat prismatic (Wussow et al., 1985) (Figure 6). C. jamaicensis is the type species of the genus Calea,
and together with a few other Mexican, Central American, and Jamaican species, a fairly close-knit group

is formed within Calea, as suggested by Wussow et al. (1985). A summary of SLs isolated from this group is

presented in Appendix 7.1.

= Calea jamaicensis

Figure 5. Distribution of Calea jamaicensis in Latin America and Jamaica
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Figure 6. Photo of the plant Calea jamaicensis (http://www.inaturalist.org/observations/46113883)

1.2.2. The genus Centaurea L.

The genus Centaurea L. (Asteraceae, tribe Cynareae) consists of more than 500 taxa, which are mainly
distributed in the area of the Mediterranean basin, as well as in Western Asia (Mabberley, 1997). The
name Centaurea derives from the Greek word kéntauros (“kévtaupog” meaning centaur) due to the
mythological discovery of its medicinal properties by Chiron the Centaur (Carnoy, 1959). Many Centaurea
species are well-known for the treatment of a variety of ailments, including gynaecological, gastrointestinal
and skin disorders, inflammation, fever, diabetes and rheumatism (Sokovic et al., 2017). Dioscorides reports
the use of the greater centaury (Centaurea centaurium) as a wound healing agent (Berendes, 1970). The
genus Centaurea is also characterized by the biosynthesis of SLs and the common constituents are by order
of their abundance, guaianolides, germacranolides, eudesmanolides and elemanolides. SLs are recognized
as chemophenetic markers for the genus (Sokovic et al., 2017), while in parallel their high bioactivity in living
systems explains the long-term use of Centaurea spp. in traditional medicine. Interestingly, several SLs
isolated from Centaurea spp. have reported possessing strong cytotoxic and anti-inflammatory activities
in vitro, such as cnicin (Sen et al., 2017), 8a-0-(3,4-dihydroxy-2-methylene-butanoyloxy)-
dehydromelitensin (Koukoulitsa et al., 2002, Saroglou et al., 2005) and salograviolide A (El-Najjar et al.,

2008) (Figure 7), suggesting the potential of Centaurea plants to offer new drug leads.
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80-0-(3,4-dihydroxy-2-methylene-
butanoyloxy)-dehydromelitensin

chicin salograviolide A

Figure 7. SLs isolated from Centaurea spp. possessing strong cytotoxic and anti-inflammatory activities.

1.2.2.1 Centaurea papposa (Coss.) Greuter

About 50 Centaurea spp. are located in Algeria (Quezel & Santa, 1963), including the narrow endemic C.
papposa (Coss.) Greuter. It is a perennial plant covered with dense short hairs, giving a grayish-white
appearance. It has tomentose leaves, capitulescence with purple florets homomorphic or dimorphic,
involucre oval or spherical with bracts in many rows, bracts either uniform or dimorphic or polymorphic
(Figure 8).

The under-investigation species belongs to the subsection Acrolophus (Cass.) DC. of section Centaurea
(especially C. cineraria group, see Figure 9), which is combining the former sections Acrolophus (sect.
Centaureass. str.), Phalolepis and Willkommia, based on modern classification reports (Hilpold et al., 2011,

i.d., 2014). SLs isolated from section Centaurea, with a reference to the three subsections, are presented

in Appendix 7.2.
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Figure 9. C. papposa belongs to section Centaurea, C. cineraria group (taken from Hilpold et al., 2011).
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1.2.3. The genus Hypericum L.

Regarding the genus Hypericum L. (Hypericaceae), it includes more than 500 taxa with a worldwide
distribution (Crockett & Robson, 2012). The botanical name derives from the Greek word hypericon (“umép
glkova” meaning above the icon), suggesting its use against spirits and demons. The use of Hypericum has
been reported even during classical Antiquity by Hippocrates (Totelin, 2009), Dioscorides (Berendes, 1970),
and later on in the Medieval era by Nikolaos Myrepsos (Valiakos et al., 2015; id. 2017). Several Hypericum
spp. are used throughout the world in folk medicine, as astringent, febrifuge, diuretic, antiphlogistic agent,
analgesic, and antidepressant agents (Zhang et al., 2020). Modern medical research has shown that H.
perforatum is an effective herbal medicine for the treatment of mild to moderate depression [EMA, herbal
medicine with well-established use], while the monograph is also mentioning the wound healing properties
[EMA, herbal medicine with traditional use]. The active constituents of the genus belong to the groups of
phloroglucinols, napthodianthrones, xanthones, flavonoids (Avato, 2005) and essential oil (Guedes et al.,
2012) (Figure 10). These metabolites display a wide range of biological activities. Apart from the well-
established antidepressant activity, many substances have become the subject of intense studies concerning

their cytotoxic and anti-inflammatory effects.

PHLOROGLUCINOLS NAPTHODIANTHRONES XANTHONES
OH O OH
HO O O . OH
HO l b l OGlu
O OH
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OH O OH
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a-pinene B-pinene limonene

0 3-geranyl-1-(2-methylpropanoyl)-
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Figure 10. Bioactive specialized metabolites in Hypericum taxa.
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1.2.3.1. Phloroglucinols

Phloroglucinols belong to the principal constituents of the genus Hypericum, with more than 429
compounds identified from Hypericum spp., mainly prenylated acylphloroglucinols (PAPs), chromanes and
chromenes, and polycyclic polyprenylated acylphloroglucinols (PPAPs) (Bridi et al., 2018). Phloroglucinol
derivatives are phenolic compounds with a wide distribution in different natural sources (Pal Singh &
Bharate, 2006). Of the 36 Hypericum sections, those presenting phloroglucinols are Adenosepalum,
Androsaemum, Ascyreia, Brathys, Campylosporus, Coridium, Crossophyllium, Drosocarpium, Hirtella,
Hypericum, Humifusoideum, Myriandra, Oligostema, Olympia, Roscyna, Sampsonia, Takasagoya, Thasia,
and Trigynobrathys. Phloroglucinols are polyketides and as such their main skeleton derives from the
acetate-malonate pathway, while the prenyl substitutions derive from the universal isoprenoid precursors
(Figure 3). Figure 11 presents the proposed phloroglucinol biosynthetic pathway on the example of

hyperforin through 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol (Adam 2002, Beerhues 2011).

CoAS-__0 A
HO OH HO OH
CoAS\H)\S malonyl-CoA le) DMAPP
0] OH O OH O
. ] o O
isobutyryl-CoA L - phloroisobutyrophenone 3-geranyl-1-(2-methyl

propanoyl)phloroglucinol

DMAPP
DMAPP S
cPP HO OH
= CH O

hyperforin

Figure 11. Proposed phloroglucinol biosynthetic pathway on the example of hyperforin through 3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol (Adam 2002, Beerhues 2011).
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Several studies indicated that phloroglucinol derivatives are responsible for most of the biological activities
of Hypericum spp. Hyperforin, which is an abundant PPAPs, besides the proven antidepressant, antimicrobial
and anti-proliferative activities, is also acting as a strong inhibitor of inflammation- or tumor-triggered
angiogenesis, providing new therapeutic approaches to halting pathology-associated angiogenesis, e.g. for
wound healing, tumor growth, as well as age-related macular degeneration (Lorusso et al., 2009). Hyperforin
was also found to be a dual inhibitor of cyclooxygenase (COX)-1 and 5-lipoxygenase (LOX), both in vitro
(Albert et al., 2002) and in vivo (Koeberle et al., 2011). Other phloroglucinol derivatives have been reported
to possess strong anti-inflammatory activity in vitro, more specifically two monomeric PAPs (3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol and 3-geranyl-1-(2-methylbutanoyl)-phloroglucinol isolated from H.
empetrifolium also act as strong anti-inflammatory agents by inhibiting COX-1, COX-2 and 5-LOX (Crockett
et al., 2008). Furthermore, hyperforin has also been proved to inhibit both VCAM-1 (Vascular cell adhesion
protein 1) and ICAM-1 (Intercellular Adhesion Molecule 1) expression (Le Bot et al., 2016). As hyperforin and
highly complex phloroglucinols often show instability in aqueous solutions (Wolfender et al., 2003, Ang et
al., 2004), the search for more simple and stable templates with the bioactive phloroglucinol skeleton is an

intriguing challenge.

1.2.3.2. Essential oils

Another interesting group of compounds is essential oils (EOs), which have been reported to possess strong
antimicrobial, antioxidant, antiangiogenetic, gastroprotective activities (Guedes et al., 2012), although
Hypericum species are generally classified as EO-poor plants (Crockett, 2010). According to the European
Pharmacopeia, EOs (Aetherolea) are odorous products, usually of complex composition, obtained mainly by
steam distillation. These complex mixtures mainly consist of mono- and sesquiterpenes (Figure 3), in the
form of hydrocarbons or oxygenated derivatives. Other substances that could be identified in EOs from
different plants are diterpenes, phenols, fats, coumarins, anthraquinones, certain alkaloids and several
compounds derived during distillation process (artifacts). EOs from diverse plants have a plethora of uses in
the cosmetic, pharmaceutical, and food industry (Rios, 2016).

EOs and phloroglucinols share partially a common biosynthetic route and, regarding Hypericum, they are
both bioaccumulated in the translucent glands of the plants (vs the dark glands that bioaccumulate
naphodianthrones (Crockett & Robson 2011). The content of the translucent glands (EOs and PAPs) is being
extracted in the infused oil (Oleum Hyperici) (Crockett, 2010), which is the well-known preparation used
since the times of ancient Greeks for the treatment of wounds. A big part of the scientific community is

investigating the wound healing properties of Hypericum, evaluating extracts of different polarities,
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phloroglucinol derivatives and even naphthodianthrones (although only degradation products of this group
of compounds can be found in the infused oil), while extensive literature survey showed, that, unlike the
rest of the phytochemical groups, the wound healing efficacy of EOs from Hypericum spp. has not still been

evaluated and compared between species.

1.2.3.3. Hypericum jovis Greuter

Among Hypericum species, 12 taxa are endemic for Greek territory and 28 have a wider spread (Pylara et
al., 2007). Crete is an island with extremely high rates of endemism, having 1825 different plant species in
total, of which 19.3% are endemic (Trigas et al. 2013). Taxon, H. jovis Greuter, examined in the extensive

phytochemical study (3.3.), is a narrow endemic species of Crete, one of the seven taxa growing wild in this

island (Table 1). It is a dwarf shrub with erect and caespitose stems of strict branching, simple, linear, hairless,
glaucous leaves in whorls of 4, yellow, solitary flowers, sepals stalkless, margins without glands, deciduous
petals and stamens, capsule narrowly ellipsoid (Figure 12). It is a close relative of the already studied H.
empetrifolium (Schmidt et al., 2012a; 2012b) and H. amblyocalyx (Winkelmann et al., 2003), all belonging to
the section Coridium (Figure 13) (Robson, 2013). The isolated PAPs reported from plants of the section
Coridium can be found in Appendix 7.3. Moreover, the previously mentioned three taxa of the section
Coridium together with two other Hypericum species commonly used throughout Greece, i.e. H. perforatum
and H. triquetrifolium (section Hypericum), were also investigated regarding the EO content and bio-activity.

An extensive review of EOs reported from the whole genus Hypericum is presented in Appendix 7.4.

Table 1. Endemic Hypericum taxa in the island of Crete, Greece.

Hypericum spp. Section Distribution
Hypericum aciferum N. K. B. Robson Adenotrias Western Crete
Hypericum amblyocalyx Coust. & Gand. Coridium Eastern Crete
Hypericum empetrifolium ssp. oliganthum Coridium Whole Crete

(Rech. Fil.) Hagemann

Hypericum empetrifolium ssp. tortuosum (Rech. | Coridium Western and Central Crete

Fil.) Hagemann

Hypericum jovis Greuter Coridium Western Crete
Hypericum kelleri Bald. Oligostema Western Crete
Hypericum trichocaulon Boiss. & Heldr. Drosocarpium Western and Central Crete
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Figure 12. Photo of the plant Hypericum jovis.
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Figure 13. H. jovis, together with H. empetrifolium and H. amblyocalyx, belong to section Coridium (taken from Robson, 2013).
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1.2.4. The genus Euphorbia L.

The genus Euphorbia L. (Euphorbiaceae) has captured the attention of humankind since antiquity or
prehistoric era based on the use of E. lancifolia by early Mayan Indians (Schultes et al., 1987), while the
medicinal effects of “euphorbium” (gum from E. resinifera) have been documented by Hippocrates, Galen
and Dioscorides (Ernst et al., 2015). The name of the genus derives from the Greek physician Euphorbos of
King Juba Il of Numidia, who reported the use of a cactus-like Euphorbia as a powerful laxative. Recent
studies have reported that more than 5% of Euphorbia spp. are used in folk medicine for the treatment of
skin, digestive, genitourinary and respiratory system disorders, intestal parasites, infections, poisoning, pain
and migraines, etc (Ernst et al., 2015). Over 2000 taxa from the genus Euphorbia L. have a wide distribution
across the globe and are being distinguished by the production of a milky irritant latex, as well as the

biosynthesis of diterpenes.

1.2.4.1. Diterpenes
Diterpenes (DTs) found in Euphorbiaceae family are also referred to as “Euphorbiaceae diterpenes” or
“lower diterpenoids”, in comparison to the “higher diterpenoids”. Possessing an additional isoprene unit

III

compared to SLs (see Figure 3 and Figure 14.A), the latter are bearing the classical “concertina-like”
polycyclic cyclization of geranylgeranyl diphosphate and are not specific for Euphorbiaceae, while lower
diterpenoids follow a different cyclization pattern through the formation of a 14-member macrocyclic ring
(Figure 14.A). These DTs are considered important chemotaxonomic markers, because of their restricted
distribution in Thymelaeaceae and Euphorbiaceae families. They are the focus of natural product drug
discovery, as they are characterized by high therapeutically relevant bioactivity as well as chemical diversity,

including the types of casbanes, jatrophanes, lathyranes, myrsinanes, tiglianes, ingenanes, segetanes,

palarianes, pepluanes and euphoractines, see Figure 14.B (Shi et al., 2008, Vasas & Hohmann, 2014).
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Figure 14. A. “Higher diterpenes” vs “lower diterpenes”; B. skeletal types of “lower diterpenes”

From the genus Euphorbia L., more than 650 DTs have been isolated up to date (Shi et al., 2008, Vasas &
Hohmann, 2014). Ingenol-3-angelate (ingenol mebutate) has been approved by FDA in 2012 and EMA in
2013 for actinic keratosis, a precancerous skin condition (Saraiva et al., 2018), while some other DTs are in
clinical or preclinical stages, such as resiniferatoxin, a capsaicin analog (Kissin et al., 2011) and prostratin, an

anti-HIV agent (Sanchez-Duffhues et al., 2011) (Figure 15). Many more DTs have been reported to possess
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important antiproliferative activity against different human cancer cell lines, including breast, gastric,
ovarian, lung, and colon carcinomas. Taking into consideration the fact that only a few Euphorbia species
have been investigated (ca. 5%), it is reasonable to expect finding other taxa producing higher amounts of
ingenol mebutate, or DTs with similar or other therapeutically relevant biological activities (Ernst et al.,

2016).

ingenol-3-angelate resiniferatoxin prostratin

Figure 15. Notable DTs isolated from Euphorbia species.

1.2.4.2. Euphorbia deflexa Sibth. & Sm.

The under-investigation Euphorbia sp., E. deflexa Sibth. & Sm., is a narrow endemic plant from Central
Greece. It is a glabrous, glaucous, ascending, caespitose perennial plant, branched at the base with orbicular
to obovate oblong petiolate leaves, rays up to 3 times dichotomous, glands with 2 long horns, cyathium
inflorescence, and grey ovoid seeds (Figure 16.A). The selected species belongs to section Paralias, subgenus
Esula (Figure 16B). Extensive phylogenetic studies have supported the recognition of four major subgeneric
clades (Geltman, 2015), with subgenus Esula containing one of the highest number of species with described
medicinal uses (Ernst et al., 2015), while another recent study showed that Euphorbia species used
medicinally are significantly phylogenetically clustered (Ernst et al., 2016). DTs isolated from section Paralias

are presented in Appendix 7.5.
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Figure 16. A. Photo of the plant Euphorbia; B. E. deflexa belongs to section Paralias, taken from Riina et al. (2013).
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1.3. AIMS

The aim of this study was the investigation of endemic plants of cosmopolitan distribution, with the
intention to discover novel drug leads against inflammation and cancer, which are major health problems
in modern society. Emphasis was given to the highly bioactive groups of sesquiterpene lactones,
acylphloroglucinols and diterpenes, which were targeted using the NMR-metabolomic strategy. Further
use of state-of-the-art techniques enabled their isolation (HPLC-RI, HPLC-DAD), elucidation (NMR,
MS/MS), and evaluation of pharmacological potential against multiple targets (MTT, ICAM, COX-LOX
assays, and in vivo models), including in silico predictions of pharmacokinetic profiles. A further objective

of this study was to broaden the current knowledge about the metabolism of sesquiterpene lactones.

The innovative aspects of the study covered by the topic of this thesis are multiple, considering that there
are almost no records in the literature regarding the selected species using modern techniques and
investigating the biological effects of their constituents. The project applied a multidisciplinary scientific
approach relying on phytochemistry, chemotaxonomy, pharmacology, and drug design, while the evaluation
of different phytochemical groups in parallel enabled a better understanding of their pharmacological

potential.
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2. MATERIALS AND METHODS



The phytochemical methods used (including general experimental procedures and plant material,
extraction, and isolation) are described exhaustively in the Results section. Herein, a table (Table 2)
including the equipment used will be presented in 2.1.1, as well as a summary of the plant material used
in 2.1.2 (Table 3). Furthermore, the state-of-the-art spectrochemical methods and biological assays will

be described in 2.1.3 and 2.2, respectively.

2.1. Phytochemical methods

2.1.1. Equipment
The solvents, chemicals and instruments used used for the phytochemical investigations during the

course of this thesis are summarized in Table 2.

Table 2. List of solvents, chemicals and instruments used during the phytochemical analysis

Solvents & chemicals

Acetonitrile Supelco
Anisaldehyde-sulfuric acid agent (4-methoxybenzaldehyde) Merck

Cellulose TLC plates Merck
Chloroform-d Sigma-Aldrich
Cyclohexane Fischer Scientific
Diaion HP-20 (250-850 pum) Supelco
Dichloromethane Fischer Scientific
Ethyl acetate Fischer Scientific
Methanol Fischer Scientific
Methanol-d Merck

n-Hexane Sigma-Aldrich
Sephadex LH-20 Sigma-Aldrich
Silica gel (9385 230-400 mesh) Merck

SVP D40 silica gel Flash column (13 x 4 cm, SI60 15—40 um, 90 g) Gotec Labortechnik GmbH
TLC silica gel plates 60 F-254 Merck
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Vanillin—sulfuric acid reagent (vanillin)

Merck

HPLC columns

Kinetex Biphenyl (5 um, 4.6 x 250 mm) Phenomenex
Kinetex Biphenyl (5 um, 21.2 x 250 mm) Phenomenex
Kromasil RP-18 100si Semi-prep (5 um, 10 x 250 mm) Sigma-Aldrich
Zorbax RX-SIL normal phase (5 um, 9.4 x 250 mm) Agilent
XDB-C18 PrepHT (5 pm, 21.2 x 250 mm) Agilent
Instruments

Agilent 1290 Infinity prep. HPLC system, DAD detector Agilent
Analytical scale Cubis Sartorius
Astacus LS Ultra-Pure Water Purification System MembraPure
Avance 11 600 5 mm TBI CryoProbe Agilent

Bruker DRX 400

Bruker BioSpin

Elite LaChrom Hitachi anal. HPLC system, DAD detector Hitachi
Camag TLC visualizer Camag AG
Cary 50 Scan UV-spectrophotometer Varian

Jasco PU-2080 semi-prep HPLC system, Rl detector

Jasco, Schimazu

JMS-T200GC AccuTOF GCX JEOI
J-715 CD spectropolarimeter JASCO
Melting Point B-545 BUCHI
MS Q-TOF 6540 spectrometer Agilent
Spot Flash Liquid Chromatography system Interchim

Thermoplate S

Desaga Sarstedt-Gruppe

Ultrasonic bath: Ultrasonic cleaner

VWR

UniPol L 1000 polarimeter

2.1.2. Experimental part

Schmidt + Haensch GmbH & Co

A summary of the plants used in this study is presented in Table 3, and Figure 17 depicts the collection

sites of the plants. Extraction and isolation procedures are described exhaustively in the Results section.
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Table 3. Plant materials: collection sites, dates, and herbarium information of the under-investigation plants.

Plant Abb. Collection site Date of Voucher specimen number
collection
Calea jamaicensis al Parque Nacional, Altos 11/07/2010 | Herbarium of Panama University, no.
(L.) L. de Campana, Panama Florpan 5458
Centaurea papposa | CP “Cape de Garde” 02/09/2016 | Herbarium of Department
(Coss.) Greuter Annaba, Algeria of Biology, University Badji Mokhtar
Annaba, (Djeddi & Skaltsa BV 01/2017)
Euphorbia deflexa ED Mountain Parnitha, 16/05/2018 | Department of Pharmacognosy and
Sibth. & Sm. Central Greece Chemistry of Natural Products, NKUA
(Skaltsa & Grafakou 02)
Hypericum spp.
H. ambloycalyx HA Avdou Village, Heraklion, | 13/05/2018 | Herbarium of Natural History Museum,
Coustur. & Gand Crete University of Crete, no. 15979
H. empetrifolium HE Potamies Village, 13/05/2018 | Herbarium of Natural History Museum,
willd. Heraklion, Crete University of Crete, no. 15981
H. jovis Greuter HJ Kamaron gorge, Crete 22/06/2017 | Herbarium of Natural History Museum,
University of Crete, no. 15880
H. perforatum L. HP purchased from - -
Florihana
(LOT FLEO59-B120917F),
France
H. triquetrifolium HT Thessaloniki 27/05/2015 | Department of Pharmacognosy and

Turra

Chemistry of Natural Products, NKUA
(Skaltsa & Grafakou 03)
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2.1.3. Spectrochemical analysis

2.1.3.1. NMR spectroscopy

NMR spectroscopy is an advanced analytical method, which is being used for the identification and
characterization of biological small molecules. Following the NMR-metabolomic strategy, the whole
fractionation and final isolation procedure are continuously monitored by NMR. More specifically, the
extraction and fractionation are carried out by non-deuterated solvents and the resultant solutions are
dried under vacuum and subsequently re-dissolved in a deuterated solvent (chloroform-d or methanol-
d), followed by measurements of *H NMR data in 400 MHz NMR device and further analyzed in each step

to identify the compounds of interest in the crude extracts/fractions.

After final purification steps, 2D spectra of the compounds were measured in 600 MHz NMR device (T =
298 K, in almost all measurements) equipped with CryoProbe (Bruker) at the Central Analytical
Department, Faculty for Chemistry and Pharmacy, University of Regensburg. HSQC (heteronuclear single
guantum coherence), HMBC (heteronuclear multiple bond correlation), COSY (correlation NMR
spectroscopy) and NOESY (nuclear Overhauser enhancement spectroscopy) were used for the structure

elucidation (processed in Topspin 4.1.1., Bruker).

2.1.3.2. Mass spectrometry

For the previously undescribed compounds, HRESIMS data were measured. A small aliquot of each
isolated compound was analyzed in a Q-TOF 6540 spectrometer on the Central Analytical Department for
Mass Spectrometry, Faculty for Chemistry and Pharmacy, University of Regensburg. Electrospray
ionization was used in both positive and negative modes to ensure optimal ionization of the analyzed
compound. The accurate mass and, therefore, the molecular formula, was calculated from the ions

present in the spectrum, usually [M+H]* and [M+Na]*, as well as from [M—H]~ in negative mode.

For the in vitro metabolism assay, samples were analyzed with LC-MS/MS using the same spectrometer
mentioned above. The separation was performed on a Phenomenex Luna Omega column (C18, 1.6 u, 100
A®, 50 x 2.1 mm) using a gradient of 0.1% formic acid (solvent A) and MeCN supplemented with 0.1%
formic acid (solvent B). Gradient: 0.0-8.0 min, 0>30% B; 8.0-8.1 min, 30>98% B; 8.1-9.1 min, 98% B;
9.1-9.2 min, 982>5% B; 9.2-10.0 min, 5% B; flow rate, 0.6 mL/min; injection volume, 1 pL; oven
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temperature, 40 °C. Data analysis was performed by MassHunter Workstation Software Qualitative

Analysis (B.07.00, Agilent) using automatic mass spectrum integration.

For the essential oils, GC-MS analyses were carried out in Hewlett- Packard 7820A-5977B MSD system at
the Department of Pharmacognosy and Chemistry of Natural Products, Faculty of Pharmacy, NKUA,
operating in El mode (70 eV), equipped with an HP- 5MS fused silica capillary column (30 m x 0.25 mm;
film thickness 0.25 pm), and a split-splitless injector. A gradient from 60 to 300 °C at a rate of 3 °C/min
was used, and helium was the carrier gas. A small amount of essential oil was diluted in pentane and the

injection volume was 2 M. Data analysis was performed with MSD ChemStation Data Analysis (Agilent).

2.1.3.3. UV/Vis spectroscopy

For the previously undescribed compounds, UV/Vis spectroscopic data were measured. A quartz cuvette
(path length 10 mm) was used, the wavelength range was 200-800 nm, the temperature was 22-25 °C,
pure MeOH was used as blank and the concentrations of the samples were chosen to be in the absorption
linear range (< 1 AU), between 0.02 and 0.05 mg/mL. The molar absorption coefficient was expressed in

the logarithmic form (log €), based on Lambert—Beer law (Figure 18).

_ A
g_c-d

€ = molar absorption coefficient [L x mol1x em™]
A = absorbance

¢ = concentration [mol/L]

d = path length [cm]

Figure 18. Formula for calculation of molar absorption coefficient.

2.1.3.4. Optical rotation

For the previously undescribed compounds, optical rotations were measured. Samples were dissolved in
MeOH, in a concrete concentration around 1 mg/mL, and poured into a measuring cylinder (I = 50 mm).
The wavelength was set to 589 nm — the wavelength of (sodium D line), the temperature was 22-25 °C
and pure MeOH was used as blank. The specific rotation was calculated based on the formula given in

Figure 19.
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T 100-a
c-l

o = optical rotation [°]

¢ = concentration [g/100 mL]

| = path length [cm]

T = temperature [°C]

D = value of sodium D line [589.44 nm]

Figure 19. Formula for calculation of specific rotation.

2.1.3.5. CD spectropolarimeter

For the previously undescribed compounds, CD-spectroscopic data were measured. Quartz cuvettes (I =
1 mm) were used, MeOH was used prior to measurements, concentrations were 250 uM in MeOH, and
the temperature was 22-25 °C. The CD-spectrometric data — molar ellipticity (6) were graphically plotted
vs. wavelengths used during the analysis (190-350 nm). The formula for the calculation of 8 is given in

Figure 20.

g-M

91w = 101

[6],; = molar ellipticity [* x cm? x dmol]
B = ellipticity [°]

M = molar mass [g x mol-1]

¢ = concentration [g x mL-1]

| = path length [cm]

Figure 20. Formula for calculation of molar ellipticity.

2.1.3.6. X-ray Crystallography Analysis.

Suitable crystals were collected on a XtalLAB Synergy R, DW system, HyPix-Arc 150 diffractometer
operating at T = 123.00(10) K, equipped with Cu Ko radiation (A = 1.54184A). The structure and absolute
configurations were solved with the ShelXT 2018/223 solution program using dual methods and by using

Olex2 1.3-alpha24 as the graphical interface (see Results 3.6).
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2.2. BIOASSAYS

2.2.1. MTT Assay

The cytotoxicity of the SLs, DTs, and PAPs (Results 3.1, 3.2, 3.3, 3.6 and Discussion), was evaluated using
the colorimetric MTT assay. MTT is a yellow tetrazolium dye (3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide), which is reduced to its insoluble purple formazan in living cells (Figure
21.A). A solution of the detergent sodium dodecyl sulfate solution is usually added to dissolve the
formazan product into a colored solution, and the absorbance is being measured at a certain wavelength

(usually between 500 and 600 nm) by a spectrophotometer (Figure 21.B).
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Figure 21. A. Reduction of MTT into formazan. B. Microplate after MTT assay.

The assay was performed as described before (Heilmann et al., 2001). In brief, the cytotoxicity was
determined using the human cancer cell lines Hela (cervical carcinoma, ATTC), SK-MEL-28 (malignant
melanoma, DSMZ), HepG2 (hepatocellular carcinoma, DSMZ), and PC-3 (prostate carcinoma, DSMZ), as
well as the non-cancerous HMEC-1 cell line (human microvascular endothelial cells (Ades et al., 1992)).
Culture medium was MEM (Sigma; supplemented with L-Glutamine, FCS, and NEA, BioChrom), DMEM-
HAM'’S (50-50%, Invitrogen and BioChrom; supplemented with FCS), RPMI (BioChrom; supplemented with
L-Glutamine and heat-activated FCS), and ECGM (EASY Endothelial Cell Growth Medium, supplemented
with EASY Growth supplement and Gentamycin-Amphotericin (all PELOBiotech), and heat-activated FCS),
respectively. Stock solutions of the samples were prepared in DMSO, and the test concentrations were
freshly prepared with medium on the day of the experiment (final concentration of DMSO was 0.33%).
Nine different concentrations of the compounds (100.0 to 0.39 uM) together with the cell suspension
(final concentration in wells: 6 x 10*cells/mL, 3 x 10*cells/mL, 12.5 x 10*cells/mL, and 7.5 x 104 cells/mL,
for Hela, SK-MEL-28, HePG2, and PC-3, respectively), were added to the 96 well plates. The HMEC-1 cells

in a final cell suspension of 90 x 10*cells/mL were placed in the 96-wells, and 24 h later they were treated

41



with 6.25, 12.50, 25.00, 50.00 uM of the tested SLs. After incubation for 68 h (or 24 h for the HMEC-1) (IBS
Integra Biosciences, 37 °C, 5% CO, and 90% relative humidity), MTT was added (final concentartion in
wells: 0.4 mg/mL), and after 4 h the solution was exchanged with 10% SDS. The plates were then placed
in the dark and 24 h later, the absorbance at 560 nm was measured (SpectraFluor plus plate reader,

Tecan).

2.2.2. ICAM assay

There are multiple mediators of inflammation and the inhibition of adhesion molecules like VCAM-1
(Vascular cell adhesion protein 1) and ICAM-1 (Intercellular Adhesion Molecule 1) is being investigated,
aiming to discover novel anti-inflammatory agents. Upon cytokine stimulation, expression of adhesion
molecules is increased on the endothelial cells, facilitating the leukocyte endothelial adhesion, in order to
generate intracellular signals followed by inflammation processes under active participation of the

endothelium, as shown in Figure 22 for ICAM-1 (Cook-Mills & Deem 2005, Harjunpaa et al., 2019).

G O § ICAM-1
Leucocyte ' ' v v

Endothelial cells III TNF-a

Figure 22. The role of ICAM-1 in the inflammation process.

Several SL and PAP derivatives were tested on the ICAM-1 assay (Results 3.1, 3.2 and Discussion), which
was performed as described before (Freischmidt et al., 2012). In brief, confluent grown HMEC-1 cells from
a culture flask (150 cm?) were split (1:3), suspended in 13 mL medium and seeded in a 24 well plate [500
uL/well; plates were treated first with 0.25 % v/v Collagen G in PBS (both Sigma-Aldrich)]. They were
cultivated for 48 h at 37 °C, 5% CO;, and 90% relative humidity until they formed a monolayer.
Subsequently, the supernatant was removed and the HMEC-1 cells were treated with the test compounds
at not toxic concentrations based on the MTT results (as described above in 2.2.1.), parthenolide (5 uM,

positive control, Calbiochem), and medium (ECGM, negative control). After 30 min, TNF-a (10 ng/mL,
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Sigma-Aldrich) was added (except for two wells, in which no TNF-a was added in order to evaluate the
ICAM-1 production in normal cells), and the plates were incubated at 37 °C, 5% CO, and 90% relative
humidity, for 24 h. Then, the cells were washed with PBS, removed from the plates with trypsin/EDTA,
and fixed with formalin. After centrifugation and removal of the supernatant layer, the cells were
incubated with 5 pL of the Mouse Anti-human CD54: FITC (Bio-Rad) for 20 min, followed by fluorescence-

activated cell sorting (FACS) analysis (Becton Dickinson FACSCalibur), measuring fluorescence intensity.

2.2.3. COX-1/12-LOX Assay

To further evaluate the anti-inflammatory potential, the tested compounds were subjected to the ex vivo
cyclooxygenase (COX)-1 and 5-lipoxygenase (LOX) assay using human platelets, obtained from donors.
COX and LOX are key enzymes in the production of eicosanoids, including leukotrienes, prostaglandins,
and thromboxane, which are potent inflammatory mediators (Dennis & Norris, 2015), and the method is
based on the inhibition of the biosynthesis of eicosanoids, such as 12(S)-hydroxy(5Z,8E,10E)-
heptadecatrienoic acid (12-HHT), thromboxane B, (TXB,), prostaglandin E; (PGEz) and 12(S)-hydroxy-
(52,82,10E,14Z)-eicosatetraenoic acid (12-HETE) (Figure 23), which are measured with LC-MS/MS.

TXB,
o Phospholipide
T o
12(S)—HHT
PGFZ" [ Phospholipase A l O 12(SyHETE
syn
e |
Thrombox.ane synthase — - - Chy O 12(SYHPETE
Arachidonicacid )
PGE, O « o]
syn PGH PGH, synthase [ 12-Lipooxygenase l
2 | {COX-1or-2 and peroxidase)

Figure 23. COX-1 and 12-LOX branches of AA metabolic pathway. 12-HPETE—12-hydroperoxyeicosatetraenoic
acid; PGH2, PGE2 and PGF2a — prostaglandins; TXA2 and TXB2 —thromboxanes, taken from (Lesjak et al., 2020).

Compounds belonging to PAPs were tested in the assay (Results 3.3 and Discussion), based on the method

described by Lesjak et al. (2020). In brief, an aliquot of human platelets (source of COX-1 and 12-LOX
enzymes), viable, but outdated for medical treatment, which contained 4 x 108 cells, were suspended in
buffer (0.137 mol/L NaCl, 2.7 mmol/L KCI, 2.0 mmol/L KH,PO4, 5.0 mmol/L Na,HPO,; and 5.0 mmol/L

glucose, pH 7.2) to obtain the final volume of 2 mL. The tested concentrations of the samples in the test
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tubes ranged from 0.25 to 2 pM. The mixture was slowly mixed at 37 °C for 5 min. Then, 0.1 mL of isolated
compounds, or positive controls (aspirin and quercetin,) or DMSO (control and blank probes for control),
and 0.1 mL of calcimycin (Calcium lonophore A23187, 125 pmol/L in DMSO) were added and the mixtures
were incubated for 2 min at 37 °C, with moderate shaking. Afterward, 0.3 mL of CaCl; aqueous solution
(16.7 mmol/L), substituted with distilled water in the blank probe and blank probe for the control, were
added and the mixture was incubated for another 5 min at 37 °C with shaking. Acidification with cold 1%
aqueous formic acid (5.8 mL) to pH 3 terminated the reaction. The internal standard prostaglandin B,
(PGB,; 50 pL of 6 pg/mL solution in DMSO) was added to mixtures and extraction of products was done
with a solution of chloroform/methanol (1:1 v/v, 8.0 mL) with vigorous vortexing for 15 min. After
centrifugation (7012 g, 15 min, 4 °C), the organic layer was separated, evaporated to dryness, dissolved
in methanol (0.5 mL), filtered, and used for LC-MS/MS analysis of eicosanoids (12-HHT, TXB,, PGE,, and
12-HETE). All samples and controls were analyzed in triplicate. Levels of COX-1 and 12-LOX inhibition
achieved by different samples concentrations were calculated using the following equation: 1(%) = 100 x
(Ro—R)/Ro, where Ro and R were response ratios (metabolite peak area/internal standard peak area) in the
control reaction and the samples of examined samples, respectively. Both R and Ro were corrected for the

value of appropriate blank probes.

2.2.4. Disc diffusion and double dilution assays

A screening of PAPs and DTs was performed using the following two techniques. The bacteria used were
Staphylococcus aureus (DSM20231) and Streptococcus pyogenes (DSM20565-0316-001) cultivated in 2%
v/v LB Broth, Alfa Aesar and 3.7 w/v Brain Heart Infusion Broth, Sigma-Aldrich, respectively at 37 °C
(Incubating Shaker, VWR).

For the disc diffusion method, using aseptic techniques, broth overnight cultures of S. aureus and S.
pyogenes were collected with a sterile swab and seeded into the respective agar plates (2% LB Broth +
1.5% Agar in bi-distillated water or 20 g Sheep Blood Agar Base in 500mL bi-distillated water for S. aureus
and S. pyogenes respectively, autoclave for 15 min in 125 °C, let cool at 50 °C; for S. pyogenes add 7%
sheep blood before placing in the agar plates). To obtain uniform growth, the agar plate was streaked
with the swab in one direction, rotated 120° and streaked again, rotated another 120° and streaked again.
Using flame-sterilized forceps the filter paper disks (BD Sesni-Disk) were impregnated into the samples or
chloramphenicol (positive control, Sigma-Aldrich) stock solutions (1Img/mL), and then placed on top of the

agar surface. Plates were then incubated overnight (37 °C, IFPlus, Memmert).
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The double dilution method was carried out as described before by Winkelmann et al. (2003) with slight
modifications. The overnight cultures of S. aureus and S. pyogenes were diluted to 108 cells/mL in fresh
medium. The required amounts of samples or chloramphenicol (positive control) (1mg/mL) were pipetted
into the 96 well plates, left to dry and redissolved with 50 uL DMSO, 50 uL medium and 100 pL diluted
bacterial suspension. Incubation at 37 °C (IFPlus, Memmert) for 20 h was followed by the addition of 20

uL aqueous 0.25 % MTT, re-incubation for 4 h and detection of the living bacteria as violet turbid solutions.

2.2.5. In vivo assays

The Small Animal Laboratory of the Faculty of Pharmacy (EL 25 BIO 07) is operating following the
guidelines established by the European Communities Council Directive (Directive 2010/63/EU of 22
September 2010). The protocols used were approved by the National Peripheral Agricultural & Veterinary
Authority, Region of Attica. The SKH-hrl mice, originated from the breeding stock of the Small Animal
Laboratory, were living in special cages (Tecniplast) of dimensions in accordance with current legislation,
in which there was unrestricted continuous access to fresh water and standard chow diet (Nuevo SA-
Farma-Efyra Industrial and Commercial SA, Greece) 24 hours a day. The lighting (day-light cycles of 12
hours), temperature (22-25 °C) and humidity (35-55%) conditions were selected and maintained

according to the respective Greek and European legislation.

2.2.5.1. Wound healing

Wound healing is a complex process of four phases: hemostasis, inflammation, proliferation, and tissue
remodeling or resolution. Failure in one of these phases, related to infection, ischemia, metabolic
conditions, immunosuppression, age, poor nutritional status, etc., leads to chronic non-healing wounds,
whose management is still in need of new treatments (Mahmoudi & Gould, 2020). As a multifactorial
phenomenon, wound healing cannot be satisfactorily simulated by in vitro models, thus in vivo models
are selected. As mentioned in 1.2.3.2., Hypericum has long-term use in wound-healing, however, the EOs
which are important constituents have not been tested, so far. For this reason, EOs from three Hypericum
spp. were obtained in amounts high enough to conduct in vivo testing and the experimental procedures

are exhaustively described in Results (3.4).
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The experimental procedure was approved by the National Peripheral Agricultural & Veterinary Authority,
Region of Attica (Protocol Number: 1064/20-02-2019) after the affirmative opinion of the Animal

Protocols Evaluation Committee.

In brief, female SKH-hr1 (age 3 weeks-3 months) were subjected to full-thickness (i.e., epidermis, dermis,
and subcutis) wounds of 1 cm? (1.0 cm x 1.0 cm) on their dorsal skin under anesthesia using intra-
peritoneal administration of a cocktail of ketamine (100 mg/kg) and xylazine (7 mg/kg). The EOs were
formulated into ointments using petrolatum jelly as excipient at two doses (0.05 and 0.5%) (Table 4).
adecassol cream (Centella asiatica 1%) was used as a positive control. The topical formulations were
applied once daily for 14 days, until healing was clinically observed in one of the groups. The evaluation
of the wounds was based on measurements of skin parameters (TEWL, hydration, erythema, skin

thickness and elasticity), photodocumentation, clinical and histopathological assessment.

Table 4. Treatments/ Topical formulations used in wound healing protocol.

Control Control group, w/o treatment
Petrolatum Petrolatum only (excipient)
Madecassol Madecassol cream (positive control)
HP 0.05% H. perforatum 0.05% ointment

HP 0.5% H. perforatum 0.5% ointment

HT 0.05% H. triquetrifolium 0.05% ointment
HT 0.5% H. triguetrifolium 0.5% ointment

HE 0.05% H. empetrifolium 0.05% ointment
HE 0.5% H. empetrifolium 0.5% ointment

2.2.5.2. Atopic-Dermatitis

Atopic dermatitis is the most common inflammatory skin disease worldwide. It is a multifactorial
phenomenon, involving environmental and genetic factors, especially immune system dysfunction and
difficulties with the permeability of the skin (Tollefson et al., 2014). No cure is known, and the most
common treatments are topical corticosteroids and calcineurin inhibitors, which cause a variety of side

effects, thus there is an emerging need for new drug leads against atopic dermatitis. One compound
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isolated from Hypericum jovis in high amounts and with proven anti-inflammatory effects (Results 3.3),
namely 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol, was tested in vivo on atopic dermatitis (Results

3.7.2), based on the protocol described by Kesente (2018) and Drakopoulou (2019).

The experimental procedure was approved by the National Peripheral Agricultural & Veterinary Authority,
Region of Attica (Protocol Number: 163329/26-02-2020) after the affirmative opinion of the Animal

Protocols Evaluation Committee.

In brief, male hairless SKH-hrl mice (age 1.5-4 months) were treated with hapten 2,4-
dinitrochlorobenzene (DNCB) in a period of 43 days (Figure 24). This is a satisfactory model that mimics
the human condition, experimentally and physiologically (Loddé et al., 2020, Oiso et al., 2005). Topical
formulations (0.15% w/w) of 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol and rosmarinic acid
(positive control) were developed using PEG400/PEF3000 (8/2) (excipient) (Table 5) and applied on the
dorsal skin of the mice daily for 20 days (Figure 24). Similar to the wound healing protocol (Results 3.4),
the skin condition was evaluated based on measurements of skin parameters (TEWL, hydration, erythema,
skin thickness), photodocumentation, clinical and histopathological assessment, as well as behavioral

monitoring using a video camera (distance, rearing, freezing and scratching analyzed with Kinovea).

Days 1-7: Days 8-23: Days 24-43:
Application of DNCB 1% Application of DNCB Application of topical formulations
once daily 0.5% every 2 days once daily and DNCB 0.5% every 2 days
l l l Sacrifice and skin collection
[ I I ]
| I I
pay 1 8 24 43

Figure 24. Workframe of the experimental procedure for atopic dermatitis protocol.
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Table 5. Treatments/ Topical formulations used for atopic dermatitis protocol.

Control Control group, w/o treatment, only DNCB
PEG DNCB and excipient only (PEG400/PEF3000 8:2)
Rosmarinic acid DNCB and topical formulation of rosmarinic acid 0.15% in

PEG400/PEF3000 8:2 (positive control)

3-geranyl-1-(2-methylpropanoyl)- DNCB and topical formulation of 3-gernayl-1-(2-
phloroglucinol methylpropanoyl)-phloroglucinol 0.15% in PEG400/PEF3000 8:2

(test compound)

2.2.6. In vitro metabolism using Human Liver Microsomes

Drug metabolism is carried out in two general phases: in phase | polar groups are either introduced by
oxidation, reduction, and hydrolysis, or uncovered by dealkylation, and in phase Il polar groups are
conjugated with glucuronic acid, sulfate, glycine, glutamine, glutathione, acetate, or methyl groups
(Gillette, 1971), to de-activate and facilitate the excretion of the parent drug. In some cases, more active
forms of the parent drug (prodrug) or toxic metabolites can arise from the biotransformation reactions,
which occur mainly in the liver, but also in other tissues, including the microbiota in the Gl tract.). In vitro
drug metabolism studies account for a useful tool in basic research, as well as preclinical screening of
drug-like properties. There is a number of different in vitro systems, and among them, human liver
microsomes (HLM) are the model of choice for drug metabolic profiling, providing an affordable way to
give a good indication of the CYP and UDP-glucuronyltransferases (UGT) involved in the metabolism of a
drug (Parmentier et al., 2007, Sowjanya et al., 2019). Microsomes are artificial subcellular particles derived
from the hepatocyte endoplasmic reticulum of hepatic cells, formed during tissue homogenization (Jagow
et al., 1965). They are prepared by differential centrifugation at 10,000 and 100,000 x g and contain
membrane phase | enzymes namely CYPs, flavine-containing monooxygenases (FMO), esterases,
amidases, and epoxide hydrolases, and also the phase Il enzymes such as UGTs, but they lack soluble
enzymes. For the catalytic activity of both phase | and Il enzymes, the addition of exogenous cofactors

such as NADPH for CYPs and FMO, and UDPGA/alamethicin for UGTs is necessary.

Sesquiterpene lactones, as promising drug leads with drug-like physicochemical properties, were selected
for further investigation of their in vitro metabolites using HLM and LC-MS/MS (Figure 25). Despite

increasing data regarding bioactivity, to date, there are only a few reports on the metabolic pathways and
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metabolites of some SLs, reporting unstable absorption and extensive metabolism with the identification
of phase | and Il metabolites using different metabolism systems, mainly through in vivo rat models or

liver microsomes (Yu et al., 2021).

tested compounds
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Figure 25. In vitro metabolism study using HLM and LC-MS/MS.

The protocol used was based on the study of Zenger et al. (2015). The reagents and chemicals used and
especially: Glucose-6-phosphate sodium salt (G6P), glucose-6-phosphate dehydrogenase (G6PDH),
nicotinamide adenine dinucleotide phosphate sodium salt hydrate (NADP), uridine 5'-
diphosphoglucuronic acid trisodium salt (UDPGA), and alamethicin (Ala) from Trichoderma viride were
obtained from Sigma-Aldrich; frozen human pooled liver microsomes (HMMCPL) and Dulbecco's
phosphate-buffered saline (DPBS) were purchased from Gibco (Thermo Fischer Scientific). G6P, G6PDH,
NADP, UDPGA, Ala and microsomes were stored prior to use in aliquotes at -20 and -80 °C, respectively,
to avoid frequent-thaw cycles. Methanol (MeOH) and ethanol (EtOH) were obtained from Merck. In brief,
phase | incubation mixtures (NADPH regeneration system) with a total volume of 1mL in DPBS contained
0.5 mg HLM, 3.3 mM MgCI2, 3.3 mM G6P, 0.4 U/mL G6PDH, 1.29 mM NADP, and 10 puM test compound.
Phase Il glucuronidation is based on the addition of UPDGA and the mixtures comprised 0.5 mg HLM, 3.3
mM MgCl2, 2 mM UDPGA, 25 pg/mL Ala, and 10 uM test compound. Combined phase | and Il metabolism
mixtures included all of the above-mentioned reagents of Phase | and Il. Mixtures without microsomes,
or cofactors (NADP or UDPGA) were used as negative controls, matrix samples without test compound
were used as blank controls and mixtures with the addition of only the tested compound in DPBS were
used to investigate the stability of the compounds in the given conditions of the assay. The incubation
systems are presented in Table X. Incubation was carried out in a stirred water bath at 37 °C for 3 h and

was terminated by the addition of the same volume of ice-cold EtOH. Mixtures were vigorously vortexed
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for 5 min and centrifuged for another 5 min (14000 rpm, 4 °C). The supertants were dried under N2 and

stored at —20 °C until further analysis. All experiments were repeated at least three times. The Liquid

Chromatography High-Resolution Quadrupole Time-Of-Flight Mass Spectrometry (LC-Q-TOF-MS/MS)

analysis was performed with UHPLC Agilent 1290 infinity system as described in 2.1.3.2.

Table 6. Pipetting scheme for the different incubation systems (total volume 1 mL) in uL.

w/o w/o
Reagents* matrix stability Ph1l Ph Il Ph I+l
microsomes  cofactors

DPBS 775 990 790 845 865 835 765
MgCI2 30 - 30 30 30 30 30
G6P 30 - 30 30 30 - 30
G6PDH 10 - 10 10 10 - 10
Ala 50 - 50 50 - 50 50
Micr 25 - - 25 25 25 25
Stock - 10 10 10 10 10 10
NADP 30 - 30 - 30 - 30
UDPGA 50 - 50 - - 50 50

* MgCl; 110 mM in DPBS; G6P 110 mM in DPBS; G6PDH diluted in 5 mM sodium citrate solution
to 40 U/mL; Ala dissolved in MeOH and ultra-pure water (2%, v/v) to a final concentration of 0.5
mg/mL; NADP 43 mM in DPBS; UDPGA 40 mM in DPBS. The reagents were pipetted in descending

order.

2.2.7. In silico predictions of ADME properties

An important tool to study pharmacodynamic and pharmacokinetic properties of chemical compounds is via

application of Molecular Modelling, which is a technique that marked an enormous growth in the last years,

providing important information for the development of innovative drugs (drug design) (Aminour et al.,

2019). Although molecular modeling still has not found general application in natural product research,

several studies bring in light its important contribution in the natural drug discovery and refer to the
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combination of Ethnopharmacology and molecular docking, virtual screening of a pure compound library for
the discovery of novel bioactive natural compounds, virtual screening of a protein library for target
identification, discovering natural lead compounds, study of ADME (Absorption, Distribution, Metabolism,
Excretion) properties. Based on the obtained results from the in vitro bioassays and, five promising
compounds were selected, and using the freely available in silico ADME tool SwissADME the
pharmacokinetic profiles were predicted (Daina et al. 2017). It is a web tool that gives access to fast and
robust predictive models for physicochemical properties, pharmacokinetics, drug-likeness, and medicinal

chemistry friendliness.

2.3. Statistical Analysis

ICso values were calculated from nine different concentrations and tests were performed in sextuplicate for
the MTT assay. For ICAM-1 assay each experiment was performed in duplicate and GraphPad Prism 8.4.2
version was used for the creation of the graphical representations, as well as the calculations of the ICs
values using non-linear regression. For all the bio-assays, all experiments were repeated at least three times
and the results were presented as means * SD for each sample. For the in vivo testing, means of two groups
were compared with paired samples t-test or one sample t-test where applicable. Statistical significance (2-
tailed) was set at *p < 0.05, **p <0.01, or ***p < 0.001. All continuous variables were checked for normality

and statistical analyses were performed using IBM SPSS statistics 26.
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3. RESULTS



3.1. Calea jamaicensis (L.) L.

The isolation of the compounds from C. jamaicensis is presented in Figure 26. Extraction, isolation,

structure elucidation, and biological activities are presented in Grafakou et al. (2021a).
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Figure 26. Chromatographic isolation of the compounds from C. jamaicensis.
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In the search for bioactive compounds from natural sources against cancer and inflammation, Calea jamaicensis
(L.) L., a plant endemic to Panama, was investigated. Using multiple chromatographic steps, seventeen sesqui-
terpene lactones together with nine chromene derivatives were isolated from the non-polar extract of the plant.
Among them, fourteen sesquiterpene lactones and three chromanes are described herein for the first time.
Structure elucidation was achieved by extensive spectroscopic analysis and comparison with reported data. The
isolated sesquiterpene lactones were tested against HeLa, SK-MEL-28 and HePG2 cancerous cell lines for their
cytotoxic effects, as well as in the ICAM-1 assay for their anti-inflammatory potential. This study revealed strong
cytotoxic agents on the one hand and strong inhibitors on the other. The compounds inhibited the TNF-a induced
ICAM-1 expression on the endothelial HMEC-1 cells in a dose-dependent manner and with no toxicity observed
on this non-cancerous cell line. In addition to the well-known cytotoxic activities of sesquiterpene lactones,
further exploration may offer a novel therapeutic approach to cope with inflammatory diseases and the genus
Calea may serve as a biobank for the isolation of potential phytopharmaceuticals, which could be utilized as leads
in drug discovery and therapy.

1. Introduction

In modern society, the developed countries are required to cope with
chronic degenerative disorders associated with the environment, life-
style, stress, as well as the increasing life expectancy of the general
population. Chronic inflammatory diseases place a significant burden on
patients suffering and economic cost in the developed world [1]; overall,
the estimated prevalence of inflammatory disorders in Western coun-
tries is estimated from 5 to 7% [2]. Chronic inflammation may also in-
crease the risk of certain cancers, as persistent inflammation results in
DNA damage, which in turn leads to cancer [3]. Considering the current
decrease of new drugs introduced to the market, along with nature’s
high potential of yielding therapeutically relevant bioactive compounds,
plant metabolites are emerging as new lead structures for the develop-
ment of novel drugs for the prevention and cure of diseases of modern
civilization [4-6]. The exploitation of natural products as sources of

novel structures is reporting constant growth, a trend expected to
continue in the coming years, i.e., in the area of cancer 74.8% of the
small molecules are other than synthetic, with 48.6%, actually being
either natural products or directly derived therefrom. In other areas, the
influence of natural product structures is quite remarkable, with the
anti-infective area being dependent on natural products and their
structures [7]. Moreover, the role of natural products in the discovery of
new drugs with anti-inflammatory and immunomodulatory potential is
progressively enhanced [8].

The Asteraceae family is characterized by the ability to biosynthesize
sesquiterpene lactones (SLs), which are produced by widely used me-
dicinal plants such as Arnica montana, Tanacetum parthenium, Matricaria
chamomilla [9]. SLs are highly active compounds, bearing an a-methy-
lene-y-lactone ring which is reacting through Michael type additions
with sulfhydryl groups in biological systems [10]. These compounds
exhibit a broad range of biological activities [11], and they are well

* This article is dedicated to the memory of Professor Mahabir P. Gupta (University of Panama) for his immense contribution to the field of Pharmacognosy.
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Fig. 1. Structures of compounds 1-17. Different colors indicate germacranolides (yellow), heliangolides (blue), 8-12-germacranolide (green) and guaianolides (red).
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

known for their cytotoxic effects, with some of them being in cancer
clinical or preclinical trials (thapsigargin, parthenolide, or their semi-
synthetic derivatives) [12], while others could possibly reach clinical
phases in the near future (alantolactone, costunolide) [13].

The genus Calea L. belongs to the family Asteraceae (tribe Heli-
antheae Cass., subtribe Melampodiinae Less.), comprises about 125
species and its distribution is mainly in tropical and subtropical areas of
the Americas [14]. The name Calea is derived from the Ancient Greek
word xdilog (kalos, ‘beautiful’) in allusion to the ostentatious inflores-
cence [15]. The genus has a long-term use in folk medicine throughout
its geographic distribution, including the uses in hypertension, skin
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infections and dermatitis, gastroenteritis and diarrhoea, rheumatism,
diabetes, ulcers, fever, liver and urinary problems [16]. Calea species are
characterised by the presence of secondary metabolites belonging to SLs,
chromenes and p-hydroxyacetophenone derivatives [16].

In case of selecting uninvestigated plants from regions with high
diversity and endemism, the probability of finding novel bioactive
compounds is higher and more propitious, due to nature’s high potential
of yielding therapeutically relevant bioactive structures [17]. Based on
these criteria, C. jamaicensis (L.) L. was selected, which is an endemic
plant in Mexico and Central America, as well as Jamaica [18]. This
whole region belongs to the biodiversity hotspots [19]. Thus, the aim of

0
o)
X
998’
o
~o o)
e

20 21

~0 o
e ou O OH
~o 0 "o o
24acis 25
24b trans

Fig. 2. Structures of compounds 18-25.
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Table 1
1H NMR data of compounds 1-3, 5 and 8; Solvent: CDCl3; Ava 600 MHz (T = 298 K).
1 2 3 5 8
Position (7% Oc ()% Se 1% O¢ 1% Sc (% Sc
1 2.15, *, 22.2 2.28, m, 26.5 4.08, dd (11.5, 72.0 4.80, dd (11.5, 4.2) 65.5 2.82,dd (10.2,4.3) 60.5
211, * 1.85, m 3.0)
2 2.18, *, 31.9 2.22, m, 31.6 2.38, m, 37.7 2.23, ddd (15.0, 11.5, 35.4 2.47,dt (14.9, 4.3) 32.6
2.09, * 1.97, m 2.09, dd (5.2, 3.2)
3.3)
2.12 dt (15.0, 4.2) 1.75, m
3 4.13, dd (10.4, 4.2) 73.0 4.23, * 73.4 4.52, dd (5.2, 72.4 4.55, brt (3.2) 74.0 4.51, br t (2.3) 72.4
2.5)
4 - 143.4 - 144.5 - 141.6 - 146.2 - 142.1
5 3.11, dd (12.7, 5.7) 40.0 3.10, dd (13.0, 39.9 5.33dd (9.3, 1.5) 126.4 5.33,d (9.6) 120.6 5.34,d (11.0) 126.6
2.10, * 4.7),
211, m
6 4.23, ddd (10.7, 5.7, 83.2 4.23, * 83.5 6.30 dd (9.3, 1.5) 73.3 5.96, dd (9.6, 5.9) 67.9 6.67,dt (11.0, 1.6) 74.0
3.7)
7 2.52, m 39.8 2.82, m 38.9 3.09m 47.1 3.17, m 50.2 2.89, m 48.5
8 1.90, m 38.9 2.02, m 37.9 5.16, m 75.1 5.92,1(9.8) 74.9 5.20, m 76.9
1.94, m
9 4.31,dd (11.6, 4.7) 77.0, * 4.29, m 72.3 2.84 dd (15.1, 29.4 5.43,d (11.1) 1229 2.86, dd (15.1, 43.6
6.1), 4.4),
2.57,dd (15.1, 1.36, *
3.5)
10 - 148.2 - 149.2 - 144.4 - 144.2 - 59.9
11 - 141.2 - 140.5 - 137.4 - 136.0 - 137.9
12 - 169.3 - 170.3 - 169.6 - 169.7 - 169.7
13 6.24,d (3.3) 121.1 6.29d (3.4) 124.5 6.34,d (2.3) 124.3 6.28,d (3.2) 121.8 6.38,d (1.6) 124.9
5.65, d (2.8) 6.09d (2.7) 5.73,d (2.1) 6.07 d, (2.9) 5.78,d (1.6)
14 5.26, s 116.4 5.33,s 111.4 1.78,s 229 1.86, s 16.8 1.47 s 19.8
5.22,s 5.20, s
15 5.28, s 116.6 5.34,s 116.9 5.50, s 117.9 1.82,s 23.3 1.82s 23.0
5.37,s 5.24,s 5.16, s
OiBu OTig OEtac-3-OH
1 - 176.2 - 167.4 165.9
2 2.52,h (7.1) 34.2 - 128.4 143.6
3 1.10,d (7.1) 18.7 6.87, m 138.4 4.59, m 66.9
4 1.12,d (7.1) 18.9 1.83,s 14.5 6.19, s 125.4
5.87,s
5 1.85, s 12.2 1.36 d (6.6) 22.0

*overlapped signals.

this work was the updated chemical characterization and pharmaco-
logical evaluation of SLs isolated from C. jamaicensis. Seventeen SLs
were isolated, belonging to the sesquiterpene-types of heliangolides,
germacranolides and guaianolides; among them, only three have been
previously described in the literature (Fig. 1), whilst jamaicolides A-D
were formerly reported by Ober et al. [20] from the title species. The
isolated SLs were evaluated for their cytotoxic effects in three cancerous
cell lines (HeLa, SK-MEL-28 and HePG2 cells), revealing compounds
possessing ICsop < 10 puM, which could be potential chemotherapeutic
agents for cervical cancer or melanoma according to NCI guidelines
[21]. In addition, based on our previous findings reporting strong in-
hibition of TNF-a induced ICAM-1 expression on the endothelial HMEC-
1 cells from SLs isolated from Centaurea papposa [22], we further sub-
jected three of the isolated SLs in the ICAM-1 assay, showing strong anti-
inflammatory activity in a dose-dependent manner. In parallel, nine
benzopyrane derivatives were isolated from C. jamaicensis, including
four chromanes previously undescribed from natural sources (Fig. 2).

2. Materials and methods
2.1. Plant material

The plant material (leaves) was collected at Parque Nacional, Altos
de Campana (Panama) in August 2010 and identified by Dr. Mireya

Correa (Panama University). A voucher specimen has been deposited in
the Herbarium of Panama University (No. Florpan 5458).

2.2. General experimental procedures

Optical rotations were obtained an UniPol L 1000 polarimeter
(Schmidt + Haensch). UV-spectra were recorded on a Cary 50 Scan UV-
spectrophotometer (Varian). CD spectra were measured on a J-715
spectropolarimeter (JASCO). NMR spectra were measured in an
AVANCE 1III 600 equipped with a 5 mm TBI CryoProbe (*H NMR 600.25
MHz, '3C NMR 150.95 MHz) or a Bruker DRX 400 (‘H NMR 400 MHz,
Bruker BioSpin) at 298 K (or 363 K if indicated, see Table 3). Chemical
shifts are given in ppm (5) and were referenced to the solvent signals at
7.26 and 77.0 ppm for 'H-/*3C NMR, respectively. HRESIMS spectra
were obtained with an Agilent MS Q-TOF 6540 UHD or JEOl AccuTOF
GCX spectrometer. Vacuum liquid chromatography (VLC) and column
chromatography (CC) were performed on a silica gel 60H (Merck).
Fractionation was always monitored by TLC silica gel 60F-254 (Merck)
with visualization under UV (254 and 365 nm) and spraying with
vanillin—sulfuric acid reagent (vanillin, Merck) and anisaldehyde-
sulfuric acid agent (4-methoxybenzaldehyde Merck). Semi-prep HPLC
was conducted on a Jasco PU-2080 system (flow 1 mL/min) equipped
with a RI detector (Shimadzu 10A), using an Kromasil RP-18 100si Semi-
prep (10 x 250 mm) or a Hibar Purospher RP-8e (4 x 250 mm) on an
Agilent 1290 Infinity system with a DAD detector (flow rate 21 mL/min;
205 nm), using an XDB-C18 PrepHT column (21.2 x 250 mm, Agilent).

2.3. Extraction and isolation

The leaves (240 g) of C. jamaicensis were extracted by cyclohexane
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Table 2
1H NMR data of compounds 9-13; Solvent: CDCl3, Ava 600 MHz (T = 298 K).
9* 10 11* 12 13
Position On Sc On Se S Sc (7% Se 1% Sc
1 2.93, dd (10.0, 5.0) 59.9 2.96, dd (9.9, 4.8) 60.4 4.15, br d (4.3) 79.0 4.14, d (4.0) 79.0 4.57,brd (7.7) 76.6 *
2 2.48, m 31.6 2.51, td (14.5, 4.8) 32.2 241, m 41.9 2.38,dd (13.3,6.1) 40.9 2.45,dd (12.3, 6.3) 34.4
1.97, m 2.01, ddd (14.5, 9.9, 3.4) 1.95, m 1.96 m 2.28, m
3 4.51, br t (3.3) 72.0 4.52, br t (3.4) 72.4 4.88, dd (10.6, 6.1) 83.6 4.89,dd (11.1, 6.1) 82.7 4.69, dd (10.9, 6.3) 72.2
4 - 140.7 - 140.9 - 137.6 - 137.2 - 83.0
5 5.32,dd (11.0, 1.3) 126.3 5.35,d (10.9) 127.8 5.44, d (5.6) 126. 5.45, m 125.9 4.24, br s 78.5
6 6.59, d (11.0, 2.4) 73.2 6.65, dd (10.9, 2.4) 73.7 6.31,t (5.6) 76.1 6.36, br t (5.7) 76.4 5.19, br t (2.6) 78.2
7 2.85, m 47.6 2.88, m 48.5 2.88, m 52.9 291, m 53.1 3.40, m 38.5
8 5.21, m 75.0 5.20, m 75.6 541, m 73.8 5.46, m 73.0 5.09, m 78.0
9a 3.05, dd (15.3, 4.4) 38.3 3.10, dd (15.2, 4.6) 38.9 2.38, dd (14.0, 2.7) 38.6 2.49, dd (15.4,7.1) 38.5 2.73,dd (12.3,7.7) 31.9
9b 1.21, * 1.28, * 1.42, dd (14.0, 3.6) 1.45, * 2.49,dd (12.3, 1.5)
10 - 60.2 - 61.1 - 86.8 - 86.6 - 147.0
11 - 136.4 - 137.0 - 138.1 - 137.8 - 137.4
12 - 169.5 - 169.6 - 169.5 - 169.6 - 170.2
13 6.37,d (2.3) 124.5 6.36, d (2.1) 124.9 6.34, d (3.0) 124.2 6.33,d (3.0) 123.2 6.25, d (2.5) 122.7
5.76, d (2.3) 5.76,d (1.7) 5.63, d (2.8) 5.64, d (3.0) 5.65, d (2.0)
14 4.05,d (12.9) 63.6 4.00, d (12.9) 63.7 3.90,d (11.1) 66.0 3.84,d (11.1) 64.8 5.11,s 112.1
3.94,d (12.9) 3.95,d (12.9) 3.75,d (11.1) 3.69,d (11.1)
15 1.81,s 22.5 1.82,s 23.0 1.67,s 20.0 1.66, s 20.1 1.33,s 24.7
OiBu OTig OiBu OTig OTig
1 - 174.8 - 164.8 - 176.1 - 167.0 167.0
2 2.56, h (7.1) 34.1 - 128.7 2.54,h (7.1) 33.7 127.7 128.0
3 1.14,d (7.1) 18.4 6.84, m 137.9 1.14,d (7.1) 18.6 6.85, m 139.5 6.77, m 138.4
4 1.13,d (7.1) 19.1 1.79, s 14.6 1.12,d (7.1) 18.6 1.80, s 14.6 1.75, s 14.5
5 1.81,s 12.0 1.80, s 12.1 1.75, s 11.9

*overlapped signals, * assigned by HSQC/HMBC.

(cHex)- ether-methanol (MeOH) 1:1:1 and then partitioned between
water and ethyl acetate (EtOAc) (terpene rich residue) according to the
Bohlmann method, slightly modified as previously described [23]. The
residue was pre fractionated by VLC on silica gel, using cHex-EtOAc-
acetone (MepCO) mixtures of increasing polarity as eluents to give
nine fractions (LEAa.;). The whole fractionation and final isolation
procedure are continuously monitored by NMR metabolomic strategy,
which enables the characterization of extracts and any derived sub-
fraction in detail. Specifically, 'H NMR spectra of the fractions have
given evidence of compounds belonging to SLs and chromenes.
Further purification was accomplished by CC on silica gel and RP;g-
HPLC. More specifically, fraction LEAg (eluted with cHex-EtOAc 75:25,
124.0 mg) was subjected to CC (8 cm x 2 cm) on silica gel, using cHex:
dichloromethane(DCM):EtOAc:MeOH as eluents and afforded 90 frac-
tions (20 mL each) which were combined to 21 groups (LEAga.u)), ac-
cording to TLC analysis. Fractions LEAgg (5.1 mg) and LEAg;, (5.6 mg)
were identified as compounds 19 and 18, respectively. LEAgy (41.1 mg)
was similarly subjected to CC (7 cm x 0.7 cm) affording 27 fractions of
about 3 mL, which were combined to 15 groups (LEAgpa-0)) and LEAgyi
(1.1 mg) was identified as compound 20. LEA( (eluted with cHex-EtOAc
50:50, 179.2 mg) was similarly subjected to CC (7 cm x 2.3 cm)
affording 58 fractions (20 mL), which were combined to 14 groups
(LEAc(a-N)). LEA¢ (33.2 mg) was similarly subjected to CC (8.5 cm x 1.3
cm) affording 35 fractions (15 mL), which were combined to 12 groups
(LEAcia-1))- LEAcp (0.7 mg) and LEA¢g (1.1 mg) afforded compounds
21 and 25 respectively. LEAp (eluted with cHex-EtOAc 25:75, 224.2 mg)
was similarly subjected to CC (11 cm x 1.8 cm) affording 53 fractions
(20 mL), which were combined to 16 groups (LEApa.0)). LEApg (3.5 mg)
was identified as compound 7. Groups LEAp.j) (=LEApg> 39.7 mg)
were similarly subjected to CC (9 cm x 1.3 cm) resulting in 46 fractions
(15 mL), which were combined to 8 groups (LEApg'(a-n))- LEApg'r (2.5
mg) was identified as compound 8. LEApgp (14.1 mg) was subjected to
RPc15-HPLC (Kromasil RP-18, 1 mL/min, MeOH:H50 2:1) and afforded
compounds 6 (1.6 mg, tg 23.2 min) and 7 (1.6 mg, tg 25.7 min). Groups
LEAp.1) (=LEApg- 73.2 mg) were similarly subjected to RP¢;g-HPLC
(Kromasil RP-18, 1 mL/min, MeOH:H50 2:1) and afforded compounds 5
(1.2 mg, tg 39.3 min) and 13 (0.5 mg, tg 53.0 min). LEApy (33.2 mg) was
subjected to RP¢1g-HPLC (Kromasil RP-18, 1 mL/min, MeOH:H,0 2:1)

and afforded compounds 22 (1.4 mg, tg 21.0 min) and 23 (2.0 mg, tg
29.5 min). LEAg (eluted with EtOAc 100%, 549.1 mg) was similarly
subjected to CC (8 cm x 3.3 cm) resulting in 58 fractions (30 mL), which
were combined to 10 groups (LEAg (a.5)). LEAgc (1.8 mg) and LEAgp
(10.8 mg) were identified as compounds 24a and 24b, respectively.
LEAgg (55.2 mg) was subjected to RP¢;g-HPLC (Kromasil RP-18, 1 mL/
min, MeOH:H50 4:3) and afforded compounds 3 (2.3 mg, tg 21.9 min),
22 (4.2 mg, tg 23.1 min), 4 (7.4 mg, tg 25.4 min) and 12 (0.7 mg, tg 35.0
min). LEAgg.11 (4,4 mg) was subjected to RP-HPLC (Hibar RPg, 1 mL/
min, 0-15 min ACN 0 - 20%, 15-20 min ACN 20 — 90%, 20-23 min
ACN 90%) and afforded compounds 2 (0.5 mg, tg 10.9 min) and 9 (0.6
mg, tg 13.3 min), while LEAgg.13 (1.9 mg) was subjected to RP-HPLC
(Hibar RPg, 1 mL/min, ACN 30%) and afforded compound 10 (0.5
mg, tg 3.7 min). LEAgy (80.5 mg) was subjected to RP¢;8-HPLC (XDB-
C18, 21 mL/min, 0-6 min ACN 10%, 6-25 min ACN 10-40%, 25-29 min
ACN 40-90%) and afforded compounds 16 (1.1 mg, tg 20.3 min) and 17
(2.1 mg, tg 24.6 min). LEAF (eluted with Me,CO-EtOAc 10:90, 345.5 mg)
was similarly subjected to CC (7 cm x 2.5 cm) affording 25 fractions (20
mL), which were combined to 9 fractions (LEAg(a.1)). LEAgp (30.0 mg)
was subjected to RP¢;g-HPLC (Kromasil RP-18, 1 mL/min, MeOH:H50
4:3) and afforded compounds 1 (3.8 mg, tg 14.1 min), 3 (1.2 mg, tg 22.1
min), 4 (2.0 mg, tg 25.5 min), 11 (0.5 mg, tg 31.5 min) and 12 (1.1 mg,
tr 33.9 min). LEAgr (25.5 mg) was subjected to RP¢13-HPLC (Kromasil
RP-18, 1 mL/min, MeOH:H0 4:3) and afforded compounds 14 (2.2 mg,
tg 29.0 min) and 15 (4.6 mg, tg 33.6 min).

Cajamolide A (1): yellow oil; [a] 2; + 8.2 (¢ 0.18, MeOH); UV A max

(MeOH) log(e): 279.1 (5.5), 205.0 (5.4); CD: S85.; 1 and '3C NMR data:
Table 1; HRESIMS m/z 265.1435 [M + H]" (caled. for Ci5H2047,
265.1434).

Cajamolide B (2): yellow oil; [a] 2; —50.4 (¢ 0.05, MeOH); UV Amax

(MeOH) log(e): 292.9 (5.6), 204.0 (5.4); CD: $85.; 'H and '*C NMR data:
Table 1; HRESIMS m/z 265.1431 [M + H]' (caled. for Cy5Hp047,
265.1434).

Cajamolide C (3): yellow oil; [a] 2; + 22.9 (c 0.08, MeOH); UV
(MeOH): strong end absorption; CD: $85.; 'H and >C NMR data: Table 1;
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Table 3
1H NMR data of compounds 14 and 15; Solvent: DMSO, Bruker 400 (T = 363 K),
and of compounds 16 and 17; Solvent: CDCI3, Ava 600 MHz (T = 298 K).

14° 15° 16° 17°
position &y Sp Sy ¢ Sp 8¢
1 4.04, dd 4.05, dd - 86.2 - 86.2
(10.3, (10.3,
3.2) 3.2)
2 191, m 191, m 5.64, 134.3 5.64, 134.4
d(5.1) d (5.5)
1.83, m 1.84, m
3 3.97, m 3.96, m 6.04, 141.0 6.04, 140.9
d(5.1) d (5.5)
4 - - - 82.1 - 82.1
5 2.38, dd 2.39,dd 2.47, 67.5 2.49, 67.4
(16.2, (16.2, d(11.3) d(11.1)
4.5)2.08, 4.5)2.16,
m m
6 5.64, ddd 5.69, 4.69, dd 76.5 4.73, dd 76.6
(9.7,4.5, ddd (9.7, (11.3,9.1) (11.1,
2.3) 4.5,2.3) 9.0)
7 3.40, m 3.40, m 3.55, m 46.4 3.56, m 46.5
8 4.94, t 4.99, t 5.56, m 67.2 5.67, m 67.5
(10.0) (10.0)
9 5.34, 5.36, 3.16 dd 35.9 3.17,dd 36.0
d (10.0) d (10.0) (14.5, (14.5,
3.7),2.44, 2.7),
dd (14.5, 2.47,dd
3.2) (14.5,
6.6)
10 - - - 1435 - 143.6
11 - - - 1347 - 134.5
12 - - - 169.5 - 169.4
13 6.07, 6.05, 6.33, 122.4  6.31, 122.7
d (3.5) d (3.5) d (3.6) d (3.6)
5.43, 5.43, 5.62, (d 5.63,
d(3.2) d(3.2) 3.1) d(3.1)
14 1.75s 1.75s 4.91,s 117.2 491,s 117.2
4.88, s 4.88,s
15 5.15, s 5.15, s 1.41,s 24.6 1.40, s 24.5
4.85, s 4.82,s
OiBu OTig OiBu OTig
1 - - - 167.5 - 166.9
2/ 2.49, * - 2.52,h 34.1 6.76, m 128.2
7.1)
3 1.08, 6.79, m 1.10, 19.1 1.77,s 138.2
d(7.1) d(7.1)
4 1.07, 1.76, s 1.12, 18.9 1.76, s 14.5
d(7.1) d(7.1)
5 1.77,s - 12.0

a

measured in DMSO; P measured in CDCls; *overlapped signals.
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HRESIMS m/z 351.1802 [M + H]" (caled. for C1gHa706™, 351.1802).
Cajamolide D (5): yellow oil; [a] 2; + 32.7 (¢ 0.10, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and 3C NMR data: Table 1;
HRESIMS m/z 363.1803 [M + H] " (calcd. for CaoHayOg ", 363.1802).

Cajamolide E (8): yellow oil; [a] 2; —8.6 (¢ 0.10, MeOH); UV

(MeOH): strong end absorption; CD: S85.; 'H and '3C NMR data: Table 1;
HRESIMS m/z 379.1748 [M + H]™ (caled. for CyoHoy0,, 379.1751).

Cajamolide F (9): yellow oil; [a] 2; —27.6 (c 0.06, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and >C NMR data: Table 2;
HRESIMS m/z 367.1744 [M + H] " (calcd. for C19Ha;07 ", 367.1751).

Cajamolide G (10): yellow oil; [a] ZDS + 10.8 (¢ 0.06, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and 3C NMR data: Table 2;
HRESIMS m/z 379.1744 [M + H]™" (calcd. for CooHp,051, 379.1751).

Cajamolide H (11): colourless oil; [a] 2D5 -22.1 (c 0.05, MeOH); UV

(MeOH): strong end absorption; CD: S85.; 'H and '3C NMR data: Table 2;
HRESIMS m/z 389.1563 [M + Nal]' (caled. for CioHpsO7Na™,
389.1571).

Cajamolide I (12): colourless oil; [a] 2D5 —15.4 (¢ 0.13, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and 3C NMR data: Table 2;
HRESIMS m/z 379.1754 [M + H]™ (caled. for CaoHy,05", 379.1751).

Cajamolide J (13): colourless oil; [a] 2D5 —20.7 (¢ 0.05, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and '>C NMR data: Table 2;
HRESIMS m/z 379.1746 [M + H]™ (calcd. for CyoHy;077, 379.1751).

Cajamolide K (14): yellow oil; [a] 2; + 32.9 (c 0.08, MeOH); UV

(MeOH): strong end absorption; CD: S85.; H and '3C NMR data: Table 3;
HRESIMS m/z 351.1808 [M -+ H] " (caled. for C19H2,06", 351.1802).

Cajamolide L (15): yellow oil; [a] 2; —79.5 (c 0.11, MeOH); UV

(MeOH): strong end absorption; CD: S85.; 11 and '3C NMR data: Table 3;
HRESIMS m/z 363.1807 [M + H]" (calcd. for C20H2706+, 363.1802).

Cajamolide M (16): yellow oil; [a] 21;3 —13.4 (c 0.08, MeOH); UV

(MeOH): strong end absorption; CD: S85.; H and 3C NMR data: Table 3;
HRESIMS m/z 349.1650 [M + H] " (calcd. for C;oH2506 ", 349.1646).

Cajamolide N (17): yellow oil; [a] 25 —7.1 (c 0.17, MeOH); UV

(MeOH): strong end absorption; CD: $85.; 'H and 3C NMR data: Table 3;
HRESIMS m/z 361.1648 [M + H]™ (caled. for CooHas06", 361.1646).

Table 4
1H NMR data of compounds 22, 23, 24a and 24b; Solvent: CDCl3, Ava 600 MHz (T = 298 K).
22 23 24a 24b

Position Sy S 7% 8¢ Sy S Sy 8¢
2 - 77.8 - 80.0 - 77.5 - 77.0
3 3.60, d (8.0) 77.3 3.59, d (8.0) 76.8 3.85, * 67.2 3.83, * 67.4
4 4.51, d (8.0) 70.1 4.54, d (8.0) 69.1 4.38,d (4.2) 74.4 4.31,d (7.0) 78.8
4a - 146.5 - 115.0 - 146.6 - 146.6
5 6.93, s 109.6 7.96, s 130.9 6.86, s 110.7 6.79, s 111.46
6 - 143.8 - 121.9 - 143.4 - 143.8
7 - 150.0 - 157.2 - 150.1 - 150.0
8 6.37,s 100.6 6.37, s 99.7 6.38, s 100.6 6.37, s 100.9
8a - 143.1 - 161.2 - 138.9 - 143.2
9 1.48,s 24.9 1.51,s 26.6 1.50, s 24.7 1.44,s 25.5
10 1.23, s 23.1 1.25, s 19.4 1.25, s 23.3 1.28,s 23.1
4-OCHs - - - - 3.59, s 56.9 3.48,s 56.8
6-OCHjs 3.85,s 56.6 - - 3.83,s 56.4 3.84,s 56.2
6-COCH3 - - 2.57,s 31.9/197.5
7-OCH3 3.83, s 55.8 3.86, s 55.7 3.81,s 55.8 3.82,s 56.0

*overlapped signals.
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Cajachromane A (23): green amorphous solid; [«] 2; —12 (c 0.13,
MeOH); UV Apax (MeOH) log(e): 296.0 (3.7), 218.0 (3.6); CD: S85.; g
and '3C NMR data: Table 4; HRESIMS m/z 267.1229 [M + H]* (calcd.
for C14H1005", 267.1232).

25

p —6(c0.09,
MeOH); UV Apax (MeOH) log(e): 292.0 (3.6), 216.0 (3.2); CD: S85.; Bii
and '3C NMR data: Table 4; HREIMS m/z 268.1300 [M]™ (calcd. for
C14H2005T, 268.1305).

Cajachromane B (24a): green amorphous solid; [o]

Cajachromane C (24b): green amorphous solid; [a] 2; +11 (c 0.10,

MeOH); UV Apax (MeOH) log(e): 293.0 (3.5), 214.0 (3.2); CD: S85.; H
and '3C NMR data: Table 4; HREIMS m/z 268.1309 [M]™ (calcd. for
Ci14H2005™, 268.1305).

2.4. MTT assay

The cytotoxicity of the SLs was determined using the human cancer
cell lines HeLa (cervical carcinoma, ATTC), SK-MEL-28 (malignant
melanoma, DSMZ) and HepG2 (hepatocellular carcinoma, DSMZ), as
well as the non-cancerous HMEC-1 cell line (human microvascular
endothelial cells [24]). Culture medium was MEM (Sigma; supple-
mented with -Glutamine, FCS and NEA, BioChrom), DMEM-HAM’S
(50-50%, Invitrogen and BioChrom; supplemented with FCS), RPMI
(BioChrom; supplemented with -Glutamine and heat activated FCS) and
ECGM (EASY Endothelial Cell Growth Medium, supplemented with
EASY Growth supplement and Gentamycin-Amphotericin (all PELO-
Biotech), and heat activated FCS), respectively. Stock solutions of the
samples were prepared in DMSO, and the test concentrations were
freshly prepared with medium on the day of the experiment (final
concentration of DMSO was 0.33%). Cytotoxicity was evaluated using
the colorimetric MTT assay as described before [25]. Briefly, nine
different concentrations of the compounds (100.0 to 0.39 pM) together
with the cell suspension (final concentration in wells: 6 x 10* cells/mL,
3 x 10* cells/mL and 12.5 x 10* cells/mL, for HeLa, SK-MEL-28 and
HePG2, respectively), were added to the 96 well-plates. The HMEC-1
cells in a final cell suspension of 90 x 10* cells/mL were placed in the
96-wells, and 24 h later they were treated with 6.25, 12.50, 25.00,
50.00 uM of the tested SLs. After incubation for 68 h (or 24 h for the
HMEC-1) (IBS Integra Biosciences, 37 °C, 5% CO3 and 90% relative
humidity), MTT was added (4 mg/mL), and after 4 h the solution was
exchanged with 10% SDS. The plates were then placed in dark and 24 h
later, the absorbance at 560 nm was measured (SpectraFluor plus plate
reader, Tecan).

2.5. ICAM-1 assay

Regarding the ICAM-1 assay, the HMEC-1 cells were treated as
described before [26]. Briefly, the compounds were firstly subjected to
MTT viability test, as described in 2.4., in order to exclude any false
positive results in the reduction of the expression of ICAM-1 due to
cytotoxicity. Since no cytotoxicity was observed (mean viability be-
tween 90 and 110%, Supplementary information S88) the HMEC-1 cells
were treated with the compounds 1, 4 and 7 at 6.25, 12.50, 25.00, 50.00
uM, or parthenolide (5 uM, positive control, Calbiochem), or medium
(ECGM, negative control, set as 100%) in 24 well-plates (plates were
treated firstly with 0.25 % v/v Collagen G in PBS (both Sigma-Aldrich).
After 30 min, TNF-a (10 ng/mL, Sigma Aldrich) was added (except from
two wells, in which no TNF-a was added in order to evaluate the normal
cells ICAM-1 production (untreated control), and the plates were incu-
bated at 37 °C, 5% CO2 and 90% relative humidity for 24 h. Then, the
cells were washed with PBS, removed from the plates with trypsin/
EDTA and fixed with formalin. Incubation with the Mouse Anti-human
CD54: FITC (Bio-Rad) for 20 min, was followed by fluorescence-
activated cell sorting (FACS) analysis (Becton Dickinson

Bioorganic Chemistry 116 (2021) 105351

FacscaliburTM) measuring fluorescence intensity.
2.6. Statistical analysis

ICsp values were calculated from nine different concentrations and
tests were performed in sextuplicate for the MTT assay. For ICAM-1
assay each experiment was performed in duplicate. All experiments
are repeated at least three times and the results are presented as means
=+ SD for each sample. Statistical analysis of all continuous variables was
checked for normality. Means of two groups were compared with paired
samples t-test or one sample t-test where applicable. Statistical signifi-
cance (2-tailed) was set at *p < 0.05, **p < 0.01, or ***p < 0.001.
Statistical analyses were performed using IBM SPSS statistics 26.
GraphPad Prism 8.4.2 version was used for the creation of the graphical
representations, as well as the calculations of the ICsg values using non-
linear regression.

3. Results and discussion
3.1. Phytochemical investigation

The terpene rich residue from C. jamaicensis was repeatedly purified
by VLC, CCs, and semi-preparative HPLC (see section 3.3) to yield
fourteen previously undescribed SLs, cajamolides A - N (1-3, 5, 8-17),
together with three known SLs, carbetolide C (4) [27], tagitinin E (6)
[28] and heliangin (7) [29]. All structures are presented in Fig. 1, and
the proposed biosynthetic pathway is illustarted as part of the Sup-
porting Information (S87). Moreover, nine chromene derivatives (Fig. 2)
were reported, including precocene II (18) [30], prunichromene B (19)
[31], encecolin (20) [32], acetovanillochromene (21) [33], 2,3-dihydro-
3S-hydroxy-6,7-dimethoxy-2,2-dimethyl-4H-1-benzopyran-4-one (25)
[34] and trans-3,4-dihydro-3,4-dihydroxy-6,7-dimethoxy-2,2'-dimethyl-
2H-benzo[b]lpyran (trans-precocene-3,4-dihydrodiol) (22) [30], with
the latter one reported for the first time from natural source, as well as
three new analogues cajachromane A (23), cajachromane B (24a) and
cajachromane C (24b).

Cajamolide A (1) was isolated as yellow oil and its molecular formula
of C15H2004 was determined by the HRESIMS. The 'H and '3C NMR data
(Table 1), with the aid of COSY, HSQC and HMBC analysis revealed the
presence of 15 carbons, three non-protonated and three protonated
olefinic, one carbonyl, three oxygen bearing and four aliphatic carbons,
indicating the presence of a SL backbone (NMR data Table 1). An
a-methylene-y-lactone moiety was confirmed by the diagnostic signals
in the 'H NMR spectrum of two doublets at 5y 6.24 (3.3 Hz) and 5 5.65
(2.8 Hz) attributed to position 13, following by their characteristic COSY
correlation signal with H-7 and the HMBC cross-peak to C-12 of the
lactone ring. In addition, two pairs of singlets at 6y 5.26, 5.22 and 5y
5.28, 5.37 were observed in the 'H NMR spectrum, supporting a SL
structure with three exomethylenic double bonds in total, on positions
11, 4 and 10, respectively. All signals could be assigned by spin
decoupling systems of CHz-13/ CH-7/ CH2-8/ CH-9, CH-7/ CH-6/ CH2-5
and CH-3/ CHy-2/ CHy-1, suggesting a germacrene type SL. The relative
stereochemistry was deduced by NOESY difference spectroscopy, which
showed clear effects between H-3 (6 4.13), H-7 (65 2.52) and H-9 (6y
4.31) indicating the o- orientation of these protons (Figure S89, SI).

Cajamolide B (2) was isolated as yellow oil and its molecular formula
of Cy5Hy004 was determined by the HRESIMS. The NMR data of 2
(Table 1) were similar to that of 1. As expected, all protonated carbons
were assigned by the COSY correlation signals of CHy-13/ CH-7/ CHy-8/
CH-9, CH-7/ CH-6/ CH-5 and CH»-3/ CH,-2/ CH-1, with the aid of the
HSQC spectrum. Contrarily to 1, the presence of an a-OH on C-9 was
deduced from the lack of the NOE signal between H-9 (y 4.29) and H-7
(6y 2.82). Proton H-3, similarly to compound 1, also gave a NOE signal
with H-7 and this proton was up shielded (6y 4.23 in 2 and 65 4.13 in 1)
(Figure S89, SI).

Furthermore, analysis of the NMR data showed that 3 and 4 are
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closely related structures to other heliangolide-type SLs with a side
chain located at C-8 that have been previously described in the literature
from Calea species [27]. In fact, compound 4 was identified as carbe-
dolide C. This compound has been previously found in C. berteriana
[27,31], C. prunifolia and C. solidaginea [31]. Heliangolides are consid-
ered the main SLs type in the genus Calea [16]. Compound 3, named
cajamolide C, was obtained as a yellow oil. Its molecular formula was
determined to be C19H260¢ by the HRESIMS. A comparative analysis of
the NMR data of 3 (Table 1) with those reported in the literature
[23,27], suggested a SL backbone with a structure related to the above-
mentioned compound 4, indicating a different substitution at C-8. In
comparison with 4, the chemical shifts of the proton and carbon signals
at positions 8, 9 and 14 of 3 were slightly different from those of car-
berolide C (4) due to the tigloyl-side chain. In fact, the diagnostic dif-
ferences were the signal at ¢ 176.2, corresponding to the carbonyl
group (C-1'), as well as the methine septet signal (CH-2') at 5y 2.52 (7.1
Hz) and the vicinal methyls at 55 1.10 and 1.12 (d 7.1 Hz), which sup-
ported the presence of an isobutyl group [24]. The location of the side
chain group at C-8 (5¢ 75.1) was supported by the HMBC correlation
signals between H-8 (§y 5.16) and the carbonyl carbon C-1'. The relative
configuration was assigned by the NOE signals H-1/ H-3/ H-7/ H-8,
indicating the a-orientation of these protons, similarly to carberolide C
4 [27].

Compound 5, named cajamolide D, was isolated as a yellow oil and
its molecular formula was determined to be CyoH3606 from the '*C NMR
(Table 1) and HRESIMS. The NMR data of 5 were similar to those of 3
and 4 [27], but with a distinct absence of the exomethylenic double
bond at C-10, followed by the appearance of a signal of an angular
methyl at 5y 1.82 (singlet) and an olefinic proton at 5y 5.43 (4(9)10,
d 11.1 Hz). Its COSY spin-coupling systems CH,-13/ CH-7/ CH,-8/ CH-
9, CH-7/ CH-6/ CH-5 and CH-3/ CH-2/ CH-1 constructed the planar
structure of 5. Moreover, an olefinic proton at 5y 6.87 and two char-
acteristic secondary methyl signals at 5y 1.83 and 1.85 observed at the
'H NMR spectrum indicated the presence of a tigloyl group (CsH,0)
located again at C-8 (Table 1), which was further verified by the sig-
nificant fragment peak at m/z 83.0487 in the MS spectrum. The relative
configuration was assigned by the NOE signals H-3/ H-7/ H-8, indi-
cating the a-orientation of these protons and the diaxial orientation of H-
1 (64 4.80).

Compound 8, named cajamolide E, was obtained as a yellow oil and
its molecular formula was determined to be CygHy607 from the HRE-
SIMS. The NMR data of this compound unveiled high similarity with the
basic structure of the known compounds tagitinin E (6) and heliangin
(7), featuring an 1,10-epoxide. Its planar structure was supported by the
COSY spin-coupling systems CHz-13/ CH-7/ CH-8/ CH2-9, CH-7/ CH-6/
CH-5 and CH-3/ CHy-2/ CH-1. Furthermore, instead of the typical sig-
nals of the substitution of the tigloyl or isobutyl group, compound 8
showed in 'H NMR a pattern of signals (two singlets at 5y 5.87 and &y
6.19, one multiplet at 5 4.59 and a douplet at 5y 1.36) which together
with the characteristic fragment on the mass spectrum at m/z 115.0395
[CsH,03]™, clearly indicated the presence of 3-hydroxy-2-ethylacrylate
moiety (Table 1). Such a side-chain substitution has been previously
reported from C. berteriana [35]. The relative configuration, based on
NEOSY correlation signals and coupling constants, was in accordance
with the known compounds tagitinin E (6) and heliangin (7) [28,29].

Compounds 9 and 10 were nearly identical regarding their '"H NMR
data, differing only in the signals due to the lateral chain, with the first
bearing an isobutyl and the other bearing a tigloyl group. Comparably to
compounds 6, 7, and 8, these compounds are also characterized by the
presence of an 1,10 epoxide, however position C-14 is further
substituted by a hydroxyl residue (55 4.05, 3.94 and 4.00, 3.95, &¢ 63.6
and 63.7, for 9 and 10, respectively), which is in full accordance with the
obtained mass spectra. More specifically, regarding compound 9, which
was named cajamolide F, its molecular formula was determined to be
C19H2607 from the HRESIMS, while accordingly, compound 10, was
named cajamolide G, with the molecular formula CooH07 by the
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HRESIMS. Both compounds were isolated as yellow oils. The direct
comparison of their 1H and '3C NMR spectra (Table 2) with 14-hydrox-
yleptocarpin reported by Spring et al. [36], shows that 9 and 10 are
analogs of this compound, with the only difference in the lateral chain at
C-8 (angeloyl-group in 14-hydroxyleptocarpin, vs. isobutyl and tigloyl
in 9 and 10, respectively). The relative configuration proved to be the
same with the pattern observed in compounds 6-8 [28,29] (Figure S89,
SI).

The occurrence of identical basic skeleton differentiated only by the
substitution of a tigloyl or an isobutyl group was also observed with
compounds 11 and 12, named cajamolide H and cajamolide I, respec-
tively. Comparably to 9 and 10, these compounds are also characterized
by the presence of an epoxide and the same substitution on position C-14
(hydroxyl group), which is in full accordance with the obtained mass
spectra. More specifically, the molecular formula of compound 11 was
determined to be C19H2607 from the HRESIMS and for compound 12
CooH607 from the HRESIMS. In this case, the downfielded shift of C-3
(5¢ 83.6 and 82.7 of compounds 11 and 12, respectively) suggests this
position as the bridgehead for the epoxide. Precisely, they proved to be
analogues of furanonobilin quoted by De Mieri et al. [37], distinguished
by the presence of the C-8 substitution (Table 2). The NOESY correla-
tions of H-7/H-1 and H-1/H-8, along with the lack of cross-peaks with H-
3, suggested the relative configurations of compounds 11 and 12, as
shown in Figure S89 (SI).

Compound 13, named cajamolide J, was assigned a molecular for-
mula of CpoH2607 by the HRESIMS and was obtained as a colourless oil.
Its structure is based on the presence of two characteristic exomethy-
lenic double bonds, one methyl and five oxygen bearing methines, in
combination with 2D NMR experiments. Moreover, an epoxy bridge
between C-1 (5¢ 76.6) and C-4 (5¢ 83.0) was supported by the HMBC
correlation from C-4 to H-1 (65 4.57), in parallel with the chemical shifts
of H-1. It is noteworthy that in comparison with the formerly described
1,10-epoxides (6-10), position 1 resonates at higher fields (6y 4.57 and
8¢ 76.6 vs ca. 6y 2.60 and §¢ 60, see Table 2), due the different location
of the epoxy group. The mass spectrum supported the absence of a hy-
droxy group. Moreover, oxygen bearing tertiary C-4 was downfielded at
83.0 ppm, which is characteristic for epoxide bridges situated at non-
protonated carbons [33]. Moreover, the cross-peaks from H-3 (5y
4.69) to C-15 (6¢ 24.7) and CHs-15 (65 1.33) to C-5 (6¢ 78.5), as well as
H-6 (657 5.19) to C-5 in the HMBC spectrum supported the location of the
hydroxy groups at C-3 and C-5, respectively, consistent with the corre-
lations of CHp-13/ CH-7/ CH-6/ CH-5, CH-7/ CH-8/ CH,-9 and CH-3/
CHy-2/ CH-1 in the "H—'H COSY spectrum. The NOESY correlations of
H-3/H-7 (6 3.40) and H-5 (65 4.24)/ CHs-15 confirmed the diaxial
orientation of hydroxyl groups at the abovementioned positions (3 and
5) (Figure S89, SI).

The 'H NMR spectra of compounds 14 and 15 indicated similar
structures to jamaicolide D [20], as it is known that analogous lactones
featuring a germacran-8,12-olide with such medium-sized rings exist as
mixtures of conformers, which interconvert slowly at room temperature
with the appearance of broad 'H NMR signals. The signals are drastically
sharpened at higher temperature (363 K), which gives the possibility for
better interpretation, thus the experiments were performed at higher
temperature in deuterated DMSO. Unfortunately, the small amount
available of 14 and 15 and the intrinsic width of several signals in the
NMR spectra of such germacrane derivatives, prevented the recording of
13¢ NMR spectra at 150 MHz (Table 3). However, the resolution of in-
dividual signals of "H NMR and the results of the HRESIMS experiments
permitted a structural assignment. More specifically, compound 14,
named cajamolide K, was obtained as a yellow oil. Its molecular formula
was determined to be C;9H260¢ from the HRESIMS. More specifically,
this germacran-12,6-olide is bearing three double bonds A11(13), 44(15)
and Aqq(9) and two hydroxy groups, as well as an isobutyl substitution on
position 6, and is presenting in 'H-'H COSY the spin systems CHy-13/
CH-7/CH-6/CHy-5, CH-7/CH-8/CH-9 and CH-1/CHj-2/CH-3, which
permitted the structure elucidation of 14. Accordingly, compound 15,
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named cajamolide L, was isolated as a yellow oil. Its molecular formula
was determined to be CyoHg6O¢ from the HRESIMS. Structurally, 15 was
identical to the previously described compound, differing only at the
substitution on position 6. In fact, a tigloyl-side chain was observed in
contrast to the isobutyl group of 14. The relative configuration of 14 and
15 was deduced by NOESY correlations (Figure S89, SI), as well as
coupling constants of H-6, H-7 and H-8 (J7,g and J 7 ~10 Hz, indicated
antiperiplanar arrangement) and in comparison with jamaicolide D the
structures differentiated only in the chiral center of position 6 [20].

In addition to cajamolides A-L, two highly oxygenated guaianolides
were isolated (compounds 16 and 17). Compound 16, named cajamo-
lide M, was obtained as a yellow oil. The HRESIMS supported its mo-
lecular formula to be C19H240¢. The 1D and 2D NMR spectra of 16
(Table 3) showed 19 carbons, 15 assignable to a SL moiety and 4 to a
lateral chain, displaying 3 methyl groups (one oxygenated and two from
the side chain), 3 methylenes (including two olefinic), 7 methines
(including 2 oxygenated and 2 olefinic), and 6 non-protonated carbons
(including 2 carbonyl, 2 oxygenated, and 2 olefinic). An a-methylene-
y-lactone moiety was evident by the two doublets at 5y 6.33 (J = 3.6 Hz)
and 6y 5.62 (J = 3.1 Hz) in the H NMR spectrum. Moreover, two sin-
glets at 5y 4.91 and 6y 4.88 confirmed the presence of a second exo-
methylenic double bond. Moreover, a pair of doublets at 5y 6.04 and &y
5.64 with a 5.1 Hz coupling clearly showed that a 2,3-double bond was
present. In addition, a singlet at 5y 1.41 suggested an oxygenated methyl
group. Further analysis of COSY and HMBC data permitted the complete
assignment of the protons and carbons of a guaiane-type skeleton. More
specifically, COSY correlations between CHy-13/ CH-7/ CH-6/ CH-5,
CH-7/ CH-8/ CH2-9 and CH-2/ CH-3, as well as HMBC correlations from
H-6 (5 4.69) to C-4 (5¢ 82.1), C-5 (6¢ 67.5) and C-7 (¢ 46.4), from H-13
(6 6.04) to C-7 (5¢ 46.4), C-11 (5¢ 134.7) and C-12 (6¢ 169.5), from
CH3-15 (65 1.41) to C-1 (6¢ 86.2), C-5 (6¢ 67.5), C-9 (6¢ 35.9), and from
H-2 (65 134.3) and H-3 (65 6.04) to C-4 (5¢ 82.1) and C-5 (5¢ 67.5)
confirmed the guaiane-moiety. The NOESY spectra of compound 16
showed the correlations of H-7 (g 3.55) with H-9a (6y 2.44), H-5 (6
2.47) and of H-8 (6y 5.56) with H-5 (6y 2.47), indicating that these
protons are in the same face of the molecule. Moreover, H-6 and the
protons of the methyl group at C-15 (6 1.41) are in the other face of the
molecule in p-orientation (Figure S89, SI). This result is in accordance
with literature data for analogue compounds with the same guaianolide
skeleton, such as subcordatolide A [35]. The location of the side chain
group at the carbon resonating at §¢ 67.2 (C-8) was supported by the
HMBC correlations signals between H-8 (65 5.56) and the carbonyl
carbon at ¢ 167.5. Further evidence for this assumption was provided
by the downfield shift of H-8 at 5y 5.56. 'H NMR indicated the presence
of an isobutyl- side chain with the characteristic signals of 6y 1.10 and
1.12 (d, 7.1 Hz), together with a heptet methine proton at §g 2.52.

Similarly, compound 17 was also isolated as a yellow oil and named
cajamolide N. The positive HRESI-MS of 17 suggested the molecular
formula of CyoHz406. The 'H and '3C NMR data of 17 showed very
similar structural resemblance to those for 16, apart from the absence of
the isobutyl- side chain signals, which were replaced by the character-
istic features of a tigloyl group (an olefinic proton at 5y 6.76 and two
methyl groups at 6y 1.76 and 1.77).

Compounds 18-25 showed closely related NMR data (Table 4, NMR
data of 22, 23, 24a and 24b). Further study of the 1D and 2D NMR
experiments of these compounds are consistent with those of charac-
teristic chromene type moieties. The NMR spectra showed the indicative
peaks of 2,2-dimethylchromene system bearing acetyl or methoxy sub-
stitutions. More specifically apart from the former known chromenes,
three analogues are reported herein for the first time, along with trans-
3,4-dihydro-3,4-dihydroxy-6,7-dimethoxy-2,2'-dimethyl-2H-benzo[b]
pyran (trans-precocene-3,4-dihydrodiol) (22) which was previously
described only as a synthetic derivative [30] (for comparison reasons the
NMR data of 22 are presented in Table 4). Compound 23 was obtained as
a green oil and named cajachromane A. The positive HRESIMS of 23
suggested a molecular formula of C;4H;g05 (caled. 267.1232). The 'H
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Table 5
1Csp values calculated from the MTT assay against HeLa, SK-MEL-28 and HePG2
cell lines.

Compounds Hela SK-MEL-28 HePG2

1 10.8 £ 0.2 23.8+0.7 26.3 + 1.6
3 7.5+0.3 183+ 1.5 51.9 + 6.1
4 29+0.1 7.5+ 0.6 12.6 £ 0.6
6 5.8+ 0.1 n.t. n.t.

7 6.2+ 0.3 12.6 + 0.4 24.0 + 3.2
8 13.4+0.3 n.t. n.t.

14 6.4 +0.7 n.t. n.t.

15 4.9 +£ 0.5 6.5+ 0.7 19.3 £3.1
16 7.2+0.2 n.t. n.t.

17 5.8+0.2 5.2+0.8 17.4 £ 2.2
P 21+05 49+1.1 10.0 £ 0.7

P: parthenolide (positive control); n.t.: not tested.

NMR showed the presence of two meta coupled aromatic protons at gy
7.96 and &y 6.37, four singlets due to a methoxy and an acetyl group at
8y 3.86 and 6y 2.57, respectively, as well as the diagnostic methyl groups
at §y 1.51 and &y 1.25. Also, two oxygen bearing methine protons
resonated at 5y 3.59, (d, 8.0 Hz) and 6y 4.54, (d, 8.0 Hz) indicated the
high similarity of this isolate with compound 22. The configurations of
3,4 diols were assigned from their 'H NMR spectra. In these compounds,
and in all related structures, J3 4-trans was greater than 7 Hz and J3 4-cis
was<5 Hz [38]. Thus, compound 23 is bearing the cis configuration in
accordance with the literature and the reported one of 22.

Compound 24a was obtained as an amorphous solid and named
cajachromane B. The positive HREIMS of 24a suggested a molecular
formula of C;4H200s. Structurally, this compound was also analogue of
22 with an additional methoxy group located at C-4 (6y 4.38, 6¢c 74.4).
Of note, 24a proved to be in cis configuration with a J34 = 4.2 Hz. In
addition, compound 24b proved to be the trans analogue with a J3 4 =
7.0 Hz [38]. The positive HREIMS of 24b indicated a molecular formula
of C14H200s. Their NMR data were almost identical with the H-4 slightly
shifted at 6y 4.31 (from 5y 4.38 for compound 24a) and compound 24b
was named cajachromane C, accordingly. The epoxide of precocene II
could be the precursor of compounds 22, 24a, 24b and 25, as epoxide of
compound 20 for 23; similar events reported the formation of chromene
metabolites by a non-enzymatic pathway in Streptoyces griseus [30].
Apart from the natural biosynthesis, isolates such as 24a and 24b could
be originated by the reaction of precocene II epoxide with the methanol
used during the extraction of the plant [30].

3.2. Cytotoxic and anti-inflammatory activities

Taking into consideration the amount of the compounds, ten SLs
were subjected to cytotoxic screening (Table 5) and parthenolide was
used as positive control. Interestingly, all tested compounds, except
from compound 8, showed strong activity against HeLa cells, with ICsg
values ranging from 2.9 to 10.8 pM. SK-MEL-28 and HepG2 cells were
generally more resilient than HeLa series, resulting in lower cytotoxic
activities for all the tested compounds. However, compounds 4, 15 and
17 were highly active against SK-MEL-28 cell line with ICsg values of
7.5, 6.5 and 5.2 pM, respectively. It is noteworthy that carbetolide C (4),
exerted ICs0 values of 2.9, 7.5 and 12.6 uM for the HeLa, SK-MEL-28 and
HePG2 cells, which are similar to that of the positive control parthe-
nolide. To conclude, the majority of the tested compounds could be
potential chemotherapeutic agents for cervical cancer or even mela-
noma, since compounds having an ICsp < 10 pM are considered active
and could be potential anti-cancer drugs according to NCI guidelines
[21].

In addition, our previous study on SLs isolated from C. papposa [22],
revealed the strong inhibition of TNF-a induced ICAM-1 expression on
the endothelial HMEC-1 cells, thus we further subjected three of the
isolated SLs in the ICAM-1 assay, in order to evaluate the anti-
inflammatory potential. As it is known, the expression of surface
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Fig. 3. ICAM-1 expression (%) in HMEC-1 cell line is expressed as means + SD. Data are representative of 3 independent experiments with similar results. Sig-

nificance levels were set at p < 0.5%, p < 0.01**, p < 0.001*** vs. TNF-q, as determined by paired sample t-test. Untreated control (pure medium, without addition of
TNF-a), TNF-a (10 ng/mL, negative control), parthenolide (5 pM, positive control) and different concentrations (6.25, 12.5, 25.0 and 50.0 uM) of compounds 1, 4,

and 7.

molecules like ICAM-1 (Intercellular Adhesion Molecule 1) and VCAM-1
(Vascular cell adhesion protein 1) at the endothelial cells, triggered by
cytokines such as IFNy, IL-1b, and TNF-a, leads to adhesion and trans-
migration of leukocytes in the inflammation site [39,40]. As for the
ICAM-1 assay, the samples were firstly subjected to MTT viability test on
the HMEC-1 cells, in order to exclude any false positive results in the
reduction of the expression of the adhesion molecule due to cytotoxicity,
reporting no toxicity (mean viability 90-110%, Figure S88). The
determination of natural ICAM-1 expression of the HMEC-1 cells in the
control group was about 2% (untreated control), and parthenolide was
used as positive control (5.0 pM), reducing its expression to 30% of the
control (TNF-a) (see Fig. 3).

Interestingly, compounds 1, 4 and 7 revealed remarkable inhibiting
effects in a dose-dependent manner (ICsy values 8.5, 5.5 and 5.4,
respectively, Figure S86.). More specifically, compounds 1, 4 and 7
reduced the ICAM-1 expression by 89.5, 97.1 and 97.2 % respectively at
50.0 uM. Even at this high concentration, no cytotoxic effects were
observed in the HMEC-1 cells, while it is worth mentioning that even the
lowest concentration tested (6.25 pM) proved to be active, reaching a
reduction ca. 50 %. These results are in accordance with our previous
study, revealing the strong anti-inflammatory effects of SLs (cnicin and
8a-0-(3', 4'-dihydroxy-methylenebutanoyloxy)-dehydromelitensin with
ICsp values of 21.9 and 5.7, respectively) through the ICAM-1 pathway
[22]. The latter is supported also by other researchers, reporting that
parthenolide (8 pM) strongly inhibits the TNF-a induced ICAM-1
expression by 93 % in human synovial fibroblasts [41]. The lactone
ring is present in all the strong inhibitors like parthenolide, cnicin and
8a-0-(3', 4'-dihydroxy-methylenebutanoyloxy)-dehydromelitensin, as
well as in compounds 1, 4 and 7, in contrast to compounds lacking the
a,p-unsaturated lactone moiety, which showed the lower inhibitory
potential. More specifically, in the same test system described in this
study, matricine (which lacks the a-methylene-y-lactone group) and
60,8a,15-trihydroxyelema-1,3,11(13)-trien-12-olide methyl ester (an
homologous sesquiterpene) only reduced the ICAM-1 expression to 52 %
and 65 % of the control at the higher concetrations tested (75 pM and
50.0 pM, respectively [42,22]. Thus, it is suggested that the the
a-methylene-y-lactone ring is essential for the anti-inflammatory activ-
ity through the ICAM-1 pathway. Although Michael reactions of the
lactone ring with -SH groups of biological systems usually also involve
non-specific toxicity [43], it is worth mentioning that the tested SLs
revealed no toxicity in the endothelial HMEC-1 cells in all the range of
the tested concentrations (6.25-50.0 uM).

4. Conclusions

This study showed that the specialized metabolites isolated from
Calea spp. possess strong cytotoxic and anti-inflammatory activities,
reconfirming thus, the traditional use of the genus in folk medicine for
the treatment of inflammation and various ailments. Further exploration
of the sesquiterpene lactones would certainly offer a novel therapeutic
approach to cope with inflammatory diseases. In conclusion, the genus
Calea could serve as a biobank of potential phytopharmaceuticals, which
could be utilized as leads in drug discovery and therapy.
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$3. HSQC spectrum of 1
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$9. HSQC spectrum of 2
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$15. HSQC spectrum of 3
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$21. HSQC spectrum of 5
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$23. COSY spectrum of 5
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$27. HSQC spectrum of 8
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$33. HMBC spectrum of 9
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$37.%3C NMR spectrum of 10
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$39. HMBC spectrum of 10
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$43. HSQC spectrum of 11
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$45. COSY spectrum of 11
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$49. HSQC spectrum of 12
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S51. COSY spectrum of 12
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$53. 'H NMR spectrum of 13
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S$55. HSQC spectrum of 13
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S$57. COSY spectrum of 13
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$59. 'H NMR spectrum of 14
0

O

T T T T T T T T T T T T T T T T T T T T T
7 € 5 4 3 F2 [ppm]

$60. HSQC spectrum of 14

Ll ool A

F1 [ppm]

—r
F2 [ppm]

20 F1[ppm]



S61. COSY spectrum of 14
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$63. 'H NMR spectrum of 15
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$69. HSQC spectrum of 16
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$75. HSQC spectrum of 17
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$77. COSY spectrum of 17
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S$86. Non-linear regression for the calculations of the ICso values of 1, 4 and 7 using
GraphPad Prism 8.4.2
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$87. Structures of compounds 1-17 as part of the proposed biosynthetic pathway.
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3.2. Centaurea papposa (Coss.) Greuter

The isolation of the compounds from C. papposa is presented in Figure 27. The numbering of the

compounds are in accordance with Grafakou et al. (2021b). Extraction and isolation are presented in

Grafakou et al. (2018) and (2021b); structure elucidation and biological activities are presented in

Grafakou et al. (2021b).
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Figure 27. Chromatographic isolation of the compounds from C. papposa.
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The aerial parts of Centaurea papposa, a species growing wild in Algeria and Tunisia, were investigated for
the occurrence of sesquiterpene lactones. The germacranolide cnicin is the main compound. In addition
one eudesmanolide, two elemanolides, one elemane derivative and the flavonoid eupatorin were
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1. Introduction

The genus Centaurea L. (Asteraceae, Carduae) comprises about
500 species and its distribution is mainly in Europe and Asia
(Mabberley, 1997). The genus is characterized by its ability to bio-
synthesize sesquiterpene lactones (Seaman, 1982) and flavonoids
(Formisano et al., 2012), which are important chemotaxonomic
markers. In addition, they exhibit high activity in living systems,
thus have a strong pharmacological interest, as well as explaining
the long-term use of the genus in folk medicine (Khammar and
Djeddi, 2012; Boulos, 1983; Perrot and Paris, 1971). C. papposa is a
species growing wild in Algeria and Tunisia (Quezel and Santa,
1963), belonging to the Centaurea section, subsection Acrolophus
(Cass.) DC. (Hilpold et al., 2011). Many previous chemical studies
have been recorded on species belonging to the same section and
subsection (Tables 1 and 2).

* Corresponding author.
E-mail address: skaltsa@pharm.uoa.gr (H. Skaltsa).

https://doi.org/10.1016/j.bse.2017.11.005
0305-1978/© 2017 Elsevier Ltd. All rights reserved.

2. Materials and methods
2.1. Plant material

The aerial parts of the plant were collected at “Cape de Garde”
Lighthouse at the northwest of the port of Annaba city (Algeria) on
September 2016; altitude 58 m; Coordinates (WGS84): 36°57'28"N;
007°46'10”E. The plant was identified by Dr. Hamel Tarek and
voucher specimens were deposited to the Herbarium of Depart-
ment of Biology, University Badji Mokhtar Annaba, Algeria, under
the name Djeddi & Skaltsa BV 01/2017.

2.2. Isolation and identification of the compounds from C. papposa

The air-dried and finely ground aerial parts of the plant (0.5 kg)
were extracted at room temperature with cyclohexane:Et,0:MeOH
(1:1:1) and the isolation of the secondary metabolites was carried
out according to the Bohlmann method (Bohlmann et al., 1984),
slightly modified. The extract was washed with brine and the
aqueous layer re-extracted with EtOAc. The residue (1.26 g) was pre
fractionated by VLC on silica gel using DM-EtOAc-MeOH mixtures
of increasing polarity as eluents to give several fractions (A-I). The
fractions D (57.2 mg; eluted with cHex-EtOAc 25:75) and E
(149.9 mg; eluted with EtOAc 100%) subjected to CC over silica gel
using DM:EtOAc:MeOH mixtures, yielded eupatorin (6; 22.7 mg,
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Table 1
Sesquiterpene lactones isolated from Centaurea L. species, belonging to section Centaurea, subsections Acrolophus (Cass.) DC., Phalolepis (Cass.) and Willkommia (Blanca).
A:Acrolophus P:Phalolepis W:Willkommia.

Centaurea species®

Sub-section

Sesquiterpene lactones

Literature

C. affinis Friv. A Cnicin, salonitenolide Janackovic et al., 2004
C. affinis subsp. pallidior A Cnicin Nowak et al., 1984
(Haldcsy) Hayek ( =
C. pallidior Halacsy
subsp. pallidior)
C. aggregata Fisch. & A Cnicin Nowak et al., 1984
C.A.Mey. ex DC.
C. alba L. P Cnicin, cnicin 4'-0-acetate, salonitenolide, Fernandez et al., 1995
11B,13-dihydrosalonitenolide,
salonitenolide 8x-0-(4-acetoxy-5-
hydroxy)-angelate
C. aplolepa Moretti (= A Cnicin Nowak et al., 1984
C. aplolepa subsp.
aplolepa)
C. aplolepa Moretti A Cnicin Nowak et al., 1984
subsp. lunensis (Fiori)
Dostal
C. arenaria M.Bieb. ex A Cnicin Nowak et al., 1984
Willd. (= C. arenaria Cnicin Csapi et al., 2010
Bieb. Aex Willd.
subsp. arenaria)
C. attica Nyman (= A Cnicin, cnicin 4’-0-acetate, 8a-0-(3,4- Skaltsa et al., 1999
C. attica Nyman dihydroxy-2-methylenebutanoyloxy)-
subsp. attica) dehydromelitensin, methyl 8a-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-
60,15-dihydroxyelema-1,3,11(13)-trien-
12-oate
Malacitanolide, atticin, 8a-0-(4-acetoxy-3- Skaltsa et al., 2000
hydroxy-2-methylenebutanoyloxy)-4-epi-
sonchucarpolide
C. bombycina Boiss. ex w Cnicin, salonitenolide, 8a-0-(4-acetoxy-5- Barrero et al., 2000
DC. hydroxyangelate)-salonitenolide
C. bovina Velen (= A Cnicin Nowak et al., 1984
C. diffusa Lam. var.
brevispina Boiss.)
C. busambarensis Guss. A Cnicin, dehydromelitensin, 8a-0-(3,4- Bruno et al., 1998
(= C. cineraria subsp. dihydroxy-2-methylenebutanoyloxy)-
busambarensis dehydromelitensin
(Guss.) Dostal)
C. cadmea Boiss. P 20-hydroxy-5aH-eudesman-4(15),11(13)- Karamenderes et al., 2007
dien-12,8f-olide (ivalin)
C. caliacrae Prodan P Salonitenolide Geppert et al., 1983
[ = C. alba subsp.
caliacrae (Prodan)
Dostal]
C. calolepis Boiss. A Cnicin Erel et al., 2011
C. castellana Boiss. A Artemissifolin, Dehydromelitensin, 11,15- Gonzalez et al., 1984
[ = C paniculata dihydroxysaussurea lactone
subsp. castellana
(Boiss. & Reut.)
Dostal]
C. cineraria L. (= C. A Cnicin Nowak et al., 1984
cineraria subsp.
cineraria)
C. cineraria subsp. circae A Cnicin Nowak et al., 1984
(Sommier) Cela
Renz. & Viegi
C. crithmifolia Vis. A Salonitenolide Geppert et al., 1983
C. cuneifolia Sibth. & A Cnicin, dehydromelitensin, 8a-0-(3,4- Aslan and Oksiiz, 1999
SM. ( = C. cuneifolia dihydroxy-2-methylenebutanoyloxy)-
subsp. cuneifolia) dehydromelitensin
C. cuneifolia Sibth. & A Cnicin Nowak et al., 1984
SM. subsp. pallida
(Friv.) Hayek
C. derventana Vis. & A Cnicin, cnicin-4'-0-acetate, salonitenolide, Tesevic et al., 1998
Panci¢ 80-0-(4-acetoxy-5-hydroxyangelate)
salonitenolide
C. deusta Ten. P Salonitenolide Geppert et al., 1983

Cnicin, cnicin-4'-0-acetate, cnicin-3'-
acetate 80-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-
dehydromelitensin, 8a-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)

Karioti et al., 2002



Table 1 (continued )
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Centaurea species*

Sub-section

Sesquiterpene lactones

Literature

C. diffusa Lam.

C. bovina Velen. (=
C. diffusa Lam. var.
brevispina Boiss.)

C. friderici Vis.

C. galicicae Micevski

C. grisebachii (Nyman)
Heldr.
[ = C grisebachii
subsp. grisebachii =
C. grisebachii
(Nyman) Formanek)]

C. grisebachii (Nyman)
Heldr. subsp. confusa
(Halacsy) Dostal

C. grisebachii subsp.
transiens (Haldcsy)
T.Georgiadis (=
C. transiens Halacsy)

C. kartschiana Scop.

C. kilaea Boiss.

C. laureotica Heldr. ex
Halacsy ( =
C. mantoudii Georg.)

C. leucophaea Jord. ( =
C. leucophaea Jordan
subsp. leucophaea)

C. majorrovii Dumbadze
(= C. arenaria subsp.
majorowii (Dumb.)
Dostal)

C. odessana Prodan
[ = C arenaria subsp.
odessana (Prodan)
Dostal]

C. orphanidea Heldr. &
Sart. ex Boiss.

(=C. orphanidea
Heldr. & Sart. ex
Boiss. subsp.
orphanidea)

C. ossaea Halacsy (=
C. attica Nyman
subsp. ossaea)

C. paniculata L.

C. panormitana subsp.
umbrosa (Fiori)

> > >

> > >

dehydromelitensin, salonitenolide, methyl
80.-0-(3,4-dihydroxy-2-meth-ylene-
butanoyloxy)-64,15-dihydroxy-elema-
1,3,11(13)-trien-12-oate, methyl 8a-0-(4-
acetoxy-3-hydroxy-2-
methylenebutanoyloxy)-6a., 15-
dihydroxyelema-1,3, 11(13)-trien-12-oate,
80.-0-(4-acetoxy-3-hydroxy-2-
methylenebutanoyloxy)-4-epi-
sonchucarpolide, 8x-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)-
sonchucarpolide

Cnicin

Cnicin, cnicin-4'-0-acetate, 8a-0-(3-
hydroxy-4-acetoxy-2-
methylenebutanoyloxy)
dehydromelitensin, 8a-0-(3,4-dihydroxy-
2-methylenebutanoyloxy)-15-oxo-
5,7RH,6aH-eleman-1,3,11(13)-trien-6,12-
olide

Cnicin

Salonitenolide

Cnicin

Cnicin

Cnicin, dehydromelitensin, 8a-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-
dehydromelitensin, salonitenolide, 8a-0-
(4-acetoxy-5-hydroxyangelate)-
salonitenolide, 8a-0-hydroxy-4-epi-
sonchucarpolide, 8a-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)-4-epi-
sonchucarpolide, 8a-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)-
sonchucarpolide, malacitanolide, 4-epi-
malacitanolide

Cnicin

Cnicin

Cnicin
Cnicin, dehydromelitensin
Cnicin

Cnicin

Cnicin

Cnicin

Cnicin

Cnicin, cnicin-4'-O-acetate, salonitenolide,
malacitanolide, 8a-hydroxy-4-epi-
sonchucarpolide, 8a-0-(3-hydroxy-4-
acetoxy-2-methylenebutanoyloxy)-4-epi-
sonchucarpolide, 8x-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-
dehydromelitensin

Cnicin

Salonitenolide

Milkova et al., 1993
Fortuna et al., 2002

Nowak et al., 1984

Nowak et al., 1984
Tesevic et al., 2014
Nowak et al., 1984
Djeddi et al., 2008

Nowak et al., 1984

Nowak et al., 1984

Nowak et al., 1984
Sen et al., 2017
Nowak et al., 1984

Nowak et al., 1984

Nowak et al., 1984

Nowak et al., 1984

Nowak et al., 1984

Gousiadou and Skaltsa, 2003

Nowak et al., 1984

Geppert et al., 1983
Bruno and Herz, 1988

(continued on next page)
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Centaurea species™

Sub-section

Sesquiterpene lactones

Literature

Greuter [ =

C. cineraria L. subsp.

umbrosa (Lacaita)]
C. paui Willk.

C. pelia DC.

C. pseudomaculosa
Dobrocz.

C. reichenbachii DC. (=
C. calvescens Pancic)

C. savranica Klokov

[ = C. rhenana subsp.

savranica (Klokov)
Dostal]

C. soskae Hayek

C. spinosa L. (= C.
spinosa var. spinosa)

C. stoebe L. (=
C. maculosa Lam.)

C. thessala subsp.
drakiensis (Freyn &
Sint.) T. Georgiadis
[ = C. attica Nyman
subsp. drakiensis
(Freyn & Sint.)
Dostal]

Cnicin, cnicin-4'-0-acetate, 8a-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-
dehydromelitensin
80.-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-15-oxo-
5,70H,6,11BH-elema-1,3,11(13)-trien-12-
olide, (3R)-15-acetoxy-8¢-0-(3,4-dihydro-
2-methylenebutanoyloxy)-6pH,7aH-
germacra-1E,47,11(13)-trien-6,12-olide,
(3R)-15-acetoxy-8ax-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)-
6BH,7oH-germacra-1E,47,11(13)-trien-
6,12-olide,

Cnicin, cnicin-4'-0O-acetate, salonitenolide,
stoebenolide, dehydromelitensin, 118,13-
dihydrosalonitenolide, 8a-0-(4-acetoxy-5-
hydroxyangeloyl)-salonitenolide, 8a-0-
hydroxy-15-o0xo0-5,7¢H,6,11pH-elema-1,3-
dien-6,12-olide, 8a-0-hydroxy-15-oxo-
5,70H,6,11BH -elema-1,3,11(13)-trien-
6,12-olide, methyl 8a-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-6,16-dihydroxy-
5,70H,6PH-elema-1, 3, 11 (13)-trien-6, 12-
olide, 15-acetoxy-8a-0-hydroxy-6pH,7¢H
-germacra-1E,4Z,11(13)-trien-6,12-olide,
(3R)-15-acetoxy-8a-(3,4-dihydroxy-2-
methylenebutanoyloxy)-1p-hydroperoxy-
10-methylene, 6pH,7aH -germacra-
47,10(14),11(13)-trien-6,12-olide, (3R)-15-
acetoxy-8a-(3,4-dihydroxy-2-
methylenebutanoyloxy)-1p-hydroxy-10-
methylene, 68H,7aH-germacra-
47,10(14),11(13)-trien-6,12-olide, 15-
acetoxy-1p,8a-dihydroxy-68H,7aH
-germacra-47,10(14),11(13)-trien-6,12-
olide, 15-acetoxy-1p,8a-dihydroperoxy-
6BH,7¢H-germacra-47,10(14),11(13)-trien-
6,12-olide

Cnicin

Cnicin

Cnicin

Cnicin

Cnicin

Cnicin

Cnicin, cnicin-4'-0-acetate, 4-epi-
malacitanolide, 8a-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-4-epi-
sonchucarpolide, malacitanolide, 4’-acetyl-
malacitanolide, 8a-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-
dehydromelitensin, 8a-0-(3,4-dihydroxy-
2-methylenebutanoyloxy)-15-oxo-
5,7BH,6aH-eleman-1,3,11(13)-trien-6,12-
olide, 8R-0-(4-acetoxy-2-hydroxymethyl-
buten-2-oyloxy) salonitenolide, methyl 8R-
0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-6a,15- dihydroxy-
eleman-1,3,11(13)-trien-12-oate

Cnicin

Cnicin, salonitenolide, 8a-0-(4-acetoxy-5-
hydroxyangelate)-salonitenolide,
stoebenolide

Cnicin

Cnicin, cnicin-4'-0-acetate, 8a-0-(4-
acetoxy-5-hydroxyangelate)-salonitenolide
80.-0-(3,4-dihydroxy-2-
methylenebutanoyloxy)-
dehydromelitensin, 8a-0-(3-hydroxy-4-
acetoxy-2-methylenebutanoyloxy)-

Cardona et al., 1994

Cardona et al., 1997

Nowak et al., 1984
Al-Easa and Rizk, 1992

Nowak et al., 1984

Nowak et al., 1984

Tesevic et al., 2014
Nowak et al., 1984
Saroglou et al., 2005

Suchy and Herout, 1962
Huneck et al., 1986

Nowak et al., 1984
Skaltsa et al., 1999

Skaltsa et al., 2000



Table 1 (continued )

M.-E. Grafakou et al. / Biochemical Systematics and Ecology 76 (2018) 15—22

19

Centaurea species* Sub-section Sesquiterpene lactones Literature
dehydromelitensin, 8a-hydroxy-4-epi-
sonchucarpolide
C. tomorosii Micevski A Cnicin TeSevic et al., 2014
C. tougourensis Boiss. & P Cnicin, 8a-0-(3,4-dihydroxy-2- Nacer et al., 2012
Reut. methylenebutanoyloxy)-
dehydromelitensin, (6R, 7R, 8S, 30R) 8a-0-
(3, 4-dihydroxy-2-methylene-
butanoyloxy)-15-oxo-helianga 1(10), 4(5),
11(13) trien-6-olide, (6R, 7R, 8S, 30R) 8a-0-
(3, 4-dihydroxy-2-methylene-
butanoyloxy)-15-acetoxy-helianga 1(10),
4(5), 11(13) trien-6-olide
C. tymphaea Hausskn. A Cnicin Nowak et al., 1984
( = C tymphaea
Hausskn. subsp.
tymphaea)
C. tymphaea subsp. A Cnicin Nowak et al., 1984
brevispina (Hausskn.)
Dostal
C. vallesiaca (DC.) Jord. A Cnicin Geppert et al., 1983
C. virgata Lam. A Cnicin, 8a-0-(3,4-dihydroxy-2- Tuzun et al., 2017
methylenebutanoyloxy)-
dehydromelitensin, 8a-hydroxy-
sonchucarpolide
C. zuccariniana DC. A Cnicin Nowak et al., 1984

Cnicin, cnicin-4’-0-acetate, 82-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-
dehydromelitensin, 8a-O-hydroxy-
sonchucarpolide

Cnicin, cnicin-4'-O-acetate,
dehydromelitensin, 8a-0-(3,4-dihydroxy-
2-methylenebutanoyloxy)-
dehydromelitensin, 8a-0-(4-acetoxy-3-
hydroxy-2-methylenebutanoyloxy)-
dehydromelitensin, 8a-0-(3,4-dihydro-2-
methylenebutanoyloxy)-15-o0xo-
5,70¢H,6PH-eleman-1,3,11(13)-trien-6, 12-
olide, (1E,4Z)-15-hydroxy-8a-0-(4-
acetoxy-3-hydroxy-2-
methylidenebutanoyl)-6BH,7aH-germacra-
1,4,11(13)-trien-6,12-olide, methyl 8¢-0O-
[(4-acetoxy-3-hydroxy-2-
methylenebutanoyl)oxy]-62,15-
dihydroxyelema-1,3,11(13)-trien- 12-oate,
80.-0-(4-acetoxy-3-hydroxy-2-
methylenebutanoyloxy)-sonchucarpolide
and its 4-epimer, malacitanolide, 8a-0-(4,5-
diacetoxyangeloyl) sonchucarpolide,
zuccarinin

Koukoulitsa et al., 2002

Ciri¢ et al., 2012

*The species have been classified to subsections according to Hilpold et al. (2014); the current accepted botanical names of the species are presented according to Plant List

Database and when missing according to Euro+Med PlantBase.

5.4 mg, respectively) (Yam et al, 2010). CC of the fraction F
(414.6 mg; eluted with EtOAc: Me,CO 9:1) on silica gel using
DM:MeOH:H,0 mixtures afforded eupatorin (6; 2.6 mg), 8a-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-15-0x0-5,7RH, 6aH-eleman-
1,3,11(13)-trien-6,12-olide (4; 7.2 mg) (Cardona et al., 1994), 8a-0-
(3,4-dihydroxy-methylenebutanoyloxy)-dehydromelitensin (3;
11.8 mg) (Bruno and Herz, 1988) and cnicin (1, 20.0 mg) (Sen et al.,
2017). The fraction G (85.5 mg; eluted with EtOAc:Me,CO 75:25)
subjected to RP1g-HPLC (MeOH-H,0 2:1), yielded malacitanolide
(2; 9.1 mg) (Barrero et al., 1997), 8a-0-(3, 4-dihydroxy-methyl-
enebutanoyloxy)-dehydromelitensin methylester (5; 3.8 mg)
(Cardona et al., 1997) and cnicin (1; 7.0 mg). The combined fractions
H and I (581.5 mg; eluted with Me,CO and MeOH, respectively)
subjected to repeated CC over silica gel using DM:EtOAc:MeOH
mixtures, and afforded, as well, eupatorin (6; 3.5 mg) (Fig. 1).

The structures of all compounds were assigned by spectroscopic
methods. NMR spectra were recorded on a Bruker DRX 400

spectrometer at 295 K. Chemical shifts are reported in ppm (0)
using the residual solvent signal (3y 7.27 in 'H and 8¢ 77.0 in 3C,
CDCl5) or (8y 3.31 in 'H and d¢ 49.0 in '3C, CD;0D) as reference.
COSY, HSQC, HMBC, and NOESY experiments were performed using
standard Bruker microprograms. MS: Hewlett-Packard mod. 5973;
70eV. UV spectra were recorded using Shimadzu UV-160 A spec-
trophotometer, according to Mabry et al. (1970). Vacuum liquid
chromatography (VLC) was performed on a silica gel (Merck:
43—63 um) (Coll and Bowden, 1986), column chromatography (CC)
on silica gel 60H (SDS: 40—63 pm). Gradient elution with the sol-
vents mixtures indicated in each case. Semi-preparative RP1g-HPLC
was performed on a HPLC system: PU-2080 pump Plus (JASCO);
refractive index detector RID-10A (Shimazdu); software: Clarity
(JASCO), with Kromasil RP-18 column (i.d:10 mm, length: 250 mm,
10 pm) and flow 1.5—1.8 ml/min. Fractions monitoring to follow
separation was performed by TLC on silica gel 60 F254 (Merck, Art.
5554) and cellulose (Merck Art. 5685). Compounds were detected
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Flavonoids isolated from Centaurea L. species, belonging to section Centaurea, subsections Acrolophus (Cass.) DC., Phalolepis (Cass.) and Willkommia (Blanca).

A:Acrolophus P:Phalolepis W:Willkommia.

Centaurea species® Subsection Flavonoids References
C. affinis Friv. A Apigenin, eupatorin, salvigenin, 3’-methyl-eupatorin Janackovi¢
et al.,, 2004
C. aggregata Fisch. & C.A.Mey. ex DC. A Eupatorin, 3’-methyl-eupatorin Zapesochnaya
etal, 1978
C. arenaria Bieb. ex Wild (= C. arenaria Bieb. ex Wild. A Eupatilin, eupatorin, 3’-methyl-eupatorin, apigenin, isokaempferide Csapi et al.,
subsp. arenaria) 2010
C. cadmea Boiss. P Eupatorin, 5-hydroxy-3',4',6,7- tetramethoxyflavone Karamenderes
et al.,, 2007
Scutellarein Astari et al.,
2013
C. calolepis Boiss. A Luteolin-6,8-di-C-B-D-glucoside, schaftoside, apigenin-6,8-di-C-B-D-glucoside, vitexin, Ereletal., 2011
isovitexin, isorientin, rutin, orientin, luteolin-7-0-glucoside
C. cariensis Boiss. A Pectolinarigenin, eupatorin, 3,5,4'-trihydroxy-6,7-dimethoxyflavone, 5,7,3'-trihydroxy- Halfon et al.,
3,6,4'-trimethoxyflavone 1989
C. cineraria L. A 5,7,4'-trihydroxy-8-methoxyflavone El-Emary et al.,
1983
C. cuneifolia Sibth. & SM. ( = C. cuneifolia subsp. A 4',7-dimethyl-scutellarein, acacetin, eupatilin, eupatorin, jaceosidin, salvigenin Oksiiz et al.,
cuneifolia) 1988
Salvigenin, eupatilin, jaceosidin, acacetin, kaempferol, 3-methyl-kaempferol, 3’-methyl- Aslan and
eupatorin, 5-hydroxy-3',4',7,8- tetramethoxyflavone Oksiiz, 1999
C. derventana Vis. & Pancic¢ A Apigenin, eupatilin TesSevic et al.,
1998
C. deusta Ten. P Cirsimaritin, salvigenin Karioti et al.,
2002
C. diffusa Lam. A 5-hydroxy-6,7,3',4'-tetramethoxyflavone, cirsimaritin, cirsilineol Fortuna et al.,
2002
C. galicicae Micevski A Apigenin, isokaempferide, hispidulin, eupatorin, santoflavone, salvigenin Tesevic et al.,
2014
C. grisebachii (Nyman) Heldr. [ = C. grisebachii subsp. A Eupatorin, 3’-methyl-eupatorin, jaseosin, cirsilineol, salvigenin Djeddi et al.,
grisebachii, = C. grisebachii (Nyman) Formdnek] 2008
C. horrida Badaro A Horridin Flamini et al.,
2000
Apigenin, rutin, apigenin-3-0-glucuronide, kaempferol-3-0O-glucuronide, apigenin-8-C- Flamini et al.,
a-L-arabinoside, apigenin-6-C-o-L- arabinoside, apigenin-7-0-B-D-glucoside, apigenin- 2002
6,8-di-C-B-D-glucoside, scutelarein-7-0-B-D-glucoside, quercetin-3-0-a-L-rhamnoside,,
kaempferol-3-0-B-D-glucoside, kaempferol-3-0-a-L- ramnoside, vitexin, isovitexin,
orientin, saftoside
Hispidulin, quercetin, fisetin, quercetin-3-O-p-p-galactoside Boukhary
etal, 2017
C. kilaea Boiss. A 3’-0-methyl-eupatorin, apigenin, cirsimaritin, eupatorin, jaceosidin, pectolinarigenin, Sen et al., 2017
salvigenin
C. orphanidea Heldr. & Sart. ex Boiss. A Apigenin, 3-0-methyl-kaempferol, luteolin, cirsimaritin Gousiadou and
Skaltsa, 2003
C. panormitana subsp. umbrosa (Fiori) Greuter A Salvigenin, 3'-O-methyl-eupatorin, eupatilin, jaceosidin Bruno and
[ = C. cineraria L. subsp. umbrosa (Lacaita)] Herz, 1988
C. pseudomaculosa Dobrocz. A 6-methoxyflavone Al-Easa and
Rizk, 1992
C. soskae Hayek A Apigenin, isokaempferide, hispidulin, eupatorin, santoflavone, salvigenin TesSevic et al.,
2014
C. spinosa L. (= C. spinosa var. spinosa) A Cirsimaritin, salvigenin, desmethoxysudachtin, desmethoxycentauridin, 6,8-dihydroxy- Saroglou et al.,
7,4'-dimethyl-luteolin, 6-hydroxy-7,3’-dimethyl-luteolin, nepetin, 5,6,8,3',4’- 2005
pentahydroxy-7-methoxy-flavone, retusin
C. thessala Hausskn. subsp. drakiensis (Freyn & Sint.) A Hispidulin, jaseosidin, cirsisineol, eupatorin, 5-hydroxy-6,7,3',4'-tetramethoxyflavone Georgiadou,
Georg. 1999
C. tomorosii Micevski A Apigenin, isokaempferide, hispidulin, eupatorin, cirsimaritin, santoflavone, salvigenin TeSevic et al.,
2014
C. virgata Lam. A Apigenin, hispidulin, salvigenin, eupatorin, 3’-methyleupatorin, isokaempferide Tuzun et al.,
2017
C. zuccariniana DC. A Apigenin, genkwanin, hispindulin, cirsimaritin,salvigenin, 7-methylkaempferol, Ciric¢ et al.,

cosmoside, scuttelarein-7-0-B-D-glucoside, 6-methoxy-apigenin-7-0-B-D-glucoside, ~ 2012
luteolin-7-0-B-D-glucoside, luteolin-4’-0-B-D-glucoside, kaempferol-3-0-B-D-
glucoside, 6-methoxy-kaempferol-3-0-B3-D-glucoside

2 The species have been classified to subsections according to Hilpold et al. (2014); the current accepted botanical names of the species are presented according to Plant List

Database and when missing according to Euro + Med PlantBase.

using UV absorbance (1 254 and A 365 nm). Anisaldehyde/sulphuric (Darmstadt, Germany).

acid reagent (anisaldehyde 5% in H,SO4/AcOH 1:50) was used for

detection of SLs and lignans at TLC chromatography, while Neu's 3. Results & discussion

reagent (Neu, 1957) was used for flavonoids. Analytical solvents

were obtained from Panreac Quimica SA (Barcelone, Spain, Italy), C. papposa was previously classified to section Acrolophus
while deuterated solvents were purchased from Merck, KGaA (Cass.) DC., which is now a subsection, as combined with the
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Fig. 1. Chemical structures of the isolated compounds.

sections Phalolepis (Cass.) and Willkommia (Blanca) in section
Centaurea (Hilpold et al., 2011, 2014). The present study revealed
that the chemical profile of C. papposa is similar to that of previous
investigated Centaurea taxa belonging to the same section (Sokovic
et al., 2017).

Regarding the sesquiterpene lactones, common constituents of
Centaurea species are by order of their abundance, guaianolides,
germacranolides, eudesmanolides and elemanolides. Although
guaianolides are very common metabolites in the genus, the sub-
sections Acrolophus and Phalolepis are characterized by the
absence of those secondary metabolites (Bruno et al., 2013). Cnicin
(1) is a germacranolide isolated from most Centaurea species
(Table 1) and is considered as a marker of subsection Acrolophus
(Cass.) DC. (Nowak et al., 1984). This generalization is true, since it
has been found in the 44 of the 47 studied taxa, and it also applies
to the combined Centaurea section, as cnicin appears in 48 of the 54
species (Table 1). Some previously studied species (Nowak et al.,
1984) belong now to other sections and this replacement seems
to be chemotaxonomically correct, as cnicin was absent, while
guaianolides were found.

Although eudesmanolides are considered to be rare constituents
of the genus Centaurea (Skaltsa et al., 2000), concerning the sub-
section Acrolophus they are markers; specifically the 6,12-
eudesmanolides bearing a trans-decalin skeleton), such as mala-
citanolide (2) (Djeddi et al., 2008). Regarding the isolated ele-
manolides, 8a-0-(3, 4-dihydroxy-methylenebutanoyloxy)-
dehydromelitensin (3) has been found in many taxa, while 8a-0-(3,
4-dihydroxy-2-methylenebutanoyloxy)-15-o0xo-5,7RH,  6aH-ele-
man-1,3,11(13)-trien-6,12-olide (4) has been isolated only from 5
Centaurea species (Table 1). In addition, the elemane 8a-0-(3, 4-
dihydroxy-methylenebutanoyloxy)-dehydromelitensin =~ methyl-
ester (5) has been found in 4 Centaurea species (Table 1).

It is noteworthy that all isolated sesquiterpene lactones in the
present study contain the same side chain, which is common
throughout the Centaurea species (Table 1).

Finally, the isolated flavonoid, eupatorin (6), belongs to the
methylated flavones, which are common metabolites of the genus
(Table 2).
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ABSTRACT ARTICLE HISTORY
In the pursuit of highly active specialized metabolites from Received 20 April 2021
endemic plants, Centaurea papposa (Coss.) Greuter, an endemic Accepted 2 July 2021
plant in Algeria and Tunisia, was investigated and afforded eleven

sesquiterpene lactones (1-11). Cytotoxic evaluation of these com- ~ KEYWORDS
pounds using the in vitro MTT assay on three human cancerous  Centaurea papposa;

. . Asteraceae; Sesquiterpene
cell lines (HelLa, SK-MEL-28 and HepG2), revealed that isolates 4, 8 lactones; MTT: 1-CAM-1:
apd 9 (IG5 < 10uM) could be potgntlal anti-cancer <_:|rugs for cer- cytotoxic; anti-inflammatory
vical cancer according to the National Cancer Institute. Further
evaluation of the in vitro anti-inflammatory activity showed that
compounds 1 and 4 inhibited the TNF-o induced ICAM-1 expres-
sion in HMEC-1 endothelial cells at a maximum of 21% and 2% of
the control (ICso values 21.9 and 5.7uM, respectively). The
Michael reactions of the a-methylene-y-lactone ring seem to be
responsible for the strong activity, while no toxicity was observed
in the HMEC-1 cells in all the range of tested concentrations
(6.25-50.0 pM).
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1. Introduction

The Asteraceae family is characterised by the ability to biosynthesize sesquiterpene
lactones (SLs), which are produced by widely used medicinal plants, such as Arnica
montana, Tanacetum parthenium, Matricaria chamomilla (Merfort 2011). Some SLs and
their semi-synthetic derivatives underwent clinical trials (thapsigargin, parthenolide)
(Ghantous et al. 2010). Interestingly, cnicin, a SL which characterizes the genus
Centaurea L., could be a potential chemotherapeutic agent for breast cancer, since it
showed strong activity against the MCF-7 series with ICso of 3.25ug/mL (Sen et al.
2017). Compounds possessing 1C5o equal or less than 4-5ug/mL could be potential
anti-cancer drugs according to the National Cancer Institute (NCI) (Suffness and
Pezzuto 1990). In this project, aiming to investigate the cytotoxicity of the SLs isolated
from the Algerian endemic plant Centaurea papposa (Coss). Greuter, we used the
in vitro MTT assay on three human cancerous cell lines (HeLa, SK-MEL-28 and HepG2)
and one normal non-cancerous cell line (HMEC-1), and further evaluated the anti-
inflammatory potential in vitro for the reduction of the ICAM-1 expression induced by
TNF-o in the endothelial HMEC-1 cells.

2. Results and discussion

A total of eleven SLs have been isolated from C. papposa (Figure S1), namely cnicin
(1), 8a-0-(3',4’-dihydroxy-2-methylenebutanoyloxy)-15-oxo-5,7RH,6aH-eleman-
1,3,11(13)-trien-6,12-olide (5), 8a-O-(3/, 4'-dihydroxy-methylenebutanoyloxy)-dehydro-
melitensin (4), malacitanolide (8), 8a-O-(3',4’-dihydroxy-methylenebutanoyloxy)-dehy-
dromelitensin methylester (7) (Grafakou et al. 2018), together with dehydromelitensin
(2), 8a-O-acetyl-dehydromelitensin (3), 60,80,15-trihydroxyelema-1,3,11(13)-trien-12-
olide methyl ester (6), 4-epi-malacitanolide (9), 4'-acetyl 84-0O-(3',4’-dihydroxy-methyle-
nebutanoyloxy)-sonchoucarpolide (10) and 4’-acetyl-84-O-(3/, 4'-dihydroxy-methylene-
butanoyloxy)-4-epi-sonchoucarpolide (11) (present study). To the best of our
knowledge, compound 3, was isolated for the first time in the genus Centaurea.
Regarding the methyl ester 6 (Cardona et al. 1992; Demir et al. 2017), its high field H
and '3C data in CDCl; have not been reported previously, thus they are presented
here (Table S1), together with the spectroscopic data of 2 for comparison purposes,
since compound 6 is considered the biosynthetic precursor of 2 (de Kraker
et al. 2002).

Taking in consideration the amount of the compounds, seven SLs have been sub-
jected to cytotoxic screening (Table S2). Compound 10 showed great variance in the
ICso values at the MTT assay, which could be attributed to instability in the DMSO
stock solution, thus it is not presented in Table S2. SK-MEL-28 and HepG2 cells were
generally more resilient than Hela series, resulting in lower cytotoxic activities from all
the tested compounds. Compound 1, previously isolated from C. arenaria and C. calo-
lepis, has also been tested in HeLa and SK-MEL-28 cells and the reported ICs5o values
are in accordance to our results regarding the Hela cell line (34.5 uM; Csapi et al.
2010), while the differences in SK-MEL-28 values could be attributed in different incu-
bation times in the MTT assays (14.0 uM; Erel et al. 2011). Compounds 4 and 9 showed
strong activity against Hela cells, with ICsy 9.2 and 8.5 uM respectively, and could be
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potential chemotherapeutic agents for cervical cancer, since compounds having an
IC50 < 10 UM are considered active and could be potential anti-cancer drugs according
to NCI guidelines (Suffness and Pezzuto 1990). The epimers 8 and 9 showed similar
cytotoxic activity (ICso 10.6 and 8.5 uM respectively), thus the stereochemistry of C-4 is
not important for the activity. Compound 2 showed reduced cytotoxic potential in
comparison to its 8a-0O-(3/,4'-dihydroxy-methylenebutanoyloxy) derivative 4, which
could be attributed to the loss of the active centers of the C-8 lateral chain. These
observations are in accordance with previous results (Koukoulitsa et al. 2002; Saroglou
et al. 2005).

Moreover, homologous sesquiterpenes (methyl esters, such as compound 6) are not
active cytotoxic agents as SLs due to the loss of the Michael center (Koukoulitsa et al.
2002). Thus, compounds 1, 4 together with 6 were tested for their anti-inflammatory
potential using the ICAM-1 assay. The expression of ICAM-1 (Intercellular Adhesion
Molecule 1) and of other surface molecules, like VCAM-1 (Vascular cell adhesion pro-
tein 1), is triggered by cytokines and leads to endothelia adhesion and generation of
intracellular signals on the endothelial cells during the inflammation process (Cook-
Mills et al. 2011; Harjunpaa et al. 2019).

For the ICAM-1 assay, the samples were firstly subjected to MTT viability test on the
HMEC-1 cells in order to exclude any false positive results in the reduction of the
expression of the adhesion molecule due to cytotoxicity. No toxicity was observed in
the cells (viability 95-105%, Figure S2A), and the compounds were further evaluated
for the reduction of the TNF-o induced ICAM-1 expression (Figure S2B). The natural
ICAM-1 expression of the HMEC-1 cells was also determined in the control group and
was about 2%. Parthenolide, used as positive control (5.0 uM), was able to reduce the
total expression of the surface molecule by around two-thirds to 30% of the control. It
is noteworthy that although compound 6 resulted in moderate reduction of the TNF-o
induced ICAM-1 expression, compounds 1 and 4 revealed remarkable inhibiting poten-
tial in a dose-dependent manner (ICso values 21.9 and 5.7, respectively, Figure S3).
More specifically, compound 1 reduced the ICAM-1 expression down to 21% of con-
trol, but in comparison to parthenolide, it needed a ten-fold higher concentration to
achieve this reduction (50.0 uM). Interestingly, at 50.0 uM compound 4 reduced the
ICAM-1 expression by 98% (at 2% of control), showing no cytotoxic effects in HMEC-1
cells, while it is worth mentioning that even the lowest concentration tested (6.25 uM)
proved to be active, reaching a reduction of 49%. Similarly, as reported from Piela-
Smith and Liu (2001), parthenolide (8 pM) strongly inhibits the TNF-o induced ICAM-1
expression by 93% in human synovial fibroblasts. However, matricine, an SL which
lacks the a,B-unsaturated lactone moiety, only achieves an inhibition of 52% in HMEC-
1 with a concentration of 75 uM (Flemming et al. 2015). Taken together, the moderate
activities of matricine and compound 6, in contrast to the strong inhibitors 1, 4 and
parthenolide and their structures, it is suggest that the a-methylene-y-lactone ring is
essential for Michael-type additions resulting to this type of anti-inflammatory events.
Moreover, Michael reactions with functional biological nucleophiles that contain sulf-
hydryl groups usually also involve non-specific toxicity (Amorim et al. 2013), however
it is noteworthy that for the tested SLs no toxicity was observed in the endothelial
HMEC-1 cells in all the range of the tested concentrations (6.25-50.0 pM). These
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findings further support that SLs are the specialized compounds responsible for the
medicinal features of Centaurea species (Sokovic et al. 2017).

3. Experimental

See Supporting Information.

4. Conclusions

This study provides the in vitro cytotoxic and anti-inflammatory activities of seven SLs
isolated from C. papposa. The MTT assay on the three human cancerous cell lines
(Hela, SK-MEL-28 and HepG2) suggested once more the cytotoxic potential of the SLs,
revealing compounds 4, 8 and 9 as potential chemotherapeutic agents for cervical
cancer. Moreover, the SLs showed a remarkable inhibiting activity in a dose-dependent
manner for the reduction of the ICAM-1 expression induced by TNF-a in the endothe-
lial HMEC-1 cells, with no observed cytotoxicity in all the range of the tested concen-
trations. Further exploration of their mechanism of action may offer a novel
therapeutic approach to cope with inflammatory diseases.
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ABSTRACT

In the pursuit of highly active specialized metabolites from endemic plants, Centaurea
papposa (Coss.) Greuter, an endemic plant in Algeria and Tunisia, was investigated and afforded eleven
sesquiterpene lactones (1-11). Cytotoxic evaluation of these compounds using the in vitro MTT assay on
three human cancerous cell lines (HelLa, SK-MEL-28 and HepG2), revealed that isolates 4, 8 and 9 (ICso < 10
KMM) could be potential anti-cancer drugs for cervical cancer according to the National Cancer Institute.
Further evaluation of the in vitro anti-inflammatory activity showed that compounds 1 and 4 inhibited the
TNF-a induced ICAM-1 expression in HMEC-1 endothelial cells at a maximum of 21% and 2% of the control
(ICso values 21.9 and 5.7 uM, respectively). The Michael reactions of the a-methylene-y-lactone ring seem
to be responsible for the strong activity, while no toxicity was observed in the HMEC-1 cells in all the range
of tested concentrations (6.25-50.0 uM).

Keywords: Centaurea papposa, Asteraceae, Sesquiterpene lactones, MTT, |-CAM-1, cytotoxic, anti-
inflammatory
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Experimental Section

Plant material

Aerial parts of the C. papposa were collected (Cape de Garde Lighthouse, Annaba, Algeria, September 2016)
and identified by Dr. Hamel Tarek (Department of Biology, University Badji, Mokhtar Annaba, Algeria). A
voucher specimen (no. Djeddi & Skaltsa BV 01/2017) is deposited to the Herbarium of Department of Biology
(University Badji Mokhtar Annaba, Algeria).

Isolation and identification of the sesquiterpene lactones from C. papposa

Following the initial extraction (cyclohexane:ether:methanol 1:1:1), fractionation and isolation of secondary
metabolites from C. papposa (Grafakou et al. 2018), the plant was re-investigated and afforded six further
SLs. Cnicin (1), as the main compound, was previously isolated from the plant together with 8a-0-(3’,4’-
dihydroxy-2-methylenebutanoyloxy)-15-oxo-5,7RH,6aH-eleman-1,3,11(13)-trien-6,12-olide (5), 8a-0O-(3’,
4’-dihydroxy-methylenebutanoyloxy)-dehydromelitensin (4), malacitanolide (8), 8a-0-(3’,4’-dihydroxy-
methylenebutanoyloxy)-dehydromelitensin methylester (7) (Grafakou et al. 2018). The re-investigation of
the plant in the present study afforded for the first time from C. papposa dehydromelitensin (2) (Cardona et
al. 1989), 8a-O-acetyl-dehydromelitensin (3) (Del R. Cuenca et al. 1993), 6a,8a,15-trihydroxyelema-
1,3,11(13)-trien-12-olide methyl ester (6) (Cardona et al. 1992), 4-epi-malacitanolide (9), 4’-acetyl 8a-O-
(3’,4’-dihydroxy-methylenebutanoyloxy)-sonchoucarpolide  (10) and 4’-acetyl-8a-0-(3’,4’-dihydroxy-
methylenebutanoyloxy)-4-epi-sonchoucarpolide (11) (Saroglou et al. 2005) (Figure S1). More specifically,
fraction CPA-E (149.9 mg; eluted with EtOAc 100%) subjected to CC over silica gel (DM:EtOAc:MeOH
mixtures) and RP15-HPLC (MeOH-H,0 3:2) and yielded compounds 11 (0.5 mg; tr: 15.2 min), 10 (1.4 mg; tg:
19.0 min), 6 (2.1 mg; tg: 21.3 min), 2 (1.5 mg; tr: 20.1 min) and 3 (0.5 mg; tg: 39.4 min). Furthermore, the
combined fractions CPA-H and CPA-I (581.5 mg; eluted with Me,CO and MeOH, respectively) were subjected
to repeated CC over silica gel using DM:MeOH:H,0 mixtures and yielded 4-epi-malacitanolide 9 (3.2 mg).
The structures of all compounds were assigned by spectroscopic methods. 1D and 2D NMR spectra were
recorded on an Avance 600 Kryo or a Bruker DRX 400 spectrometer at 298 K. Chemical shifts are reported in
ppm (&) using the residual solvent signal (64 7.26 in *H and 6¢ 77.0 in 13C, CDCls) as reference. CC and HPLC
were performed as described before (Grafakou et al. 2018).

MTT assay

The cytotoxicity of the compounds was determined using the human cancer cell lines Hela (cervical
carcinoma, ATTC), SK-MEL-28 (malignant melanoma, DSMZ) and HepG2 (hepatocellular carcinoma, DSMZ),
as well as the non-cancerous HMEC-1 cell line (human microvascular endothelial cells). Culture medium was
MEM (Sigma; supplemented with L-Glutamine, FCS and NEA, BioChrom), DMEM-HAM'S (50-50%, Invitrogen
and BioChrom; supplemented with FCS), RPMI (BioChrom; supplemented with L-Glutamine and heat
activated FCS) and ECGM (EASY Endothelial Cell Growth Medium, supplemented with EASY Growth
supplement and Gentamycin-Amphotericin (all PELOBiotech), and heat activated FCS), respectively. Stock
solutions of the samples were prepared in DMSO, and the test concentrations were freshly prepared with
medium at the day of the experiment (final concentration of DMSO was 0.33%). Cytotoxicity was evaluated
using the colorimetric MTT assay as described before (Heilmann et al. 2001). Briefly, nine different
concentrations of the compounds (100.0 to 0.39 uM) together with the cell suspension (final concentration
in wells: 6x10%cells/mL, 3x10%cells/mL and 12.5x10%cells/mL, for HelLa, SK-MEL-28 and HePG2 respectively),
were added to the 96 well-plates. The HMEC-1 cells in a final cell suspension of 90x10*cells/mL were placed
in the 96-wells, and 24 h later they were treated with 6.25, 12.50, 25.00, 50.00 uM of the tested SLs. After
incubation for 68 h (or 24 h for the HMEC-1) (IBS Integra Biosciences, 37 °C, 5% CO;), MTT was added (4
mg/mL), and after 4 h the solution was exchanged with 10% SDS. The plates were then placed in dark and
24 h later, the absorbance at 560 nm was measured (SpectraFluor plus plate reader, Tecan, Cralsheim).



I-CAM-1 assay

Regarding the ICAM-1 assay, the HMEC-1 cells were treated as described before (Freischmidt et al. 2012).
Briefly, the compounds were firstly subjected to MTT viability test, as described in 2.2., in order to exclude
any false positive results in the reduction of the expression of ICAM-1 due to cytotoxicity. Since no
cytotoxicity was observed (mean viability between 95-15%, Figure 2), the HMEC-1 cells were treated with
the compounds 1, 4 and 6 at 6.25, 12.50, 25.00, 50.00 uM, or parthenolide (5 UM, positive control,
Calbiochem), or medium (ECGM, negative control, set as 100%) in 24 well-plates (plates were treated firstly
with 0.25% v/v Collagen G in PBS (both Sigma-Aldlich). After 30 min, TNF-a (10 ng/mL, Sigma Aldrich) was
added (except from two wells, in which no TNF-a was added in order to evaluate the normal cells ICAM-1
production (untreated control), and the plates were incubated for 24 h. Then, the cells were washed with
PBS, removed from the plates with trypsin/EDTA and fixed with formalin. Incubation with the Mouse Anti-
human CD54: FITC (Bio-Rad) for 20 min, was followed by FACS analysis (Becton Dickinson FacscaliburTM)
measuring fluorescence intensity.

Statistical analysis

ICso values were calculated from nine different concentrations and tests were performed in sextuplicate for
the MTT assay. For ICAM-1 assay each experiment was performed in duplicate. All experiments repeated at
least three times and the results are presented as means + SD for each sample. Statistical analysis of all
continuous variables was checked for normality. Means of two groups were compared with paired samples
t-test or one sample t-test where applicable. Statistical significance (2-tailed) was set at *p < 0.05, **p <
0.01, or ***p < 0.001. Statistical analyses were performed using IBM SPSS statistics 26. GraphPad Prism 8.4.2
version was used for the creation of the graphical representations, as well as the calculations of the ICs
values using non-linear regression.

Table S1. 'H-NMR data of compounds 2, 6; Solvent: CDCls, Ava 600 MHz (T=298 K).

2 6
Position On O Ou b¢
1 5.78, dd (10.6, 17.4) 146.3 5.71, dd (10.7, 17.5) 147.4
2a 5.05, d (10.6) 4.96, d (10.7)
22 4.98, d (17.4) 1128 4.93d (17.5) 1121
3a 5.40,s 5.40,s
3b 494, s 1150 5.03,s 114.7
4 - 145.8 -
5 2.51,d(11.3) 50.6 2.07,d (10.6) 55.5
6 4.14,t (11.3) 78.8 4.15, t (10.6) 70.8
7 2.63,tt (3.0, 11.3) 55.1 2.43,1(10.6) 58.9
8 412, m 67.6 4.15, m 67.9
9a 1.88,dd (4.1, 13.1) 1.87,dd (4.3, 12.8)
9b 1.66, dd (10.9, 13.1) 49.8 1.53* 47.5
10 - 41.6 - 40.9
11 - 137.1 - 138.7
12 - 170.1 - 167.7
13a 6.18,d (3.1) 190.6 6.41,s 198.9
13b 5.98,d (2.9) ' 5.82,s '
14a 4.08, d (13.9) 4.08, d (13.5)
67.6 67.9
14b 4.00, d (13.9) 3.96, d (13.5)
15 1.11,s 18.9 1.12,s 18.6
-OMe 3.49,s 51.7

*overlapped



Table S2. ICso (LM) values of the tested compounds for the three cancerous cell lines

Compounds Hela SK-MEL-28 HePG2

1 22.910.6 40.7+1.5 80.7+5.4
2 342+1.7 64.6+3.0 n.t.

4 9.2+0.9 20319 28.7+3.1
5 342123 64.6 2.4 n.t.

8 10.6+0.4 28.1+£1.2 33.1+25
9 8.5+05 224+1.5 243+1.8
P 2.1+05 49+1.1 10.0+0.7

P: Parthenolide (positive control, Calbiochem), n.t.: not tested

(o] OH
A= H
1:R=A 2:R=H, R’= CH,OH 6:R=H 8:R= A, R’= BCHO R
3: R= Ac, R’= CH,OH 7:R=A 9: R= A, R’= aCHO )
B= c
4:R= A, R’= CH,0H 10: R= B, R’= BCHO
5:R= A, R’= CHO 11: R= B, R’= aCHO

Figure S1. Structures of isolated compounds 1-11 from Centaurea papposa
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Figure S2. A. MTT viability test on the non-cancerous cell line HMEC-1 for compounds 1, 4 and 6, expressed as %
mean * SD. Data are representative of 3 independent experiments with similar results. No toxicity was observed in
the cells (viability 95-105%). B. ICAM-1 expression (%) in HMEC-1 cell line is expressed as means = SD. Data are
representative of 3 independent experiments with similar results. Significance levels were set at p<0.5*, p<0.01**,
p<0.001*** vs. TNF-a, as determined by paired sample t-test. Untreated control (pure medium, without addition of
TNF-a), TNF-a (10 ng/mL, negative control), parthenolide (5 uM, positive control) and different concentrations (6.25,
12.5, 25.0 and 50.0 uM) of compounds 1, 4, and 6.
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3.3. Hypericum jovis Greuter

The isolation of the compounds from H. jovis is presented in Figure 28. Extraction, isolation, structure

elucidation, and biological activities are presented in Grafakou et al. (2021c).
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ABSTRACT

Thirteen prenylated acylphloroglucinols (1-13), including
2 previously undescribed compounds (1) and (2), were iso-
lated from Hypericum jovis. Their structures were elucidated
by high-field NMR spectroscopy. The isolated prenylated acyl-
phloroglucinols were evaluated for their anti-inflammatory
effects in vitro through the reduction of the intercellular adhe-
sion molecule 1 expression induced by TNF-a in the human
microvascular endothelial cells 1 cell line. Compounds 3, 5, 6,
8, and 12 significantly reduced intercellular adhesion mole-
cule 1 expression in a concentration-dependent manner with
ICso values of 16.9, 34.4, 4.0, 3.2, and 7.7 uM, respectively. In
addition, compound 12 showed notable inhibitory activity on
the formation of cyclooxygenase-1- and 12-lipoxygenase-de-
rived inflammatory mediators in an ex vivo cyclooxygenase-
lipoxygenase assay. Eleven further constituents were isolated
(14-24), including the rare quercetin 3-O-(2-O-acetyl)-arabi-
nofuranoside (18).

Grafakou ME et al. Prenylated Acylphloroglucinols from...

ABBREVIATIONS

(€0),¢ cyclooxygenase

ECGM EASY endothelial cell growth medium
HMEC-1  human microvascular endothelial cells 1

ICAM-1 intercellular adhesion molecule 1
LOX lipoxygenase
PAP prenylated acylphloroglucinol derivatives

VCAM-1  vascular cell adhesion protein 1

Introduction

The genus Hypericum L. (Hypericaceae) comprises more than
500 taxa (species and subspecies) worldwide [1], among which
40 taxa (including 12 endemic taxa) grow in Greece. Crete is an
island with extremely high rates of endemism, having 1825 differ-
ent plant species in total, of which 19.3% are endemic [2]. H. jovis

# Dedicated to Prof. Dr. Otto Sticher on the occasion of his 85th birthday.

Planta Med | © 2021. Thieme. All rights reserved.



Thieme

OH
= =
HO OH
e
1R=CH, 3R=CH,
2 R=CH,CHj 4 R=CH,CH,
B
OH o
\
HO ] HO OH
. 0 )
8 R=CH, 10
9 R=CH,CH,
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Greuter examined in this study is a narrow endemic species of
West Crete and is closely related to the previously studied
H. empetrifolium Willd. [3,4] and H. amblyocalyx Coust. & Gand
[5], both belonging to the section Coridium [6].

Several studies have investigated the anti-inflammatory poten-
tial of PAPs isolated from the genus Hypericum. For example, hy-
perforin, a poly-prenylated acylphloroglucinol from H. perforatum
was found, besides its proven antidepressant, anti-microbial and
anti-proliferative activities, to be a dual inhibitor of COX-1 and 5-
LOX, both in vitro [7] and in vivo [8]. COX and LOX are key enzymes
in the production of eicosanoids, including leukotrienes, prosta-
glandins, and thromboxane, which are potent inflammatory me-
diators [9]. Interestingly, 2 monomeric PAPs isolated from H. em-
petrifolium also act as strong anti-inflammatory agents by inhib-
iting COX-1, COX-2, and 5-LOX [10]. Furthermore, hyperforin has
also been shown to inhibit both VCAM-1 and ICAM-1 expression
[11]. Upon cytokine stimulation, the expression of adhesion mol-
ecules like VCAM-1 and ICAM-1 is increased on the endothelial
cells, facilitating the leukocyte-endothelial adhesion, thereby trig-
gering intracellular signals followed by inflammation processes
[12,13].

The aim of this study was to identify PAPs from H. jovis with po-
tential anti-inflammatory activity and to analyze the acyl-phloro-
glucinol profile from a chemotaxonomical point of view. Since hy-
perforin and other highly complex PAPs often show instability in

OH OH
P
OH
HO OH HO 0
R 0 )
5 R=CH, 7
6 R=CH,CHj

11 12 R=CH,
13 R=CH,CH,

17 R=H
18 R=COCH,

aqueous solutions [14, 15], the search for simpler and more stable
analogues is warranted. In comparison to the study of Athanasas
et al. [16], the present study revealed a variety of PAPs from H. jo-
vis, including the previously undescribed iso-hyperjovinol-A (1)
and 3’-methyl-isohyperjovinol A (2). The known PAPs comprised
3-geranyl-1-(2-methylpropanoyl)-phloroglucinol (3) [17], 3-ger-
anyl-1-(2-methylbutanoyl)-phloroglucinol (4) [3], hyperjovinol A
(5) [16], dauphinol F (6) [18], 5,7-dihydroxy-8-isobutyryl-2,2-di-
methylchromane (7) [19], 1-[5,7-dihydroxy-2-methyl-2-(4-meth-
yl-pent-3-enyl)-chroman-8-yl]-2-methyl-propan-1-one (8) [5],
1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-
yl]-2-methyl-butan-1-one (9) [4], 1-[5,7-dihydroxy-2-methyl-2-
(4-methylpent-3-enyl)chroman-6-yl]-2-methylpropan-1-one (10)
[4], madeleinol B (11) [20], empetriferdinan A (12) [4], and empe-
triferdinan B (13) [4].

In addition, structurally diverse compounds were isolated in-
cluding the lignan (=) hinokinin (14) [21], the xanthone oliganthin
K (15) [22], the flavonoids hyperoside (16) [23], avicularin (17)
[24] and quercetin 3-0-(2-0-acetyl)-arabinofuranoside (18) [24]
(» Fig. 1), chlorogenic acid (19) and neochlorogenic acid (20)
[25], (-)-epicatechin (21) [26], B-amyrin (22) [27], lupeol (23)
[28], and protocatechuic acid (24) [29]. The isolated PAPs were
evaluated for their anti-inflammatory effects in vitro for the reduc-
tion of the ICAM-1 expression induced by TNF-a in the HMEC-1
cell line. The most potent compounds were further evaluated ex

Grafakou ME et al. Prenylated Acylphloroglucinols from... Planta Med | © 2021. Thieme. All rights reserved.



vivo for the inhibition of COX-1 and 12-LOX activity to investigate
their anti-inflammatory effects through the arachidonic acid
pathway.

Results & Discussion

Compound 1 was isolated as a yellow oil with the molecular for-
mula CygH305 established by the quasi-molecular [M + H]* ion
at m/z 351.2172 (calc. 351.2166) in HRESIMS. The 3C NMR spec-
trum showed 20 carbon signals with diagnostic resonances at 6¢
162.8 (C-2), 6c 160.9 (C-4), and 6¢ 160.9 (C-6), which indicated
the presence of a phloroglucinol scaffold as in the known conge-
ners 3-6. The carbons were sorted by HSQC into 5 methyls,
4 methylenes, and 3 methines, which indicated the presence of
8 nonprotonated carbons in combination with the '*C NMR data.
Substitution at C-1 and C-3 in meta positions on the phlorogluci-
nol moiety was indicated by the chemical shifts at 6¢c 104.0 and 6¢
105.8, respectively. The cross-peaks between these carbons and
the singlet at &y 5.85 in the HMBC spectrum confirmed the pres-
ence of methine hydrogen located at C-5. The substituent at C-1
proved to be an isobutyryl group (C-1'-C-4’). The most downfield
signal at 6¢ 210.8 corresponded to the carbonyl group (C-1*), and
the diagnostic methine signal at 6 3.88 appeared as a septet due
to the coupling to the vicinal methyls at 6 1.16 (d 6.4 Hz). A char-
acteristic triplet at 5.26 ppm suggested the presence of an iso-
prenyl moiety [3,4]. Indeed, the '3C and 2D NMR data (COSY,
HSQC, and HMBC) displayed diagnostic signals and correlations
of a substituted geranyl side chain (10 carbons) linked to C-3.
The geranyl moiety was substituted on the second prenyl group
by a hydroxyl group at C-7" (6c 71.6), which resulted in a down-
field shift of the methyl groups CH3-9" and CH3-8" observed at
29.1 ppm in the C-NMR spectrum. This was further supported
by the HMBC cross-peaks from CH»-6" (6y 1.43), CH3-8" (oy
1.20), and CH3-9" (64 1.20) to C-7" (> Fig. 2). Based on these da-
ta, compound 1 was identified as 3-(7-hydroxy-3,7-dimethyloct-
2-en-1-yl)-1-(2-methylpropanoyl)-phloroglucinol and named iso-
hyperjovinol A.

Compound 2 was isolated as a yellow oil with the molecular
formula Cy7H3,0s, established by HRESIMS ([M + H]* mj/z
365.2328, calcd. 325.2323). The 'H and *C NMR data were simi-
lar to those of compound 1 but showed signals of additional
methylene (6y 1.84, 1.40, 6c 26.9), which was correlated with
the methine at 6y 3.73 (pseudo sext, H-2') and the methyl at 6y
0.97 (t, H-5") in the TH-"H COSY spectrum, thereby revealing the
presence of a different side-chain at C-1. The HMBC correlations
(» Fig. 2) were in good agreement with the presence of a 2-meth-
ylbutanoyl side chain. Compound 2, named 3'-methyl-isohyperjo-
vinol A, was thus assigned the structure 3-(7-hydroxy-3,7-dime-
thyloct-2-en-1-yl)-1-(2-methylbutanoyl)-phloroglucinol.

PAPs are chemotaxonomic markers of the genus Hypericum
[30]. The majority of the isolated PAPs (compounds 3, 4, 6, 8, 9,
10, 12, and 13) have been previously described in 2 further spe-
cies of the section Coridium, H. empetrifolium, and H. amblyocalyx
[3-5], while compound 11 has been found in H. roeperianum G. W.
Schimp. ex A. Rich [20]. Compound 6 has been only reported
from Garcinia dauphinensis P.W. Sweeney & Z.S. Rogers [18] and
is described herein for the first time in the genus Hypericum. When

Grafakou ME et al. Prenylated Acylphloroglucinols from...

HMBC

cosy

» Fig. 2 Key 'H-"H COSY and HMBC correlations of compounds 1
and 2.

considering the investigation of H. jovis by Athanasas et al. [16],
only compounds 3, 5, 8, and 10 were previously reported, while
the rest of the PAPs are described herein for the first time in
H. jovis. In addition, the common lignan (-)-hinokinin (14) isolated
from several plant species, has never been described before from
the genus Hypericum [21]. The xanthone oliganthin K (15) has
been described from Garcinia oligantha Merr. [22], while similar
structures have been isolated from some Hypericum spp. [31]. It
is noteworthy, that the genus Garcinia L. belongs to the Clusiaceae
family (sensu stricto), which according to a former classification
system was also including Hypericum spp. (Clusiaceae sensu lato,
[32]). The isolated flavonoid derivatives, such as compounds 16
and 17, are characteristic metabolites of the genus Hypericum, ex-
cept the rare quercetin 3-O-(2-O-acetyl)-arabinofuranoside (18),
which has been isolated twice in the plant kihngdom, from Tibou-
china semidecandra Cogn. (Melastomataceae) [24] and Berchemia
floribunda (Wall.) Brongn. (Rhamnaceae) [33]. Its NMR data in
CD30D are reported here for the first time for future comparison
(Table 20S, Supporting Information).

Twelve PAPs were tested in vitro for the reduction of TNF-a in-
duced ICAM-1 expression. Based on the results of the cytotoxicity
assay on the HMEC-1 cells (viability 90-110%, see Fig. 16S, Sup-
porting Information), the PAPs were tested in a range of concen-
trations from 0.5 to 50.0 uM (> Fig. 3). Hyperforin dicyclohexy-
lammonium salt was also tested for comparison reasons. The nat-
ural ICAM-1 expression of the HMEC-1 cells was determined in the
control group and was about 2%. The sesquiterpene lactone par-
thenolide (positive control, 5 uM) was able to reduce the total ex-
pression of ICAM-1 by around %;. Compounds 1, 3, 4, and 8 were
tested at concentrations of 6.25, 12.5, 25.0, and 50.0 uM and
compound 10 at concentrations of 5.00, 6.25, 12.5, and 25.0 uyM
(> Fig. 3). The ICAM-1 expression was significantly reduced in a
concentration-dependent manner by compounds 3, 5, and 8
(ICsq values 16.9, 34.4, and 3.2 uM, respectively). Compounds 3
and 4 have been previously reported to possess important anti-in-
flammatory activities [10]. Compounds 1 and 10 also significantly
reduced ICAM-1 expression, however not in a dose-dependent
manner (> Fig. 3, Supporting Information). Compounds 2, 9, and
11 were found to possess moderate ICAM-1 inhibitory potential

Planta Med | © 2021. Thieme. All rights reserved.
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> Fig. 3 ICAM-1 expression (%) in HMEC-1 cell line is expressed as means + SD. Data are representative of 3 independent experiments with similar
results. Significance levels were set at p<0.5%, p<0.01**, p<0.001*** vs. TNF-q, as determined by paired sample t-test. TNF-a (10 ng/mL), par-
thenolide (5 uM, positive control) and different concentrations of compounds 1, 3, 5, 8 (6.25, 12.5, 25.0 and 50.0 uM) and compound 10 (5.0,

6.25, 12.5 and 25.0 uM), as well as compound 4 and hyperforin (0.5, 1.0, 2.5, 5.0 uM) and compounds 6, 12 (0.5, 1.0, 2.5, 5.0 and 6.25 uM), based

on the viability assay on the HMEC-1 cells.

(see Fig. 17S, Supporting Information). Compounds 4, 6, 12, and
hyperforin were tested at concentrations of 0.50, 1.00, 2.50,
5.00 uM (and additionally 6.25puM for 6 and 12) (> Fig.3), as
higher concentrations proved to have toxic effects or increase
the metabolic activity of HMEC-1 cells (see Fig. 16S, Supporting
Information). Interestingly, 6 and 12 were particularly effective in
the reduction of ICAM-1 expression with 1Csg values of 4.0 and
7.7 uM, respectively. In comparison to hyperforin, which was able
to reduce the ICAM-1 expression to around 60% at all tested con-
centrations, 6 and 12 showed a concentration-dependent reduc-
tion, with 4.9+7.9 and 52.5+5.3% expression, respectively, at
6.25 uM, the highest concentration tested.

Based on these results, 4 PAPs, 3, 5, 8, and 12, were selected to
be further tested for their anti-inflammatory potential in an ex
vivo COX-1/12-LOX assay. Selected PAPs were tested in a concen-
tration range from 0.25 to 2 uM. ICsq values are listed in » Table 1.
All investigated PAPs showed inhibition activity regarding the for-
mation of at least 1 COX-1 or 12-LOX-derived product (see Fig.
S19, Supporting Information). Compounds 5, 8, and 12 inhibited
the activity of 12-LOX with similar potency and were also active

Grafakou ME et al. Prenylated Acylphloroglucinols from...

regarding the inhibition of the production of different COX-1-de-
rived products. Compound 3 efficiently inhibited the formation of
TXBy, while showing no activity regarding the inhibition of prod-
uction of other COX-1 or 12-LOX-derived products. Taken togeth-
er, compound 12 was the most active in the applied COX-1/12-
LOX assay.

Overall, the isolated PAPs from H. jovis showed promising re-
sults as anti-inflammatory agents through pathways involving
the ICAM-1 production and/or COX-1/12-LOX. Further in vitro as
well as in vivo studies are warranted to unveil the anti-inflamma-
tory potential of acylphloroglucinols from the genus Hypericum.

Material and Methods

General experimental procedures

Optical rotations were obtained on a Unipol L 1000 polarimeter
(Schmidt + Haensch GmbH & Co.). UV-spectra were recorded on
a Cary 50 Scan UV-spectrophotometer (Varian Deutschland
GmbH). CD spectra were measured on a J-715 spectropolarimeter

Planta Med | © 2021. Thieme. All rights reserved.



> Table 1 Anti-COX-1/LOX-12 activities of examined and standard compounds.

1C5q values (uM) Test compounds

Positive controls

3 5 8 12 aspirin quercetin
COX-1 pathway
12-HHT na. na. <0.25 na. 27.64+2.432 74.28 £7.01°
TXB; 0.84 +£0.056° >2 na. 0.36£0.0132 27.64£0.33¢ 117.64 +8.174
PGE; na. >2 >2 1.56+0.11° 30.97 +2.94° 42.18+0.86¢
12-LOX pathway
12-HETE na. <0.25 0.27 £0.009? <0.25 na. 24.61+2.15°

Values are means + SD of 3 measurements. Means within each row with different letters (>-9) differ significantly (p < 0.05); na. 50 % inhibition not achieved

(JASCO). NMR spectra were measured in an AVANCE Il 600 instru-
ment equipped with a 5 mm TBI CryoProbe ("H-NMR 600.25 MHz,
13C-NMR 150.95MHz) or a Bruker DRX 400 ("H-NMR 400 MHz,
Bruker BioSpin GmbH) at 298 K. HRESIMS spectra were obtained
with an Agilent MS Q-TOF 6540 spectrometer. Flash chromatogra-
phy was performed using a Spot Flash Liquid Chromatography
system (Interchim), with an SVP D40 silica gel column
(13x4cm, SI60 15-40 um, 90g, Gotec Labortechnik GmbH).
Semi-prep HPLC was conducted on an Agilent 1290 Infinity sys-
tem (flow rate 21 mL/min; detection at 210 and 290 nm), using
an XDB-Cyg PrepHT column (21.2 x 250 mm, 5 ym, Agilent), or a
Jasco PU-2080 system (flow rate 1 mL/min) equipped with a Rl de-
tector (Shimadzu 10A), using a Kromasil 100si Semi-prep Cqg col-
umn (10x 250 mm, 5pm, Nouryon). Column chromatography
(CC) was performed on Diaion HP-20 (250-850 um; Supelco),
silica gel (230-400 mesh, Merck), and Sephadex LH-20 (Sigma-
Aldrich). Thin-layer chromatography (pTLC) was performed on
silica gel (Merck) and cellulose (Merck).

Plant material

Aerial parts from H. jovis were collected from natural populations
in the island of Crete (Greece) during the flowering stage at
Kamaron gorge, Crete, on 22 June 2017. The collected plant ma-
terials were authenticated by Prof. Z. Kypriotakis (Department of
Agriculture, Hellenic Mediterranean University). A voucher speci-
men was deposited at the Herbarium of Natural History Museum,
University of Crete (voucher no. 15880).

Extraction and isolation

Air-dried and comminuted aerial parts (0.5 kg) were extracted by
maceration at room temperature with cyclohexane, dichloro-
methane, and MeOH (each solvent 2 L 3 times), successively. The
cyclohexane extract (JOC, 47.2 g) was washed with MeOH at 0°C.
The supernatant layer was collected giving, after removal of the
solvent under reduced pressure, a residue (3.1 g), which was fur-
ther defatted by CC on Diaion HP-20 eluted with MeOH 90%,
MeOH 100%, and n-hexane 100% to yield 3 fractions (JOC;_3).
Fraction JOC; (0.9 g) was further fractionated in 4 portions by
flash chromatography on an SVP D40 silica gel column with a gra-
dient of n-hexane-EtOAc (0-5min 100% n-hexane, 5-55 min
100-0% n-hexane, 55-75 min 100% EtOAc) at a flow rate 30 mL/
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min. Fractions (20 mL) were combined based on TLC analysis to
give a total of 7 fractions (JOCy(;_7)). The nonsoluble residue
(MeCN) of fraction 5 (JOC;s)) was identified as 22 (12.9 mq). The
soluble part of fraction 5 (JOCy(s)) (159.5 mg) was subjected to
RP;g-HPLC with a H,O-MeCN gradient (40% MeCN 0-2 min; 40%
—70% MeCN 2-15min; 70% —90% MeCN 15-25min; 90%
—125% MeCN 25-36min) to yield compounds 7 (3.5mg;
tg=15.9min) and 15 (5.0 mg; tg = 29.4 min). Fraction 7 (JOC;y(7))
was identified as 23 (10.3 mg).

The dichloromethane extract (JOD, 27.3 g) was subjected to
open CC on Diaion HP-20 (eluted with MeOH 90%, MeOH 100%,
and n-hexane 100% to yield 5 fractions (JODq_s). Fraction JOD;
(6.3 g; eluted with MeOH 90%) was separated in 4 portions by
flash chromatography using the system and the method de-
scribed for JOC;. Fractions (20 mL) were combined based on TLC
analysis to give a total of 6 fractions (JOD1(1_g)). Part of JODq4
(350.6 mg) subjected to further purification by RP1g-HPLC using
a H,0-MeCN gradient (40% MeCN 0-2 min; 40% — 70% MeCN
2-15min; 70% —90% MeCN 15-25min; 90% — 100% MeCN
25-36 min) yielded compounds 5 (7.8mg; tgr11.9min), 6
(2.3mg; tg15.0min), 11 (3.9mg; tx18.1min), 3 (37.0mg;
tr 22.3 min), and 4 (4.9 mg; tg 25.5). Fraction JOD1 (s (130.0 mg)
was subjected to RPqg-HPLC using H,O-MeCN gradient (10%
MeCN 0-2 min; 10% — 90% MeCN 2-28 min; 90% MeCN 28-33)
to yield an additional amount of 3 (3.3 mg; tg 30.1 min). Fraction
4 (JOD1(5(4y) (tr 24-17 min; 70.2mg) was subjected to further
purification by RP;g-HPLC using a H,O-MeCN gradient (50%
MeCN 0-22 min; 50-100% MeCN 22-25 min) to give compounds
1 (10.4 mg; tg 14.6 min), 2 (1.5 mg; tg 20.7 min), and 5 (1.6 mg;
tg 23.2). Fraction JOD53 was subjected to flash chromatography as
described above to give 5 fractions (JOD3(i_s)). Part of |OD5(y)
(205.7 mg) was further purified by 2 successive steps of RP;g-
HPLC using a H,O-MeCN gradient (40% — 80% MeCN 0-9 min;
80% MeCN [isocratic] 9-18 min; 80% — 100% MeCN 18-20 min)
to yield compounds 8 (25.5mg; tg19.6min), 10 (16.2mg;
tg 20.8 min), 12 (11.5mg; 21.5 min), 9 (9.5 mg; tg 22.6 min), and
13 (4.0 mg; tg 24.8 min). |OD3(3) was subjected to RP;g-HPLC us-
ing a H,0-MeCN gradient (40% —90% MeCN 0-21 min; 90-
100% MeCN 22-26 min) to afford compounds 14 (1.5mg;
tr 4.3 min), 3 (4.5 mg; tg 22.1 min), and 4 (2.5 mg; tg 23.6 min).
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The MeOH extract (JOM, 11.5g) was subjected to CC
(30cm x4 cm) on Sephadex LH-20 (MeOH). A total of 148 frac-
tions were collected which were combined into 20 fractions
(JOMq_50). Fraction, JOMg vyielded a further amount of 3
(15.6 mg), JOMq; gave 17 (1.3 mg), and JOM;3 afforded 21
(5.2 mg). JOMg (2.8 g) was subjected to CC (10.5 x 3.5 cm) on sili-
ca gel. A total of 85 fractions were collected which were combined
into 18 fractions (JOMg [1-1g)) to yield compounds 18 (JODg(g),
1.9mg), 16 (JODg(12), 2.1 mg), 19, and 20 (JODg(13), 2.1 mg). Sep-
aration of JODgs) (11.9mg) by pTLC (cellulose, eluted with 30%
AcOH) yielded compound 24 (1.0 mg).

Isohyperjovinol A (1): yellow oil; UV (MeOH) Amax (log €): 292
(6.71), 228 (6.60); 'H and 3C-NMR data (CDCl5, 600 and
150 MHz, respectively) see » Table 2; HRESIMS m/z 351.2172
[M + H]+ (Ca'Cd. for CyoH3105%, 351.21 66)

3’-Methyl-isohyperjovinol A (2): yellow oil; UV (MeOH) Amax
(log €): 292 (6.73), 228 (6.62); [a]Z + 10 (c 0.07, MeOH); CD:
See Fig. 18S (Supporting Information); 'H and C-NMR data
(CDCls, 600 and 150 MHz, respectively) see » Table 1; HRESIMS
m/z 365.2328 [M + H]* (calcd. for C51H3305", 325.2323).

MTT viability test

HMEC-1 [34] passage 3 were subcultured in 40mL (25cm?)
flasks using EASY Endothelial Cell Growth Medium (ECGM,
PELOBiotech), supplemented with EASY Growth supplement and
Gentamycin-Amphotericin (PELOBiotech) and 10% FCS Superior
(Merck), in an incubator (IBS Integra Biosciences) at 37°C, 5%
CO; and 90% relative humidity. The cells were used between pas-
sage 2-11 in a final cell suspension of 1.8 x10° cells/mL and
placed in the 96-wells (50 pL), and 24 h later they were treated
with 6.25, 12.5, 25.0, 50.0 uM (50 pL) of the test PAPs (com-
pounds 1-6, 8-12, and hyperforin). After further incubation for
24 h, MTT (10 pL, 4 mg/mL) was added and after 3 h the solution
was exchanged with 10% SDS. The plates were then placed in the
dark, and after 24 h the absorbance at 560 nm was measured with
a SpectraFluor plus plate reader (Tecan). Cell viability was calcu-
lated as a percentage compared to the average absorbance of
the negative control group (only ECGM).

ICAM-1 assay

The ICAM-1 assay was performed as described before [35]. Con-
fluent grown HMEC-1 cells from a culture flask (150 cm?) were
split (1:3), suspended in 13 mL medium, and seeded in a 24 well
plate (500 pL/well; plates were treated first with 0.25% v/v Colla-
gen G in PBS [both Sigma-Aldrich]). They were cultivated for 48 h
at 37°C, 5% CO,, and 90% relative humidity until they formed a
monolayer. Subsequently, the supernatant was removed and the
HMEC-1 cells were treated with the compounds (1-6, 8-12, and
hyperforin) at not toxic concentrations based on the MTT results
(see Fig.16S, Supporting Information), parthenolide (5puM,
positive control, Calbiochem), and medium (ECGM, negative con-
trol). After 30 min, TNF-a (10 ng/mL, Sigma Aldrich) was added
(except for 2 wells, in which no TNF-a was added to evaluate the
ICAM-1 production in normal cells), and the plates were incu-
bated at 37°C, 5% CO,, and 90% relative humidity for 24 h. Then,
the cells were washed with PBS, removed from the plates with
trypsin/EDTA, and fixed with formalin. After centrifugation and re-

» Table 2 'H and '3C NMR Data of compounds 1 and 2 in CDCl3.

position 12 6y 1° 8¢ 22 6y 2b §¢
1 - 104.0 - 104.6
2 - 162.8 - 162.8*
3 - 105.8 - 105.8
4 - 160.9 - 160.7
5 5.85,s 95.2 5.84,s 95.3
6 - 160.9 - 160.7
1 - 210.8 - 210.3
2! 3.88, sept (6.4) 39.8 3.73, pseudo 45.9

sext (6.6)

3'a 1.16,d (6.4) 19.2 1.84, m 26.9
3'b - 1.40, m
4 1.16, d (6.4) 19.2 1.15, d (6.6) 16.7
5 0.91,t(7.7) 11.9
1"a 3.35,d (6.9) 21.4 3.37,d(6.9) 21.5
1"b
2 5.24,t (6.9) 122.1 5.26, t (6.9) 121.7
3" - 138.8 - 139.4
4" 2.05, m 39.2 2.05, m 39.9
5" 1.49, m 22.3 1.49, m 22.3
6" 1.43, m 43.1 141, m 43.2
7" - 71.6 - 711
8" 1.20, s 29.1 1.20,s 29.2
9 1.20, s 29.1 1.20,s 29.2

10" 1.80, s 16.1 1.81,s 16.2

aRecorded at 600 MHz’; ® Recorded at 150 MHz; * extracted from the HMBC
spectrum.

moval of the supernatant layer, the cells were incubated with 5 L
of the Mouse Anti-human CD54: FITC (Bio-Rad) for 20 min, fol-
lowed by fluorescence-activated cell sorting (FACS) analysis
(Becton Dickinson FACSCalibur).

COX-1/12-LOX assay

Compounds 3, 5, 8, and 12 were tested in a COX-1/12-LOX assay
using human platelets, according to [36]. The method is based on
the inhibition of the biosynthesis of eicosanoids, such as 12(S)-hy-
droxy(5Z,8E,10E)-heptadecatrienoic acid (12-HHT), thromboxane
B, (TXBy), prostaglandin E, (PGE;), and 12(S)-hydroxy-
(5Z,8Z,10E,14Z)-eicosatetraenoic acid (12-HETE). The tested con-
centrations of the samples in the test tubes ranged from 0.25 to
2 uM.

In brief, an aliquot of human platelets (source of COX-1 and 12-
LOX enzymes), viable but outdated for medical treatment, which
contained 4 x 108 cells, was suspended in buffer (0.137 mol/L
NaCl, 2.7 mmol/L KCI, 2.0 mmol/L KH5PO4, 5.0 mmol/L NayHPOy,
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and 5.0 mmol/L glucose, pH7.2) to obtain the final volume of
2mL. The mixture was slowly mixed at 37°C for 5min. Then,
0.1 mL of isolated compounds, or positive controls (aspirin and
quercetin,) or DMSO (control and blank probes for control), and
0.1 mL of calcimycin (Calcium lonophore A23187, 125 umol/L in
DMSO) were added and the mixtures were incubated for 2 min at
37°C, with moderate shaking. Afterward, 0.3 mL of CaCl, aque-
ous solution (16.7 mmol/L), substituted with distilled water in
the blank probe and blank probe for the control, were added,
and the mixture was incubated for another 5min at 37°C with
shaking. Acidification with cold 1% aqueous formic acid (5.8 mL)
to pH 3 terminated the reaction. The internal standard prosta-
glandin B, (PGB; 50 pL of 6 ug/mL solution in DMSO) was added
to mixtures and extraction of products was done with a solution of
chloroform/methanol (1:1v/v, 8.0 mL) with vigorous vortexing
for 15 min. After centrifugation (7012 g, 15 min, 4°C), the organic
layer was separated, evaporated to dryness, dissolved in methanol
(0.5 mL), filtered, and used for LC-MS/MS analysis of eicosanoids
(12-HHT, TXB,, PGE,, and 12-HETE). All samples and controls
were analyzed in triplicate. Levels of COX-1 and 12-LOX inhibition
achieved by different samples concentrations were calculated by
using the following equation: 1(%) =100 x (Ry - R)/Rg, where Rq
and R were response ratios (metabolite peak areafinternal stan-
dard peak area) in the control reaction and the samples of exam-
ined samples, respectively. Both R and Rg were corrected for the
value of appropriate blank probes.

Statistical analysis

Each experiment was performed in sextuplicate for the MTT viabil-
ity assay, in duplicate for the ICAM-1 assay, and in triplicate for the
COX-1/12-LOX assay. All experiments were repeated at least
3 times and the results are presented as means + SD for each sam-
ple. Statistical analysis of all continuous variables was checked for
normality. Means of 2 groups were compared with paired samples
t-test or 1 sample t-test where applicable. Statistical significance
(2-tailed) was set at p<0.05, p<0.01, or p<0.001. Statistical
analyses were performed using IBM SPSS statistics 26. GraphPad
Prism 8.4.2 version was used for the creation of the graphical rep-
resentations, as well as the calculations of the 1Csq values using
nonlinear regression.

Supporting Information

NMR spectra for compounds 1, 2, and 18 (Fig. 15-15S); % viability
on HMEC-1 cell line (MTT assay) (Fig. 16S); ICAM-1 expression %
for compounds 2,9, and 11 (Fig. 17S); CD spectra of 2 (Fig. 18S);
Scheme of COX-1 and 12-LOX branches of the arachidonic acid
metabolic pathway (Fig. 19S); and NMR data of 18 in CD30D
(Table 1S) are provided as Supporting Information.
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position
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arabinoside
1”
27’

3»
4

5
Acetyl

SHa

6.20d (2.0)

6.38d (2.0)
7.47d(2.1)

6.88 d (8.4)
7.42dd (8.4,
2.1)

5.71 brs
4.81dd (0.6,
4.2)

4.44 brs
3.69m
3.53m

2.14

dch
158.3
133.7
178.1
161.7
98.5
164.4
93.4
157.1
104.5
121.8
116.0
144.9
148.2
114.7
121.7

108.4
79.9

79.8
85.4
61.3

19.6
171.3
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3.4. Hypericum Essential Oils
Figure 29 below presents the GC-MS chromatograms of the essential oils from H. jovis, H. amblyocalyx, H.
empetrifolium (Grafakou et al., 2020), followed by the results for wound healing by essential oils from H.

empetrifolium, H. triquertifolium and H. perforatum (Grafakou et al., 2021d).

y
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Figure 29. GC-MS chromatograms of the essential oils from H. jovis, H. amblyocalyx, H. empetrifolium.

56

pagination continues after the publications



iriricd applied
L sciences

Article

Chemical Composition and Antimicrobial Activity of
the Essential Oils of Three Closely Related Hypericum
Species Growing Wild on the Island of Crete, Greece

Maria-Eleni Grafakou !, Aggeliki Diamanti !, Eleftheria Antaloudaki 2, Zacharias Kypriotakis 3,
Ana Ciri¢ 4, Marina Sokovi¢ 4 and Helen Skaltsa 1-*

1 Laboratory of Pharmacognosy and Chemistry of Natural Products, Department of Pharmacy,
School of Health Sciences, National and Kapodistrian University of Athens, Panepistimiopolis, Zografou,
15771 Athens, Greece; megrafakou@pharm.uoa.gr (M.-E.G.); aggidiam@yahoo.gr (A.D.)
Division of Plant Biology, Department of Biology, University of Crete, GR-70013 Heraklion, Greece;
eri.antaloudaki@gmail.com
Laboratory of Taxonomy and Management of Wild Flora, Department of Agriculture, School of Agricultural
Sciences, Technological Educational Institute of Crete, Stavromenos P.O. Box 140, 71110 Crete, Greece;
kypriot@staff.teicrete.gr
Institute for Biological Research “SiniSa Stankovi¢”—National Institute of Republic of Serbia,
University of Belgrade, Blvd. Despot Stefan 142, 10060 Belgrade, Serbia; anciranci@yahoo.co.uk (A.C);
mris@ibiss.bg.ac.rs (M.S.)
*  Correspondence: skaltsa@pharm.uoa.gr

Received: 31 March 2020; Accepted: 15 April 2020; Published: 19 April 2020 lclrl])e(f:tz)g
Abstract: The volatile compositions of three closely related Hypericum species growing wild on
the island of Crete were studied, all belonging to the section Coridium. Hydro-distillation in a
modified Clevenger-type apparatus was performed according to the Hellenic Pharmacopoeia in order
to obtain the essential oils, which were analyzed by GC-MS. Identification of the compounds was
carried out by comparison of MS spectra and retention indices with literature data, as well as by
co-chromatography with authentic samples. In total, 123 different compounds were identified and the
main compounds were by order of their abundance as follows: H. empetrifolium: x-pinene, germacrene
D, B-pinene, E-caryophyllene; H. amblycalyx: (-elemene, 3-selinene, o-pinene, E-caryophyllene,
x-selinene; H. jovis: trans-calamenene, x-selinene, 3-elemene. The chemical results revealed the
differences and similarities (qualitative and quantitative) between the studied oils, supporting
the hypothesis that essential oils from Hypericum spp. do not serve as chemotaxonomic markers.
Moreover, the essential oils were subjected to antimicrobial screening. According to the given results,
the essential oils possessed better antifungal and anticandidal activities than antibacterial activities.

Keywords: Hypericum; section Coridium; essential oils; GC-MS; antifungal; anticandidal

1. Introduction

The genus Hypericum L. of the family Hypericaceae consists of more than 460 species divided
in 36 sections [1] and has a long-term use in traditional medicine. It has been described by
Hippocrates [2], Dioscorides [3], and later on in the Medieval era by Nikolaos Myrepsos [4,5].
H. perforatum (St. John’s Wort) has been used as an ancient folk cure for diseases including wounds,
kidney and lung ailments, and depression, while in modern times, its monograph was included in 2009
in the European Pharmacopoeia [6]. Hypericum plants are also used in foodstuff, after the evaluation
of the concentration of hypericin and xanthone derivatives (Council of Europe, 2000) [7]. Externally,
Hypericum is a valuable healing and anti-inflammatory remedy for burns, wounds, sores, bruises,
and other skin disorders [6].
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The genus produces a plethora of bioactive secondary metabolites, mainly phenols, flavonoids,
tannins, xanthones, phloroglucinols, naphtodianthrones and essential oil (EO) [8]. Apart from the
well-established antidepressant activity, many extracts and substances have become subject of intense
studies concerning a variety of biological activities [8]. Although volatile constituents have been
reported to contribute to these activities, only few Hypericum species have been investigated regarding
their essential oil content [9-11]. Hypericum is considered to be an essential oil-poor genus [9], and so
far studies have revealed that its volatile oil demonstrates antimicrobial, antioxidant, anti-angiogenic,
gastroprotective, larvicidal, insecticidal activities [10-14].

In continuation to our work on Hypericum spp., we investigated the volatile constituents of three
closely related taxa [15], H. empetrifolium Willd., H. amblycalyx Coustur. and Gand, and H. jovis Greuter,
which were collected across a relatively restricted geographic range, in the island of Crete (Greece).
All three belong to the section Coridium; H. empetrifolium is considered the ancestor of H. amblycalyx
and H. jovis, the eastern and western derivatives, respectively [15]. The section Coridium comprises
six species. It is worth mentioning that all three species under investigation grow on the island of
Crete, while the rest are totally absent from Greece. Therefore, we have undertaken the present study,
in order to compare the EOs of the Greek taxa belonging to the section Coridium, and based on the
results revealed from those closely related Hypericum taxa, examine the hypothesis that essential oils
from Hypericum taxa serve as chemotaxonomic markers. Regarding the chemotaxonomy, many studies
describe volatile compounds as chemotaxonomic markers for the genus Hypericum, while Crockett [9]
mentioned that statistical analysis of essential oils should not be used to infer phylogeny. The present
results corroborate with the latter study, since significant differences (qualitative and quantitative) have
been observed. In parallel, a second aim of the present study was the investigation of the antimicrobial
activity from the obtained EOs, against a variety of fungi and bacteria. This is the first report of the
chemical composition of the essential oils obtained from H. amblycalyx and H. jovis, as well as the first
report of the antimicrobial activity of all three Hypericum taxa.

2. Materials and Methods

2.1. Plant Material

Aerial parts from the three Hypericum taxa under-investigation were collected from natural
populations in the island of Crete (Greece), during the flowering stage. The plants were collected and
identified by Dr. Z. Kypriotakis and voucher specimens of each population were deposited in the
Personal Herbarium of Dr. Kypriotakis (Heraklion-Crete). In Table 1, collection sites on the island
of Crete, dates of collection and essential oil yield are summarized, while the collection sites are also
presented in Figure 1.

Table 1. Collection sites, dates and essential oil yield of the three under-investigation Hypericum spp.

Date of EO Yield

Hypericum spp. Abbreviations Collection Sites Collection (% v/dry Weight)

H. empetrifolium Potamies Village,

: HE Heraklion, Crete; 13/05/2018 0.9
Willd. altitude: 215 m
Avdou Village,

H. amblycalyx HA Heraklion, Crete; 13/05/2018 0.4

Coustur. and Gand altitude: 520 m

Kamaron gorge, Crete;

H. jovis Greuter HJ altitude: 680 m

22/06/2017 0.5
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are deposited at the Mycological Laboratory, Department of Plant Physiology, Institute for Biological
Research “SiniSa Stankovic”, University of Belgrade.

2.6. In Vitro Antibacterial and Antifungal Assays

The minimum inhibitory and bactericidal/fungicidal concentrations (MICs, MBCs and MFCs)
were determined using 96-well microdilution plates with a flat bottom [19,20]. The oils were dissolved
in 5% dimethylsulfoxide (DMSO) solution that contained 0.10% Tween 80 (v/v) and added appropriate
medium with bacterial/fungal inoculum.

For antibacterial assay, bacterial suspensions were adjusted with sterile saline to a concentration of
1.0 x 10° CFU mL~L. Afterward, the bacterial inoculum was added to this mixture in order to achieve
the appropriate concentrations. The microplates were incubated for 24 h at 37 °C. The MIC/MBC
values for bacteria were detected following the addition of 40 pL of p-iodonitrotetrazolium violet (INT)
0.2 mg/mL (Sigma 18377) and incubation at 37 °C for 30 min [21]. The lowest concentration with no
visible growth was defined as the MBC, indicating 99.5% killing of the original inoculum. Streptomycin
(Sigma-Aldrich S6501, St Louis, MO, USA) and ampicillin (Sigma-Aldrich A9393, Germany) were used
as positive controls for bacteria (1 mg mL! in sterile physiological saline). Sterilized distilled water
containing 0.1% Tween 80 and 5% DMSO was used as negative control.

The assay for antifungal activity was performed in the following manner: fungal spores/yeast
cells were washed from the surface of agar plates with sterile 0.85% saline containing 0.1% Tween
80 (v/v). The spore suspension was adjusted with sterile saline to a concentration of approximately
1.0 x 10° in a final volume of 100 pL per well. MIC/MFC determination was performed by a serial
dilution technique using 96-well plates. Microplates were incubated for 24 h at 37 °C for yeasts and
for other fungi 72 h at 28 °C. Commercially available antifungal agent—ketoconazole (Zorkapharma,
Sabac, Serbia) was used as a positive control. Sterilized distilled water containing 0.1% Tween 80 and
5% DMSO was used as negative control.

3. Results

3.1. Chemical Analysis

As presented in Table 2, the EOs of the under-investigation Hypericum spp., namely H. empetrifolium
(HE), H. amblycalyx (HA) and H. jovis (HJ), were complex mixtures; in total 123 individual compounds
were identified representing more than 94% of the total EOs, while even the main constituents never
exceeded 19% (x-pinene in HE). More specifically, 94.2%, 94.5% and 95.2% of the total EOs were
identified regarding HE, HA and H]J, respectively. The main compounds have been revealed as
follows: HE: a-pinene (19.0%), germacrene D (12.5%), 3-pinene (8.7%), E-caryophyllene (5.3%); HA:
B-elemene (17.4%), B-selinene (10.5%), x-pinene (10.2%), E-caryophyllene (8.8%), a-selinene (8.7%);
H]J: trans-calamenene (13.5%), «-selinene (8.3%), p-elemene (7.6%). Chemical structures of the most
abundant compounds are presented in Figure 2. The under investigation Hypericum spp. yielded EO
0.9%, 0.4% and 0.5 v/w% for HE, HA and HJ respectively, which was calculated in dry weight (Table 1).
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Table 2. Qualitative and quantitative composition (% v/v) of EOs.

Compounds RI HE HA HJ
1 (3E)-2.3-dimethylhepta-1.3-diene 902 0.2 - -
2 a-thujene 913 1.0 - -
3 a-pinene 928 19.0 10.2 -
4 a-fenchene 938 0.5 0.1 -
5 camphene 940 0.3 0.3 -
6 3-methyl-nonane 962 3.5 - -
7 -pinene 972 8.7 1.5 -
8 6-methyl-5-hepten-2-one 979 - 0.1 0.1
9 myrcene 984 1.8 0.5
10 hexenyl acetate 985 - - 0.1
11 n-decane 994 0.2 - -
12 a-phellandrene 1001 tr - -
13 a-terpinene 1011 0.1 - -
14 p-cymene 1018 0.8 0.2 -
15 limonene 1022 1.6 1.2 0.1
16 cis-ocimene 1030 0.7 0.2 -
17 trans-ocimene 1040 1.9 0.5 -
18 Y-terpinene 1050 0.3 0.1 tr
19 2-methyl-decane 1056 1.8 - -
20 terpinolene 1080 0.2 0.2 -
21 n-undecane 1094 1.0 2.0 1
22 n-nonanal 1097 - 0.2 0.2
23 endo-fenchol 1108 0.2 0.1
24 a-campholenal 1119 0.1 - -
25 allo-ocimene 1128 0.1 - -
26 trans-pinocarveol 1129 0.2 0.2 -
27 neo-allo-ocimene 1133 - 0.1 -
28 trans-verbenol 1135 0.2 - -
29 camphor 1137 tr - -
30 camphene hydrate 1141 tr - -
31 isoborneol 1152 0.1 - -
32 pinocarvone 1153 - 0.2 -
33 borneol 1158 0.3 0.3 -
34 3-methyl-undecane 1162 - - -
35 terpinen-4-ol 1167 0.1 - -
36 a-terpineol 1181 0.2 0.5 -
37 myrtenol 1186 0.2 - -
38 verbenone 1198 0.1 - -
39 citronellol 1219 tr - -
40 linalool acetate 1246 0.4 - -
41 2-undecanone 1285 0.1 - -
42 tridecane 1290 0.1 - -
43 carvacrol 1292 - 0.2 -
44 a-longipinene 1337 2.1 0.3 -
45 a-cubebene 1338 - - 0.4
46 cyclosativene 1359 - - 0.2
47 a-ylangene 1360 0.3 - 0.6
48 x-copaene 1363 0.4 0.2 0.6
49 -bourbonene 1370 0.4 - -
50 geranyl acetate 1373 0.1 - -
51 -cubebene 1376 0.1 - -
52 B-elemene 1380 0.2 17.4 7.6
53 B-longipinene 1384 0.3 - -
54 a-cedrene 1389 0.1 - -
55 E-caryophyllene 1406 5.3 8.8 2.9
56 [3-cedrene 1409 0.9 0.2 0.5
57 B-gurjunene 1424 0.5 0.3 0.2
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Table 2. Cont.

Compounds RI HE HA HJ
58 aromadendrene 1430 0.6 0.7 0.7
59 o«-himachalene 1433 0.4 - -
60 o-humulene 1437 0.6 1.2 2.1
61 E-B-farnesene 1445 1.6 - 2.8
62 allo-aromadendrene 1450 0.4 - -
63 cis-cadina-1(6).4-diene 1453 - - 0.1
64 ishwarane 1453 2.0 2.3 -
65 4,5 di-epi-aristolochene 1453 - 0.3 -
66 y-muurolene 1461 0.7 35 6.2
67 germacrene D 1466 12.5 2.9 3.7
68 [-selinene 1473 1.0 10.5 10
69 valencene 1476 - 0.6 -
70 a-selinene 1480 1.0 8.7 8.3
71 o-muurolene 1483 0.8 2.1 5.6
72 -himachalene 1485 - 2.0 -
73 epizonarene 1488 - - 6.5
74 trans-B-guaiene 1492 - - 0.3
75 E.E-alpha-farnesene 1492 0.8 - -
76 d-amorphene 1494 - 0.1 1.6
77 y-cadinene 1496 1.5 0.5 4.5
78 7-epi-a-selinene 1499 - 0.4 0.2
79 5-cadinene 1506 3.1 - -
80 trans-calamenene 1508 - 44 13.5
81 v-dehydro-ar-himachelene 1514 - - 1.2
82 cadina-1.4-diene 1514 0.2 - 0.3
83 «-cadinene 1519 0.4 0.1 0.3
84 «-calacorene 1524 0.1 0.2 1.5
85 -calacorene 1544 tr - 0.3
86 E-nerolidol 1547 0.5 - -
87 3Z-hexenyl-benzoate 1553 0.1 0.3 0.2
88 himachalene epoxide 1556 - - -
89 spathulenol 1558 15 - -
90 caryophyllene oxide 1563 1.8 12 1.1
91 cubeban-11-ol 1573 0.1 - -
92 salvial-4(14)-en-1-one 1574 - - 0.3
93 viridiflorol 1578 0.2 - 0.4
94 rosifoliol 1581 0.3 - -
95 humulene epoxide II 1589 tr - 0.3
96 junenol 1597 0.3 0.2 0.2
97 cubenol 1.10-di-epi 1608 - 0.2 -
98 1-epi-cubenol 1608 0.1 - -
99 epi-a-cadinol 1609 - - 0.5
100 caryophylla-4(12).8(13)-dien-5-alpha-ol 1619 - 0.4 -
101 cubenol 1620 0.5 - 0.3
102 T-muurolol 1626 2.3 0.5 1.3
103 Torreyol = a-muurolol 1632 0.5 0.2 0.4
104 B-eudesmol 1635 - - 0.2
105 epoxide-allo-aromadendrene 1637 - - -
106 -cadinol 1640 0.8 - 1.9
107 selin-11-en-4-x-ol 1643 - 3.8 -
108 cis-calamenen-10-ol 1647 - - 0.2
109 intermedeol 1652 - 0.4 -
110 calamenen-10-ol trans 1656 0.2 - -
111 14-hydroxy-9-epi-E-caryophyllene 1661 - - 0.3
112 cadalene 1664 tr - 0.6
113 germacra-4(15).5.10(14)-trien-1-a-0ol 1665 - 0.1 0.2
114 eudesma-4(15).7-dien-13-ol 1676 - - 0.9
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Table 3. Antibacterial activity of Hypericum EOs mg/mL.

HJ HE HA Streptomycin  Ampicilin
Bacteria MIC MIC MIC MIC MIC
MBC MBC MBC MBC MBC
Staphylococciis aureis 0.015 0.030 0.015 0.05 0.25
Py 0.030 0.060 0.030 0.10 0.40
Bacillus cereus 0.0075 0.015 0.0025 0.10 0.25
0.015 0.030 0.0050 0.20 0.40
Listeria monocytogenes 0.020 - 0.010 0.20 0.40
yros 0.040 0.020 0.40 0.50
Pseudomonas aerueinosa 0.0015 0.005 0.0025 0.20 0.75
i 0.0030 0.010 0.0050 0.40 1.25
. . 0.20 0.40
Salmonella typhimurium - - - 0.40 0.50
Escherichia coli 0.0015 0.010 0.0025 0.20 0.25
0.0030 0.015 0.0050 0.40 0.50

-: the determination of the MIC and MBC values was not possible since expected MIC and MBC values were not in
the tested range of concentrations (0.16 mg/mL).

Table 4. Antifungal activity of Hypericum EOs mg/mL.

H] HE HA Ketoconazole
Fungi MIC MIC MIC MIC
MEC MEFC MEC MEFC
Asperoillus fumicatis 0.015 0.030 0.010 0.20
pergillus fumig 0.030 0.060 0.020 0.50
. . 0.20
Aspergillus niger - - - 0.50
Penicillium funiculosum 0.015 0.030 0.010 1.50
0.030 0.060 0.020 2.00
Penicillium verucosum 0.025 0.030 0.010 0.20
0.05 0.060 0.020 0.50
. . 0.005 0.50
Candida albicans - 0.010 - 1.00
. .. 0.010 0.001 0.005 0.30
Candida tropicalis 0.030 0.002 0.010 0.50
. . 0.010 0.001 0.005 0.50
Candida krusei 0.030 0.002 0.010 1.00

-: the determination of the MIC and MFC values was not possible since expected MIC and MFC values were not in
the tested range of concentrations (0.16 mg/mL).

4. Discussion

The three under investigation species contained EOs in low amounts, consistent with previous
studies reporting Hypericum as an EO-poor genus [9]. Despite this fact, many studies have been
conducted on Hypericum spp. regarding the volatile constituents [9-11]; in many cases, the plant
material has been collected in Greece [22-26]. Regarding chemotaxonomy, some controversial
hypotheses exist; some researchers accept volatile constituents of the genus Hypericum as possible
chemotaxonomic markers [27,28] and make use of statistical analysis to divide Hypericum spp. into
taxonomic sections [24,29,30], while Crockett [9] mentioned the variability of the EOs from this genus
concerning a broader distribution, taxonomic rank or phenological state. Our results are in accordance
with the latter author, as both differences and similarities (qualitative and quantitative) were observed
between the studied oils. The investigated Hypericum species are closely related taxa, as all belong
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to the section Coridium; HA and H]J are very close to HE, referred as recent derivatives of the latter
and they are considered as the eastern and western member of a species pair, respectively [15]. The
Hypericum taxa of the section Coridium (six species in total) are distributed in disjunct geographic areas,
except from the derivative taxa of HE in Crete, while the rest of them are totally absent from Greece [15].
HA and HJ are distributed in restricted areas of Crete only, thus being narrow endemic, and this
is the first report of the chemical composition of their EOs, although studies have been conducted
concerning their content in phloroglucinols derivatives [31,32]. Regarding HE, its populations occupy
a wider geographical range: Crete and other Greek Islands, Central Greece, Albania, W. Turkey,
Cyrenaica [15,33]. Intraspecific-variability has been observed, in comparison to some previous studies
using plant material collected from Mount Parnitha, Attica [21] and Kos Island, Aegean Sea [26].
In those studies, the plant material has also been subjected to hydro-distillation using a Clevenger
apparatus [24,26], allowing the comparison of the chemical composition of the EOs. The main
compound of the EO from HE was o-pinene (19.0%), a result that is consistent with previous studies
for the dominant compound. However, both Petrakis et al. [24] and Fanouriou et al. [26] reported
similarly higher percentages (approx. 35%), while the latter study also describes a high amount
of iswarane (30.5%), a compound totally absent in the analysis of Petrakis et al. [21], which was
revealed in small amounts (2.0%) in our study. The same compound was also identified in HA (2.3%).
Generally, the most abundant group of compounds was found to be sesquiterpene hydrocarbons;
however, some frequently reported constituents to other Hypericum spp., such as germacrene-D and
-caryophyllene [9,10], were either absent or revealed only in small amounts regarding HA and H]J.
Such differences have also been found in the composition of H. perforatum growing wild in Greece [11].
It is noteworthy that H] was found to be deficient in monoterpene hydrocarbons (0.1%), while this
group of compounds was present in HE (36.9%) and HA (15.1%). HA and HJ were also found to
be deficient in aliphatic hydrocarbons, like n-nonane, n-decane and n-undecane, which are common
compounds in other Hypericum spp. [9,10]; e.g., H. caprifolium and H. myrianthum are characterized by
the production of n-nonane and n-undecane, 55% and 20%, respectively [34]. Similar results have been
reported for H. coris, the type species of the section Coridium [35]. Finally, H. ericoides, also belonging
to the section Coridium, has been studied regarding its EO; however, these studies report quite diverse
results, which could be explained by the different extraction methods that have been applied: isolation
of the EO from the hexane extract of the plant [36], hydro-distillation [37], and headspace solid phase
microextraction [38].

Regarding their anti-microbial potential, the obtained EOs were further subjected to the evaluation
of antimicrobial activity in a variety of bacteria and fungi. The selected bacteria were some clinical
and food isolates. More specifically, most food-borne illness is caused by infection of Staphylococcus
aureus, Bacillus cereus, Listeria monocytogenes, Salmonella typhimurium and Escherichia coli, while S. aureus,
Pseudomonas aeruginosa, E. coli give rise to some hospital-acquired infections. The tested fungi of
Aspergillus and Penicillium genera are plant, animal and human pathogens, food contaminators
and producers of potentially carcinogenic mycotoxins. Penicillium species can produce nephrotoxic,
carcinogenic, teratogenic and immunotoxic metabolites, such as ochratoxin A, and contaminate cereals
and cereal-based products [39]. Thus, in European countries, P. verrucosum, which produces this
mycotoxin, is a major cause of cereal contamination [40]. Therefore, the presence of toxigenic fungi in
cereals and food poses a potential risk to human and animal health. Moreover, Aspergillus fumigatus
can cause invasive aspergillosis in immunocompromised patients [41]. Regarding the selected Candida
species, they are responsible for the fungal infections called candidiasis. C. albicans is the cause for oral
and genital infections, while C. krusei is the pathogen for fungemia (bloodstream infection).

According to given results of the antibacterial tests, EOs showed good activity against tested
strains, but in variable degree. Minimal inhibitory concentrations ranged between 0.0025-0.030 mg/mL,
and minimal bactericidal concentration was 0.005-0.060 mg/mL. All EOs showed higher antibacterial
activity in comparison to commercial drugs Ampicillin and Streptomycin. The Gram-negative E. coli
and P. aeruginosa were the most sensitive bacteria, since they were inhibited by all tested oils (MIC
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values in the range of 0.015-0.010 mg/mL). In contrast, the tested oils did not exhibit antibacterial
activity against S. typhimurium.

The examined oils were more effective compared to ketoconazole (MIC 0.200-1.500 mg/mL and
MEC 0.500-2.000 mg/mL), a commercially available fungicide used as positive control. The most
sensitive fungi were the yeasts C. tropicalis and C. krusei with MIC 0.001-0.010 mg/mL and MFC
0.002-0.030 mg/mL. No remarkable activity was detected against A. niger and C. albicans.

Generally, among all tested essential oils, antimicrobial potential could be presented as following:
HA > HJ > HE. The Hypericum EOs possessed better antifungal and anticandidal activities than
antibacterial activities, with MIC values ranging between 0.001 mg/mL to 0.030 mg/mL, whereas
fungicidal activates were within the 0.002 mg/mL—-0.060 mg/mL range. Their inhibition and
bactericidal/fungicidal concentrations (<100 mg/mL) indicate a good potency level as antibiotics [42],
and support their use in the traditional medicine against diseases caused by different species of
microorganisms. This is in accordance with previous reports on the antimicrobial activities of EOs
from the genus Hypericum, and could be explained due to the presence of a-pinene, 3-pinene and
(E)-caryophyllene, which are known for their antimicrobial effects [11].
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ABSTRACT

Hypericum species have a long-term use as wound healing
agents, with the most common preparation being the infused
oil from the aerial parts. It contains naphthodianthrones, phlo-
roglucinols, and essential oil. An extensive literature survey
shows that, unlike napthodianthrones and phloroglucinols,
essential oils from Hypericum spp. have not yet been evaluated
for their wound healing efficacy. The present study aims to as-
sess the wound healing efficacy of essential oils from H. perfo-
ratum, a plant recognized in European Pharmacopoeia for ha-
ving wound healing properties, as well from 2 other Hypericum
species commonly used in Greece as wound healing agents
since classical antiquity, namely, H. empetrifolium and
H. triquetrifolium. So far, only the wound healing effects of
Hypericum oil are known, which is a different herbal prepara-
tion containing nonvolatile compounds, while the essential oils
under investigation contain only volatile constituents. The
essential oils were subjected to GC-MS analyses. Wounds were
created on the upper back of hairless SKH-hr1 mice. Healing
was evaluated by clinical, histopathological, and biophysical
assessment. The essential oils showed a significantly faster
wound healing rate in comparison to the controls and the
vehicle-treated groups. H. empetrifolium possessed the most
significant healing properties while for H. perforatum and
H. triquetrifolium skin inflammation persisted. The essential oils
from Hypericum spp. showed promising results as wound
healing agents and are likely to contribute to the wound healing
efficacy of the Hypericum preparations. H. empetrifolium, being
the most potent anti-inflammatory and wound healing agent,
confirms the traditional use of this plant in Greece for wounds
and skin inflammations.
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Introduction

The genus Hypericum L. (Hypericaceae) comprises more than 450
taxa worldwide [1] and 51 taxa in Greece, of which 15 are endemic
[2]. Hypericum species have been used as wound healing agents
since classical antiquity, and they have been described by Hippo-
crates [3], Dioscorides [4], and later on in the Medieval era by Ni-
kolaos Myrepsos [5, 6].

In modern times, a monograph of H. perforatum L. was included
in 2009 in the European Pharmacopoeia, mentioning wound
healing properties (www.ema.eu) [7]. The translucent glands on
the leaves of the plant look like perforations, and its preparations
are red resembling blood. The use of the plant in wound treatment
was suggested since ancient times [8].

The infused oil (Oleum Hyperici) is the most common prepara-
tion for the treatment of wounds and skin inflammation. It is ob-
tained by macerating the fresh aerial parts under sunlight, usually
in olive or sunflower oil for a period of 2 - 3 weeks. Oleum Hyperici
has ared color, resulting from the degradation of naphthodianthro-
nes, which are not extracted in the infused oil. The dark glands con-
tain this group of compounds, which are important bioactive se-
condary metabolites of other preparations of the Hyperici herba,
such as tincture, also used for wound healing [7]. The content of
the translucent glands (phloroglucinols and essential oil) is extrac-
ted in the infused oil [9].

Phloroglucinols are reported to be sensitive metabolites that
are quickly degraded in the presence of air, heat, and light[10], and
there is much controversy in the scientific community regarding
the composition and stability of the formulations containing this
group of compounds [11].

The translucent glands also contain essential oils (EOs), which
are partially derived from the same biosynthetic pathway [12]. Ac-
cording to the European Pharmacopeia, EO (Aetherolea) are odo-
rous products, usually of complex composition, obtained mainly
by steam distillation. Although Hypericum spp. are classified as EO-
poor plants [9], studies have shown that their volatile oils possess
antimicrobial, antioxidant, antiangiogenetic, and gastroprotective
activities [13]. An extensive literature survey shows, that, unlike
napthodianthrones and phloroglucinols, the wound healing effica-
cy of EOs from Hypericum spp. was not still evaluated and compa-
red between species. Thus, the aim of the present study is the in-
vestigation of the wound healing efficacy of the EOs specifically
used for this reason: H. perforatum L. (HP) and 2 other Hypericum
species commonly used in Greece since classical antiquity, namely
H. empetrifolium Willd. (HE) and H. triquetrifolium Turra (HT).

Results and Discussion

As presented in » Table 1, the EOs of the under-investigation Hy-
pericum spp., namely HE, HP, and HT, were complex mixtures. In
total, 122 individual constituents were identified, representing
88.1-96.8 % of the EOs. Even the main constituents never excee-
ded 19.0% (a-pinene in HE). Regarding HE, its chemical analysis
has been recently completed [14] and is presented in » Table 1 to
facilitate the comparison. The Hypericum spp. Under investigation
yielded EOs 0.9 and 0.6 v/w % for HE and HT respectively, which
were calculated in dry weight (> Table 1). It is noteworthy that
when only inflorescences and leaves were carefully selected instead
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of total aerial parts of HE, the yielded EO reached 0.6 mL (13 v/w %).
The main compounds have been identified as follows: HE: a-pinene,
germacrene D, $-pinene, E-caryophyllene; HP: ishwarane, a-
himachalene, a-pinene, 8-pinene; and HT: a-pinene, 3-methyl-no-
nane, caryophyllene oxide, germacrene D. In comparison to diffe-
rent previous studies [9, 13, 15, 16], intraspecific-variability has
been observed for all the under-investigation species, which could
be explained by the different extraction methods that have been
applied, as well as different collection times and sites.

Regarding the skin parameters, the most sensitive measure-
ment is transepidermal water loss (TEWL), when it is cautiously
measured in areas fully healed. TEWL has been recovered in sever-
al treatment groups, especially in HE 0.5 % and HP 0.05 % oint-
ments, while the other remains at relatively higher levels (highest
levels in the control groups, petrolatum, and the HT 0.5 %, » Fig.
1a). Moreover, skin hydration has been recovered. Despite this, the
healed skin generally shows higher hydration; however, this does
not reflect the reality, as cysts or edema are frequently formed in
wounds (> Fig. 1b). An overall increase of the erythema factor was
observed for all treatments. This observation is inconsistent with
previous observations of our laboratory, where the high sensitivi-
ty of the detector often leads to the evaluation of healed skin as in-
flamed. Furthermore, skin thickness was increased in all treatments,
while it generally takes more than 2 years to recover completely.
Regarding treatments HT 0.05 % and HT 0.5 %, as well as treatments
HE 0.05 % and HE 0.5 %, the elasticity increased, probably as a re-
sult of neovascularization.

Based on the clinical evaluation of the mice, it became apparent
that the treatment with the low dose of HP 0.05 % ointment led to
almost complete wound healing (99.9 %) with expected scarring.
This was also the criterion for terminating the experiment. Com-
pared to the treatment with the same EO at the highest dose
(0.5%), a similar degree of healing was observed by day 8, but at
the end of the experiment, for HP 0.5 %, the degree decreased and
reached a healing rate of 96.6 %. This leads to the suspicion of pos-
sible dose-dependent toxicity, which is characteristic of EOs. Also,
HP 0.05 % showed positive results compared to the control and the
petrolatum, while HP 0.5 % resulted in less healing in comparison
to the control and the petrolatum.

HT ointment showed 99.2 % healing at a low dose and 97.9 % at
the highest (HT 0.05 % and HT 0.05 %, respectively). Therefore, it is
evident, again, that the low dose has better results compared to
the control group and the treatment with petrolatum, but the high
dose showed a similar clinical impact with them. Treatments with
0.05 % and 0.05 % of HE ointment showed a very good effect in both
doses (99.4 % and 98.9 % degree of healing, respectively). Moreo-
ver, both the high and the low doses showed a positive effect com-
pared to the control group (97.1%), the petrolatum (98.1%), and
Madecassol (99.6 %) treatments but also to the treatments with HP
and HT ointments.

»Fig. 2 shows the overall degree of healing of each group. In
treatment with 0.05 % HP ointment, there were wounds of greater
initial area, but this ointment resulted in 99.9 % healing on day 15.
Itis noteworthy that HE ointments had the best healing rates, due
to the faster reduction in wound area compared to other treat-
ments. The photo documentation in » Fig. 3 shows representative
images of the wound areas of the various mice groups.
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»Table 1 Qualitative and quantitative composition (% v/v) of EOs.

Compounds Rl aver. HE HP HT
1. (3E)-2,3-dimethylhepta-1,3-diene 902 0.2 - -
2. a-thujene 913 1.0 0.1 0.4
3. a-pinene 928 19.0 6.4 13.9
4. a-fenchene 938 0.5 0.2 tr
5. camphene 940 0.3 0.6 tr
6. dehydrosabinene =thuja-2,4(10)-diene 943 - tr -
8. 3-methyl-nonane 962 3.5 - 10.2
8. B-pinene 972 8.7 6.1 1.5
9. 6-methyl-5-hepten-2-one 979 - tr -
10. myrcene 984 1.8 0.9 1.4
11. hexenyl acetate 985 - - -
12. n-decane 1000 0.2 - 0.4
13. a-phellandrene 1001 tr 0.1 tr
14. a-terpinene 1011 0.1 0.3 1.2
15. p-cymene 1018 0.8 0.2 0.9
16. limonene 1022 1.6 2.2 0.6
17. cis-ocimene 1030 0.7 0.3 tr
18. trans-ocimene 1040 1.9 0.2 tr
19. y-terpinene 1050 0.3 0.5 2
20. 2-methyl-decane 1056 1.8 0.8 4
21. terpinolene 1080 0.2 0.8 0.5
22. n-undecane 1094 1.0 0.7 1.8
23. n-nonanal 1097 - tr tr
24. endo-fenchol 1108 0.2 0.2 -
25. a-campholenal 1119 0.1 0.1 tr
26. allo-ocimene 1128 0.1 - -
27. trans-pinocarveol 1129 0.2 0.2 -
28. trans-verbenol 1135 0.2 - -
29. camphor 1137 tr 0.1 -
30. camphene hydrate 1141 tr 0.1 -
31. isoborneol 1152 0.1 0.6 -
32. pinocarvone 1153 - - tr
33. borneol 1158 0.3 0.3 -
34, 3-methyl-undecane 1162 - 1.0 -
35. terpinen-4-ol 1167 0.1 0.2 tr
36. a-terpineol 1181 0.2 0.9 -
37. myrtenol 1186 0.2 0.2 -
38. verbenone 1198 0.1 - -
39. citronellol 1219 tr 0.1 -
40. geraniol 1245 - tr -
41. linalool acetate 1246 0.4 - -
42. 2-undecanone 1285 0.1 0.1 -
43. tridecane 1300 0.1 - -
44. a-longipinene 1337 2.1 0.2 -
45. a-cubebene 1338 - - tr
46. a-ylangene 1360 0.3 0.5 tr
47. a-copaene 1365 0.4 0.2 1.2
48. a-duprezianene 1367 - 0.1 -
49. B-bourbonene 1370 0.4 - tr
50. geranyl acetate 1373 0.1 - -
51. B-cubebene 1376 0.1 - -
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»Table 1 Continued.

Compounds Rl aver. HE HP HT
52. italicene 1379 - 0.1 -
53. B-elemene 1380 0.2 - -
54. B-longipinene 1384 0.3 - -
55. longifolene 1389 - 0.4 -
56. o-cedrene 1389 0.1 - -
57. 2-epi-B- funebrene 1397 - 0.1 tr
58. E-caryophyllene 1406 5.3 2.6 14.0
59. B-cedrene 1409 0.9 - -
60. B-duprezianene 1413 - 0.6 -
61. B-copaene 1413 - - 0.5
62. B-gurjunene 1424 0.5 - -
63. aromadendrene 1430 0.6 - -
64. o-himachalene 1433 0.4 6.9 -
65. o-humulene 1437 0.6 - 1.8
66. E-B-farnesene 1445 1.6 - -
67. allo-aromadendrene 1450 0.4 - -
68. ishwarane 1453 2.0 22.0 -
69. y-muurolene 1461 0.7 34 33
70. germacrene D 1466 12.5 1.0 8.2
71. y-himachalene 1467 - 1.2 1.2
72. B-selinene 1473 1.0 2.2 -
73. valencene 1476 - 1.4 1.3
74. a-selinene 1480 1.0 1.9 1.2
75. 4-epi-cis-dihydroagaro-furan 1482 - 0.6 -
76. a-muurolene 1483 0.8 - 0.9
77. B-himachalene 1485 - 3.5 -
78. epizonarene 1488 B 0.2 -
79. trans-B-guaiene 1492 - 0.2 -
80. E, E-a-farnesene 1492 0.8 - -
81. 6-amorphene 1494 - - tr
82. y-cadinene 1496 1.5 0.8 2.2
83. 7-epi-o-selinene 1499 - 0.2 -
84. 6-cadinene 1506 3.1 1.4 4
85. y-dehydro-ar-himachelene 1514 - 0.4 -
86. cadina-1,4-diene 1514 0.2 - tr
87. y-vetivenene 1518 - 0.4 -
88. a-cadinene 1519 0.4 - tr
89. a-calacorene 1524 0.1 0.1 0.5
90. B-calacorene 1544 tr 0.2 -
91. E-nerolidol 1547 0.5 - -
92. caryophyllenol 1550 - 0.6 -
93. 3Z-hexenyl-benzoate 1553 0.1 - -
94. himachalene epoxide 1556 - 0.2 -
95. spathulenol 1558 1.5 - 0.9
96. caryophyllene oxide 1563 1.8 0.9 9.7
97. cubeban-11-ol 1573 0.1 - -
98. salvial-4(14)-en-1-one 1574 - - 1.1
99. viridiflorol 1578 0.2 - -
100. rosifoliol 1581 0.3 - -
101. humulene epoxide Il 1589 tr - 0.5
102. junenol 1597 0.3 - -
103. 1-epi-cubenol 1608 0.1 - tr
104. epi-a-cadinol 1609 - tr -
105. cubenol 1620 0.5 - -
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»Table 1 Continued.

Compounds Rl aver. HE HP HT
106. T-muurolol 1626 2.3 - 0.9
107. torreyol = a-muurolol 1632 0.5 - -
108. allo-aromadendrene epoxide 1637 - - 0.9
109. a-cadinol 1640 0.8 - 0.9
110. himachalol 1640 - 3.1 -
111. selin-11-en-4-a-ol 1643 - 2.6 -
112. allohimachalol 1650 - 0.5 -
113. intermedeol 1652 - 1.7 -
114. trans-calamenen-10-ol 1656 0.2 - -
115. cadalene 1664 tr 0.9 -
116. germacra-4(15), 10(14)-trien-1-a-ol 1665 - - 1.0
117. eudesma-4(15),7-dien-1pB-ol 1676 - - 1.8
118. cyclocolorenone 1743 - 0.1 -
119. benzyl benzoate 1757 0.1 0.1 -
120. n-hexadecanol 1877 0.3 - -
121. nonadecane 1898 0.1 - -
122. heneicosane 2097 0.1 0.1
Total identifica- 94.2 88.1 96.8
tion
[a]p20 -14.89 -0.25 -12.58

(c0.10) (c1.61) (c0.103)

EO yield (% v/dry 0.9 - 0.6
weight)
Grouped HE HP HT
components
Monoterpene hydrocarbons 37.1 18.9 22.4
Oxygenated monoterpenes 2.1 3.0 0.0
Sesquiterpene hydrocarbons 38.3 53.1 40.3
Oxygenated sesquiterpenes 9.1 10.3 17.7
Others 7.6 2.8 16.4

Components listed in order of elution from a HP 5MS column. Rl aver. Retention indices calculated against C9-C25 n-alkanes on the HP 5MS column;

average value from three samples. tr: traces. Concentrations below 0.01 % are marked as -; main compounds >5%.
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»Fig. 1 (a) Transepidermal water loss (TEWL) values for the various mice groups (control; petrolatum; Madecassol; HP 0.05%; HP 0.5 %; HT 0.05 %;
HT 0.5%; HE 0.05 %; HE 0.5 %) on Day 1 and Day 15 of the experiment. (b) Hydration values for the various mice groups on Day 1 and Day 15 of the

experiment. Values are presented as mean * SD of 3--4 independent experiments (n = 6 mice per group). Statistical analysis was performed using
Student’s t-test or One-way ANOVA (in comparison to the control group and the group treated with petrolatum); * p < 0.05.
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»Fig.2 The effect of the different treatments (control; petrolatum;
Madecassol; HP 0.05 %; HP 0.5 %; HT 0.05 %; HT 0.5 %; HE 0.05 %; HE
0.5 %) on the wound healing process on young mice. The wounds
from each group were photographed at time 0 and on Day 1, Day 8,
and Day 15. A Nikon Nikkor AF-S Micro 60 mm /2.8 G ED, SWMED IF
camera was used, located at a distance of 30 cm from the animals.
The photographs were digitized, and the wound area (cm2) was
measured using Adobe Photoshop C5.

After histopathological examination of skins from each group,
no total healing was observed in any treatments, and their degree
of inflammation was significantly different.

The lowest inflammation was observed in the group treated with
the low dose of HE ointment, 0.05 %. This is illustrated by the fol-
lowing images (> Fig. 4), which belong to the mice treated with HE
0.05 %. Interestingly, the skin’s normal structure was maintained,
and itis also worth noting that some elements of regenerated hair
follicles existed in the wounded skins. HE showed significant healing
properties also at the highest dose (0.5 %), similar to that of the
lower dose (0.05 %).

On the contrary, we observed that there was still acute inflam-
mation in treatment with the control that had not been adminis-
tered any formulation. More specifically, the image even shows ul-
ceration in the presence of “inflammatory overgrowth.” But also,
treatment with petrolatum had strong inflammation, as the nuclei
of the polymorphonuclear cells are visible, characteristic of acute
inflammation, shown as black dots under microscope observation.
The structure of the skin with the characteristic layers has changed.

Treatment with a 0.5 % high dose of HT ointment was also effec-
tive, presenting a healed area with minor inflammation, whereas
treatment with the lower concentration of 0.05 % ointment of the
same plant had weaker results, with minor hyperplasia and with
medium inflammation. These are evident in some photos from the
microscope (> Fig. 4).

The effect of HP ointment at either low (HP 0.05 %) or high con-
centration (HP 0.5 %) was not shown to be effective during the expe-
riment. Especially in the mice with HP 0.05 % treatment, the inflam-
mation (in the presence of polymorphonuclear cells) is predominant,
mainly in the dermis, similar to that of treatment with petrolatum.
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»Fig.3 Representative images of the wound areas of the various
mice groups (control; petrolatum; Madecassol; HP 0.05 %; HP 0.5 %;
HT 0.05%; HT 0.5 %; HE 0.05 %; HE 0.5 %), as recorded over a 15-days
period.

To the best of our knowledge, the present work is the first study
revealing the wound healing properties of the EOs from Hypericum
spp., which are likely to contribute to the wound healing efficacy
of the Hypericum preparations. Taking everything into account, it
appeared that the control group and the group treated with pet-
rolatum had normal healing progress due to the skin’s ability to
self-heal but also had most of the elements of inflammation and
alteration of the skin structure. Low-dose HP and HT had a good
clinical picture, but it was not the same for the degree of inflam-
mation. Moreover, higher concentrations resulted in wound healing
delay, indicating dose-dependent toxicity related to the EOs, ex-
cept for H. empetrifolium, which showed significant wound healing
and anti-inflammatory effects in both EO doses. In comparison with
the other 2 species under investigation, HE EO yields a high con-
centration of monoterpenes hydrocarbons (37.1%, vs. 18.9% and
22.4% for HP and HT, respectively). Furthermore, a-pinene (19.0%
in HE) (> Fig. 5) has been previously reported to possess anti-in-
flammatory activities [17].

In conclusion, the significant wound healing properties of HE
confirm the traditional use of this plant in Greece for wounds and
skin inflammations [18]. It is worth mentioning that in the quote
by Dioscorides, hypericon could be attributed to HE since the pre-
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»Fig.4 Representative histopathological images of the back skin of SKH-hr1 hairless mice (magnification 100x) on Day 15 of treatment with
petrolatum, HP 0.05 %, HP 0.5%, HT 0.05 %, HT 0.5 %, HE 0.05 %, HE 0.5 %, and without treatment (control) (magnification 100 x). Samples were
stained with hematoxylin and eosin. Arrows and circles pointing the events of wound healing (i. e. ulceration presence of crust with high inflammati-
on [control]; epidermal hyperplasia and high inflammation [petrolatum and HP 0.05 %]; non-healed area and high inflammation [HP 0.5 %]; minor
hyperplasia and medium inflammation [HT 0.05 %]; normal epidermis with stratum corneum and elements of regenerated hair follicles [HE 0.05 %];

normal epidermis with elements of regenerated hair follicles [HE 0.05 %].
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»Fig.5 Chemical structures of the most abundant compounds.

viously reported H. coris[4] is not growing wild in Greece, in cont-
rast to its closely related species, HE [19].

Material and Methods

Plant material

Aerial parts from HE and HT were collected from natural populations in
Greece (in Crete and Thessaloniki, GPS position 35.25463477968957,
25.37766337130051 and 40.636971, 22.976209, respectively),
during the flowering stage. The collected plant materials were re-
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cognized and authenticated by Prof. Z. Kypriotakis and Dr. E. Anta-
loudaki for HE (Department of Agriculture, TEI of Crete, and
Department of Biology, University of Crete) and by Assoc. Prof.
Th. Constantinidis for HT (Biology Department, NKUA). Voucher
specimens were deposited in the Herbarium of Natural History
Museum, University of Crete (15981) and in the Laboratory of Phar-
macognosy and Chemistry of Natural Products (Skaltsa & Grafak-
ou 03), respectively. The EO of HP was purchased from Florihana
(France, LOT FLEO59-B120917F) and further subjected to GC-MS
analysis. The plant names have been checked according to http://
www.theplantlist.org [20].

Hydro-distillation of essential oils, GC-MS
spectrometry analysis, identification of compounds

To obtain the EOs from HE and HT, the air-dried plant materials
were subjected to hydro-distillation, according to the procedure
described before [14]. The 3 EOs were subsequently analyzed by
GC-MS and finally stored at — 20 °C before being used for the in vivo
experiments. GC-MS analyses and identification of the chemical
compounds were carried out as described previously [14].

Animals

Animal care was performed according to the guidelines establis-
hed by the European Council Directive 2010/63/EU. Fifty-four fe-
male SKH-hr1 hairless mice (3-12 weeks old, 17-40g, n = 6) were
used in this study. All mice originated from the breeding stock of
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the Small Animal Laboratory of the Section of Pharmaceutical Tech-
nology, Department of Pharmacy (EL 25 BIO 07). The animal room
was kept at 23 £1°C and 25-55 % humidity and was illuminated
by yellow fluorescent tubes in a 12 h light and dark cycle. The mice
had unrestricted continuous access to standard chow diet (Nuevo
SA-Farma-Efyra Industrial and Commercial SA, Greece) and fresh
water. The experimental procedure was approved by the National
Peripheral Veterinary Authority (Protocol Number: 1064/20-02-
2019) after the affirmative opinion of the Animal Protocols Evalu-
ation Committee.

Experimental design for in vivo wound healing effect
in a mouse model

The experimental protocol for the evaluation of wound healing has
been used for years from the Laboratory of Dermatopharmacolo-
gy, and has been recently described by Sofrona and colleagues [21].
Briefly, full-thickness (i. e., epidermis, dermis, and subcutis) wounds
of 1 cm2(1.0cm x 1.0 cm) were induced on the dorsal skin of an-
esthetized mice by intraperitoneal administration of a cocktail of
ketamine (100 mg/kg) and xylazine (7 mg/kg).

Mice (n = 54) were randomly divided into 9 treatment groups
of 6 animals per group. The first group was the control (untreated
mice); the second group received the petrolatum vehicle (100 %
petroleum jelly); and the third group received the Madecassol
cream (Centella asiatica extract used as positive control), the rest
of the groups received 0.05 and 0.5 % w/w petrolatum ointment of
each EO (> Table 2). The different treatments were applied once
per day for 14 days, where complete (99.9 %) healing was clinically
observed in one of the groups (HP 0.05 %).

Evaluation of TEWL, hydration, erythema, thickness,
and elasticity

Skin parameters, including TEWL, hydration, erythema, skin thick-
ness, and elasticity were evaluated with noninvasive biophysical
methods. TEWL and skin hydration were measured by using the Te-
wameter TM 210 (Courage + Khazaka Electronic GmbH) and the
Corneometer CM820 (Courage + Khazaka Electronic GmbH), res-
pectively. Erythema was measured by using the spectrophotome-
ter Mexameter MX 18 (Courage-Khazaka). Skin thickness was
scored in mm using an electronic digital caliper (Powerfix Prof Mi-
lomex Ltd), 3 cm above the tail. Elasticity was measured by using
CUTOMETER MPA 580 (Courage-Khazaka). All of the above-men-
tioned measurements were conducted on the first (just before the
induction of the wounds) and last day in healed areas, as described
before [19]. This is particularly important, as they are sensitive

»Table 2 Treatments.

Control Control group

Petrolatum Petrolatum

Madecassol Madecassol cream

HP 0.05 % H. perforatum 0.05 % ointment
HP0.5% H. perforatum 0.5 % ointment

HT 0.05 % H. triquetrifolium 0.05 % ointment
HT 0.5% H. triquetrifolium 0.5 % ointment
HE0.05% H. empetrifolium 0.05 % ointment
HE0.5% H. empetrifolium 0.5 % ointment
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measurements, which evaluate the skin barrier restoration; as are-
sult, they must be cautiously measured the last day only in areas
fully healed to provide reliable results.

Photodocumentation, percentage of wound healing,
and histological analysis

The wounds from each group were photographed at time zero and
then on the 4th, 8th, 12th. and 15th day. A Nikon Nikkor AF-S Micro
60 mm f/2.8 G ED, SWMED IF camera was used, located at a dis-
tance of 30 cm from the animals. The photographs were digitized,
and the wound area was measured using Adobe Photoshop C5.
Wound closure was defined as a reduction in the wound area and
the results were expressed as a percentage (%) of the original
wound area. After the mice were sacrificed, the back skin was re-
moved, fixed in formaldehyde, and embedded in paraffin. Sections
were cut and stained with hematoxylin and eosin (H&E). The extent
of inflammatory cell infiltration, parakeratosis, and hyperkeratosis,
epidermal thickness, and Munro abscess were blindly evaluated by
an experienced anatomopathologist.

Statistical analysis

All results are presented as means + SEM of 3 different experiments
for each sample. The data were tested for normality and distribu-
tion. Data were evaluated by Student’s t-test and 1-way analysis of
variance (ANOVA) using the SPSS v 18.0 statistical analysis software
(IBM SPSS software package, Inc.). The p-value of <0.05 was set as
a significance level for all data. Graphs were generated using Gra-
phPad Prism 8.4.2 (GraphPad Software, Inc.).
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The isolation of the compounds from E. deflexa is presented in Figure 30. Extraction, isolation, structure

elucidation, and biological activities are presented in Grafakou et al. (2021e, accepted).
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Figure 30. Chromatographic isolation of the compounds from E. deflexa.
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ABSTRACT: Euphorbia deflexa, an endemic spurge from Greece, was investigated for the
occurrence of its diterpene constituents. Through continuous monitoring by 'H NMR, 22
diterpenoids were isolated, including 16 previously undescribed compounds (euphodeflexins A—
P), which belong to the jatrophane, ingenane, segetane, and pepluane diterpene types. Their
chemical structures were elucidated through a combination of HRESIMS, NMR spectroscopy,
and X-ray data. The isolated diterpenoids were tested against a panel of human cancer cell lines,
as well as against two bacterial strains. Compounds 1, 13, and 17 were active against the HeLa

cell line with IC;, values 9.9, 9.8, and 5.8 uM, respectively.

Euphorbia L. (Euphorbiaceae) is one of the largest genera of
flowering plants, with more than 2000 species distributed
worldwide. Members of the genus, although diverse in
morphology, are all readily distinguishable by the production
of a milky skin-irritant latex." The use of Euphorbia species has
been reported in different human societies, and the genus
includes taxa of economic importance, such as E. tetragona, E.
triangularis (inferior rubber), E. antisyphylitica (candellila wax),
and E. resinifera (“euphorbium”).” Recent studies have
reported that more than 5% of Euphorbia spp. are being
used as herbal remedies.’

Diterpenes found in the genus Euphorbia have been the
focus of natural product drug discovery, because of their
structural diversity (e.g, jatrophane, ingenane, daphnane,
tigliane skeletons) and their wide range of pharmacological
activities, including antitumor and antimicrobial properties,
anti-inflammatory, cardiovascular, and neuroprotective ef-
fects.*”® These specialized metabolites are considered
important chemophenetic markers due to their restricted
distribution, existing only in the families Thymelaeaceae and
Euphorbiaceae.* Ingenol-3-angelate (ingenol mebutate), iso-
lated from Euphorbia peplus, has attracted the interest of the
scientific community and has been approved by the U.S. FDA
in 2012 and the EMA in 2013 for actinic keratosis, a
precancerous skin condition.”” Despite being released to the
market, obtaining ingenol mebutate by cultivation from E.
peplus has been proven ineflicient; thus alternative sources,
such as synthetic or biosynthetic approaches, are being
investigated.*”

Taking into consideration the low percentage of Euphorbia
species that have been investigated phytochemically so far (ca.

© XXXX American Chemical Society and
American Society of Pharmacognosy

WACS Publications

5%), it is likely that other taxa will be found producing higher
amounts of ingenol mebutate or compounds V\nth similar or
other therapeutically relevant biological activities.'’ Thus, the
aim of this project was the isolation, structure elucidation, and
evaluation of the cytotoxic and antibacterial effects of
diterpenoids from E. deflexa Sibth. & Sm., an endemic species
of Greece. Through continuous monitoring by 'H NMR
spectroscopy, 22 diterpenoids were isolated, including 16
previously undescribed compounds (111, 13, 15—18, Figure

1).
B RESULTS AND DISCUSSION

Eleven previously undescribed jatrophane-type diterpenes were
isolated and characterized in the present study (compounds
1—11, Figure 1). Compound 1, named euphodeflexin A, was
purified as colorless crystals, and its molecular formula was
deduced as C,yH;30,, based on the obtained HRESIMS ion at
m/z 753.3122 ([M + H]J*, caled for C,oH,50,,", 753.3117).
The MS data, in combination with 1D and 2D NMR spectra,
as well as literature records on isolates from the genus
Euphorbia, suggested its polyesterified diterpenoid nature. The
presence of three acetyl and two benzoyl groups was deduced
from the typical 'H and '*C NMR signals (Table 1), which
showed 20 carbon atoms in total. The remaining 20 carbon
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Ri R, R3 R4 Ry Rs Ry
1 OBz OAc OBz OAc OAc OH OH
2 OAc OH OBz OAc OAc OH OBz
3 OBz OAc OBz OAc OAc OH OAc
4 OBz OAc OBz OAc OBz OH OH
5 OBz OAc OBz OAc OAc OH C=0
7 OBz OAc OBz OAc OAc C=0O OAc

HO
AngO HO

12R=R,=H 14
13 Ry= OAc, R,= OAng

Figure 1. Structures of compounds 1—18.

Ri R, Rs
8 OAc OBz H
9 OBz OAc OAc
6 10 OBz OAc OH
11 OAc OBz OH

15 R= OAng
16 R=OiBu

17 Ry= OAc, Ry=H
18 R;=H, Ry= OAc

atoms comprised the diterpene skeleton with the characteristic
pattern of four methyl groups and one exomethylene double
bond. Eleven methines (two aliphatic, two olefinic and seven
oxygenated) and one oxygenated tertiary carbon accounted for
the remaining signals. The structural fragments A, B, and C as
shown by bold bonds (Figure 2) were established from the
'"H-'H COSY spectrum: H-3 (& 6.10)/H-4 (5 3.47)/H-5
(84 5.19) (fragment A), H-7 (6y 5.44)/H-8 (6 5.16)/H-9
(844 3:47) (fragment B), H-11 (8 5.90)/H-12 (5,1 5.87)/H-13
(6y 2.78)/H-14 (64 3.65) and H-13/H;-20 (54 1.20)
(fragment C). The five-membered ring was elucidated by the
HMBC cross-peaks from H-3 to C-1 (§¢ 77.2), C-2 (5¢ 90.7),
C-4 (6c 41.5), and C-15 (8¢ 84.7). The connection of
fragments A and B was suggested due to the long-range
"H—"H COSY signals of the H,-17 (5y; 4.80/4.82) to H-S and
H-7. This was supported further by the HMBC correlations
(Figure 2) of H-S and H-7 with C-6 (6¢ 146.9) and C-17 (¢
109.1), as well as of H,-17 with C-S (5¢ 70.9) and C-7 (6
68.8). Concerning fragments B and C, H;-18 (5 1.08) and
H;-19 (8y 1.13) gave HMBC cross-peaks to C-9 (5¢ 81.1), C-
10 (5 41.4), and C-11 (8 132.4). In turn, H-14 gave HMBC
signals with C-1, C-4, and C-15, while H-7 and H-8 exhibited
cross-peaks to carbonyl groups (5 168.9 and 170.5),
permitting the allocation of two acetoxy moieties at C-7 and
C-8. The correlation between AcO-2 (8 2.16) and C-2 was
used to place the remaining acetoxy group at this position.
Furthermore, the correlations of H-1 and H-3 with the related
carbonyl carbons (6¢ 165.7, 165.3) endorsed the location of
the two benzoyl groups at C-1 and C-3 (8 79.4), respectively.
The key NOE correlations (Figure 2) were consistent with the
a-orientation of H-1, H-3, H-4, H-7, H-13, and H-14 and the
P-orientation of H-S, H-8, H-9, and H;-20, indicating a relative
configuration in accordance with the pattern of jatrophanes
reported from other Euphorbia spp.”> The structure of 1 was

confirmed by X-ray crystallographic analysis of a crystal, and its
absolute configuration was assigned as (1R,2S,3R4S,SR,-
75,85,95,138,14S,15R)-1,3-dibenzoyloxy-2,7,8-triacetoxy-
jatropha-6(17),11E-diene-14,15-diol (Figure 3).

Euphodeflexin B (2) was found to possess the same
molecular formula (C,H,30;,) as compound 1, as indicated
by the sodium adduct ion observed at m/z 775.2943 (calcd for
Cy4oHys014Na*, 775.2936). Spectroscopic data analysis in-
dicated a similar structure to that of 1, differing only in the
placement of the substituents. Based on the HMBC spectrum,
one acetyl and one benzoyl group were attached to C-1 (6
82.7) and C-14 (¢ 79.0), respectively, with C-2 (5. 81.5)
having a free hydroxy group. The relative stereochemistry of 2
was identical to 1, based on the coupling constants (Table 1)
and the interpretation of the NOE signals.

The molecular formula of euphodeflexin C (3) was
determined as C,,H;(O;s, according to its HREIMS ion at
m/z 793.3074 [M — H]™ (caled for C,,H,90,57, 793.3077).
Structurally, compound 3 was shown to be related to
compound 1 closely, but the observation of an additional
acetyl group in the '"H NMR spectrum was confirmed by the
MS data. The former oxygenated H-14 was deshielded at 5.11
ppm (Table 1), and the HMBC cross-peak from this proton to
the extra carbonyl carbon (6 171.7) was used to place the
remaining acetyl group (6y 2.27) at C-14 (6c 78.9). The
relative configuration of 3 was assigned as being identical to
that of 1, on the basis of NOESY signals observed.

Euphodeflexin D (4) was deduced to have a molecular
formula of C,sH¢,O,4 based on the HREIMS ion at m/z
813.3136 [M — H]~ (caled for C,H,0,,~, 813.3128).
Analysis of the NMR data (Table 1) revealed 4 to be also
structurally related to the above-mentioned isolates 1-3,
although an extra set of benzoyl group signals was observed.
The position of the additional benzoyl moiety (5¢ 73.0) was

https://doi.org/10.1021/acs.jnatprod.1c00654
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Table 1. "H and *C NMR Spectroscopic Data (600 and 150 MHz, CDCl,) for Compounds 1—4

euphodeflexin A (1) euphodeflexin B (2)

euphodeflexin C (3) euphodeflexin D (4)

position 8¢, type &y (J in Hz) Sc, type 6y (J in Hz)
1 772° CH 6.14, s 827 CH 530, s
2 90.7 C 815 C
3 79.4 CH 6.10, d (6.8) 81.4 CH 572, d (52)
4 41.5° CH 3.47° 413 CH 3.16, d (5.2,
2.1)
S 70.9 CH 5.19, br s 70.2 CH 5.03, br s
6 146.9 C 146.3 C
7 68.8 CH 544, s 69.2 CH 548, s
8 72.3 CH 5.16, s 72.1 CH S5.12, s
9 81.1 CH 3.47,% 81.1 CH 3.55, s
10 41.4% C 424 C
11 1324 CH  590,d(160) 1343 CH 585 d (160)
12 132.9 CH 587,dd (160, 1308 CH 565, dd (160,
9.4) 9.6)
13 379 CH 2.78, m 37.0 CH 2.89, m
14 77.6 CH 3.65, s 79.0 CH 530, s
15 84.7 C 849 C
16 18.1 CH, 144, s 20.0 CH, 126, s
17a 109.1 CH, 4.80, s 110.1 CH, 4.97, br s
17b 482, s 498, br s
18 23.5 CH; 1.08, s 23.5 CH; 1.10, s
19 26.6 CH, 113, s 26.5 CH, 113, s
20 242 CH, 120, d (6.9) 23.5 CH, 1.17, d (7.0)
OAc-1 21.0 CH; 226, s
C=0 1719 C
OAc-2 22.1 CH; 2.16, s
C=0 1712 C
OAc7 209 CH, 213, s 21.1 CH, 218, s
C=0 1689 C 1699 C
OAc-8 20.7 CH, 2.00, s 20.7 CH, 2.04, s
C=0 170.5 C 1702 C
OAc-14
C=0
OBz 1/3- 1/3-
C=0 165.7 C/ 166.1 C/
1653 C 165.7 C
1 129.5 C/ 130.0 C/
1299 C 1299 C
2,6 1299 CH  8.11,d(7.6)/ 1299 CH/ 808, d (7.4)/
8.12,d (7.6) 1298 CH 806, d (7.6)
3,5 1285 CH/  7.44,d (7.6)/ 1286 CH/  7.44,d (7.4)/
1284 CH 743, d (7.6) 1285 CH 742, d (74)
4 1334 CH/  7.56,t(7.6)/7.57 1337 CH/  7.59,t(7.4)/7.56
1330CH  t(7.6) 1331CH  t(74)

“Overlapped signals. bAssigned from the HSQC/HMBC spectra.

Sc, type &y (J in Hz) 57, type Sy (J in Hz)
769° CH 626, s 772 CH 6.16, s
90.7 C 90.7 C
79.4 CH 6.17,d (6.8) 79.5 CH 6.14, d (6.6)
421 CH 3.57,)dd (68,  415CH 3.53, dd (6.6, 3.4)
3.1
70.8 CH 5.20, br s 712 CH 5.28, br s
146.0 C 146.8 C
69.1 CH 547, s 69.0 CH 5.56, s
722 CH 523, d (2.1) 73.0 CH 538, s
80.1 CH 349, d (2.1) 81.1 CH 3.63, s
41.6 C 417 C
134.6 CH 5.94, d (16.3) 132.5 CH 5.93, d (16.0)
131.8 CH  567,dd (163, 1332 CH 5.98, dd (16.0, 8.6)
9.6)
37.6 CH 292, m 379 CH 2.81, m
78.9 CH S.11, s 77.7 CH 3.67, s
850 C 849 C
18.3 CH; 1.39, s 18.2 CH; 145, s
109.0 CH, 4.82, brs 109.7 CH, 4.72, s
484, br s 4380, s
232 CH, 1.05, s 23.5 CH, LIS, s
26.6 CH, 116, s 266 CH, 116, s
23.1 CH, 1.10, d (6.9) 242 CH, 123, d (69)
21.9 CH, 217, s 21.0 CH, 218, s
171.8 C 1712 C
20.9 CH, 214, s 222 CH, 217, s
168.8 C 168.8 C
20.7 CH,3 2.03, s
1703 C
212 CH, 227,
171.7 C
1/3- 1/3/8-
165.7 C/ 166.0 C/
165.1 C 165.7 C/
165.6 C
130.1 C/ 133.0 C/
130.0 C 1299 C
1300 CH/  813,d(78)/ 1300 CH/  8.12,d(7.6)/8.17, d
1298 CH 806, d (7.8) 129.9 CH (7.6)/8.0, d (7.6)
1286 CH/  7.48,d (78)/ 1286 CH/  7.46,d (7.6)/7.40°
1285 CH 743, d (78) 128.5 CH
1337 CH/  7.60, t (7.8)/ 1334 CH/  7.58, t (7.6)/7.54"
133.1 CH 7.56, t (7.8) 1332 CH 7.52,%

determined at C-8 by the HMBC cross-peak between H-8 (5
5.38) and the carbonyl carbon (§: 165.6) of the benzoyl
group. Following similar biosynthetic reasoning, the relative
configuration of 4 was proposed as being the same as that of
compounds 1-3.

The (—)-HREIMS data of euphodeflexin E (5) showed an
[M + CI]” ion at m/z 785.2584 (caled for C,H,0,,Cl,
785.2582), corresponding to the molecular formula C,gH;50 .
The NMR data (Table 2) revealed that § is also a jatrophane-
type diterpene that exhibited some similarities to the above-
mentioned compounds, with a key difference being the lack of
an oxygenated H-14, with also a downfield-shifted H-13 (6
4.04) and the appearance of a carbonyl group signal (5 210.6)
at ®C NMR spectrum. The HMBC signals within the C-13—

C-1S sequence demonstrated the carbonyl group to be located
at C-14, similar to previously isolated jatrophanes.'""*
Euphodeflexin F (6) afforded the same molecular formula,
C4H46O014 as was determined for compound S§ by the
HREIMS ion at m/z 749.2816 [M — H]~ (calcd for
CyoHys014~, 749.2815), while euphodeflexin G (7) gave the
molecular formula C,,H,3O,;, based on the HREIMS ion at
m/z 827.2695 [M + Cl]~ (caled for C,,H,50,5Cl7, 827.2687).
The '"H NMR spectrum and the MS data of 7 suggested the
presence of an additional acetyl group in comparison to
compound 6. Similar to 5, compounds 6 and 7 were shown to
be characterized by the absence of H-9, followed by the
downfield-shifted H-8 (5, ~5.80), as well as the appearance of
a carbonyl group resonance (Sy ~205) in the *C NMR
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= Key 'H-"H COSY correlations ~~ Key NOESY correlations

~—x Key HMBC correlations

Figure 2. Key HMBC, '"H—'H COSY, and NOESY correlations of
euphodeflexin A (1).

spectrum (Table 2). In this case, the carbonyl group could be
located at C-9, based on the HMBC cross-peaks within the C-
7—C-11 sequence. A noticeable difference of compound 6
reflected the lack of coupling constant between protons H-11
and H-12, which appeared as singlets in the 'H NMR spectrum
(vs doublets J 16.0 Hz for the remainder of the isolated
compounds), allowing the cis-configuration of the A;_j,
double bond to be proposed. Compound 7 displayed the
typical configuration of the jatrophanes, and the above-
mentioned additional acetyl group was placed at position C-
2 based on the NMR data obtained.

The molecular formula of euphodeflexin H (8) was
determined as C;;H;3Og, based on the HRESIMS ion at m/
z 5392643 ([M + HJ*, calcd for C;H;004", 539.2639).
Comparison of its 1D and 2D NMR data with those of the
above-mentioned compounds suggested that it also possessed
a jatrophane scaffold, but with a different substitution pattern,
and it was identified as a 9,14-dione with two aliphatic
methylenes at C-7 and C-8 (Table 3). This was supported by
the chemical shifts of C-9 (6 212.0) and C-10 (8¢ 50.5), as
well as C-7 (8¢ 34.2), C-8 (6¢ 25.6), H,-7 (6 2.19, 2.65), and
H,-8 (6 1.88, 2.16), together with the HMBC correlations of
H-12 (84 5.77), H3-20 (6 1.37), and H,-1 (5 2.13, 2.86) to
C-14 (8¢ 203.6), of H,-7, Hy-8, H-11 (5 5.62), Hy-18 (5
1.20), and H;-19 (6y 1.22) to C-9, and of H,-8 to C-7. The
cross-peaks between H-3 (8y; 5.66) and the carbonyl carbon at
8¢ 170.0, H-5 (8y 5.99) and the carbonyl carbon at 5 165.0,
and the methyl group of the AcO-15 (8y 2.12) and C-15 (¢
90.7) supported placing the benzoyl and acetyl groups at
positions C-3, C-5, and C-1S, respectively. The relative

configuration of 8 was deduced by the NOE signals between
H-2/H-4, which were assigned as a-orientated, while the
correlations between H-3/H;-16, H-3/H;-20, and H;-16/AcO-
1S indicated the p-orientation. This was supported by the
values of J, 3 and J34 (~3 Hz) and J,5 (~10 Hz)."

Compound 9, euphodeflexin I, gave a molecular formula of
C33H,00,p based on the HRESIMS ion observed at m/z
597.2692 ([M + H]*, caled for C33H,; 040", 597.2694). The
planar structure of 9 proved to be comparable to compound 8.
On the basis of the '"H NMR data (Table 3), an additional
acetyl group signal was observed, as well as the exchange of
one methylene with an oxygenated methine. In comparison to
the majority of the isolated jatrophanes, the 'H—'"H COSY
experiment showed the extra spin system H,-7/H-8, with H-8
being shifted downfield to 5.22 ppm, suggesting the location of
the additional acetyl group at C-8. These inferences were
supported by the HMBC correlations from H,-7 (8 2.07) to
C-6 (8¢ 137.9) and C-17 (8¢ 116.39), together with the cross-
peaks from H-8 (5 5.22) to C-6 and the carbonyl carbon of
AcO-8 (8¢ 170.1).

Compounds 10 and 11, euphodeflexins ] and K, were
characterized as positional isomers with the molecular formula
of C5;H;30,, based on the HRESIMS ions obtained observed
at m/z 555.2591 and 555.2592, respectively ([M + H]*, caled
for C31H;390,", 555.2589). The NMR data (Table 3) permitted
the structure elucidation of these compounds. Featuring the
same carbon skeleton as compound 8, isolates 10 and 11 were
differentiated by their respective substitution at position 8.
Both 10 and 11 were found to be similar to compound 9, but
C-8 of both compounds 10 and 11 (§c 71.0 and §¢ 71.2,
respectively) was substituted by —OH. In the HMBC
experiment, a correlation signal of C-8 with the carbonyl
carbon at §c 213.8 (C-9) supported the given structures.
However, 10 and 11 differed in their respective esterification
pattern in the jatrophane skeleton. A benzoyl and an acetyl
group were linked at C-3 (8¢ 77.0) and C-5 (6c 72.2),
respectively, for compound 10, while these substitutions were
reversed for compound 11 (C-3 at §¢ 76.5; C-5 at §¢ 73.5),
based on the HMBC correlations from the corresponding
protons to the carbonyl carbons of the substitution, i.e.,
compound 10: H-3 (5 5.84)/0Bz-3 (6¢ 165.7) and H-S (g
5.80)/OAc-S (6¢ 168.6); compound 11: H-3 (5 5.63)/OAc-
3 (8¢ 170.0) and H-5 (6y 6.08)/0Bz-5 (5 164.7).

In addition, four diterpenoids possessing an ingenol-type
scaffold were isolated, namely, 3$-O-angeloyl-20-deoxyingenol
(12),"* 3-O-angeloyl-17-angeloyloxy-20-deoxyingenol,'* and
13a-acetoxy-3-0O-angeloyl-17-benzenoyloxy-20-deoxyinge-

Figure 3. ORTEP diagrams of compounds 1 and 17.
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Table 2. 'H and *C NMR Spectroscopic Data (600 and 150 MHz, CDCl,) for Compounds 5—7

euphodeflexin E (5)

euphodeflexin F (6)

euphodeflexin G (7)

position 8¢, type &y (J in Hz) 8¢, type Sy (J in Hz) 8¢, type &y (J in Hz)
1 77.8 CH 6.14, s 823" CH 525, s 77.6° CH  625,s

2 90.8 C 81.5" C 90.3 C

3 77.6 CH 6.17,d (5.8) 80.9 CH 5.53,d (4.7) 78.5 CH 5.97,d (7.3)

4 41.1 CH 3.71, dd (5.8, 2.0) 43.6" CH 3.28, dd (4.7, 2.3) 422 CH 3.60, dd (7.3, 2.4)
S 69.0 CH 4.26, br s 69.5 CH 5.0, br s 69.8 CH 5.09, br s

6 144.9 C 1432° C 1435 C

7 69.1 CH 5.38,% 67.1 CH 5.82, brs 66.9 CH S75brs

8 71.6 CH 4.89, br s 71.1 CH 5.76, br s 70.7 CH 5.81, brs

9 81.6 CH 3.53,brs 205.1 C 204.8 C

10 413 C 499 C 502 C

11 137.5 CH 6.05, d (16.0) 134.8” CH 5.88, s 1353 CH 6.07, d (16.0)

12 129.1 CH 5.39, dd (16.0, 9.5) 134.8° CH 5.88, s 134.0 CH 5.85, d (16.0, 9.7)
13 44.6 CH 4.04, m 36.9” CH 3.08, m 37.5 CH 2.99, m

14 210.6 C 80.1 CH 5.45, br s 79.0 C 5.13, br s

15 893 C 850 C 852 C

16 16.7 CH, 1.56, s 19.7 CH, 1.30, s 18.2 CH, 1.40, s

17a 112.0 CH, 5.02, br s 112.0 CH, 5.17,br s 1113 CH, 499, brs

17b S5.11, brs 5.22,brs 512, brs

18 23.2 CH, 111, s 24.4 CH, 120, s 24.2 CH, 124, s

19 26.3 CH, L1l s 25.6 CH, 133, s 25.5 CH, 131 s

20 19.9 CH, 1.40, d (6.6) 18.9 CH, 128, d (6.6) 23.4 CH, 1.18, d (6.9)
OAc-2  22.1 CH, 222,s 21.9 2.16

c=0 170.6 C 170.4

OAc-7 211 CH, 2.16, s 20.8 CH, 218, s 20.8 CH, 2.13, s

C=0 1692 C 1703 C 169.6 C

OAc-8  20.6 CH, 1.99, s 20.4 CH, 2.08, s 20.4 CH, 2.06, s

Cc=0 169.8 C 170.6 C 169.9 C

OAc-14 209 225, s 209 227, s

Cc=0 170.6 C 172.0 C

OBz 1/3- 1/3- 1/3-

Cc=0 165.1 C/165.3 C 165.3 C/165.9 C 165.0/167.0

1 129.7 C/129.8 C 1299 C 129.2/129.4

2,6 129.9 CH/130.1 CH 8.03,d (7.6)/8.14, d (7.6) 129.7 CH/129.8 CH 8.07,d (7.4)/8.09,d (7.4) 129.9/130.0 8.10,d (7.4)/8.12, d (7.4)
3,5 128.5 CH/128.6 CH 7.42,d (7.6)/7.44,d (7.6) 128.6 CH/128.7 CH 7.44° 128.6/128.7 7.47,d(7.4)/7.49,d (7.4)
4 133.1 CH/133.7 CH 7.56,t (7.6)/7.59 t (7.6) 1332 CH 7.59,% 133.4 7.59, t (7.4)/7.62, t (7.4)

“Overlapped signals. bAssigned from the HSQC/HMBC spectra.

nol,"" together with the previously undescribed euphodeflexin
L (13). Compound 13 was isolated as a white amorphous solid
and was assigned a molecular formula of C;,H,,0, based on
the HRESIMS ion observed at m/z 571.2914 [M + H]" (calcd
for C3,Hy430,%, 571.2902). A direct comparison of the NMR
spectra (Table 4) of compound 13 with the co—occurrin$ 13a-
acetoxy-3-O-angeloyl-17-benzenoyloxy-20-deoxyingenol ' re-
vealed that they were almost identical and different only at
the substitution on C-17. In the "H NMR spectrum, the signals
for the benzoyl group were missing and were replaced by a
second set of angelate signals. The additional angelate group
was placed at this position (C-17, §¢ 64.4) as proposed by the
HMBC signals from H,-17 (8y 4.25, 4.35) to the carbonyl
carbon (8¢ 167.9) (Figure 4).

Moreover, three segetane-type diterpenes were isolated,
namely, segetene B,'° paralinone A (14),"° and
(28%,35% 4R* SR* 6R* 8R*,11S*,128* 13R*,14R*,15SR*)-
6,11,14,17-tetraacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-1S-
hydroxy-9-oxo-segetane,'' together with two previously
undescribed presegetanes, euphodeflexins M (15) and N
(16). The latter compounds were isolated as white amorphous
solids, and their molecular formulas were deduced, in turn, as

Cy,H,,0,, and C43H,,04, (m/z 643.2753 [M + H]*, caled for
C3,H,301,", 643.2749 and m/z 631.2760 [M + H]*, calcd for
Cy3H,30,,, 631.2749, respectively). In comparison to the
closely related structure of presegatanin,'® an upfield shift of
the oxygenated carbon C-6 (~8: 60) in the *C NMR
spectrum and the absence of two —OH signals in the '"H NMR
spectrum were observed (Table S). These resonances provided
evidence for the presence of an epoxy group, which was in full
accordance with the respective molecular formulas of 15 and
16 obtained from the HRESIMS. Based on the 1D and 2D
NMR data of compound 185, one acetyl, one benzoyl, and one
angeloyl group each were detected as substituents of the main
diterpene skeleton, encompassing the remaining 20 carbons. In
detail, the planar structure consisted of four methyl groups,
two carbonyl groups, eight oxygenated carbons (three
protonated, five tertiary), three methylenes, two methines,
and one quaternary carbon. The 'H—'H COSY experiment
(Figure S) revealed two spin systems: H,-1 (5 2.53, 1.83)/H-
2 (8 2.46)/H-3 (6 5.57)/H-4 (6 2.99)/H-5 (64 5.46), H-
2/H;-16 (5 1.00) and H,-11 (64 2.00, 2.33)/H-12 (5 3.08).
Furthermore, apart from these signals in the 'H NMR
spectrum, one isolated proton (H-7, 8y 3.25) was detected.
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Table 3. 'H and *C NMR Spectroscopic Data (600 and 150 MHz, CDCl,) for Compounds 8—11

euphodeflexin H (8) euphodeflexin 1 (9)

euphodeflexin J (10) euphodeflexin K (11)

position Oc, type Sy (J in Hz) d¢, type Sy (J in Hz)
la 448 CH, 2137 45.1 CH, 2277

1b 2.86, dd (15.7, 7.5) 2.93,dd (15.9, 8.3)
2 39.0 CH 234, m 39.0 CH 242, m

3 76.6 CH 5.66, t (3.9) 774 CH 586

4 49.5 CH 2.80, dd (9.5, 3.9) 49.2 CH 2.76, dd (10.1, 3.5)
S 72.9 CH 599, d (9.5) 72.3 CH 5.80, d (10.1)
6 141.5 C 1379 C

7a 342 CH, 219 m 29.0 CH, 2.07, m

7b 2.65, m

8(a) 25.6 CH, 1.88, m 73.0 CH, 5.22,dd (7.4, 1.9)
8b 2.16, m

9 2120 C 207.6 C

10 50.5 C 49.5 C

11 132.5 CH 5.62, d (16.0) 1349 CH 5.62, d (16.0)
12 1349 CH 5.77, dd (16.0, 9.2) 132.9 CH 5.86,%

13 44.0 CH 337, m 43.9 CH 337, m

14 203.6 C 2032 C

15 90.7 C 90.6 C

16 13.9 CH; 1.00, d (6.4) 13.8 CH, 1.07, d (6.7)
17a 116.5 CH,  4.94,brs 1169 CH,  4.96, brs

17b 5.26, br s 5.27,br s

18 232 CH; 120, s 23.9 CH, 125, s

19 233 CHy; 122, 25.3 CH, 1.39, s

20 20.1 CH;  1.37,d (6.5) 20.2 CH, 1.40,°

OAc-3 206 CH; 198, s

Cc=0 170.0 C

OAc-5 20.8 CH, 1.89, s

Cc=0 168.9 C

OAc-8 20.5 CH, 2.06, s

Cc=0 170.1 C

OAc-15 213 CH; 212, 21.3 CH, 228, s

Cc=0 169.2 C 169.0 C

OBz S- 3-

Cc=0 165.0 C 165.7 C

1 129.8 C 129.6 C

2,6 129.6 CH 7.95, d (7.5) 129.5 CH 7.99, d (7.6)
3,5 1284 CH 742, d (7.5) 128.5 CH 745, d (7.6)

4 1332 CH 7.56, t (7.5) 13324 CH  7.59, t (7.6)

“Overlapped signals.

O, type Sy (J in Hz) O¢, type Sy (J in Hz)
45.1 CH, 226, 45.0 CH, 2.15, dd (15.6, 12.9)
2.94, dd (157, 8.2) 2.87, dd (15.6, 7.8)
39.1 CH 240, m 39.0 CH 234, m
7709 CH  5.84,t (3.4) 76.5 CH 5.63, t (3.8)
49.5 CH 2.73, dd (10.0, 3.4) 492 CH 2.77, dd (9.9, 3.8)
722 CH 5.80,% 73.1 CH 6.08, d (9.9)
138.6 C 138.7 C
33.4 CH, 1.65,% 33.3 CH, 1.17,°
218, d (17.7) 2.24,d (17.9)
71.0 CH, 4.48,d (7.9) 712 CH, 4.49,d (7.9)
2137 C 2138 C
49.5 C 482 C
134.8 CH 5.66, d (16.1) 132.6 CH 5.68, d (16.0)
132.7 CH 5.78,“ 134.8 CH 5.80, dd (16.0, 9.2)
43.5 CH 339, m 433 CH 3.38, m
2032 C 2033 C
90.6 C 90.5 C
13.8 CH; 1.05, d (6.5) 13.8 CH,4 1.00, d (6.6)
117.7 CH, 532, brs 117.8 CH, 540, br s
5.39, brs 545, d (2.1)

252 CH,  125,s
240 CH, 131,
201 CH, 1407

252 CH, 126, s

23.5 CH, 132, s
20.1 CH,

20.6 CH, 201, s

170.0 C

207 CH,  1.84,s

168.6 C

213 CH, 225 21.3 CH, 218, s

169.1 C 169.3 C

3- S-
165.7 C 164.7 C
129.7 C 129.8 C
129.5 CH 8.00, d (7.5) 129.5 CH 791, d (7.5)
128.4 CH 745, d (7.5) 1284 CH 742, d (7.5)
133.3 CH 7.58, t (7.5) 133.1 CH 7.55,t (7.5)

A five-membered ring could be located at C-4/C-15 based on
the HMBC correlations (Figure S) from H,-1, H-2, H-3, and
H-4 to C-15 (6¢ 87.9). The carbonyl group at §c 220.0 was
assigned at C-14 due to the observed HMBC correlations from
H,-1, H-4, and H;-20 (6 1.61). The location of a second five-
membered ring was assigned based on the HMBC signals
between H;-18 (8y 1.11)/H;-19 (84 1.27) and C-11 (6
34.7), C-12 (8 46.8), and C-9 (the second carbonyl group 6
212.9), H-12 and C-7 (8¢ 64.1), C-8 (8¢ 76.2), and C-13 (5
82.1), and OH-8 (&g 5.23) and C-8, C-9, and C-12. Further
data from the HMBC spectrum, and particularly the
correlations from H-4, H-S, and H,-17 (8 3.23, 5.28) to
the oxygenated tertiary C-6 (8¢ 59.6) and from H,-17 to C-7,
allowed the structure elucidation of the basic diterpene
skeleton. The cross-peaks from H-3, H-S, and H,-17 to the
carbonyl groups at dc 165.7, 165.4, and 172.7 were used to
place the benzoyl, angeloyl, and acetyl groups at these
positions, respectively. Compound 16 was found to be
identical to compound 15, differing only at the substitution
of position C-S. This was assigned with an isobutyl group,

since instead of the typical angeloyl signals, a septet and two
doublets appeared in the 'H NMR spectrum. The relative
configurations of compounds 15 and 16 were identical to that
of other members of the segetane diterpenoid class isolated to
date,"""”"® based on the coupling constants (Table 5) and
interpretation of NOE signals (Figure S).

Two diterpenoids (17 and 18) belonging to the pepluane
class were isolated. Euphodeflexin O (17), isolated as colorless
crystals, was found to possess a molecular formula of
C;3sH,4001,, as indicated by the sodium adduct ion observed
at m/z 6752419 (caled for Cy5H,,0;,Na*, 675.2412). The
characteristic geminal methyl signals were absent, and the '*C
NMR data indicated the presence of a tetrasubstituted
aromatic ring. The 'H NMR data of 17 (Table 6) were
almost identical to that of (15%2R*3S* 4R* SR* -
6R*,135%,14R*,15R*)-1,5,14,17-tetraacetoxy-3-benzoyloxy-
8,10,(18)11-hexadehydropepluane-11,15-diol, isolated from E.
segetalis,'' possessing the same pattern of protonated and
quaternary carbons of the diterpene scaffold. These corre-
sponded to three methyl groups (including one aromatic), two

https://doi.org/10.1021/acs.jnatprod.1c00654
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Table 4. 'H and '*C NMR Spectroscopic Data (600 and 150
MHz, CDCl;) for Euphodeflexin L (13)

position Oc, type Sy (J in Hz)
1 131.5 CH 6.05, d (1.0)
2 1362 C
3 82.7 CH 5.46, s
4 84.7 C
S 77.4 CH 3.70, s
6 138.0 C
7 1222 C 5.67, dd (4.4, 1.0)
8 42.5 CH 4.06, br d
9 2059 C
10 72.0 C
11 379 CH 2.59, m
12 35.2 CH, 2.35, (16.9, 5.0)
2.76, (16.9, 3.5)
13 68.7 C
14 28.6 CH; 1.38,d (12.5)
15 339C
16 18.5 CH; 1.17, s
17 64.4 CH, 4.25,d (11.8)
4.35,d (11.8
18 17.9 CH; 0.99, d (7.1)
19 15.6 CH, 1.81, d (1.0)
20 21.9 CH; 1.76, s
OH-4 3.53, s
OH-$ 3.08, br
OAng-3
C=0 168.6 C
15.9 CH; 1.99, br s
127.8 C
140.2 CH 6.17, dq (7.3, 1.3)
20.7 CH; 191, brs
OAng-17
C=0 1679 C
15.8 CH, 2.0, brs
1269 C
138.3 CH 6.09, dq (7.3, 1.3)
20.6 CH; 1.92, brs
OAc-13 21.1 CH,4 198, s
C=0 170.8 C

— Key "H-"H COSY correlations »~ Key NOESY correlations

7 Key HMBC correlations

Figure 4. Key HMBC, 'H-'H COSY, and NOESY correlations of
euphodeflexin L (13).

methylenes (one oxygenated), and eight methines (two
aliphatic, four oxygenated, and two aromatic), as well as
seven nonprotonated carbons (including two quaternary, one
oxygenated tertiary, and four aromatic). Indeed, the 7.8 Hz
vicinal coupling of the aromatic signals required their ortho
positioning. A close observation of the HMBC spectrum
revealed a different arrangement of the six-membered ring,
with correlations of signals from H-14 (6 5.59) and H;-20
(64 1.07) to C-12 (8¢ 148.3), as well as from H,-7 (5 2.60,
2.85) to C-8 (8¢ 123.2), C-9 (6. 151.2), and C-12 (5 148.3).
The HMBC experiment was used also to infer the locations of
the substituents, establishing the linkage of four acetyl groups
and one benzoyl group at C-1, C-5, C-13, C-17, and C-3,
respectively. The relative configuration of compound 17 was
deduced from the NOE correlated signals of H-4 (6y 2.72)
with H-1 (8 5.02) and H-2 (8y 2.83), respectively, indicating
that they are a-oriented. The NOEs of H-7a (8y 2.60) with H-
2 and H;-20 (6y 1.07) suggested these all to be cofacial.
However, H-S (8y 5.52) and H-14 gave a NOE signal
indicating them as being f-oriented (Figure 6). The structure
of compound 17 was confirmed by X-ray crystallographic
analysis as (1S,2R,35,4R,SR,6R,135,14R,15R)-1,5,14,17-tetraa-
cetoxy-3-benzoyloxy-8,9,10,18,11,12-hexadehydropepluane-
9,15-diol (Figure 3). The proposed biogenesis of compound
17 is presented in Figure S1, Supporting Information.

Compound 18 gave the same molecular formula as 17,
based on its HRESIMS at m/z 675.2413 (caled for
C3sH,00,Na%, 675.2412). The 'H NMR spectrum of 18
was similar to that of 17, with a replacement of the doublet at
5.0 ppm with two doublets due to a methylene at position C-1
(H,-1, 8y 2.07, 247), the absence of a H-2 signal, and a
downfield shift of H;-16 (from 0.77 to 1.44 ppm) appearing as
a singlet (Table 6). Moreover, the downfield-shifted signal of
H-4 at 6y 3.43 was a result of the cofacial orientation with the
acetyl group at C-2 (8¢ 90.3). The relative stereochemistry of
18 was the same as 17, as well as other pepluanes, based on the
NOESY spectrum.' "’

Seven isolated diterpenoids based on different skeletons
(compounds 1, 12—15, 17, 18) that were available in
significant guantities were subjected to an MTT cytotoxicity
evaluation® against four human cancer cell lines, i.e., HeLa,
SK-MEL-28, HePG2, and PC-3 cells. Parthenolide was used a
positive control. Compounds 1, 13, and 17 exhibited cytotoxic
effects against HeLa cells (Table 7), while the remaining cell
lines were not affected. With ICs, values (for HeLa cells) of
9.9, 9.8, and 5.8 uM, respectively, compounds 1, 13, and 17 are
considered active according to NCI guidelines.”’ Compounds
12, 14, 15, 17, and 18 did not show significant cytotoxic
activity against any of the cell lines. Moreover, compounds 1,
13, and 15 were further assessed against Staphylococcus aureus
and Streptococcus pyogenes and showed no discernible
antibacterial effects using the double dilution method®* and
chloramphenicol as a positive control.

B EXPERIMENTAL SECTION

General Experimental Procedures. See S1, Supporting
Information.

Plant Material. The aerial parts from E. deflexa were collected
from natural populations in Mount Parnitha, Central Greece
(coordinates (WGS84): latitude: 38°08'58.4” N; longtitude:
23°43'18.0" E) during the flowering stage in May 2018. The
collected plant material was identified and authenticated by Prof. Th.
Contsantinidis (Faculty of Biology, NKUA). A voucher specimen has
been deposited in the Department of Pharmacognosy and Chemistry
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Table 5. 'H and *C NMR Spectroscopic Data (600 and 150 MHz, CDCl,) for Compounds 15 and 16

euphodeflexin M (15)

euphodeflexin N (16)

position 8¢, type Sy (J in Hz) Sc, type &y (J in Hz)
la 53.6 CH, 1.83,% 53.8 CH, 1.82,d (7.5)
1b 2.53, dd (13.4, 7.6) 2.56, dd (13.4, 7.5)
2 38.9 CH 246, m 38.9 CH 247, m
3 78.0 CH 5.57,t (3.5) 77.9 CH 5.57,t (3.5)
4 61.7 CH 2.99, dd (104, 3.5) 61.6 CH 2.99, dd (10.4, 3.5)
5 64.2° CH 5.46, d (10.4) 64.0 CH 5.32,d (10.4)
6 59.6 C 59.5C
7 64.1° CH 325, s 64.0 CH 323, s
8 762 C 76.1 C
9 2129 C 212.6 C
10 441 C 44.1 C
11a 34.7 CH, 2.00, dd (12.3, 6.3), 2.33, t (12.3) 34.6 CH, 2.00, dd (12.6, 5.8), 2.33, t (12.6)
11b
12 46.8 CH 3.08, dd (12.3, 6.3) 46.8 CH 3.07 dd (12.6, 5.8)
13 82.1 C 82.1 C
14 220.0 C 2199 C
15 87.9 C 879 C
16 13.6 CH, 1.00, d (6.5) 13.6 CH, 1.01, d (6.3)
17 65.3 CH, 3.23,d (11.5) 65.2 CH, 323,d (11.4)
528, d (11.5) 524, d (11.4)
18 26.3 CH, 111, s 26.2 CH, 1.11, s
19 27.2 CH, 127, s 27.2 CH, 128, s
20 23.6 CH, 161, s 22.6 CH, 1.61, s
OAc-17 20.7 CH, 1.81,s 20.6 CH;, 1.79, s
Cc=0 172.7 C 172.6 C
OAng-5
Cc=0 165.4 C
15.7 CH, 1.86, dd (7.2, 1.5)
1274 C
137.9 CH 5.99, dq (7.2, 1.5)
20.4 CH, 1.84,d (1.5)
OiBu-5
Cc=0 174.5 C
33.8 CH 2.53, m
19.8 CH, 1.12, d (2.6)
19.9 CH, 1.14, d (2.6)
OBz-3
Cc=0 165.7 C 165.6 C
129.8 C 129.7 C
129.7 CH 8.02, d (7.7) 129.7 CH 8.02, d (74)
128.4 CH 7.49, t (7.7) 128.4 CH 7.50, t (7.4)
133.1 CH 7.59, t (7.7) 133.1 CH 7.61, t (7.4)
OH-8 523, s 5.14, s
OH-13 449, s 448, s
OH-15 325, s 323, s

“Overlapped signals.

of Natural Products (Faculty of Pharmacy, NKUA) under the code
Skaltsa & Grafakou 02.

Extraction and Isolation. The plant material (air-dried and
powdered, 220 g) was extracted by maceration at room temperature
with methanol (MeOH), and the extracts were evaporated at reduced
pressure below 45 °C. The residue (dissolved in MeOH—H,0, 1:1)
was then subjected to liquid—liquid extraction [hexane, dichloro-
methane (CH,Cl,)]. Further fractionation was carried out by
successive column chromatography (CC) and HPLC-DAD. The
CH,Cl, extract was purified on CC over Diaion (using MeOH—H,0,
9:1, MeOH, hexane) in order to remove the remaining chlorophyll
and waxes. Fraction DED-A (MeOH—H,0, 9:1, 3 g) was subjected to
CC (5 cm X 10 cm) over silica gel using mixtures of hexane, ethyl

acetate, and MeOH of increasing polarity as eluents, to give 79
fractions, which were combined based on TLC similarities into 12
groups (DED-A-(A-L)).

Fraction DED-A-E (280.7 mg) was subjected to RP-HPLC (XDB-
Cig 21 mL/min, 0—30 min, acetonitrile (CH;CN) in H,O from 30%
to 50%). Peaks collected at tp 22.1 min (3.4 mg) and f; 29.1 min
(16.5 mg) were further subjected to RP-HPLC (Kinetex Biphenyl 4.6
X 250 mm, 1 mL/min, 0—35 min, CH;CN in H,0O 50%) and RP-
HPLC (Kinetex Biphenyl 21.2 X 250 mm, 21 mL/min, 0—35 min,
CH;CN in H,0 50%) to yield compounds 8 (0.6 mg, t; 18.2 min), 9
(0.7 mg, t 20.3 min), and 13 (2.2 mg, t; 30.6 min), respectively.

Fraction DED-A-G (300.8 mg) was subjected to RP-HPLC
(Kinetex Biphenyl 21.2 X 250 mm, 21 mL/min, 0—35 min,
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Figure 5. Key HMBC, 'H-'H COSY, and NOESY correlations of

euphodeflexin M (15).

CH,CN in H,0 50%) and afforded compound 15 (10.6 mg, t; 14.6
min). Peaks collected at #; 8.05—10.5 min (21.3 mg) were further
subjected to NP-HPLC (Zorbax RX-SIL, S mL/min, 0—20 min, 95:5

— Key "H-"H COSY correlations +~ Key NOESY correlations

7~ Key HMBC correlations

Figure 6. Key HMBC, 'H—'H COSY, and NOESY correlations of
euphodeflexin O (17).

hexane—isopropanol) to yield compound 16 (1.0 mg, t; 8.7 min), as
well as 10 (1.1 mg, # 11.1 min) and 11 (1.0 mg, #; 13.2 min) in
addition to several fatty acids.

Table 6. "H and "*C NMR Spectroscopic Data (600 and 150 MHz, CDCl,) for Compounds 17 and 18

position

10
11
12
13
14
15
16
17

18

19

20
OAc-1
C=0
OAc-2
C=0
OAc-5
C=0
OAc-14
C=0
OAc-17
C=0
OBz-3

C=0

“Overlapped signals.

euphodeflexin O (17)

euphodeflexin P (18)

d¢, type
74.1 CH,

38.0 CH
72.7 CH
43.1 CH
69.6 CH
548 C

333 CH,

1232 C
1512 C
1221 C
1147 CH
1483 C
548 C
71.9 CH
817 C
9.9 CH,
63.6 CH,

129.9 CH
15.4 CH,
23.8 CH,
20.7 CH,

170.2

20.9 CH,
170.5 C
20.9 CH,
169.7

21.3 CH,
170.5
129.4 C
1283 CH
129.7 CH
129.7 CH
166.2 C

Sy (J in Hz)
5.02, d (10.2)

2.83,%

5.74 dd (6.8, 5.8)
272 dd (121, 5.8)
5.52.d (12.1)

2.60 d (15.9)
2.85d (15.9)

6.82 d (7.8)

5.59, s

0.77 d (7.6)
442 d (12.0)
4.51 d (12.0)
7.04 d (7.8)
224, s

1.07, s

2.15, s

195

2.18, s

213, s

1.98, s
7.34,2H t (7.2)

749, 1H t (7.2)
7.83,2H d (7.2)

O¢, type Sy (J in Hz)
48.6 CH, 2.07,d (14.3)
247,d (14.3)

90.3 C

77.9 CH 5.84, d (6.6)
442 CH 343, dd (12.6, 6.6)
69.7 CH 5.31, d (12.6)
54.7 CH

33.5 CH, 2.58, d (15.7)

2.85,d (15.7)

1238 C
1513 C
1235 C
114.8 CH 6.85, d (7.8)
1469 C

54.6 C

73.0 CH 5.62,s

82.6 C

22.7 144, s

63.4 CH, 449, s
130.5 CH 7.06, d (7.8)
15.1 CH,4 223,s

24.0 CH, 1.08, s

21.0“ CH,4 2.18, s
170.1 C

2127 CH,4 2.18, s
170.1 C

22.2 CH, 2.04, s
169.9 C

20.9 CHj,4 1.96, s
170.8 C
129.7 C
128.3 CH 7.35, 2H t (7.6)
1332 CH 7.50, 1H t (7.6)
129.7 CH 7.85,2H d (7.6)
165.6 C
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Table 7. ICy, Values (uM) Calculated from the MTT Assay against HeLa, SK-MEL-28, HePG2, and PC-3 Cell Lines

1 12 13
Hela 9.9 + 1.0 >10 9.8 + 1.1
SK-MEL-28 >10 >10 >10
HePG2 >10 >10 nt.”
PC-3 >10 >10 n.t.”

“n.t.: not tested.

14 15 17 18 parthenolide
>10 >10 5.8 +0.7 >10 21 +13
>10 >10 >10 >10 4.9 + 09
>10 >10 n.t.” n.t.” 5.6 +1.2
>10 >10 n.t.” nt.” >10

Fraction DED-A-1 (222.4 mg) was subjected to RP-HPLC
(Kinetex Biphenyl 21.2 X 250 mm, 21 mL/min, 0—3S5 min,
CH;CN in H,O 50%) and afforded compounds 17 (5.1 mg, t
11.9 min), 18 (3.2 mg, tg 12.5 min), and 6 (1.4 mg, tg 21.1 min).
Peaks collected at tg 22.0—26.0 min (26.7 mg) were further subjected
to RP-HPLC, as described above, and afforded compound § (1.4 mg,
tg 27.8 min). Peaks collected at #; 33.2—35.0 min (3.9 mg) were also
subjected to RP-HPLC (Kinetex Biphenyl 4.6 X 250 mm, 1 mL/min,
0—15 min, CH;CN in H,0 64.5%) to yield compounds 4 (0.9 mg, t
7.8 min) and 7 (0.7 mg, t; 8.4 min).

Fraction DED-A-J (345.1 mg) was purified using RP-HPLC (XDB-
C,s 21 mL/min, 0—2 min CH;CN in H,0 10%, 2—28 min CH;CN
from 10% to 90%, 28—31 min 90%, 31—33 min from 90% to 10%,
33—35 min 10%) and afforded compound 1 (18.5 mg, g 23.5 min).
Peaks collected at t; 21.0—27.0 min (96.9 mg) were further purified
using RP-HPLC (Kinetex Biphenyl 21.2 X 250 mm, 21 mL/min, 0—
35 min, CH;CN in H,0 50%) and afforded compounds 2 (1.4 mg, t;
13.5 min) and 3 (1.3 mg, tg 22.9 min).

For full details of the extraction and isolation process followed for
the known compounds reported in this study, see S2, Supporting
Information.

Euphodeflexin A (1): colorless crystals (MeOH); mp 131 °C;
[a]®p =14 (c 0.5, MeOH); UV (MeOH) 4, (log ) 231 (4.27),
nm; ECD see $96, Supporting Information; '"H NMR (CDCl,) and
BBC NMR (CDCl,;) see Table 1; HREIMS m/z 753.3122 [M + H]*
(caled for CyoH,90,, 753.3117).

Euphodeflexin B (2): white amorphous solid; [a]*y +47 (c 0.2,
MeOH); UV (MeOH) 4, (log €) 227 (4.18) nm; ECD see S96,
Supporting Information; '"H NMR (CDCl;) and '*C NMR (CDCl,)
see Table 1; HREIMS m/z 7752943 [M + Nal]" (caled for
C4oHy50,4Na, 775.2936).

Euphodeflexin C (3): white amorphous solid; [a]*p —19 (c 0.1,
MeOH); UV (MeOH) A,.. (log €) 229 (3.89) nm; ECD see $96,
Supporting Information; '"H NMR (CDCl;) and *C NMR (CDCl,)
see Table 1; HREIMS m/z 793.3074 [M — H]~ (calcd for C,,H,5015,
793.3077).

Euphodeflexin D (4): white amorphous solid; [a]*p —22 (c 0.2,
MeOH UV (MeOH) 4,,,, (log €) 227 (4.31), nm; ECD see S96,
Supporting Information; 'H NMR (CDCly) and *C NMR (CDCl,)
see Table 1; HREIMS m/z 813.3136 [M — H]~ (calcd for C;sHy9014,
813.3128).

Euphodeflexin E (5): white amorphous solid; [a]*y, +18 (¢ 0.2,
MeOH); UV (MeOH) 4,,,, (log &) 229 (4.05) nm; ECD see S96,
Supporting Information; 'H NMR (CDCly) and *C NMR (CDCl,)
see Table 2; HREIMS m/z 7852584 [M + CI]™ (caled for
CoHc0,,Cl, 785.2582).

Euphodeflexin F (6): white amorphous solid; [a]*, +32 (¢ 0.2,
MeOH); UV (MeOH) 4., (log &) 229 (4.27) nm; ECD see $96,
Supporting Information; "H NMR (CDCl,) and '*C NMR (CDCl,)
see Table 2; HREIMS m/z 749.2816 [M — H]~ (calcd for C,oH,;5O 14,
749.2815).

Euphodeflexin G (7): white amorphous solid; [a]*p +14 (c 0.1,
MeOH); UV (MeOH) 4, (log €) 230 (3.99) nm; CD see S96,
Supporting Information; "H NMR (CDCl,) and '*C NMR (CDCl,)
see Table 2; HREIMS m/z 827.2695 [M + ClI]” (caled for
CyoHs0,5Cl, 827.2687).

Euphodeflexin H (8): white amorphous solid; [a]*} +121 (c 0.1,
CHCL); UV (MeOH) A, (log &) 229 (4.08) nm; ECD see S96,
Supporting Information; "H NMR (CDCly) and '*C NMR (CDCl,)

see Table 3; HREIMS m/z 539.2643 ([M + H]*, calcd for C5;H3,0y,
5$39.2639).

Euphodeflexin | (9): white amorphous solid; [a]*p +111 (c 0.1,
MeOH); UV (MeOH) A, (log &) 229 (4.08) nm; CD see S96,
Supporting Information; '"H NMR (CDCl;) and *C NMR (CDCl,)
see Table 3; HREIMS m/z 597.2692 ([M + HJ*, caled for C33H, 0y,
597.2694).

Euphodeflexin J (10): white amorphous solid; "H NMR (CDCl,)
and 3C NMR (CDCl,) see Table 3; HREIMS m/z 555.2591 ([M +
H]", caled for CqH;0q, 555.2589).

Euphodeflexin K (11): white amorphous solid; 'H NMR (cbpcly)
and *C NMR (CDCl;) see Table 3; HREIMS m/z 555.2590 ([M +
H]", caled for CyH;30q, 555.2589).

Euphodeflexin L (13): white amorphous solid; [a]*p +32 (¢ 0.2,
MeOH); UV (MeOH) 4., (log &) 210 (4.20) nm; ECD see S96,
Supporting Information; '"H NMR (CDCly) and *C NMR (CDCL,)
see Table 4; HREIMS m/z 571.2914 [M + H]* (calcd for C5,H,;0,,
5§71.2902).

Euphodeflexin M (15): white amorphous solid; [a]**p +95 (c 0.2,
MeOH); UV (MeOH) 4,,., (log &) 227 (4.28) nm; ECD see $96,
Supporting Information; '"H NMR (CDCl;) and *C NMR (CDCL,)
see Table S; HREIMS m/z 643.2753 [M + H]" (calcd for C3,H,30,,,
643.2749).

Euphodeflexin N (16): white amorphous solid; [a]* +117 (¢ 0.1,
MeOH); UV (MeOH) 4., (log &) 227 (4.57) nm; ECD see S96,
Supporting Information; "H NMR (CDCl;) and *C NMR (CDCl;)
see Table 5; HREIMS m/z 631.2760 [M + H]* (calcd for C33H,50,,
631.2749).

Euphodeflexin O (17): colorless crystals (MeOH); mp 186 °C;
[a]®p +41 (c 0.3, MeOH); UV (MeOH) A, (log &) 227 (3.70) nm;
ECD see S96, Supporting Information; '"H NMR (CDCly) and "*C
NMR (CDCl,) see Table 6; HREIMS m/z 6752419 [M + Nal*
(caled for Cy5H,001,Na, 675.2412).

Euphodeflexin P (18): white amorphous solid; [a]*y +21 (¢ 0.2,
MeOH); UV (MeOH) 4., (log €) 226 (3.91) nm; ECD see S96,
Supporting Information; '"H NMR (CDCly) and *C NMR (CDCL,)
see Table 6; HREIMS m/z 6752413 [M + Na]" (caled for
CysH 0 ,Na, 675.2412).

X-ray Crystallography Analysis. Suitable crystals of 1 and 17
were collected on an XtaLAB Synergy R, DW system, HyPix-Arc 150
diffractometer operating at T = 123.00(10) K, equipped with Cu Ka
radiation (4 = 1.541 84 A). The structures and absolute configurations
were solved with the ShelXT 2018/2% solution program using dual
methods and by using Olex2 1.3-alpha24 as the graphical interface.
The crystallographic data of these compounds have been deposited at
the Cambridge Crystallographic Data Center (deposition numbers
2094702 and 2096413).

Crystallographic data for compound 1. C,H,30,,CH,O, M =
775.37 g/mol, space group P2,2,2,, a = 13.2073(4) A, b = 16.4790(3)
A ¢ =185699(4) A, a = f=y=90°V=1404161(17) A® T =
123.00(10) K, Z = 4, D, = 1.274 g/cm® p(Cu Ka) = 0.808 mm™,
42 456 reflections measured (6.802° < 260 < 147.376°), 6454 unique
(Rie = 0.0851, Ry, = 0.0541). The final R; was 0.0434 (I > 20(I))
and wR, was 0.1010 (all data). The goodness of fit was GooF = 1.037
and Flack parameter = 0.02(12).

Crystallographic data for compound 17. C3sH,00,,, M = 652.67
g/mol, space group P2,2,2;, a = 11.30706(5) A, b = 13.99129(6) A, ¢
= 20.65257(8) A, @ = =y = 90° V = 326725(2) A} T =
123.00(10) K, Z = 4, D, = 1.327 g/cm? p(Cu Ka) = 0.835 mm™,
145 025 reflections measured (6.802° < 6 < 147.376°), 6740 unique
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(Rine = 0.0371, Rypn, = 0.0083). The final R, was 0.0426 (I > 20(I))
and wR, was 0.1125 (all data). The goodness of fit was GooF = 1.072
and Flack parameter = 0.01(3).

MTT Assay. For experimental details of the cytotoxic assay, see S3,
Supporting Information.

Antibacterial Assay. For experimental details of the antibacterial
assay, see S4, Supporting Information.
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1. Experimental

S1. General Experimental Procedures.

Melting points were measured in a Melting Point B-545 (BUCHI). Optical rotations were obtained an
UniPol L 1000 polarimeter (Schmidt + Haensch GmbH & Co.). UV-spectra were recorded on a Cary 50
Scan UV-spectrophotometer (Varian). CD spectra were measured on a J-715 spectropolarimeter (JASCO).
NMR spectra were measured in an AVANCE Il1 600 instrument equipped with a 5 mm TBI CryoProbe
(*H-NMR 600.25 MHz, *C-NMR 150.95 MHz) at 298 K. Chemical shifts are given in ppm (5) and were
referenced to the solvent signals at 7.26 and 77.0 ppm for *H-/*3C-NMR, respectively. HRESIMS spectra
were obtained with an Agilent MS Q-TOF 6540 spectrometer. Column chromatography was performed on
Diaion HP-20 (250-850 um; Supelco) and silica gel (9385 230-400 mesh, Merck). Fractionation was always
monitored by TLC silica gel 60 F-254 (Merck) with visualization under UV (254 and 365 nm) and spraying
with vanillin—sulfuric acid reagent (vanillin, Merck) and anisaldehyde-sulfuric acid agent (4-

methoxybenzaldehyde, Merck). Semi-prep HPLC was conducted on an Agilent 1290 Infinity system (flow

5



rate 5 or 21 mL/min; DAD detector: 205 and 230 nm), or an Elite LaChrom Hitachi system (flow rate 1
mL/min; DAD detector: 205 and 230 nm), using the reverse-phase columns XDB-C18 PrepHT (5 um, 21.2
x 250 mm, Agilent), Kinetex Biphenyl (5 um, 21.2 x 250 mm, Phenomenex) and Kinetex Biphenyl (5 um,
4.6 x 250 mm, Phenomenex), or the normal-phase ZORBAX RX-SIL (5 pm, 9.4 x 250 mm, Agilent).

S2. Extraction and Isolation.

Fraction DED-A-D (40.3 mg) was subjected to RP-HPLC (XDB-C18, 21 mL/min, 0-2 min ACN in H,0
10 %, 2-28 min from 10 to 90%, 28-31 min 90%, 31-33 from 90 to 10%, 33-35 min 10%) and afforded 3-
O-angeloyl-20-deoxy-ingenol (12)! (3.9 mg, tr 30.3 min) and 3-O-angeloyl-17-angeloyloxy-20-deoxy-
ingenol! (1.6 mg, tr 32.2 min). Fraction DED-A-E (280.7 mg) was subjected to RP-HPLC (XDB-C18, 21
mL/min, 0-30 min, ACN in H,O from 30 to 50%). Peak collected at tg 29.1 min (16.5 mg) was further
subjected to RP-HPLC (Kinetex Biphenyl 21.2 x 250 mm, 21 mL/min, 0-35 min, ACN in H,0 50%) to
yield 13-a-acetoxy-3-O-angeloyl-17-benzenoyloxy-20-deoxy-ingenol* (0.8 mg, tr 26.6 min). Fraction
DED-A-1 (222.4 mg) was subjected to RP-HPLC (Kinetex Biphenyl 21.2 x 250 mm, 21 mL/min, 0-35 min,
ACN in H,0 50%) and afforded segetene B2 (0.6 mg, tr 14.1 min), paralilone A (14)3 (9.8 mg, tr 18.3 min)
and (25*,35*,4R* 5R*,6R*,8R*,11S*,125*,13R*,14R*,15R*)-6,11,14,17-tetraacetoxy-5-(2-
acetoxyacetoxy)-3-benzoyloxy-15-hydroxy-9-oxo-segetane* (5.4 mg, tr 19.5 min).

S3. MTT Assay.

The cytotoxicity of the diterpenes was determined using the human cancer cell lines HelLa (cervical
carcinoma, ATTC), SK-MEL-28 (malignant melanoma, DSMZ) and HepG2 (hepatocellular carcinoma,
DSMZ), and PC-3 (prostate carcinoma, DSMZ). Culture medium was MEM (Sigma; supplemented with
L-Glutamine, FCS and NEA, BioChrom), DMEM-HAM’S (50-50%, Invitrogen and BioChrom;
supplemented with FCS), RPMI (BioChrom; supplemented with L-Glutamine and heat activated FCS) and
HAM’S (Biochrom; supplemented with FCS) respectively. Stock solutions of the samples were prepared
in DMSO, and the test concentrations were freshly prepared with medium at the day of the experiment
(final concentration of DMSO was 0.33%). Cytotoxicity was evaluated using the colorimetric MTT assay
as described before.® Briefly, nine different concentrations (100.0 to 0.39 pM) of the tested compounds (1,
12-14, 15, 17-18) together with the cell suspension (final concentration in wells: 6 x 10* cells/mL, 3 x 10*
cells/mL, 12,5 x 10* cells/mL and 7.5 x 10* cells/mL, for HeLa, SK-MEL-28, HePG2 and PC-3
respectively), were added to the 96 well-plates. After incubation for 68 h (IBS Integra Biosciences, 37 °C,
5% CO2 and 90% relative humidity), MTT (4 mg/mL) was added, and after 4 h the solution was exchanged
with 10% SDS. The plates were then placed in dark and 24 h later, the absorbance at 560 nm was measured

(SpectraFluor plus plate reader, Tecan).



S4. Antibacterial Assay

The double dilution method was carried out as described before,® slightly modified. The bacteria used were
Staphylococcus aureus (DSM20231) and Streptococcus pyogenes (DSM20565-0316-001), and their
overnight cultures (2% v/v LB Broth, Alfa Aesar and 3.7 w/v Brain Heart Infusion Broth, Sigma Aldrich,
37 °C, Incubating Shaker, VWR) were diluted to 10® cells/mL in fresh medium. The required amounts of
samples (1, 13 and 15) or chloramphenicol (positive control, Sigma Aldrich) (Img/mL) were pipetted in
the 96-well plates, left to dry and redissolved with 50uL. DMSO, 50 puL. medium and 100 uL diluted bacteria
suspension. Incubation at 37 °C (IFPlus, Memmert) for 20 h was followed by addition of 20 puL aqueous

0.25 % MTT, re-incubation for 4 h and detection of the living bacteria as violet turbid solutions.

2. Figure S1. Proposed biogenesis of pepluane 17, starting from a suitable substituted jatrophane




3. Spectra of the new compounds 1-11,13, 15-18.

Figure S2. 'H NMR (600 MHz, CDCls) spectrum of the new compound 1
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Figure S3. 3C NMR (150 MHz, CDCls) spectrum of the new compound 1
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Figure S4. HSQC (CDCls) spectrum of the new compound 1.
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Figure S5. HMBC (CDCls) spectrum of the new compound 1.
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Figure S6. 'H-'H COSY (CDClIs) spectrum of the new compound 1.
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Figure S8. *H NMR (600 MHz, CDCls) spectrum of the new compound 2.
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Figure S10. HSQC (CDCls) spectrum of the new compound 2.
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Figure S11. HMBC (CDCls) spectrum of the new compound 2.

il

T T
2 F2[ppm]

- -
=

%;&b« 5

@

M

T
2 F2[ppm]



Figure S12. 'H-'H COSY (CDClIs) spectrum of the new compound 2.
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Figure S14. 'H NMR (600 MHz, CDCls) spectrum of the new compound 3.
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Figure S15. ¥C (150 MHz, CDCls) spectrum of the new compound 3.
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Figure S16. HSQC (CDCls) spectrum of the new compound 3.
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Figure S17. HMBC (CDCl3) spectrum of the new compound 3.
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Figure S18. H-'H COSY (CDClIs) spectrum of the new compound 3.
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Figure S19. NOESY (CDCls) spectrum of the new compound 3.
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Figure S20. *H NMR (600 MHz, CDCls) spectrum of the new compound 4.
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Figure S21. HSQC (CDClIs) spectrum of the new compound 4.
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Figure S22. HMBC (CDClIs) spectrum of the new compound 4.
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Figure S23. *H-'H COSY (CDCls) spectrum of the new compound 4.
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Figure S24. NOESY (CDClIs) spectrum of the new compound 4.

bd 1)

Il

o

L

T T T T T T B L B e e e e e e N B e
8 7 [ 5 4 3 2 F2[ppm]

19



Figure S25. 'H NMR (600 MHz, CDCls) spectrum of the new compound 5.
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Figure S26. 3C NMR (150 MHz, CDCls) spectrum of the new compound 5.
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Figure S27. HSQC (CDClIs) spectrum of the new compound 5.
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Figure S28. HMBC (CDClIs) spectrum of the new compound 5.
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Figure S29. 'H-'H COSY (CDCls) spectrum of the new compound 5.
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Figure S30. NOESY (CDClIs) spectrum of the new compound 5.
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Figure S31. 'H NMR (600 MHz, CDCls) spectrum of the new compound 6.
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Figure S32. 3C NMR (150 MHz, CDCls) spectrum of the new compound 6.
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Figure S33. HSQC (CDClIs) spectrum of the new compound 6.
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Figure S35. 'H-'H COSY (CDCls) spectrum of the new compound 6.
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Figure S37. 'H NMR (600 MHz, CDCls) spectrum of the new compound 7.
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Figure S39.

HSQC (CDCls) spectrum of the new compound 7.
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Figure S41. 'H-'H COSY (CDCls) spectrum of the new compound 7.
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Figure S43. 'H NMR (600 MHz, CDCls) spectrum of the new compound 8.
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Figure S44. 3C NMR (150 MHz, CDCls) spectrum of the new compound 8.
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Figure S45. HSQC (CDClIs) spectrum of the new compound 8.
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Figure S46. HMBC (CDClIs) spectrum of the new compound 8.
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Figure S47. 'H-'H COSY (CDCls) spectrum of the new compound 8.
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Figure S48. NOESY (CDClIs) spectrum of the new compound 8.
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Figure S49. 'H NMR (600 MHz, CDCls) spectrum of the new compound 9.
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Figure S50. 33C NMR (150 MHz, CDCls) spectrum of the new compound 9.
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Figure S51. HSQC (CDClIs) spectrum of the new compound 9.
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Figure S52. HMBC (CDCls) spectrum of the new compound 9.
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Figure S53. 'H-'H COSY (CDCls) spectrum of the new compound 9.
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Figure S54. NOESY (CDCls) spectrum of the new compound 9.
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Figure S55. 'H NMR (600 MHz, CDCls) spectrum of the new compound 10.
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Figure S56. 3C NMR (150 MHz, CDCls) spectrum of the new compound 10.
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Figure S57. HSQC (CDClIs) spectrum of the new compound 10.
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Figure S59. 'H-'H COSY (CDCls) spectrum of the new compound 10.
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Figure S61. 'H NMR (600 MHz, CDCls) spectrum of the new compound 11.
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Figure S62. 3C NMR (150 MHz, CDCls) spectrum of the new compound 11.
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Figure S63. HSQC (CDClIs) spectrum of the new compound 11.
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Figure S65. 'H-'H COSY (CDCls) spectrum of the new compound 11.
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Figure S67. *H NMR (600 MHz, CDCls) spectrum of the new compound 13.
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Figure S68. 3C NMR (150 MHz, CDCls) spectrum of the new compound 13.
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Figure S69. HSQC (CDClIs) spectrum of the new compound 13.
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Figure S70. HMBC (CDClIs) spectrum of the new compound 13.
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Figure S71. 'H-'H COSY (CDCls) spectrum of the new compound 13.
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Figure S73. *H NMR (600 MHz, CDCls) spectrum of the new compound 15.
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Figure S74. 3C NMR (150 MHz, CDCls) spectrum of the new compound 15.
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Figure S75. HSQC (CDClIs) spectrum of the new compound 15.
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Figure S77. *H-'H COSY (CDCls) spectrum of the new compound 15.
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Figure S79. *H NMR (600 MHz, CDCls) spectrum of the new compound 16.
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Figure S80. 3C NMR (150 MHz, CDCls) spectrum of the new compound 16.
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Figure S81. HSQC (CDClIs) spectrum of the new compound 16.
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Figure S83. H-'H COSY (CDCls) spectrum of the new compound 16.
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Figure S84. NOESY (CDCls) spectrum of the new compound 16.
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Figure S85. 'H NMR (600 MHz, CDCls) spectrum of the new compound 17.
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Figure S86. 3C NMR (150 MHz, CDCls) spectrum of the new compound 17.
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Figure S87. HSQC (CDClIs) spectrum of the new compound 10.
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Figure S88. HMBC (CDClIs) spectrum of the new compound 17.
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Figure S89. H-'H COSY (CDCls) spectrum of the new compound 17.
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Figure S91. 'H NMR (600 MHz, CDCls) spectrum of the new compound 18.
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Figure S92. 33C NMR (150 MHz, CDCls) spectrum of the new compound 18.
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Figure S93. HSQC (CDClIs) spectrum of the new compound 18.
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Figure S94. HMBC (CDClIs) spectrum of the new compound 18.
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Figure S95. H-'H COSY (CDCls) spectrum of the new compound 18.
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Figure S96. NOESY (CDClIs) spectrum of the new compound 18.
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4. 'H NMR spectra of the known compounds.

Figure S97. *H NMR (600 MHz, CDCls) spectrum of 35-O-angeloyl-20-deoxy-ingenol (12).
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Figure S98. *H NMR (600 MHz, CDCls) spectrum of 3-O-angeloyl-17-angeloyloxy-20-deoxy-ingenol.
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Figure S99. 'H NMR (600 MHz, CDCls) spectrum of 13a-acetoxy-3-O-angeloyl-17-benzenoyloxy-20-deoxy-

ingenol.
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Figure S100. 'H NMR (600 MHz, CDCls) spectrum of segetene B.
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Figure S101. *H NMR (600 MHz, CDCls) spectrum of paralinone A (14).
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Figure S102. 'H NMR (600 MHz, CDCls) spectrum of (25*,3S*,4R* ,5R*,6R*,8R*,115*,125* 13R*,14R*,15R*)-
6,11,14,17-tetraacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-hydroxy-9-oxo-segetane.
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5. Figure S103. CD spectra of compounds 1-9, 13, 15-18.
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3.7. UNPUBLISHED DATA

3.7.1. Antimicrobial results for Phloroglucinols and Diterpenes

Two PAPs and three DTs were subjected to antimicrobial screening against Staphylococcus aureus and
Streptococcus pyogenes using the disc diffusion and double dilution methods (2.2.4.), with
chloramphenicol as a positive control. Photos of the agar plates from the disc diffusion assay are
presented in Figure 31. Similar to the results of the MTT assay, the tested DTs (euphodeflexins A, L and
M, see 3.6) showed no antibacterial effects. The two tested PAPs (3-geranyl-1-(2-methylpropanoyl)-
phloroglucinol and 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-methyl-propan-
1-one) (see 3.3) were active as expected (Wilkenmann et al., 2003), and the MICs against S. aureus were

calculated using the double dilution method in 96 well plates as 16 and 32 pg/mL, respectively.

Figure 31. Disc diffusion agar plates for A. DTs against S. aureus; B. DTs against S. pyogenes; C. PAPs against S.
aureus; D. PAPs against S. pyogenes. 1,2,3 = euphodeflexins A, L and M, respectively and 4,5= 3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol ~ and  1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-
methyl-propan-1-one, respectively, C= chloramphenicol.
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3.7.2. 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol in Atopic Dermatitis

OH
- P
HO CH
@]

Figure 32. Structure of 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol.

3-geranyl-1-(2-methylpropanoyl)-phloroglucinol (Figure 32) is a PAP isolated from Hypericum jovis
(Results 3.3). In fact, it is the main compound of this plant as suggested by the HPLC analysis of the
crude extract (Figure 33). This compound was obtained in high amounts (yield ~ 2%), which gives the

opportunity for in vivo testing.
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Figure 33. Analytical HPLC chromatogram under the same conditions of: A. purified 3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol, B. crude extract of Hypericum jovis containing 3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol as the main compound.

3-geranyl-1-(2-methylpropanoyl)-phloroglucinol has been previously reported to possess strong
antioxidant activity at cellular level comparable to Trolox, the water-soluble form of vitamin C (Athanasas
et al., 2004), as well as strong anti-inflammatory activity (inhibition of COX-1, COX-2 and 5-LOX enzymes,
with 1Cso values of 6.0, 29.9, 2.2 uM) (Crockett et al., 2008). During the course of the present study, this
compound was further investigated for its anti-inflammatory potential and significantly reduced the
ICAM-1 expression in a dose-depended manner with 1Cso values of 16.9 uM (Results 3.3). These properties
advocate the investigation of this compound in atopic dermatitis. A recent study in an ex vivo skin model
by Takada et al. (2017), suggested that hyperforin (the only PAP that has been tested in atopic dermatitis),
could serve as a possible therapeutic agent for atopic dermatitis. Unfortunately, in the present study, 3-

geranyl-1-(2-methylpropanoyl)-phloroglucinol showed only moderate activity.

Clinical evaluation of the mice showed that the treatment with the under-investigation compound led to
xeroderma, scaling, and wounds, similar to the control group and the group treated only with the excipient
(PEG) (Figure 34). The histopathological assessment showed that the tested compound presented
significantly lower inflammation levels in the epidermis in comparison with the other treatments (Figure

35). However, in the photo from the microscope, there is evidence of a slight thickening of the skin as well
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as deep inflammation over the muscle fibers. This observation could be explained by the low permeability
of the tested compound (in association with the excipient or the dose used), which is active in the upper
layers of the skin, but fails to penetrate in the lower levels of the dermis. Taken together, 3-geranyl-1-(2-
methylpropanoyl)-phloroglucinol seemed not to be promising for the treatment of atopic dermatitis

under the given conditions.
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Figure 34. Representative images of the treatment groups on day 44.
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Figure 35. Representative histopathological images of the back skin of the mice (x100).
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3.7.3. Metabolism of natural sesquiterpene lactones in human liver microsomes

In this part of the Ph.D. thesis, the in vitro metabolism of six naturally occurring sesquiterpene lactones
(SLs) (Table 7) using HLM was analyzed. SLs were selected as promising drug leads with drug-like
physicochemical properties, whose unstable absorption and extensive metabolism need further

investigation (Yu et al., 2021).

Table 7. Tested SLs on human liver microsomes assay and plant origin.

Compound Genus Structure Source/Reference
Parthenolide Tanacetum Sigma-Aldrich
parthenium Sztiller-Sikorska & Czyz,
2020
Grosheimin Cynara spp., Barda et al., 2018
Crepis spp.
o
Carbetolide C Calea spp. Grafakou et al., 2021a

(o}

8a-0-(3,4-dihydroxy-
methylenebutanoyloxy)-

dehydromelitensin

Centaurea spp.

Om)\v
o]
(0] OH

HO

Grafakou et al., 2021b

OH
o
H
OH

Arteludovicinolide A Artemisia 0s_0 Papakosta et al., 2020,
dubia, Achillea Kreuzer et al., 2013
o
coarctata
o)

By screening reactive compound metabolites of phase |, as well as phase Il acyl-glucuronide conjugate
reactivities we can achieve some understanding of such complex procedures that are occuring in metabolic
systems. On this basis, we set under-investigation structurally diverse plant-derived SLs to be characterized
in detailed level by HPLC-MS/MS after in vitro metabolism on HLM. Step by step, we underwent different

microsomal incubation systems, starting with phase | reactions and phase Il glucuronidation by the addition
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of UDPGA, to a combined system that encompasses both activations of phase | enzymes and UDP-
glucuronosyl transferases. In parallel, all compounds were subjected to stability test in DPBS, while control
incubation systems without cofactors or microsomes were examined (Table 6). The proposed metabolites

are presented in Figure 36 and the corresponding MS data are reported in Tables 8-12.

-OH
-CH,0Gluc
waninannne .. -CH,OGluc
=0H_>
-CHj3 .
-COQH > .COOH
-CH5OGluc
O
1 2
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-CH
OH: e o
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-CH,0Gluc ©
3 4 5

Figure 36. Metabolic sites of tested SLs. A formation of one of these metabolites; conversion between single and

double bond; © opening of the lactone ring; ~+~ Ph.ll metabolite formed under given conditions (glucuronidation).

More specifically, regarding parthenolide (1), five phase | metabolites were found. According to retention
times (tr) and LC-MS data (Table 8), they were identified as one hydroxylated (tr = 3.12 min; m/z [M + H]*
265.1444) and three methylated derivatives (one lost the double bond at A1) (tr = 4.60 min; m/z [M + H]*
263.1652; tr = 5.13 min; m/z [M + H]* 263.1649; tz = 6.23 min; m/z [M + H]* 265.1801). Methylation of the
main skeleton has been described before in SL metabolism (Cai et al., 2015, Jiang et al., 2019) and the
additional carbon atom is supposed to be attached enzymatically, similar to biosynthetic pathways mediated
by methyltransferases (Liscombe et al., 2012). Moreover, no metabolites with an opened lactone ring could
be identified, however the exomethylenic double bond at A11.13was subject of reduction or carboxylation (tg
= 5.45 min; m/z [M + H]* 251.1652, tr = 6.75 min; m/z [M + H]* 281.1385). Combined phase | and Il
metabolism led to the formation of a glucuronide on the lactone moiety (tz = 5.17 min, m/z [M - H]
443.1892). In accordance with the literature data, the lactone ring, which acts as a strong Michael acceptor

(Schmidt, 2018), is the main location for metabolism and conjugation (Yu et al., 2021).
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Table 8. HRESIMS data in positive and negative ion modes from parthenolide (1).

m/z [M+H]* m/z [M-H] Molecular
formula
tr (min)  found calcd found calcd
1 5.31 249.1485 249.1585 Ci15H2003
Phase | 3.12 265.1444 265.1434 Ci5H2004
4.60 263.1652 263.1642 Ci6H2203
5.13 263.1649 263.1642 Ci6H2,03
5.45 251.1652 251.1642 Ci5sH203
6.23 265.1801 265.1798 Ci6H2403
6.75 281.1387 281.1384 Ci5H2005
Phase I+l 5.17 443.1892 443.1912 C21H32010

Regarding grosheimin (2), four metabolites were detected (Table 9). In phase | similar events were
conducted on the lactone ring (carboxylation, tg = 1.21 min, m/z [M + H]* 295.1191), while in that case
another metabolic site proved to be the carbonyl group of C-3 (t = 1.94 min, m/z [M + H]* 265.144).
Carbonyl groups in other SLs are also found to be subject to metabolism (Yu et el., 2021). The latter position,
as well as C-8 hydroxyl group were further conjugated by glucuronides on phase Il and | + 1l (tg = 4.30 min,
m/z [M - H] 437.1449; tg = 4.01 min, m/z [M - H]" 439.1604), while it is worth mentioning that no glucuronide

conjugates could be detected on Ai;.13, contrary to compound 1.
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Table 9. HRESIMS data in positive and negative ion modes from grosheimin (2).

m/z [M+H]* m/z [M-H] Molecular
formula
tg (min)  found calcd found calcd
2 5.66 263.1274 263.1278 261.1124 261.1132 Ci5H1804
Phase | 1.21 295.1191 295.1175 CisH1806
1.94 265.1444 265.1434 Ci15H2004
Phase Il 4.30 439.1595 439.1595 437.1449 437.1453 Ca1H26010
Phase I+lI 4.01 439.1604 439.1610 C21H23010

Furthermore, two metabolites of carbetolide C (3) were found after phase | metabolism (tr = 1.70 min, m/z

[M + H]* 281.1385; tr = 3.16 min, m/z [M - H] 363.1803). The first was observed as a result of the

replacement of 8-substitution with a hydroxyl group, while the second metabolite was formed by saturation

on Aj1.a3. Glucuronide conjugations were observed on one of the free hydroxyl groups, as well as the lactone

ring, based on phase Il and phase | + Il reactions (tr = 4.83 min, m/z [M - H]' 537.1986; tr = 6.92 min, m/z [M

- H] 555.2182) (Table 10).

Table 10. HRESIMS data in positive and negative ion modes from carbetolide C (3).

m/z [M+H]* m/z [M-H] Molecular
formula

tr (min)  found calcd found calcd
3 6.15 363.1804 363.1802 361.1641 361.1657 Ca0H2606
Phase | 1.70 281.1385 281.1384 279.1228 279.1238 Ci15H200s

3.16 363.1803 363.1813 Ca0H2806
Phase Il 4.83 539.2130 539.2123 537.1986 537.1978 Ca6H34012
Phase I+ll  6.92 555.2182 555.2083 Ca6H36013
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Regarding 8a-0-(3,4-dihydroxymethylenebutanoyloxy)-dehydromelitensin (4), four metabolites were
detected (Table 11). More specifically, in phase |, a derivative with a free hydroxyl group was present due to
the replacement of 8-substitution (tz = 3.86 min, m/z [M + H]* 265.1456). Similarly, a metabolite detected
from Ixerin Z was formed by the loss of a glucose substitution on the main SL skeleton (Cai et al., 2015). Two
further metabolites were formed by hydrolysis events, supposing that the addition of H,O is taking place at
the double bond 1-2 or the lactone ring (tr = 4.16 min, m/z [M + H]* 397.1882; tg = 4.76 min, m/z [M - H]
393.1561). Thus, contrary to the previous metabolites (1-3), in this case, the opening of the lactone ring was
observed, similar to the reported metabolite of the SL 11a,13-dihydrohelenaline acetate formed in pig liver
microsomes (Jiirgens et al., 2020). Moreover, in phase Il the glucuronidation is taking place on position 15

(tr =3.79 min, m/z [M - H] 553.1933).

Table 11. HRESIMS data in positive and negative ion modes from 8a-0-(3,4-dihydroxymethylenebutanoyloxy)-dehydromelitensin (4).

m/z [M+H]* m/z [M-H] Molecular
formula

tr (min)  found calcd found calcd
4 1.69 379.1756 379.1751 377.1611 377.1606 Ca0H2607
Phase | 3.86 265.1456 265.1436 CisH2004

4.16 397.1882 397.1857 C20H2¢0s

4.76 393.1561 393.1555 Ca0H260s
Phase Il 3.79 555.2083 555.2072 553.1933 553.1927 Ca6H34013

Concerning arteludovicinolide A (5), we detected one metabolite in each phase |, Il and | + Il (tr = 2.37 min,
m/z [M + H]" 311.1099; tr = 3.53 min, m/z [M - H]" 453.1415; tg = 3.71 min, m/z [M - H] 471.1499),
respectively. In accordance with the above-mentioned compounds, a carboxylate formation is taking place
on the lactone ring at position Ai1.13, which further formed a glucuronide conjugate during phase | + 1.
Additionally to the glucuronidation of the combined metabolism, in phase Il, the former free hydroxyl group

led to another glucuronide conjugation. These data are depicted in Table 12.
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Table 12. HRESIMS data in positive and negative ion modes from arteludovicinolide A (5).

m/z [M+H]* m/z [M-H] Molecular
formula
tg (min)  found calcd found calcd
5 4.0 279.1224 279.1227 277.1078 277.1081 Ci5H1805
Phase | 2.37 311.1099 311.1125 309.0994 309.0980 Ci5H1507
Phase Il 3.53 453.1415 453.1402 Ca1H26011
Phase I+l 3.71 471.1499 471.1508 Ca1H25012

Due to structural polymorphism, metabolic sites and pathways for SLs are warranted to be changeable. Such
metabolic processes may occur simultaneously or sequentially and undergo phase | to convert lipophilic
drugs into more polar commonly by CYP450s (or reduction and hydrolysis). In phase |, metabolites are often
still active and further proceed to phase Il to yield larger polar metabolites by enzymatic reactions such as
glucuronidation (most common), methylation, acetylation, sulfation, or conjugation with glutathione and
amino acids. Outlining our results, we detected monohydroxylated, hydrated, carboxylated, methylated
derivatives, as well as corresponding monoglucuronides of phase Il and combined metabolism. Under the
given condition of our in vitro system, we can observe the formation of glucuronides that are likely also
occurring in vivo, however, these metabolites represent just a part of the total metabolization throughout
the body’s cells. Sulfate, cysteine, acetylcysteine, and glucuronide conjugates have been described from SLs
using different metabolism systems (Yu et al., 2021). For an overall view and to cover all possible phase |l
bioproducts, further studies using liver cells and in vivo systems should be utilized. It is also worth
mentioning that the reactivity of the basic SL backbone is relatively weak, while the lactone ring is a Michael
center, which, similar to bioactivity, is the main site of metabolic reactions. The exomethylenic double bond
is subject to reduction, oxidation, or conjugation, while some cases are reporting the opening of the lactone
ring. The inherent structures play an integral role in the metabolism outcome, thus even similar compounds

result in different pathways.
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3.7.4. Pharmacokinetic profiles using SwissADME

During drug discovery and development, early investigation of pharmacokinetic profiles is important to
identify compounds, which have the best chance to become effective drug leads. Some of the most
promising compounds were submitted in the web-tool SwissADME, that gives access to a fast and robust
alternative to experimental procedures for the prediction of ADME. Physicochemical properties,
lipophilicity, solubility, pharmacokinetics, drug-likeness, and medicinal chemistry properties are calculated,

as presented in Figure 37.

According to obtained values and the Bioavailability Radar (on the left top of each scheme) which is a rapid
appraisal of drug-likeness, taking into account lipophilicity, size, polarity, solubility, flexibility, and saturation,
the sesquiterpene lactones carbetolide C (Figure 37A) and 8a-0-(3,4-dihydroxy-methylenebutanoyloxy)-
dehydromelitensin (Figure 37B), as well as the phloroglucinols 3-geranyl-1-(2-methylpropanoyl)-
phloroglucinol (Figure 37C) and 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-
methyl-propan-1-one (Figure 37D) are drug-like compounds, following the Lipinski’s rule, with high solubility
and Gl absorption, while the diterpene euphodeflexin O (Figure 37E) does not follow Lipinski’s rule, is poorly

soluble and with low Gl absorption.
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Figure 37. SwissADME results for: A. carbetolide C; B. 8a-O-(3,4-dihydroxy-methylenebutanoyloxy)-dehydromelitensin; C. 3-
geranyl-1-(2-methylpropanoyl)-phloroglucinol; D. 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-methyl-
propan-1-one; E. euphodeflexin O.

69



4. DISCUSSION & CONCLUSIONS



In the present study and with the aid of NMR metabolomic strategy, a total of 84 specialized metabolites
were isolated from endemic plants of cosmopolitan distribution: 26 from Calea jamaicensis, 12 from
Centaurea papposa, 24 from Hypericum jovis, and 22 from Euphorbia deflexa. In parallel, more than 120
volatile compounds were reported using GC-MS from the essential oils from Hypericum spp. (H. jovis, H.
empetrifolium, H. amblyocalyx, H. triquetrifolium and H. perforatum). Most of the isolated compounds
belong to the groups of SLs, PAPs, DTs, chromenes, and flavonoids. Among them, 14 SLs, 2 PAPs, 16 DTs,
and 3 chromenes are new natural products and have not been described in the literature before. With
the intention to discover novel drug leads against cancer and inflammation, the isolated compounds,
based on the obtained amounts, were subjected to evaluation of pharmacological potential against
multiple targets (MTT, ICAM, COX-LOX assays, and in vivo models). SLs proved to be the most drug-like
compounds, followed by PAPs. Although DTs are extremely interesting in their complicated structure

elucidation, most of them presented very low biological activities.

Regarding cytotoxicity, taking into consideration the obtained amounts, out of 28 isolated SLs, 17 were
subjected to cytotoxic screening using the in vitro MTT assay on three human cancer cell lines (Hela, SK-
MEL-28, and HepG2) with parthenolide as a positive control (Results 3.1 and 3.2). From C. papposa, only
8a-0-(3,4-dihydroxy-methylenebutanoyloxy)-dehydromelitensin, malacitanolide and its 4-epimere
exerted ICsp values < 10 uM against Hela cells, while SK-MEL-28 and HepG2 cells were more resilient. All
the tested SLs from C. jamaicensis showed strong activity against Hela cells, with ICso values ranging from
2.9 to 13.4 pM. Carbetolide C, together with cajamolides L and N were also highly active against SK-MEL-
28 cell line (ICso values 7.5, 6.5, and 5.2 uM, respectively). It is important to note that carbetolide C
afforded ICso values of 2.9, 7.5, and 12.6 uM for the Hela, SK-MEL-28, and HePG2 cells, which are similar
to that of parthenolide, a SL with strong anti-cancer potential (Sztiller-Sikorska & Czyz, 2020) and whose
semi-synthetic derivative was assayed in phase | trials against acute myeloid and lymphoblastic leukemia,
and other blood and lymph node cancers (Mouijir et al., 2020). In accordance with the guidelines by
National Cancer Institute, stating that compounds with ICso < 10 uM are considered active and could be
potential anti-cancer drugs, most of the tested SLs could be potential chemotherapeutic agents for
cervical cancer or even melanoma. On the other hand, out of the 7 DTs tested (Results 3.6), 3 were active
against only Hela cells (euphodeflexins A, L, O with ICso values 0f9.9, 9.8 and 5.5 uM), and in parallel low

activity was observed against two bacterial strains.

In addition to cytotoxicity, there is a growing interest on the anti-inflammatory mechanisms of SLs, and

numerous compounds from different taxa have been investigated using in silico, in vitro, and in vivo assays
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(Matos et al., 2021). In the present study, out of the total SLs isolated from C. jamaicensis and C. papposa,
six were tested using the in vitro ICAM-1 assay in order to investigate their anti-inflammatory potential
(Results 3.1 and 3.2). The samples were firstly subjected to MTT viability test on the endothelial (non-
cancerous) HMEC-1 cells, in order to exclude any false-positive results. Interestingly, cajamolide A,
carbetolide C and heliangin from C. jamaicensis, together with cnicin and 8a-0-(3,4-dihydroxy-
methylenebutanoyloxy)-dehydromelitensin from C. papposa strongly inhibited the TNF-a induced ICAM-
1 expression in HMEC-1 cells, in a dose-dependent manner (with ICsovalues 8.5, 5.5, 5.4, 21.9 and 5.7,
respectively). These results are in accordance with other researchers reporting parthenolide’s strong
inhibition of the TNF-a induced ICAM-1 expression in human synovial fibroblasts (Piela-Smith & Liu, 2001).
These strong inhibitors all have in common the lactone ring, in contrast to compounds lacking the a,f-
unsaturated lactone moiety. 6a,8a,15-trihydroxyelema-1,3,11(13)-trien-12-olide methyl ester, a
homologous sesquiterpene from C. papposa, showed lower inhibitory potential, similar to matricine,
which lacks the a-methylene-y-lactone group and was evaluated in the same test system described in this
study by Flemming et al. (2015). Thus, it is suggested that the moiety of lactone ring is essential for the
anti-inflammatory activity through the ICAM-1 pathway. It is noteworthy that the tested SLs revealed no
toxicity in the endothelial HMEC-1 cells in all the range of the tested concentrations (6.25-50.0 uM),

though Michael reactions of SLs usually also involve non-specific toxicity (Matos et al., 2021).

Of note, several of the isolated PAPs showed similar results in the ICAM-1 assay (Results 3.3). Although
the majority of the PAP derivatives are investigated for their antidepressant, cytotoxic and anti-
angiogenetic, or antimicrobial effects, the present work was driven by the observations of Crockett et al.
(2008), mentioning the strong anti-inflammatory effects of 3-geranyl-1-(2-methylpropanoyl)-
phloroglucinol and 3-geranyl-1-(2-methylboutanoyl)-phloroglucinol isolated from  Hypericum
empetrifolium. In fact, H. empetrifolium and H. jovis taximomically are close relative plants, and many of
the isolated compounds from H. jovis were previously reported from H. empetrifolium, including 3-
geranyl-1-(2-methylpropanoyl)-phloroglucinol and  3-geranyl-1-(2-methylboutanoyl)-phloroglucinol.
Following this idea, the isolated PAPs from H. jovis were tested for their anti-inflammatory potential in
the ICAM-1 assay, and compounds 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol, hyperjovinol A,
dauphinol F, 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-chroman-8-yl]-2-methyl-propan-1-one
and empetriferdinan A significantly reduced ICAM-1 expression in a concentration-dependent manner
(ICso values of 16.9, 34.4, 4.0, 3.2 and 7.7 pM). The most potent compounds (based also on the obtained
amounts) were further subjected to the ex-vivo COX/LOX assay and empetriferdinan A showed notable

inhibitory activity on the formation of COX-1 and 12-LOX derived inflammatory mediators. In comparison
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to the SLs which showed no toxicity in the HMEC-1 cells, some of the tested PAPs showed either toxicity
in higher concentrations (eg. empetriferdinan A and hyperforin) or increased metabolic activity, thus
tested in lower concentrations. Moreover, 3-geranyl-1-(2-methylpropanoyl)-phloroglucinol showed, in
addition to the anti-inflammatory effects described above, antioxidant (Athanasas et al., 2004) and
antimicrobial activities (Results 3.7.1), and in parallel it was not toxic to the normal cells and was isolated
in huge amounts, which gave the opportunity for in vivo testing (Results 3.7.2). Unfortunately, this
compound showed only moderate effects for the treatment of atopic dermatitis under the given

conditions.

The possibility for in vivo testing was also given by obtaining high amounts from some Hypericum EOs
(Results 3.4). More specifically, as mentioned above H. jovis is a close relative of H. empetrifolium and
together with H. amblyocalyx they constitute the three taxa of section Coridium growing wild in the island
of Crete. The volatile oils of the three species were investigated for their chemical profiles and subjected
to antimicrobial screening, displaying good activity against fungi and bacteria. It is noticeable that H.
empetrifolium yielded high amounts of EO (up to 13% v/w). For this reason, this plant, together with H.
triquetrifolium (both are used in folk medicine in Greece) and H. perforatum (the officially used by EMA)
were evaluated for wound healing in vivo. EOs are bioaccumulated in the translucent glands of Hypericum
plants, together with phloroglucinols, and these non-polar constituents are highly likely to be extracted
in the infused oil (Oleum Hyperici), which is the most common preparation used in wound treatments
(Crockett, 2010). Up to this point, the EOs from Hypericum had never been investigated for wound healing,
most probably because of the possibility of skin irritation/toxicity and low yields. Indeed, H. perforatum
and H. triquetrifolium showed a lower degree of healing at the last days of the experiment which could
suggest a dose-depended toxicity. Interestingly, this was not observed with H. empetrifolium, which
showed significant wound healing effects and confirmed its traditional use in Greece for wounds and skin
inflammations (Vokou et al., 1993). It is worth mentioning that in the quote by Dioscorides, Hypericon
could be attributed to H. empetrifolium since the previously reported H. coris (Berendes, 1970) is not

growing wild in Greece, in contrast to its closely related species, H. empetrifolium (Robson, 2010).

A final goal was the investigation of the metabolization of natural products, which is much less studied
than their biosynthetic pathways. Structural diverse SLs were selected as a case study, because of their
strong biological effects and drug-like properties. Metabolites were produced in vitro through phase | and
phase Il (glucuronidation) or combined | and Il using human liver microsomes. Such bioproducts are

structurally unreported and their biological existence-effects are fully unidentified. SLs proved to be
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subject of changeable metabolism although the highly active lactone ring is the most common metabolic
site. Further detailed studies are warranted to address the metabolic pathways of natural products and

to define actions or interactions that result in the final formations of the component in a living system.

As a concluding mark, the present study applied an interdisciplinary approach to natural product-based
drug discovery, utilizing state-of-the-art techniques and bioassays, in vivo models, in silico
pharmacokinetic and in vitro metabolism studies. High cytotoxic, anti-inflammatory, and wound-healing
potential were reported from natural products derived from Calea jamaicensis, Centaurea papposa,
Hypericum jovis and Euphorbia deflexa. For these taxa, almost no records existed in the literature using
modern techniques and investigating the biological effects of their constituents. Out of more than 310.000
plant species, only 5-15% have been investigated so far phytochemically and/or pharmacologically
(Atanasov et al., 2015), indicating a horizon of further plants-involving studies. The results of this study
further supported the strategic use of natural products as a starting point to investigate novel structures

as potential effective agents against a variety of human ailments.
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7. APPENDIX



7.1. Summary of the isolated Sesquiterpene Lactones from the genus Calea

Sesquiterpene lactones isolated from Mexican, Central American, and Jamaican Calea spp. grouped by

Wussow et al. (1985).

Calea spp. Sesquiterpene lactones References
C. berteriana DC. calbertolides A-C, heliangin Ober et al,
1985a
calbertolide C, Ober et al,
desacyl-8-tiglylsubcordatolide A, 1985b

8-epi-stiglylrupicolins A-B

C. crocinervosa Wussow,

9a-hydroxyatripliciolide-8-O-methylacrilate,

Ortega et al,,

. L 1989
Urbatsch & G.A.Sullivan | septuplinolide
C. jamaicensis (L.) L. jamaicolides A-D Ober et al.
1986
C. ternifolia var. | 9a-acetoxyzexbrevin, Lee et al,
var. calyculata (B.L.Rob.) 1982a

"Wussow, Urbatsch &

G.A.Sullivan

9a-Hydroxy-11,13-dihydro-11a,13-epoxyatripliciolide-83-
O[2-methylacrylate],

9a-Hydroxy-11,13-dihydro-atripliciolide-83-0-[2-

methylacrylate]

8B-angeloyloxy-9a-hydroxycalycultolide,

Fischer et al.,

1984
8B-methylacryloyloxy-9a-hydroxycalyculatolide,
15-hydroxy- 11.13-dihydro- 11a, 13-epoxyatripliciolide-8B-
O-angelate
calein A, Lee et al,
1982b

8B-angeloyloxy-9a-acetoxyternifolin,

8B-angeloyloxy-9a-[2-methylbutanoyloxy] -ternifolin
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C. ternifolia Oliv. calein A Escandén-
. Rivera et. al.,
calein C
2017
C. trichotoma Donn.Sm. | trichomatolide A, Ober et al,
- . 1984a
8B-tiglinoyloxyreynosin,
1B-hydroxy-8B-tiglinoyloxyarbusculin B,
8B-tiglinoyloxybalchanin,
1B,4a-dihydroxy-8B-tigloxy-11(13)-eudesmen-6a,12-olide
3-deoxy-2,3-dehydroheliangin, Ober et al,
1984b

trichomatolides C-E

C. urticifolia (Mill.) DC.

4-epi-caleurticolide-angelicate,
4-epi-caleurticolide-[2-methylacrylate] ,

4-epi-caleurticolide-isoburitate

Herz & Kumar

1980

calealactone B,
arucanolide,
2,3-epoxy-juanislamin,
2,3-epoxy-calealactone A,

calealactone A

Ohguchietal.,
2009

calealactones A-C,
2,3-epoxy-calealactone A,
calein D,

juanislamin,

2,3-epoxy- juanislamin

Yamada et al.,

2004

calealactone A,
2,3-epoxy-calealactone A,
calealactone B,
calealactone C,
arucanolide,

juanislamin,

Nakagawa et

al., 2005
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2,3-epoxy- juanislamin

9a-Hydroxy-atripliciolid-8-O-[2-methylacrylate]
9a-[senecioyloxy]-15-hydroxy-atripliciolid-8-O-[2-
methylacrylate],
9a-[angeloyloxy]-15-hydroxy-atripliciolid-8-O-[2-
methylacrylate,
9a-[isovaleryloxy]-15-hydroxy-atripliciolid-8-O-[2-
methylacrylate,

caleurticolidacetate,
caleurticolide-[2-methylacrylate],

caleurticolide-angelicate

Bohlmann
and Jakupovic

(1979)

Ry
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R1 R2 X
desacyl-8-tiglylsubcordatolide A A Tig
jamaicolide A A Ang-4-OAc
8-epi-stiglylrupicolin A B Tig
8-epi-Stiglylrupicolin B C Tig
jamaicolide B D Ang-4-OAc
trichomatolide A E Tig H CH,OH
8B-tiglinoyloxyreynosin E Tig H =CH,
trichomatolide B E Tig OH =CH,
trichomatolide D E Etacr-3-OH H =CH,
trichomatolide E E 1-Metoxy-sen | H =CH,
8B-tiglinoyloxybalchanin F Tig
trichomatolide C G Tig OH
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1B-hydroxy-8p-tiglinoyloxyarbusculin B G Tig H
1B,4a-dihydroxy-8B-tigloxy-11(13) eudesmen- | H Tig

6a,12-olide

septuplinolide |

calein A G Ang Ac oCHs
calein C G Tig Ac BCH;
caleurticolidacetate G Meacr Ac oCHs
caleurticolide-[2-methylacrylate] G Meacr Meacr oCHs
caleurticolide-angelicate G Meacr Ang aCHs
4-epi-caleurticolide-angelicate G Ang Meacr (or reverse) | BCHs;
4-epi-caleurticolide-[2-methylacrylate] G Meacr Meacr BCH;
4-epi-caleurticolide-isoburitate G iBu Meacr (or reverse) | BCHs;
caleinD K Ac Meacr

calealactone A K Meacr i-Val

calealactone B K Meacr Ac

juanislamin K Meacr Etacr

arucanolide K Ac Meacr
2,3-epoxy-calealactone A L Meacr i-Val
2,3-epoxy-juanislamin L Etacr Acryl

calelactone C M Meacr Ac

9a-acetoxyzexbrevin N Meacr Ac
8a-angeloyloxy-9a-hydroxycalyculatolide N Ang H
8B-methylacryloyloxy-9a N Meacr H

hydroxycalyculatolide

calbertolide A (o)

calbertolide B P

jamaicolide D Q Ang Ac (or reverse)
calbertolide C R Tig

jamaicolide C R Ang

heliangin S Tig

3-deoxy-2,3-dehydroheliangin T Tig
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9a-hydroxyatripliciolide 8-O-methylacrilate H H =CH,
9a-Hydroxy-11,13-dihydro-atripliciolide-83-O- H H CHs;
[2-methylacrylate]

9a-[senecioyloxy]-15-hydroxy-atripliciolid-8- OH ival

O-[2- methylacrylate]

9a-[angeloyloxy]-15-hydroxy-atripliciolid-8-O- OH Sen

[2- methylacrylate

9a-[isovaleryloxy]-15-hydroxy-atripliciolid-8- OH Ang

O-[2- methylacrylate

9a-Hydroxy-11,13-dihydro-11a,13 Meacr H
epoxyatripliciolide-83-0[2-methylacrylate]

15-hydroxy- 11.13-dihydro-11a, 13- Ang H

epoxyatripliciolide-83-0-angelate
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7.2. Summary of the isolated Sesquiterpene Lactones from the genus Centaurea, section Centaurea

subsections Acrolophus (A), Phalolepis (P) and Willkommia (W).

Sesquiterpene lactones isolated from Centaurea L. species, belonging to section Centaurea,

Centaurea spp. Sub- Sesquiterpene lactones References
section
C. dffinis Friv. A cnicin Janackovic et
al., 2004

C. affinis subsp. A cnicin Nowak et al.,

pallidior (Halacsy) 1984

Hayek (= C. pallidior

Halacsy subsp.

pallidior)

C. aggregata Fisch. & | A cnicin Nowak et al.,

C.A.Mey. ex DC 1984

C. alba L. P cnicin, 4'-acetylcnicin, salonitenolide, 11B,13- Fernandez et
dihydrosalonitenolide, salonitenolide-8-O-(4'- al., 1995
acetoxy-5'-hydroxy)-angelate

C. aplolepa Moretti A cnicin Nowak et al.,

1984

(= C. aplolepa subsp.

aplolepa)

C. aplolepa Moretti A cnicin Nowak et al.,

subsp. lunensis (Fiori) 1984

Dostal

C. arenaria M.Bieb.ex | A cnicin Nowak et al.,

willd. . 1984
cnicin
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(= C. arenaria Bieb.
Aex Willd. subsp.

arenaria)

Csapietal,,

2010

C. attica Nyman (= C.
attica Nyman subsp.

attica)

cnicin, cnicin 4’-0O-acetate, 8o-(3',4'-dihydroxy-
2-methylenebutanoyloxy)-dehydromelitensin,
methyl 8a-(3',4'-dihydroxy-2-
methylenebutanoyloxy)-6a,1 5-dihydroxyelema-
1,3,1 1(13 )-trien-12-oate

malacitanolide, atticin, 8c.-(4'-acetoxy-3'-
hydroxy-2'-methylenebutanoyloxy)-4-epi-

sonchucarpolide

Skaltsa et al.,
1999

Skaltsa et al.,
2000

C. bombycina DC.

cnicin, salonitenolide, 8-O-(4'-acetoxy-5'-

hydroxyangelate)salonitenolide

Barrero et al.,

2000

C. bovina Velen (= C. cnicin Nowak et al.,

diffusa Lam. var. 1984

brevispina Boiss.)

C. busambarensis cnicin, dehydromelitensin, 8a-(3',4'-dihydroxy- | Bruno et al.,

Guss. 2-methylenebutanoyloxy)-dehydromelitensin 1998

(= C. cineraria subsp.

busambarensis (Guss.)

Dostal)

C. cadmea Boiss. 2a-hydroxy-5aH-eudesman-4(15),11(13)-dien- Karamenderes
12,8p-olide (ivalin) et al., 2007

C. caliacrae Prodan

salonitenolide

Geppert et al.,
1983
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[= C. alba subsp.

caliacrae (Prodan)

Dostal]

C. calolepis Boiss. cnicin Erel et al.,
2011

C. castellana Boiss. artemissifolin, Gonzalez et
al., 1984

[= C. paniculata subsp.

castellana (Boiss. &

Reut.) Dostal]

dehydromelitensin

11B,15-dehydroxysaussurea

C. cineraria L. cnicin Nowak et al.,
) . 1984

(= C. cineraria subsp.

cineraria)

C. cineraria subsp. chicin Nowak et al.,

circae (Sommier) Cela

Renz. & Viegi

1984

C. crithmifolia Vis.

calonitenolide

Geppert et al.,
1983

C. cuneifolia Sibth. &
SM.

(= C. cuneifolia subsp.

cuneifolia)

cnicin, dehydromelitensin,

8a-(3,4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin

Aslan & Oksliz,
1999

C. cuneifolia Sibth. &
SM. subsp. pallida
(Friv.) Hayek

chicin

Nowak et al.,

1984

C. derventana Vis. &

Panci¢

cnicin, cnicin-4'-O-acetate, salonitenolide, 8-O-

(4'-acetoxy-5'-hydroxyangelate) salonitenolide

TeSevic et al.,

1998

100




C. deusta Ten.

salonitenolide

cnicin, cnicin-4'-O-acetate, 3'-acetylcnicin,

8a-(3,4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin,

8a-(4-acetoxy-3-hydroxy-2-methylene-

butanoyloxy)dehydromelitensin,

salonitenolide, methyl 8a-(3,4-dihydroxy-2-
meth-ylene-butanoyloxy)-6a,15-dihydroxy-

elema-1,3,11(13)-trien-12-oate,

methyl 8ai-(4-acetoxy-3-hydroxy-2-methylene-
butanoyloxy)-6a,15-dihydroxyelema-1, 3,
11(13)-trien-12-oate,

8a-(4-acetoxy-3-hydroxy-2-methylene-

butanoyloxy)-4-epi-sonchucarpolide,

8a-(4-acetoxy-3-hydroxy-2-methylene-

butanoyloxy)-sonchucarpolide

Geppert et al.,
1983

Karioti et al.,

2002

C. diffusa Lam.

chicin

cnicin, 4’-acetylcnicin,

8a-(3'-hydroxy-4'-acetoxy-2-methylene-

butanoyloxy) dehydromelitensin,

Milkova et al.,

1993

Fortuna et al,,

2002
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methyl 8a-(3',4’-dihydroxy-2-
methylenebutanoyloxy)-6a.,1 5-
dihydroxyelema-1,3,1 1(13)-trien-12-olide

C. diffusa Lam. var. cnicin Nowak et al.,

brevispina Boiss. (= C. 1984

bovina Velen.)

Centaurea friderici Vis. cnicin Nowak et al.,
1984

C. galicicae Micevski chicin TeSevic¢ et al.,
2014

C. grisebachii (Nyman) cnicin Nowak et al.,

Heldr.

[= C. grisebachii subsp.

grisebachii =

C. grisebachii (Nyman)

Formanek)]

cnicin, dehydromelitensin,

8a-(3',4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin, salonitenolide,

8-0-(4'-acetoxy-5'-

hydroxyangelate)salonitenolide,
8a-hydroxy-4-epi- sonchucarpolide,

8a-(4"-acetoxy-3'-hydroxy-2'-

methylenebutanoyloxy)-4-epi-sonchucarpolide,

8a-(4'-acetoxy-3'-hydroxy-2'-
methylenebutanoyloxy)-sonchucarpolide,

malacitanolide,

4-epi-malacitanolide

1984

Djeddi et al.,
2008
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C. grisebachii (Nyman) cnicin Nowak et al.,

Heldr. subsp. confusa 1984

(Halacsy) Dostal

C. grisebachii subsp. cnicin Nowak et al.,

transiens (Halacsy) 1984

T.Georgiadis

(= C. transiens

Halacsy)

C. kartschiana Kcop. cnicin Nowak et al.,
1984

C. kilaea Boiss. cnicin, dehydromelitensin Sen et al.,
2017

C. laureotica Heldr. ex cnicin Nowak et al.,

Halacsy 1984

(= C. mantoudii

Georg.)

C. leucophaea Jord. cnicin Nowak et al.,
1984

(= C. leucophaea

Jordan subsp.

leucophaea)

C. majorrovii chicin Nowak et al.,

Dumbadze 1984

(= C. arenaria subsp.
majorowii (Dumb.)

Dostal)
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C. odessana Prodan cnicin Nowak et al.,
[= C. arenaria subsp. 1984
odessana (Prodan)

Dostal]

C. orphanidea Heldr. & cnicin Nowak et al.,

Sart. ex Boiss.

cnicin, 4'-0-acetylcnicin, salonitenolide,

malacitanolide,

8a- hydroxy-4-epi-sonchucarpolide, 8a-(3 '-
hydroxy,4’-acetoxy-2-methylenebutanoyloxy)-4-

epi-sonchucarpolide,

8a-(3,4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin,

1984

Gousiadou &

Skaltsa, 2003

C. ossaea Halacsy

(= C. attica Nyman

subsp. ossaea)

chicin

Nowak et al.,

1984

C. paniculata L.

salonitenolide

Geppert et al.,
1983

C. panormitana subsp.
umbrosa (Fiori)
Greuter [= C. cineraria
L. subsp. umbrosa

(Lacaita)]

cnicin, 4'-0-acetylcnicin,

8a-(3',4'-dihydroxy-2'-methylenebutanoyloxy)-

dehydromelitensin

Bruno & Herz,

1988

C. paui Loscos ex

Willk.

8a-(3',4'-dihydroxy-2'-methylenebutanoyloxy)-
15-ox0-5,7aH,6,11 B H-elema-1,3,1 1(13)-trien-
12-olide,

Cardona et al.,

1994
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(3'R)-15-acetoxy-8a-(3',4'-dihydro-2'-
methylenebutanoyloxy)-6BH,7caH-germacra-

1E,47,11(13)-trien-6,12-olide,

(3'R)-15-acetoxy-8a-0O-(4-acetoxy-3-hydroxy-2-
methylenebutanoyloxy)- 6BH,7aH-germacra-

1E,47,11(13)-trien-6,12-olide,

cnicin, 4"-acetylcnicin, salonitenolide,

stoebenolide, dehydromelitensin,
11pB,13-dihydrosalonitenolide,

8a-O-(4'-acetoxy-5'-

hydroxyangeloyl)salonitenolide,

8a -hydroxy-15-ox0-5,7aH,6,11BH-elema-1,3-
dien-6,12-olide,

8a -hydroxy-15-ox0-5,7c0H,6,11BH -elema-
1,3,11(13)-trien-6,12-olide,

methyl 8a-(3',4'-dihydroxy-2'-
methylenebutanoyloxy)-6,16-dihydroxy-
5,70.H,6BH-elema-1, 3, 11 (13)-trien-6, 12-olide,

15-acetoxy-8a-hydroxy-6pH,7aH -germacra-
1E,4Z,11(13)-trien-6,12-olide,

(3'R)-15-acetoxy-8a-(3',4'-dihydroxy-2'-
methylenebutanoyloxy)-1B-hydroperoxy-10-

methylene,

6BH,7aH -germacra-4Z,10(14),11(13)-trien-
6,12-olide,

Cardona et al.,

1997
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(3'R)-15-acetoxy-8a-(3',4'-dihydroxy-2'-
methylenebutanoyloxy)-1B-hydroxy-10-
methylene, 6BH,7aH-germacra-

47,10(14),11(13)-trien-6,12-olide,

15-acetoxy-1B,8a-dihydroxy-6pH,7aH -
germacra-4Z,10(14),11(13)-trien-6,12-olide,

15-acetoxy-1B,8a-dihydroperoxy-6BH, 7o H-
germacra-4Z,10(14),11(13)-trien-6,12-olide

C. pelia DC. cnicin Nowak et al.,
1984

C. pseudomaculosa cnicin Al-Easa & Rizk,

Dobrocz. 1992

C. reichenbachii DC. cnicin Nowak et al.,
1984

(= C. calvescens

Pancic)

C. savranica Klokov cnicin Nowak et al.,
1984

[= C. rhenana Boreau

subsp. savranica

(Klokow) Dostal]

C. soskae Hayek cnicin TeSevi¢ et al.,
2014

C. spinosa L. cnicin Nowak et al.,

(= C. spinosa var.

spinosa)

cnicin, 4’-acetyl-cnicin, 4-epi-malacitanolide,

8a-(3',4'-dihydroxy-2'-methylenebutanoyloxy)-

4-epi-sonchucarpolide,

1984

Saroglou et al.,

2005
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malacitanolide, 4-acetyl-malacitanolide,

8a-(3',4'-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin,

8a-0-(3',4'-dihydroxy-2'-
methylenebutanoyloxy)-15-oxo-5,7BH,60H-
eleman-1,3,11(13)-trien-6,12-olide,

8R-0-(4-acetoxy-2-hydroxymethyl-buten-2-
oyloxy) salonitenolide, methyl 8R-0-(3,4-
dihydroxy-2-methylenebutanoyloxy)-6a,15-

dihydroxy-eleman-1,3,11(13)-trien-12-oate

C. stoebe L.

(= C. maculosa)

cnicin

cnicin, salonitenolide, 8-O-(4'-acetoxy-5'-

hydroxyangelate)-salonitenolide, stoebenolide

Nowak et al.,

1984

Huneck et al.,

1986

C. thessala Hausskn.
subsp.drakiensis
(Freyn & Sint.) T.

Georgiadis

[= C. attica Nyman
subsp. drakiensis

(Freyn, Sint.) Dostal]

chicin

cnicin, 4’-acetylcnicin, 8-0-(4'-acetoxy-5'-

hydroxyangelate)-salonitenolide

8a-(3',4'-dihydroxy-2'-methylenebutanoyloxy)-

dehydromelitensin,

8a-(3'-hydroxy,4'-acetoxy-2'-

methylenebutanoyloxy)-dehydromelitensin,

8a-hydroxy-4-epi-sonchucarpolide

Nowak et al.,

1984

Skaltsa et al.,
1999

Skaltsa et al.,

2000
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C. tomorosii Micevski cnicin TeSevi¢ et al.,
2014
C. tougourensis Boiss. cnicin, Nacer et al.,
& Reut. 2012
8a-(3',4'-dihydroxy-2-methylenebutanoyloxy)-
dehydromelitensin,
(6R, 7R, 8S, 30R) 8a-(3, 4-dihydroxy-2-
methylene-butanoyloxy)-15-oxo-helianga 1(10),
4(5), 11(13) trien-6-olide,
(6R, 7R, 8S, 30R) 8a-(3, 4-dihydroxy-2-
methylene-butanoyloxy)-15-acetoxy-helianga
1(10), 4(5), 11(13) trien-6-olide
C. tymphaea Hausskn. cnicin Nowak et al.,
1984
(= C. tymphaea
Hausskn. subsp.
tymphaea)
C. tymphaea subsp. cnicin Nowak et al.,
brevispina (Hausskn.) 1984
Dostal
C. vallesiaca (DC..) cnicin Nowak et al.,
Jordan 1984,
. Geppert et al.,
cnicin
1983
C. virgata Lam. cnicin, 8a-(3',4"-dihydroxy-2- Tuzun et al,,
methylenebutanoyloxy)-dehydromelitensin, 2017

8a-0-hydroxy-sonchucarpolide
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C. zuccariniana DC..

cnicin

cnicin, 4'-acetylcnicin,

8a-(3,4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin,

8a-0O-hydroxy-sonchucarpolide

cnicin, 4"-acetylcnicin, dehydromelitensin,

8a-(3',4’-dihydroxy-2-methylenebutanoyloxy)-

dehydromelitensin,

8a-0O-(4'-acetoxy-3’-hydroxy-2'-

methylenebutanoyloxy)-dehydromelitensin,

8a-(3',4'-dihydro-2’-methylenebutanoyloxy)-15-
ox0-5,7aH,6BH-eleman-1, 3, 11 (13)-trien-6, 12-

olide,

(1E,4Z)-15-hydroxy-8a-O-(4’-acetoxy-3’-
hydroxy-2’-methylidenebutanoyl)-6BH,7oH-
germacra-1,4,11(13)-trien-6,12-olide,

methyl 8a-O-[(4-acetoxy-3-hydroxy-2-
methylenebutanoyl)oxy]-6a,15-
dihydroxyelema-1,3,11(13)-trien-12-oate,

8a-0O-(4'-acetoxy-3'-hydroxy-2'-
methylenebutanoyloxy)-sonchucarpolide and its

4-epimer, malacitanolide,

8a-(4',5'-diacetoxyangeloyl)sonchucarpolide,

zuccarinin

Nowak et al.,

1984

Koukoulitsa et

al., 2002

Ciric et al.,

2012
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OR;

CHOOH COOCH,

IX

Rl Rz

cnicin

CH,
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4’-acetylcnicin | O OH CH,
)J\[H\OAC
salonitenolide | H CH,
11B,13-dihydrosalonitenolide | H BH,
aMe
8a-0-(3-hydroxy-4-aketoxy-2-metheleno- | O OH CH,
butanoyloxy)salonitenolide )J\[H\
OAc
8-0-(4'-acetoxy-5'-hydroxyangelate) salonitenolide | | OAc CH;
(@)
)‘\%
OH
artemissifolin la
(3'R)-15-acetoxy-8a.-(3',4'-dihydro-2'- ] O OH CH,
methylenebutanoyloxy)-6BH,7aH-germacra- %
1E,4Z,11(13)-trien-6,12-olide OH
15-acetoxy-8a-hydroxy-6BH,7aH -germacra- ] H CH,
1E,4Z,11(13)-trien-6,12-olide
(3'R)-15-acetoxy-8a-O-(4-acetoxy-3-hydroxy-2- ] O OH CH,
methylenebutanoyloxy)- 6BH,7aH-germacra- )J\H/H
1E,4Z,11(13)-trien-6,12-olide OAG
(3'R)-15-acetoxy-8a.-(3',4'-dihydroxy-2'- n O OH OH CH,
methylenebutanoyloxy)-1B-hydroxy-10-methylene, )kH/H
6BH,70H-germacra-4Z,10(14),11(13)-trien-6,12- OH
olide,
15-acetoxy-1pB,8a-dihydroperoxy-6BH,7oH- i | OH OH CH,
germacra-42,10(14),11(13)-trien-6,12-olide
(3'R)-15-acetoxy-8ai-(3',4'-dihydroxy-2'- n O OH H CH,

methylenebutanoyloxy)-1B-hydroperoxy-10-
methylene,6pBH,7aH -germacra-42,10(14),11(13)-
trien-6,12-olide

>
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15-acetoxy-1pB,8-dihydroxy-6H,7H -germacra- m | H H CH,
47,10(14),11(13)-trien-6,12-olide,

15-acetoxy-1p,10a-epoxy-6pBH,7aH -germacra- v CH,
47,11(13)-dien-6,12-olide

8a-(3',4'-dihydroxy-2-methylenebutanoyloxy)- Vv O OH CH,
dehydromelitensin, %

OH
8a-0-(4'-acetoxy-3’-hydroxy-2'- Vv O OH CH,
methylenebutanoyloxy)-dehydromelitensin /U\H/H

OAc
Saussurea (11f,15-dehydromelitensin) Va | OH CH,
8a-0-(4’ acetoxy -3-dihydroxy- Vb O OH CH,
2methylenobutanoyloxy)-6a,15-dihydroxy-eleman- )J\H/H
1,3,11(13)-trien-12-olide methylester OAG
11,13- dehydromelitensin Vv H CH»
8a. -hydroxy-15-oxo-5,7aH,6,118H-elema-1,3-dien- | VI H BH,
6,12-olide aMe
8a. -hydroxy-15-ox0-5,7aH,6,113H -elema- Vi H CH,
1,3,11(13)-trien-6,12-olide
8a-0-(3',4'-dihydroxy-2'-methylenebutanoyloxy)- \ O OH CH,
15-ox0-5,7BH,60H-eleman-1,3,11(13)-trien-6,12- %
olide OH
stoebenolide Vil | H H
8a-hydroxy-4-epi- sonchucarpolide VIl | OH H
malacitenolide VIl | OH O OH

%H
4'-acetyl-malacitanolide VIl | OH O OH

<

OAc
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8a-(4'-acetoxy-3’-hydroxy-2’-methylene- VIIl | OH O OH
butanoyloxy)-sonchucarpolide )J\ﬂ)\
OAc

8a-hydroxy-sonchucarpolide VIIl | OH O OH
T,

atticin IX | OH O OH

<

Ac
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7.3. Summary of the isolated Phloroglucinols from the genus Hypericum, section Coridium

Phloroglucinols isolated from Hypericum spp., section Coridium

Hypericum spp. Compounds References
H. ambloycalyx hypercalyxones A/B, Winkelmann
Coust. & Gand. 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)- et al., 2003

chroman-8-yl]-2-methyl-propan-1-one,
1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)-

chroman-8-yl]-2-methyl-butan-1-one

4-geranyl-2-(2'-methylbutyryl)-phloroglucinol, Mathioudaki
4-geranyl-4-(2'-isobutyryl)-phloroglucinol, etal., 2013
1-[(2R*, 35%)-3,5,7-trihydroxy-2-methyl-2-(4-methylpent-3-
enyl)chroman-8-yl]-2-methylbutan-1-one,

1-[(2R*, 35%*)-3,5,7-trihydroxy-2-methyl-2-(4-methylpent-3-

enyl)chroman-8-yl]-2-methyl-propan-1-on

H. empetrifolium empetrifelixins A—D, empetrikajaforin {(1-O-(bornan-200-yl)- | Schmidt et al.,
willd. 4-geranyl-2-(20-methylbutyryl)-phloroglucinol}, 2012a
1-(2-methylbutanone)-4-O-prenylphloroglucinol,
3-geranyl-1-(2’-methylpropanoyl)phloroglucinol,
3-geranyl-1-(2’-methylbutanoyl)phloroglucinol,
empetrikathiforin {(3-(2-hydroxy-7-methyl-3-methyleneoct-6-

enyl)-1-(20-methylbutyryl)-phloroglucinol}

empetrikarinen, A/B, empetrikarinols A/B, Schmidt et al.,
1-[5,7-Dihydroxy-2-methyl-2-(4-methylpent-3-enyl)chroman- | 2012b
6-yl]-2-methylpropan-1-one,
1-[5,7-Dihydroxy-2-methyl-2-(4-methylpent-3-enyl)chroman-
6-yl]-2-methylbutan-1-one,
1-[5,7-dihydroxy-2-methyl-3-(3-methylbut-2-enyl)-2-(4-

methyl-pent-3-enyl)-chroman-8-yl]-2-methyl-propan-1-one
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1-[5,7-dihydroxy-2-methyl-2-(4-methylpent-3-enyl)-chroman-
8-yl]-2-methylpropan-1-one, empetriferdinans A/B,

empetriferdinol, empetrifranzinans A/B/C

3-geranyl-1-(2’-methylpropanoyl)phloroglucinol, Crokett et al.,
3-geranyl-1-(2’-methylbutanoyl)phloroglucinol 2008
H. jovis Greuter hyperjovinols A/B, 3-geranyl-1-(3-methylbutanoyl) Athanasas et

phloroglucinol, 1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent- al., 2004
3-enyl)-chroman-8-yl]-2-methyl-propan-1-one, 1-[5,7-
Dihydroxy-2-methyl-2-(4-methylpent-3-enyl)chroman-6-yl]-2-
methylpropan-1-one, 4-geranyloxy-1-(2-methylpropanoyl)-

phloroglucinol

1-(2-methylbutanone)-4-O-prenylphloroglucinol
OH O
/l\/\ /@\)J\(\
(@] OH
Empetrikathiforin {(3-(2-hydroxy-7-methyl-3- C)I-||_|O OH
methyleneoct-6-enyl)-1-(2’-methylbutyryl)- _
phloroglucinol} OH O
3-geranyl-1-(2’-methylpropanoyl)phloroglucinol OH
= =
HO OH
¢}
3-geranyl-1-(2’-methylbutanoyl)phloroglucinol OH
= =
HO OH
@)
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hyperjovinol A

4-geranyloxy-1-(2-methylpropanoyl)-phloroglucinol

empetrifelixin A (4-geranyl-
1-O-(p-menthen-8"-yl)-2-(20-methylpropionyl)-

phloroglucinol)

empetrifelixin B

empetrifelixin C
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empetrifelixin D

empetrikajaforin {(1-O-(bornan-2"'-yl)-4-geranyl-2-
(2’-methylbutyryl)-phloroglucinol}

(1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3- OH
enyl)-chroman-8-yl]-2-methyl-propan-1-one
X
HO @]

@)
1-[5,7-dihydroxy-2-methyl-2-(4-methyl-pent-3-enyl)- OH
chroman-8-yl]-2-methyl-butan-1-one

X
HO (@)
@)
empetrikarinen A OH
N
N
HO O
@)
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empetrikarinen B OH
X
AN
HO 0)
¢]
empetrikarinol A OH
OH
X
HO @)
@]
empetrikarinol B OH
OH
X
HO 0]

@]
1-[5,7-Dihydroxy-2-methyl-2-(4-methylpent-3- AN
enyl)chroman-6-yl]-2-methylpropan-1-one o)

HO OH
O
1-[5,7-Dihydroxy-2-methyl-2-(4-methylpent-3- N
enyl)chroman-6-yl]-2-methylbutan-1-one 0
HO OH
@]
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hypercalyxone A
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7.5. Summary of the isolated Diterpenes from the genus Euphorbia, section Paralias

Diterpenes isolated from Euphorbia spp., section Paralias

Euphorbia spp.

Compounds

References

E. paralias L.

(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-isobutyryloxyjatropha-6(17),11 E-diene- 9,14-
dione,

(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-angeloyloxyjatropha-6(17),11 E-diene-9,14-dione,
(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-3,5,7,15-
tetraacetoxy-8-isobutyryloxyjatropha-6(17),11 E-diene-9,14-dione,
(2 R*,3 R*,4 S*5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-(2-methylbutanoyloxy)jatropha-6(17),11E-diene-
9,14-dione,

(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-benzoyloxyjatropha-6(17),11 E-diene-9,14-dione
(2 R*,3 R*,4 S* 5 R*,7 S*,8 R*,13 R*,15 R*)-
2,3,5,7,8,15-hexaacetoxyjatropha-6(17),11 E-diene-9,14-dione,
3B-0-angeloyl-17-angeloyloxy-20-deoxyingenol,
3B-0-angeloyl-20-deoxyingenol,

(2 $*,3 5*,4 R*,5R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,11,14,17-
tetraacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-
hydroxysegetan-9-one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,14,17-
triacetoxy-3-benzoyloxy-15-hydroxy-5-(2-hydroxyacetoxy)segetan-
9-one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,11 S*,12 S*,13 R*,14 R*,15 R¥*)-
5,6,11,14,17-pentaacetoxy-3-benzoyloxy-15-hydroxysegetan-9-one
(2 S*,3 S*,4 R*,5 R*,6 S*,8 R*,11 S*,12 S*,13 R*,14 R*,15 R*)-
6,11,14-triacetoxy-3-benzoyloxy-15-hydroxy-5-(3-oxobutanoyl)-9-

segetanone,

Jakupovic et

al., 1998a
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(2 $*,3S*4R*,5R*,6 R*,85*12 5*,13 S$*,14 R*,15 R*)-5,8,14-

triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one

paralinone A, Oksuz et al.,
paralinone B 1997
presegetanin, Barile &
segetatanin A, Lanzotti,
segetatanin B 2007
segetene A, segetene B, Abdelgaleil,
(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,11 S*,12 S*,13 R*,14 R*,15 R¥)- 2001

5,6,11,14,17-pentaacetoxy-3-benzoyloxy-15-hydroxysegetan-9-
one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,14,17-
triacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-hydroxysegetan-
9-one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,11,14,17-
tetraacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-
hydroxysegetan-9-one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,14,17-
triacetoxy-3-benzoyloxy-15-hydroxy-5-(2-hydroxyacetoxy)segetan-
9-one,

(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-isobutyryloxyjatropha-6(17),11 E-diene- 9,14-
dione,

(2 R*,3 R*,4 S*5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-angeloyloxyjatropha-6(17),11 E-diene-9,14-dione,
(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-3,5,7,15-
tetraacetoxy-8-isobutyryloxyjatropha-6(17),11 E-diene-9,14-dione,
(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15-
pentaacetoxy-8-(2-methylbutanoyloxy)jatropha-6(17),11E-diene-
9,14-dione,

(2 R*,3 R*,4 S*,5 R*,7 S*,8 R* 13 R*,15 R*)-2,3,5,7,15-

pentaacetoxy-8-benzoyloxyjatropha-6(17),11 E-diene-9,14-dione,
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(1 R*,2 R*,3 S* 4 R* 5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 R*)-
1,5,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one,
(2 S*,3S*4R*5R*,6 R*,8S5*12 S*,13 S*,14 R*,15 R*)-5,8,14-

triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one

E. portlandica L.

euphoportlandol A, euphoportlandol B

Madureira et

al., 2006

E. segetalis L.

(2 $*,3 S*,4 R*,5R*,7 S*,8 S*,9 §*,13 $*,15 R*)-3,9,15-trihydroxy-
5,7,8-triisobutyryloxyjatropha-6(17),11 E-dien-14-one,

(2 $*,3 5*,4 R*,5R*,7 S*,8 S*,9 §*,13 $*,15 R*)-3,9,15-trihydroxy-
7-isobutyryloxy-5,8-bis(2-methylbutanoyloxy)jatropha-6(17),11
E-dien-14-one,

(2 S*,3 S*,4 R*,5 R*,7 S*,8 $*,9 §*,13 S*,15 R*)-3,9,15-trihydroxy-
5,7-diisobutyryloxy-8-(2-methylbutanoyloxy)jatropha-6(17),11
E-dien-14-one,
1,5,8,9-tetraacetoxy-2-benzoyloxyacetoxy-7-isobutyryloxyjatropha-
6(17),11E-dien-14-one,
5-acetoxy-3-benzoyloxy-9-cinnamoyloxy-15-hydroxyjatropha-
6(17),11E-dien-14-one,
5-acetoxy-3,9-dicinnamoyloxy-15-hydroxyjatropha-6(17),11E-dien-
14-one,

(25,35,45,5R,7S5,85,9S,11 E,13 5,15 R)-5,7,8-tris(2-
methylbutanoyloxy)-3,9,15-trihydroxyjatropha-6(17),11-dien-14-
one,

terracinolides A/B/C/E/H/I,

13R-hydroxyterracinolide B/I,
3-dehydro-7,12-di-O-acetyl-8-0-angeloyl-2-epi-ingenol,
14-hydroxy-7,12-di-O-acetyl-8-0-angeloyl-2-epi-ingenol,
14-hydroxy-12-0O-acetyl-8-0-angeloyl-2-epi-ingenol,
20-0-acetylingenol, 20-deoxyingenol,
13a-acetoxy-3p3-0-benzoyl-17-benzoyloxyingenol,
20-acetoxy-3p-0-angeloyl-17-angeloyloxyingenol,

Jakupovic et

al., 1998b
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13a-acetoxy-33-0-angeloyl-17-benzoyloxyingenol,
3B-0-angeloyl-17-angeloyloxy-20-deoxyingenol,
3B-0-angeloyl-20-deoxyingenol,
20-0O-acetyl-3B-0-angeloylingenol,

(2 $*,3 5*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,14,17-
triacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-hydroxysegetan-
9-one,

(2 5*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,11,14,17-
tetraacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-
hydroxysegetan-9-one,

(2 S*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)-6,14,17-
triacetoxy-3-benzoyloxy-15-hydroxy-5-(2-hydroxyacetoxy)segetan-
9-one,

(2 $*,3 S*,4 R*,5 R*,6 R*,7 S*,8 R*,12 R*,13 S*,14 R*,15 R*)-5-
angeloyloxy-3-benzoyloxy-6,14:8,14-diepoxy-7,13,15,17-
tetrahydroxy-15-epi-presegetan-9-one,

(1 R*,2R*,3S*4 R*5R*,6R*8S5* 12 S* 13 S*,14 R*,15 R*)-
1,5,8,14-tetraacetoxy-3-benzyloxy-15-hydroxyparalian-9-one,

(1 R*,2 R*,3 S*,4 R*,5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 R*)-
1,5,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one,

(2 R*,3R*,4 S*,5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 R*)-2,5,14-
triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one,

(1 R*,2 R*,3 S*,4 R*,5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 R*)-
1,5,14,17-tetraacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one,
(1S*2R*3S*4R*5R*6R*13S*14 R*,15R*)-1,5,14,17-

tetraacetoxy-3-benzoyloxy-8,10(18)11-hexadehydropepluane-

11,15-diol
(1 R*,2R*,3S* 4 R*5R*,6R*8R*12 R* 13 S*,14 R*,15 R*)- Ferreira et
1,5,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one (= al., 1998
segetalol-1,5,14-triacetate-3-benzoate)
E. taurinensis 6,14-Diacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15-hydroxy-9- Redei et al.,
All. oxo-segetane, 2018
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paralinone A,
5,9-Diacetoxy-3-cinnamoyloxy-15-hydroxy-14-oxo-jatropha-6
(17),11E-diene,

14-one,

3-0-angeloyl-20-deoxyingenol,
3-0-angeloyl-17-angeloyloxy-20-deoxyingenol,
20-0-acetyl-3-0O-angeloyl-17-angeloyloxyingenol

5-acetoxy-3,9-dicinnamoyloxy-15-hydroxyjatropha-6(17),11E-dien-

R1 Ra
(2 R*,3 R*,4 S*5 R*,7 S*,8 R*,13 R*,15 R*)-2,3,5,7,15-pentaacetoxy-8- OAc OiBu
isobutyryloxyjatropha-6(17),11 E-diene- 9,14-dione
(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15- OAc OAng
pentaacetoxy-8-angeloyloxyjatropha-6(17),11 E-diene-9,14-dione
(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)-3,5,7,15- H OiBu
tetraacetoxy-8-isobutyryloxyjatropha-6(17),11 E-diene-9,14-dione
(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)-2,3,5,7,15- OAc OMeBu
pentaacetoxy-8-(2-methylbutanoyloxy)jatropha-6(17),11E-diene-9,14-dione
(2 R*,3 R*,4 S*,5 R*,7 $*,8 R*,13 R*,15 R*)-2,3,5,7,15- OAc OBz
pentaacetoxy-8-benzoyloxyjatropha-6(17),11 E-diene-9,14-dione
(2 R*,3 R*,4 S*,5 R*,7 S*,8 R*,13 R*,15 R*)- OAc OAc

2,3,5,7,8,15-hexaacetoxyjatropha-6(17),11 E-diene-9,14-dione
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Rs

Ra

Rs

Re

(2 5*,3 S*,4 R*,5 R*,7 5*,8 $*,9 §*,13 $*,15 R*)-
3,9,15-trihydroxy-5,7,8-
triisobutyryloxyjatropha-6(17),11 E-dien-14-

one

iBu

OiBu

OiBu

(2 S*,35*,4 R*,5 R*,75*,8 S*9 S*,13 S*,15 R*)-
3,9,15-trihydroxy-7-isobutyryloxy-5,8-bis(2-
methylbutanoyloxy)jatropha-6(17),11E-dien-

14-one

MeBu

OiBu

OMeBu

(2 S*,3S*,4 R*,5 R*,7 S*,8 §*,9 §*,13 S*,15 R*)-
3,9,15-trihydroxy-5,7-diisobutyryloxy-8-(2-
methylbutanoyloxy)jatropha-6(17),11E-dien-

14-one

iBu

OiBu

OMeBu

1,5,8,9-tetraacetoxy-2-benzoyloxyacetoxy-7-

isobutyryloxyjatropha-6(17),11E-dien-14-one

OAc

BzOAc

Ac

OiBu

OAc

Ac

5-acetoxy-3-benzoyloxy-9-cinnamoyloxy-15-

hydroxyjatropha-6(17),11E-dien-14-one

Ac

Cinn

5-acetoxy-3,9-dicinnamoyloxy-15-

hydroxyjatropha-6(17),11E-dien-14-one

Cinn

Ac

Cinn

5,9-Diacetoxy-3-cinnamoyloxy-15-hydroxy-14-
oxo-jatropha-6(17),11E-diene

Cinn

Ac

Ac
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(25,35,4S5,5R,7S5,85,9 5,11 E, 13 S,15 R)-5,7,8-tris(2-

methylbutanoyloxy)-3,9,15-trihydroxyjatropha-6(17),11-dien-

14-one

R1 Rz R3 R4 Rs R6 R7
terracinolide A H Ac Ac Bz iBu H Ac
terracinolide B H Ac Ac Ac iBu H Ac
terracinolide C H Ac H Ac iBu H Ac
terracinolide E H Ac Ac Bz Pr H Ac
terracinolide H H Ac H iBu iBu H Ac
13R-hydroxyterracinolide B | H Ac Ac Ac iBu OH Ac
13R-hydroxyterracinolide | | OAc Ac Ac Ac iBu OH Ac
terracinolide | OAc Ac Ac Ac iBu H Ac

(RN}
R1

3-dehydro-7,12-di-O-acetyl-8-0-angeloyl-2-epi-ingenol OAc

187



14-hydroxy-7,12-di-O-acetyl-8-0-angeloyl-2-epi-ingenol Ac B-OH, H o-OH, H
14-hydroxy-12-0O-acetyl-8-0-angeloyl-2-epi-ingenol H B-OH, H a-OH, H
R1 R R3 R4
20-0O-acetylingenol H OAc H H
20-deoxyingenol H H H H
13a-acetoxy-3p-0-benzoyl-17-benzoyloxyingenol Bz H OBz OAc
20-acetoxy-3p-0-angeloyl-17-angeloyloxyingenol Ang OAc OAng H
13a-acetoxy-3B-0-angeloyl-17-benzoyloxyingenol Ang H OBz OAc
3B-0-angeloyl-17-angeloyloxy-20-deoxyingenol Ang H OAng H
3B-0-angeloyl-20-deoxyingenol Ang H H H
20-0-acetyl-3B-0-angeloylingenol Ang OAc H H
BzO H 5R16R2 H

R1 R> R3 R4 Rs
(2 5*,3 S*,4 R* 5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)- | COCH,0Ac |Ac |H aOAc | OAc
6,14,17-triacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-
15-hydroxysegetan-9-one

188



(2 $*,3 S*,4 R*,5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)- | COCH,0Ac | Ac | OAc | aOAc | OAc
6,11,14,17-tetraacetoxy-5-(2-acetoxyacetoxy)-3-
benzoyloxy-15-hydroxysegetan-9-one
(2 5*,3 S*,4 R*5 R*,6 R*,8 R*,12 S*,13 R*,14 R*,15 R*)- | COCH,0Ac |Ac |H 0aOAc | OAc
6,14,17-triacetoxy-3-benzoyloxy-15-hydroxy-5-(2-
hydroxyacetoxy)segetan-9-one
euphoportlandol B Ac H OAc | aOAc | OAc
(2 5*,3 S*,4 R*5R*,6 R*,8 R*,11 S*,12 S*,13 R*,14 Ac Ac | OAc | aOAc | OAc
R*,15 R*)-5,6,11,14,17-pentaacetoxy-3-benzoyloxy-15-
hydroxysegetan-9-one
paralinone B COCH;0Ac Ac OAc | aOAc | OAc
paralinone A COCH;0Ac Ac H aOAc | OAc
segetanin A Ac Ac OH aOAc | OAc
6,14-Diacetoxy-5-(2-acetoxyacetoxy)-3-benzoyloxy-15- COCH;0Ac | Ac | H BOAc | H
hydroxy-9-oxo-segetane
(2 S*,3 S*,4 R*,5 R*,6 S*,8 R*,11 S*,12 S*,13 R*,14 COCH,0Ac | Ac | OAc | aOAc |H
R*,15 R*)-6,11,14-triacetoxy-3-benzoyloxy-15-hydroxy-
5-(3-oxobutanoyl)-9-segetanone

R: R> R3 Ra
euphoportlandol A Ac H OAc aOAc
segetene A Ac Ac Ac BOACc
segetene B COCH;0Ac Ac H aOAc
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segetanin B

(2 5*,3 S*,4 R*,5 R*,6 R*,7 S*,8 R*,12 R*,13 S*,14 R*,15 R*)-
5-angeloyloxy-3-benzoyloxy-6,14:8,14-diepoxy-7,13,15,17-

tetrahydroxy-15-epi-presegetan-9-one

presegetanin

H z <
BzO ' OACRs

R1 R R3 R4
(1 R*,2 R*,3 S*,4 R*,5 R*,6 R*,8 S*,12 S*,13 S*,14 R*,15 OAc H H OAc
R*)-1,5,8,14-tetraacetoxy-3-benzyloxy-15-hydroxyparalian-
9-one
(1 R*,2 R*,3 S*,4 R*,5R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 OAc H H H
R*)-1,5,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-
one
(2 R*,3 R*,4 S*,5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 R*)- H OAc H H
2,5,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one

190




(1 R*,2 R*,3 S*,4 R*,5 R*,6 R*,8 R*,12 R*,13 S*,14 R*,15 OAc H OAc H
R*)-1,5,14,17-tetraacetoxy-3-benzoyloxy-15-

hydroxyparalian-9-one

(2 5*,3 S*,4 R*,5R*,6 R*,8S*,12 S*,13 S*,14 R*,15 R*)- H H H OAc
5,8,14-triacetoxy-3-benzoyloxy-15-hydroxyparalian-9-one

(1 5*,2 R*,3S*,4 R*,5 R*,6 R*,13 $*,14 R*,15 R*)-1,5,14,17-
tetraacetoxy-3-benzoyloxy-8,10(18)11-
hexadehydropepluane-11,15-diol

R, _
H -
BzO OAc OAc
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03-09/2020 &
03-08/2019
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05-08/09/2021: 69th Annual Conference of the Society for Medicinal Plant and Natural Product Research (GA),
Bonn, Germany, Virtual Conference
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11-13/10/2019: 1st Panhellenic Congress of Ethnopharmacology, Athens, Greece

01-05/09/2019: 67th Annual Conference of the Society for Medicinal Plant and Natural Product Research (GA),
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12-14/06/2019: 19th International Congress of the Society of Ethnopharmacology, Dresden, Germany

14/12/2018: One day Conference: Aspects of Medicine in Byzantine Times, Faculty of History and Archaeology,
NKUA

08-09/12/2018: 3rd Panhellenic Scientific Conference of Pharmacy Students, Thessaloniki, Greece

24-29/11/2018: 30th International Symposium on the Chemistry of Natural Products and 10th International
Congress on Biodiversity, Athens, Greece

30/10/2018-2/11/2018, Athens Conference on Advances in Chemistry (ACAC2018), Athens, Greece

22/09/2018: Scientific event: Women in Science Classes, Yearl, L'oreal Hellas- Unesco, Athens

13/09/2018: Merck Chromatography Seminar, Merck Hellas, Athens

06-09/09/2018 8th International Conference on Oxidative Stress in Skin Medicine and Biology. Andros, Greece

11-12/5/2018-: One day conference «The Herbal plants in our lives», Center of Makrynitsa Environmental
Education, Institute of Agriculture Sciences, Kifisias Avenue 182, Athens

4-5/05/2018 Rails girls Athens vol. 3, programming workshop

22/03/2018: Educational seminar for the electronic database /*REAXYS */ Elsevier from Mr. Carlos Rodriguez
del Rio, Sciences Library, NKUA

15/03/2018: European Competitive Programs and their connection with Education and Training, State
Scholarships Foundation (IKY)

14-16/01/2018: First Austrian Summit on Natural Products Science and Technology behind Phytopharmacy,
Phytocosmetics and Phytonutrition, Seefeld, Austria
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18-21/10/2017: 3rd International Conference on Natural Products Utilization: From Plants to Pharmacy Shelf,
Bansko, Bulgaria

22/09/2017: Scientific event: The Importance of Vaccines (Prevention, Myths and Truths). NKUA, Center for
Disease Control and Prevention

22/05/2017: International Conference Modern Greek Enlightenment: Views, Intersections, Investigations,
Foundation for Pedagogical Studies and Applications

11-14/05/2017: 1st Hellenic-Chinese Congress on Health, Eugenides Foundation, Athens, Greece.

08/10/2015-11/10/2015: 170 Panhellenic Pharmaceutical Congress

18/04/2015: Certificate of attendance in one day conference: Phytotherapy and its Development in the field of
Pharmacy. Faculty of Pharmacy NKUA, Hellenic Pharmaceutical Society, Athens (Greece)

13-15/10/2014: 1st International Congress: From drug discovery to drug delivery, Royal Olympic Hotel, Athens,
Greece

03/10/2014-05/10/2014: Days of Physiology in Mani. NKUA, Faculty of Medicine, Department of Physiology,
Vathi, Municipality of Mani (Greece)

17/05/2013-18/05/2013: Certificate of attendance in 1st Student Conference in Anatomy NKUA, Faculty of
Medicine, Anatomy Department, Athens (Greece)

04/2018 - ongoing: Member of European Pharmaceutical Students Association-EPSA

03-04/2018: Athens Science Festival 2018

10/2017 - ongoing: Greek Pharmaceutical Students' Federation - GPSF

07/2017 - ongoing: Melios Animal protection

04/04/2017: Let's do it Greece 2017, Reforestation, Ymittos, Volunteer Group of Agricultural University of
Athens

Sailing (participation in several National Championships, as well as in 2009 Balkan Sailing Championship, Servia),
sewing, ornithology, fishing
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