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“Medicine to produce health must examine disease;
. . . . ”
and music, to create harmony must investigate discord.

~ Plutarch






ACKNOWLEDGMENTS

ACKNOWLEDGMENTS

First, | would like to thank Prof. Dr. Thomas F. Hofmann and Prof. Dr. Corinna
Dawid for giving me the opportunity to work at the chair of food chemistry and
molecular sensory science and applying machinery like HPLC, MS, and NMR
and the corresponding software. The learning process and experiences over the
past years was immense. Moreover, the communication between PhD students
and group leaders in order to exchange ideas and knowledge was very important
for me. Therefore, | would like to thank all the colleagues at the chair, which
helped me keeping my motivation levels high and guided me throughout the
years. Overall, the teamwork at the chair was always amazing and there were
tasks given to everyone in order to develop their skills. | enjoyed being part of the

team.

Further, 1 would like to thank the whole lab 3, which included Sabrina Schalk, Dr.
Verena KleRBinger-Mittermeier, Dr. Christian Schmid, Sebastian Baur, Sebastian
Wurzer, Magdalena Holzer, Tina Schmittndgel, Christoph Hofstetter, Marlene
Kramler, and Anja Beusch, Dr. Laura Brehm, and Verena Schlagbauer. Some
people left and some came new into the group over the years. | really enjoyed
working with them! Moreover, | would like to thank Stefanie Fischer and Tiandan
Wu for being there for me whenever | needed to chat with someone about
personal and PhD problems. Special thanks to Dr. Verena Kle3inger-Mittermeier
and Prof. Dr. Corinna Dawid for their amazing supervision, support, and review

of my manuscripts throughout my PhD journey.

I would also like to thank Angela Lebedicker and Dr. Stefan Klade for their
bureaucratic and technical support. Whenever there was a problem, they were

always helpful.

Furthermore, | thank Dr. Oliver Frank, Dr. Richard Hammerl, and Dr. Christian

Schmid for giving away all their know-how on 2D-NMR spectroscopy.

Additionally, | appreciate my collaboration partners HUB, UKF and the industry in
their contribution to the huge SaliMed project. Therefore, | would like to thank Dr.
Nadja Forster, Dr. Inga Mewis, Prof. Christian Ulrichs, Dr. Matthias Zander from
the Chair of Agricultural and Horticultural Science of the Humboldt University of

Berlin, HUB, who provided me with willow bark material, Dr. Corinna Herz and



ACKNOWLEDGMENTS

Prof. Dr. Evelyn Lamy from the Chair of Molecular Preventive Medicine of the
University Clinic Freiburg, UKF, who performed the bioactivity assays, and the
people from the pharmaceutical company for the investigation of future market
application of the medicinal plant through further experiments. For the success of
the project in researching the herbal medicinal product, all four disciplines,

horticulture, medicine, pharmacy, and chemistry, were needed.

Furthermore, | would like to thank the Graduate School of Life Sciences that gave
me the opportunity to evolve through their exciting seminars and programs by
inviting skilled people, who taught additional interesting subjects besides subjects
of our own research projects. | had the opportunity to participate in various
seminars and workshops with topics like management, ethics, and marketing,
which | enjoyed a lot.

Finally, yet importantly, | would like to thank my entire family in Greece and
Germany for their support. Thankfully, technology kept us in touch through video

calls and messages.

Thank you!



PRELIMINARY REMARK

PRELIMINARY REMARK

The practical work was conducted from December 2017 to March 2021 at the

Chair of Food Chemistry and Molecular Sensory Science at the Technical
University of Munich under the supervision of Prof. Dr. Thomas Hofmann as head
of the chair until September 2019 followed by Prof. Dr. Corinna Dawid as acting

head of the chair.

The current SaliMed research project was kindly funded by the Federal Ministry
of Education and Research (BMBF; grant number 031B0349C). Besides my own
work during my PhD studies, the dissertation contains results provided by the
collaboration partners from HUB and UKF. HUB sent bark material and UKF

performed the bioactivity assays.



LIST OF PUBLICATIONS

LIST OF PUBLICATIONS

The thesis was partially published in the following articles and poster:

Chemoprofiling as Breeding Tool for Pharmaceutical Use of Salix.

Nadja Forster, Kyriaki Antoniadou, Matthias Zander, Sebastian Baur, Verena
Karolin Mittermeier-Kle3inger, Corinna Dawid, Christian Ulrichs, Inga Mewis.
2021. Front. Plant Sci. 12:579820. doi.org/10.3389/fpls.2021.579820

Comparative Anti-Inflammatory Effects of Salix Cortex Extracts and
Acetylsalicylic Acid in SARS-CoV-2 Peptide and LPS-Activated Human In
Vitro Systems.

Nguyen Phan Khoi Le, Corinna Herz, Jodo Victor Dutra Gomes, Nadja Forster,
Kyriaki Antoniadou, Verena Karolin Mittermeier-Kle3inger, Inga Mewis, Corinna
Dawid, Christian Ulrichs, Evelyn Lamy. 2021. Int. J. Mol. Sci. 22(13), 6766.
doi.org/10.3390/ijms22136766

Identification of Salicylates in Willow Bark (Salix Cortex) for Targeting
Peripheral Inflammation.

Kyriaki Antoniadou, Corinna Herz, Nguyen Phan Khoi Le, Verena Karolin
Mittermeier-KleRinger, Nadja Forster, Matthias Zander, Christian Ulrichs, Inga
Mewis, Thomas Hofmann, Corinna Dawid, Evelyn Lamy. 2021. Int. J. Mol. Sci.
22(20), 11138. doi.org/10.3390/ijjms222011138

Targeted Salix Chemoprofiling for Improved Medicinal Potential of Willow
Bark.

Kyriaki Antoniadou, Corinna Herz, Evelyn Lamy, Nadja Forster, Inga Mewis,
Christian Ulrichs, Matthias Zander, Nicole Mahler, Philipp Peterburs, Corinna
Dawid. 2020. Wiley 74 (S1), S1-013-S1-013. 71t regional conference
(Regionalverbandstagung) Bayern, 9" and 10" of March 2020 in Wirzburg.
doi.org/10.1002/lemi.202051013



CONTENT

CONTENT

ACKNOWLEDGMENTS ...ttt sssssasasssesssssssnnnnsnnnnes I
PRELIMINARY REMARK ... .o I
LIST OF PUBLICATIONS. ..ottt et e e e e e v
L0 1\ I = N P \%
ABBREVIATION INDEX .. .coi et e e e e e e e VIII
L INTRODUCTION. ...t e e e e e e e e e e e e e e eaneeeeaas 1
7= 1t I o =Y o U PSR 1
1.2 Environmental applications of SaliX L..............uvieiiiiieiiiiiiiiiiiie e, 3
1.3 Pharmaceutical application of acetylsalicylic acid vs. Salix L. ...................... 5

1.3.1 AcetylsaliCyliC @Cid .........ccovviiiiiiiiiiiiiiiiiieeeeeeeeee e 6

1.3.2 Salix L. as medicinal product ............ccoovviiiiiiiiiiie e 8
1.4 Salicaceae COMPOUNTS .......iiieeeiiiiieiiici e e e et e e e e e e e e e e e eeannes 12

1.4.1 Salix phytochemiCals ............oooiiiiiiiiii e, 14

1.4.2 Biosynthesis of salicylates ............cccooeieeeiiiiiiiiiii e, 18
2 AIMS OF THE PROJECT ..ottt 23
3 RESULTS AND DISCUSSION ....coiiiiiiiiiiiiiiiiiiieeeeeeeeeeeeeeeeeeeeeeeeeeee e 25
3.1 Untargeted chemoprofiling of 92 Salix genotypes........cccccvvvevvveiiviiieeeeennn. 25
3.2 Preselection of Salix genotype candidates and bioactivity ......................... 32
3.3 Activity-guided extraction and fractionation of S. pentandra (PE1) ............ 34

3.3.1 Sequential solvent extraction of S. pentandra (PEL)..............ccccuvvvennnee 34

3.3.2 Solid-phase extraction of methanol extract...........cccccooeevviiiiiiiiiiiinnennnn, 36

3.4 Detection of possible salicylates in S. pentandra by precursor ion scan and

information-dependent acquisition eXperimentS.........cccoeveeveiiiiieeiiiii e 38
3.4.1 Precursor ion (PI) scan of S. pentandra extracts .............cccceeevvvvvvnnnnnn. 39
3.4.2 Information-dependent acquisition (IDA) experiment of S. pentandra
EXITACTS ..ot e e e 42

3.5 Isolation and identification of S. pentandra phytochemicals....................... 45
3.5.1 SPE fraction F5: subfractionation and compound identification ........... 45

\%



CONTENT

3.5.2 SPE fraction F6: subfractionation and compound identification............ 59
3.5.3 SPE fraction F7: subfractionation and compound isolation .................. 69
3.5.4 Determination of monosaccharide configuration in target metabolites . 81
3.5.5 Determination of S/R absolute configuration of target metabolites....... 82
3.5.6 DISCUSSION ...ttt nnnsnnnnes 84
3.6 Bioactivity of Salix phytochemicals ... 90
3.7 Quantitative analysis of Salix phytochemicals ..............ccccccciiiiiiiiiiiiiiinnnes 95
3.7.1 Method development and validation..............ccceevviiiiiii e, 95
3.7.2 Quantitation of salicylates in Salix bark.............ccccccoiiiiis 99
S.7.3 DISCUSSION ...ttt snnnnnnes 104
4 EXPERIMENTAL SECTION....coii it 109
4.1 Materials and reagentsS ..........ciiieeeiiiiiiicee e 109
4.1.1 Salix genotype COECHION ........ccceiiiiiiiiie e 109
4.1.2 Chemicals and reagentsS.........ccooeeeeeieeeeeeeeeeeee e 114
4.1.3 CONSUMADIES ... 116
4.1.4 Materials and JEVICES........cuveieiiiiiieiiiiie e 116
4.1.5 Software and iNterNet r@SOUICES..........ciiieeeiieeeeiiiiie e e e 117
4.2 Untargeted chemoprofiling........coooeoveieeeiiiiieeeeeeee e 118
4.3 Salix bark powder preparation ...............ceiiiiieeiiiieeice e 120
4.4 |1solation of Salix phytochemicalS...........cccoceeeiiii, 121
4.4.1 Sequential solvent extraction.............cooooveoeieie 121
4.4.2 Pre-fractionation of phytochemicals from Salix methanol extract by
SOlid-phase eXtraCtion ..........coooeiiii i 122
4.4.3 Verification of chemical composition of Salix extracts and SPE fractions
.................................................................................................................... 122
4.4.4 Subfractionation of SPE fraction F5 ..., 124
4.4.5 Subfractionation of SPE fraction F6 ..., 129
4.4.6 Subfractionation of SPE fraction F7 ..., 132
4.5 High-performance liquid chromatography (HPLC) system........................ 134
4.6 Sugar moiety determiNatioN...........ovieiiiiiiiieeeeie e e 135
4.7 Quantitation of phytochemicals in Salix by LC-MS/MS..........ccccccceeeieeenn. 137
4.7.1 SamPle Preparation ..........ccoeee oo 137
4.7.2 LC-MS/MS @NaAlYSIS.....cceuuiiiiiiiiiie et 137
4.8 Detection of potential additional salicylates in SaliX.............ccccvvvviinnnnnn. 141
VS T R o =Tt U €Yo T gl o] IR or= 1 o [ 141
4.8.2 Information dependent acquisition (IDA) ..., 142
4.8.3 Rapid screening for polyphenols and salicylates................cccooeeeee. 144

VI



CONTENT

4.9 Spectroscopic methods and deviCesS.........ccccovviiiiiiiiiiiii e, 145
4.9.1 Ultraviolet-visible spectroscopy (UV-VIS) ......ccoovriiiiiiiiiiiiiieeeeiiiinnn 145
4.9.2 Liquid chromatography-mass spectrometry (LC-MS)...........ccccvvvvnenn. 145
4.9.3 Determination of the absolute S/R configuration by CD-spectroscopy148
4.9.4 Nuclear magnetic resonance spectroscopy (NMR)...........cccevvvvvvvnnnnn. 148

4.10 Acetalization reaction of fraction F7-4 .............uuvviiiiiiiiiiiiiiiiiiiiiiiiiiinnnnns 151

4.11 BiOACHVItY STUIES.. ..ot i ie e e e e e 152
4.11.1 Determination of the anti-inflammatory potential by THP-1/macrophage
MOAEL ... 152
4.11.2 Isolation of human peripheral blood mononuclear cells (PBMC)...... 152
4.11.3 Sample preparation and exposure to PBMC...........cccoooeeeevvvveiiinnnnnn. 153
4.11.4 Determination of COX-1/-2 activity inhibition: quantification of PGE2
release and ICs50-ValUBS ........cooveeeiiiiiiiiiiie e e e e e eeeeees 153

5 SUMM A R Lot e 155

6 REFERENCGES. ... ..o e e e e e 159

T APPENDIDX .. 173

VIl



ABBREVIATION INDEX

Ag

Mg
ML
UM
pmol/L

ARE
BEH

CE
1I3C-NMR
COSY
cum
CXP

Da

DAD
DMSO
DP

DW

e.g.
ELSD

et al.
ESI
FAB-MS
FW

H20
HCO:z2H
H-NMR
HDMS
HPLC
HSQC

ABBREVIATION INDEX

molar ellipticity

Microgram

Microliter

Micromolar

micromole per liter

Absorbance

antioxidant responsive element
ethylene bridged hybrid

collision energy

carbon-13 nuclear magnetic resonance
homonuclear (*H,'H) correlation spectroscopy
Cumulative

collision cell exit potential

Dalton

diode array detector

dimethyl sulfoxide

declustering potential

dry weight

exempli gratia

evaporative light scattering detector

et alii (and other)

electrospray ionization

fast atom bombardment mass spectrometry
fresh weight

Gram

hour(s)

Water

formic acid

proton nuclear magnetic resonance
high-definition mass spectrometry

high performance liquid chromatography

heteronuclear single quantum coherence spectroscopy

VIl



ABBREVIATION INDEX

ICAM-1

Inc.

kPa

LC
min
mL
mM
mQ H20
MRM
MS

N2

n/a
NCBI
n.d.
ng
NMR
n.o.
no.
Nrf2
NSAID

p.a.
PG
ppm
psi
rel.
rpm
RT

sec
SEM
Si

intercellular adhesion molecule-1
incorporation

Infrared

Kilopascal

Carolus Linnaeus

liquid chromatography

minute(s)

Milliliter

Millimolar

ultrapure water (milliQ)

multiple reaction monitoring

mass spectrometer/spectrometry
Nitrogen

not available

national center for biotechnology information
not determined

Nanogram

nuclear magnetic resonance spectroscopy
not obtained

Number

nuclear erythroid 2-related factor 2
nonsteroidal anti-inflammatory drug
Populus

pro analysis (high purity)
prostaglandin(s)

parts per million

pound-force per square inch
Relative

rounds per minute

room temperature

Salix

second(s)

scanning electron microscope

Silica



ABBREVIATION INDEX

SPE
spp.
SRP

ssp.

TIC
TNF-a
ToF

UuGT
UHPLC
UPLC
uv
UV/Vis

Var.
XIC

Symbols

m/z

°C

solid-phase extraction

species pluralis

short rotation plantation

Subspecies

Time

total ion chromatogram

tumor necrosis factor-alpha

time-of-flight

unit

uridine 5'-diphospho-glucuronosyltransferase
ultra-high-performance liquid chromatography
ultra-performance chromatography
ultraviolet light

ultra-violet visible

Volt

variety

extracted ion chromatogram

chemical shift [ppm]
mass-to-charge ratio
coupling constant [Hz]

wavelength [nm]

degree Celsius



1 INTRODUCTION

1 INTRODUCTION

1.1 Salix L. genus

The Salicaceae family contains the genera Populus and Salix (Woodson, Schery,
and D'Arcy 1978), with Salix being the largest of the family with about 450 species
worldwide (Lauron-Moreau et al. 2015, Argus 1997, Chen et al. 2010). In
particular, willows (Salix spp.) can be found all over the world, including Europe,
America, Africa, and Asia with a higher variety of species located in China (Argus
1997).

In the book “The willows of middle and north Europe” by Lautenschlager-Fleury
and Lautenschlager-Fleury (1994a), Salix species have been anatomically
identified and described, such as S. alba and S. fragilis growing as floodplain
forest trees, and S. elaeagnos, S.purpurea, S.triandra, S.viminalis, and
S. cinerea as bushes. Moreover, S. aurita, S. repens, and S. myrtilloides are
found between reed meadows and moor, and the small tree or bush S. pentandra
near wet land and mountainous areas (Lautenschlager-Fleury and
Lautenschlager-Fleury 1994a). For example, the bay-leaved S. pentandra plant
grows rapidly on nutrient-rich fields and banks (Ruuhola and Julkunen-Tiitto
2003), and has a dark grey stem, longitudinally cracked bark, and yellow to red-
brown and bald shoots, as characterized by Lautenschlager-Fleury and
Lautenschlager-Fleury (1994b) (Table 1). Moreover, S. pentandra species have
stored only low amount of water in the tissue and are cold-resistant (Junttila and
Kaurin 1990, Kacperska and Kulesza 1987).
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Figure 1: S. pentandra L. anatomy (modified from i-flora (n.d.)).

Salix species are dioecious (individuals with both sexes), zoophilous (mainly
entomophilous) and anemophilous due to their inflorescence (Hou et al. 2015,
Tollsten and Knudsen 1992), and can undergo cross-pollination, which results in
natural hybridization (Kuzovkina and Volk 2009, Doétterl et al. 2014). Furthermore,
Salicaceae plant pollination may be triggered also by wind, although this
technique is more common in Populus flowers (Faegri and Van Der Pijl 2013,
Woodson, Schery, and D'Arcy 1978).

Specifically, entomophily promotes pollination if volatile compounds of willow
plants are present attracting various insects, e.g. bees, flies, moths, beetles, and
butterflies (Fussel et al. 2007, Karrenberg, Kollmann, and Edwards 2002, Tollsten
and Knudsen 1992, Totland and Sottocornola 2001, Vroege and Stelleman
1990). Phenolic glucosides from willow leaves are attractive for herbivores,
providing stimulatory and inhibitory signals for food selection purposes
(Tahvanainen, Julkunen-Tiitto, and Kettunen 1985). For instance, Phratora
vitellinae L. larva have developed a defensive mechanism, surviving on the plants
due to the salicin (1, Figure 2) digestion and formation of the volatile
salicylaldehyde (2, Figure 2) by B-glucosidase in their glands, acting as a
repellent (Pasteels et al. 1983, Ruuhola 2001). Moreover, salicin hydrolysis
provides the larva with glucose, which is essential for larval growth and as energy
reservoir (Pasteels et al. 1983, Rowell-Rahier and Pasteels 1986). Volatile

aglycones, such as 2 and 6-hydroxycyclohexenone (3, Figure 2), are being

2



1 INTRODUCTION

released when plant material is damaged, acting as a repellent by producing even

more volatiles against insects (Paré and Tumlinson 1999, Reichardt et al. 1990).

OH

Figure 2. Chemical structures of salicin (1), salicylaldehyde (2), 6-
hydroxycyclohexenone (6-HCH, 3).

Thus, the relationship between Salicaceae plants and herbivores has shown that
salicylates may act as defensive or feeding phytochemicals for some herbivores,
however, also protect the plant itself from other insects (Ruuhola and Julkunen-
Tiitto 2000). This plant defensive mechanism has a positive impact on the
environmental (section 1.2) as well as pharmaceutical application (section 1.3) of

Salix.

1.2 Environmental applications of Salix L.

Salix species contribute positively to fuel and fiber production by implementing
environmental management, such as ecosystem restoration, phytoremediation,
bioengineering, and biomass production due to the rapid tree growth without any
need of soil condition optimization (Kuzovkina and Quigley 2005, Kuzovkina and
Volk 2009, Palo 1984, Stradkraba 1993). Furthermore, willow trees may even
provide protection of the soil, and water or wind erosion, because of their strong

root system (Hathaway and Penny 1975).

The fast-growing potential of Salix hardwoods has the advantage of using the
woody part for renewable energy production, due to a higher biomass vyield

compared to Populus plants, and thus utilizing the plants for sustainable short-

3
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rotation coppice (SRC) plantations (Aylott et al. 2008, Karp 2014, Lindegaard and
Barker 1997, DuSek and Kvét 2006). During the 20 year coppice cycle, the plant
material is harvested, which can re-sprout, produce shoots, and after one to five
years the stem can be chopped all over again (Fenning 2013, European Biomass
Industry Association n.d.). The stem height and diameter, wood density, and bark
concentration are important characteristics in order to acquire an increased
biomass production (Kuzovkina and Volk 2009). The harvested biomass can be
used in the heat and power production by converting wood chemical energy into
renewable thermal energy (Table 3; Fellin et al. (2016)). Thus, in order to
effectively produce energy, woody core (heartwood) is the preferred option
compared to bark, due to a higher heating value preventing ash by-product and
pollutant formation (Nosek, Holubcik, and Jandacka 2016, Shin 2014).

COMBINED BIOMASS PRODUCTION AND WASTEWATER
PURIFICATION AS AN INTEGRATED LAND-USE SYSTEM

—r ] ."i‘rii
=T = - - g . £ ol o T_. r.
B o 7 i : WASTEWATER AND SEWAGE SLUDGE
W RPN wasTowateR ang

SLUDGE AND WASTEWATER
APPLICATION TO SRP

HEAT & POWER PLANT

WOODCHIPS

Figure 3: Short-rotation plantation (SRP) combining wastewater treatment with
biomass production for energy production (acquired from European Biomass
Industry Association (n.d.)).

Besides the important positive impact on the environment and ecosystem, it has
to be ensured that Salix phytopharmaceutical production and food consumption
4
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is safe and low in contaminants. For example, intense research showed that the
concentration of the heavy metal cadmium was lower in the topsoil of SRC fields
treated with or without sludge and/or ash than in the conventional annual crop of
reference fields, whereas the chemical elements chromium, copper, nickel, lead,
and zinc were contained in the same amounts in both fields (Dimitriou et al. 2012,
Syc et al. 2012). These analytes were investigated in Salix and other plants in
order to highlight the need of further analysis of herbal medicinal drugs before
consumption, ensuring limited amounts of heavy metals (Zeiner and Cindri¢
2017). In a positive manner, accumulated contaminants in the plant system can
be disposed by thermal processes, for example through a fluidized bed
incineration (Syc et al. 2012). Nevertheless, Mleczek et al. (2009) have

postulated that Salix is not highly accumulative on heavy metals.

1.3 Pharmaceutical application of acetylsalicylic
acid vs. Salix L.

Willows were used against inflammatory rheumatic disease, musculoskeletal joint
pain, and fever since ancient times (Jack 1997, Mahdi 2010). Stone (1763)
reported first clinical trials using the bitter tasting white willow bark, which
successfully cured agues (malaria fever), however, its medicinal effect was never

mentioned in any botanical book ever since then (Stone 1763, Vane 2000).

Later, in the 19t century, an antipyretic willow bark compound named “salicina”
(salicin) was extracted from S. alba for the first time by two Italian pharmacists,
Bartolommeo Rigatelli and Francesco Fontana (Marson and Pasero 2006, 2008,
Rigatelli 1824). Piria (1838) converted salicin to D-glucose and saligenin by
hydrolysis, and then to salicylic acid by oxidation for the first time in the 19"
century (Figure 4). Later in the 1870s, patients with acute rheumatism were
treated and cured with salicin (Maclagan 1876). In sections 1.3.1 and 1.3.2 it will
be discussed in detail how the herbal medicinal plant heals inflammation and how

acetylsalicylic acid (Aspirin®) was developed.
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OH
0
HO hydrolysis HO
—_
“on
OH OH
salicin D-glucose
+
0 OH OH
HO HO
oxidation
-
salicylic acid saligenin

Figure 4: Salicin acid hydrolysis followed by oxidation of saligenin into salicylic
acid (Klessig, Tian, and Choi 2016).

1.3.1 Acetylsalicylic acid

In the 19" century, salicin as a single compound had lost popularity due to
gastritis side effect (Desborough and Keeling 2017), and salicylic acid was found
to lead to irritations of the upper gastrointestinal tract, nausea, or tinnitus, which
resulted in the development and production of an acetylated form of salicylic acid
(acetylsalicylic acid), commercially named Aspirin® (Figure 5; Dempsey and
Klessig (2017), Mahdi (2010), Sneader (2000)).

0 OH 0 OH
Ho o o] o]
)’I\ )I\ i \H/O )J\
+ —_ +
0 OH
0
salicylic acid acetic anhydride acetylsalicylic acid  acetic acid

Figure 5: Acetylation reaction of salicylic acid into acetylsalicylic acid (Huremovic
et al. 2016).
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Acetylsalicylic acid has been investigated showing antithrombotic properties
(Smith and Willis 1971) as well as preventive and anti-inflammatory effects
against cardiovascular disease, colorectal cancer, and Alzheimer's disease
(Ridker et al. 1997, Bosetti, Gallus, and La Vecchia 2002, Stewart et al. 1997).

Plasma membranes consist of phospholipids releasing arachidonic acid, a
polyunsaturated fatty acid, which is responsible for the synthesis of
prostaglandins by two cyclooxygenase isozymes (COX-1/COX-2; Figure 6;
Ricciotti and FitzGerald (2011)). COX-1-derived prostaglandins can regulate
homeostasis of the gastrointestinal tract and renal system (Morteau 2000, Vane
and Botting 2003). However, upregulation of prostaglandins or disruption of
homeostasis can lead to inflammation (e.g. rheumatoid- and osteoarthritis, fever,
and pain; Adelizzi (1999), Vane and Botting (2003)). Thus, nonsteroidal anti-
inflammatory drug (NSAID) Aspirin® can be administered, expressing a dose-
dependent anionic drug character (Sheetz and Singer 1974, Sun et al. 2008) and
inactivating irreversibly COX-1 activity by acetylating serine 530 of the
prostaglandin-Hz synthase, and acetylating COX-2 by releasing 15R-hydroxy-
eicosatetraenoic acid through enzymatic catalysis, which can act against platelet
aggregation (Bala et al. 2008, Giménez-Bastida et al. 2019, Loll, Picot, and
Garavito 1995).

arachidonic acid
— — COOH

aspirin X . COX-1 COX-2- X aspirin NSAIDs
NSAIDs COX-2 antagonists

H AN

A&
O N
" ﬁ[ K/ PGH,
/ ’ I ) \\
PGD, PGE, PGF,, TXA,

PGL,

sleep, allodynia pain pain muscle contraction  prothrombotic
anti-thrombotic

Figure 6: Synthesis of the prostaglandin PGH2 by the COX-1 and COX-2
enzymes and production of metabolites, such as further prostaglandins (PG) and
thromboxane (TX), and their contribution to sleep, allodynia, pain, anti-thrombotic
and prothrombotic reactions, and muscle contraction (adopted from Wood
(2015)).
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However, COX-1 is an important enzyme for the generation of prostaglandins
involved in various physiological functions, e.g. vascular homeostasis, gastric
function, platelet activity renal function (Kam and See 2000). However, its action
may be suppressed together with COX-2 by Aspirin®, leading to various side
effects, such as gastrointestinal symptoms, mucosal damages and stomach
ulcerations or even gastrointestinal bleeding if used for a longer period of time
(Hawkey 2001, Huang et al. 2011, Flower 2003).

Nevertheless, comparative analysis of acetylsalicylic acid (Aspirin®) and Salix
extracts conducted by Shara and Stohs (2015) showed less side effects of the
plant based extract. Therefore, Salix as herbal medicinal plant was discussed

further in section 1.3.2.

1.3.2 Salix L. as medicinal product

Standardized extract of willow bark (24% salicin) has a higher anti-inflammatory
effect in comparison to acetylsalicylic acid as shown in an in vivo air pouch rat
model (Khayyal et al. 2005). Thus, the advantages of Salix for medicinal purposes

were described further.

In vitro tests by Fiebich and Appel (2003) exhibited the suppressive potential of
bark extract against cytokines and prostaglandin Ez. Further, binding affinity
studies investigating the docking score, which is used in drug development to
analyze the interaction of the drugs with the relevant target, suggested that the
anti-inflammatory potential may be triggered by the binding of the hydroxyl groups
of salicin (-9.966 docking score) to COX-2, which docking score is higher than
that of acetylsalicylic acid (-5.412 docking score) (Mahdi 2014). In particular,
previous literature has already described some bioactive compounds

(section 1.4), which can influence the bioactivity of Salix.

For the phytopharmaceutical production, Salix bark extracts are of high interest,
making the plant breeding potential purposeful in relation to the bioenergy
production, and compound isolation and analysis (Bubner et al. 2018). To obtain
high concentrations of phenolic glucosides, such as salicylates, contained in Salix
bark, it is important to examine various parameters, such as species, clone

selection, and harvest time, which can influence the compound concentration in
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the bark (Bubner et al. 2018, Fdrster et al. 2008). Thus, scaling up the extraction
of natural plant compounds can have a prospective impact in pharmaceutical
companies by producing herbal medicinal drugs (Ahmed et al. 2011, Forster et
al. 2008).

Salicylates in willow bark may be administered orally, which follows absorption
and hydrolysis of the compounds into salicin and further into saligenin, which is
converted into salicylic acid upon oxidation (Figure 4) in the blood and liver
(European Medicines Agency 2017b). Even though compounds, such as
salicylates, flavonoids, and polyphenols are contained in the willow bark and may
show anti-inflammatory effects, Salix extract as herbal medicinal product is
standardized to salicin (Shara and Stohs 2015). In vitro studies using Salix
against cytokine and PGE: release level, indicated that salicin and salicylic acid,
contained in the plant, are not the only key compounds possessing an anti-

inflammatory potential (Fiebich and Appel 2003).

In accordance to that, Knuth et al. (2011) performed additional in vitro
experiments detecting catechol as the main bioactive metabolite derived from
salicortin contained in willow bark extract which could explain the anti-
inflammatory potential of salicylates after absorption and metabolization, in
contrast to salicylic acid, saligenin, and salicin showing reduced or no bioactivity.
Later in vivo studies on humans and rats, revealed that catechol sulphate is a
main phase-Il metabolite (Knuth et al. 2013). Indeed, it has been reviewed that
catechol holding anti-inflammatory properties and acting neuroprotective, was
stimulated by lipopolysaccharides (LPS) and showed reduction of cytokine and
nitric oxide levels (Zheng et al. 2008). Previous reports by Ruuhola, Julkunen-
Tiitto, and Vainiotalo (2003) on salicortin degradation revealed that salicylate
hydrolysis in presence of alkaline conditions or esterases produces salicin and
2-hydroxy-3-cyclohexenone (2-HCH), which thereafter form saligenin by the
action of B-glucosidase, and then catechol and o-quinone through oxidation,

respectively.

Pharmacokinetics of salicin have shown that after oral administration and
metabolization, salicylic acid was available in serum in the highest amounts (peak
serum level: 1.2 mg/L) besides salicyluric acid and gentisic acid (Schmid, Kotter,

and Heide 2001). However, additional human studies performed by Knuth et al.
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(2013) could not detect salicyluric acid and gentisic acid in serum samples. In the
same human studies, it has been proposed that salicylate metabolites, such as
catechol and its conjugates, as well as salicylic acid, may play an important role

in the anti-inflammatory potential of Salix bark extract (Knuth et al. 2013).

Further, research on the neuroprotective activity of salicylates, which structures
were determined by 2D-NMR, was conducted using methanol extract (80%) of
S. glandulosa twigs (Kim et al. 2015). Activity-guided fractionation showed that
cochinchiside A (4), comprising a benzoyl group at position C3’, had the highest
neuroprotective bioactivity in comparison to acetylsalicortin (5), salicin (1), and
tremulacin (6) (Figure 7), which consists of a benzoyl group at position C2’ (Kim
et al. 2015). Comparison between salicortin (7, Figure 7) and three acetylated
compounds, 2’-O-, 3’-O-, and 6’-O-acetylsalicortin showed that non-acetylated 7
had the highest anti-inflammatory effect against nitric oxide with high neutrophine
production (Kim et al. 2015). Similarly, inhibition of LPS-induced nitric oxide was
the highest using 7 with an absent acetyl group among all tested compounds (Kim
et al. 2015).

Figure 7: Chemical structures of salicin (1), cochinchiside A (4), 2’-O-
acetylsalicortin (5), tremulacin (6), and salicortin (7).

10



1 INTRODUCTION

Additionally, methanol extracts of leaves from S. mucronate were also analyzed
upon their structure-activity relationship by Dissanayake et al. (2017), showing
that 6, 7, 5, and 1 act against lipidperoxidation (LPO; 56-86% at 5 pg/mL) and
COX enzymes (22-75% at 25 pg/mL), with 5 being more antioxidative and 6 more
anti-inflammatory in contrast to the other examined salicylates. Particularly, 1
showed the lowest activity among the four analyzed compounds (Dissanayake et
al. 2017). For another salicylate, salidroside, neuropharmacological effects have
been suggested in in vitro and in vivo experiments, showing bioactive properties
against Alzheimer’s, Parkinson’s, and Huntington’s disease, and depression,

anxiety, stroke, traumatic brain injury, and epilepsy (Zhong et al. 2018).

Overall, previous studies showed that herbal anti-inflammatory products have a
higher efficacy than placebo in treating rheumatic diseases, such as arthritis and
back pain (Ernst and Chrubasik 2000). Specifically, 1,360 mg/day Salix bark
intake in a duration of two weeks, showed relief against osteoarthritis (Schmid et
al. 1998). In other studies, S. alba bark administration showed cure against low
back pain (Chrubasik et al. 2000, Gagnier et al. 2007).

Besides the medicinal properties of willow bark, there are also applications in
food supplement development, for instance, for sports performance or weight
loss (Matyjaszczyk 2018). On the other side, Salix bark extract has been
recognized as an active substance, which is an approved fungicide in
arboriculture and viticulture (European Community (EC) No. 1107/2009; Deniau
et al. (2019)).

Furthermore, pharmaceuticals need to be approved in order to be sold on the
market. Approvals of herbal medicine, such as willow bark, is being done by the
Committee on Herbal Medicinal Products (HMPC) part of the European
Medicines Agency (EMA). The EMA has provided information regarding the use
of Salix as herbal medicinal drug, and according to the HMPC it is safe and
efficient as a medicinal product, having been used and being on the market for
many years. Approval of Salix bark, belonging to the analgesics and antipyretics,
must be submitted to the national authorities in any case of drug production
according to the EMA. Particularly, in the herbal monograph of the European
Union published by the EMA in 2017, whole or fragmented dried Salix bark is

described as a “herbal medicinal product” in order to cure temporarily low back
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pain, and as “traditional herbal medicinal product” against minor articular pain,
fever with cold, and headache for long time use (European Medicines Agency
2017Db). An orally administrated dosage of 393-1,572 mg/day of Salix bark, taken
no longer than four weeks is recommended for analgesic and antipyretic effects,
however, the corresponding content of 1 in Salix should not exceed 240 mg/day

(European Medicines Agency 2017b).

In a risk assessment by the European Food Safety Authority (EFSA), it has been
postulated that heavy metals (e.g. cadmium) and salicylate allergies may be
taken under consideration when consuming willow bark (Matyjaszczyk 2018). For
instance, cadmium can be toxic for kidney and bones if consumed in excess, thus
the EFSA suggests a limited allowed concentration of 2.5 pg/kg body weight of
weekly intake (Matyjaszczyk 2018). This limit has been published after
toxicological studies by the Joint FAO/WHO Expert Committee on Food Additives
(JECFA) in 2010 and the Panel on Contaminants in the Food Chain of the
European Food Safety Authority (CONTAM Panel), which is valid until today
(Matyjaszczyk 2018). However, further toxicological studies upon Salix as herbal
medical product are needed. Moreover, the accountability of salicylates from
Salix bark possessing pharmacological properties needs further investigation
according to a review by the United states Pharmacopeia (USP) published in
2019 (Oketch-Rabah et al. 2019).

1.4 Salicaceae compounds

Salix extracts have an economic impact in the food, nutraceutical,
pharmaceutical, and cosmetic industry, besides their use in bioenergy production
and other environmental applications (Ramos et al. 2019). A lot of studies over
the years have focused on the pharmaceutical potential of S. alba, however, there
are many more Salix species and crosses which need to be analyzed further
(Karp 2014). In addition to some objective usages of the woody plant in Stone
Age, the medicinal effects were widely known in the past, such as for treating
osteoarthritis or dental decay (Reinhard, Hamilton, and Hevly 1991, Kuzovkina
and Quigley 2005).

As described in section 1.3.2, willow bark is highly effective for use in herbal drug

production. The inner and outer Salix bark compartments are different upon their
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phytochemical composition, e.g. there is a higher content of ash extracts and
polysaccharides in the inner bark, and lignin and phenolic compounds in the outer
bark (Dou et al. 2016, Sjostrom 1981). Compounds like waxes, fatty acids,
terpenes, flavonoids, and lignans are higher concentrated in the willow bark,
which also contains condensed tannins and suberin in comparison to heartwood
content (Dou et al. 2016, Hon and Shiraishi 2000). Further, it is suggested that
flavonoid biosynthesis starts in the cambium of the willow stem (Figure 8) and the

cork cambium, from where single natural compounds are transported to the

heartwood and outer bark, respectively (Hergert and Goldschmid 1958, Todd and
Robinson 1956).

Figure 8: Willow bark morphology depicted in SEM images showing the (A) cross
section of a willow stem (Xy: xylem, ib: inner bark, ob: outer bark, c: cambium),
and (B) several bast cells forming a single sclerenchyma bundle (modified from
Dou et al. (2016)).

After comparison of various Salix species and their compound composition, it was
assumed that the phytochemicals differ between plant tissues and species
(Julkunen-Tiitto 1985a). Thus, plant secondary metabolites could be found in high
amounts in the Salicaceae family, which act against pathogens and play an
important role as effective signal compounds (Pei and McCracken 2005).
Moreover, female willow plants are producing seeds and the male pollen, and
both expressing different compound composition (Lloyd and Webb 1977, Hou et
al. 2017). The different phytochemicals and their content depends also on the
plant genetics and soil fertilization, as well as on environmental factors (Bryant,
Reichardt, and Clausen 1992, Nichols-Orians, Fritz, and Clausen 1993, Orians

et al. 2003).
13
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1.4.1 Salix phytochemicals

In the current section, phytochemicals identified in Salicaceae plants will be
reviewed, which are also the focus of the present work and have been reported
to have potential pharmacological properties. In the study of Pearl and Darling
(1968) the P. balsamifera tree was analyzed, belonging to the Salicaceae family
and showing a diversity of compounds and higher concentrations of salicin (1) in
the twig bark (0.33%) than in the trunk bark (0.05%). Further investigation of three
salicylates in clones of S. myrsinifolia twigs showed high abundance of salicortin
(mean 9.98 mg/g DW; 7, Figure 9), followed by HCH-salicortin (mean 3.81 mg/g
DW, 8) and 1 (mean 1.74 mg/g DW) (Heiska et al. 2007). Previous gas
chromatographic analysis of methanol (50%) extracts of leaves of the same
species, also detected 1 and 7 (Figure 9; Julkunen-Tiitto (1985b)). In general,
phenolic and alcohol groups of compounds belonging to the Salicaceae plants

are commonly attached to the O-glycoside moiety (Julkunen-Tiitto 1985a).

Furthermore, Tahvanainen, Julkunen-Tiitto, and Kettunen (1985) analyzed
leaves from eight willow species, showing that among them, S. nigricans
(51.106 mg/g DW), S. dasyclados (12.112 mg/g DW), S. triandra (7.845 mg/g
DW), and S. cv. aquatica (7.825 mg/g DW) had the highest phenolic glucoside
(2, 7, fragilin (9, Figure 9), triandrin, salidroside, picein, and unknowns)
concentrations, followed by S. pentandra (7.559 mg/g DW), S. phylicifolia
(1.792 mg/g DW), S. caprea (1.221 mg/g DW) and S. viminalis (1.527 mg/g DW)
with lower amounts. Salix leaves from various species were examined also by
Binns, Blunden, and Woods (1968) using the two-way thin-layer chromatography
(TLC) method. Particularly, S. pentandra var. Lumley contained besides cyanidin,
also 1, 7, salidroside, 9, tremuloidin, vimalin, and grandidentatin, however, the
identification of triandrin and populin was uncertain (Binns, Blunden, and Woods
1968). Later, leaves of the same species were analyzed once again, containing
(non-)acetylated salicylates, such as 1, 7, diglucoside salicin (10), 2’-O-acetyl-
salicin (11), 2’-O-acetylsalicortin (5), lasiandrin (13), 2’,6’-O-diacetylsalicortin
(12), tremulacin (6) (Figure 9), and a salicortin derivative (named salicortin-2),
which were confirmed by HPLC/API-ES (atmospheric pressure ionization-
electrospray) mass spectrometer in the positive ionization mode (Ruuhola and
Julkunen-Tiitto 2003, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003).
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Moreover, with the same technique, salicylates 1, 6, 7, and tremuloidin, as well
as flavanones like naringenin-7-glucoside (prunin), and eriodictyol-7-glucoside,
flavones such as apigenin-7-glucoside, luteolin, and three luteolin-glucosides
were identified in the methanol extract of S. purpurea leaves (Julkunen-Tiitto and
Sorsa 2001). For the salicylates, like 6, 7, and 8 isolated from
P. trichocarpa x deltoides Beaupré leaves there was additional data available
confirming their absolute configuration by circular dichroism (CD) spectroscopy
and NMR (Feistel et al. 2015). Despite the identification of 8 in Populus species,
such as in P. tremula (Keefover-Ring et al. 2014), there is no NMR data available.

In P.tremula leaves, compounds like 2’-O-cinnamoylsalicortin, 5, 11,
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acetyltremulacin, and salicyloylsalicin could be detected by means of UHPLC-
ToF-MS (ESI) (Abreu et al. 2011, Keefover-Ring, Carlsson, and Albrectsen
2014). Acetyltremulacin extracted with 50% methanol from leaves of
S. pentandra, was also tentatively detected by means of HPLC/API-ES mass

spectrometry (Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003).

Additionally, 5, 11, and 13 were found in leaves and twigs of S. lasiandra, and
structure determination was performed by NMR (Reichardt et al. 1992).
Moreover, compound 9 was postulated for the first time in the bark of S. fragilis
(Thieme 1964). Later, Thieme (1971), Tahvanainen, Julkunen-Tiitto, and
Kettunen (1985), and Julkunen-Tiitto (1985a) detected salidroside in the same
plant, which is suggested that it provides plant resistance.

Further analysis applying spectroscopic techniques for their detection, e.g. UV,
IR, FAB-MS, and NMR showed that bark of S. pentandra contains salicylates,
like 1, 7, 11, and 5, and flavonoids, such as grandidentatin, triandrin, and
ampelopsin (Shao et al. 1989). Quantitative analysis has been performed on
three different Salix clones, showing high amounts of 7 in S. purpurea and
S. daphnoides, and of 5 in S. pentandra among various other available
compounds (Forster et al. 2009). Investigations using mass spectrometry and
NMR analysis, showed that the compound purpurein was available in S. purpurea
bark material (Pearl and Darling 1970b). Additionally, populoside, salireposide,
grandidentoside, and grandidentatin were isolated from P. grandidentata bark
and identified by Erickson, Pearl, and Darling (1970). In the same year Pearl and
Darling (1970a) postulated compounds, such as 1, 7, salicyloylsalicin,
salicyloylsalicin-2-benzoate, salireposide, naringenin, purpurein, (+)-catechin,
isoquercitrin, naringenin, naringenin-5-B-D-glucoside, and isosalipurposide,
which were isolated from ethanolic extract of S. purpurea bark through

fractionation on a polyamide column and were characterized by TLC.

Kammerer et al. (2005) investigated S. daphnoides methanol bark extract,
applying triple quadrupole mass spectrometry (ESI negative) and phytochemical
identification of saligenin, salicylic acid, 1, isosalicin, picein, salidroside, triandrin,
salicoylsalicin, 7, isosalipurposide, salipurposide, naringenin-7-O-glucoside
(prunin), and 6 was performed by comparison to reference compounds. Further,
from S. koriyanagi stem, salicin-7-sulfate was purified by means of HPLC

equipped with a Cis column and was identified by means of LC-MS and NMR
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techniques (Noleto-Dias et al. 2018). Moreover, an anti-adipogenic ethyl acetate
fraction was isolated from a methanol (80%) extract of S. pseudo-lasiogyne twig
resulting in the identification of 5, 12, 3’-O-acetylsalicortin, 6’-O-acetylsalicortin,
and 7, and in the detection of also non-adipogenic compounds, like 3’-O-
acetylsalicin, 11, 1, 2’-O-(E)-coumaroylsalicortin, grandidentatin, and saligenin by
means of NMR (Lee et al. 2013, Yang et al. 2013). Other studies were employed
on ethanolic (70%) extract of S. alba bark, tentatively identifying several
compounds, such as salicylic acid, 1, salidroside, saligenin, tremuloidin,
salicoylsalicin, 6, and 7, by means of UHPLC-ESI- mass spectrometry (Maistro et
al. 2019).

Further, compound variety and concentration was investigated in respect to the
seasonal Salix plant growth. General observations done by Foérster et al. (2009),
showed a total salicylate content increase of 32.5, 72.2, and 72.5% in
S. pentandra, S. daphnoides, and S. purpurea, respectively, through the months
August to October. However, specifically for S. pentandra, 11 and 5 content
reduced throughout March to June, whereas the concentration of 5 increased
from June to July, and high contents of 1 and 7 were detectable between March
and June, but 7 was less available during the months of June and July (Férster
et al. 2008).

However, even though many phytochemicals were detected in Salix species and
clones, there is still need for further structure elucidation by means of 1D/2D-
NMR experiments, and identification of unknown and novel compounds in the
plants with medicinal properties. Moreover, most compounds in the literature
have been identified merely by means of LC-MS analysis and studies have hardly
provided any valuable bioactivity results of the phytochemicals. An overview of
previously described salicylates in Salicaceae plants is shown in Table 1 and

some of their representative chemical structures are depicted in Figure 9.
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Table 1: Overview of salicylates extracted from Salix and Populus plants and
identified by LC-MS and/or NMR analysis.

salicylates related literature

salicin (1)

3’-O-acetylsalicortin Kim et al. (2015), Yang et al. (2013)

6’-O-acetylsalicortin

salicortin (7) Feistel et al. (2015), Kim et al. (2015), Reichardt et

al. (1992)

2’-O-acetylsal!cm (11) Kim et al. (2015), Reichardt et al. (1992), Yang et al.

2’-O-acetylsalicortin (5) (2013)

fragilin (6’-O-acetylsalicin, 9)

lasiandrin (13) Reichardt et al. (1992), Ruuhola and Julkunen-Tiitto
(2003)

tremulacin (6)

HCH-salicortin (8) Feistel et al. (2015)

tremuloidin Kim et al. (2015)

populin ,

(salicin-6'-benzoate) Kumari, Upadhyay, and Khosla (2016)
2’-O-cinnamoyl-salicortin Keefover-Ring et al. (2014), Yang et al. (2013)
salicin-7-sulfate Noleto-Dias et al. (2018)
2’,6’-O-diacetylsalicortin (12) Yang et al. (2013)

1.4.2 Biosynthesis of salicylates

Salicylates have been previously described as salicylic acid salts and esters by
Ekinci, Sentirk, and Kuifrevioglu (2011), which are mainly known as phenolic
glucosides. Even though the term salicylates is mentioned as such in some
publications, there are also others that use the word ‘salicinoids’ to describe this
group of phenolic glucosides highly abundant in Salicaceae plants (Feistel et al.
2018, Haikio et al. 2009, Keefover-Ring et al. 2014). Further, the term ‘salicylates’
has been used by Feistel et al. (2018), referring to salicyl alcohol (saligenin)

derivatives.

There are various biosynthetic pathways of salicylates discussed in the literature.
According to Ruuhola (2001), salicylate metabolization of salicin ester
compounds, such as tremuloidin, tremulacin (6), salicortin (7), 2’-O-
acetylsalicortin (5), 2’-O-acetylsalicin (11), and diglucoside salicin (10) revealed

salicin (1) as the main precursor and degradation product (Figure 10).
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Figure 10: Salicylate metabolic grid (modified from Ruuhola (2001)). Salicin (1)
is the main precursor or degradation compound of tremuloidin, tremulacin (6),
salicortin (7), 2’-O-acetylsalicortin (5), 2’-O-acetylsalicin (11), and diglucoside
salicin (10).

These salicylates are formed through the shikimate and phenylalanine or
isochorismate biosynthetic pathway (Figure 11; Lefevere, Bauters, and Gheysen
(2020), Ruuhola and Julkunen-Tiitto (2000)). According to this pathway, 1 is
synthesized in Populus and Salix plants through deamination, ortho-
hydroxylation, B-oxidation, C2 unit elimination and glycosylation (Figure 11;
Mahdi (2014)). Salicylates have the potential to be soluble in water and thus
allowing their storage in plant cell vacuoles, which provides them with natural

protection against esterases and -glucosidases (Ruuhola 2001).
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Furthermore, 1 is suggested as a possible precursor of some known salicylates
(Babst, Harding, and Tsai 2010, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003).
This compound can bind to sugar moieties and organic acids forming further
salicylate compounds, such as the acetyl or 1-hydroxy-6-oxo-2-cyclohexene-1-
carboxylic acid (HCH; 14; Figure 12) residues, which is a precursor of o-quinone
(16, Figure 12) (Feistel 2018, Feistel et al. 2018).

In addition, the term ‘salicylates’ has been also used to describe salicylic acid
derivatives, like methyl salicylic acid (Klessig, Tian, and Choi 2016). However,
through radiolabeling experiments it has been shown that saligenin (15,
Figure 12) and 1 have been derived from o-coumaric acid and not from salicylic
acid, and even though 1 is produced by saligenin glycosylation, its direct
precursor is B-isosalicin (17, Figure 12) (Zenk 1967). This compound (17) has
been identified by means of HPLC-UV-MS/MS analysis in S. daphnoides,
however, it was not detectable in any other Salicaceae plant (Babst, Harding, and
Tsai 2010, Kammerer et al. 2005).

O
HO OH 0] OH
OH
O O
@/\0}4 & @/\O

14 15 16 17
Figure 12: Chemical structures of 1-hydroxy-6-oxo-2-cyclohexene-1-carbocylic
acid (HCH; 14), saligenin (15), o-quinone (16), and B-isosalicin (17).

However, the exact pathways leading to these compounds are still under
investigation (Figure 11; Fellenberg et al. (2020)). In particular, phenylalanine
ammonia-lyase converts L-phenylalanine, which was formed by the shikimate
pathway, into trans-cinnamic acid through deamination, and subsequent ortho-
hydroxylation forms o-coumaric acid (Figure 11A, Babst, Harding, and Tsai
(2010), Julkunen-Tiitto and Meier (1992)). Moreover, salicyloyl-CoA reduction
can form the intermediate salicylaldehyde, which is glycosylated and reduced

further into helicin (salicylic acid 8-D-glucoside) and 15, respectively, resulting in
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the production of 1, and finally 7 through HCH attachment (Babst, Harding, and
Tsai 2010, Zenk 1967).

Latest findings using CRISPR/Cas9 knockout experiments on Populus roots
showed that the UDP-glycosyltransferase UGT71L1 is responsible for the
salicylate biosynthesis using salicyl benzoate as an intermediate and forming e.g.
6, 7 or tremuloidin (Fellenberg et al. 2020). In the same year Kulasekaran et al.
(2020) postulated the two isozymes, SpUGT71L2 and SpUGT71L3
glycosyltransferases from S. purpurea, glycosylating salicyl-7-benzoate. Salicyl-
7-benzoate and the glycoside thereof are supposed to be intermediate
compounds resulting in the biosynthesis of 6 and 7 by UGT71L genes
(Kulasekaran et al. 2020).

However, another biosynthetic pathway (Figure 11B) suggests that the HCH
moiety of 7 could be derived from benzoic acid and benzaldehyde, which are
intermediates of cinnamic acid (Babst, Harding, and Tsai 2010, Zenk 1967).
Through the benzoate pathway (Figure 11B), the benzyl alcohol might form
benzyl-HCH, which undergoes 2-hydroxylation, yields salicyl-HCH, and after
glycosylation finally forms 7 (Babst, Harding, and Tsai 2010). The precise
pathway is still under investigation and the literature has only proposed pathways,
which may form salicylates.
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2 AIMS OF THE PROJECT

Willow bark (Salix cortex) has been approved by the EMA as herbal medicinal
plant due to its anti-inflammatory, anti-pyretic, and analgesic effect, acting against
pain, fever, headaches, and inflammation (European Medicines Agency 2017b).
These properties are mainly attributed to the secondary metabolite composition
of the plant. Interestingly, approved Salix bark extracts are standardized to
salicin, despite the variety of available phytochemicals in the bark and studies
hinting at the presence of further anti-inflammatory compounds besides salicin.
Salix bark contains waxes, fatty acids, terpenes, flavonoids, tannins,
procyanidins, organic acids, phenolics, lignans, sterols, and suberin, some of
which may be potential bioactives reducing pain and inflammation. Further,
phenolic glucosides like salicylates have been identified in various Salix species
and crosses, however, there is little evidence about phytochemical bioactivity and

comprehensive structure elucidation is partly missing.

Nevertheless, a few studies using Salix twigs revealed the neuroprotective
properties of salicylates, such as 2’-O-, 3’-O-, and 6’-O-acetylsalicortin, and
salicortin (Kim et al. 2015), and anti-adipogenic effect of 2’,6’-O-diacetylsalicortin,
2’-0-, 3’-0-, 6’-O-acetylsalicortin, and salicortin (Lee et al. 2013, Yang et al.
2013). Moreover, Dissanayake et al. (2017) could show anti-inflammatory activity
of tremulacin, salicortin, 2’-O-acetylsalicortin, and salicin against COX enzymes.
However, previous studies did not analyze a variety of Salix extracts and different

plants need further investigation upon their chemical composition.

Thus, the current project aimed at investigating the chemoprofile and structure-
bioactivity relationship of Salix bark for pharmaceutical use. Therefore, different
Salix species and crosses from nine genotypes S.alba, S. daphnoides,
S. humboldtiana, S. lasiandra, S. nigra, S. pentandra, S. purpurea, S. X rubens,
and S. viminalis were investigated by means of untargeted metabolomics in
combination with principal component analysis (PCA). Afterwards, the most
interesting species and crosses within different groups should be selected, and
the PGE:2 release level of these selected Salix species should be evaluated to

provide evidence about their anti-inflammatory potential.

The Salix cortex with highest anti-inflammatory effect should be applied to

sequential solvent extraction and bioactivity-guided fractionation using a
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combination of in vitro bioassays and analytical techniques. The bioactive
phytochemicals should be isolated by means of (semi-)preparative HPLC, and
their structure should be elucidated by means of LC-MS and 1D/2D-NMR
experiments. Afterwards, the bioactivity of these compounds should be evaluated
by means of anti-inflammatory activity assays.

Finally, these phytochemicals should be mapped quantitatively to gain further
understanding of the distribution of these salicylates in different Salix species and
crosses for future preparation, breeding, and standardization of a novel
pharmacological Salix extract. Furthermore, correlation of quantitative data with
half-maximal inhibitory concentration (ICso) should identify the key compounds of

selected Salix extracts contributing to the overall anti-inflammatory potential.
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3.1 Untargeted chemoprofiling of 92 Salix
genotypes

First, in order to gain insight into the chemical composition of bark material of 92
various Salix species and crosses (Table 2, section 4.1.1) untargeted UHPLC-
ToF-MS (ESI") profiling and grouping was performed. The analysis was crucial
for preselection of certain genotypes for further bioactivity-guided fractionation

and compound identification of potent extracts.

Thus, the analysis of technical replicates of Salix genotypes was executed as
described in section 4.2. The generated raw MS data by LC-MS were imported
into Progenesis QI software and after processing, the tag filtration of identified
abundant ions by means of ANOVA p-value and Max-fold change for high
significance resulted in 7,819 filtered compounds out of 15,352. The imported in-
house database containing structural information of salicylates (.mol files) as well
as the automatic detection format of compounds helped identifying possible
biomarkers for phytopharmaceutical production and breeding purposes. The
autodetect option was chosen due to the unknown origin of the structural
information. In total, 810 compounds were detected by untargeted metabolic
profiling. In order to group the Salix genotypes according to similarity in their
chemical composition, a generated principal component analysis (PCA) was
generated grouping the 92 different species and crosses into five groups
(Figure 13). The coefficients, principal component 1 (PC1) explaining 18.82% of
the variance and PC2 10.87% (two principal components), are original variables
combined linearly and accumulating in the ‘PCA loading matrix’ (Lever,

Krzywinski, and Altman 2017).

All QC reference samples group close to each other and are located central of
the PCA showing reproducible results. After grouping of the genotypes using PC1
and PC2, the five groups were compared with each other. Group 1 contains
predominantly S. daphnoides species and crosses, which are grouped separately
from group 2 containing mainly S. viminalis species and crosses, but also
S. humboldiana and S. nigra genotypes. This shows that the chemical

composition and probably also the bioactivity of two groups may differ.
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S. pentandra species and crosses are assembled in group 3, which also
contained S. alba, S. alba X S. X rubens, S. lasiandra, and
S. humboldtiana x S. purpurea genotypes. On the other side, group 4 holds
mostly species and crosses of S. purpurea, whereas VI1IXDA1 9 within group 5
is the only S. viminalis clone grouping in the center of the PCA under the QC
reference far away from the other Salix genotypes. Considering that genotypes
belonging to the same group have similar chemical profiles, grouping is an
important tool to reduce high sample amounts through preselection of genotypes.
S. viminalis, S. humboldtiana, and S. purpurea crosses are assembled in
different groups, revealing that different crosses of the same species may have
different chemical profiles. The species and crosses of each group are depicted
in Table 6 (section 4.1.1) and Figure 13.

The resulting groups of the PCA in the current work were compared to a targeted
analysis with the same 92 Salix genotypes performed by HUB, which is described
in the publication of Forster et al. (2021). Almost all species and crosses were
grouping exactly the same, except VI1 (group 3, here group 2), VI1IXDA1 9
(group 3, here group 5), VI6 (group 3, here group 2), HU1xVI6_1 (group 3, here
group 2), HU1xPU1 3 (group 3, here group 4), PE2xXAL5 1 (group 3, here
group 1), HU1xPUL1 (group 4, here group 3), and both crosses of PU3 and VI3
(group 4, here group 3). This may have occurred, due to the bigger variety of
compounds found in the in-house salicylate database, as well as in the online
database containing all possible compounds scanned by the searching tool
(Progenesis QI) and used in the present study. Whereas, in the work by Férster
et al. (2021) only a few selected phytochemicals (e.g. salicin, salicortin, 2’-O-
acetylsalicortin, tremulacin, eriodictyol-7-glycoside, naringenin-5-glycoside,
naringenin-7-glycoside, luteolin-7-glycoside, guercetin-hexoside,
isosalipurposide, ampelopsin, (epi-)catechin, triandrin, caffeic acid, purpurein,
salireposide, and syrengin) were analyzed even though the same Salix
genotypes were evaluated. In particular, in the described PCA of Figure 13, m/z
values of plausible lactones, xylosides, terpenes, fatty acids, and furans were
detected after compound searching by the software and may have influenced the
grouping of the untargeted analysis due to the higher amount and variety of

compounds.
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Figure 13: Principal component analysis (PCA) score plot of 92 Salix species
and crosses grouped into five groups using the Progenesis QI software (adopted

from Forster et al. (2021)). Black crosses: quality control (QC) reference.

27
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For comparison of the groups regarding the chemical composition and up- and
downregulation of the compounds in different groups, 14,202 processed data out
of 15,352 after tag filtration were exported to EZinfo and S-plots were produced.
Subsequently, two groups were selected, and OPLS-DA modelling was
performed using the values of the parameters shown in Table Al of the Appendix
section. This model provided discriminant and multivariate data analysis, and
allowed metabolic differentiation between Salix species, crosses or groups
(Bylesjo et al. 2006). The overall in silico experiment gave only putative identified
mass spectrometric data. The main purpose of the grouping in the present study
was the preselection of Salix genotypes upon their chemical composition,
whereas detailed identification was conducted later by activity-guided
fractionation. By using the untargeted screening of the 92 Salix species and
crosses, specific phenolic compounds were identified to be differently up- or
downregulated within the resulted five groups of the PCA, which is illustrated
further by the S-plots (Figure 14).

The S-plots (Figure 14) of the selected groups exhibited metabolites on both
ends, -1 (bottom left) and 1 (top right), representing the mass and retention time
of candidate markers. In the center of the S-plot compounds were gathered with
no significant variance between the groups. The values over 98% of R2Y and Q2
revealed satisfying separation of the compared groups (Table A1, Appendix

section).
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Figure 14 (A-F): Comparison between groups 1 to 4 from the PCA using S-plots
based on the OPLS-DA model. Markers on the bottom left and top right are
marked blue, orange, green, and yellow for each group 1, 2, 3, and 4,
respectively. Exemplary, salicortin and caffeic acid-3-glucoside, unknown
compound, isoquercetin and eriodictyol-7-glucoside, grandidentatin were
showing the highest variance between the groups. Colored dots represent
possible other upregulated compounds.

The colored known and unknown biomarkers of each group in the S-plots gave
information about retention time, m/z values, adducts or fragments, mass error

(data not shown), and about whether the compounds of the in silico fragment
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database were up- or downregulated in a group. The m/z values were assigned
to plausible compounds of the database. For instance, possible compounds
being the most upregulated within the S-plots (Figure 14) were following:
salicortin (m/z 423.13 [M-H]") and caffeic acid-3-glucoside (m/z 341.09 [M-H]), in
group 1, in group 2 an unknown compound baring m/z 447.22, in group 4
grandidentatin (m/z 423.17 [M-H]), and in group 3 isoquercetin (m/z 463.09
[M-H]") and eriodictyol-7-glucoside (m/z 449.11 [M-H]). Table 2 shows detected
compounds being upregulated in the respective groups, which can mostly be
found colored in the S-plots of Figure 14. If compounds were down-regulated or
not available in a group it was listed accordingly (Table 2). These findings can
also help future work in identifying Salix genotypes from which single
phytochemicals can be isolated in higher amounts. Group 5 comprising a single
Salix genotype and being located in the center of the PCS was not compared with
any group, since the comparison was done by groups containing a variety of

genotypes.

Table 2: Detected possible compounds in the four groups of the PCA, which were
found to be upregulated. x: available in the group, -: not available or down-
regulated in the group, bold: salicylates.

possible compounds group 1 group 2 group 3 group 4
grandidentoside X - - -
Catechin
2’,6’-O-diacetylsalicortin
tremulacin

caffeic acid-3-glucoside
phloridzin

caffeic acid

salicortin
salipurposide

salicin

hesperitin
HCH-salicortin
gambiriin

brucein B

swertisin

lasiandrin
acetylsalicyloylsalicin
apigetrin

prodelphinidin C
lamioside

khellin

atractyloside A
procyanidin B2
astringin
eriodictyol-7-glucoside
isoquercetin
cynaroside
cinnamtannin A3

X

X

X X X X X X X X X X X X X X X X X
X X X X X

1 X X X X

X X X X X X 1
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possible compounds group 1 group 2 group 3 group 4
cinnamtannin A4 - - X X
arecatannin X
aklaviketone - - X
grandidentatin X
scoparol

naringenin

furcatin

kanokoside A

pulmatin

gallocatechin

ginkgolide C

naringenin chalcone

X

X X X X X X X X X 1

Moreover, quantified compounds in the targeted analysis by Forster et al. (2021)
were compared to the untargeted profiling of the current work. In particular, of
within both studies, salicylates, such as salicin, salicortin and tremulacin, were
mainly contained in S. daphnoides species and crosses of group 1, but could also
be found in species and crosses of group 4, which was also verified by Forster et
al. (2008). In addition to these findings, S-plots could show HCH-salicortin,
lasiandrin, 2’,6’-O-diacetylsalicortin, and acetylsalicyloylsalicin as possible
markers within group 1, whereas lasiandrin was more upregulated in group 3
within the present work. In addition, flavonoids, flavan-3-ols, and tannins were
mainly found in group 3 and 4. However, it is not omitted that various compounds

may be also contained in other groups.

Although some m/z values could not be assigned to any compound, the produced
data could offer valuable information for preselection of Salix genotypes and can
be used for further activity-guided fractionation (section 3.3). Moreover, for future
studies it may be possible to use purified single compounds as references by
screening them together with the 92 Salix genotypes and getting precise results.
In the next sections, compound purification, identification and structure
elucidation, as well as quantitative data will shed light into the overall chemical
composition of a bioactive Salix representative (sections 3.3-3.7). Moreover, it
will be possible to evaluate quantitative differences within the 92 Salix species

and crosses (sections 3.7), which will be helpful for future herbal drug production.
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3.2 Preselection of Salix genotype candidates and
bioactivity

PCA analysis of the UPLC-ToF-MS data of 92 Salix genotypes revealed five
groups (section 3.1), which was valuable for preselection of Salix representatives
for breeding and medicinal purposes. Therefore, 28 Salix species and crosses
were selected for bioactivity determination performed by UKF (Figure 15), in
order to discover Salix extracts that can inhibit the cyclooxygenase (COX)
enzyme reaction and PGE:2 (prostaglandin E2) formation, leading to an anti-
inflammatory activity. Selection of Salix candidates was based on phenolic
glucoside content, variety of Salix species and crosses, and high bark material
yield (Forster et al. 2021), which was performed by HUB. The 28 selected plant
bark materials of species (VI1, DAl, PE1, AL3, PE2, PU2, HU1, SN1, VI3 _h,
AL1_h) and crosses (VI1xDAL_1, (DA2xDA3)xVI2_3, DA2xDA3_8, DA5xPU2_1,
VIIXDA1 4, VI4xVI3_2, PU4xVI2_1, HU1xVI6_1, SNI1xPE1, AL2xAL1 1,
PE2xLAL1 1, PE2xAL5 2, HU1xPU1l_1, (HU1xPU1)xDA4 3, PU3xXDA6_2,
PU3xPU2_3, HU1xPU1_3, VI1IXxDA1_9) were standardized by HUB to 10 mg/mL
phenolic glucoside content and used for the bioactivity-assay, which is a

THP-1/macrophage model performed by UKF (section 4.11.1).

For the experimental procedure lipopolysaccharide (LPS), a molecule contained
in the cell wall of gram-negative bacteria, was used to trigger inflammation and
which can lead to cytokine production (Eliopoulos et al. 2002). Toll-like receptors
(TLRs) of macrophages can recognize the LPS endogenous danger signal,
activating the immune system by secreting cytokines and chemokines (Mosser
and Edwards 2008, Grassin-Delyle et al. 2020). The inflamed tissues in turn
strongly induce COX-2 enzyme activation and consequently increase PGE:2
production (Uematsu et al. 2002, Ricciotti and FitzGerald 2011). Willow bark can,
however, act anti-inflammatory against COX-1 and COX-2 (Maroon, Bost, and
Maroon 2010, Fiebich and Appel 2003). Therefore, it is of interest to investigate

which compounds are bioactive in potent plants and can reduce inflammation.

In order to detect the most potent willow bark extract, released PGE: levels were
measured using the PGE2 ELISA kit (section 4.11.4). Released low PGE: level
revealed a higher anti-inflammatory potential of a Salix extract. Extract B was
used as control and extracts with lower PGE: release level than extract B were

possible bioactive candidates, since they showed a higher anti-inflammatory
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effect than the previously existing extract B. Moreover, S. purpurea mix was
tested, but did not show any potency. Commercially obtained Aspirin®
demonstrated an anti-inflammatory effect (Figure 15). Aim was the selection of a
Salix genotype with high anti-inflammatory potential and reduced side effects for
further studies on the structure-activity relationship. Moreover, the selected
candidate should be more anti-inflammatory than previously existing extract B.
The representatives PE1, followed by AL3, PE2, PU4xVI2_1, AL2xAL1 1,
PE2xLA1_1, HU1xPU1_1, (HU1xPU1)xDA4 3, PU3xDA6_2, and VI1xDAL 9
showed the highest anti-inflammatory effect which was expressed as reduced
PGE:2 release level in the assay (Figure 15). The same experiment was
performed by UKF, comparing acetylsalicylic acid (Aspirin®), S. pentandra (PE1,
S6), and extract B, revealing their anti-inflammatory potential against bacterial
LPS, but also against SARS-CoV-2 peptide mixture (Le et al. 2021). However, by
comparing PE1 and acetylsalicylic acid (Aspirin®) at the same concentration on
COX inhibitory activity, the Salix extract was inhibiting better than acetylsalicylic
acid (Aspirin®), even compared to extract B (Le et al. 2021), which may be due

to a highly bioactive compound or a synergistic interplay between several

bioactives.
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Figure 15: Anti-inflammatory activity of selected Salix species (S) and crosses
(K) using the THP-1/macrophage model. PGE:2 release was quantified in
differentiated and stimulated THP-1 cells after exposure to the species and
crosses. S1: VI1, S2: DAL, S6: PE1, S7: AL3, S14: PE2, S18: PU2, S21: HU1,
S24: SN1, S25: VI3_h, S26: AL1_h, K1: VI1IxDA1 1, K2: (DA2xDA3)xVI2_3, K3:
DA2xDA3_8, K4: DA5xPU2_1, K5: VI1IXDAL1_4, K6: VI4xVI3_2, K7: PU4xVI2_1,
K8: HU1xVI6_ 1, K9: SN1xPE1, K10: AL2xAL1 1, K11: PE2xLAl1l 1, K12:
PE2xAL5 2, K13: HU1xPU1_1, K14: (HU1xPU1)xDA4 3, K15: PU3XDAG6_2,
K16: PU3xPU2_3, K17: HU1xPU1 3, K18: VI1xDA1l_ 9, SC: solvent control
(0.1% DMSO), B: extract B (control), PU-Mix: S. purpurea mix (data obtained
from UKF).
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In order to select a single Salix candidate for the bioactivity-guided fractionation,
additional experiments regarding the antioxidant capacity and cytotoxicity were
performed by UKF. The tests revealed that S. pentandra (PE1, S6), belonging to
group 3 by principal component analysis (Figure 13), had the highest antioxidant
potential and a reduced amount of cytotoxicity (Gomes et al. 2021) in comparison
to Aspirin® and extract B. Consequently, PE1 was used as the main bioactive
representative for activity-guided fractionation and isolation of bioactives. The
S. viminalis cross, VI4xVI3_2 (K6), belonging to group 2 showed the lowest

bioactivity and was therefore used as negative control.

3.3 Activity-guided extraction and fractionation of
S. pentandra (PE1)

3.3.1 Sequential solvent extraction of S. pentandra (PE1)

In order to identify compounds triggering the anti-inflammatory effect of willow
bark and to investigate whether the extracts or single compounds are responsible
for the bioactivity, powdered bark material of bioactive S. pentandra (PE1) was
extracted by vacuum filtration using methanol, methanol/water (v/v, 70/30), and
water as described in section 4.4.1. The methanol extract had the highest yield
with 29.57% grounded willow bark in comparison to the methanol/water (v/v,
70/30; 2.30%) and water (2.23%) extracts (Table 3).

Table 3: Sequential solvent extraction yields of S. pentandra (PE1) bark.

extraction solvent yield [%]
methanol 29.57
methanol/water (v/v, 70/30) 2.30
water 2.23

Furthermore, in order to examine the chemical composition of the most bioactive
extract, the methanol, methanol/water and water extracts were tested on their
bioactivity by UKF, as described in section 4.11 (Table 16). The methanol extract
showed the highest anti-inflammatory potential with the lowest PGE: release level
being 55% at 50 pg/mL in comparison to the solvent control and the two other

extracts (Table 16A). Thus, the methanol/water and water extract could not show
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any inhibitory potential against PGE: release (Table 16A). Additional studies on
the effect of the three extracts on human recombinant COX enzymes could show
that methanol and methanol/water extracts were able to inhibit enzyme activity,
however, inhibition of COX-2 was much higher when using acetylsalicylic acid
(Table 16 B, C). It is also important to note that Ruuhola, Julkunen-Tiitto, and
Vainiotalo (2003) reported no salicylate degradation of the extracted leaves using
methanol. Therefore, it was suggested that bark extraction using this solvent

would not lead to degradation of important salicylates.
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Figure 16: Bioactivity expressed as (A) levels of inhibition of PGE2 release when
treated with methanol, methanol/water (v/v, 70/30), and water extracts of
S. pentandra bark and exposed to human PBMC. Bioactivity was compared to
solvent control (SC, 1% distilled water) and 1 pg/mL acetylsalicylic acid (ASA).
(B) COX-1 and (C) COX-2 enzyme activity determination by quantification of
PGF2a and determination of COX-1 and COX-2 inhibition comparing initial COX
protein activity (IA) to the extracts. Asterisks: significant difference between
extracts and SC, such as ** p < 0.01, *** p < 0.001, and **** p < 0.0001 (adopted
from Antoniadou et al. (2021)).

In a recent publication by Le et al. (2021), the same S. pentandra genotype (PE1,
S6) showed a higher inhibitory activity against COX enzyme than the methanol
extract (Table 16 B, C) of the current work. By comparing the used PE1 samples,
Le et al. (2021) used PE1 extract standardized to 10 mg/mL phenolic glucoside
content, which might have led to differences in the bioactivity. The bioactive
methanol extract showing anti-inflammatory activity against PGE: release was
used for further fractionation by means of solid-phase extraction, phytochemical
isolation, and structure elucidation in order to understand which chemical
compositions and single phytochemicals are responsible for the bioactivity of the

extract.
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3 RESULTS AND DISCUSSION

3.3.2 Solid-phase extraction of methanol extract

Bioactive methanol extract of S. pentandra bark was analyzed by UPLC-ToF-MS
showing complex compound composition (data not shown). Therefore, to isolate
phytochemicals for structure characterization, first, pre-fractionation was
performed by solid-phase extraction using Cis cartridges as stationary phase,
and methanol and water as mobile phase (section 4.4.2). By solid-phase
extraction, eleven SPE fractions F1 to F11 were obtained (Figure 17). Higher
yields were found in hydrophilic fractions containing polar compounds. From SPE
fraction F5 26.59% methanol extract were obtained, showing the highest yield in

contrast to the other fractions.
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Figure 17: Yield of SPE fractions F1 to F11 collected from the methanol extract
of S. pentandra.

Furthermore, the eleven SPE fractions were screened by UPLC-ToF-MS and
compared with each other from the most hydrophilic SPE fraction F1 to the most
hydrophobic SPE fraction F11, giving information about the complexity of each
chemical composition by the various chromatographic peaks (Figure 18). It also
helps understanding the chemical character of possible compounds in the

fractions.
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Figure 18: Extracted UPLC-ToF-MS ion chromatograms of eleven SPE fractions
(F1-F11) derived from methanol extract of S. pentandra.

Additionally, the lyophilized SPE fractions were prepared relating to their natural
concentrations as contained in the methanol extract in order to analyze their
bioactivity, which was performed by UKF (Figure 19). After quantification of the
PGE: release, as described in section 4.11, it could be shown that fractions F5
and F6 were the most potent among the analyzed fractions. However, F5 had the

highest statistical significance of p < 0.05 (Figure 19, Antoniadou et al. (2021)).
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Figure 19: Bioactivity expressed as levels of inhibition of PGE:2 release when
treated with methanol, methanol/water (v/v, 70/30), and water extracts of
S. pentandra bark and SPE fractions F1-F11 derived from the methanol extract,
and exposed to human PBMC. Bioactivity was compared to solvent control (SC,
1% distilled water) and 1 pg/mL acetylsalicylic acid (ASA). Asterisks: significant
difference between extracts and SC, such as *p<0.05 **p<0.01,
*** 1 <0.001, and **** p < 0.0001 (adopted from Antoniadou et al. (2021)).

Moreover, COX-1 and COX-2 enzyme inhibitory activity was evaluated between
fractions F4, F5, and F6 in order to examine any phytochemical carryover
(Antoniadou et al. 2021). The analysis showed that fraction F5 inhibited both
COX-1 (47%) and COX-2 (17%) enzyme activity similarly as the methanol extract
(Antoniadou et al. 2021). On the other side, no inhibitory activity could be shown
for F4 and F6, revealing no compound carryover (data not shown). In order to
investigate the chemical composition of the bioactive fractions F5 and F6, further
purification steps were performed by means of RP-HPLC fractionation, which are

described in the next sections.

3.4 Detection of possible salicylates in
S. pentandra by precursor ion scan and
iInformation-dependent acquisition experiments

The term ‘salicylates’ has been described in a few publications over the years as
salicylic acid derivatives (Binder and Zeiller 1993, Ekinci, Senturk, and
Kifrevioglu 2011, Hedner and Everts 1998). Salicylic acid is a known derivative,
as it exists as a natural compound in the plants, which is produced during
shikimate biosynthetic pathway, and can form salicin and other salicylate
glucosides through the glycosylation reaction (section 1.4.2, Figure 10), but is
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also considered as a metabolite and degradation product (Mahdi 2014, Ruuhola
and Julkunen-Tiitto 2003). Thus, it is of interest to analyze salicin as well as
salicylic acid and saligenin, which are precursors of most of the salicylates, such
as salicortin, 2’-O-acetylsalicortin, and temulacin (Ruuhola and Julkunen-Tiitto
2003) and have been shown to have anti-inflammatory properties as proposed
by Ekinci, Senturk, and Kifrevioglu (2011) and mentioned already in
section 1.3.2. In the current work, it was important to scan bioactive S. pentandra
extracts for possible salicylates, which may trigger the anti-inflammatory

potential.

3.4.1 Precursor ion (PI) scan of S. pentandra extracts

The precursor ion (PI) scan was performed by means of QTrap-LC-MS/MS as
described in section 4.8.1. For the experiment, precursor ions were scanned first
in Q1 over a mass range of 300 to 1,000 Da. After ion fragmentation in the
collision cell Q2, a variety of m/z values of compounds (precursors) carrying these
fragment ions, like salicylic acid (137.1 Da), saligenin (123.1 Da), and salicin
(285.2 Da) ions (Figure 20), were scanned (Q3) and detected (Sciex 2019). The
experiment was performed using the potent methanol extract and SPE fraction
F5 of S. pentandra, providing in the first step information about possible additional

compounds.
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Figure 20: Salicylic acid (18), saligenin (19), and salicin (20) fragment ions,
holding 137.1 Da, 123.1 Da, and 285.2 Da, respectively.

Precursor ion scan of saligenin detected the compound salicin, as it is part of the

chemical structure. However, in general salicylates were detected by means of

precursor ion scan of salicylic acid. The ion mass of 137.1 Da was detected after

salicylate fragmentation generating the hydrolyzed form of 1-hydroxy-6-oxo-2-
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cyclohexene-1-carboxylic acid (HCH) residue, which was proposed by Kammerer
et al. (2005) and has the same mass as salicylic acid (Figure 21). Salicylates,
such as salicortin, 2’-O-acetylsalicortin, tremulacin, and lasiandrin have been
previously described by e.g. Abreu et al. (2011), Feistel et al. (2015) and
Keefover-Ring et al. (2014) and hold the HCH residue (Figure 21).

OH © O
O

Fragment ion
Chenucal Formula: C;Hs;0;

Exact Mass: 137.02

R0

,%ORS

OR;

salicylate substructure

salicortin: R,, R2, R3=H

2‘-O-acetylsalicortin: R,, R, = H, R; = acetyl group
tremulacin: R,, R, = H, R; = benzyl group
lasiandrin: R, = HCH, R, = H, R; = acetyl group

Figure 21: Salicylate structures of salicortin, 2’-O-acetylsalicortin (l1I), tremulacin
(VII), and lasiandrin (VI) producing a fragment ion with a mass of 137 Da, which
represents the fragment ion of the hydrolyzed form of the 1-hydroxy-6-oxo-2-
cyclohexene-1-carboxylic acid (HCH) group.

The extracted mass spectra of the screened bioactive methanol extract and SPE
fraction F5 from the precursor ion scan of salicylic acid are exhibited in
Figure 22 A and B, respectively. Exact masses of the detected m/z values were
compared with available databases and literature (Table 4). The list of all
plausible salicylates provided by this untargeted technique gave a valuable
overview for further isolation and identification of single compounds from

bioactive fractions.
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Figure 22: Extracted spectra of (A) S6 methanol extract and (B) SPE fraction F5
of S. pentandra from precursor ion scan of salicylic acid (ESI negative mode).

Consequently, acetylsalicortin (m/z 465.2 [M-H], m/z 511.2 [M+HCO2H-H]) and
lasiandrin (m/z 603.2 [M-H], m/z 649.2 [M+HCO2H-H]) were plausible salicylates
in the methanol extract. Besides others, following precursor ions could be
detected in SPE fraction F5: m/z 405.2 for deltoidin, nigracin, salicyloylsalicin,
salireposide or trichocarpin, m/z 423.2 for salicortin, m/z 447.2 for an unknown
compound, and m/z 465.2 for acetylsalicortin (Figure 22 and Table 4). The
screening of the bioactive methanol extract provided initial information about

possible compounds, which further need to be structurally elucidated and verified.
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Table 4: Detected m/z values of product masses of derivatives from precursor
ion scan of salicylic acid.

detected m/z values exact mass possible salicylates
405.2 406.1264 deltoidin
nigracin
salicyloylsalicin
salireposide
trichocarpin
423.3 424.1369 salicortin
424.1730 grandidentanin

Isograndidentatin A
Isograndidentatin B

447.2 448.1369 populoside A

465.1 466.1475 2'-O-acetylsalicortin

465.2 3’-O-acetylsalicortin
6’-O-acetylsalicortin

507.3 508.1581 2',6'-O-diacetylsalicortin

527.2 528.1632 tremulacin

543.1 544.1581 2-hydroxybenzoylsalicortin
HCH-deltoidin

HCH-salicyloylsalicin

HCH-nigracin (2’-Bz)

HCH-nigracin (6’-Bz)
603.2 604.1792 lasiandrin

3.4.2 Information-dependent acquisition (IDA)
experiment of S. pentandra extracts

Furthermore, the information-dependent acquisition (IDA) experiment was
performed to discover known and unknown compounds contained in the bioactive
S. pentandra methanol extract by means of Triple-ToF LC-MS/MS
(section 4.8.2). First, precursor ions were scanned over a mass range of m/z 50
to 1,000 and then, the 15 most intense precursor ions were scanned using MS to
MS/MS switching (Decaestecker et al. 2004). After importing the data into the
PeakView® software and data processing, hits of possible compound masses,
MS? (Figure 23 B), MS? (Figure 23 C) spectra, and the respective IDA
chromatograms (Figure 23 A) were shown and evaluated. For instance, in the
methanol extract, 2’-O-acetylsalicortin was detected at 465.14 Da ([M-HJ)
(Figure 23 B). The respective mass fragments were usual for this compound and
2’-O-acetylsalicortin could be validated (Figure 23 C). However, further studies
are needed to be performed for isolation and identification of the compounds for

complete compound characterization by NMR.
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Figure 23: (A) Extracted ion chromatogram as well as (B) MS?! spectrum with
detected isotopes and (C) MS? spectrum with fragment ions of the most intense
precursor ion 465.1400 Da of the tentatively detected 2’-O-acetylsalicortin in the
S. pentandra methanol extract.

Besides 2’-O-acetylsalicortin, the experiment allowed further investigation of
following tentatively identified compounds (Table 5) in the methanol extract:
salicin, 2’-O-acetylsalicin or fragilin, deltoidin, salicortin, grandidentoside,
cinnamrutinose A, diglucoside salicin, 2’,6’-O-diacetylsalicortin, tremulacin,
2’-(Z)-cinnamoylsalicortin or 2’-(E)-cinnamoylsalicortin, HCH-salicortin, 6'-acetyl-
tremulacin, HCH-acetylsalicyloylsalicin, and lasiandrin. As in the PI scan, the IDA
experiment provided similar results detecting mainly salicylates, which will be

also examined by further activity-guided fractionation in section 3.5.
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Table 5: Hits of tentatively identified compounds in the bioactive methanol extract
obtained from the PeakView® software (compound list and imported database
obtained from Keefover-Ring et al. (2014)). -: not detected, x: detected.

detected in
possible compounds molecular formula exact mass [M] the
methanol
extract
salicin C13H1807 286.1052 X
picein C14H1807 298.1050 -
salidroside C14H2007 300.1210 -
triandrin/sachaliside Ci15H2007 312.1210 -
vimalin C16H2207 326.1370 -
2'-O-acetylsalicin Ci15H200s 328.1158 X
fragilin
diacetylsalicin C17H2209 370.1264 -
tremuloidin C20H220s 390.1315 -
chaenomeloidin
populin
deltoidin C20H2,09 406.1264 X
nigracin
salicyloylsalicin
salireposide
trichocarpin
cinnamoylsalicin C22H240s 416.1471 -
salicortin C20H24010 424.1369 X
grandidentanin C21H2809 424.1730
isograndidentatin A
isograndidentatin B
populoside B C22H2409 432.1420 -
trichocarposide
grandidentoside C21H25019 440.1683 X
cinnamrutinose A C21H30010 442.1840 X
populoside C22H24010 448.1369
populoside A
acetylsalicyloylsalicin
diglucoside salicin C19H28012 448.1581 X
acetylcinnamoylsalicin C24H2609 458.1577
pOpUlOSide C C23H26010 462.1526 -
2'-O-acetylsalicortin C22H26011 466.1475 X
diacetylsalicyloylsalicin C24H26011 490.1475
6'-benzoy|tremu|0idin Co7H2609 494.1577 -
2',6'-O-diacetylsalicortin C24H25012 508.1581 X
salicyloyltremuloidin C27H26010 510.1526
6’-benzoylcinnamoylsalicin C29H2809 520.1733 -
6'-cinnamoyltremuloidin
tremulacin Co7H25011 528.1632 X
cinnamoylsalicyloylsalicin C29H28010 536.1683 -
2-hydroxybenzoylsalicortin C27H25012 544.1581 -
HCH-deltoidin Co7H25012 544 1581 -

HCH-salicyloylsalicin
HCH-nigracin (2’-Bz)
HCH-nigracin (6’-Bz)
dicinnamoylsalicin C31H3009 546.1890 -
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detected in
. the
possible compounds molecular formula exact mass [M] methanol
extract

acetylsalicyloyltremuloidin C29H28011 552.1632 -
2’-(Z)-cinnamoylsalicortin C29H30011 554.1788 X
2’-(E)-cinnamoylsalicortin

HCH-salicortin C27H30013 562.1686 X
6'-acetyltremulacin C29H30012 570.1737 X
HCH-acetylsalicyloylsalicin C29H30013 586.1686 X
acetylcinnamoylsalicortin C31H32012 596.1894 -
lasiandrin Co9H3,014 604.1792 X
6'-benzoyltremulacin C34H32012 632.1894 -
HCH-salicyloyltremuloidin C34H32013 648.1843 -
6'-cinnamoyltremulacin Cs6H34012 658.2050 -
HCH-tremulacin C34H34014 666.1949 -
dicinnamoylsalicyloylsalicin CagH34011 666.2101 -
dicinnamoylsalicortin CasH36012 684.2207 -
HCH-cinnamoylsalicortin C36H36014 692.2105 -
tremulacinol C27H30011 530.1788 -
6'-O-benzoylsalicortinol C27H30011 530.1700 -

3.5 Isolation and identification of S. pentandra
phytochemicals

3.5.1 SPE fraction F5: subfractionation and compound
identification

Isolation and characterization of phytochemicals will shed light into whether
single compounds or the overall chemical composition of S. pentandra are
responsible for the anti-inflammatory potential of the willow bark of the plant. This
was achieved by activity-guided fractionation. The most bioactive SPE fraction
F5 was further subfractionated using preparative HPLC-UV as described in
section 4.4.4. After development of a suitable HPLC method, fraction F5 was
further separated on a preparative phenyl-hexyl column, since aromatic Salix
phytochemicals can be isolated through strong m7-17 interactions. Fractionation
was performed using the diode-array detector at a wavelength of 200 nm, at
which the highest absorption was obtained, enabling the collection of the
subfractions F5-1 to F5-6 (Figure 24).
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Figure 24: Preparative HPLC-UV chromatogram of SPE fraction F5 at 200 nm
subfractionated into six subfractions F5-1 to F5-6 (acquired from Antoniadou et
al. (2021)).

Afterwards, bioactivity of each subfraction F5-1 to F5-6 was investigated
(Figure 25) as described in section 4.11. Subsequently, subfraction F5-5 had the
highest anti-inflammatory potential, which was explained by the inhibiting
potential of this fraction on PGE:z release similarly to that of SPE fraction F5
(Figure 19, section 3.3.2). In contrast, the other five subfractions showed no
efficacy. Thus, the chemical composition of fraction F5-5 was analyzed further in

order to discover possible bioactive phytochemicals.
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Figure 25: Bioactivity expressed as levels of inhibition of PGE2 release when
treated with subfractions F5-1 to F5-6 diluted in DMSO and exposed to human
PBMC. Bioactivity was compared to solvent control (SC, 0.1% DMSO). Asterisks:
significant difference between extracts and SC, such as ** p < 0.01 (adopted from
Antoniadou et al. (2021)).
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Subfractionation of fraction F5-5 was performed by means of semi-preparative
HPLC-UV as described in section 4.4.4 using the pentafluorophenyl column,
which was able to separate aromatic compounds. According to the UV signal at
200 nm, eight subfractions, F5-5-1 to F5-5-8, were collected (Figure 26).
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Figure 26: Semi-preparative HPLC-UV chromatogram of fraction F5-5 at 200 nm
subfractionated into eight subfractions F5-5-1 to F5-5-8 (acquired from
Antoniadou et al. (2021)).

As a result, it was possible to isolate three salicylates 2’-O-acetylsalicin (1),
3’-O-acetylsalicortin (II), and 2’-O-acetylsalicortin (Ill) and identify them by LC-
MS and 1D/2D-NMR spectroscopy. The purity was confirmed by gHNMR and
UPLC-ToF-MS. Screening of the compounds by means of UPLC-ToF-MS
allowed also determination of their exact masses and molecular formula, through
pseudo-molecular ion (parent ions) detection (section 4.4.3.2). Moreover,
structure determination was performed by fragmentation of each compound
acquiring MS/MS data using QTrap-LC-MS flow injection analysis (FIA)
(section 4.7.2.1). In addition, 1D/2D-NMR analysis (section 4.9.4), CD-
spectroscopy (section 4.9.3), and monosaccharide determination (section 4.6)
were used for the elucidation of the absolute configuration. All NMR data of the

identified compounds are displayed in the Appendix section.
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3 RESULTS AND DISCUSSION

3.5.1.1 Structure determination of 2’-O-acetylsalicin (I)

Screening of subfraction F5-5-3 by means of UPLC-ESI-ToF-MS gave the parent
ion of m/z 373.1130 corresponding to [M+HCO2H-H] forming a formic acid
adduct in the negative ionization mode for 2’-O-acetylsalicin (). The MS?
spectrum showed the fragments of the compound, such as m/z 123 for saligenin

and m/z 175 for the sugar moiety (Figure 27).
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Figure 27: Centroided MS? spectrum of the precursor ion of 2'-O-acetylsalicin (1)
with a formic acid adduct, 373.0 Da, depicting the fragmentation pattern (adopted
from Antoniadou et al. (2021)).

Further, for the salicylate structure determination of I, 2D-NMR was applied. First,
by means of *H-NMR (Figure 28 A), signals at on = 7.38 [H-C(3)], 7.21 [H-C(5)],
7.13 [H-C(6)], and 7.03 [H-C(4)] ppm were downshifted, indicating the aromatic
ring. According to the 13C-NMR (Figure 28 B), the two quaternary carbons C(1)
and C(2) were resonating at 6c = 155.85 and 131.92 ppm, respectively. Further,
HO-CH:2 [H-C(7)] moiety holding two overlapped proton signals was detected at
OH = 4.55 ppm and by HMBC experiment (data not shown) it could be revealed
that H-C(7) was attached to the phenol ring at position C(2) (6c = 131.92 ppm).
The protons revealed a quartet with coupling constants of 2Jun=15.46 and
13.60 Hz. The two methylene units, C(6’) and C(7), of | were shifted closely at
O0c =62.4 and 59.97 ppm, respectively. However, there were two protons
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resonating at én = 3.71 and 3.91 ppm indicative for the methylene protons He-

C(6’) and Hp-C(6’) of the sugar, respectively.
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Figure 28: (A) 'H-NMR and (B) ¥C-NMR of 2'-O-acetylsalicin (I) with the
assigned proton and carbon signals (500.13/125.77 MHz, methanol-da).

Furthermore, by means of the HMBC-spectrum the coupling between the doublet
of the aliphatic hydrocarbon at ou = 5.05 ppm [H-C(1’)] was verified, baring a
coupling constant of 8.05Hz, and the aglycone saligenin at position C(1)
(155.85 ppm). Moreover, in the HMBC-spectrum it could be revealed the
acetylation of salicin at position 2’, through coupling of the carbon C(2”)
(170.55 ppm) of the carboxyl group with the carbonyl proton H-C(1”) (2.14 ppm)
and H-C(2’) of the sugar at 6n=5.03 ppm. The spectroscopic data was
comparable to that of Reichardt et al. (1992). However, the compound had just a
very low purity (40%), which was confirmed by gHNMR analysis, and a second
compound structure in the mixture could not be elucidated, due to overlapping or
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not visible signals because of very low concentrations. Compound | was used

together with the impurity for bioactivity determination in section 3.6.

| has been identified previously by NMR analysis in twigs and leaves of
S. lasiandra and in S. pseudo-lasiogyne and S. glandulosa twigs (Kim et al. 2015,
Reichardt et al. 1992, Yang et al. 2013). Even though the compound was
detected in S. pentandra leaves performing HPLC/API-ES mass spectrometry,
there was no NMR data available in the publications (Ruuhola 2001, Ruuhola and
Julkunen-Tiitto 2003, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003).

3.5.1.2 Structure determination of 3’-O-acetylsalicortin (II)

For structure determination of 3’-O-acetylsalicortin (Il) by NMR, first a
UPLC-ESI-ToF-MS screening of subfraction F5-5-5 was performed. The
chromatogram showed one peak and the extracted spectrum gave the pseudo-
molecular ion m/z 465.1421 ([M-H]). The mass and the structure of the salicylate
Il was compared with the literature (Kim et al. 2015), and was determined by
means of 2D-NMR. The MS? spectrum of the precursor ion of the salicylate is
depicted in Figure 29 and shows the fragment ion m/z 155 corresponding to the
1-hydroxy-6-oxo-2-cyclohexene-1-carboxylic acid (HCH) residue and its
hydrolyzed form at m/z 137, which were not formed for 2’-O-acetylsalicin (I) and
both fragment ions are characteristic for salicortin derivatives. The ions at
m/z 405 for salicortin with an absent alcohol group, and m/z 83 for the
decarboxylated HCH group are also unique for these derivatives. Furthermore,
the fragment m/z 123 corresponds to saligenin.
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Figure 29: Centroided MS? spectrum of the precursor ion of 3'-O-acetylsalicortin
(I), 465.0 Da, depicting the fragmentation pattern (acquired from Antoniadou et
al. (2021)).

The identification of 1l by 2D-NMR spectroscopy could shed light into the position
of the acetyl group, which was compared to the 2’-O-acetylated salicortin (lll) as
described in section 3.5.1.3. In order to keep the two similar acetylsalicortin
compounds apart, the HMBC spectra were considered. The acetylation of Il at
position 3’ could be distinguished due to the coupling of the proton H-C(3’) at
5.08 ppm with the carbon C(2”) of the acetyl-moiety at 120.79 ppm (Figure 30).
In order to annotate the exact positions, the 2’-O-acetylation of compound Il (see
section 3.5.1.3) was taken as reference, since the chemical shift of 5.02 ppm
revealed the acetylation at position C-2’, in contrast for Il, the chemical shift of
the proton H-C(2’) was 3.64 ppm. This indicated that the acetylation was not at
position C-2’, but at position C-3’. Moreover, this was also confirmed by the
coupling of the proton H-C(2’) at 3.64 ppm with the anomeric carbon C(1’)
resonating at 102.03 ppm of Il, which was not the case for the proton H-C(3’)
(Figure 30). The NMR signals of the other positions of the phytochemical were
confirmed by comparison to Il (section 3.5.1.3), since they were structurally
similar. The purity of 98% was revealed by gHNMR analysis.
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Figure 30: Excerpt (6n =5.2-5.0 ppm and 3.7-3.6 ppm, &c = 70-110 ppm and
150-170 ppm) of the HMBC spectrum (500.13/125.77 MHz, acetone-ds) of Il to
indicate the correlation of the sugar unit at position 3’ with the acetyl group at 2”.

The compound 3’-O-acetylated salicortin (II) has been identified previously in
S. pseudo-lasiogyne and S. glandulosa by Kim et al. (2015) and Yang et al.

(2013), however, it has never been detected in S. pentandra before.

3.5.1.3 Structure determination of 2’-O-acetylsalicortin (lll)

Further, the salicylate 2’-O-acetylsalicortin (lll) was isolated from subfraction
F5-5-7 and identified similarly to Il. The fragmentation pattern as well as the
molecular weight were similar for both, revealing the pseudo-molecular ion of
m/z 465.1434 ([M-H]) for lll. The MS/MS spectrum showed the same signals as
described for Il (Figure 29) with the exception that the signal of m/z 404.9 was
missing. For structure elucidation, first, the chemical shifts obtained from the

gHNMR spectrum were observed (Figure 31). Protons of the aromatic ring
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3 RESULTS AND DISCUSSION

(6n = 7.0-7.4 ppm) and double bond (én = 6.15 and 5.75 ppm) were resonating
at high frequencies. Protons of the ester (ROO-CHz), ether (8-anomeric proton),
and alcohol (R-HC-OH) were shifted between 4.90 and 5.10 ppm. At lower
frequencies, protons of the sugar residue could be annotated at én = 3.40-
3.80 ppm, the methylene protons at éx = 2.30-2.90 ppm, and the methyl group at
on = 2.07 ppm. The proton signals H-C(5’), H-C(4’), H-C(3), and H-C(5) were
overlapping and it was not possible to assign the coupling constants. The methyl

group comprising three protons was confirmed by the integral of 3.

methyl
group
g
I
5
2
.“‘é
()]
]
E
GJE_O
S0 5
°&5 9o
Q8
53
[5)
— sugar methylene
aromatic ring alkenes S 9 y o
°¥ — groups =
~ 1
~ I 5o . i
DR = 2 TS ~ ~_00 2 oy I
00 0O o O b5t o oLHIT O ~55
ITTT T T 2 QQ%' 2 S |
‘ J ‘ qui\“ Qr* “H
|\ N | l} |l | . I
g’l‘wu\u‘u lhl‘\ ”\ I ""Lw. m u,‘.,l‘ﬂ.{\f‘ /L',l"«l_, YA, |
fagy T ¥ gy Rt B N A

= S G-

74 72 70 68 66 64 62 60 58 56 54 52 50 48 46 44 42 40 38 36 34 32 30 28 26 24 22 20
Sy[ppm]

Figure 31: gHNMR spectrum (400.13 MHz, acetonitrile-d3) of Il and the
respective integrals of the proton signals.

The position of the acetylation of the salicylate was confirmed by the HMBC
experiment (Figure 32). Accordingly, the proton H-C(1”) observed at 2.07 ppm
and the carbon C(2”) at 170.20 ppm of the acetyl unit showed homo- and
heteronuclear couplings with the proton H-C(2’) of the glucose at 5.02 ppm. The

anomeric proton H-C(1’) of the glucose holding a coupling constant of
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3 RESULTS AND DISCUSSION

3JcH =7.16 Hz was resonating at 5.13 ppm and was coupling with the carbon
C(2) of the phenol ring at 155.88 ppm. This could also be distinguished using
NMR analysis. 'H-NMR signals of the phenol ring were resonating at 7.31 ppm
[H-C(3)], 7.05ppm [H-C(4)], 7.28 ppm [H-C(5)], and 7.21 ppm [H-C(6)].
According to Zanger (1972) it is known that the substitution of an aromatic
compound can be determined through the coupling constants, as for example an
ortho position has coupling constants between 7 and 9 Hz. Thus, it was possible
to assign the ortho-substitution of the phenol ring of 1l through the coupling
constants “Jun = 7.50 and 8.0 Hz for H-C(4) and H-C(6), respectively. Further,
the coupling of the determined phenol ring with the HCH unit could be revealed
by the HMBC signals of the protons H-C(7) of the methylene group resonating at
5.18 ppm which were correlating with the quaternary carbon C(2) and the
carbonyl carbon C(8) at 6n = 125.94 and 170.79 ppm, respectively (Figure 32).
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Figure 32: Excerpt (61 = 5.2-5.0 ppm and 2.2-2.0 ppm, oc = 70-175 ppm) of the
HMBC spectrum (500.13/125.77 MHz, acetone-ds) of Il indicating the correlation
of the sugar unit with the acetyl group and phenol ring, and the correlation
between the methylene proton H-C(7) with the phenol ring and the carbonyl
carbon C(8) (acquired from Antoniadou et al. (2021)).
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3 RESULTS AND DISCUSSION

The protons of the HCH residue could be assigned through proton, proton-
correlations using the COSY experiment. Thereby, the protons H-C(10) and
H-C(11) of the double bond, resonating at 5.80 and 6.14 ppm, respectively, were
correlating with the methylene protons of H-C(12) and H-C(13) (Figure 33 A). The
double bond revealed cis-coupling constants of 3Jun=9.82 and 9.78 Hz for
H-C(11) and H-C(10), respectively (Figure 33 B). Both coupling patterns showed
doublets of triplets. Moreover, by means of the HMBC spectrum it was possible
to assign positions 9 and 14 of the HCH moiety. The chiral carbon C(9) resonating
at 78.81 ppm was correlating with H-C(11) of the double bond, and the carbon of
the carbonyl group C(14) at 206.20 ppm with the protons H-C(10), H-C(12), and
H-C(13). Thus, salicylate 2’-O-acetylsalicortin (Ill) from the bioactive fraction F5-
5 was fully characterized. The 99% purity of Ill was confirmed by gHNMR
(Figure 31).
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Figure 33: Excerpt (6n =6.5-2.5 ppm) of the COSY spectrum (500.13 MHz,
acetone-ds) of Ill showing (A) the correlations between the double bond [H-C(10),
H-C(11)] and the two methylene groups [H-C(12), H-C(13)], and (B) the cis-
coupling constants of 9.82 and 9.78 Hz for H-C(11) and H-C(10), respectively,
and their doublet of triplets coupling pattern.

In previous studies, Il has been detected in leaves of S. pentandra using

HPLC/API-ES mass spectrometry (Ruuhola 2001, Ruuhola and Julkunen-Tiitto
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3 RESULTS AND DISCUSSION

2003, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003). In the bark and leaves of
the same plant, 1ll was revealed also by HPLC-UV (Meier et al. 1992). This
salicylate was also identified by NMR in S. lasiandra (Reichardt et al. 1992),
however, the positions C-1 to C-6 of the aromatic ring and the positions C-10 and
C-11 of the double bond were incorrectly annotated. Moreover, structure
elucidation of Ill from S. glandulosa and S. pseudo-lasogyne twigs was also
performed by NMR (Kim et al. 2015, Yang et al. 2013).

3.5.1.4 Structure determination of cinnamrutinose A (IV) from
fraction F5-2

Furthermore, non-bioactive fraction F5-2 was fractionated (Figure 34) in order to
identify compounds for comparison with other phytochemicals based on their
bioactivity. Moreover, it was important to investigate whether single compounds
or the fractions are potent. Therefore, three subfractions F5-2-1 to F5-2-3 were
collected and cinnamrutinose A (IV) was identified in subfraction F5-2-2
(section 4.4.4). After UPLC-ToF-MS analysis the pseudo-molecular ion of 1V with
a formic acid adduct could be detected at m/z 487.1824 ([M+HCO2zH-H]).
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Figure 34: Semi-preparative HPLC-UV chromatogram of fraction F5-2 at 252 nm
subfractionated into three subfractions F5-2-1 to F5-2-3 (obtained from
Antoniadou et al. (2021)).

Further, the MS/MS spectrum revealed the fragmentation pattern of IV

(Figure 35). Two sugars were possibly part of the structure, due to the fragment
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3 RESULTS AND DISCUSSION

ions of m/z 161 and 163. The masses of sugars were similar, thus it was not
possible at this stage to distinguish them. The fragment ion of m/z 103 was

corresponding to the cinnamoyl residue.
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Figure 35: Centroided MS? spectrum of the precursor ion of cinnamrutinose A
(IV), 441.1 Da, depicting the fragmentation pattern (acquired from Antoniadou et
al. (2021)).

Two-dimensional NMR analysis confirmed the structure of the non-salicylate IV,
which data were compared with the literature (Jossang, Jossang, and Bodo
1994). Proton signals of L-rhamnose and D-glucose were resonating at on 3.14-
4.31 ppm. The coupling of the two sugars was determined by the HMBC
experiment. Particularly, the proton at position 6’ (3.88 ppm) of D-glucose was
coupling with the carbon at position C(1”) (101.66 ppm) of L-rhamnose. The
carbon C(1’) of D-glucose, resonating at 102.85 ppm, was coupling with the
protons Ho-C(1) and Hg-C(1) at 4.24 and 4.43 ppm, showing that the sugar
residue was attached to the cinnamoyl group (Figure 36). The carbon C(1),
resonating at 70.11 ppm, was also coupling with the protons of the double bond,
H-C(2) at 6.35 ppm and H-C(3) at 6.69 ppm. Coupling constants of 3Ju.n = 16.14
and 15.89 Hz of the alkenes H-C(2) and H-C(3), respectively, revealed the trans
configuration of the compound. Moreover, the proton positions H-C(5) and H-C(9)
as well as H-C(6) and H-C(8) annotated for the phenol ring were mirrored. The
precise configuration of the sugars was determined by a derivatization

experiment described in section 3.5.4 and 4.5.
57



3 RESULTS AND DISCUSSION

acetonitrile-ds

H-C(6")

© i
7 G A T

H-C(2)

H-C(2) impurity impurity

r60

r65

e o

c) —

c(sfu) R @ """ m (}9 n @ i -
C(5 i 2
c2 h L3
o I |

+80

g L85

6.5 8.0 55 50 45 40 35 3.0 25 20 15 10
5y [ppm]

Figure 36: Excerpt (én=6.5-1.0 ppm and &c = 60-85 ppm) of the HMBC
spectrum (500.13/125.77 MHz, acetonitrile-ds) of IV showing the correlations
between the carbon C(1) of the cinnamoyl group with the protons H-C(2) and
H-C(3) of the double bond and the proton H-C(1’) of D-glucose. Asterisk: carbon
coupling to H-C(2) and H-C(3) of the compound of the impurity.

gHNMR analysis revealed a purity of 74% for compound IV and a pseudo-
molecular ion of m/z 489.20 ([M+HCO2H-H]) could be determined for this
impurity by UPLC-ToF-MS analysis. The structure of this second compound in
fraction F5-2-2 could be identified only partially due to the low intensity and
concentration by means of NMR analysis. The compounds differed by m/z 2 and
positions C-2 and C-3 of the structures. The HSQC experiment showed that
o1 =1.89 and 2.71 ppm and &c 31.37 and 31.74 ppm for positions C-2 and C-3,
respectively, were not part of IV and thus indicate that the compound of the

impurity holds two methylene groups (Figure 37).
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Figure 37: Excerpt of the HSQC spectrum (500.13/125.77 MHz, acetonitrile-ds)
of IV showing the carbon-proton correlations of the double bond of IV and the two
methylene groups of the impurity.

By HMBC, couplings of the assigned positions of the impurity with positions of
the phenol ring and sugar could be detected, however, signal overlapping and
low sensitivity made the structure elucidation of the compound of the impurity
impossible. Taking into account the mass-to-charge ratio obtained from the
UPLC-ToF-MS analysis and the detected methylene groups as mentioned above,
it was possible to propose the similarity and difference only at positions C-2 and
C-3 of the structure to IV.

Overall, compound IV does not belong to the salicylates and has never been
found in S. pentandra before. However, it was detected in other species of the
Salicaceae family, such as in stems of S. triandra x dasyclados and P. tremula,
and leaves of P. euphratica (Jossang, Jossang, and Bodo 1994, Noleto-Dias et
al. 2019, Wei, Rena, and Yang 2015).

3.5.2 SPE fraction F6: subfractionation and compound
identification

Next to SPE fraction F5, SPE fraction F6 was purified and single compounds
were examined upon their anti-inflammatory potential. By using the preparative

phenyl-hexyl column, chromatographic separation by means of HPLC-UV at
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200 nm was possible (section 4.4.5). In this way, fractions F6-1 to F6-14

(Figure 38) were collected and lyophilized.
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Figure 38: Preparative HPLC-UV chromatogram of SPE fraction F6 at 200 nm
subfractionated into fourteen subfractions F6-1 to F6-14 (obtained from
Antoniadou et al. (2021)).

Then, the bioactivity of each fraction was determined, showing no inhibitory
activity on PGE: for any of the fractions (data not shown). However, in order to
explain whether single phytochemicals or the total chemical composition of the
fractions were potent, fraction F6 was further subfractionated. Thereby,
2’,6’-O-diacetylsalicortin (V) from subfraction F6-12-2 and lasiandrin (V1) from
F6-13-2 were identified by LC-MS and 2D-NMR analysis, and were used for
further investigation of the anti-inflammatory potential.

3.5.2.1 Structure determination of 2’°,6’-O-diacetylsalicortin (V)

Fraction F6-12 was separated chromatographically by means of HPLC-UV on a
semi-preparative pentafluorophenyl column, and subfractions F6-12-1 to F6-12-3
were collected (Figure 39). The salicylate 2’,6’-O-diacetylsalicortin (V) was
isolated from subfraction F6-12-2 and was analyzed by means of UPLC-ToF-MS

revealing a pseudo-molecular ion of m/z 507.1551 ([M-HJ).
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Figure 39: Semi-preparative HPLC-UV chromatogram of fraction F6-12 at
200 nm separated into three subfractions F6-12-1 to F6-12-3 (adopted from
Antoniadou et al. (2021)).

The fragmentation pattern showed the same ions as for Ill, however, for V the
signal intensity of 137 Da, corresponding to the HCH group, was higher. The two
compounds differed in the amount of attached acetyl groups. Therefore, V
contains two acetyl groups instead of one, which are attached to the glucose
moiety at positions C-2’ and C-6’. This difference, however, could not be
distinguished, because of the identical fragmentation patterns. Therefore, the

structure of V was confirmed by means of 1D/2D-NMR.

Comparison of the 'H-NMR spectra of V and Il showed high spectral similarity
(Figure 40). Differences could be detected in the chemical shifts of the glucose
at positions H-C(3’), H-C(4’), H-C(5), and H-C(6’). Slight shifts to higher
frequencies were visible for the protons H-C(3’) and H-C(5’) and at much higher
frequencies for the protons Ha-C(6’) and Hp-C(6’) of the methylene group of V in
comparison to the chemical shifts of Ill. This effect occurred most likely due to
the second acetyl group attached to the sugar at position C-6’. The NMR data for

both can be found in the Appendix section.

61



3 RESULTS AND DISCUSSION

A O‘-—'?i’

=<
T

o <

Q =0

= _ ~ oz —_—

Qo x - 2 IS © o o5

Qoo 1 o0

IT T Q@ o

T I

=
L

75 7.0 6.5 6.0 55 50 45 4.0 35 3.0 25 2.0
6y [ppm]

Figure 40: 'H-NMR spectra (500.13 MHz, acetone-ds) of (A) V and (B) Ill.
Chemical shift differences of the glucose moiety of both compounds are

highlighted in bold.

Observations of the HMBC spectrum revealed heteronuclear couplings of the
protons H-C(1”) at 2.10 ppm of the methyl group and H-C(8’) at 2.03 ppm with
the carbons C(2') at 74.26 ppm and C(6’) at 64.01 ppm, respectively, which
showed that positions C-2’ and C-6’ of the glucose unit were acetylated
(Figure 41). Moreover, by means of the same experiment, it was possible to
assign the two carbon signals, C(2”) and C(7’), of both carboxyl moieties,
resonating at 170.27 ppm and 170.92 ppm. Further, the S-anomeric carbon C(1’)
annotated at 100.06 ppm and the quaternary carbon C(1) of the phenol ring at
155.78 ppm could be confirmed by mans of the chemical shift (Figure 41).
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Figure 41: Excerpt (0n=2.24-1.90 ppm, and o&c =60-100 ppm and 150-
175 ppm) of the HMBC spectrum (500.13/125.77 MHz, acetone-ds) of V showing
the correlations of the proton H-C(1”) with the carbons C(2’) and C(2”), and the
proton H-C(8’) with the carbons C(6’) and C(7’).

The salicylate V has been previously identified in S. pseudo-lasiogyne and
S. glandulosa twigs by NMR, to which data of the spectra of the current work
were comparable (Kim et al. 2015, Yang et al. 2013). Even though it has been
found also in leaves of S. pentandra, the authors detected the compound
tentatively by HPLC/API-ES mass spectrometry and did not describe any
structure elucidation by NMR spectroscopy (Ruuhola and Julkunen-Tiitto 2003,
Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003). The current study verified that
bark of S. pentandra contains V, which purity was 96% by means of gHNMR
analysis.

3.5.2.2 Structure determination of lasiandrin (VI)

Furthermore, lasiandrin (VI) was isolated from subfraction F6-13-2. Therefore,
fraction F6-13 was purified by means of HPLC-UV and semi-preparative
pentafluorophenyl column (Figure 42). Following the UV signal at 200 nm,
fractions F6-13-1 and F6-13-2 were collected and freeze-dried. The pseudo-
molecular ion of compound VI detected in fraction F6-13-2 revealed
m/z 603.1762 ([M-H]), which was analyzed by UPLC-ToF-MS.
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Figure 42: Semi-preparative HPLC-UV chromatogram of fraction F6-13 at
200 nm subfractionated into two subfractions F6-13-1 and F6-13-2 (adopted from
Antoniadou et al. (2021)).

For structure elucidation first the MS/MS spectrum was analyzed (Figure 43). The
fragment ion m/z 465 corresponds to the compound without one HCH group. The
fragment ions of m/z 155 and 137 were assigned to the HCH groups and their
hydrolyzed form, respectively, whereas the ion of m/z 111 corresponded to the

HCH moiety without the carboxyl group.
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Figure 43: Centroided MS? spectrum of the precursor ion of lasiandrin (VI),
603.2 Da, depicting the fragmentation pattern (acquired from Antoniadou et al.
(2021)).
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Furthermore, through 'H-NMR and 13C-NMR spectroscopy similar chemical shifts
of V and VI could be revealed. However, instead of an acetyl group at position 6’
of the sugar moiety as it is the case for V, a second HCH group was attached to
the compound VI. According to the COSY spectrum, two HCH groups were
detected showing correlations between the protons H-C(10), H-C(11), and
H-C(12) resonating at 5.80, 6.14, and 2.46 - 2.54/2.62 - 2.73 ppm, respectively,
and correlations among the protons H-C(10’), H-C(11’), and H-C(12’) at 5.75,
6.08, and 2.46 - 2.54/2.62 - 2.73 ppm,

bonds were cis configured and were confirmed by the coupling constants of

respectively (Figure 44). The double

approximately 3Ju+ = 9.80 Hz for both (section 3.5.1.3). Moreover, protons of
Ha-C(12/12’)/H-C(12/12’) (2.46 - 2.54/2.62 - 2.73 ppm)
Ha-C(13/13’)/Hp-C(13/13’) (2.53 - 2.59/ 2.84 - 2.92 ppm) were overlapping,
hampering the assignment of the chemical shifts of each HCH position. On the
other side, positions C-10/C-10’ and C-11/C-11’,
C(9) and C(9’) could be assigned as described further.
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3 RESULTS AND DISCUSSION

Carbons C(8) and C(8’) resonating at 170.78 ppm, and C(14) and C(14’) at
206.18 ppm were also overlapping (Figure 45 A and B). Carbons C(9)/C(9’) were
showing two peaks (Figure 45 A), which is also revealing overlapping of carbon
signals. Moreover, carbon-proton correlations were revealed for the HCH groups
by means of the HMBC experiment. Hereby, the carbon C(9’) resonating at
78.82 ppm was correlating with the proton H-C(11’) and H-C(12’) at 6.08 and
2.46-2.54 ppm, respectively. Moreover, couplings between the carbon C(8’)
(170.78 ppm) of the carboxyl group and the protons Ha-C(6’) (4.27 ppm) and
Hg-C(6’) (4.64 ppm) of the glucose indicated the binding of one of the two HCH
groups to position C-6’ (Figure 45B). In contrast, correlations of C(8)
(170.78 ppm) with H-C(7) and H-C(7) showed the attachment of a second HCH
unit at position C-7. Further, the carbons C(14’) and C(14) of the carbonyl groups,
overlapping with the carbons of the solvent acetone-ds, were resonating at
206.18 ppm and were correlating with the protons H-C(12’)/H-C(13’) and
H-C(12)/H-C(13), respectively. It was also possible to confirm the acetylation at
position C-2’ of the glucose of VI by the coupling of the carbon C(2”) (170.27 ppm)
with the protons H-C(2’) (74.26 ppm) and H-C(1”) (21.01 ppm) (Figure 45 B).
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Figure 45: Excerpts, (A) 6n =6.2-2.4 ppm and 6c = 80-175 ppm, (B) én =5.2-
2.0 ppm and &6c =170-210 ppm, of the HMBC spectrum (600.13/150.90 MHz,
acetone-ds) of VI, showing couplings of the HCH groups with the glucose and the
phenol ring, and couplings between the glucose and the acetyl group.

Consequently, protons H-C(6’) of the methylene groups of V
(CJun=11.75/2.30 Hz, 11.95/6.24Hz) and VI (®Ju-H=11.80/2.06 Hz,
11.82/6.79 Hz; Figure 46) hold an acetyl or HCH residue attached at position C-6’
by a carboxyl unit and showed similar coupling constants in comparison to Il
(3Jh+ = 11.35/2.99 Hz, 11.39/3.69 Hz), which contains an alcohol at the same
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position of the glucose. All have coupling patterns of doublet of doublets (dd)
showing coupling of the proton Hc-C(6’) with two non-equivalent hydrogens
Ha-C(6’) and Hp-C(6’) with different coupling constants (Figure 46).

Hg-C(6°) H,-C(6)

11.80 Hz 11.82 Hz
2.06 Hz 6.79 Hz

466 464 462 430 428 426 424
5, [ppm]

Figure 46: Coupling pattern of proton signals, Ha-C(6’) and Hp-C(6’), into doublet
of doublets (dd) and of their assigned coupling constants (J [Hz]) extracted from
the 'H-NMR (600.13 MHz, acetone-ds) of compound VI.

The purity of 98% of the isolated salicylate VI was determined by gHNMR
analysis. In previous studies the phytochemical was tentatively identified in
leaves of S. pentandra using HPLC/API-ES mass spectrometry without any NMR
data available (Ruuhola and Julkunen-Tiitto 2003). Moreover, Keefover-Ring et
al. (2014) also detected the compound tentatively in P. tremula by UHPLC-ESI-
ToF comparing the m/z values and MS/MS fragments using the MassLynx
software with other species containing this compound. Structure elucidation of VI
from S. lasiandra using NMR spectroscopy was postulated by Reichardt et al.
(1992). However, the assignment of the chemical positions of the phenol ring and
double bonds were not correlating with this previous publication. Therefore, the
current study provided complete structure elucidation by LC-MS/MS and NMR
analysis for the first time. Moreover, it was possible to confirm that S. pentandra
bark material consists of VI, besides other identified compounds, which has not

been described in literature before.
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3.5.3 SPE fraction F7: subfractionation and compound
isolation

Furthermore, besides SPE fractions F5 and F6, SPE fraction F7 was purified by
preparative HPLC-UV and single compounds were investigated upon their
bioactivity, which will be compared to compounds from SPE fractions F5 and F6.
Therefore, a phenyl-hexyl column was used for chromatographic separation and
monitoring the effluent at 200 nm enabled collecting fourteen fractions, F7-1 to
F7-14 (Figure 47) as described in section 4.4.6.
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100( 24 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
) time [min]

Figure 47: Preparative HPLC-UV chromatogram of fraction F7 at 200 nm
subfractionated into fourteen subfractions F7-1 to F7-14 (adopted from
Antoniadou et al. (2021)).

For each fraction, the activity against PGE: release was determined, showing no
anti-inflammatory effect (data not shown). Nevertheless, fractions F7-8 and F7-4
were purified by semi-preparative HPLC-UV to check if single phytochemicals in
the fractions may be bioactive and concentration dependent. The compound
guantity, as well as the chemical composition in a fraction are factors which can
influence bioactivity. Thus, it was possible to identify tremulacin (VII) from
subfraction F7-8-4 and a mixture of three compounds from subfraction F7-4-6
containing 2’-O-acetylsalicortin (lll) and two diastereomeric compounds of B-D-
glucopyranoside,  2-[[[(1-hydroxy-6,6-dihydroxy-2-cyclohexen-1-yl)-dihydroxy]-
oxy]methyl]lphenyl, 2-acetate (VIII). The diastereomers were novel and were only
possible to be detected by an acetalization reaction, but single compounds could

not be purified from this mixture in the current work due to the lability of the
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phytochemicals. The structures of the compounds VII and VIl were elucidated
by LC-MS/MS and NMR analysis.

3.5.3.1 Structure determination of tremulacin (VII)

For the purification and structure elucidation of tremulacin (VI), fraction F7-8 was
separated chromatographically by semi-preparative HPLC-UV equipped with a
pentafluorophenyl column into five subfractions F7-8-1 to F7-8-5 (Figure 48).
Salicylate VII with pseudo-molecular ion of m/z 527.1586 ([M-H]) was detected
in subfraction F7-8-4, which was determined by UPLC-ToF-MS.

1400 -

—
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=
=}
.
B~

1000 -
800 A
600 -
400 A
3
200 - 12 5
0 2 4 6 8 101214 16 18 20 22 24 26 28 30 32 34 36 38 40 42
time [min]

UV absorption at 200 nm [mAU]

Figure 48: Semi-preparative HPLC-UV chromatogram of fraction F7-8 at 200 nm
subfractionated into five subfractions F7-8-1 to F7-8-5 (obtained from Antoniadou
et al. (2021)).

Moreover, the fragmentation pattern of the compound was investigated by LC-
MS/MS, showing the signal of the fragment ion m/z 121 and 123 corresponding
to the benzoic acid and saligenin of VII, respectively (Figure 49). Unique for VII
is also the fragment ion m/z 77, indicating the benzene ring, which signal was not
detected in any other MS/MS spectrum of the identified salicylates of the current

work.
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Figure 49: Centroided MS? spectrum of the precursor ion of tremulacin (VII),
527.0 Da, depicting the fragmentation pattern (adopted from Antoniadou et al.
(2021)).

1D/2D-NMR spectroscopy elucidated the attachment of the benzoic acid moiety
at the glucose at position C-2’. Observations of the *H-NMR and HSQC spectra
revealed chemical shifts (ou) at higher frequencies for the benzoic acid unit in
comparison to the phenol ring, which was bound to position C-1’ of the glucose
(Figure 50). The symmetrical aromatic ring led to the detection of similar chemical
shifts of 6n=7.98 ppm and o6c =129.34 ppm for positions C-3” and C-7”.
Mirroring due to the symmetry occurred also for positions C-4” and C-6”
resonating at o = 7.52 ppm and &éc = 128.68 ppm. In the same benzene ring,
position C-5" could be annotated at én = 7.65 ppm and éc = 133.38 ppm.
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Figure 50: HSQC spectrum [500.13/125.77 MHz, dimethyl sulfoxide-de (DMSO-
de)] of VII depicting the carbons and their corresponding protons, as well as the
alcohol groups (bold) of HO-C(3’), HO-C(4’), HO-C(6’), and HO-C(9), resonating
at o6n = 5.53, 5.38, 4.72, and 6.41 ppm, respectively.

Due to the use of dimethyl sulfoxide-de as solvent, it was possible to distinguish
the alcohol groups at positions C-3’, C-4’, C-6’, and C-9 of the 'H-NMR,
resonating at 5.53 [HO-C(3’)], 5.38 [HO-C(4’)], 4.72 [HO-C(6’)], and 6.41 ppm
[HO-C(9)]. In particular, the chemical shifts of the alcohols could be detected
through heteronuclear and homonuclear correlations observed in the HMBC
experiment (Figure 51). The alcohol group HO-C(9) (6.41 ppm) was correlating
with the carbons C(14) (205.92 ppm), C(8) (169.86 ppm), C(10) (128.66 ppm),
and C(9) (77.35 ppm). Even though the carbon-proton correlations of HO-C(3’)
and HO-C(4’) were weaker, it was possible to interpret both chemical shifts within
the sugar moiety. Both alcohols were coupling with C(4’) (69.89 ppm), C(2’)
(73.79 ppm), and C(3’) (74.29 ppm), however, unique was the correlation
between OH-C(4’) and C(5’) (77.28 ppm). Hereby, HO-C(3’) and HO-C(4’) were
resonating at o1 = 5.53 and 5.38 ppm, respectively. The alcohol at position C-6’
[HO-C(6’)] was detected at 4.72 ppm through the coupling with the carbons C(5’)
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(77.28 ppm) and C(6’) (60.54 ppm). Chemical shifts of the alcohol positions and
correlation analysis allowed correct assignment of carbons and protons of the

sugar moiety and further structure elucidation.
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Figure 51: Excerpt (6x =8.0-4.7 ppm and o6c = 60-210 ppm) of the HMBC
spectrum (500.13/125.77 MHz, dimethyl sulfoxide-ds) of VII showing correlations
between the glucose and the benzoic acid, and the phenol ring with the HCH

group.

Furthermore, the binding of the benzoic acid to the glucose at position C-2’ was

elucidated by means of the HMBC experiment (Figure 51). In particular, proton
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H-C(2’) of the glucose residue at o1 = 5.05 ppm was correlating with the carbon
C(1”) (165.10 ppm) of the carboxyl group of the benzoic acid. Protons
H-C(3”)/H-C(7”) of the benzene ring were coupling with the carbons C(5”) and
C(17), resonating at 6c = 133.38 ppm and 165.10 ppm, respectively. Whereas,
the protons H-C(4”)/H-C(6”) were coupling with C(2”) (129.74 ppm). In this way,
assignment of the benzoic acid positions and the coupling with the glucose could

be interpreted.

After structure elucidation of VII, gHNMR analysis revealed purity of 99%. The
compound has been tentatively identified in the methanol extract of S. repens
and S. pentandra leaves (Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003). In
1971, VIl was isolated and crystallized from P. tremuloides bark (Pearl and
Darling 1971). Later, the compound could be identified by NMR spectroscopy
after isolation from S. chaenomeloides leaves (Mizuno et al. 1991), S. glandulosa
twigs (Kim et al. 2015), S. tetrasperma Roxb leaves (El-Shazly, El-Sayed, and
Fikrey 2012), S. acutifolia bark (Zapesochnaya et al. 2002), and from a Salix
cortex ethanol (70%) drug extract (Knuth et al. 2013). In the current work,
however, identification of the compound was performed using a combination of
various analytical methods for the activity-guided fractionation, such as LC-
MS/MS, 2D-NMR, and further other explained in the next sections. Moreover, it
was possible to yield the compound in high purity, which was not annotated in

the previous publications and is significant for the bioactivity determination.

3.5.3.2 Structure determination of compounds from fraction F7-4

Next to fraction F7-8, fraction F7-4 was subfractionated into six subfractions,
F7-4-1 to F7-4-6, by means of semi-preparative HPLC-UV at 200 nm on a
pentafluorophenyl column (Figure 52) as described in section 4.4.6. After
collection and lyophilization of subfraction F7-4-6 (at 33.5 min) and re-injection
into the device, compound in the fraction eluted at the same time, however, this
time the peak intensity at 16.5 min (fraction F7-4-1) was higher than that at
33.5 min (data not shown). This led to the hypothesis that phytochemicals within
fraction F7-4 are instable and are most probably undergoing a chemical reaction
or isomerizing over time, since F7-4-1 and F7-4-6 showed similar pseudo-
molecular ions of m/z 465.14 by means of UPLC-ToF-MS.
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Figure 52: Semi-preparative HPLC-UV chromatogram of fraction F7-4 at 200 nm
subfractionated into six subfractions F7-4-1 to F7-4-6 (obtained from Antoniadou
et al. (2021)).

In order to investigate the stability of the fraction during incubation, two samples
were prepared using F7-4 diluted in methanol and in water. Right after dilution
without incubation, samples were analyzed by means of analytical HPLC-UV
using a pentafluorophenyl column. Further, they were incubated for 24 h at room
temperature and analyzed again. Thereafter, the samples were left on the bench
over three days, and investigated another time. All runs were compared to
previously purified 2’-O-acetylsalicortin (l1l) (Figure 53 C), which had the same
parent ion of m/z 465.14 ([M-H]) similarly to fractions F7-4-1 and F7-4-6. The
chromatograms before and after incubation in comparison to Il are depicted in
Figure 53. As described for the semi-preparative runs, peak signals of F7-4-1 in
methanol (Figure 53 A) or water (Figure 53 B) were higher after 24 h than before
incubation, which is indicative for instability of contained compounds in the
fraction. The same peak pattern and intensities could be observed after three
days, showing that a possible chemical reaction had stopped after some time.
The fraction in water showed an additional peak of fraction F7-4-7, but the peak
of fraction F7-4-6 disappeared in comparison to the fractions of the sample diluted
in methanol. The higher peak intensity of subfraction F7-4-1 in the incubation
experiment (Figure 53 A and B) as well as in the semi-preparative run (Figure 52)
clearly indicated that it contained the salicylate .
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Figure 53: Excerpts of the analytical HPLC-UV chromatograms (25-50 min of the
75 min run) of the incubation experiment of fraction F7-4. F7-4 diluted in (A)
methanol and (B) water before and after incubation for 24 h or 3 days at room
temperature in comparison to (C) 2’-O-acetylsalicortin (11l) in methanol/water (v/v,
1/1) (modified from Antoniadou et al. (2021)).

First NMR spectroscopic analysis of F7-4-6 in methanol-ds showed for each
proton and carbon three signals corresponding to three different compounds (A,
B, and C). For instance, in the COSY experiment protons H-C(10 A) (5.78 ppm),
H-C(10 B) (5.59 ppm), H-C(10 C) (5.53 ppm) were correlating with H-C(11 A)
(6.17 ppm), H-C(11B) (6.02ppm), H-C(11C) (5.98 ppm), respectively
(Figure 54). Weak signals in the 'H-NMR and '3C-NMR spectra of compound A
revealed that they are matching the signals of Ill. Therefore, compound A was
confirmed to be Ill (F7-4-1). Furthermore, proton-proton correlations were similar
for compounds B and C with just slight dn shifting to higher frequencies for C. It
was also possible to show correlations between H-C(11 C), H-C(12 C) and
H-C(13 C). However, proton chemical shifts of positions C-12 and C-13 were not
possible to keep apart, due to overlapping of the signals. Correlation were

possible though and the patterns were assigned as multiplets (m).

Overall comparison between the chemical shifts of the compounds by HSQC

experiment showed that compounds B and C had a high similarity with compound
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A, and signals were mostly shifting to similar frequencies (data not shown). It was,
however, not possible to detect just one compound in fraction F7-4-6, because of

the labile character of the compound over time in the NMR reaction tube.
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Figure 54: Excerpt (én = 1.5-6.2 ppm) of the COSY spectrum (500.13 MHz,
methanol-da4) of fraction F7-4-6 containing 2’-O-acetylsalicortin (11l, compound A,
red) and compounds B (blue) and C (yellow). The spectrum shows correlations
of the protons H-C(10) with H-C(11), and H-C(11) with H-C(12) and H-C(13)
(modified from Antoniadou et al. (2021)).

Unique signals for the salicylates appeared at 104.47 and 111.81 ppm showing
no correlations with any proton in the HSQC spectrum (data not shown). This led
to the hypothesis that position C-14 was quaternary, due to no correlation with a
proton. The carbon C(14) signal of the carbonyl group belonging to the HCH
moiety was resonating at approximately 206 ppm for all the previously identified
salicylates (l1, I, V-VII). However, in the case of compounds B and C, the signals
of position C-14 could not be assigned at this same chemical shift, but at
Oc =104.47 and 111.81 ppm, respectively. In the HMBC spectrum, couplings
between these unique carbon signals with the protons H-C(10 B), H-C(10 C),

H-C(12), and H-C(13) could be revealed, confirming that C(14 B) and C(14 C)
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were resonating at 104.47 and 111.81 ppm, respectively (Figure 55). Further, the
chemical shifts of the carbons suggested that two alcohol groups were attached
to this position. Even though the overall chemical shifts were quite similar to that
of 111, differences could be observed mostly in the shifts of positions of the carbon
signals within the HCH moiety. Thus, C(9 B) was resonating at 86.75 ppm and
C(9 C) at higher frequencies of 77.33 ppm (Figure 55). All other positions of

compounds B and C were similar to A.
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Figure 55: Excerpt (o1 = 2.0-6.2 ppm, éc = 75-110 ppm) of the HMBC spectrum
(500.13/125.77 MHz, methanol-d4) of fraction F7-4-6 containing 2’-O-
acetylsalicortin (Ill, compound A, red) and compounds B (blue) and C (yellow).
The spectrum shows correlations of the carbons C(9 B,C) and C(14 B,C) with the
protons H-C(11 B,C) and H-C(10 B,C), respectively, as well as with H-C(12 B,C)
and H-C(13 B,C) (adopted from Antoniadou et al. (2021)).
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Further, it was investigated whether two alcohol groups were indeed bound to the
quaternary carbon C(14). Due to the previously detected similar mass-to-charge
ratios by means of UPLC-ToF-MS, it was supposed that in-source fragmentation
led to water (18.01 Da) fragment ion cleavage and thus to misannotation of the
compounds showing similar parent ions for all three compounds. Therefore,
confirmation of the phytochemical structures of compounds B and C was
performed by an acetalization reaction to protect the geminal diol group at
position C-14. Particularly, fraction F7-4 was incubated in anhydrous acetone
using the catalyst p-toluenesulfonic acid, which can lead to acetalization of the
alcohol groups of the compounds. Consequently, for the verification of the
experiment, the samples were analyzed by means of UPLC-ToF-MS (ESI")
(Figure 56 A-C).

The chromatogram showed three peaks with the same mass-to-charge ratios of
m/z 465.14 in fraction F7-4 (Figure 56 A). One of the peaks represent the parent
ion of compound A (lll). The peak at 4.88 min correspond to the parent ion
(m/z 563.21) of the acetalized compounds B and C comprising two acetal groups
and a geminal diol group at position C-14 (Figure 56 B and C). By means of
fragmentation, the chemical structure of novel B-D-glucopyranoside, 2-[[[(1-
hydroxy-6,6-dihydroxy-2-cyclo-hexen-1-yl)dihydroxyloxy]methyl]phenyl, 2-
acetate (VIII) could be confirmed with a mass of 484.16 Da ([M], not visible in the
mass spectra) (Figure 56 D). Acetal groups were bound to alcohols at positions
C-3 and C-4’ of the sugar moiety, as well as at position C-14 or both positions
C-9 and C-14, forming ethers (Figure 56 D). Particularly, in the extracted MS?
spectrum, the characteristic signal at m/z 316.95 (Figure 56 C) was assigned to
the phenol ring attached to the HCH moiety containing one acetal group bound
to the alcohols of positions C-9 and/or C-14. The MS! fragmentation pattern
revealed the acetalized compound VIII with a formic acid adduct at m/z 609.22
(Figure 56 B). VIII with water cleavage could be assigned holding a pseudo-
molecular ion of m/z 465.14 ([M-H20-H]’), which formed also a formic acid adduct
at m/z 511.15 ([M+HCO2H-H20-H]).
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Figure 56: (A) LC-MS chromatogram, extracted (B) MS*- and (C) MS? spectra
after the (D) acetalization reaction of fraction F7-4 detecting compound VIII
(M = 484.16 Da). Alcohol groups at positions C-3’, C-4’, C-9, and C-14 were
acetalized (M =564.22 Da). Asterisk: peak at 4.88 min was used for the
extraction of the mass spectra.

However, it was not possible to differentiate the chemical structures of
compounds B and C due to signal overlapping. Thus, annotations of the chemical
shifts in the Appendix section showed similar shifts for some positions of both
compounds. The similar chemical shifts observed in the NMR spectrum hinted at
diastereomers of phytochemical VIII, which indeed holds a geminal diol group at
position C-14. Overall, these diastereomers degrade over time and produce Il
(Figure 53). The plausible assigned compound VIII is novel and has not been
identified before. For future studies, the acetalized compounds need to be
extracted in higher yields for purification and identification purposes by HPLC,
LC-MS, and NMR.
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3.5.4 Determination of monosaccharide configuration in
target metabolites

The structures of the isolated compounds 2’-O-acetylsalicin (I), 3’-O-acetyl-
salicortin (Il), 2’-O-acetylsalicortin (Ill), cinnamrutinose A (IV), 2’,6’-O-di-
acetylsalicortin (V), lasiandrin (VI), and tremulacin (VII) contain monosaccharide
moieties. Even though it is possible to characterize sugars by NMR, some of the
proton signals of the sugars were overlapping. Therefore, the determination of
the sugars was performed as described in section 4.6, adopting the protocols by
Schmid et al. (2018) and Tanaka et al. (2007). After acidic hydrolysis of previously
purified compounds (I-VIl), monosaccharides were extracted using ethyl acetate
followed by derivatization with L-cysteine methyl ester hydrochloride in anhydrous
pyridine and phenethyl isothiocyanate. Subsequently, the derivatized compounds
were screened by LC-MS in positive ionization mode, and retention times as well
as MS/MS data of the sugar moieties derived from the phytochemicals were

compared to the reference sugars (Figure 57).

D-Glucose and L-glucose revealed the same mass transition traces
m/z 461.02/298.10, however, it was possible to differentiate them due to the
different retention times of the signals. The retention times of each reference
monosaccharide were compared to the monosaccharides released upon acidic
hydrolysis of the compounds, which were as followed: L-glucose at 13.05 min, D-
glucose at 13.80 min, D-galactose at 12.74 min, L-rhamnose at 12.82 min, D-
xylose at 9.56 min, D-glucuronic acid at 9.04 min, and D-galacturonic acid at
9.34 min. In general, compounds I-Ill and V-VII contained one D-glucose (Figure
57), except cinnamrutinose A (IV) containing two sugars, D-glucose and L-
rhamnose. Therefore, it was possible to determine the sugar moieties of all
isolated compounds of S. pentandra. All sugar moieties of the compounds |, Il
and VI (Reichardt et al. 1992), Il (Kim et al. 2015), IV (Jossang, Jossang, and
Bodo 1994, Noleto-Dias et al. 2019), V (Yang et al. 2013), and VIl (Feistel et al.
2015) were determined only by NMR. Such derivatization reaction of salicylates
was performed for the first time in the present work. Since compound VIII was

not purely isolated, sugar determination was not performed for this.
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Figure 57: Derivatization reaction (modified from Tanaka et al. (2007)) of
extracted D-glucose of hydrolyzed compound Il and the corresponding ion
chromatogram and MRM transitions.

3.5.5 Determination of S/R absolute configuration of
target metabolites

Furthermore, the absolute S/R configuration was investigated, since the isolated
compounds 3’-O-acetylsalicortin  (Il), 2-O-acetylsalicortin (lll), 2’,6’-O-di-
acetylsalicortin (V), lasiandrin (VI), and tremulacin (VII) comprise of a HCH
residue, which has a chiral center C(9). Thus, the characterization of the
compounds will give insight to the biosynthetic pathway and compound groups
that derive from a certain compound of the pathway. Therefore, circular dichroism
(CD) spectroscopy was performed as described in section 4.9.3. Following molar
ellipticity (Ae) values were obtained for each of the five compounds:
Ag = -11.7 mdeg (0.43 mM in methanol, Amax = 221 nm) for Il, Ae = -15.5 mdeg
(0.43 mM in methanol, Amax = 220 nm) for Ill, Ae = -14.4 mdeg (0.39 mM in
methanol, Amax = 220 nm) for V, Ae = -17.2 mdeg (0.33 mM in methanol, Amax =
216 nm) for VI, and Ag = -19.6 and -8.8 mdeg (0.38 mM in methanol, Amax = 228,
209 nm) for VII. All CD spectra of the analyzed compounds clearly describe a
negative molar ellipticity (Figure 58), which were compared to already existing
literature and showed that all isolated salicylates comprised of an S configuration
(Feistel et al. 2015, Yang et al. 2013).
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Figure 58: Circular dichroism spectra of analyzed salicylates, tremulacin (VII),
2-O-acetylsalicortin (Ill), 3’-O-acetylsalicortin (ll), 2’,6’-O-diacetylsalicortin (V),
and lasiandrin (VI) containing a hydroxyl cyclohexenonoyl group with a chiral
center at C(9). The molar ellipticity (Ag) is plotted against the maximum
wavelength (Amax) (acquired from Antoniadou et al. (2021)).

Two negative molar ellipticity values were characteristic for VII, as postulated by
Feistel et al. (2015). Nevertheless, comparison of VIl with the literature showed
that one of the maximum molar ellipticity values (Ae = -19.6 mdeg) was lower at
an also lower maximum wavelength (228 nm), being -10.5 mdeg at 239 nm (at
25°C) (Feistel et al. 2015). This difference of the maximum ellipticity values
occurred probably due to the different measurement temperature being 20°C in
the current work. In particular, according to Kelly, Jess, and Price (2005), the
temperature can influence CD spectroscopy. However, at 239 nm, VIl had indeed

a similar molar ellipticity of -6.3 mdeg.

Moreover, Feistel et al. (2015) postulated in general that for salicylates the
S configuration is common. This may be explained by similar biosynthetic
pathways, the shikimate pathways of salicylates, which are derived from trans-
cinnamic acid forming salicyl-CoA and salicyl benzoate (Fellenberg et al. 2020).
After glucosylation by glucosyltransferases, salicylates containing the
characteristic HCH moiety can be derived from the pathway described in

Figure 10 of the introduction section (Fellenberg et al. 2020).
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3.5.6 Discussion

Until now, Salix cortex preparations for medicinal purposes are usually being
standardized to 240 mg salicin (European Medicines Agency 2017b, Fiebich and
Appel 2003). As described in the introduction section of the present work, many
compounds have been identified in Salix before, however, no systemic evidence
was obtained about key phytochemicals with anti-inflammatory properties by
activity-guided fractionation. In the present work, the isolated phytochemicals
from potent methanol extract of a S. pentandra clone (PE1) were salicylates.

Phytochemical composition of bioactive bark material of S. pentandra belonging
to group 3 of the PCA plot (Figure 13, section 3.1) was investigated in order to
isolate and identify phytochemicals by means of HPLC-UV, LC-MS, and NMR.
Through activity-guided fractionation of anti-inflammatory methanol extract,
eleven SPE fractions F1-F11 were obtained. After determination of the anti-
inflammatory potential, fraction F5 showed the highest potency among all

fractions (Figure 19, section 3.3.2).

Compounds could then be isolated and structurally elucidated from SPE fractions
F5 (v/v, 40/60 methanol/water fraction), F6 (v/v, 1/1 methanol/water fraction), and
F7 (viv, 60/40 methanol/water fraction) (Figure 59). Therefore, preparative and
semi-preparative fractionation by means of HPLC-UV was performed.
Subfraction F5-5 revealed the highest bioactivity, in comparison to the other
subfractions of F5 and subfractions of F6 and F7 (Figure 25, section 3.5.1). For
the elucidation of the single compounds, LC-MS and 2D-NMR techniques were
used identifying 2’-O-acetylsalicin (I), 3’-O-acetylsalicortin (ll), 2’-O-acetyl-
salicortin (Ill), cinnamrutinose A (IV), 2’,6’-O-diacetylsalicortin (V), lasiandrin (VI),

and tremulacin (VII) (Figure 59, Table 6, and Appendix section).
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Figure 59: Activity-guided fractionation of anti-inflammatory methanol extract of
S. pentandra bark material (grey). SPE fractions F5, F6, and F7 (grey) were
subfractionated by (semi-)preparative HPLC-UV, and structure elucidation
identified cinnamrutinose A (IV, F5-2-6), 2’-O-acetylsalicin (I, F5-5-3), 3’-O-
acetyl-salicortin  (ll, F5-5-5), 2’-O-acetylsalicortin (lll, F5-5-7), 2’,6’-O-
diacetylsalicortin (V, F6-12-2), lasiandrin (VI, F6-13-2), tremulacin (VIl, F7-8-4),
and B-D-glucopyranoside, 2-[[[(1-hydroxy-6,6-dihydroxy-2-cyclohexen-1-
yhdihydroxy]oxy]-methyl]phenyl, 2-acetate (VIII, F7-4-6) as potentially active
compounds (modified from Antoniadou et al. (2021)).

Precursor ion (PI) scan (section 3.4.1) and information-dependent acquisition
(IDA) experiments (section 3.4.2) enabled the detection also of these salicylic
acid derivatives or salicylates I-1ll and V-VII. Moreover, two novel diastereomers
of B-D-glucopyranoside, 2-[[[(1-hydroxy-6,6-dihydroxy-2-cyclohexen-1-
yl)dihydroxy]-oxy]-methyl]phenyl, 2-acetate (VIII) were identified for the first time
in the present work and could only be distinguished by LC-MS after an
acetalization experiment. IV was identified as a non-salicylate. All compounds I,
[l and VI (Reichardt et al. 1992), Il (Kim et al. 2015), IV (Jossang, Jossang, and
Bodo 1994, Noleto-Dias et al. 2019), V (Yang et al. 2013), and VIl (Feistel et al.
2015) isolated from S. pentandra in the present work (section 3.5) were
previously isolated and identified from various other Salix species and thus

current NMR data was compared with the literature (Table 6).
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Table 6: Overview of the isolated Salix phytochemicals I-VIII from SPE fractions
F5, F6, and F7, and the corresponding literature of identified compounds in Salix
and Populus species. Asterisks: *compounds found in S. pentandra by tentative
identification using HPLC/API-ES mass spectrometry (absent NMR data),
**compounds not detected in S. pentandra previously.

isolated Salix

isolated from

No. phytochemicals fraction identified in literature
Kim et al. (2015), Reichardt
et al. (1992), Yang et al.

y (HPLC-UV) Ruuhola and Julkunen-Tiitto
(2003), Ruuhola, Julkunen-
Tiitto, and Vainiotalo (2003)*
. . SPE F5, F5-5-5 Kim et al. (2015) and Yang
-()- **
Il 3'-O-acetylsalicortin (HPLC-UV) et al. (2013)
Ruuhola (2001), Ruuhola
and Julkunen-Tiitto (2003),
SPE F5. F5.5.7 Ruuhola, Julkunen-Tiitto, and
Nl 2-O-acetvisalicortin* » m9=9=f Vainiotalo (2003)*; Meier et
Y (HPLC-UV) al. (1992)*: Reichardt et al.
(1992); Kim et al. (2015),
Yang et al. (2013)
Jossang, Jossang, and Bodo
. . SPE F5, F5-2-2  (1994), Noleto-Dias et al.
*%

IV cinnamrutinose A (HPLC-UV) (2019), Wei, Rena, and

Yang (2015)
Kim et al. (2015), Yang et al.
155 (2013); Ruuhola and
vV  26'-O-diacetylsalicortin* ?HPIELE(SU\F/()S 12-2 Julkunen-Tiitto (2003),
Ruuhola, Julkunen-Tiitto,
and Vainiotalo (2003)*
Ruuhola and Julkunen-Tiitto
VI lasiandrin® SPE F6, F6-13-2 (2003)*; Keefover-Ring et al.
(HPLC-UV) (2014); Reichardt et al.
(1992)
Ruuhola, Julkunen-Tiitto, and
Vainiotalo (2003)*; Pearl and
Darling (1971); Mizuno et al.
: SPE F7,F7-8-4  (1991), Kim et al. (2015); El-
VIl tremulacin* ( ' ' '
(HPLC-UV) Shazly, El-Sayed, and Fikrey
(2012); Zapesochnaya et al.
(2002); Knuth et al. (2013)
B-D-glucopyranoside, 2-
[[[(1-hydroxy-6,6-dihydroxy-
SPE F7, F7-4-6 .
VIl 2-cyclohexen-1-yl)- (HPLC-UV) Not described

dihydroxy] oxy]methyl]-
phenyl, 2-acetate**

Even though Ruuhola, Julkunen-Tiitto, and Vainiotalo (2003) and the IDA

experiment of the present work (section 3.4.2) detected 6’-acetyltremulacin and

a diglucoside salicin in methanolic extracts of S. pentandra, the compounds were
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not identified by activity-guided fractionation. Most probably, these compounds
were not identified in potent fractions or were not available at all in the specific

Salix clone PEL1 of the present work, since the genotypes were different.

Compounds I-lll and V-VIII were cis configured and contained a D-glucose
(sections 3.5.4 and 3.5.5). Exception was the non-salicylate IV being trans-
configured and containing D-glucose attached to L-rhamnose. Certainly, it was
possible to confirm the compound structures of the previously tentatively
identified compounds in S. pentandra (sections 3.4.1 and 3.4.2), which were
mostly salicylates. However, PCA analysis and S-plots (section 3.1) exhibited
that among the isolated compounds, only lasiandrin (VI) was upregulated in

group 3.

The bioactive methanol extract of S. pentandra was compared to other Salix
extracts of published literature. Lee et al. (2013) and Yang et al. (2013)
fractionated a methanolic extract (80%) of S. pseudo-lasiogyne twigs into n-
hexane, ethyl acetate, water, and n-butanol fractions. The authors could state,
that the ethyl acetate fraction had the highest adipogenic (Lee et al. 2013) and
neuroprotective (Yang et al. 2013) activity, which contained I-lll, and V, but also
other compounds not detected in S. pentandra. These compounds were
identified by NMR spectroscopy and comparison with reference compounds after
isolation by means of HPLC-UV using a Cis-column as stationary phase, and
solvents methanol and water as mobile phase (Yang et al. 2013). Compounds |
(ethyl acetate fraction), II-1ll (chloroform fractions), and VII (ethyl acetate fraction)
from a methanolic extract (80%) of S. glandulosa twigs could be isolated using a
Cis-column and examined on neuroprotective activity against nitric oxide in LPS

triggered murine microglial cells from the cell line BV2 (Kim et al. 2015).

Furthermore, fractionation of acetone extracts (using a Soxhlet apparatus) of
S. lasiandra leaves and twigs revealed I, Ill, and VI by reversed-phase flash
chromatography and subsequent NMR spectroscopy (Reichardt et al. 1992).
Chemical shifts of the phenol ring as well as of the double bond were falsely
annotated by the authors and were reviewed in the present work, assigning the
carbons and protons correctly (section 3.5.2.2, Appendix section). Salicylate VII
could be also isolated from methanol (70%) extract of P. trichocarpa x deltoides
Beaupré leaves, which was fractionated by solid-phase extraction and
subsequent HPLC separation (mobile phase: methanol and water in 0.1% formic
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acid, solid phase: Cis-column) (Feistel et al. 2015). Furthermore, Knuth et al.
(2013) elucidated the structure of VII after isolation from a commercially obtained
ethanolic (70%) willow bark extract (Hermes Arzneimittel GmbH) performing flash
chromatography (reversed-phase Cis and normal phase Si 60). Non-salicylate
compound IV was previously isolated from Populus species, P. euphratica (Wei,
Rena, and Yang 2015) and P. tremula (Jossang, Jossang, and Bodo 1994), but
also from agqueous ethanol extract of S. triandra x dasyclados stems by means of
semi-preparative HPLC-UV holding a reversed-phase Cis-column (Noleto-Dias
et al. 2019). All of the above publications were oriented only in the identification
of phytochemicals in Salix and did not investigate their bioactive potential.

To sum up, previous studies used in general Cis columns as stationary phase for
the chromatographic fractionation in order to isolate and identify the compounds
from willow bark. In the current work, the HPLC-UV device was equipped with
phenyl-hexyl and pentafluorophenyl columns for (semi-)preparative
chromatographic separation and isolation of the phytochemicals I-VIII by
fractionation (Figure 59, Table 6). These columns were mainly used, since the
compounds are phenolic glucosides, which can undergo - interactions for
chromatographic separation. Since the purity was mainly not described in the
publications, no statement can be made upon improvement in purity by using
different columns. According to the literature, compounds from bark material were
usually extracted using organic solvents as it was the case in the current work.
However, the percentage of 80 or 70% solvent extract showed in this present
study no bioactivity in comparison to previous work. Here, the highest anti-
inflammatory potential was revealed only for the methanol (100%) extract. This
could be due to the different used Salix genotype with potentially different anti-
inflammatory properties. Moreover, previous studies found the compounds |, I,
and V-VII in leaves of S.pentandra by means of HPLC/API-ES mass
spectrometry (Ruuhola and Julkunen-Tiitto 2003, Ruuhola, Julkunen-Tiitto, and
Vainiotalo 2003). However, these compounds as well as Il, IV, and VIII have

never been identified in bark material of S. pentandra before.

Previous studies suggested that the water extract of STW 33-I (Proaktiv®, herbal
drug of Salix bark extract) consisting of polyphenols and flavonoids, and the
derived aqueous fraction consisting of proanthocyanidins were both more potent,

inhibiting COX-2 enzyme activity and thus, LPS-stimulated monocytes, in
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comparison to an ethanol fraction containing mainly salicin (Nahrstedt et al.
2007). The authors assumed that since the whole water extract and aqueous
fraction are potent, salicylic acid derivatives do not contribute to the overall effect
(Nahrstedt et al. 2007). However, studies did not investigate various Salix
genotypes and were only focused on a standardized aqueous willow bark extract.
Indeed, these findings could be disproved, due to the outcomes of the present
work revealing that the water extract of S. pentandra was not bioactive at all.
Moreover, it was not possible to distinguish which Salix genotype was used for
the preparation of the herbal drug Proaktiv® (STEIGERWALD Arzneimittelwerk
GmbH). Furthermore, studies on this specific drug did not elucidate any
compound structure by LC-MS and NMR (Nahrstedt et al. 2007, Bonaterra et al.
2010).

To continue, Bonaterra et al. (2010) postulated that salicin alone was not leading
to the overall anti-inflammatory effect in clinical studies. Therefore, in the current
study, a rapid screening was performed using an already established targeted
LC-MS/MS method (section 4.8.3) with tuned polyphenols (method obtained from
Tina Schmittndgel; Chair of Food Chemistry and Molecular Sensory Science),
salicylates I-Ill, V-VII and non-salicylate IV of the current work. The screening
was performed using two Salix genotypes, a positive control S. pentandra (PE1),
exhibiting the highest anti-inflammatory potential, and a negative control
S. viminalis x S. viminalis (schwerinii x viminalis) (VI4xV13_2) which was a non-
bioactive genotype (section 3.2). The extracted ion chromatograms depicted in
Figure 60 A and B were compared, indicating that salicylates are indeed mainly
contained in the bioactive S. pentandra, whereas S. viminalis x S. viminalis
(schwerinii x viminalis) mostly consists of polyphenols, for instance, catechin,
gallocatechin, procyanidin, quercetin-3-glucoside,  myricetin-3-glucoside,
taxifolin, and acetylsalicortin with a lower peak intensity. Additionally, there were
also a few other compounds in both spectra detected, however, with much lower
peak intensity (data not shown). A list of the analyzed polyphenols is shown in

Table A13 of the Appendix section.

89



3 RESULTS AND DISCUSSION

A 2°-O-acetylsalicortin
100 - v
—
-.6;?
:E' lasiandrin
c 2‘;6‘—O—d_iacetylsalicor1in
2 tremulacin
£ naringenin
E 2°-0O-acetylsalicin f L
0 PP A A A
B catechins
100 -
—
g allo-
g techi quercetin-3-glucoside
:E' calechins myricetin-3-glucoside
@ taxifolin
a pro- | 2°-0O-acetylsalicortin
£ cyanidin
E A
5

10 15 20
time [min]
Figure 60: Extracted ion chromatograms of (A) positive control (bioactive)

S. pentandra (PE1) extract and (B) negative control (non-bioactive) S. viminalis
X S. viminalis (schwerinii x viminalis) (VI4xVI3_2) extract.

Therefore, the suggestion of Nahrstedt et al. (2007), that polyphenols are
responsible for the anti-inflammatory effect was doubtful. The findings of the
current work showed that salicylates may be the potential phytochemicals holding
pharmacological properties. For this reason, further bioactivity tests on single
compounds of section 3.6 will shed light into the anti-inflammatory potential since
only little information about the potency is available in the publications as
described in this section. Further, it is of significance to investigate whether the
extracts, fractions or single phytochemicals trigger the anti-inflammatory potential
against PGE: release. Finally, quantitative analysis has to reveal whether high
concentrations of salicin or other isolated compounds were responsible for the

high bioactivity of S. pentandra.

3.6 Bioactivity of Salix phytochemicals

The hypothesis that single phytochemicals may have a different anti-
inflammatory effect than the whole extracts or fractions was investigated further.
Moreover, high bioactivity of single compounds may help targeted breeding

performance for the production of Salix genotypes with high content of a specific
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compound, and thus help drug production. Further, it has been described by
European Medicines Agency (2017b) and Ruuhola, Julkunen-Tiitto, and
Vainiotalo (2003) that salicylic acid, salicin, catechol, and salicortin are
degradation and/or metabolization products of salicylates. In particular, Ruuhola,
Julkunen-Tiitto, and Vainiotalo (2003) found that an acetylsalicin isomer, salicin,
and catechol were main degradation products of salicylates contained in an
analyzed S. pentandra species. Another study by Knuth et al. (2011) revealed,
that salicortin is bioactive, because it metabolizes to catechol, whereas salicin,
saligenin, and salicylic acid had a lower activity or were not active at all. Thus, in
order to examine whether the isolated compounds I-VII and fraction F7-4-6
(containing Il and two diastereomers of VIIl), the degradation or their
metabolization compounds (salicylic acid, saligenin, salicin, salicortin, and
catechol) induced the anti-inflammatory activity, a bioactivity assay was
performed. For the investigation, first, the PBMC cells were treated with 5 and
25 pg/mL of each compound and stimulated with lipopolysaccharides. Then, the
PGE: release was quantified and the anti-inflammatory effect of the compounds

was determined (Figure 61).

Isolated 2’-O-acetylsalicin (I) with contaminations (only 40% purity), and
commercially obtained salicylic acid, saligenin, and salicin had no anti-
inflammatory potential showing no PGE: inhibition. The same was observed also
for cinnamrutinose A (IV), which is a non-salicylate. Both | and IV were isolated
from S. pentandra with low purity. Thus, the impurity may contain compounds
that can inhibit the bioactivity. On the other side, the anti-inflammatory effect
depends on the concentration of an individual compound. In particular, tremulacin
(VII) was potent at 25 pg/mL, however, could not block PGE-: release at a lower
concentration of 5 ug/mL. In contrast, fraction F7-4-6 containing a mixture of Il
and two diastereomeric compounds VIII, and the salicylates 3’-O-acetylsalicortin
(1), 2’-O-acetylsalicortin (Ill), 2’,6’-O-diacetylsalicortin (V), lasiandrin (VI),
salicortin, and the degradation and metabolization product catechol revealed an

anti-inflammatory potential at both concentrations 5 and 25 pg/mL (Figure 61).
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Figure 61: Bioactivity of compounds (5 and 25 ug/mL) I-VII and fraction F7-4-6
containing two novel diastereomeric compounds (VIII) isolated from methanol
extract of S. pentandra, and degradation and/or metabolization compounds, like
salicylic acid, saligenin, salicin, salicortin, and catechol, compared to fraction
F5-5 and F5. Bioactivity was compared to solvent control (SC, 1% distilled water).
Asterisks: significant difference between compounds or fractions and SC, such
as *p <0.05 and ** p < 0.01 (adopted from Antoniadou et al. (2021)).

It was observed that the compounds 2’-O-acetylsalicin (1), cinnamrutinose A (1V),
salicin, saligenin, and salicylic acid, with an absent HCH moiety in their chemical
structure could not inhibit inflammation. Indeed, it can be assumed that the
presence of HCH in the phytochemicals plays a role in their overall anti-
inflammatory potential. For example, bioactive salicortin, which is also the
substructure of most salicylates, contains an HCH group. This can be explained
by the decarboxylation of the 1-hydroxy-6-oxo-2-cyclohexene carboxylic acid
anion generates 2-hydroxy-3-cyclohexenone (2-HCH) in absence of enzymes,
forming enol and keto (6-hydroxy-2-cyclohexenone) tautomers, which after
oxidation and under cell culture conditions produce bioactive catechol (Figure 62)
(Julkunen-Tiitto and Meier 1992, Knuth et al. 2013, Knuth et al. 2011, Ruuhola,
Julkunen-Tiitto, and Vainiotalo 2003).
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Figure 62: Degradation and metabolization scheme of salicortin to HCH,
saligenin, salicylic acid, and catechol (modified from Clausen, Koller, and
Reichardt (1990), Feistel et al. (2018), Julkunen-Tiitto and Meier (1992), Ruuhola,
Julkunen-Tiitto, and Vainiotalo (2003), Zhu et al. (1998)). PPO: polyphenol
oxidase.

Among all investigated compounds (Figure 61), catechol showed the highest
bioactivity at 5 ug/mL (5 pg/mL: 14%+/-5%; 25 pg/mL: 8%+/-4%), which was
similar to the bioactive VI at 25 pug/mL (5 pg/mL: 33%+/-7%; 25 pg/mL:
5%+/-0%). VI consists of two HCH groups, which most probably is the reason
why this compound had the highest anti-inflammatory potential among all isolated

salicylates. The HCH groups can degrade to catechol (Ruuhola, Julkunen-Tiitto,
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and Vainiotalo 2003) (Figure 62), which has been also postulated as highly potent

and is in turn a degradation product of salicortin (Knuth et al. 2011).

Previous work revealed that the bioactivity of salicortin and VII (isolated from an
ethanol extract of commercially obtained Salix cortex) had been already tested
using endothelial cell cultures stimulated with TNF-a by performing the ICAM-1
assay (Knuth 2013, Knuth et al. 2011). ICAM-1 expression shows the overall
inflammatory response (Almenar-Queralt et al. 1995) and in the study of Knuth et
al., 50 uM VII could reduce ICAM-1 expression to 75.0% in contrast to salicortin
reducing to 52.4% and thus being more anti-inflammatory (Knuth 2013, Knuth et
al. 2011). In the current work at comparable concentrations similar results were
obtained, revealing that 25 pg/mL salicortin (58.82 uM) inhibited PGE-: release to
28% and was more anti-inflammatory than VIl (47.30 uM; 37%). The benzoic acid
at position C(2’) of the glucose of VII may reduce the bioactivity. Similarly, it has
been shown in the literature that COX-1 enzyme inhibition using Il (75%) and
salicortin (71%) was higher in contrast to the application of salicin (58%) or VII
(22%) (Dissanayake et al. 2017). Particularly, the anti-inflammatory effect of
salicortin was attributed to its degradation to catechol as described in previous
studies (Knuth 2013, Knuth et al. 2011).

Moreover, Dissanayake et al. (2017) investigated the four S. mucronata
compounds (I, VII, salicortin, salicin) further, showing for Il the highest inhibitory
potential on COX-2 enzyme with 46% at 25 pg/mL in comparison to salicortin
(38%), salicin (30%), and VII (8%). In another study, acetylsalicortin compounds
from S. pseudo-lasiogyne twigs were examined on nitric oxide inhibitory effect in
murine microglia BV2 cells that were stimulated with LPS, showing a higher
bioactivity of Il than of Il (Kim et al. 2015). However, in the current work the anti-
inflammatory effect of Il (5 pg/mL 59%+/-9%; 25 pg/mL 25%+/-8%) and Il
(5 pg/mL 55%+/-13%; 25 ug/mL 16%+/-2%) on PGE: release did not differ
greatly, and a similar inhibitory effect could be observed even for V (5 pg/mL
64%+/-8%; 25 pg/mL 25%+/-11%).

In general, in the present work it has been observed that salicylates containing
HCH moieties have a higher anti-inflammatory potential than compounds without.
According to previous analyses on salicortin, this can happen due to the
degradation of the compound to catechol in cell culture conditions (Knuth 2013,
Knuth et al. 2011), which most probably is also the case in the isolated
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compounds of this work. However, the salicylate VI containing two HCH groups
had the highest bioactivity, even though it was isolated from a less bioactive
fraction F6-13. The most potent fraction F5-5 consisted of compounds I-lll with a

lower anti-inflammatory effect than VI or no effect at all.

Moreover, standardization of willow bark extract is currently based on salicin
content (European Medicines Agency 2017b). However, this is interrogative,
since salicin did not show any anti-inflammatory effect in the present study.
According to Schmid, Kotter, and Heide (2001), salicin metabolization leads to
the formation of mainly salicylic acid, which can be found in serum. As mentioned
by the authors and as it was revealed in the current bioassay, salicylic acid was
not responsible for the anti-inflammatory effect of the willow bark. Thus, based
on these findings, that neither salicin nor salicylic acid can explain the bioactivity,
other studies suggested that polyphenols might play a role in the overall effect
(Khayyal et al. 2005, Nahrstedt et al. 2007). However, in section 3.5.6 two Salix
genotypes, positive and negative control, were compared in a targeted screening
analysis. Thereby, bioactive S. pentandra contained a higher variety of
salicylates with high intensities in comparison to the non-bioactive
S. viminalis x S. viminalis (schwerinii x viminalis) containing a higher variety of

polyphenols.

In sum, these outcomes indicate that the overall anti-inflammatory potential of
Salix cortex is attributed to salicylates and in particular to salicylates with an HCH
group. Therefore, the isolated compounds I-VII as well as degradation and
metabolization compounds were quantified in the 92 Salix bark extracts, which is

described in the following section 3.7.

3.7 Quantitative analysis of Salix phytochemicals

3.7.1 Method development and validation

In order to quantify the identified phytochemicals in the 92 Salix species and
crosses and reveal if their concentrations play a role in the overall bioactivity, a
fast and sensitive quantitative method by means of LC-MS/MS has never been
developed in combination with half-maximal inhibitory concentration (ICso)

determination.
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Previous studies used HPLC methods to quantify salicin, salicortin, 2’-O-
acetylsalicin (l), 2’-O-acetylsalicortin (lll), 2’,6’-O-diacetylsalicortin (V), and
tremulacin (VII) (Julkunen-Tiitto and Sorsa 2001, Pobtocka-Olech et al. 2007,
Rubert-Nason et al. 2014, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003,
Shivatare et al. 2014), and LC-MS/MS methods to determine the concentration
of salicin, salicylic acid, salicortin, I, lll, and VII (Forster et al. 2021, Kammerer et
al. 2005). However, compounds such as saligenin, 3’-O-acetylsalicortin (ll),
cinnamrutinose A (IV), and lasiandrin (VI) were not quantified in any Salix
genotype in past studies. Moreover, validation of the LC-MS/MS quantitation
methods were in past studies only partially performed or not at all (Férster et al.
2021, Julkunen-Tiitto and Sorsa 2001, Kammerer et al. 2005).

For the quantitation, purified compounds I-VIl from methanol extract of
S. pentandra (PE1) and degradation/metabolization compounds salicin,
saligenin, salicylic acid, and salicortin were analyzed in the 92 Salix extracts. In
this way, it was possible to map the compounds in order to distinguish how the
concentration differs between Salix species and crosses. The novel compound
VIII was not purified and could not be quantified in the current work due to fast

degradation to Ill.

In all of the described methods a Cis column was used, except in the method by
Forster et al. (2021) using HPLC-DAD-ESI-MS?2 and a C1e column. In the present
work, a Cis column, acetonitrile/water in 0.1% formic acid, and a run time of
10 min were effective conditions for the chromatographic separation and
quantitation of the (non-)salicylates by means of LC-MS/MS (section 4.7.2.5).
After co-chromatography of the compounds, mass transitions (precursor
ion/product ion, Q1/Q3) and retention times were obtained for each. For example,
even though for Il and Ill the mass transitions of m/z 464.986 - 137.100 and
m/z 464.946 - 136.800 were very similar, it was possible to keep them apart due
to their different retention times of 3.17 and 3.57 min, respectively (Figure 63,
Table 8). Furthermore, for the quantitative analysis and in order to distinguish any

sample loss, the internal standard (IS) salicylic acid-ds was used.
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Figure 63: Extracted ion chromatograms (XIC) and MRM transitions of analytes
(asterisks) salicin, saligenin, salicylic acid, salicortin, and I-VII, as well as of the
internal standard salicylic acid-da.

The 92 Salix genotypes were extracted using methanol and spiked with IS before
guantification. Further, for validation of the method, linearity, reproducibility, and
recovery rates were determined. Low LoQ and LoD values confirmed the
satisfying sensitivity of the method, which were ranging from 4.38 to
875.00 nmol/L and from 4.38 to 250 nmol/L, respectively, being within the analyte

limits of quantification and detection for all analyzed compounds (Table 7). The
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correlation coefficient calculating if the data points are within the regression
revealed R? 2 0.993, which shows acceptable linearity of the calibration curve

(area against concentration) of each analyte.

Table 7: Linear regression, coefficients of determination (R?), inter- and intraday
precision, recovery rates, LoQ and LoD for the analysis of salicin, saligenin,
salicylic acid, salicortin, and compounds I-VII.

retention . interday intraday
- linear 2 L L. recovery LoQ LoD
analyte time : R precision precision o
[min] regression (y) %] %] [%] [nmol/L] [nmol/L]
Z
salicin 0.88 Gggizgzef 0.993 10.4 7.2 106 4380  4.38
saligenin 1.32 gg%gi;‘; 0.999 44 1.4 90 4380  4.38
salicylicacid  3.25 05’381%81%* 0.998 21.1 5.9 441 2500  10.00
salicortin 2.46 08%‘561%? 0.998 17 27 108 250.00  100.00
Ay _
| 357 Zézgzgige?é 0.999 5.1 77 95 87500  219.00
I 3.17 O'é’%%llgg* 0.998 25 16 112 8750  250.00
i 357 %‘2%%%2_}' 0.996 1.7 15 80 100.00  8.75
W, 277 08%%%%’;* 0.999 8.1 1.0 108 4380  4.38
Vv 475 08%%12%* 0.993 2.0 5.0 85 500.00  25.00
VI 4.80 %i%ﬁ?;: 0.998 5.1 3.6 81 87.50  43.80
Vil 5.24 %%‘é%‘;’;j 0.999 8.6 8.5 94 438  50.00

Further, the recovery rates of spiked analytes into the matrix (non analyte-free)
were 80-112%, which was within the accepted range. Comparable were the
results of previous extraction methods of salicylates (salicin, salicortin, VII,
tremuloidin) from S. purpurea leaves using methanol and showing a recovery rate
over 98% after HPLC-DAD without any further validation experiments (Julkunen-
Tiitto and Sorsa 2001). The intraday precision using spiked triplicates of
S. pentandra bark extract and interday precision without spiking were expressed
as RSD showing good accuracy, repeatability, and reproducibility, being 1.0-
8.5% (intraday) and 1.7-10.4% (interday), respectively.

In contrast, salicylic acid showed a recovery rate of 441% being too high, and the
interday precision was 21.1%. The high percentages may have derived, because
the method is not sensitive enough for salicylic acid quantification and the

concentrations in the extract were also very low. Previous studies showed that
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by using blood plasma extraction methods, the linearity, reproducibility, and
recovery results were poor in comparison to the experiments without performed
extraction (Coudray et al. 1996). In the publication of Kammerer et al. (2005), the
validation of the LC-MS/MS quantitation method was only verified by LoD values
for salicylic acid in Salix species. In feed samples using methanol in 0.1%
hydrochloric acid as extraction solvent, salicylic acid showed acceptable recovery
rates of 98.3-101%, R?, LoD/LoQ, and inter-/intraday precision values (Protasiuk
and Olejnik 2018). In contrast, Deng et al. (2003) used a GC-MS method after
derivatizing salicylic acid. Anyhow, without matrix or extract, for salicylic acid it
was possible to successfully quantify the compound in previous studies. Even
though for all compounds the validation experiments were acceptable, for
salicylic acid a more sensitive method during extraction procedures needs to be
developed in the future. Since salicylic acid was not showing any anti-
inflammatory effect and was very low concentrated, as shown in the next

section 3.7.2, no further method development was performed in the current study.

After successful method development and validation of the isolated salicylates
I-VII, as well as of metabolization compounds, salicortin, saligenin, and salicin,

quantification was performed next in various 92 Salix genotypes.

3.7.2 Quantitation of salicylates in Salix bark

In order to understand quantitative difference, as well as the correlation between
the compound concentration in Salix and the inhibitory activity against PGE2
release, 92 Salix species and crosses were prepared and quantified in biological
triplicates. LC-MS screening confirmed the presence of the phytochemicals
salicin (1), saligenin (2), salicortin (3), and 2’-O-acetylsalicin (I), 3’-O-
acetylsalicortin (Il), 2’-O-acetylsalicortin (lll), cinnamrutinose A (IV), 2’,6’-O-
diacetylsalicortin  (V), lasiandrin (VI), and tremulacin (VIl) in bioactive
S. pentandra (PE1) extract in various concentrations, but salicylic acid (4) was
not detected at all (Table A12, Appendix).

The overview of the compound concentrations and RSD values in the 92 Salix
genotypes are depicted in Table A12 (Appendix) and the abbreviations of the
Salix species and crosses are summarized in Table 9 (section 4.1.1). For a better

visualization of the quantitative data, a clustered heatmap (Euclidean distance,
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average linkage) was generated by using the website heatmapper.ca (Babicki et
al. 2016) demonstrating differences in the phytochemical accumulation among
the 92 Salix species and crosses (Figure 64). Ten groups (A-J) were formed from
this clustering method in comparison to the untargeted PCA clustering, which
resulted into five groups (1-5). Remarkable were I-1ll and VI, trending in high
amounts within S. pentandra genotypes and AL2xPE1_2 and AL2xPE1_1 clones
(group D and I). In contrast, S.lasiandra, S. purpurea, S. daphnoides,
S. humboldtiana, S. nigra, S. viminalis (mainly group H), and some S. alba clones
(e.g. AL1_h, AL2, AL3, AL4, AL5 of group G and F) were low in compound variety
and quantity.

Accordingly, non-bioactive compounds 2 and 4 were very low concentrated in all
genotypes being below 0.72 pmol/g. 1 and 3 are mostly accumulating in group A,
S. daphnoides genotypes of group C, as well as in (DA2xDA3)xVI2_2 and
(DA2xDA3)xVI2_3 of group J (Figure 64). The highest concentration of 1 was
detected in DA2xDA3 with 27.08 umol/g and of 3 in (DA2xDA3)xVI2_2 with
267.40 umol/g. In bioactive PE1 (group ), 1 and 3 had just a concentration of
2.13 and 7.82 umol/g, respectively. Salix bark extract is currently standardized to
1 (European Medicines Agency 2017b), which does not have the highest
concentration among the analyzed salicylates and does not inhibit PGE: release
as shown in the last sections. Thus, the current results of PE1 showed once again
that 1 is indeed not the compound that triggers the bioactivity of the genotype.
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Figure 64: Column scaled heatmap of salicin (1), saligenin (2), salicortin (3),
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Compounds, 1, 2, 3, as well as VIl were trending mainly in S. daphnoides
genotypes of groups A-C. VII was found highly abundant not only in
S. daphnoides clones, but also in S. purpurea clones, whereas it was detected
lower concentrated in S. pentandra (e.g. PE1 contained 2.04 umol/g of VII),
S. viminalis, and S. alba clones. The highest concentrations could be detected in
(DA2xDA3)xVI2_2 (25.30 umol/g), DA2xDA3_4 (21.77 pumol/g), and DA2xDA3_6
(18.40 pumol/g). In contrast, the variety of isolated and identified compounds I-VI
were trending in S. pentandra and S. alba (e.g. AL2xPE1 2 and AL2xPE1_1)
clones belonging in their vast majority to group 3. Particularly, non-salicylate and
non-bioactive 1V was predominantly detected in PE2xAL5_3 (3.08 umol/g), PE1
(2.19 umol/g), PE2xLA1 3 (0.15 pmol/g), PU3 (0.06 umol/g), and PE2xAL5 1
(0.01 pmol/g) in very low concentrations.

Phytochemical I, not inhibiting PGE2 activity, was highly abundant in PE1l
(25.06 pmol/g) and AL2xPE1_1 (22.58 umol/g). On the other side, Il was very low
concentrated in all 92 Salix genotypes, being below the concentration of
0.55 pmol/g. However, I, Ill and V were detected with the highest concentrations
of 25.06, 118.27, and 18.04 umol/g, respectively, in bioactive PE1 in contrast to
the other analyzed extracts. Among the investigated phytochemicals, the most
anti-inflammatory VI was upregulated in Salix bark extracts of group 3, such as
in AL2xPE1_1 (18.06 umol/g), PE1 (14.56 pumol/g), AL2xPE1_2 (14.17 pmol/g),
and PE2xAL5_3 (13.09 pmol/g).

The heatmap (Figure 64) as well as the graphic in Figure 65 pointed out high
similarity between S. pentandra PE1 (group I) and the S. alba x S. pentandra
cross AL2xPE1_1 (group D). Both candidates belonging to group 3 exhibited also
similar phenolic glucoside content of 38.79 mg/g DW (PE1) and 34.47 mg/g DW
(AL2xPE1_1) (Forster et al. 2021). The non-bioactive compounds, such as 2, 4,
and 1V were lower concentrated, and potent VI was slightly more upregulated in
AL2xPE1_1 than in PE1. Since the cross was not previously examined on its
potential to inhibit PGE:2 release as it can be observed in Figure 15 (section 3.2),
further research needs to be performed to ensure its future use as a

phytopharmaceutical extract.

Additionally, PE2, belonging to the same species S. pentandra but different
genotype, showed very low concentration of potent VI and neither contain IV nor

V in comparison to PE1 (Figure 65). However, similar concentrations of 3 and no
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content of 4 could be detected for all three extracts, PE1 (7.82 umol/g),
AL2xPE1_1 (9.22 umol/g) and PE2 (12.21 pmol/g). This shows, however,
phytochemical composition differences between same species, which indicates
genetic variations among willow plants. Therefore, biomarkers to trace anti-
inflammatory potential of willow bark extract in order to develop herbal medical
products are of high importance and were discussed in this work, recommending
bark extracts of various Salix species and crosses (Figure 64) containing

upregulated bioactive phytochemicals (Figure 61, section 3.6).
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Figure 65: Concentrations (umol/g) of analyzed phytochemicals in selected Salix
genotypes PE1, PE2, and AL2xPE1 1.

Furthermore, the half-maximal inhibitory concentration (ICso) was investigated for
all anti-inflammatory compounds (3, II, Ill, V, VI, VII) in the 92 Salix genotypes
(Table 8). Il was very low concentrated in all Salix extracts and showed a too high
ICso value of 12.41 pM. Thus, the compound was not responsible for the
bioactivity of any of the willow bark extracts. In contrast, the concentrations of
salicortin, 1ll, V, and VI in potent PE1 bark extract were higher than the half-
maximal concentrations 1Cso = 17.18, 16.33, 17.24, and 3.77 pM, respectively,
indicating that these phytochemicals are more likely responsible for the PGE:2
inhibitory activity of the extract (Table 8). However, for potential candidate

AL2xPE1_1, the low concentration of V and VII made both compounds not able
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to block PGE:2 release at half-maximal concentration in the extract, whereas, 3,
[ll, and VI were trending at higher concentrations than the determined I1Cso values
of each compound. As VI was the most potent compound, AL2xPE1 1 could be

indeed another potential phytopharmaceutical candidate.

Table 8: Concentrations of the analytes salicin (1), saligenin (2), salicortin (3),
salicylic acid (4), and I-VIl in S.pentandra (PE1l) extract, PGE2 release
concentrations of each compound and standard deviations (%) and the
corresponding ICso values (PGE: release levels and ICso data were obtained from
UKF).

PGE: PGE:
mean mean
. . release at release at ICs0 ICso
analyte concentration concentration
[umol/g] [uM] 5 pg/mL 25 pg/mL [Mg/mL] [UM]
Hmovd H (%] [%]
1 2.13 5.60 97+/-5 84+/-7 - -
2 0.72 1.89 87+/-12 78+/-16 - -
3 7.82 20.56 62+/-14 18+/-8 7.29 17.18
4 0.00 0.00 94+/-7 - - -
| 25.06 66.02 98+/-7 99+/-5 - -
Il 0.07 0.56 55+/-13 16+/-2 5.79 12.41
1 118.27 311.63 59+/-9 25+/-8 7.61 16.33
v 1.19 5.27 92+/-7 88+/-14 - -
V 18.04 47.56 64+/-8 25+/-11 8.76 17.24
VI 14.56 38.35 33+/-7 5+/-0 2.28 3.77
VI 2.04 5.37 77+/-9 38+/-7 16.13 30.48

3.7.3 Discussion

After isolation and structure determination of the compounds I-VIl in S. pentandra
species PE1 by means of activity-guided fractionation, the question emerged if
the concentrations of these phytochemicals are responsible for the bioactivity of
willow bark. Analysis of the bioactivity of the single compounds showed that VI
was the most anti-inflammatory compound followed by I, 1ll, V and VII, whereas
I and IV were not inhibiting PGE2 release (section 3.6). These compounds (I-VII)
were guantitatively analyzed in 92 Salix species and crosses by developing also

a LC-MS/MS method, which was validated successfully.

Moreover, the present work revealed SPE fraction F5 as the most potent among
the eleven examined fractions, even though bioactive VI was isolated from
fraction F6. Further, the concentrations of the phytochemicals in willow bark
extract may play a role in blocking PGE:2 release and thus acting anti-

inflammatory. In addition, degradation/metabolization compounds salicin (1),
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saligenin (2), salicortin (3), and salicylic acid (4) were analyzed to examine
whether their concentration play a role in the bioactivity and if the available
compounds were degrading in the extracts. Saligenin and salicylic acid were very
low concentrated and gave the evidence of no degradation of the salicylates. In
general, salicylates tend to degrade and metabolize to saligenin and salicylic acid
(Knuth et al. 2011, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003). In bioactive
PE1, salicin was downregulated, a compound to which willow bark extracts are
currently standardized to. For instance, Shara and Stohs (2015) have analyzed
the potential of a standardized S. alba extract as an anti-inflammatory extract,
drawing attention on the possibility that besides salicin further salicylates and
phytochemicals may trigger the bioactivity. These previous publications,

however, did not analyze the chemical composition.

The developed LC-MS/MS method and quantitative analysis, led to the
assumption that high concentration of Il (494.10 umol/g) in fraction F5 was
responsible for the bioactivity of the fraction. Moreover, the chemical composition
of fraction F6 may have contained compounds inhibiting the anti-inflammatory
effect of the fraction, but pure VI was more potent. On the other side, the chemical
composition and concentrations of the phytochemicals 3, Ill, V, and VI in PE1
being above the ICso value showed the high potency and importance of these
compounds to inhibit PGE: release. In contrast, the content of non-bioactive 1V

and | in PE1 was low.

Furthermore, the purified and identified compounds I-VI were trending in
S. pentandra and S. alba genotypes of group 3, whereas salicortin and VII was
upregulated mainly in S. daphnoides genotypes of group 1 followed by
S. purpurea and a few S. humboldtiana genotypes of group 4 (Figure 13,
section 3.1). The high abundance of salicortin in group 1 was previously shown
in the S-plots (Figure 14, section 3.1) and could be confirmed by means of
quantitative analysis. In contrast, group 2 of the PCA consisted of S. viminalis,
S. nigra, and few S. humboldtiana species and crosses with very low salicylate
content. Previous quantitative analysis of the same 92 Salix genotypes by means
of HPLC-DAD-ESI-MS? focused on the determination of the salicylates 1, 3, I, Il
and VIl as well as of a few other phytochemicals such as flavonoids (eriodictyol-
7-glucoside, naringenin-5-glucoside isomers, naringenin-7-glucoside, luteolin-7-

glucoside, quercetin-hexoside, isosalipurposide, ampelopsin), flavan-3-ols
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(catechin, epicatechin), and other phenolic compounds (caffeic acid derivatives,
purpurein, salireposide, syrengin). That study could also show that salicylates
were trending in cluster 3 comprising S. pentandra and S. alba species and

crosses (Forster et al. 2021).

However, the present work was of higher sensitivity, since 1, 3, I, and Il were not
detected at all in a few Salix bark extracts examined by Forster et al. (2021) in
comparison to the present study. For instance, VI2 did contain 1 (0.02 pmol/g)
and 3 (2.53 umol/g) in very low concentrations, in contrast to the studies of
Forster et al. (2021), whereas similarly in both studies | and IIl were not found at
all in this extract. Moreover, PE1 containing 1, 2, 3, I-VII was analyzed also by
Forster et al. (2021), but could not detect the low content of 3 (7.82 umol/g), and
2,4,11,V, 1V, and V had not been quantified at all.

Previous research by Reichardt et al. (1992) identified salicortin, 1, Ill, and VI in
S. lasiandra, but did not quantify them. These compounds were also found in the
present work in S. lasiandra genotypes LAl, PE2xLAl 1, PE2xLAl1 2, and
PE2xLA1_3, belonging to group 3, however, |, Ill, and VI were more upregulated
in PE1 than in S. lasiandra clones. Forster et al. (2021) postulated also a reduced
salicylate content in the same S. lasiandra species and crosses. | and Il were
high concentrated in PE1 and AL2xPE1_1 which did support the findings of
Forster et al. (2021) performing HPLC-DAD-ESI-MS3. The high sensitivity of the

guantitative method might have played a role in these differences.

Group 5 consisting of one S. viminalis x S. daphnoides extract, VI1XDA1 9, and
grouping apart from the other groups in the middle of the PCA near the QC
references (Figure 13, section 3.1), showed higher concentration of 1 and 3,
however, I-VI were not present in this extract in contrast to PE1. Whereas, non-
bioactive S. viminalis x S. viminalis (schwerinii x viminalis) extract, VI4xVI3_2,
revealed concentrations below 0.52 umol/g for almost all salicylates and did not
contain 4, Il, IV, and V. In Figure 66, exemplary, bioactive PE1, non-bioactive
VI4xVI3_2, and VIIXDA1l 9 were compared upon their phytochemical
concentrations. The total phenolic concentration of 10.64 mg/g DW was much
lower compared to PE1 (38.79 mg/g DW) (Forster et al. 2021), which may also
have triggered the reduced bioactivity of VI4xVI3 2. This confirmed the statement

of the screening analysis of section 3.5.6 (Figure 60), showing that VI4xVI3_2
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contained predominantly polyphenols and led to the result that salicylates are

responsible for the bioactivity.
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Figure 66: Quantitative comparison of analyzed phytochemicals in bioactive PE1
of group 3, VILXDA1 9 of group 5, and non-bioactive VI14xVI3_2 of group 2.

Furthermore, comparing known literature data with the present study regarding
S. pentandra, even though | was not anti-inflammatory against PGE: release, it
was analyzed in past studies exhibiting inhibitory activity against nitric oxide at
high ICso value of 123.36 pM (Kim et al. 2015). This shows that | may be effective
reducing nitric oxide, but not PGE:z levels. In contrast, high content of Ill in
S. pentandra has been already revealed (Forster et al. 2021, Forster et al. 2009,
Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003). Particularly, in methanol extract
of micropropagated S. pentandra leaves, 1 (-3 mg/g FW), 3 (~2 mg/g FW), |
(~1 mg/g FW), V (~4 mg/g FW), and VIl (~0.90 mg/g FW) besides high abundant
[l compound (=10 mg/g FW) could be quantified performing HPLC-DAD analysis
(Julkunen-Tiitto and Sorsa 2001, Ruuhola, Julkunen-Tiitto, and Vainiotalo 2003).
On the other side, non-micropropagated leaf extracts (50% methanol) showed
slightly higher concentrations of the same compounds (Ruuhola, Julkunen-Tiitto,

and Vainiotalo 2003). In the present study, however, higher sensitivity and
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precision could be achieved with a validated LC-MS/MS method observing data

for a huge amount of different Salix genotypes.

Additionally, inhibition potential of 3, 11, lll, and VII besides | from S. glandulosa
and S. pseudo-lasiogyne against nitric oxide in LPS-stimulated BV2 cells have
been determined by Kim et al. (2015) and Yang et al. (2013), showing similar ICso
values in both studies. The concentrations of Il in AL2xPE1_1 and PE1 may be
able to inhibit nitric oxide activity at half-maximal concentrations described for
S. glandulosa in the study of Kim et al. (2015). Nevertheless, the determination
of the ICso values regarding PGE:2 inhibitory of Il, Ill, V, VI, and VII was novel in
the present work and was not described previously in the literature. These
compounds could successfully act against PGE: release at half-maximal
concentration. Moreover, for the first time in this study, 2, salicylates Il and VI,
and non-salicylate IV could be quantified in Salix extracts by means of a
developed sensitive LC-MS/MS method.

Finally, the importance of salicylates from Salix bark for the phytopharmaceutical
production was confirmed. However, further studies on in vivo bioavailability,
cytotoxicity, and anti-oxidative activity of Salix bark extracts and especially of anti-
inflammatory PEL, inhibiting PGE:2 release, needs further research in order to

produce a highly valuable herbal medicinal product.

Identifying Salix species or crosses with high amounts of potent compounds as
specified in this study would help future breeding programs. Additionally,
standardization procedure of phytopharmaceutical willow bark needs further
investigation. For instance, instead of standardizing to 1, compounds comprising
a HCH moiety could be used for this purpose, which may increase the anti-
inflammatory potential. The present work could also confirm the correlation

between bioactivity and salicylate composition.
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4.1 Materials and reagents

4.1.1 Salix genotype collection

Salix genotypes were provided by HUB and have been annotated in Forster et
al. (2021). The plant collection originated from Germany, Poland, Austria,
Rumania, and USA and was obtained in the period 2006-2009. Further, Salix
parental forms were cultivated in 2012, and crosses were generated in 2015 by
HUB from the species Salix alba, Salix daphnoides, Salix humboldtiana,
Salix lasiandra, Salix nigra, Salix pentandra, Salix purpurea, Salix x rubens, and
Salix viminalis. After obtaining the bark of the woody plant with a vegetable peeler
(section 4.3), it was frozen at -80°C, and freeze-dried for further analysis. An
overview of the provided Salix extracts and their assigned group (extracted from
the PCA analysis) is depicted in Table 9.

Table 9: Origin and area of cultivation of the 92 Salix species and crosses
(adapted from Forster et al. (2021)). S: species, K: clones, h: hybrid, G: cultivated
in Germany, ZP: cultivated in Zepernick/Germany, DA: cultivated in Berlin-
Dahlem/Germany.

species abbreviation key cultivation origin group
name

S. viminalis VIl S1 ZP chance seedling 2
Waldsieversdorf
2011, G

S. daphnoides DAl S2 DA Mecklenburg- 1
Vorpommern,
Pampow, G

S. viminalis x VI1xDA1_1 K1 DA new cross HU 1

S. daphnoides Berlin 2014, G

S. viminalis x VI1xDA1_2 K19 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1xDA1_3 K20 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1IXDAl 4 K5 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1IXDA1 5 K21 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1IXDAl 6 K22 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1IXDA1l 7 K23 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1IXDA1 8 K24 DA new cross HU 2

S. daphnoides Berlin 2014, G

S. viminalis x VI1xDA1_9 K18 DA new cross HU 5

S. daphnoides Berlin 2014, G

109



4 EXPERIMENTAL SECTION

species abbreviation key cultivation origin group
name

S. viminalis VI2 S20 Wriezen  Swedish clone, 2
‘Jorr’, sold by
Lantmannen
Agroenergie AB

S. daphnoides DA2xDA3 S27 zP new cross HU 1
Berlin 2011, G

S. daphnoides x (DA2xDA3)xVI2_1 K25 DA new cross HU 1

S. viminalis Berlin 2014, G

S. daphnoides x (DA2xDA3)xVI2_2 K26 DA new cross HU 1

S. viminalis Berlin 2014, G

S. daphnoides x (DA2xDA3)xVI2_3 K2 DA new cross HU 1

S. viminalis Berlin 2014, G

S. daphnoides x (DA2xDA3)xVI2_4 K27 DA new cross HU 1

S. viminalis Berlin 2014, G

S. daphnoides x (DA2xDA3)xVI2_ 5 K28 DA new cross HU 1

S. viminalis Berlin 2014, G

S. humboldtiana x HU1xPU1 K29 ZP new cross 3

S. purpurea Waldsieversdorf
2011, G

S. daphnoides DA4 S3 DA Mecklenburg- 1
Vorpommern,
Zarrendorf, G

(S. humboldtiana x (HU1xPU1)xDA4_1 K30 DA new cross HU 4

S. purpurea) x Berlin 2014, G

S. daphnoides

(S. humboldtiana x (HU1xPU1)x K31 DA new cross HU 4

S. purpurea) x DA4 2 Berlin 2014, G

S. daphnoides

(S. humboldtiana x (HU1xPU1)xDA4 3 K14 DA new cross HU 4

S. purpurea) X Berlin 2014, G

S. daphnoides

S. viminalis (schwerinii VI3_h S25 WS Swedish clone 2

x viminalis) ‘Olof’, sold by
Lantmannen
Agroenergie AB

S. viminalis Vi4 S4 DA Swedish clone 2
‘79036’
breeding
company
Svalof-Weibull
AB

S. viminalis x VI4xVI3_1 K32 ZP new cross 2

S. viminalis (schwerinii Waldsieversdorf

X viminalis) 2012, G

S. viminalis x VI4xVI3_2 K6 ZP new cross 2

S. viminalis (schwerinii Waldsieversdorf

X viminalis) 2012, G

S. alba x S. x rubens AL1 h S26 ZP Baja, ‘B38’, 3
University of
Sopron,
Hungary

S. alba AL2 S5 ZP Thiringen, 3
Erfurt,
Hoéngeda, G

S. albax S. albax S. x AL2xAL1_1 K10 DA new cross 3

rubens Waldsieversdorf
2014, G
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. o key I -
species abbreviation name cultivation origin group

S.albax S. albaxS. x AL2xAL1 2 K33 DA new cross 3

rubens Waldsieversdorf
2014, G

S. pentandra PE1 S6 DA Brandenburg, 3
Eggersdorf, G

S. alba x AL2xPE1_1 K34 DA new cross 3

S. pentandra Waldsieversdorf
2014, G

S. alba x AL2xPE1 2 K35 DA new cross 3

S. pentandra Waldsieversdorf
2014, G

S. alba AL3 S7 ZP Brandenburg, 3
Waldsieversdorf
, G

S. alba AL4 S8 ZP Bukarest, 3
Institutul de
Cercetari
Forestiere,
Romania

S. albax S. alba AL3xAL4_1 K36 DA new cross 3
Waldsieversdorf
2014, G

S. alba x S. alba AL3xAL4_2 K37 DA new cross 3
Waldsieversdorf
2014, G

S. viminalis VI5 S9 DA English clone, 2
‘Bowles’, UK
National
Willows
Collection

S. viminalis x VI5xVI2_1 K38 DA new cross 2

S. viminalis Waldsieversdorf
2011, G

S. viminalis x VI5xVI2_2 K39 DA new cross 2

S. viminalis Waldsieversdorf
2011, G

S. viminalis x VI5xVI2_3 K40 DA new cross 2

S. viminalis Waldsieversdorf
2011, G

S. viminalis x VI5xVI2_4 K41l DA new cross 2

S. viminalis Waldsieversdorf
2011, G

S. daphnoides DA3 S10 DA Baden- 1
Wirttemberg,
Laimnau Argen,
G

S. daphnoides DA2 S11 DA Westpommern, 1
Miedzyzdroje,
Poland

S. daphnoides DA2xDA3_1 K42 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_2 K43 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_3 K44 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_4 K45 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_5 K46 DA new cross HU 1
Berlin 2011, G
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species abbreviation key cultivation origin group
name

S. daphnoides DA2xDA3_6 K47 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_7 K48 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA2xDA3_8 K3 DA new cross HU 1
Berlin 2011, G

S. daphnoides DA5 S12 DA Westpommern, 1
Dziwnow,
Poland

S. purpurea PU2 S18 DA Baden- 4
Wirttemberg,
Birkenried
Pfohren, G

S. daphnoides x DA5xPU2_1 K4 ZP new cross HU 1

S. purpurea Berlin 2012, G

S. daphnoides x DA5xPU2_2 K49 ZP new cross HU 1

S. purpurea Berlin 2012, G

S. lasiandra LAL S13 ZP Maryland, 3
National Plant
Materials
Center
Beltsville, Soil
Conservation
Service, USA

S. pentandra PE2 S14 DA Salzburg, Zell 3
am See, Zeller
Moos, Austria

S. pentandra x PE2xLA1l_1 K11 DA new cross HU 3

S. lasiandra Berlin 2014, G

S. pentandra x PE2xLAl_2 K50 DA new cross HU 3

S. lasiandra Berlin 2014, G

S. pentandra x PE2xLAl1_3 K51 DA new cross HU 3

S. lasiandra Berlin 2014, G

S. alba AL5 S15 ZP Mecklenburg- 3
Vorpommern,
Schloen, G

S. pentandra x S. alba PE2xAL5_1 K52 DA new cross HU 1
Berlin 2013, G

S. pentandra x S. alba PE2xAL5_2 K12 DA new cross HU 3
Berlin 2013, G

S. pentandra x S. alba PE2xAL5_3 K53 DA new cross HU 3
Berlin 2013, G

S. pentandra x S. alba PE2xAL5_4 K54 DA new cross HU 3
Berlin 2013, G

S. daphnoides DA6 S16 DA Mecklenburg- 1
Vorpommern,
Zarrendorf, G

S. purpurea PU3 S17 ZP Bayern, 4
Miesbach,
Aschenbach, G

S. purpurea x PU3xDA6_1 K55 DA New cross 4

S. daphnoides Waldsieversdorf
2014, G

S. purpurea x PU3xDA6_2 K15 DA New cross 4

S. daphnoides Waldsieversdorf
2014, G

S. purpurea x PU3xDA6_3 K56 DA New cross 4

S. daphnoides Waldsieversdorf

2014, G
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species abbreviation key cultivation origin group
name

S. purpurea x PU3xDA6_4 K57 DA new cross 4

S. daphnoides Waldsieversdorf
2014, G

S. purpurea x PU3xDA6_5 K58 DA new cross 4

S. daphnoides Waldsieversdorf
2014, G

S. purpurea x PU3xVI3_1 K59 ZP new cross 3

S. viminalis (schwerinii Waldsieversdorf

X viminalis) 2012, G

S. purpurea x PU3xVI3_2 K60 ZP New cross 3

S. viminalis (schwerinii Waldsieversdorf

X viminalis) 2012, G

S. purpurea x PU3xPU2_1 K61l ZP New cross 4

S. purpurea Waldsieversdorf
2012, G

S. purpurea x PU3xPU2_2 K62 ZP New cross 4

S. purpurea Waldsieversdorf
2012, G

S. purpurea X PU3xPU2_3 K16 ZP new cross 4

S. purpurea Waldsieversdorf
2012, G

S. purpurea PU4 S19 DA Bayern, 4
Weilheim-
Schongau,
Ammer, G

S. purpurea x PU4xVI2_1 K7 DA New cross 2

S. viminalis Waldsieversdorf
2011, G

S. purpurea x PU4xVI2_2 K63 DA New cross 2

S. viminalis Waldsieversdorf
2011, G

S. humboldtiana HU1 S21 WS Swedish clone, 2
‘SH2’ breeding
company
Svalof-Weibull
AB

S. viminalis VI6 S22 WS Swedish clone, 2
‘78195’
breeding
company
Svalof-Weibull
AB

S. humboldtiana x HU1xVI6_1 K8 ZP new cross 2

S. viminalis Waldsieversdorf
2012, G

S. humboldtiana x HU1xVI6_2 K65 ZP new cross 2

S. viminalis Waldsieversdorf
2012, G

S. purpurea PU1 S23 DA Bayern, 4
Garmisch-
Partenkirchen,
Oberau, G

S. humboldtiana x HU1xPU1_1 K13 DA new cross 3

S. purpurea Waldsieversdorf
2011, G

S. humboldtiana x HU1xPU1 2 K66 DA new cross 3

S. purpurea

Waldsieversdorf
2011, G
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species abbreviation key cultivation origin group
name

S. humboldtiana x HU1xPU1 3 K17 DA new cross 4

S. purpurea Waldsieversdorf
2011, G

S. nigra SN1 S24 Garzau  unknown 2

S. nigra x SNI1xPE1 K9 ZP new cross 2

S. pentandra Waldsieversdorf
2012, G

extract B - B - Salix-mix from a
pharmaceutical
company

4.1.2 Chemicals and reagents

The following reagents and chemicals with p.a.-quality were used for extraction,
fractionation, analysis, and screening. Ultrapure water was provided from the
Milli-Q® Advantage A10 (Millipore, Schwalbach, Germany) and Elix® water
purification system (Merck S.A.S., Molsheim, France). For the analytical and
preparative HPLC, as well as for the screening and quantitative analysis by mass

spectrometry, solvents of HPLC and LC-MS-grade were used, respectively.

acetone (LiChrosolv), Merck KGaA, Darmstadt, Germany

acetonitrile (HPLC gradient grade), J.T. Baker®, Deventer, Netherlands

acetonitrile (HPLC gradient grade), Fischer scientific GmbH, Schwerte, Germany
acetonitrile (LC-MS reagent), J.T. Baker®, Deventer, Netherlands

anhydrous pyridine (purity 99.8%), Sigma-Aldrich, Darmstadt, Germany
catechol (purity 295.0% (GC)), Sigma-Aldrich, Darmstadt, Germany

deuterated acetone (acetone-ds, CD3COCDs3), Sigma-Aldrich, Darmstadt,
Germany

D-glucose, Sigma-Aldrich, Darmstadt, Germany

D-glucuronic acid (97% purity), Fluka Chemika, Buchs, Switzerland
D-salicin, Carbosynth, Bertshire, UK

D-xylose, Sigma-Aldrich, Darmstadt, Germany

ethanol (absolute, purity =2 99.8%, AnalaR NORMAPUR®, ACS, Reag.Ph.Eur.
analytical reagent), VWR, Darmstadt, Germany

ethyl acetate, BDH, Prolabo, Briare, France
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formic acid, Merck KGaA, Darmstadt, Germany

hexadeuterodimethyl sulfoxide (Dimethyl sulfoxide-ds, DMSO-ds, ((CD3)2SO),
Sigma-Aldrich, Darmstadt, Germany

hydrochloric acid (fuming, 37%), Merck KGaA, Darmstadt, Germany
hydrochloric acid (0.1 M), Merck KGaA, Darmstadt, Germany

L-cysteine methyl ester hydrochloride (purity 98%), Sigma-Aldrich, Darmstadt,
Germany

L-galacturonic acid, Serva Feinbiochemie, Heidelberg, Germany
L-glucose, Sigma-Aldrich, Darmstadt, Germany

L-rhamnose, Sigma-Aldrich, Darmstadt, Germany

MajorMix solution, Waters, Milford, MA, USA

methanol (HPLC gradient grade), J.T. Baker®, Deventer, Netherlands
methanol (LC-MS reagent), J.T. Baker®, Deventer, Netherlands

pentapeptide leucine enkephalin (Tyr-Gly-Gly-Phe-Leu, m/z 554.2615 [M-H]),
Merck KGaA, Darmstadt, Germany

phenylethyl isothiocyanate, Sigma-Aldrich, Steinheim, Germany

salicortin (purity 95%, isolated from Populus sp.) Biosynth Carbosynth., United
Kingdom

salicylic acid (purity 2 99%), Carl Roth GmbH & Co. KG, Karlsruhe, Germany
salicylic acid-ds (100 pg/mL in acetonitrile), Supelco®, Munich, Germany

salicylic acid-ds (powder purity = 97%), Toronto Research Chemicals, Toronto,
Canada

saligenin, Sigma-Aldrich, Darmstadt, Germany
sodium hydroxide solution (0.1 M), Sigma-Aldrich, Darmstadt, Germany

tetradeuteromethanol (methanol-ds, CDsOD), Sigma-Aldrich, Darmstadt,
Germany

trideuteroacetonitrile  (acetonitrile-ds, CD3CN), Sigma-Aldrich, Darmstadt,
Germany
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4.1.3 Consumables

bead beater tube (CK28 2 mL), Bertin Technologies, Montigny-le-Bretonneux,
France

filter papers (@ 125 mm), Macherey-Nagel GmbH & Co. KG, Duren, Germany

membrane filters (Minisart® RC 15, pore size 0.45 pum, @ 15 mm), Sartorius AG,
Gottingen, Germany

NMR tubes and caps (177.8 x 4.97 mm, wall thickness 0.38 mm, round bottom),
Bruker, Billerica, MA, USA

pipet tips (universal, 2-200 pL, 50-1,000 pL), VWR International GmbH

pipet tips (standard, 0.5-5 mL, 1-10 mL), Brand GmbH & Co. KG, Wertheim,
Germany

solid-phase extraction cartridges (Cis ec polypropylene, octadecyl modified silica
phase, 60 A, 10 g/70 mL), CHROMABOND®, Macherey-Nagel GmbH & Co. KG,
Diren, Germany

syringes (single-use, 1, 3, 5 mL), B. Braun, Melsungen, Germany

vials N9 (flat, screw neck, 1.5 mL, 11.6 x 32 mm, amber or clear), Greiner Bio-
one GmbH, Kremsmdnster, Austria

vial inserts (15 mm, 0.2 mL, 6 x 31 mm, clear), Macherey-Nagel GmbH & Co. KG,
Duren, Germany

vial screw caps (transparent, center hole, PTFE blue, slit, 1 mm), Macherey-
Nagel GmbH & Co. KG, Duren, Germany

4.1.4 Materials and devices
balance (AUW-D series), Shimadzu GmbH, Duisburg, Germany

bead beater homogenizer (Precellys Evolution Homogenizer), Bertin
Technologies, Montigny-le-Bretonneux, France

biachner funnel (795 mL, @ 125 mm), VWR International GmbH, Darmstadt,
Germany

freeze dryer (Christ Gamma 1-20), Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode, Germany conntected to Chemvac Kombipumpstandstand
(type 109013-04), limvac GmbG, Iimenau, Germany

freeze dryer (Christ Delta 1-24 LSC), Martin Christ Gefriertrocknungsanlagen
GmbH, Osterode, Germany connected to Chemvac Kombipumpstandstand (type
109015-05), limvac GmbG, limenau, Germany

pipets (variable, 20 pL, 200 pL, 100-1,000 pL, 0.5-5 mL, 1-10 mL), Eppendorf
Research, Hamburg, Germany
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rotary evaporator (vacuum pump V-700, rotavapor R-210, vac controller V-850,
heating bath B-491, recirculating chiller B-740), Buichi Labortechnik AG, Flawil,
Switzerland

speedVac vacuum concentrator plus with integrated membrane vacuum pump
(without rotor, 230 V/50-60 Hz), Eppendorf, AG, Hamburg, Germany

thermomixer (HLC Heating-ThermoMixer MHL 23), DITABIS AG, Pforzheim,
Germany

ultrasonic bath (RK 510 H, 230 V~ (x10%), 50/60 Hz, 2.5 A, 180/640 W, 3.4 kHz)
Bandelin Sonorex, Bandelin electronic GmbH & Co. KG, Berlin, Germany

4.1.5 Software and internet resources

Analyst® (version 1.6.2 and 1.6.3), Sciex, Darmstadt, Germany

ChemDraw (version 17.0.0.206), PerkinElmer Informatics Inc., Waltham, MA,
USA

ChemSpider, Royal Society of Chemistry, Cambridge, UK

ChromPass (version 1.9), Jasco, Grof3-Umstadt, Germany

EZinfo (version 3.0), Umetrics, Sartorius Stedim Biotech, Umeda, Sweden
Galaxie (version 1.10), Agilent Technologies, Oberhaching, Germany
MassLynx™ (version 4.1), Waters, Manchester, UK

MestReNova (version 12.0.3), Mestrelab Research S.L., Santiago de

Compostela, Spain

MultiQuant™ (version 3.0.3), Sciex, Darmstadt, Germany
PeakView® (version 2.2), Sciex, Darmstadt, Germany

Progenesis QI (version 2.1), Waters, Manchester, UK

Progenesis SDF (structure data file) Studio, Waters, Manchester, UK

SciFinder, a CAS solution, American Chemical Society (ACS), Chemistry for life®,
Washington, DC, USA

Spectra Manager™ Suite, Jasco, Tokyo, Japan
TopSpin™ (version 4.0.6), Bruker, Rheinstetten, Germany
UNIFI (version 1.8), Waters, Milford, MA, USA
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4.2 Untargeted chemoprofiling

In order to observe the chemoprofile of the 92 Salix species and crosses (Table 9,
section 4.1.1), and group them upon their chemical composition, a principal
component analysis (PCA) was performed by means of UPLC-ToF-MS screening
(LC-MS system 1). First, according to the extraction protocol by Forster et al.
(2021), 10 mg of woody plant material was harvested using a vegetable peeler
and the obtained bark was lyophilized, and extracted using 500 pL of 0.1% formic
acid in methanol/water (v/v, 70/30) and exposing the solutions in ultrasonic bath
for 15 min in an ice water, which was centrifuged then for 5 min at 10,000 rpm
and 20°C. After obtaining the supernatant, the extraction procedure of the pellet
was repeated another two times by adding 200 pL of 0.1% formic acid in
methanol/water (v/v, 70/30), and the combined supernatant was subsequently
topped with 100 pL ultrapure water to 1 mL, and filtered by 0.22 um SpinX tubes.

Then, the 92 Salix bark extracts were analyzed by means of UPLC-ESI-IMS-
ToF-MS (LC-MS system 1) method described in the publication of Forster et al.
(2021) (Table 10). Each extract was injected four times (technical replicates) into
the UPLC-ToF-MS system A pooled sample, containing a mixture of all Salix
extracts, was used as a quality control (QC) used for the automatic normalization
processing by means of the Progenesis QI v2.1 software (Waters, Manchester,
UK) and MS signal error correction. The QC was injected after every ten
injections of the Salix extract samples (in total 20 times) to keep MS analysis

consistency.
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Table 10: LC-MS system 1 conditions for the untargeted chemoprofiling.

parameter

description

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume

run time

flow rate

ion source

HDMSE® scan time
capillary voltage
cone gas flow
source temperature
desolvation
temperature
desolvation gas flow
collision energy
mass calibration
range

lock mass correction
solution

gradient program

Acquity UPLC BEH Cis column, 1.7 um, 130 A,
2.1 x 50 mm, 3/pkg (Waters, Manchester, UK)

45°C

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

electrospray ionization (ESI)

negative

1puL

8 min

0.4 mL/min

HDMSE€ sensitivity mode

0.3s

2.5 kV

50 L/h

150°C

450°C

900 L/h
20-40 eV
m/z 50 — 1,000, calibration using MajorMix solution

50 pg/100 pL of pentapeptide leucine enkephalin in
0.1% formic acid in acetonitrile (v/v, 1/1)

1% B, isocratic for 1 min, in 3.5 min to 60% B, in 1 min
to 80% B, in 1.5 min to 100% B, isocratic for 1 min, in

0.5 min to 1% B, isocratic for 1.5 min

Subsequently, the fragmentation patterns of the analytes detected in the samples
was compared using the MetaScope identification method, which is an in silico
database in which the analytes are listed. The data of the 92 Salix extracts were
imported into the Progenesis QI software and 396 profiled MS® raw data were

automatically processed.
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Further analysis was performed by the software using a lineup of processes, such
as chromatographic peak alignment, experimental design setup, peak picking,
deconvolution, compound identification, and compound statistics, and by setting

parameters as displayed in Table 11.

Table 11: Progenesis QI settings and parameters used for data analysis.

settings parameters

peak picking all runs, automatic limits, default sensitivity, retention
time limits of 0.05 - 7.50 min, fragment sensitivity with
base peak 1%

ion deconvolution adducts: [M-2H], [M-H20-H], [M-H], [M+HCO2H-H]J,
[2M-H], [2M+HCO2H-H], [2M+CH2COH-H]-, [3M-H]

tag filtration ANOVA p-value < 0.05, Max-fold change value = 2

MetaScope method auto-detect data format, precursor tolerance 5 ppm,

for in silico fragment theoretical fragment tolerance 5 ppm.

database

For principal component analysis, a normalization reference - the quality control
sample 7 - was selected by the software. The PCA score plot was created using
the tool EZinfo v3.0 (Umetrics, Sweden), which applies Pareto scaling for

statistical analysis and is connected to the Progenesis QI software.

In order to compare the created groups, S-plots were performed by orthogonal
projection to latent structure discriminant analysis (OPLS-DA), which can detect

up- or downregulated compounds.

4.3 Salix bark powder preparation

Cortex of 92 Salix species and crosses was harvested by HUB using a
commercial vegetable peeler (Figure 67). After freeze-drying and grinding, the
powdered bark material was provided to the chair of Food Chemistry and
Molecular Sensory Science for further extraction, fractionation, and compound
identification experiments. For bioactivity assays of the selected 28 Salix extracts

performed by UKF, Salix bark was extracted using 0.1% formic acid in
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methanol/water (v/v, 70/30). The freeze-dried extracts were standardized with
water to 10 mg/mL phenolic glucoside content and used further to perform

bioactivity assays.

Figure 67: Salix bark harvesting using a vegetable peeler (adopted from HUB).

4.4 Isolation of Salix phytochemicals

4.4.1 Sequential solvent extraction

Powdered S. pentandra (PE1) cortex was provided by HUB as described in
section 4.3. For the sequential solvent extraction of phytochemicals from
bioactive S. pentandra, 120 g of powdered bark was mixed first with 680 mL pure
methanol, stirred for 30 min at room temperature, and then filtered through a
glass funnel with a max. pore size of 100-160 um under vacuum. The extraction
with methanol was repeated another four times. Subsequently, the residue was
used further for the extraction with 680 mL of methanol/water (v/v, 70/30) three
times. Finally, the residue was extracted three times with 680 mL distilled water.
The water extract was filtered through a glass funnel and filter paper. The
corresponding extracts were combined, and the organic solvent was removed by
means of a rotary evaporator and vacuum at 39°C. Finally, the three liquid phases
were lyophilized individually to obtain three Salix bark extracts (methanol,
methanol/water, and water extracts) with different chemical compositions. The
extracts were stored at -20°C until further use.
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4.4.2 Pre-fractionation of phytochemicals from Salix
methanol extract by solid-phase extraction

Solid-phase extraction of bioactive S. pentandra methanol extract was performed
using Cis end-capped 60 A cartridges. First, the cartridges were preconditioned
using 70 mL of methanol without applying vacuum. Then, for the conditioning of
the column, 70 mL of v/v, 70/30 of methanol/water, and finally 70 mL of water

were added sequentially using vacuum.

For the separation of the bioactive methanol extract of S. pentandra,
approximately 10 g extract were dissolved in 70 mL water, and added onto the
cartridge. The elution of the eleven fractions was achieved in 10%-steps using
vacuum as described in Table 12. The organic solvent of each fraction, F1to F11,
was evaporated under reduced pressure and lyophilized separately. For
verification of the chemical composition of SPE fractions and the three Salix
extracts, analytical HPLC (system 1; Table 13) and LC-MS (system 2; Table 14)

analysis was performed.

Table 12: Solid-phase extraction using sequential elution of the methanol extract
of S. pentandra into eleven fractions.

SPE fraction F1 F2 F3 F4 F5 F6 F7 F8 F9 F10 F1l1
methanol/water v/v 0/ 10/ 20/ 30/ 40/ 50/ 60/ 70/ 80/ 90/ 100/
[%] 100 90 80 70 60 50 40 30 20 10 0

4.4.3 Verification of chemical composition of Salix
extracts and SPE fractions

4.4.3.1 Analytical HPLC analysis

The most bioactive SPE fractions F5, F6, and F7 of the potent methanol extract
were analyzed by analytical high-performance liquid chromatography (HPLC,
system 1). The chromatographic separation using a gradient method from 5 to
100% organic solvent by HPLC can help further to develop a method for the
preparative fractionation of bioactive SPE fractions, and further isolation of

phytochemicals.

Analytical HPLC was performed using a diode-array (DAD) and an evaporative

light-scattering detector (ELSD) in order to separate all possible UV (non-)visible
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compounds. Therefore, SPE fractions were diluted in acetonitrile/water (v/v,

70/30) and membrane-filtered (pore size 0.45pum, @15 mm) to a final

concentration of 1 mg/mL. The peak separation was performed by means of

HPLC system 1 using the analytical 250 x 4.6 mm Luna® 5 um phenyl-hexyl

column (Table 13).

Table 13: Chromatographic conditions of the HPLC system 1 used for fraction
verification and gradient development.

Parameter

Description

stationary phase

mobile phase

detection
wavelength
injection volume
run time

flow rate

gradient program

Luna® phenyl-hexyl column, 100 A, 250 x 4.6 mm, 5 pum
particle size (Phenomenex Ltd., Aschaffenburg,
Deutschland)

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

DAD and ELSD

200 nm

30 pL

75 min

1 mL/min

5% B, isocratic for 5 min, in 55 min to 100% B, isocratic

for 5 min, in 4 min to 5% B, isocratic for 6 min

4.4.3.2 LC-MS screening

For the identification and analysis of the mass-to-charge ratios (m/z) of the

compounds either isolated in pure form or contained in the fractions and extracts,

screening was performed by means of UPLC-ToF-MS (LC-MS system 2). The

methanol, methanol/water, and water extracts of S. pentandra bark, as well as

the eleven SPE fractions, fractions of the (semi-)preparative HPLC, and single

compounds were screened using the parameters described below (Table 14).
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Table 14: LC-MS system 2 conditions used for screening.

Parameter

Description

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume
run time

flow rate

ion source

HDMSE® scan time
capillary voltage
cone gas flow
source temperature
desolvation
temperature
desolvation gas flow
collision energy

gradient program

Acquity UPLC BEH Cis column, 150 x 2.1 mm, 1.7 pm
(Waters, Mangester, UK)

45°C

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

electrospray ionization (ESI)

negative

1puL

8 min

0.4 mL/min

HDMSE€ sensitivity mode

0.1s

1.8 kV

5L/h

120°C

450°C

850 L/h

20-30 eV

1% B, isocratic for 1 min, in 3.5 min to 60% B, in 1 min
to 80% B, in 0.5 min to 100% B, isocratic for 1 min, in

0.5 min to 1% B, isocratic for 0.5 min

4.4.4 Subfractionation of SPE fraction F5

The bioactivity assays showed a high potency of SPE fraction F5 (section 3.3.2).

Therefore, it was fractionated further by means of HPLC system 1 (Table 15)

using 10 mg/mL of the extract, which was diluted in methanol, membrane filtered

(0.45 pm), and 500 pL were injected into the HPLC for each run. For

chromatographic separation a phenyl-hexyl column and 0.1% formic acid in

acetonitrile and water were used.
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Table 15: Chromatographic conditions of the HPLC system 1 used for
preparative fractionation of SPE fraction F5.

Parameter Description

stationary phase Luna® phenyl-hexyl column, 100 A, 250 x 21.2 mm,
5 um particle size (Phenomenex Ltd., Aschaffenburg,
Deutschland)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

detection DAD

wavelength 200 nm

sample concentration 10 mg/mL in 100% methanol

injection volume 500 pL

run time 33 min

flow rate 20 mL/min

gradient program 22% B, isocratic for 3 min, in 10 min to 23.5% B,

isocratic for 15 min, in 2 min to 22% B, isocratic for

3 min

The column effluent was separated into six fractions, F5-1 to F5-6, the organic
solvent was evaporated, and finally each fraction was lyophilized. All dried

fractions were stored at -20°C until further use.

Then, the anti-inflammatory potential of each subfraction was investigated by
UKF (section 3.5.1). The most bioactive fraction F5-5 was purified further by
semi-preparative fractionation (Table 16). Subsequently, this fraction was further
subfractionated to isolate possible bioactive compounds contained in F5-5 by
means of HPLC system 2 (Table 16).
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Table 16: Chromatographic conditions of the HPLC system 2 used for semi-
preparative fractionation of fraction F5-5.

Parameter

Description

stationary phase

mobile phase

detection

wavelength

sample concentration
injection volume

run time

flow rate

gradient program

Luna® PFP column, 250 x 10 mm, 5 um particle size
(Phenomenex Ltd., Aschaffenburg, Deutschland)

A: 0.1% formic acid in water, B: 0.1% formic acid in
methanol

uv

200 nm

5 mg/mL in water

300 pL

65 min

4.7 mL/min

22% B, isocratic for 3 min, in 15 min to 27.7% B,
isocratic for 2 min, in 10 min to 52% B, isocratic for
3 min, in 20 min to 57% B, isocratic for 2 min, in 3 min

to 22% B, isocratic for 2 min

Phenolic glucosides are UV visible (Aleixandre-Tudo and Du Toit 2018) and were

therefore detected and isolated by their maxima using HPLC-UV techniques.

Thus, fractions F5-5-1 to F5-5-8 were collected, the solvent was evaporated and

freeze-dried. The obtained compounds 2’-O-acetylsalicin (1), 3’-O-acetylsalicortin

(1), and 2’-O-acetylsalicortin (111) in F5-5-3, F5-5-5, and F5-5-7, respectively, were

identified by means of ultra-high-performance liquid chromatography coupled to

mass spectrometry (UHPLC-MS/MS), nuclear magnetic resonance spectroscopy

(NMR), and circular dichroism (CD) spectroscopy.

Due to the reduced vyield of I in fraction F5-5-3, the compound was isolated in

higher amounts from SPE fraction F4, more specifically from fraction F4-1. The

used parameters are summarized in Table 17.
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Table 17: Chromatographic conditions of the HPLC system 1 used for
preparative fractionation of SPE fraction F4.

Parameter Description

stationary phase Luna® phenyl-hexyl column, 100 A, 250 x 21.2 mm,
5 um particle size (Phenomenex Ltd., Aschaffenburg,
Deutschland)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

detection DAD

wavelength 200 nm

sample concentration 5 mg/mL in water

injection volume 1mL

run time 28 min

flow rate 20 mL/min

gradient program 15% B, isocratic for 5 min, in 10 min to 23.5% B,

isocratic for 5 min, in 3 min to 15% B, isocratic for

5 min

2’-O-acetylsalicin ()

C15H200s; UV (water): Amax = 204, 220, 268 nm; LC-ToF-MS (ESI): m/z 373.1130
[M+HCO2H-HJ", 327.1070 [M-H];; LC-MS/MS (DP = -5V, CE = -76 V): m/z (%)
326.92 (100), 304.73 (73), 174.82 (32), 122.95 (87), 120.93 (8), 92.92 (3).
H-NMR and 3C-NMR data are listed in the Appendix section.

3’-O-acetylsalicortin (I1)

C22H26011; UV (methanol/water, v/v, 1/1): Amax = 200, 220, 272 nm; LC-ToF-MS
(ESI): m/z 511.1458 [M+HCO2H-H]", 465.1421 [M-H]"; LC-MS/MS (DP = -80V,
CE = -66 V): m/z (%) 404.92 (41), 154.92 (100), 136.94 (76), 122.91 (61),
120.94 (19), 83.02 (19), 80.97 (5). 'H-NMR and *C-NMR data are listed in the

Appendix section.
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2’-O-acetylsalicortin (ll1)

C22H26011; UV (methanol/water, viv, 1/1): Amax = 204, 220, 272 nm; LC-ToF-MS
(ESI"): m/z 511.1455 [M+HCO2H-H], 465.1434 [M-H]; LC-MS/MS (DP =-160 V,
CE = -80V): m/z (%) 154.88 (100), 136.86 (78), 122.86 (57), 120.90 (22),
92.95 (22), 82.99 (19), 80.99 (10). H-NMR and *3C-NMR data are listed in the

Appendix section.

Further, a non-salicylate compound, cinnamrutinose A (IV), was isolated from
fraction F5-2-2 by purification of 1 mg/mL subfraction F5-2 diluted in
methanol/water (v/v, 1/1). Therefore, the chromatographic conditions shown in
Table 18 were used. Subfractions F5-2-1 to F5-2-3 were collected, the organic

solvent was removed, freeze-dried, and stored at -20°C until further use.

Table 18: Chromatographic conditions of the HPLC system 2 used for semi-
preparative fractionation of fraction F5-2.

Parameter Description

stationary phase Luna® PFP column, 250 x 10 mm, 5 um particle size

(Phenomenex Ltd., Aschaffenburg, Deutschland)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
methanol

detection uv

wavelength 252 nm

sample concentration 1 mg/mL in methanol/water (v/v, 1/1)

injection volume 300 pL

run time 37 min

flow rate 4.7 mL/min

gradient program 22% B, isocratic for 3 min, in 17 min to 45% B, isocratic

for 2 min, in 8 min to 50% B, isocratic for 3 min, in

2 min to 22% B, isocratic for 2 min
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cinnamrutinose A (IV)

C21H30010; UV (methanol/water, v/v, 1/1): Amax = 204, 252 nm; LC-ToF-MS (ESI"):

m/z 487.1824 [M+HCO2H-H];, 441.1768 [M-H];

LC-MS/MS (DP = -55V,

CE= -56V): m/z (%) 306.92 (100), 162.92 (41), 160.89 (3), 126.91 (1),
124.91 (14), 118.90 (13), 102.92 (19), 100.87 (7), 58.97 (4). *H-NMR and *3C-
NMR data are listed in the Appendix section.

4.4.5 Subfractionation of SPE fraction F6

For the activity-guided fractionation of SPE fraction F6, the gradient depicted in

Table 19 was used. Therefore, 5 mg/mL of the extract were diluted in methanol
and 600 pL were injected into the HPLC system. The subfractions F6-1 to F6-14

were collected, the solvent was evaporated, freeze-dried, and stored at -20°C

until further use.

Table 19: Chromatographic conditions of the HPLC system 1 used for
preparative fractionation of SPE fraction F6.

Parameter

Description

stationary phase

mobile phase

detection
wavelength
injection volume
run time

flow rate

gradient program

Luna® phenyl-hexyl column, 100 A, 250 x 21.2 mm,
5 um particle size (Phenomenex Ltd., Aschaffenburg,
Germany)

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

DAD

200 nm

600 pL

35 min

20 mL/min

23% B, isocratic for 3 min, in 21 min to 33% B, isocratic

for 6 min, in 3 min to 23% B, isocratic for 2 min
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Further, fractions F6-12 and F6-13 were subfractionated to allow isolation and
structure determination of 2’,6’-O-diacetylsalicortin (V) in F6-12-2 and lasiandrin
(VI) in F6-13-2, respectively. Purification was performed by means of semi-
preparative HPLC applying the parameters as described in Table 20 and Table
21, respectively. Subsequently, the organic solvent of the collected subfractions
F6-12-1 to F6-12-3 and F6-13-1 to F6-13-3 was removed and lyophilized. The

dried powders were stored at -20°C until further use.

Table 20: Chromatographic conditions of the HPLC system 1 used for semi-
preparative fractionation of fraction F6-12.

Parameter Description

stationary phase Luna® phenyl-hexyl column, 250 x 10 mm, 5 pm

particle size (Phenomenex Ltd., Aschaffenburg,

Germany)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

detection uv

sample concentration 10 mg/mL in methanol/water (v/v, 1/1)

wavelength 200 nm

injection volume 150 pL

run time 50 min

flow rate 4.7 mL/min

gradient program 20% B, isocratic for 3 min, in 43.5 min to 32% B, Iin

1.5 min to 20% B, isocratic for 2 min
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Table 21: Chromatographic conditions of the HPLC system 1 used for semi-
preparative fractionation of fraction F6-13.

Parameter Description

stationary phase Luna® phenyl-hexyl column, 250 x 10 mm, 5 pm

particle size (Phenomenex Ltd., Aschaffenburg,

Germany)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

detection DAD

wavelength 200 nm

sample concentration 10 mg/mL in methanol/water (v/v, 1/1)

injection volume 200 pL

run time 34 min

flow rate 4.7 mL/min

gradient program 27% B, isocratic for 3 min, in 27 min to 32% B, in 4 min
to 27% B

2’,6’-O-diacetylsalicortin (V)

C24H28012; UV (methanol/water, v/v, 1/1): Amax = 200, 272, 300 nm; LC-ToF-MS
(ESI?): m/z 553.1569 [M+HCO2H-HJ, 507.1551 [M-H]"; LC-MS/MS (DP = -160 V,
CE = -62V): miz(%) 155.00 (81), 136.90 (100), 122.89 (58), 120.91 (22),
92.94 (23), 82.94 (17), 80.98 (4). *H-NMR and '3C-NMR data are listed in the

Appendix section.

lasiandrin (V1)

C29H32014; UV (methanol/water, v/v, 1/1): Amax = 200, 272, 300 nm; LC-ToF-MS
(ESI): m/z 649.1791 [M+HCO2H-H]-, 603.1762 [M-H]; LC-MS/MS (DP = -135 V,
CE = -84V): m/z (%) 464.99 (100), 154.90 (85), 136.91 (83), 110.95 (32),
108.93 (15), 92.95 (30), 82.98 (26), 80.96 (10). *H-NMR and *C-NMR data are

listed in the Appendix section.
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4.4.6 Subfractionation of SPE fraction F7

Subfractionation of 10 mg/mL SPE fraction F7 by means of HPLC was performed
using the gradient shown in Table 22. Fractions F7-1 to F7-14 were collected, the
solvent was evaporated and freeze-dried. The pulverized extracts were stored

at -20°C until further use.

Table 22: Chromatographic conditions of the HPLC system 1 used for
preparative fractionation of SPE fraction F7.

Parameter Description

stationary phase Luna® phenyl-hexyl column, 100 A, 250 x 21.2 mm,
5 um particle size (Phenomenex Ltd., Aschaffenburg,
Germany)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

detection DAD

wavelength 200 nm

sample concentration 10 mg/mL in 100% methanol

injection volume 700 pL

run time 34 min

flow rate 20 mL/min

gradient program 28% B, isocratic for 3 min, in 7 min to 32% B, isocratic

for 2 min, in 14 min to 37% B, isocratic for 2 min, in

3 min to 28% B, isocratic for 3 min

Furthermore, fraction F7 was subfractionated to purify single compounds. The
salicylate tremulacin (VII) was isolated from fraction F7-8-4 by semi-preparative
HPLC using the parameters shown in Table 23. The subfractions F7-8-1 to F7-8-5
were collected, the organic solvent was evaporated, lyophilized, and the dried

extracts were stored at -20°C until further use.
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Table 23: Chromatographic conditions of the HPLC system 2 used for semi-
preparative fractionation of fraction F7-8.

Parameter

Description

stationary phase

mobile phase

detection

wavelength

sample concentration
injection volume

run time

flow rate

gradient program

Luna® PFP column, 250 x 10 mm, 5 um particle size
(Phenomenex Ltd., Aschaffenburg, Deutschland)

A: 0.1% formic acid in water, B: 0.1% formic acid in
methanol

uv

200 nm

10 mg/mL in methanol/water (v/v, 1/1)

200 pL

42 min

4.7 mL/min

26% B, isocratic for 3 min, in 23 min to 62% B, isocratic

for 10 min, in 4 min to 26% B, isocratic for 2 min

tremulacin (VII)

C27H28011; UV (methanol/water, v/v, 1/1): Amax = 204, 236, 272 nm; LC-ToF-MS
(ESI): m/z 573.1617 [M+HCO2H-H],, 527.1586 [M-H]; LC-MS/MS (DP = -20 V,
CE = -86 V): m/z (%) 404.95 (100), 154.90 (49), 136.90 (39), 122.92 (14),
120.94 (67), 82.97 (10), 80.97 (10), 76.97 (22); 'H-NMR and 3C-NMR data are

listed in the Appendix section.

Additionally, fraction F7-4 was purified by means of semi-preparative HPLC using
the parameters described in Table 24. After subfractionation and solvent
evaporation of subfractions F7-4-1 to F7-4-6, VIII, containing two diastereomeric
2-[[[(1-hydroxy-6,6-dihydroxy-2-

2-acetate,

compounds of B-D-glucopyranoside,
cyclohexen-1-yl) dihydroxy]oxy]methyl]phenyl,

elucidated in F7-4-6.

was structurally
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Table 24: Chromatographic conditions of the HPLC system 2 used for semi-
preparative fractionation of fraction F7-4.

Parameter Description

stationary phase Luna® PFP column, 250 x 10 mm, 5 um particle size

(Phenomenex Ltd., Aschaffenburg, Deutschland)

mobile phase A: 0.1% formic acid in water, B: 0.1% formic acid in
methanol

detection uv

wavelength 200 nm

sample concentration 15 mg/mL in 100% methanol

injection volume 100 pL

run time 56 min

flow rate 4.7 mL/min

gradient program 40% B, isocratic for 3 min, in 17 min to 53% B, isocratic

for 2 min, in 26 min to 57% B, isocratic for 2 min, in
3 min to 40% B, isocratic for 3 min

B-D-glucopyranoside, 2-[[[(1-hydroxy-6,6-dihydroxy-2-cyclohexen-1-yl)
dihydroxy]oxy]methyl]phenyl, 2-acetate (VIII)

C22H28012; UV (methanol): Amax =200 nm; LC-ToF-MS (ESI): m/z 465.140
[M-H20-H]; after acetalization: C2sH3sO12; LC-ToF-MS (ESI): m/z 563.2126
[M+CsH12-H], where CsHi2 represent two acetal groups; LC-MS/MS data not
available; *H-NMR and *C-NMR data are listed in the Appendix section.

4.5 High-performance liquid chromatography
(HPLC) system

The HPLC system 1 was used for analytical and (semi-)preparative fractionation
(Table 25). In addition, the HPLC system 2 was applied as an alternative for the
semi-preparative fractionation (Table 26). For the analytical chromatography a
conic flow cell, and for the (semi-)preparative chromatography a preparative flow

cell was used.
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Table 25: HPLC system 1.

system description

pumps PU-2087 Plus (Jasco, Gro3-Umstadt, Germany)

autosampler AS-2055 (Jasco, Gro3-Umstadt, Germany)

DA-detector MD-2010 Plus (Jasco, GroRR3-Umstadt, Germany)

ELS-detector Sedex LT-ELSD Model 90 (Sedere, Alfortville, France)

sample loop 2 mL

software Galaxie (version 1.10; Agilent Technologies, Oberhaching,
Germany)

Table 26: HPLC system 2.

system description
pumps PU-2087 Plus (Jasco, GroRR3-Umstadt, Germany)
degasser DG-2080-53; 3-line (Jasco, Grof3-Umstadt, Germany)

UV/VIS detector  UV-2075 (Jasco, Gro3-Umstadt, Germany)
sample loop 2 mL

software ChromPass (version 1.9; Jasco, Grof3-Umstadt, Germany)

4.6 Sugar moiety determination

To determine the absolute configuration of sugar moieties, a literature protocol
described in Schmid et al. (2018) and Tanaka et al. (2007) was used with minor
modifications. First, compounds | to VII were dissolved in 50 pL deuterated NMR
solvent after spectroscopic analysis, and dried under nitrogen gas stream.
Subsequently, to obtain the sugar from the compound, acidic hydrolysis was
performed by adding 500 uL of 2 M HCI and subsequent shaking for 1 h at
1,400 rpm and 100°C. Then, the dried samples were dissolved in 750 uL water,
and extracted twice by adding 750 pL ethyl acetate. The water layer was
centrifuged under vacuum by means of speedVac vacuum concentrator until
dryness. Then, the obtained sugar residues and 1 mg of each reference sugar
were derivatized by dilution in 1 mL of 2 mg/mL L-cysteine methyl ester
hydrochloride in anhydrous pyridine and shaking for 1 h at 1,400 rpm and 60°C.
Consequently, 5 pL of phenylethyl isothiocyanate was added and shaken using

the same conditions. Finally, the samples were evaporated until dryness and
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diluted in 500 pL acetonitrile/water (v/v, 1/1), and the obtained derivatized

monosaccharides were screened by means of LC-MS system 3.

The gradient and parameters used for the screening to examine the sugar moiety
by means of LC-MS system 3 are shown in Table 27. The derivatized sugars
obtained from the compounds I-VII and reference sugars were compared by their
retention time and mass transitions to determine the absolute configuration of the

monosaccharides of each analyte.

Table 27: LC-MS system 3 conditions used for the sugar moiety determination of
the isolated compounds.

parameter

description

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume
run time

flow rate

scan type

ion source voltage
source temperature
curtain gas
nebulizer gas
heater gas

gradient program

Kinetex F5 column, 100A, 1.7 pm, 2.1 x 100 mm
(Phenomenex, Aschaffenburg, Germany)

40°C

A: 1% formic acid in water, B: 1% formic acid in
acetonitrile

electrospray ionization (ESI)

positive

1pL

35 min

0.4 mL/min

MRM

5,500 V

500°C

35 psi (N2)

55 psi (N2)

65 psi (N2)

5% B, isocratic for 1.99 min, in 3 min to 20% B, in 21 min
to 25% B, in 1 min to 100% B, isocratic for 3 min, in

1 min to 5% B, isocratic for 4 min
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The MRM transitions, as well as DP, CE, and CXP values of the sugars D-glucose
(m/z 461.0/298.1, DP = 75V, CE= 17V, CXP= 6V), L-glucose
(m/z 461.0/298.1, DP= 71V, CE= 17V, CXP= 6V), D-galactose
(m/z 461.1/298.2, DP= 71V, CE= 17V, CXP = 6V), D-galacturonic acid
(m/z 475.0/312.1, DP= 91V, CE= 19V, CXP = 6V), D-glucuronic acid
(m/z 475.0/312.1, DP= 61V, CE= 19V, CXP= 8V), and L-rhamnose
(m/z 445.0/282.1, DP =61 V, CE =19 V, CXP = 8 V) were obtained from Schmid
et al. (2018).

4.7 Quantitation of phytochemicals in Salix by LC-
MS/MS

4.7.1 Sample preparation

For the quantitation of the isolated compounds and commercially obtained
compounds, extracts of 92 Salix genotypes (Table 9) were analyzed. Therefore,
freeze-dried Salix bark extracts were obtained from HUB and extraction was
performed according to the protocol of Forster et al. (2021) by modifying it slightly.
First, 1 mL of methanol was added to 5 mg powdered bark and 10 pL of 5,025 uMm
internal standard salicylic acid-ds (IS) was spiked into each Salix sample.
Subsequent equilibration by shaking for 1 h at room temperature was followed by
extraction using 2 mL bead beater tubes and a bead beater homogenizer
applying 3 x25s with 25 s breaks and 6,500 rpm. Then, the samples were
centrifuged for 5 min at 13,400 rpm, and the residue was re-extracted by adding
1 mL methanol. Finally, the supernatants of the same extracts were combined
and biological triplicates were prepared, filtered by a 0.45 um membrane filter,

and analyzed by LC-MS system 3.

4.7.2 LC-MS/MS analysis
4.7.2.1 Tuning

For the quantitation, the mass transitions Q1/Q3 were monitored after manual
injection (10 pL/min) of the single compounds using the injection pump of the

mass spectrometer. Thus, the compounds were diluted in methanol/water
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(v/v, 1/1) and tuned in the same LC-MS system 3 in the negative ionization mode.
In addition to the isolated Salix ingredients, tuning was performed also for the
compounds such as salicin, salicylic acid, saligenin, and salicortin, which were

commercially obtained.

For method development, a pooled sample containing all compounds was
screened using the gradient displayed in Table 29 to ensure a sufficient peak
separation. The MRM mass transitions and retention times of each compound
obtained from the calibration sample are exhibited in Table 28. The entrance

potential (EP) of all tuned compounds in the mass spectrometer was -10 V.

Table 28: Quantifier mass transitions (m/z, Da). DP: declustering potential, CE:
collision energy, and CXP: collision cell exit potential.

Q1 Q3 retention
compound mass mass time oP & cxP
[Da] [Da] [min] M vl M
2’-O-acetylsalicin (1) 373.040 123.000 1.66 -5 -16 -13
3’-O-acetylsalicortin (I1) 464.986  137.100 3.17 -80 -24 -15
2’-O-acetylsalicortin (l11) 464.946  136.800 3.57 -160 -26 -21
cinnamrutinose A (1V) 441.049  306.800 2.77 -55 -12 -39
2',6’-O-diacetylsalicortin (V)  506.988  137.000 4.75 -160 -26 -17
lasiandrin (V1) 603.199  465.000 4.80 -135 -18 -21
tremulacin (VII) 527.037  405.000 5.24 -20 -26 -39
salicin (1) 285.018 122.900 0.88 -60 -12 -13
saligenin (2) 122.902 92.800 1.32 -35 -22 -13
salicortin (3) 423.076 155.000 2.46 -145 -26 -17
salicylic acid (4) 136.875 92.900 3.25 -40 -20 -11
salicylic acid-ds4 (IS) 141.011 97.000 3.18 -30 -22 -13

4.7.2.2 Calibration

For the generation of the calibration curve, the purified compounds | to VII and
commercially obtained salicin, salicylic acid, saligenin, and salicortin were
dissolved in methanol-ds4 or acetonitrile-dz and analyzed by gHNMR. In this way,
concentrations were calculated accurately and purity could be determined. First,
a stock solution of 500 pmol/L containing all analytes was prepared and diluted
further in several steps until 0.005 umol/L. Calibration samples of each dilution
factor were supplemented with the IS with a constant concentration of 25 pmol/L
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(Ciinal). The analytes in each calibration sample had following concentrations:
218.75, 87.5, 43.75, 21.875, 8.75, 4.375, 2.1875, 0.875, 0.4375, 0.219, 0.4375,
0.219, 0.0875, 0.0438, 0.0219, 0.00875, 0.00438 umol/L. To acquire the
calibration curve, the samples were analyzed by LC-MS/MS system 3 (Table 24)
and the ratios (analyte/IS) of the peak area were plotted against the ratios
(analyte/IS) of the concentration using linear regression and the MultiQuant
software. For quantitation of the phytochemicals in Salix extracts, linear curves

were produced for each analyte using a mathematical calibration function.

4.7.2.3 Recovery rate

For the recovery rate, spiking experiments using of 30%, 70%, and 100% of the
expected concentration of each analyte were performed in triplicates. Therefore,
three samples containing all analytes, each having different concentration levels,
were prepared in 0.1% formic acid in methanol/water (v/v, 70/30). The extraction
protocol was obtained from Forster et al. (2021). 1 mg of freeze-dried powdered
willow bark of S. pentandra was dissolved in 500 puL of spiked sample as
described above. The samples were prepared in triplicates and subsequently
vortexed and exposed to ultrasonic bath with ice water for 15 min. Then, the
samples were centrifuged for 5 min at 10,000 rpm and 20°C. The supernatants
were collected, and the residues were re-extracted twice by addition of 200 pL of
methanol/water (v/v, 70/30). The supernatants were combined and filled up to
1 mL with water. After vortexing, 1 mg/mL of the samples were substituted with
the IS and filtered through a 0.45 um filter for LC-MS/MS analysis. The final
concentration of internal standard in 0.875 mg/mL of each extract was 25 pM.

4.7.2.4 Intraday and interday precision

For the intraday precision analysis, triplicates of spiked S. pentandra bark, which
were extracted and prepared as described in section 4.7.2.3, were used for the
guantitation of the compounds within one day (intraday). The precision was stated

as the relative standard deviation (RSD %).

For the interday precision analysis, triplicates were measured on three

consecutive days to ensure repeatability of the analysis. The interday precision
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was also expressed as the RSD value. Therefore, compounds were quantified

and the RSD values over three days were calculated.

4.7.2.5 LC-MS/MS analysis conditions

Quantitation of the isolated phytochemicals I-VII and the commercially obtained
compounds, salicin, salicylic acid, saligenin, and salicortin, was performed by
means of LC-MS system 3 (Table 29).

Table 29: LC-MS system 3 conditions used for the quantitation of 92 Salix
genotypes.

parameter

description

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume
run time

flow rate

scan type

ion source voltage
source temperature
curtain gas
nebulizer gas
heater gas

gradient program

Kinetex Cis column, 100 A, 1.7 um, 100 x 2.1 mm
(Phenomenex, Aschaffenburg, Germany)

40°C

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

electrospray ionization (ESI)

negative

1pL

10 min

0.4 mL/min

MRM

-4,500 V

500°C

35 psi (N2)

55 psi (N2)

65 psi (N2)

15% B, isocratic for 0.24 min, in 1.25 min to 20% B, in
3.5 min to 40% B, in 0.5 min to 50% B, in 0.5 min to 70%
B, in 0.5 min to 100% B, isocratic for 0.5 min, in 1 min to

15% B, isocratic for 1 min
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4.8 Detection of potential additional salicylates in
Salix

4.8.1 Precursor ion scan

Furthermore, a precursor ion (Pl) experiment for the detection of potential
additional salicylates by means of LC-MS system 3 (Table 30) was performed
over the mass range of m/z 300 to 1,000. Thus, it was of interest to scan the

precursor ions of salicin, salicylic acid, and saligenin.

For the PI scan, the SPE fraction F5, F6, and F7 were diluted in methanol/water
(v/v, 70/30). During the scan a group of salicylate compounds of the subfractions
gave the same salicylic acid fragment ion of 137.10 Da, salicin fragment ion of

285.20 Da, or saligenin fragment ion of 123.1 Da in the negative ionization mode.
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Table 30: LC-MS system 3 conditions for precursor ion scan. DP: declustering
potential, CXP: collision cell exit potential.

parameter

description

stationary phase

column temperature

mobile phase

Kinetex Cis column, 100A, 1.7 um, 2.1 x 100 mm
(Phenomenex, Aschaffenburg, Germany)
40°C

A: 0.1% formic acid in water, B: 0.1% formic acid in

acetonitrile
ionization electrospray ionization (ESI)
polarity negative
injection volume 1pL
run time 6 min
flow rate 0.4 mL/min
scan type precursor ion scan
ion source voltage -4,500 V
source temperature  500°C
curtain gas 35 psi (N2)
nebulizer gas 55 psi (N2)
heater gas 65 psi (N2)
DP -50V
CXP 11V

15% B, isocratic for 0.24 min, in 1.25 min to 20% B, in
3.5 minto 40% B, in 0.5 min to 50% B, in 0.5 min to 70%

gradient program

B, in 0.5 min to 100% B, isocratic for 0.5 min, in 1 min to

15% B, isocratic for 1 min

4.8.2 Information dependent acquisition (IDA)
The IDA experiment (ToF-MS/MS) provides

precursor ions and automatically produces MS/MS spectra (DeWitt et al. 1990).
The LC-MS system 4 conditions are exhibited in Table 31.

information about unknown

For the IDA experiment, the samples were scanned through the mass range of
m/z 50-1,000 during an accumulation time of 250 ms, collision energy of -10 V,

and declustering potential of -80 V. 15 most intense peaks were acquired for the
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product ion scan during an accumulation time of 80 ms at declustering potential
of -80 V, collision energy of -35 V, and collision energy spread of 15 V. Precursor
ions were selected by the ion intensity of over 100 counts/s and the absence of
the dynamic exclusion list. Peaks within 6 Da were ignored, the exclude isotopes
window was 4 Da, and the mass tolerance was set to 20 ppm.

For data evaluation using the PeakView® software the screened subfractions of
F5 and the methanol extract were imported. No reference compounds were
analyzed, but a tentatively identified salicylate list obtained from Keefover-Ring
et al. (2014) was used and the XIC list was created by adding compound name,
chemical formula, and possible adducts. The exact mass in Da was automatically

generated.

Table 31: LC-MS system 4 conditions used for information dependent
acquisition.

parameter description
Kinetex Cis column, 100A, 1.7 um, 2.1 x 100 mm

(Phenomenex, Aschaffenburg, Germany)

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume
run time

flow rate

scan type

ion source voltage
source temperature
curtain gas
nebulizer gas
heater gas

gradient program

40°C

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

electrospray ionization (ESI)

negative

10 pL for the fraction and 1 pL for the methanol extract
20 min

0.3 mL/min

ToF-MS survey scan

4,500 V

550°C

35 psi (N2)

55 psi (N2)

65 psi (N2)

1% B, isocratic for 2.99 min, in 4.0 min to 10% B, in
3.0 min to 30% B, in 4.0 min to 100% B, isocratic for

2.5 min, in 0.5 min to 1% B, in 3 min to stop
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4.8.3 Rapid screening for polyphenols and salicylates

Selected Salix genotypes and the bioactive methanol extract of S. pentandra
were screened for a variety of polyphenols, isolated salicylates from S. pentandra
I-VII, as well as for commercially obtained compounds, such as salicin, salicylic
acid, saligenin, and salicortin using a previously developed LC-MS method by
Tina Schmittnagel, Chair of Food Chemistry and Molecular Sensory Science
(Table 32).

Table 32: LC-MS system 5 conditions used for information dependent acquisition
(IDA). This method was developed by Tina Schmitthnagel, Chair of Food
Chemistry and Molecular Sensory Science.

parameter

description

stationary phase

column temperature

mobile phase

ionization

polarity

injection volume
run time

flow rate

scan type

ion source voltage
source temperature
curtain gas
nebulizer gas
heater gas
gradient program

Kinetex Cis column, 100A, 1.7 um, 2.1 x 100 mm
(Phenomenex, Aschaffenburg, Germany)

50°C

A: 0.1% formic acid in water, B: 0.1% formic acid in
acetonitrile

electrospray ionization (ESI)

negative

1pL

20 min

0.4 mL/min

MRM

-4,500 V

450°C

40 psi (N2)

55 psi (N2)

65 psi (N2)

5% B, in 3.5min to 12% B,
isocratic for 2.0 min, in 6.0 min to 40% B, in 1.0 min to
100% B, isocratic for 1.0 min, in 1.0 min to 5% B,

isocratic for 3 min

isocratic for 2.5 min,
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The MRM transitions as well as the DP, CE, and CXP values of a few selected
polyphenols were obtained from the developed method of Tina Schmittnagel,
Chair of Food Chemistry and Molecular Sensory Science (Appendix section,
Table A13).

4.9 Spectroscopic methods and devices

4.9.1 Ultraviolet-visible spectroscopy (UV-VIS)

Since the injected samples into the liquid chromatography could absorb light at
different wavelengths, a UV detector was employed. In this way, analytes of the
extracts, fractions and isolated compounds were detected by diode array, which

records UV-VIS spectra.

4.9.2 Liquid chromatography-mass spectrometry
(LC-MS)

The untargeted screening of the 92 Salix genotypes was performed by means of
the UPLC-IMS-ESI-QToF-MS (LC-MS system 1, Table 33).

Table 33: LC-MS system 1 (UPLC-IMS-ESI"-QToF-MS).

system description

UPLC system Acquity i-class UPLC system (Waters, Milford, MA, USA)
pump Binary Solvent Manager (Waters, Milford, MA, USA)
autosampler sample manager (Waters, Milford, MA, USA)

ionization ESI

software UNIFI (version 1.8; Waters, Milford, MA, USA)

MS system Vion IMS QToF lon Mobility Quadrupole Time-of-flight MS

(Waters, Manchester, UK)

For the screening of the extracts, SPE fractions, and isolated compounds Synapt
G2-S HDMS (LC-MS system 2, Table 34) was used in order to determine the

exact masses. The time-of-flight system was calibrated with a 0.5 mM sodium
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formate solution in 2-propanol/water (v/v, 9/1) over the mass range of m/z 50 to

1,200.

Table 34: LC-MS system 2 (Synapt G2-S HDMS UPLC-ESI-ToF-MS).

system description

UPLC system Acquity UPLC core system (Waters, Manchester, UK)

pump Binary Solvent Manager (Waters, Manchester, UK)

autosampler Sample Manager (Waters, Manchester, UK)

ionization ESI

software MassLynx™ (version 4.1, SCN 851; Waters, Manchester,
UK)

MS system Synapt G2-S HDMS Time-of-fight MS (Waters,

Manchester, UK)

For the precursor ion scan, compound tuning, screening, and quantitation

experiments the QTrap® 6500 LC-MS system 3 was used with the parameters as

described in Table 35. Calibration of the mass spectrometer was performed by a

standard solution LC-MS tuning mix for ESI (Agilent, Waldbronn, Germany).

Table 35: LC-MS system 3 (QTrap® 6500 LC-MS/MS).

system

description

UHPLC system

pump
autosampler
column oven
ionization
software

MS system

Shimadzu Nexera X2 UHPLC System (Shimadzu,
Duisburg, Germany)

LC30AD

SIL30AC

CTO30A

ESI

Analyst 1.6.3 (Sciex, Darmstadt, Germany)

QTRAP® 6500 LC-MS/MS spectrometer (Sciex,
Darmstadt, Germany)

TripleToF® 6600 LC-MS system 4 (Table 36) was used for the detection of

potential additional salicylates in S. pentandra extracts and fractions, and the
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information dependent acquisition (IDA). The software Analyst® was used as the

operating software, and PeakView® with the accompanied MasterView® setting

for data analysis. The screening was performed over the mass range of m/z 50-

1,000.

Table 36: LC-MS system 4 (TripleToF® 6600 LC-MS/MS).

system

description

UHPLC system

pump
autosampler
column oven
ionization
software

MS system

Shimadzu Nexera X2 UHPLC System (Shimadzu,
Duisburg, Germany)

LC30AD

SIL30AC

CTO30A

ESI

Analyst® 1.7.1 (Sciex, Darmstadt, Germany)

TripleToF® 6600 LC-MS/MS spectrometer (Sciex,

Darmstadt, Germany)

For screening of salicylates and polyphenols using the LC-MS parameters of Tina

Schmittnagel (Chair of Food Chemistry and Molecular Sensory Science), the

QTrap® 6500+ LC-MS/MS system 5 was used (Table 37).

Table 37: LC-MS system 5 (QTrap® 6500+ LC-MS/MS).

system description

UPLC system ExionLC System (Sciex, Darmstadt, Germany)

pump ExionLC Binary Gradient AD Pump

autosampler ExionLC Autosampler AD Autosampler

column oven ExionLC Column Oven AC Column Oven

ionization ESI

software Analyst 1.6.3 (Sciex, Darmstadt, Germany)

MS system QTRAP® 6500+ LC-MS/MS spectrometer (Sciex,

Darmstadt, Germany)
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4.9.3 Determination of the absolute S/R configuration by
CD-spectroscopy

To investigate the absolute configuration of the salicylates, circular dichroism
(CD) spectroscopy was performed using the J-810 spectropolarimeter (Fern-Uv
CD Spektrum; Jasco, Pfungstadt, Germany) equipped with a PT-423S Pelier
element. The device was offered by the chair of Biological Chemistry (TU Munich,
Prof. Dr. Arne Skerra). The experiment was executed using nitrogen gas and a
constant temperature of 20°C, which was controlled manually. Then, 0.2 mg/mL
of each single compound was diluted in LC-grade methanol and transferred into
a 1 mm quartz cuvette (with a cap), and scanned within the range of 185 and
350 nm. Scanning was performed eight times and chirality was obtained by the
molar ellipticity as a function of the wavelength operated by the Spectra

Manager™ software (version 1.17.00; Jasco, Tokyo, Japan).

4.9.4 Nuclear magnetic resonance spectroscopy (NMR)

To determine the chemical structure of isolated compounds, NMR was used.
Therefore, the 500 MHz UltraShield™ Plus AVANCE Il and 600 MHz 9.4 T
magnet AVANCE Neo spectrometers holding a 300 K Triple Resonance Cryo-
TCI probe (*H/*3C/**N; Bruker, Rheinstetten, Germany) were used. The samples
were diluted in 600 pL of acetone-ds, dimethyl sulfoxide-des, acetonitrile-ds, or
methanol-d4, and transferred into an NMR tube for spectroscopic analysis. The
internal standard tetramethylsilane (TMS, 0.0 ppm) and deuterated solvents were

used as references.

Further, the 400 MHz AVANCE III spectrometer equipped with the Z-gradient
5 mm multinuclear observe probe (Broadband Observe, BBFOpLus, Bruker,
Rheinstetten, Germany) was applied for quantitative NMR (QHNMR). For this
analysis, calibration was needed using caffeine and L-tyrosine, which were
dissolved in deuterated water with one drop of deuterium chloride and placed

both into an ultrasonic bath for 10 min.

The operating TopSpin™ software (version 4.0.6; Bruker, Rheinstetten,
Germany) allowed data processing. Data evaluation and export of spectra used
in this work was performed using the MestReNova software (version 12.0.3;
Mestrelab Research S.L., Santiago de Compostela, Spain).
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4.9.4.1 *H-NMR

Proton nuclear magnetic resonance (*H-NMR) spectroscopy was performed for
the determination of the chemical environment, and proton number of a chemical
structure. The chemical shift & in ppm can help the observation of the functional
group positions and the shielding variation (Harris et al. 2002). The multiplicity,
such as singlet (s), duplet (d), triplet (t), doublet of doublets (Todd and Robinson
1956), doublet of triplets (dt), pseudo triplet (pt), pseudo quartet (pg), and
multiplet (m) can give information about how many hydrogen(s) are nearby the
hydrogen(s) of the produced *H-NMR signal (Bruch 1996, Hesse, Meier, and
Zeeh 2005, Friebolin 1991). Additionally, the coupling constant (J, spin-spin
coupling) is an important parameter to determine the spin-spin coupling between
atoms, being geminal (2J3), vicinal (3J), and W-type (*J) as the most characteristic
once (McClure 1999).

4.9.4.2 Quantitative *H-NMR (gHNMR)

Quantitative proton nuclear magnetic resonance (QHNMR) spectroscopy was
applied to determine the precise concentration of all isolated compounds, I-VII,
and commercially obtained reference compounds, salicin, salicylic acid,
saligenin, and salicortin, for further quantitative experiments by LC-MS/MS. To
determine the concentrations in mmol/L, each of the analyte was diluted in 600 pL
of methanol-ds or acetonitrile-ds, and analyzed by gHNMR (400 MHz).
Concentration determination, calibration, and signal integration was performed
using the ERETIC 2 tool and PULCON (pulse length based concentration
determination) method as described by Frank et al. (2014). Proton signals part of
the compound were then integrated (Table 38) and used for quantification.
Moreover, it was possible to obtain the percentage (%) of purity of each analyte

through the peak integral data and the determined concentrations.
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Table 38: Integrated gHNMR signals of each analyzed compound for
quantification.

compound &, proton, no. of protons
| 7.39 ppm, H-C(3), 1H
7.14 ppm, H-C(6), 1H
7.16 ppm, H-C(6), 1H
5.74 ppm, H-C(10), 1H
7.17 ppm, H-C(6), 1H
7.07 ppm, H-C(4), 1H
6.35 ppm, H-C(2), 1H

v 6.69 ppm, H-C(3), 1H

Vv 7.32 ppm, H-C(3) and H-C(5), 2H
7.11 ppm, H-C(4) and H-C(6), 2H

VI 5.73 ppm, H-C(10) and H-C(10’), 2H
6.14 ppm, H-C(11) and H-C(11’), 2H

VI 7.64 ppm, H-C(5”), 1H
7.04 ppm, H-C(4), 1H

. 7.35 ppm, H-C(5), 1H
salicin

7.05 ppm, H-C(4), 1H
7.11-7.18 ppm, H-C(3) and H-C(5), 2H
6.80-6.86 ppm, H-C(4) and H-C(6), 2H
7.85 ppm, H-C(3), 1H
7.52 ppm, H-C(5), 1H
7.22 ppm, H-C(6), 1H
7.04 ppm, H-C(4), 1H

salicylic acid

saligenin

salicortin

4.9.4.3 BC-NMR

The application of the carbon nuclear magnetic resonance (*3C-NMR)
spectroscopy is a useful technique for the analysis of the number of carbons in a
compound. The chemical shift & is measured in ppm. The abundance of *3C in
nature is 1.1% and only one signal for each carbon is produced in the 13C-NMR
spectra (Solomons, Fryhle, and Snyder 2016). Additionally, the gyromagnetic
ratio y is four times lower than that of 'H, leading to longer echo times (Golman
et al. 2003). Optimized and increased signal-to-noise ratio was achieved by
decoupling the *H-broadband resulting in visible non-split spectra (de Graaf 2005,
Vollhardt and Schore 1989).

4.9.4.4 Correlation spectroscopy (COSY)

The 'H,'H correlations were obtained by means of two-dimensional nuclear
magnetic resonance spectroscopy (2D NMR). Therefore, homonuclear

correlation spectroscopy (COSY) was performed using the diagonally plotted
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one-dimensional *H-NMR spectrum (Gonnella 2020). Additionally, two (geminal,
2Jn,H) or three (vicinal, 3Jn,H) through-bond proton couplings lead to cross-peaks
or correlation-peaks, which occur out of the diagonal spectrum (Gonnella 2020,
Hesse et al. 2014). Generally, the mutual J-coupling of two spins appears as

cross-peak, otherwise the multiplet disappears (Levitt 2013).

4.9.4.5 Heteronuclear single quantum coherence spectroscopy
(HSQC)

To determine the chemical shift correlation of protons to the corresponding
carbons, the two-dimensional heteronuclear single quantum coherence
spectroscopy (HSQC) was performed. From the initially recorded *H-NMR and
1C-NMR spectra, a correlation of the pair frequencies is formed (Danten 2006).
In the case of quaternary carbons there is no proton correlation. If a structure
contains a carbon with two protons (CHz), two signals with a defined chemical
shift will be visible, but for CHs there is only a single one (Reynolds 2017). In this
two-dimensional NMR experiment, the top horizontal spectrum represents the
H-NMR and the left vertical spectrum the 13C-NMR.

4.9.4.6 Heteronuclear multiple bond correlation spectroscopy
(HMBC)

Similar to the HSQC, the heteronuclear multiple bond correlation spectroscopy
(HMBC) is also a two-dimensional experiment and describes the *C,'H
correlation, but in a manner of 2JcH to “JcH long-range couplings and not YJcH
direct bindings as it is the case in HSQC (Reynolds 2017).

4.10 Acetalization reaction of fraction F7-4

Acetalization of fraction F7-4 was performed to determine the chemical structure
of the suggested compounds. First, 3.6 mg of freeze-dried fraction F7-4 and
0.05 mg of the catalyst p-toluenesulfonic acid were dissolved all together in
300 pL of anhydrous acetone. Subsequently, acetalization was achieved by
incubation for 24 h at room temperature. Then, the sample was neutralized using

sodium bicarbonate. After drying under nitrogen, dilution in 300 pL
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methanol/water (v/v, 70/30) and centrifugation, the supernatant of the sample
was analyzed by means of UPLC-ToF-MS using LC-MS system 2.

4.11 Bioactivity studies

4.11.1 Determination of the anti-inflammatory potential
by THP-1/macrophage model

For the determination of the anti-inflammatory potential of selected Salix species
and crosses, PGE: release levels were determined by the THP-1/macrophage
model (performed by UKF). First, the RPMI 1640 medium was supplemented with
10% heat-inactivated fetal calf serum (FCS), 2 mM L-glutamine, 100 U/mL
penicillin, and 100 pg/mL streptomycin (Gibco™ Life Technologies GmbH,
Darmstadt, Germany). The cell culture was incubated at 37°C in a humidified
incubator at 5% CO: and 95% air atmosphere. Then, the THP-1 cells
(3x10°cells/mL in a 48-well cell culture plate) were differentiated to
macrophages in the presence of 2.5 ng/mL phorbol 12-myristate 13-acetate
(PMA) for 72 h, and the cells were washed with pre-warmed PBS. After a resting
time of 24 h in fresh RPMI 1640 medium with supplements mentioned above, the
cells were pretreated with Salix extracts and subsequently stimulated with
100 ng/mL lipopolysaccharides (LPS obtained from Escherichia coli O11:B4;
Sigma-Aldrich, Taufkirchen, Germany) for 24 h. As solvent control 1% distilled
sterile water and as positive control 1 pg/mL Aspirin® were used. Finally, PGE2
release was quantified in the supernatant by means of the PGE2 ELISA kit

(Cayman Chemical, Hamburg, Germany).

4.11.2 Isolation of human peripheral blood mononuclear
cells (PBMC)

All bioactivity assays of the current work were performed by UKF applying the
methods described in Antoniadou et al. (2021). For in vitro analysis a protocol
obtained from Tran et al. (2016) was used. Therefore, buffy coats from healthy
adult donors (blood transfusion center at UKF) were received to extract human

peripheral blood mononuclear cells (PBMC), which were dissolved in 10% heat-
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inactivated FCS, 2mM L-glutamine, 100 U/mL penicillin, and 100 pg/mL
streptomycin in RPMI 1640 medium.

4.11.3 Sample preparation and exposure to PBMC

Before pre-treatment of PBMC, stock solutions were prepared. Therefore,
10 mg/mL of the three extracts (methanol, methanol/water, water), and 5 mg/mL
of the SPE fractions (F1-F11) were diluted in distilled water. The fractions were
prepared to have the same concentration as in their natural conditions in the
methanol extract of the plant (Table A2, Appendix section). Additionally,
compounds 1-VII, salicin, salicylic acid, saligenin, and salicortin, and fraction
F7-4-6 containing Il and two diastereomeres of VI, were dissolved in distilled
water. In contrast, fractions F5-1 to F5-6 were dissolved in DMSO. Stock

solutions were stored at -80°C until further use. Solvent was used as control.

The samples were exposed to PBMC for 30 min. Then, stimulation was
performed by adding 100 ng/mL LPS and incubating the samples at 37°C for 24 h

in a humidified incubator with 5% C0O2/95% air atmosphere.

4.11.4 Determination of COX-1/-2 activity inhibition:
guantification of PGE: release and ICso-values

After stimulation, the cell-free supernatants were collected and PGE:2 release
levels were measured by PGE2 ELISA kit. The lower the PGE: level the higher
the anti-inflammatory effect of the extracts or compounds. Moreover, COX-1 and
COX-2 enzyme activity inhibition was investigated using the human Cayman
COX Inhibitor Screening Assay kits. This assay quantifies the prostaglandin
PGF2a that is produced after reduction of SnCl2 of the prostaglandin Hz (PGH2),
which is expressed by the COX enzyme. As positive control, acetylsalicylic acid

was used.

The protocols of the kits for the quantification were obtained from the

manufacturer Cayman Chemical (Hamburg, Germany), and the obtained data

from the ELISA assays were processed by the GraphPad Prism 6.0 software (La

Jolla, California, USA). For all assays, the evaluated data showed the mean +SD.

The ordinary one-way ANOVA test and Dunnett’s multiple comparison test were
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applied for the determination of the statistical significance [statistically significant:
p <0.05 (*), highly statistically significant: p <0.01 (**)].

For the determination of the ICso-values of the salicylates acting anti-
inflammatory, the GraphPad Prism software as well as the log(inhibitor) vs.
normalized response equation were used, and the concentration-response
curves were plotted. This experiment was performed at concentrations of 0.25,
1.00, 5.00, and 25.00 pg/mL for I, Ill, and VII, and 5.00 and 25.00 pg/mL for
salicortin, V, and VI.
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Willow (Salix L.) bark is a widely known medicinal plant material containing

analgesic and antipyretic phytochemical ingredients, revealing Salix as an
important source for plant-based drug production in the pharmaceutical industry.
Even the European Medicines Agency has approved Salix cortex as herbal

medicinal product with therapeutic effects (European Medicines Agency 2017a).

In the current work, 92 willow bark extracts derived from S. alba, S. daphnoides,
S. humboldtiana, S. lasiandra, S. nigra, S. pentandra, S. purpurea, S. X rubens,
and S. viminalis species and crosses, comprising different chemical composition,
were clustered into five groups to accomplish preselection of candidate plants for
bioactivity determination. Therefore, 28 Salix candidates were selected from each
group and subsequent determination of the anti-inflammatory activity against
PGE: release identified S. pentandra (PE1) as the most potent bark material.
After solvent extraction of this plant using methanol, methanol/water (v/v, 70/30)
and water, the bioactive methanol extract was applied to activity-guided
fractionation wusing solid-phase extraction and (semi-)preparative high-
performance liquid chromatography (HPLC). Subsequently, structure elucidation
was performed by means of LC-MS/MS, 1D/2D-NMR, and CD-spectroscopy
techniques. Thus, 2’-O-acetylsalicin (I), 3'-O- and 2’-O-acetylsalicortin (Il, III),
cinnamrutinose A (IV), 2',6’-O-diacetylsalicortin (V), lasiandrin (VI), and
tremulacin (VII) were isolated and identified from SPE fractions F5, F6, and F7
(Figure 68). Precursor ion scan and information-dependent acquisition
experiments of the methanol extract and fraction F5 showed plausible additional
salicylates. Some of the detected compounds were not isolated by activity-guided

fractionation since they were contained in non-bioactive fractions.
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Figure 68: Chemical structures of compounds 2’-O-acetylsalicin (1), 3'-O- and 2’-
O-acetylsalicortin (Il, Ill), cinnamrutinose A (IV), 2’,6’-O-diacetylsalicortin (V),
lasiandrin (VI), tremulacin (VIl), and B-D-glucopyranoside, 2-[[[(1-hydroxy-6,6-
dihydroxy-2-cyclo-hexen-1-yl)dihydroxy]-oxy]methyl]phenyl, 2-acetate (VIII) from
S. pentandra (PE1).

Sugar determination revealed D-glucose as part of the structures of I-1ll and V-
VII, whereas IV contained L-rhamnose and D-glucose. Acetalization reaction was
performed for subfraction 7-4-6 to protect the geminal diol group of novel 3-D-
glucopyranoside,  2-[[[(1-hydroxy-6,6-dihydroxy-2-cyclo-hexen-1-yl)dihydroxy]-
oxy]methyl]phenyl, 2-acetate (VIII, Figure 68) and enabling structure elucidation.
VIII contains a diol group at position C(14) in comparison to Il, Ill, V, VI, and VII,
which comprise of a carboxyl group at the same position of the HCH group.

Further, S-configured salicylates Il, 1, V, VI, and VII, exhibited anti-inflammatory
potential against PGE2 in contrast to | and IV. The potency may be explained due

to the 1-hydroxy-6-oxo-2-cycohexenecarboxylate (HCH) moiety of the
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salicylates, since it can degrade to bioactive catechol in cell culture conditions.
Moreover, for the first time Ill, IV, and novel VIII were identified by LC-MS and
1D/2D-NMR in S. pentandra cortex. Even though VI was isolated from a less
bioactive fraction F6, the compound showed higher efficiency against PGE:2
release in comparison to compounds I-1ll, which were isolated from the most
bioactive fraction F5-5. Therefore, current standardization of medicinal Salix bark
to salicin should be replaced by standardization to compounds containing HCH
residues (e.g. VI), which are metabolized to catechol. Thus, bioactivity-guided
fractionation and quantitation of the bioactive phytochemicals disproved the
statement that polyphenols are responsible for the anti-inflammatory potential in

previous studies.

Salicylates I-1ll, V-VII, salicin, saligenin, salicylic acid, and salicortin, and non-
salicylate IV in bark extracts of 92 Salix species and crosses were quantified by
means of a developed fast and sensitive LC-MS/MS method. Quantitative
analysis revealed the highest content of bioactive VI in AL2xPE1_1 and PE1, and
clustering showed an overall upregulation of I-VI in S. pentandra and S. alba
species and crosses. The highest amount of VI in bioactive S. pentandra (PE1)
among the 92 analyzed Salix species and crosses makes this species a possible
candidate for future drug production. Moreover, saligenin, I, IV, and VI were
quantified for the first time in Salix clones. New groups (A-J) were formed by a
column scaled heatmap. Bioactive PE1 was compiled in group | as the only
species, whereas S. daphnoides genotypes were grouping mainly in group C.
High variety of the isolated compounds was detected in group D and I, which
contained S. pentandra genotypes crosses with S. alba and S. lasiandra. In
contrast, group F, G, and H containing S. humboldtiana, S. lasiandra, and
S. viminalis, S. nigra, and a few S. purpurea species and crosses had the least
amount of salicylate variety and content. This results showed that various Salix
genotypes can have a different chemoprofile even if they belong to the same

genus.

Further, it was possible to determine the ICso values of Il, I, V, VI, and VII for the
first time, showing the half-maximal inhibitory potential of these compounds
against PGE:2 release. The concentrations of salicortin, Ill, V, and VI in the anti-
inflammatory bark extract PE1 were above the ICso values, whereas the

concentrations of Il and VIl were lower than the ICso. This shows that the
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concentration of salicortin, Ill, V, VI in the bark of the plant could confirm the
bioactivity. The low concentration of salicin and salicylic acid, as well as the
higher salicylate content in PE1 in contrast to non-bioactive
S. viminalis x S. viminalis (schwerinii x viminalis) clone (VI4xVI3_2) containing
mainly polyphenols, showed also the relevance of the salicylates for the

phytopharmaceutical production in order to reduce inflammation.

After quantification, compound VI, showing the highest anti-inflammatory
potential, accumulated in higher amounts in bioactive S. pentandra (PE1) among
the 92 analyzed Salix species and crosses. This species could be a possible

candidate for future drug production.

Finally, the present work could reveal that besides the investigation of the
bioactivity, quantitative data of single phytochemicals were needed in order to
verify the overall anti-inflammatory potential of willow bark. Based on these
findings, new Salix species and crosses can be cultivated and bred by expressing
high amounts of potent compounds in these plants. In this way, identified
genotypes with high amounts of specific phytochemicals or composition of these,

may be useful for medicinal purposes.
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7/ APPENDIX

Further explanations about chemical structures, statistical, spectroscopic NMR,
and quantitative data were enclosed in the current Appendix section.

Table A1 shows the statistical data of the generated S-plots. Table A2 reveals
the yield of each SPE fraction (F1-F11), the used mass in order to keep the
natural concentrations of each fraction based on the S6 methanol extract for the
bioactivity assay performed by UKF. The NMR data of the chemical structures of
the isolated, structurally elucidated, and quantified compounds I-VIII are exhibited
in Tables A3-Al1l. The concentrations and standard deviations of the compounds
in 92 Salix species and crosses are displayed in Table A12. Table A13 exhibits
the MRM transitions, as well as DP, CE, and CXP values of the analyzed
polyphenols, which were obtained from the method developed by Tina
Schmittnagel (Chair of Food Chemistry and Molecular Sensory Science).

Table Al: Statistical data generated between two groups of the obtained OPLS-
DA models (Pareto scaling), and number of selected candidate markers extracted
from the S-plots. GT: genotype, R2Y: total sum of explained variations in Y by
the component, Q2: predictive ability.

) OPLS-DA S-plot
group no. of Salix
. marked no. no.
comparison genotypes ) R2Y [%] Q2 [%]
points markers -1 markers 1
group 1 (-1) vs.
23 vs. 26 92 vs. 104 99.19 99.14 21 17
group 2 (1)
group 1 (-1) vs.
23 vs. 26 92 vs. 104 98.77 98.71 33 25
group 3 (1)
group 1 (-1) vs.
23vs. 16 92 vs. 63 99.18 98.77 21 23
group 4 (1)
group 2 (-1) vs.
26 vs. 26 104 vs. 104 98.61 98.29 9 19
group 3 (1)
group 2 (-1) vs.
26 vs. 16 104 vs. 63 98.98 98.73 10 21
group 4 (1)
group 3 (-1) vs.
26 vs. 16 104 vs. 104 98.98 98.73 15 25

group 4 (1)
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Table A2: S6 methanol extract yields after SPE fractionation and conversion of
the yielded fraction amount in order to relate to the natural concentrations
regarding the methanol extract. The concentrations (C) correspond to 10 mg/mL
methanol extract (the volume (mL) of water was added by UKF after receiving
the powder).

SPE fraction yield mg amount sent to UKF  water [mL] C [mg/mL]
[9/100g]
F1 6.26 10.50 16.78 0.626
F2 4.83 9.17 18.97 0.483
F3 8.85 7.42 8.39 0.885
F4 15.09 1.78 1.18 1.509
F5 26.59 14.49 5.45 2.659
F6 14.22 5.10 3.59 1.422
F7 3.07 2.63 8.56 0.307
F8 1.01 0.94 9.33 0.101
F9 0.16 1.00 62.99 0.016
F10 0.12 1.83 157.82 0.012
F11 0.32 8.15 253.76 0.032

Table A3: NMR data (500.13/125.77 MHz) of 2'-O-acetylsalicin (I) in methanol-
da.

position HSQC  &c[ppm]  &H[ppm] multiplicity; J [HZ]
1 [C] 155.85 - -
2 [C] 131.92 - -
3 [CH] 128.90 7.38 m
4 [CH] 123.70 7.03 m
5 [CH] 129.47 7.21 m
6 [CH] 115.96 7.13 dd; 8.20, 1.05
7 [CH2] 59.97 4.55 g; 15.46, 13.60 (overlap)
1 [CH] 100.75 5.05 d; 8.05
2 [CH] 75.07 5.03 dd: 8.01, 1.46
3 [CH] 75.98 3.66 m
4’ [CH] 71.41 3.50 m
5’ [CH] 78.35 3.51 m
6’ [CH2] 62.40 3.71 m
3.91 m
1” [CH3] 21.02 2.14 s
2" [C=0] 170.55 - -
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Table A4: NMR data (500.13/125.77 MHz) of 3'-O-acetylsalicortin (II)

in

acetone-de.
position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]
1 [C] 156.41 - -
2 [C] 125.83 - -
3 [CH] 130.10 7.33 m
4 [CH] 123.10 7.05 td; 7.50, 1.15
5 [CH] 130.66 7.31 m
6 [CH] 116.35 7.25 d; 7.84
7 [CHZ] 63.67 5.23 d; 12.80
5.35 d; 12.80
8 [C=0] 170.86 - -
9 [C] 78.83 - -
10 [CH] 129.29 5.78 dt; 9.70, 1.70
11 [CH] 132.44 6.13 dt; 9.70, 3.80
12 [CH2] 27.17 2.48-2.53 m
2.64-2.71 m
13 [CH_] 36.11 2.54-2.57 m
2.83-2.90 m
1 [C=0] 206.21 - -
1 [CH] 102.03 511 d; 7.70
2’ [CH] 72.87 3.64 m
3’ [CH] 77.70 5.08 d; 9.30
4 [CH] 69.36 3.66 m
5’ [CH] 78.46 3.63 m
6’ [CH2] 62.19 3.74 dd; 11.35, 3.69
3.89 dd; 11.39, 2.99
1” [CH3] 21.11 2.05 s
2" [C=0] 170.79 - -
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Table A5: NMR data (500.13/125.77 MHz) of 2'-O-acetylsalicortin (lll) in
acetone-de.

position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]
1 [C] 155.88 - -
2 [C] 125.94 - -
3 [CH] 129.50 7.31 m
4 [CH] 123.36 7.05 td; 7.50, 1.08
5 [CH] 130.40 7.28 m
6 [CH] 116.49 7.21 d; 8.00
7 [CH2] 63.08 5.18 d; 2.73 (overlap)
8 [C=0] 170.79 - -
9 [C] 78.81 - -
10 [CH] 129.30 5.80 dt; 9.78, 1.75
11 [CH] 132.43 6.14 dt; 9.82, 3.85
12 [CH2] 27.20 2.49-2.54 m
2.67-2.76 m
13 [CH2] 36.09 2.59-2.66 m
2.94-2.86 m
1 [C=0] 206.20 - -
1 [CH] 100.18 5.13 d; 7.16
2’ [CH] 74.39 5.02 dd; 8.08, 1.62
3 [CH] 75.66 3.72 m
4 [CH] 71.44 3.57 m
5’ [CH] 78.05 3.58 m
6’ [CH2] 62.37 3.73 m
3.91 m
1” [CH3] 21.02 2.07 s
2" [C=0] 170.30 - -
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Table A6: NMR data (500.13/125.77 MHz) of cinnamrutinose A (IV) in
acetonitrile-ds.

position HSQC  &c [ppm] OH [ppm] multiplicity; J [HZ]
1 [CH2] 70.11 4.24 ddd; 12.83, 6.54, 1.44
4.43 ddd; 12.80, 7.04, 1.52
2 [CH] 126.84 6.35 ddd; 16.14, 5.61
3 [CH] 133.01 6.69 dt; 15.89, 1.82
4 [C] 137.80 - -
5 [CH] 127.41 7.44 d; 7.60
6 [CH] 129.67 7.35 m
7 [CH] 128.73 7.30 m
8 [CH] 129.67 7.35 m
9 [CH] 127.41 7.44 d; 7.60
1 [CH] 102.85 4.31 d; 7.75
2’ [CH] 74.70 3.14 t; 8.10, 8.59
3 [CH] 71.25 3.22 m
4 [CH] 77.63 3.37 m
5’ [CH] 73.75 3.25 m
6’ [CH2] 67.90 3.64 m
3.88 dd; 11.46, 1.92
17 [CH] 101.66 4,72 dd; 16.35, 1.03
2’ [CH] 71.74 3.78 dd; 3.78, 1.53
3” [CH] 72.26 3.54 dd; 9.45, 3.63
4" [CH] 76.34 3.29 m
5" [CH] 69.07 3.59 m
6” [CH3] 18.10 1.21 d; 6.41
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Table A7: NMR data (500.13/125.77 MHz) of 2',6’-O-diacetylsalicortin (V) in

acetone-de.
position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]

1 [C] 155.78 - -

2 [C] 126.10 - -

3 [CH] 129.61 7.33 m

4 [CH] 123.56 7.06 td; 7.44, 1.12

5 [CH] 130.35 7.31 m

6 [CH] 116.62 7.22 dd; 8.78, 1.06

7 [CH2] 63.07 5.13 d; 13.07 (overlap)

8 [C=0] 170.78 - -

9 [C] 78.85 - -

10 [CH] 129.31 5.80 dt; 9.81, 3.48

11 [CH] 132.41 6.14 dt; 9.67, 3.71

12 [CH2] 27.20 2.48-2.53 m
2.66-2.75 m

13 [CH2] 36.06 2.54-2.58 m
2.85-2.93 m

1 [C=0] 206.20 - -

1 [CH] 100.06 5.16 d; 7.16

2’ [CH] 74.26 5.06 dd; 8.33, 1.58

3 [CH] 75.06 3.82 m

4 [CH] 71.47 3.58 t; 9.31

5’ [CH] 75.50 3.77 t; 9.44

6’ [CH2] 64.01 3.74 dd; 11.75, 2.30

3.91 dd; 11.95, 6.24

7 [C=0] 170.92 - -

8 [CH3] 20.72 2.03 s

17 [CH3] 21.00 2.10 s

2" [C=0] 170.27 - -
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Table A8: NMR data (600.13/150.90 MHz) of lasiandrin (V1) in acetone-ds.

position HSQC oc [ppm] OH [ppm] multiplicity; J [Hz]

1 [C] 155.85 - -

2 [C] 126.17 - -

3 [CH] 130.61 7.37 m

4 [CH] 123.66 7.08 td; 7.42, 1.00

5 [CH] 129.55 7.32 dd; 7.78, 1.73

6 [CH] 116.80 7.22 d; 8.19

7 [CH2] 62.17 5.18 d; 12.87 (overlap)

5.12 d; 12.87

8 [C=0] 170.78 - -

9 [C] 78.86 - -

10 [CH] 129.30 5.80 dt; 9.80, 1.70

11 [CH] 132.43 6.14 dt; 9.81, 3.96

12 [CH2] 27.20 2.46-2.54 m
2.62-2.73 m

13 [CH2] 36.07 2.53-2.59 m
2.84-2.92 m

14 [C=0] 206.18 - -

1 [CH] 100.25 5.17 d; 8.19

2 [CH] 74.41 5.02 dd; 8.10, 1.55

3 [CH] 75.45 3.74 t: 9.45

4’ [CH] 71.39 3.52 t; 9.45

5’ [CH] 75.05 3.85 ddd; 6.90, 5.12, 2.04

6’ [CH2] 65.76 4.27 dd; 11.80, 6.79

4.64 dd; 11.82, 2.06

8’ [C=0] 170.78 - -

9 [C] 78.82 - -

10° [CH] 129.26 5.75 dt; 9.80, 1.79

11 [CH] 132.35 6.09 dt; 9.93, 3.89

12 [CH2] 27.20 2.46-2.54 m
2.62-2.73 m

13’ [CH2] 36.07 2.53-2.59 m
2.84-2.92 m

14’ [C=0] 206.18 - -

17 [CH3] 21.01 2.08 s

2" [C=0] 170.26 - -
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Table A9: NMR data (500.13/125.77 MHz) of tremulacin (VII) in dimethyl

sulfoxide-de.
position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]
1 [C] 154.20 - -
2 [C] 124.34 - -
3 [CH] 127.94 7.13 dd; 7.70, 1.51
4 [CH] 122.30 7.00 td; 7.62, 1.00
5 [CH] 129.40 7.29 ddd; 7.97, 1.52
6 [CH] 115.05 7.18 d; 8.21
7 [CH2] 61.40 4.80 d; 13.37
4.95 d; 13.37
8 [C=0] 169.86 - -
9 [C] 77.35 - -
10 [CH] 128.66 5.66 dt: 9.90, 1.57
11 [CH] 131.56 6.07 dt; 9.81, 3.74
12 [CH2] 25.85 2.39-2.46 m
2.47-2.56 m (overlap)
13 [CH2] 35.56 2.47-2.52 m (overlap)
2.69-2.63 m
1 [C=0] 205.92 - -
1 [CH] 98.41 5.29 d; 8.13
2 [CH] 73.79 5.05 dd; 8.08, 1.62
3 [CH] 74.29 3.69 td; 5.49, 3.74
4 [CH] 69.89 3.34 S
5 [CH] 77.28 3.51 m
6’ [CH2] 60.54 3.55 m
3.76 dd; 10.68, 4.99
1” [C=0] 165.10 - -
2" [C] 129.74 - -
3” [CH] 129.34 7.98 t; 7.94
4 [CH] 128.68 7.52 m
5” [CH] 133.38 7.65 m
6” [CH] 128.68 7.52 t; 7.94
7" [CH] 129.34 7.98 m
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Table A10: NMR data (500.13/125.77 MHz) of diastereomer of VIII (compound
B) in methanol-da.

position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]

1 [C] 156.06 - -
2 [C] 126.72 - -
3 [CH] 129.67 7.39 m

4 [CH] 123.82 7.04 dt; 7.07, 1.14
5 [CH] 130.39 7.30 m

6 [CH] 116.85 7.21 ddd; 1.23, 7.57
7 [CH2] 63.13 5.11-5.18 m
8 [C=0] 171.58 - -
9 [C] 86.75 - -

10 [CH] 127.19 5.59 dd; 10.10, 2.75
11 [CH] 131.12 6.02 m
12 [CH2] 23.31 1.98-2.06 m
2.17-2.24 m
13 [CH2] 33.19 1.93-2.00 m
2.41-2.53 m
1 [C] 104.47 - -
1 [CH] 100.74 5.09 m
2’ [CH] 75.00 5.03 m
3 [CH] 75.98 3.64-3.67 m
4 [CH] 71.42 3.49 m
5’ [CH] 78.38 3.50 m
6’ [CH2] 62.41 3.75 m
3.94 m
1" [CH3] 21.10 2.15 s
2" [C=0] 171.98 - -
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Table A11: NMR data (500.13/125.77 MHz) of diastereomer of VIII (compound
C) in methanol-da.

position HSQC oc [ppm] OH [ppm] multiplicity; J [HZ]
1 [C] 156.06 - -
2 [C] 126.72 - -
3 [CH] 129.67 7.39 m
4 [CH] 123.82 7.04 dt; 7.07, 1.14
5 [CH] 130.39 7.30 m
6 [CH] 116.85 7.21 ddd; 1.23, 7.57
7 [CH2] 63.13 5.11-5.18 m
8 [C=0] 173.02 - -
9 [C] 77.33 - -
10 [CH] 128.44 5.53 dt; 10.03, 2.01
11 [CH] 132.80 5.98 dt; 9.98, 3.62
12 [CH2] 25.29 2.19-2.26 m
2.33-3.39 m
13 [CH2] 32.13 2.44-2.51 m
14 [C] 111.81 - -
1’ [CH] 100.74 5.09 m
2 [CH] 75.00 5.03 m
3’ [CH] 75.98 3.64-3.67 m
4 [CH] 71.42 3.49 m
5’ [CH] 78.38 3.50 m
6’ [CH2] 62.41 3.75 m
3.94 m
17 [CH3] 21.10 2.15 s
2" [C=0] 171.98 - -
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Table A12: Concentrations (umol/g) and relative standard deviations (RSD in %)

of 92 Salix species and crosses. 1: salicin, 2: saligenin, 3: salicortin, 4: salicylic

acid, I: 2’-O-acetylsalicin, II: 3’-O-acetylsalicortin, Ill: 2’-O-acetylsalicortin, IV:

cinnamrutinose A, V: 2’,6’-O-diacetylsalicortin, VI: lasiandrin, VII: tremulacin, n.a.:

not applicable/not detected.

Salix concentration [umol/g] (RSD in %)
species or
crosses 1 2 3 4 | 1l 1l v \% Vi Vil
24.77 0.74 0.33 12.76
LAL 6.01 (+4.85) | 0.19 (26.44) (24.56) na. (£15.19) (£10.08) (£4.07) n.a. n.a. 0.07 (+4.93) | 1.71 (24.09)
16.07 0.27 119.24 0.003 0.06 12.81
DAZXDAST | (199 84) (+13.67) (£3.98) (+141.42) (+72.08) na. 017 (5.78) n-a. n-a. na (+1.59)
VI5xVI2_2 0.38 0.17 (+6.40) 6.94 (+3.56) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.14 (+8.45)
(£25.25)
PE2xLA1 2 | 7.72 (£3.60) 0.23 24.42 na. 1.07 (+14.37 na. 6.81 (£3.32) n.a. na. 3.21 (+3.57) | 1.30 (x3.06)
(£15.56) (£2.44)
AL3XAL4 2 | 952 (+4.47) | 0.20 (+7.56) 32.10 n.a. 0.15 n.a. 1.79 (+2.43) n.a. n.a. 0.84 (+3.14) | 0.09 (+7.75)
(#2.31) (#34.79)
DA2xDA3_1 | 9.96 (+1.64) 0.27 147.26 n.a. 0.08 n.a. 0.18 n.a. n.a. n.a. 15.24
(£15.71) (£0.92) (£76.96) (£24.96) (£0.77)
PE2xAL5_1 | 5.54(x4.95) | 0.33(x9.22) 19.18 n.a. 5.05 0.40 (£7.24) 41.72 0.01 n.a. 0.76 (+1.25) | 0.90 (+5.28)
(£8.78) (£12.62) (+3.58) (+141.42)
PE2 2.13 (5.35) 0.38 12.21 n.a. 6.46 (+5.88) 0.03 45.16 na. n.a. 3.21 (+3.59) | 1.40 (+5.13)
(£11.67) (+4.01) (£71.46) (£2.40)
DA3 6.16 (+4.51) 0.19 (+6.86) 53.62 n.a. 0.03 n.a. 0.03 n.a. n.a. n.a. 5.56 (+2.02)
(+1.80) (+141.42) (+86.80)
DA5xPU2_1 12.86 0.25 132.71 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 4.54 (£2.01)
(£3.47) (£15.92) (£0.26)
AL5 2.54 (£7.52) 0.12 15.44 n.a. 0.21 n.a. 3.62 (+4.87) n.a. n.a. n.a. 0.21 (+2.69)
(£70.72) (£2.67) (24.63)
DA2xDA3_3 11.07 0.25 (+8.24) 139.17 0.002 0.03 n.a. 0.05 n.a. n.a. na. 6.43 (+4.74)
(£8.83) (£1.44) (£141.42) (£141.42) (£26.10)
VI5 0.16 0.17 (+4.84) 4.10 (x7.00) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.01
(£42.03) (+40.46)
PE2xLAL 3 | 2.45(+4.15) | 0.23(x9.12) | 8.15 (¢3.26) n.a. 2.90 (£5.13) 0.24 25.18 0.15 n.a. 0.32 0.01
(+48.86) (+3.14) (31.03) (+13.67) (#54.83)
VI5xVI2_1 n.a. 0.17 (£8.16) 0.35 n.a. 0.03 n.a. n.a. n.a. n.a. n.a. n.a.
(£12.90) (£141.42)
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Salix species

concentration [umol/g] (RSD in %)

or crosses 1 2 3 4 _ I i v v Vi vl
DA2xDA3_4 11.06 (+0.67) 0.32 (+5.89) 138.72 (+3.13) n.a. 0.06 (+71.43) n.a. 0.33 (+5.81) n.a. n.a. n.a. 21.76 (+4.47)
DA2xDA3_5 13.01 (+9.02) 0.26 (+20.09) 146.54 (+2.82) n.a. 0.08 (+81.24) n.a. 0.25 (+4.83) n.a. n.a. n.a. 13.93 (+1.08)
AL4 2.45 (+6.26) 0.24 (+16.26) 10.96 (+7.06) n.a. 0.20 (+31.89) n.a. 2.67 (+6.79) n.a. n.a. 3.83 (¢7.14) 0.09 (+6.16)
AL3 7.77 (¥10.03) 0.22 (¥11.17) 30.16 (+4.66) n.a. 0.46 (+16.36) n.a. 7.65 (+8.80) n.a. n.a. n.a. 2.27 (£7.30)
DA2 12.44 (£3.78) 0.27 (+7.86) 167.38 (+3.04) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 15.34 (+3.58)
PE2xAL5_4 1.46 (+10.82) 0.28 (31.75) 9.88 (£3.27) n.a. 3.65 (+15.06) 0.55 (+12.08) 34.02 (+6.03) n.a. n.a. 0.45 (¥11.13) 0.69 (¥10.17)
DA2xDA3_2 13.76 (+21.72) | 0.24 (+22.45) | 144.70 (¥4.11) n.a. n.a. n.a. 0.24 (+25.48) n.a. n.a. n.a. 11.44 (+4.42)

VI5xVI2_4 n.a. 0.19 (+¥1.54) 0.45 (£3.42) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
PE2xLA1_1 2.77 (+4.15) 0.33 (+12.34) 7.71 (+0.84) n.a. 7.23 (£6.45) 0.18 (¥16.73) 40.77 (+1.96) n.a. n.a. 2.11 (+4.86) 0.02 (+33.83)
DA2xDA3_6 11.21 (+23.25) 0.23 (+5.68) 158.92 (+0.80) n.a. 0.06 (£71.56) n.a. 0.24 (£7.09) n.a. n.a. n.a. 18.40 (+2.87)
PE2xAL5_3 5.67 (+2.51) 0.42 (+8.60) 19.00 (+5.21) n.a. 11.91 (+8.62) 0.51 (+12.01) 60.75 (+5.87) 3.08 (+11.05) n.a. 13.09 (+5.05) 3.24 (+7.15)
AL3xAL4_1 8.81 (+4.14) 0.23 (20.20) 40.40 (£7.02) n.a. 0.58 (£14.42) n.a. 7.73 (+4.18) n.a. n.a. 2.73 (¥4.30) 1.40 (+8.98)
DA2xDA3_8 14.05 (+4.80) 0.25 (¥15.81) | 147.65 (+0.28) n.a. 0.05 (£100.00) n.a. 0.09 (15.78) n.a. n.a. n.a. 10.60 (+1.30)
DA5 13.70 (3.28) 0.34 (¥11.96) | 155.31 (+3.06) n.a. n.a. n.a. 0.24 (+6.28) n.a. n.a. n.a. 9.05 (+1.55)
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Salix species

concentration [umol/g] (RSD in %)

or crosses 1 2 3 4 I I m v v Vi Vil
PE2xAL5_2 13.30 (+0.00) 0.12 (+70.87) 50.37 (+3.58) n.a. 2.00 (+19.28) | 0.02 (+141.42) | 19.17 (+4.01) n.a. n.a. 5.15 (+5.41) 7.12 (¥2.72)
DA5xPU2_2 10.79 (+1.66) 0.25 (+18.16) 109.57 (+1.77) n.a. 0.07 (£70.84) n.a. 0.18 (+12.29) na. na. na. 7.76 (+4.36)
VI5xVI2_3 0.20 (+36.72) 0.18 (+3.89) 8.33 (£6.28) n.a. 0.03 (+141.42) n.a. na. na. na. n.a. 0.19 (+6.53)
DA6 10.12 (+3.96) 0.23 (£7.79) 107.52 (+2.63) 0.08 (+16.48) 0.03 (+141.42) n.a. 0.06 (+53.54) na. n.a. n.a. 4.19 (+1.98)
HU1xPU1_3 7.14 (+x2.28) 0.22 (¥11.09) 67.12 (x4.21) n.a. 0.03 (¥141.42) n.a. n.a. n.a. n.a. n.a. 1.88 (+3.70)
PU3xDAG6_5 7.87 (x2.80) 0.27 (¥15.85) 105.22 (+3.14) n.a. 0.05 (¥70.71) n.a. n.a. n.a. n.a. n.a. 1.73 (+2.66)
PU3xDA6_3 9.82 (+2.55) 0.23 (£2.67) 82.10 (+0.68) n.a. 0.03 (£141.42) n.a. 0.005 n.a. n.a. n.a. 3.54 (+2.42)
(+141.42)
PU3XDA6_4 8.65 (+8.56) 0.20 (£5.45) 102.74 (+4.79) n.a. n.a. n.a. 0.03 (£10.44) n.a. n.a. n.a. 5.67 (+3.78)
HU1xPU1_2 12.68 (+4.09) 0.23 (+6.06) 74.74 (+2.38) n.a. 0.03 (£141.42) n.a. n.a. n.a. n.a. n.a. 0.18 (+3.10)
HU1xPU1_1 2.70 (¥13.43) 0.12 (¥70.72) 46.22 (+6.28) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 3.24 (¥3.97)
HU1xVI6_1 4.78 (£4.97) 0.24 (£9.76) 18.13 (+0.74) n.a. 0.03 (¥141.42) n.a. n.a. n.a. n.a. n.a. 0.26 (£2.93)
SN1 1.05 (+4.28) 0.21 (#1.52) 1.86 (+10.16) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.38 (+5.12)
V16 1.82 (+7.79) 0.20 (+6.01) 12.59 (+5.00) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.06 (+11.18)
HU1xVI6_2 3.69 (+4.33) 0.12 (+71.06) 8.49 (+2.96) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.15 (+6.01)
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Salix species

concentration [umol/g] (RSD in %)

or crosses 1 2 3 4 [ [ Il W% v Vi Vi
VI2 0.02 (+84.74) 0.18 (x10.96) 2.53 (+6.26) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.02 (¥28.72)
PU4xVI2_2 1.63 (+3.37) 0.20 (+13.26) 14.99 (+2.46) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.08 (+1.34)
PU3xPU2_1 5.53 (+2.51) 0.21 (+6.65) 78.65 (£2.56) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 10.77 (£4.02)
PU1 6.67 (£2.64) 0.23 (¥11.00) 99.90 (+3.40) n.a. 0.03 (¥141.42) n.a. n.a. n.a. n.a. n.a. 17.00 (+2.78)
PU3xPU2_3 6.59 (+3.31) 0.19 (¥9.12) 66.43 (£0.21) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 1.35 (+8.90)
PU3 9.90 (¥2.97) 0.19 (+4.58) 51.90 (+2.57) n.a. n.a. n.a. n.a. 0.03 (+45.00) n.a. n.a. 2.66 (+2.68)
PU2 7.31 (+2.87) 0.23 (+8.76) 82.97 (+3.10) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 8.29 (+0.83)
PU3xDAG6_1 7.57 (£3.81) 0.21 (¥4.90) 69.09 (£5.55) 0.10 (x4.59) n.a. n.a. n.a. n.a. n.a. n.a. 0.37 (¥1.62)
PU3xPU2_2 6.20 (5.27) 0.21 (+9.81) 67.98 (£3.10) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 7.67 (¥1.21)
PU4xVI2_1 2.39 (+9.25) 0.12 (¥70.81) 37.82 (x0.72) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.58 (+2.36)
PU3xVI3_1 5.23 (+3.62) 0.24 (+14.79) 22.99 (+1.68) n.a. 0.61 (+21.09) 0.02 (+77.17) 10.27 (+2.86) n.a. n.a. 2.42 (+3.19) 2.51 (+4.65)
PU3XDA6_2 10.52 (+2.62) 0.24 (£0.42) 102.95 (+1.75) 0.15 (+2.30) 0.06 (£71.34) n.a. n.a. n.a. n.a. n.a. 2.75 (2.22)
PU4 8.27 (£20.95) 0.19 (#14.70) | 78.41 (¥16.54) | 0.01 (+141.42) n.a. n.a. n.a. n.a. n.a. n.a. 6.28 (£34.34)
PU3XVI3_2 1.51 (+11.69) 0.23 (¥13.00) 43.63 (+3.83) n.a. 1.02 (+2.00) 0.06 (£74.96) 19.32 (+9.49) n.a. n.a. 0.002 6.26 (+5.33)

(¥141.42)
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Salix species or
crosses

concentration [pumol/g] (RSD in %)

1 2 3 4 I Il n v % VI Vil
SN1xXPE1 0.57 (+13.60) 0.18 (+0.52) 10.92 (+4.68) n.a. 0.29 (+6.67) 0.02 459 (£3.24) na. na. n.a. 0.36 (+1.63)
(+100.00)
HU1 4.15 (¥10.43) 0.14 (¥70.91) 17.04 (£7.20) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.01 (¥29.35)
(DA2XDA3)XVI2_2 20.94 0.31 (+24.88) 267.40 0.02 0.03 n.a. 0.55 (+21.12) n.a. n.a. na. 25.30
(£23.68) (+21.69) (+105.32) (+141.42) (+22.06)
VIIXDA1_3 0.34 (+11.30) 0.17 (+5.93) 1.18 (+2.77) 0.18 (+4.76) n.a. n.a. n.a. n.a. n.a. n.a. 0.003
(34.28)
(DA2XDA3)xVI2_3 17.49 0.17 (+71.41) 226.38 n.a. 0.03 n.a. 0.30 (+11.41) n.a. n.a. n.a. 17.04
(+16.36) (+16.63) (£141.42) (+13.36)
DA4 10.64 (+7.73) | 0.14 (+71.00) 136.71 0.16 (+9.28) n.a. n.a. 0.08 (+40.85) n.a. n.a. na. 5.53 (+8.27)
(#3.13)
AL2xPE1_1 5.60 (£16.34) | 0.56 (+19.18) | 9.22 (+13.45) n.a. 2258 (+8.33) | 0.28 (+94.69) | 78.36 (+9.22) na. 0.49 (£14.43) | 18.06 (+7.43) | 0.26 (+12.38)
(HU1xPU1)xDA4_1 6.46 (+8.29) 0.21 (+10.88) 88.51 0.002 0.08 (+70.72) n.a. n.a. n.a. n.a. n.a. 2.68 (+6.58)
(+15.15) (141.42)
VI1XDA1_9 8.80 (+6.11) 0.22 (+9.96) 92.56 (+6.19) | 0.23 (+13.58) na. na. na. na. na. na. 0.17 (+3.53)
VI3_h 0.22 (+96.51) 0.20 (+3.11) 1.57 (+22.31) n.a. 0.03 n.a. 0.09 (+41.96) n.a. n.a. n.a. 0.08 (+11.60)
(141.42)
VI1xDA1_2 0.01 0.16 (x2.47) 0.61 (¥12.90) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
(+141.42)
PE1 2.13 (+5.02) 0.72 (+4.80) 7.82 (+12.18) n.a. 25.06 (+7.05) 0.07 118.27 1.18 (+4.07) 18.04 14.56 (+3.86) 2.04 (+2.59)
(+141.42) (#3.55) (11.10)
V14 n.a. 0.18 (£7.72) 0.28 (+2.30) n.a. 0.03 n.a. n.a. n.a. n.a. n.a. n.a.
(+141.42)
VI1xDA1_8 2.15 (£5.72) 0.17 (+3.43) 7.81 (+5.61) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.03 (+1.44)
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Salix species or
crosses

concentration [pmol/g] (RSD in %)

1 2 3 4 I Il n v v VI Vv
(HU1XPU1)xDA4 2 | 8.10 (+13.38) 0.22 (+5.93) 105.66 0.36 (+20.05) n.a. n.a. n.a. n.a. n.a. n.a. 0.06 (+16.92)
(*12.71)
VIIXDA1 1 8.36 (+6.22) 0.24 (+12.88) 103.45 n.a. n.a. n.a. 0.16 (+7.89) na. na. na. 7.85 (+2.88)
(+6.94)
VIIXDA1_7 0.00 (+0.00) 0.06 0.13 (+28.42) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
(+141.42)
VI4xVI3_2 0.52 (+31.24) 0.20 (+3.63) 0.41 (+41.70) na. 0.05 na. 0.41 (+20.16) na. na. 0.08 (#58.02) | 0.01 (x73.53)
(£141.42)
(DA2xDA3)xVI2_5 13.00 (+7.76) 0.24 (9.98) 134.56 n.a. n.a. n.a. n.a. n.a. n.a. n.a. 6.29 (+8.34)
(+8.97)
DA2xDA3 27.08 0.23 (+11.83) 151.53 n.a. n.a. n.a. 0.13 (+9.35) n.a. n.a. na. 11.63 (£5.02)
(+10.06) (#8.17)
DA1 13.70 (+4.31) | 0.25 (+7.18) A&M%% n.a. 0.09 (£74.50) na. 0.16 (+6.00) n.a. n.a. n.a. 14.45 (£7.32)
+5.
AL2 353 (+12.22) | 0.21 (+18.31) 22.10 na. 0.50 (+4.62) na. 8.12 (+14.37) na. na. 0.08 (+18.57) | 0.37 (+16.02)
(+12.45)
(HU1xPU1)xDA4_3 12.90 0.34 (+10.68) 117.50 0.02 0.13 (+33.67) n.a. 0.14 (+56.49) n.a. n.a. 0.004 14.24 (+8.92)
(+13.54) (+13.43) (+101.61) (£141.42)
AL1_h 1.92 (+13.55) | 0.28 (+18.32) 17.94 n.a. 1.05 (+16.55) n.a. 17.90 (+6.48) n.a. n.a. 2.15 (+5.80) 3.47 (+6.62)
(+11.26)
HU1xPU1 5.38 (£3.72) 0.18 (+6.97) 36.84 (+2.69) n.a. n.a. n.a. n.a. n.a. n.a. n.a. 0.86 (+5.59)
VIIXDAL 4 0.60 (+13.41) 0.19 (+3.67) 1.35 (+12.88) na. 0.04 n.a. n.a. na. na. na. n.a.
(+141.42)
AL2xAL1_1 5.86 (+7.51) 0.20 (+19.00) | 32.48 (+6.48) na. 0.12 (+5.47) na. 1.44 (+9.55) n.a. na. 0.06 (£25.44) | 0.47 (+10.64)
VI4xVI3_1 n.a. 0.17 (£7.13) 0.15 (¥12.77) n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
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Salix species or

concentration [umol/g] (RSD in %)

crosses
1 2 3 4 | 1l 1l v \% Vi i

AL2xPE1_2 5.56 (+5.42) 0.23 (+70.89) 9.15 (+4.23) 0.05 (+8.60) 6.95 (+1.29) 0.06 (+141.42) 60.03 (+0.84) n.a. 2.09 (+4.80) 14.16 (+8.00) 0.88 (+6.07)
AL2xAL1 2 4.57 (+5.68) 0.26 (+3.22) 28.86 (+3.46) n.a. 0.83 (+33.87) 0.02 (+100.00) 10.11 (+1.92) n.a. n.a. 0.40 (+3.63) 0.48 (+1.68)
VI1xDA1_6 0.38 (¥37.79) 0.11 (¥70.71) 5.61 (¥4.15) n.a. 0.04 (x141.42) n.a. n.a. n.a. n.a. n.a. 0.01 (¥25.62)
(DA2xDA3)xVI2_1 12.03 (¢5.10) 0.15 (+71.05) 143.16 (+4.30) n.a. 0.05 (+141.42) n.a. 0.49 (+6.35) n.a. n.a. n.a. 14.28 (£6.20)
(DA2xXDA3)XVI2_4 | 14.95 (+21.89) 0.32 (+15.98) 150.97 (+6.21) n.a. 0.09 (¢73.79) n.a. 0.38 (+17.55) n.a. n.a. n.a. 16.11 (£6.76)
Vi1 3.86 (£17.67) 0.25 (+8.32) 13.34 (+9.63) n.a. 0.04 (£141.42) n.a. n.a. n.a. n.a. n.a. 0.08 (£24.07)
VI1xDA1_5 1.32 (+2.66) 0.19 (£7.54) 8.17 (+8.60) n.a. 0.03 (£141.42) n.a. n.a. n.a. n.a. n.a. 0.03 (+30.70)
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Table A13: Quantifier and qualifier mass transitions (m/z, Da) of polyphenols.
DP: declustering potential, CE: collision energy, and CXP: collision cell exit
potential. Data obtained from Tina Schmittnégel (Chair of Food Chemistry and
Molecular Sensory Science).

compound Q1 mass [Da] Q3 mass [Da] DP[V] EP [V] CE[V] CXP|[V]
p-hydroxybenzaldehyde 120.9 92.0 -15 -10 -34 -13
120.9 64.9 -15 -10 -32 -7
p-hydroxybenzoic acid 136.9 65.0 -20 -10 -40 -9
136.9 75.0 -20 -10 -44 -11
136.9 39.0 -20 -10 -50 -5
vanillin 150.9 136.0 -10 -10 -18 -15
150.9 92.0 -10 -10 -26 -11
gentisic acid 152.9 107.9 -30 -10 -28 -13
152.9 80.9 -30 -10 -24 -9
2,4-dihydroxybenzoic acid 152.9 109.0 -30 -10 -18 -13
152.9 64.9 -30 -10 -22 -9
o-coumaric acid 162.9 92.9 -5 -10 -36 -11
162.9 65.0 -5 -10 -46 -9
p-coumaric acid 162.9 116.9 -35 -10 -42 -13
162.9 92.0 -35 -10 -50 -11
vanillic acid 166.9 151.9 -25 -10 -18 -17
166.9 107.9 -25 -10 -26 -13
gallic acid 168.9 69.0 -55 -10 -28 -9
168.9 51.1 -55 -10 -40 -7
caffeic acid 178.9 1345 -45 -10 -32 -15
178.9 107.0 -45 -10 -30 -11
dihydrocaffeic acid 181.0 108.9 -50 -10 -20 -13
181.0 59.0 -50 -10 -20 -9
methyl gallate 182.9 123.9 -50 -10 -28 -13
182.9 77.9 -50 -10 -40 -11
ethyl p-coumarate 191.0 118.0 -50 -10 -24 -13
191.0 161.9 -50 -10 -20 -17
ferulic acid 192.9 134.0 -25 -10 -22 -15
192.9 177.9 -25 -10 -16 -21
syringic acid 196.9 181.9 -25 -10 -18 -19
196.9 94.9 -25 -10 -38 -11
ethyl gallate 196.9 167.9 -75 -10 -20 -19
196.9 105.9 -75 -10 -38 -11
sinapinaldehyde 207.0 191.9 -25 -10 -18 -21
207.0 148.9 -25 -10 -32 -15
ethyl caffeate 207.0 177.9 -75 -10 -22 -21
207.0 89.0 -75 -10 -58 -13
ethyl ferulate 221.0 206.0 -25 -10 -20 -19
221.0 133.0 -25 -10 -34 -9
sinapinic acid 223.0 208.0 -25 -10 -18 -19
223.0 164.0 -25 -10 -20 -17
(E)-resveratrol 227.0 185.0 -105 -10 -26 -17
227.0 143.0 -105 -10 -34 -17
(2)-resveratrol 227.0 185.1 -20 -10 -24 -9
227.0 143.0 -20 -10 -32 -33
oxyresveratrol 243.0 2251 -90 -10 -20 -25
243.0 175.0 -90 -10 -24 -1
(E)-piceatannol 243.1 158.8 -105 -10 -34 -17
243.1 173.0 -105 -10 -32 -21
(E)-pterostilbene 255.0 239.9 -70 -10 -26 -15
255.0 168.9 -70 -10 -50 -17
255.0 223.9 -70 -10 -38 -21
genistein 268.8 132.8 -10 -10 -36 -13
268.8 224.2 -10 -10 -34 -27
apigenin 269.0 117.0 -110 -10 -44 -13
269.0 149.0 -110 -10 -32 -17
naringenin 270.8 151.2 -35 -10 -24 -17
270.8 119.0 -35 -10 -34 -11
luteolin 284.9 133.1 -15 -10 -44 -7
284.9 151.0 -15 -10 -36 -21
284.9 175.0 -15 -10 -36 -11
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7 APPENDIX

compound Q1 mass [Da] Q3 mass [Da] DP[V] EP [V] CE[V] CXP|[V]
kaempferol 284.9 187.0 -130 -10 -38 -21
284.9 117.0 -130 -10 -52 -13
eriodictyol 287.0 135.0 -30 -10 -34 -15
287.0 64.9 -30 -10 -52 -29
(+)-catechin 289.0 205.0 -105 -10 -24 -23
289.0 108.9 -105 -10 -32 -13
289.0 122.9 -105 -10 -38 -15
(-)-epicatechin 289.0 205.0 -115 -10 -24 -15
289.0 108.9 -115 -10 -32 -13
ellagic acid 300.9 283.9 -155 -10 -40 -31
300.9 144.9 -155 -10 -50 -17
quercetin 300.9 150.9 -95 -10 -28 -17
300.9 178.9 -95 -10 -24 -13
(+-)-hesperetin 301.0 286.0 -30 -10 -24 -25
301.0 135.9 -30 -10 -38 -23
(+)-taxifolin 303.0 285.0 -50 -10 -16 -25
303.0 125.0 -50 -10 -26 -13
(-)-epigallocatechin 305.0 124.9 -70 -10 -28 -13
305.0 167.0 -70 -10 -26 -15
(-)-gallocatechin 305.0 124.9 -45 -10 -28 -15
305.0 167.0 -45 -10 -26 -13
isorhamnetin 314.9 299.9 -45 -10 -30 -33
314.9 150.9 -45 -10 -38 -17
myricetin 316.9 150.9 -110 -10 -30 -15
316.9 136.9 -110 -10 -32 -19
syringetin 345.0 3149 -90 -10 -34 -35
345.0 286.9 -90 -10 -44 -33
chlorogenic acid 353.0 93.0 -35 -10 -56 -11
353.0 135.0 -35 -10 -44 -19
astringin 405.0 242.9 -145 -10 -26 -21
405.0 159.0 -145 -10 -60 -9
405.0 200.9 -145 -10 -48 -17
(-)-epicatechin gallate 440.9 168.8 -70 -10 -22 -7
440.9 289.1 -70 -10 -24 -23
(-)-catechin gallate 441.0 168.9 -40 -10 -24 -11
441.0 124.9 -40 -10 -52 -13
kaempferol-3-O-glucoside 447.0 283.9 -125 -10 -36 -33
447.0 227.0 -125 -10 -58 -25
quercitrin 447.0 300.9 -95 -10 -30 -35
447.0 271.0 -95 -10 -54 -23
(-)-gallocatechin gallate 456.9 168.8 -5 -10 -20 -11
456.9 125.0 -5 -10 -54 -11
456.9 124.5 -5 -10 -80 -11
(-)-epigallocatechin gallate 456.9 168.9 -55 -10 -22 -13
456.9 125.0 -55 -10 -54 -13
quercetin-3-O-glucoside 462.9 301.0 -110 -10 -30 -35
462.9 254.9 -110 -10 -54 -29
quercetin-3-O-galactoside 463.0 299.9 -60 -10 -36 -35
463.0 270.9 -60 -10 -56 -31
taxifolin-3-O-glucoside 465.0 282.9 -110 -10 -18 -21
465.0 180.9 -110 -10 -14 -15
465.0 136.9 -110 -10 -20 -19
guercetin-3-O-glucuronide 476.9 178.9 -85 -10 -42 -17
476.9 121.0 -85 -10 -56 -13
isorhamnetin-3-O-glucoside 477.0 270.9 -10 -10 -50 -31
477.0 285.0 -10 -10 -48 -33
myricetin-3-O-glucoside 479.0 270.7 -195 -10 -50 -27
479.0 259.0 -195 -10 -64 -29
syringetin-3-O-glucoside 507.0 272.9 -135 -10 -48 -31
507.0 300.9 -135 -10 -48 -35
procyanidin A1 574.9 449.1 -160 -10 -30 -17
574.9 284.9 -160 -10 -32 -33
574.9 288.9 -160 -10 -30 -35
procyanidin Al 574.9 449.1 -160 -10 -30 -17
574.9 284.9 -160 -10 -32 -33
574.9 288.9 -160 -10 -30 -35
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compound Q1 mass [Da] Q3 mass [Da] DP[V] EP [V] CE[V] CXP|[V]
procyanidin A2 574.9 284.9 -155 -10 -36 -33
574.9 449.0 -155 -10 -28 -15
procyanidin B3 576.9 425.0 -45 -10 -22 -27
576.9 288.9 -45 -10 -34 -25
procyanidin B1 577.0 288.9 -65 -10 -32 -33
577.0 407.0 -65 -10 -30 -15
procyanidin B2 577.0 407.0 -55 -10 -30 -15
577.0 289.0 -55 -10 -32 -31
rutin 609.0 299.9 -175 -10 -50 -33
609.0 270.9 -175 -10 -68 -31
procyanidin C1 865.1 407.0 -210 -10 -52 -13
865.1 288.9 -210 -10 -50 -33
picein 296.9 134.9 -5 -10 -16 -9
296.9 92.0 -5 -10 -72 -7
eriodictyol-7-glycoside 449.0 286.7 -120 -10 -26 -49
449.0 150.9 -120 -10 -36 -17
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