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1. Abstract

Inflammation is the bodies response to infection or tissue injury in order to restore and maintain
homeostasis. Prostaglandin E2 (PGE-2) derived from arachidonic acid (AA), via up-regulation of
cyclooxygenase-2 (COX-2) is a key mediator of inflammation and can also be induced by several other
factors including stress, chromosomal aberration, or environmental factors. Targeting prostaglandin

production by inhibiting COX-2 is hence relevant for the successful resolution of inflammation.

Waltheria indica is a traditional medicinal plant with reported anti-inflammatory properties whose extracts
have demonstrated COX-2 inhibitory activity. However, the compounds responsible for the activity were
merely assumed and, in most cases, unknown or assigned to molecules, such as tiliroside, whose
content in the tested extracts during the investigations was unknown. For the preparation of extracts

with effective anti-inflammatory properties, characterization of these substances is vital.

In this thesis, this challenge was addresses by characterizing of substances responsible for the COX-2
inhibitory activity in the extracts and the generation of a prediction models to quantify the COX-2
inhibitory activity without the biological testing. The inhibitory potential of the probes against the COX-2
enzyme was assessed with a fluorometric COX-2 inhibition assay. The results obtained demonstrated
that Waltheria indica extracts inhibited the inflammatory key mediator COX-2 with the activity related to
the extraction parameters governing the composition of the extract. The examinations on tiliroside
activity and content in the extracts revealed that although tiliroside demonstrated COX-2 inhibitory
activity in a concentration-dependent manner, the content of tiliroside in the extracts was not sufficient
to contribute to the observed activity with the extracts. For the identification of contributors to the
observed COX-2 inhibitory activity, an extract was separated into fractions by means of centrifugal
partition chromatography (CPC) and their COX-inhibitory activity evaluated. The characterization of
compounds in fractions with highest COX-2 inhibitory activity were done by high resolution mass
spectrometry (HPLC-MS/MS). It was found that these fractions contained alpha-linolenic acid, linoleic
acid and oleic acid, identified and reported for the first time in Waltheria indica leaf extracts. After
analyzing their content in extracts obtained varying extraction parameters, it could be demonstrated that
these fatty acids contribute up to 41% to COX-2 inhibition observed with Waltheria indica extract.
Additional quantification of phytochemicals in the extract fractions established that substances from the

group of steroidal-saponins and triterpenoid-saponins also contribute to the COX-2 inhibitory activity.

Based on the content of compounds contributing to COX-2 inhibition two mathematical models were
successfully developed both with a root mean square error (RMSE) = 1.6% COX-2 inhibitory activity,
demonstrating a high correspondence between predicted versus observed values. The results of the
predictive models further suggest that the compounds contribute to COX-2 inhibition in the order linoleic
acid > alpha linolenic acid > steroidal-saponins > triterpenoid-saponins. Based on the developed
mathematical models in this project, a more targeted development of extraction procedures is possible
in order to obtain Waltheria indica extracts with improved anti-inflammatory properties related to the
inhibition of COX-2. Furthermore, the transfer of the approach presented in this work to the prediction

of other biological endpoints would be of great interest for future studies.
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2. Zusammenfassung

Entziindungen sind die Reaktion des Korpers auf Infektionen oder Gewebeverletzungen, um die
Homdostase wiederherzustellen und zu erhalten. Prostaglandin E2 (PGE-2), das aus Arachidonsaure
(AA) Uber eine Hochregulierung der Cyclooxygenase-2 (COX-2) gewonnen wird, ist ein wichtiger
Mediator von Entzindungen und kann auch durch verschiedene Faktoren wie Stress oder
Umweltfaktoren ausgeldst werden. Die gezielte Steuerung der Prostaglandinproduktion durch die
Hemmung von COX-2 ist daher fir die erfolgreiche Behebung von Entziindungen von groRer
Bedeutung.

Waltheria indica ist eine traditionelle Heilpflanze mit nachgewiesenen entziindungshemmenden
Eigenschaften, deren Extrakte eine hemmende Wirkung auf COX-2 gezeigt haben. Die fir die Aktivitat
verantwortlichen Verbindungen wurden jedoch lediglich vermutet und waren in den meisten Fallen
unbekannt oder wurden Molekilen wie Tilirosid zugeordnet, deren Gehalt in den getesteten Extrakten
wahrend der Untersuchungen unbekannt war. Fur die Herstellung von Extrakten mit wirksamen
entzindungshemmenden Eigenschaften ist die Charakterisierung dieser Substanzen unerlasslich.

In dieser Arbeit wurde diese Herausforderung durch die Charakterisierung der fiir die COX-2 hemmende
Aktivitat verantwortlichen Substanzen in den Extrakten und die Erstellung eines Vorhersagemodells zur
Quantifizierung der COX-2 hemmenden Aktivitdt ohne biologische Tests angegangen. Das hemmende
Potenzial der Proben gegen das COX-2-Enzym wurde mit einem fluorometrischen COX-2-Hemmtest
bewertet. Die erzielten Ergebnisse zeigten, dass die Extrakte von Waltheria indica den
Entziindungsmediator COX-2 hemmen, wobei die Aktivitdt von den Extraktionsparametern abhangt, die
ebenfalls die Zusammensetzung des Extraktes bestimmen. Die Untersuchungen der Tilirosid-Aktivitat
und des Tilirosid-Gehalts in den Extrakten ergaben, dass Tilirosid zwar eine konzentrationsabhangige
COX-2-hemmende Aktivitat zeigte, der Gehalt in den Extrakten jedoch nicht ausreichte, um zur
beobachteten Aktivitat der Extrakte beizutragen. Zur Identifizierung der Substanzen, die zur COX-2-
hemmenden Wirkung beitragen, wurde ein Extrakt mittels Zentrifugalpartitionschromatographie (CPC)
in Fraktionen aufgetrennt und deren COX-hemmende Wirkung analysiert. Die Charakterisierung der
Verbindungen in den Fraktionen mit der hdchsten COX-2-hemmenden Aktivitdt erfolgte durch
hochauflésende Massenspektrometrie (HPLC-MS/MS). Es wurde festgestellt, dass diese Fraktionen
alpha-Linolensaure, Linolsdure und Olsédure enthalten, die zum ersten Mal in Waltheria indica
Blattextrakten identifiziert und beschrieben wurden. Nach der Analyse ihres Gehalts in den Extrakten
konnte nachgewiesen werden, dass diese Fettsauren bis zu 41 % zur COX-2-Hemmung beitragen, die
mit Waltheria indica Extrakten beobachtet wurde. Eine zusatzliche Quantifizierung der
Phytochemikalien in den Extraktfraktionen ergab, dass Substanzen aus der Gruppe der Steroid-
Saponine und Triterpenoid-Saponine ebenfalls zur COX-2-hemmenden Aktivitat beitragen.

Auf der Grundlage des Gehalts an Verbindungen, die zur COX-2-Hemmung beitragen, wurden
erfolgreich zwei mathematische Modelle entwickelt, die beide einen mittleren quadratischen
Gesamtfehler von 1,6 % fir die COX-2-hemmende Aktivitat aufwiesen und damit eine hohe
Ubereinstimmung zwischen vorhergesagten und beobachteten Werten. Die Ergebnisse der
Vorhersagemodelle deuten ferner darauf hin, dass die Verbindungen zur COX-2-Hemmung in der

Reihenfolge Linolsdure > alpha-Linolensaure > Steroid-Saponine > Triterpenoid-Saponine beitragen.
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Die entwickelten mathematischen Modelle ermdglichen eine gezieltere Entwicklung von
Extraktionsverfahren, um Extrakte aus Waltheria indica mit verbesserten entziindungshemmenden
Eigenschaften im Zusammenhang mit der Hemmung von COX-2 zu erhalten. Daruber hinaus ware die
Ubertragung des in dieser Arbeit vorgestellten Ansatzes auf die Vorhersage anderer biologischer

Endpunkte fir zukiinftige Studien von grofsem Interesse.
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3. Introduction

3.1. Inflammation

Inflammatory disorders, including various types of rheumatic conditions, are a major contributor to
human morbidity. Inflammation is a defensive response of the body as a cyclic, self-stimulating process
designed to combat infection or tissue injury [1,2]. The inflammatory process is accompanied by the
release of pro-inflammatory cytokines, prostaglandins, and the formation of reactive oxygen species
(ROS) [3]. Crosstalk between different cellular components regulates local immune responses to
maintain and restore homeostasis [4,5]. Dysregulated inflammatory responses contribute to chronic

disease progression and inflammatory chronic or auto-immune disorders [6,7].

Important modulators of inflammation are nuclear factor kappa B (NF-kB), lipoxygenase (LOX) and
cyclooxygenase (COX), with NF-kB activating the expression of LOX or COX [8,9]. Both enzymes are
part of the arachidonic acid (AA) metabolism a main cellular process for mediating inflammation
exhibiting a catalytic effect. The COX-1 and COX-2 enzymes are isozymes, and in normal human skin
COX-1 is present through the epidermis whereas COX-2 localizes mainly in suprabasal keratinocytes
[10-12]. While COX-1 is involved in homoeostatic processes and expressed constitutively in most
tissues, the pro-inflammatory COX-2 is an inducible isoform and mainly produced in inflamed tissues
and together with COX-1 responsible for the conversion of AA to prostaglandin G2 (PGG2) and further
to prostaglandin H2 (PGH2z). PGH: is converted into prostanoids thromboxane A2 (TXAz), prostaglandin
E2 (PGE2), prostacyclin (PGl2), prostaglandin D2 (PGD2), and prostaglandin F2 alpha (PGF24) by
individual prostaglandin synthase enzymes [13-16]. Schematic representation of the prostaglandin

synthesis is illustrated in Figure 1.

LIPID BILAYER CELL MEMBRANE

Phospholipase A, (PLA2)
. . . — = COOH
Arachidonic acid
Cyclooxygenase
Reaction
W
. O """ 'M\:’/\/\COOH
COX Prostaglandin G, OOW\/\/
Peroxidase B\OH
Reaction N

Prostaglandin H, me
TXA, / l \ °GF,.

PGD, PGE, PGI,

Figure 1: Schematic representation of the prostaglandin synthesis. Arachidonic acid, a C20 polyunsaturated fatty acid, is released
from membrane phospholipids by PLA2, which is activated by diverse stimuli. Arachidonic acid is converted to the endoperoxide
PGG2 and further reduced to PGH2 by the action of COX enzymes. PGE2 is formed from PGH2 by PGE synthases. Additionally
the prostanoids TXA2, PGD2, PGI2 and PGF2a are formed by their specific isomerases.
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To maintain and restore homeostasis in human skin, different cellular components regulate local
immune responses thorough crosstalk [2,9]. The initiation and the maintenance of the inflammation is
carried out by pro-inflammatory mediators. Once the instigating factor is removed activity is balanced
out by the anti-inflammatory mediators responsible for limiting the inflammatory response [10,11].
Several factors including stress, chromosomal aberration, or environmental factors lead to excessive
production of PGE2 derived from arachidonic acid, via up-regulation of COX-2, consequently leading to
inflammatory mediated diseases [12-16]. Increased PGE2 levels lead to increased production of
proinflammatory cytokines like interleukin-6 (IL-6) with inflammatory disease activities directly linked to
the IL-6 concentration [17-19]. Interaction of COX-2 inhibitors on the level of PGE2 and IL-6 are shown
in Figure 2.

COX
inhibitor 09 O i

=

Arachidonicms

acid

Figure 2: Effect of COX-2 inhibitors on the level of PGE2 and IL-6 after stimulation with interleukin-1B (IL-1B). The presence of
COX inhibitors reduce the gene expression of COX-2 resulting in lower PGE2 levels. PGE2 concentration affects IL-6 production
through prostaglandin E2 receptors 2 and 4 (EP2, EP4), modified after [20].

Neutrophils and macrophage immune cells produce and respond to the IL-6 concentration and result in
the amplification of inflammation related signals or transform an acute to a chronic inflammatory state
through repeated macrophage infiltration and repeated damage to the extracellular matrix of the dermis
[21,22]. Continuous, low-grade inflammation levels cause tissue damage and are considered as one of
the driving forces for intrinsic skin aging and is referred to as caspase-1 mediated inflammation [23,24].
Targeting prostaglandin production by inhibiting COX-2, the rate-limiting enzyme, is one of the options

to treat inflammatory skin diseases [8,19].

3.2. Anti-Inflammatory Plant Medicine

Currently, both traditional and non-steroidal anti-inflammatory drugs (NSAIDs) are the commonly
prescribed medications that treat inflammatory diseases by targeting COX-2 [25,26]. Evidence from
clinical trials suggests that prolonged use of NSAIDs is associated with severe and sometimes life-

threatening side effects [27,28]. It is therefore imperative to find alternative therapeutic interventions with
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comparable efficacy and fewer side effects. Naturally occurring compounds have been reported to inhibit
COX-2, thereby possessing beneficial effects against inflammation, and accompanied cell injury [26,29].
Throughout human civilization, medicinal plants have been used to treat all kinds of inflammatory
conditions and their synthetic and semi-synthetic derivatives contribute to most clinically used
medicines. The contribution of phytochemical and ethnopharmacological studies play a key role leading
to the identification, isolation, characterization and exploration of the mechanisms of action of a variety
of natural compounds. However, given the plant extract complexity, the actual efficacy and the relevant
active principles for many of the plants in use remain unknown. Substances contributing to the anti-
inflammatory effect are regularly merely assumed and, in most cases, unknown or assigned to
molecules whose content in the extract is insufficient or not known at all. Consequently, experimental
studies to demonstrate the pharmacological properties of these plants and identifying the relevant active
compounds are needed. In this context, Waltheria Indica L., a medical plant with reported anti-
inflammatory properties was used in this thesis to identify compounds regulating inflammatory immune

responses via COX-2 inhibition.

3.3. Waltheria indica Linn

Waltheria indica L., belonging to the Malvaceae family, grows in tropical and subtropical regions of the
world. Waltheria is a traditional medicinal plant with anti-inflammatory properties used by indigenous
populations in different regions of the world for the treatment of various pathological conditions [30,31].
The biologically active compounds proved to be present in all parts of Waltheria indica are reported in
roots, stems, or leaves for the treatment against swelling, cough, toothache, sore throat, rheumatism,
or complicated ailments such as asthma and inflammatory skin diseases [31-35]. Studies on the
properties of Waltheria indica showed that its extracts have multiple anti-inflammatory activities, often
without attributing the effect to a single molecule. Extracts that exhibit biological activity include various
chemical groups such as alkaloids, flavonoids, sterols, terpenes, anthraquinones or carbohydrates [31,
36,37]. Hydroalcoholic extracts of the whole plant of Waltheria indica for example strongly inhibited
edema at the second phase of carrageenan inflammation in rats [38]. Extracts from leaves generated
with hydrophobic solvents such as petrolether or methanol, but also extracts from leafy stems generated
with hydrophilic solvents such as water showed dose-related inhibition of acute and chronic inflammation
in carrageenan induced edema. The effect is presumed to involve inhibition of histamine, serotonin,
bradykinin, prostaglandin, and cyclooxygenase (COX) related-activities [29-31]. Studies aimed at
uncovering the anti-inflammatory molecules in Waltheria and have identified three flavonoids (-)-
epicatechin, quercetin, tiliroside and two alkaloids waltherione A and C as potential active molecules
[30,31,42]. The alkaloids waltherione A and C, obtained from decoction of roots and aerial parts, have
been shown to inhibit nuclear factor (NF-kB) [43]. Quercetin and tiliroside showed a dose-dependent
inhibition of the production of inflammatory mediators, including nitric oxide (NO), tumor necrosis factor
(TNF-alpha), interleukin (IL)-12 and COX-2 [42,44,45]. It was suggested that the observed inhibition of
lipoxidase-5 (5-LOX) and phospho-lipase A2 (PLA2) by the hydroalcoholic Waltheria extracts is due to
(-)-epicatechin, which in other studies demonstrated COX-2 inhibitory properties [30,31,39,46]. Although

these molecules exhibited efficacy in the performed assays, it was not evident from these studies
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whether their content in the tested extracts was sufficient or different substances contributed to or were
responsible for the observed activity. In addition to the substances isolated from Waltheria indica, other
classes of compounds have been explored in various plants that exhibit significant COX-2 inhibitory

activity and presumably present but not yet identified in Waltheria indica [47].

3.4. Phytochemicals and anti-inflammation

Phytochemical is a broad term referring to a wide variety of compounds produced naturally by plants
[48]. They are a promising source of anti-inflammatory molecules with numerous reports on the
bioactivity of many of these natural products (NPs) with anti-inflammatory potential. However, their
optimization and exploration remain limited by the lack of a comprehensive understanding of their
effective scaffold structure or biological targets. Based on their chemical structures and characteristics
phytochemicals have been classified into phenolics, carbohydrate, terpenoids lipids, and alkaloids
including other nitrogen-containing compounds (Figure 3). Within each category, further division based

on biogenesis or biosynthetic origin gives rise to different subcategories.

Phenolic acids, flavonoids, tannins, lignans,

— Phenalics stilbenoids, xanthones, quinones, coumarins,
benzofurans
| Carbohydrates Monosaccharide, disaccharide, polysaccharide,

oligosaccharide sugar alcohols

Triterpenoid-saponins, carotenoids, monoterpenoids,
Terpenoids diterpenoids, triterpencids, sesquiterpenoids,
sesquiterpene lactones

Phytochemicals

Monounsaturated fat, polyunsaturated fat, saturated

- Lipids fat and fatty acids

Glucosinolates, purine, indole, quinoline, piperidine,
quinazoline, lycopodium, pyrrolidine, peptide,
pyrrolizidine, tropane, amino acids, cyanogenic

glycoside, proteins

Alkaloids and other
— nitrogen containing
metabolites

Figure 3: Categorization of phytochemicals into phenolics, carbohydrate, terpenoids lipids, and alkaloids including other nitrogen-

containing compounds modified after [49].

A recent study on phytochemicals with reported anti-inflammatory activity showed that terpenoids
represent by number the largest group of anti-inflammatory compounds, followed by flavonoids,
alkaloids, basic aromatic products and lignans [50]. However, it is not described to what proportion the
anti-inflammatory properties are the result of COX-2 inhibition, as the study did not address this aspect.
In a comprehensive review of phytochemicals with COX-inhibiting effects, flavonoids, alkaloids,
terpenoids, saponins and fatty acids were found to be among the most prominent representatives
without stating a specific distribution among them [47]. Phytochemical studies on Waltheria Indica L.
leaves are currently limited to qualitative statements. To enable the identification of compounds in
Waltheria Indica L. regulating inflammatory immune responses via COX-2 inhibition, the quantification

of potential active phytochemicals is essential. In this context the content of total phenols, alkaloids,



Introduction 8

steroidal-saponins, triterpenoid-saponins and the flavonoid tiliroside were investigated in Waltheria

Indica leaf extracts.

3.4.1. Phenols

Phenolic compounds contain an aromatic ring with one or more hydroxyl groups and are classified into
subgroups as flavonoids, tannins, phenolic acids and miscellaneous group (lignans, stilbenoids,
coumarins, etc.) [51]. Flavonoids are polyphenols and one of the largest groups of naturally occurring
phenolic compounds [52]. They have a general structure of a 15-carbon skeleton, consisting of two
phenyl rings (A and B) and a heterocyclic ring C, containing the embedded oxygen. The structural
diversity of flavonoids is due to the multitude of substitution patterns on rings A and B and are further
divided into subclasses: flavanones, flavones, flavanonols, flavonols, flavandiools, flavananols and

anthocyanidins [53]. Examples of phenolic phytochemicals are shown in Figure 4.
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Figure 4: Example of phenolic chemical structures. A: Scopoletin, a coumarin with reported COX-2 inhibition; B: flavonoid

backbone structure; C: Tiliroside, a flavonoid identified in Waltheria indica.

Phenolic compounds modulate a broad spectrum of inflammatory regulatory key points, with their
antiphlogistic action deriving from simultaneous actions on different molecular targets. Several pathways
mediate the antiphlogistic action of phenols: their antioxidant and pro-oxidant effects, inhibition of the
expression of inflammation-related genes, interaction with signaling pathways, and the interaction with
pro-inflammatory proteins, including the inhibition of specific enzymes such as COX-2 [54,55]. Docking
studies with several flavonoids indicate that some flavonols and flavones containing a 2,3-double bond
act as preferential inhibitors of COX-2 [56]. Further studies suggested that flavanones selectively inhibit
COX-2 by forming two hydrogen bonds (Tyr-371 and Ser-516) in the active site of COX-2 [57]. Given
the vast diversity of phenolic compounds, no definite correlation between the COX-2 inhibitory effects

and their chemical structure is described yet.

Currently, no consistent analytical procedures for the quantification of the individual phenolic subgroups
are described [58-60]. Investigations on quantification of different phenolic compounds showed that
most of them were reactive in the presence of the Folin-Ciocalteu reagent, and the corresponding
intensity of absorption was proportional to their concentration in plant extracts [61]. For a reliable
correlation between concentration of phenolic compounds and their activity, the total phenol content

was determined using the Folin-Ciocalteu method in this thesis.

One of the known phenolic compounds in Waltheria Indica L. is the flavonoid tiliroside. Tiliroside is an

antioxidant exhibiting a dose-dependent inhibition of the production of inflammatory mediators, including
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nitric oxide (NO), tumor necrosis factor (TNFa) and interleukin (IL)-12 [42,44]. The molecular anti-
inflammatory effect involves the down regulation the protein expression levels of INOS and COX-2 and
the reduction of mitogen-activated protein kinase (MAPK) signaling [62]. In vivo studies showed that
topical application of tiliroside significantly reduced UV-induced erythema compared to placebo [63].
However, there have been no reports on the content of tiliroside in Waltheria indica and whether it
modulates the COX-2 inhibition observed with extracts generated from Waltheria indica. In view of the
observed anti-inflammatory properties, especially COX-2 inhibition, of tiliroside, this study aims to
identify optimal extraction conditions for Waltheria indica to maximize the content of tiliroside in the

extracts to achieve a maximum potent COX-2 inhibitory activity.

3.4.2. Alkaloids

The alkaloids comprise one of the largest class of secondary plant substances. They fulfil a remarkable
range of pharmacological activities including significant anti-inflammatory properties [64,65]. Alkaloids
are nitrogen-containing compounds with predominantly heterocyclic nitrogen, which occur as secondary
and tertiary amines, as amides, amine oxides and quaternary ammonium bases. Which nitrogen-
containing natural substances fall into the substance class of alkaloids is subject to a certain
randomness, whereby the boundary is drawn differently depending on the author and the state of
research. A wide variety of alkaloids with potent COX-2 inhibitory properties have been characterized to
date [47]. Among the common classes for which a COX-2 inhibitory activity has been observed include
quinoline alkaloids, indole alkaloids, piperidine alkaloids, and quinazoline alkaloids [66]. Figure 5 shows

examples of alkaloid structures.
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Figure 5: Examples for alkaloid molecule structures. Alkaloids identified in Waltheria Indica, A: Adouetin X and B: Waltheriones

A. C: Berberine, an alkaloid present in plants with reported COX-2 inhibitory activity.

Chemical investigation of Waltheria indica extracts led to the isolation and characterization of more than
20 alkaloids in the last 10 years [67-70]. Two of them waltherione A and C, have been demonstrated to
expose anti-inflammatory activity via inhibiting NF-kB [43]. To date, there are no studies on the content
of alkaloids in Waltheria indica leaves and whether they contribute to the COX-2 inhibitory effect. Given
that alkaloids have been detected in Waltheria indica and belong to the substance classes that
potentially contribute to COX-2 inhibition, their total content in the extracts was investigated in this thesis
to determine whether they contribute to the observed COX-2 activity. The quantification of total alkaloids
was performed based on the precipitation of alkaloids by Dragendorff reagent (DR) followed by the

formation of a yellow bismuth complex in nitric acid medium with thiourea [71].
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3.4.3. Saponins

Saponins are composed of polycyclic aglycones attached to one or more sugar side chains and are
ubiquitously distributed in the plant kingdom [72]. The complexity of saponin structures is based on the
different glycan moieties that are attached to the triterpenoid (triterpenoid-saponins) or steroidal
aglycones (steroidal-saponins) [73]. The foaming and emulsifying properties of saponins result from
their amphipathic nature, i.e., the hydrophobic aglycone skeleton and the hydrophilic glycan moiety.
Saponins exhibit an extensive range of bioactivities including antimicrobial, antifungal, allelopathic,
insecticidal, pesticidal, molluscicidal, hypocholesterolaemic, anticarcinogenic, antiviral and anti-
inflammatory activities [74]. The literature contains a large number of reports on saponins isolated from
plants with COX-2 inhibitory activity [47,75-77]. Given that saponins are poorly absorbed as glycosides
in the intestine, it is assumed that any pharmacological activity observed would be as result of their

aglycones [78]. Figure 6 shows example molecules for triterpenoid- and steroidal-saponin.

HO =
OH Q
HO™ ™" "OH O._ OH

OH -

Figure 6: Examples for saponin molecule structures. A: a-hederin, a pentacyclic triterpenoid-saponin; B: dioscin, a steroidal-
saponin.

Recently several triterpenoids including betulinic acid, 3 acetoxy-27-trans-caffeoyloxyolean-12-en-28-
oicacid methyl ester and B-acetoxy-27-cis-caffeoyloxyolean-12-en-28-oic acid methyl ester have been
isolated from the aerial parts of Waltheria indica without specifying the content in the extract [43,79].
Although there are several studies that have demonstrated the presence of saponins in Waltheria indica,
no studies on the saponin content have been reported yet. To determine whether saponins contribute
to the observed COX-2 activity, the total content in the extracts was quantified in this study. Different
analytical approaches were employed to quantify triterpenoid- and steroidal-saponins individually and

the influence of extraction parameters.

3.5. Plant extraction

The first step toward isolating and identifying the specific compounds responsible for biological activities
associated with a plant or a plant extract is their extraction from the plant material. The extraction of an
active ingredient is influenced by multiple factors, including characteristics of the raw material matrix,
extraction technique employed, solvent type, temperature used or the solvent to plant material ratio [80].
Depending on the group of substances to be isolated and their physical properties, the extraction method
is adapted. No standardized extraction method is available for all substances. This has led to the

development of different extraction techniques, varying in cost and level of complexity, for the isolation
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or enrichment of phytochemicals. Regardless of the extraction technique employed, the solubility of the
target compounds in the solvent used for the extraction is the most relevant aspect of the entire
extraction process and the most influential aspect in method optimization [81]. With respect to the

solvent polarity, different phytochemicals are preferentially extracted as summarized in Table 1.

Table 1: Overview of phytochemicals extracted with different solvents [82]. 'part of the uncharacterized phytochemicals; 2part of
the total-phenol concentration; *quantification of triterpenoid-saponin types; “quantified separately as triterpenoid- and steroidal
saponins; ®quantified as total-alkaloid content.

Solvent Water Methanol Ethanol Ethyl acetate
Relative polarity 1 0.76 0.65 0.23
Phytochemicals Starches' Lactones'’ Tannins? Terpenoids?
Phenols? Tannins? Polyphenols? Saponins*

Terpenoids?® Polyphenols? Terpenoids?® Flavonoids?

Polypeptides? Terpenoids?® Alkaloids®

Saponins* Alkaloids® Saponins*

Saponins*

The characteristics of the raw material matrix are important as they provide the potential locations for
the target compounds in the matrix. It is assumed that the compound present in natural products may
be eighter dissolved in the pore of the matrix, adsorbed on the surface of the matrix, adsorbed in a pore,
chemically bounded to the matrix, or dissolved in the bulk solution [83] . Depending on the location in
the matrix, the desired substance will have varying degrees of extractability. It has been proposed as

schematically shown in Figure 7 that the solvent extraction mechanism involves following steps:

1) Solvent is transferred from the fluid phase to the solid surface of the plant material and pervades it.
2) The solvent enters the plant matrix by molecular diffusion.

3) Soluble compounds are solubilized by desorption from matrix and solvation into the extraction solvent.
4) Solution containing the solutes returns to the surface of the plant material by molecular diffusion.

5) The solution is transferred from the solid plant material surface to the bulk extraction solvent by natural
or forced convection.

<--  Solvent
[ ] Solut

<-@ Solute+Solvent

Solvent Fluid phase

2) Molecular
Diffusion

‘ Capillary
Pore

@)
alu\ar

Structure

Figure 7: Schematic representation of the extraction mechanism of plant material using liquid solvent: 1) solvent pervades the
solid surface of the plant material matrix; 2) solvent enters the plant matrix by molecular diffusion; 3) soluble compounds are
solubilized into the extraction solvent; 4) Solution containing the solutes returns to the surface of the plant material by molecular
diffusion; 5) solution is transferred from plant material surface to the bulk extraction solvent, modified after [84].
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The extraction of a phytochemical component (X) from plant matrix (A) to the extraction solvent phase
(B) begins when the two phases come into contact. The distribution of X between the immiscible phases
occurs as soon as it can be transferred from phase A to phase B and back from phase B to phase A.
The solubilization limit is the equilibrium concentration between the phases. However, in practical
applications of the extraction process the equilibrium is almost never reached because the number of
soluble compounds (X) is usually small compared to the amount of solvent available, resulting in a
diluted solution in phase B. Therefore, instead of waiting for equilibrium to be reached, usually after a
certain amount of component X is transferred to phase B, the process is stopped. Underling that the

mass transfer kinetics is important in the extraction process.

The dissolution rate of the solute X into the fluid phase B is controlled by the mass transfer rate of X that
moves from the solid matrix (A) into the bulk solvent (B). The solute transfer inside the plant matrix
occurs due to a concentration gradient in A, which is strictly controlled by molecular diffusion. The

equation that describes the diffusion phenomenon is based on Fick’s Law (equation 1):

My dCy
AT N XA dz

Equation 1: Fick’s law with Mx = the mass transfer rate of the solute X, At = the mass transfer area, represented by
the solid—fluid interface, Dxa = diffusion coefficient of the solute X into the solid phase A, Cx = the gradient

concentration of X inside the solid particle, and z = distance measured from the particle interior.

At the surface of the solid plant matrix particles the solute transfer occurs due to diffusion and convection

simultaneously. In this step, the mass transfer rate can be expressed with equation 2.

Mx = kBAT(CXAI - CXB)

Equation 2: Mass transfer as function of ks = the individual mass transfer coefficient of the fluid phase (B), Cxal =
the concentration of X in the solution located at the solid—fluid interface, and Cxs = the concentration of X in the bulk

solution.

In extraction processes the mass transfer rate is not constant and follows a kinetic consisting of three
distinct phases: constant extraction rate period (CER), falling extraction rate period (FER), and diffusion-
controlled period (DC) [85]. In the CER period, the readily accessible solute that surrounds the plant
matrix particles is removed at an approximately constant rate (Figure 8). In this step the mass transfer
resistance is mainly in the stagnant film surrounding the plant matrix particle with the main mechanism
responsible for the mass transfer being convection. In the FER period, gaps appear in the solute
superficial layer covering the solid plant matrix and mass transfer resistance in the solid—fluid interface
occurs. In this step, the extraction rate decreases due to the reduction of the effective mass transfer
area, and diffusion becomes more important. In the DC period the readily accessible solute layer is
depleted, and the extraction rate being determined exclusively by the diffusion rate of the solvent into
the solid plant matrix particles and of the solvent and solute from the plant matrix to the bulk extraction

solvent.
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Figure 8: Typical kinetic curve observed for the extraction of natural products consisting of three distinct phases: constant

extraction rate period (CER), falling extraction rate period (FER), and diffusion-controlled period (DC); adapted from [85].

Another challenge of the extraction process is that the target compounds are potentially not readily
accessible and interact with other components of the raw material such as proteins or carbohydrates
[84,86]. Here, the intermolecular interactions between these molecules must be disrupted in order to
prevent the formation of new intermolecular interactions between the solute and the solvent. This can
be realized by providing sufficient energy to break the linkages to effectively extract the compounds that
interact with the solid matrix with the amount of energy spent in the process affecting the extraction

efficiency.

The classic and commonly used solvent-based methods include maceration, percolation, Soxhlet
extraction or steam distillation [80]. While these relatively simple techniques can be effective and
economical on small scale, they are time and solvent consuming with reproducibility of results not always
being guaranteed, making them less suited for screening experiments. The Green Chemistry movement
has led the change toward sustainable and environmentally benign extraction techniques such as
ultrasound-assisted extraction (UAE), microwave-assisted extraction (MAE), enzyme-assisted

extraction (EAE), supercritical fluid extraction (SFE) and accelerated solvent extraction (ASE) [87-89].

In order to ensure constant conditions during extraction and high reproducibility of the results, the plant
extraction in this thesis was carried out using the ASE technique. The system utilized is designed to
perform automated subcritical solid-liquid extractions while controlling and maintaining temperature and
pressure for each extraction. The application of high pressure allows extractions at temperatures above
the boiling point of most solvents, as the solvent remains in the liquid state of aggregation. The use of
elevated temperature increases the capacity of solvents to solubilize analytes, i.e., solubility of any
solute in a solvent increase with the increase of solvent temperature. Moreover, higher temperature
reduces viscosity, that the solvent penetrates the pores of the matrix more easily resulting in faster
diffusion rates. Additionally, increased temperature disrupts the strong solute—matrix interactions
caused by van der Waals forces, hydrogen bonding, and dipole attractions and remove the solute from
matrix [90]. Operating at elevated pressure accelerates the extraction process as the pressurized

solvent is forced into the pores of the sample matrix, resulting in more close contact with the analytes in
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those areas. The utilization of an automated extraction system in combination of elevated temperature
and pressure allows the extraction in the range of minutes, resulting in high efficiency and reproducibility

with lower solvent consumption levels [91-93].

3.6. Centrifugal partition chromatography

In the framework of this thesis, the identification of the molecules responsible for the COX-2 inhibitory
activity of the extracts besides the tiliroside will be investigated. The utilization of centrifugal partition
chromatography (CPC) is aimed to simplify the extract matrix and to allow a targeted identification of

the active fractions with subsequent characterization of the compounds involved.

CPC is based on the use of two immiscible liquid phases that differ in density. In contrast to solid-liquid
partition chromatography, such as HPLC, the stationary phase is a liquid, which is immobilized by an
applied centrifugal force of a rotor in extraction chambers connected in series [94,95]. The centrifugal
field is generated by rotation around an axis. The mobile phase is pumped through the extraction
chambers and flows through the immobilized stationary phase. An interaction of the liquids, as shown

schematically in Figure 9, takes place in the chambers and not in the intermediate channels.

R_otor axis
tDucts
Hydrostatic design
R_otor axis _ _

Figure 9: Schematic illustration of the fluid movement in the extraction chambers and ducts in a CPC system [95]. The stationary
phase has a higher density. The mobile, lighter phase is transported through the extraction chambers.

During this process, part of the stationary phase is displaced from the extraction chambers and a fluid-
dynamic equilibrium is established between the mobile and the stationary phase. After the equilibrium
has been set, only the mobile phase leaves the CPC system. The sample is injected manually after the

fluid dynamic equilibrium has been set in a CPC system.

In the separation or purification of natural substances, the use of a liquid-liquid separation system has
several advantages over the traditionally used solid-liquid chromatography methods. Compared to solid-
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liquid chromatography, CPC has a relatively large volume of stationary phase. This leads to a higher
loading capacity of the system, which results in a higher productivity in the purification of compounds.
Furthermore, a sample does not have to be completely dissolved for separation by CPC. This allows
the injection of higher concentrations of the mixture to be separated. Furthermore, a filtration step of raw
mixtures, as occurs in the extraction of natural products, can be omitted. Given that no irreversible
adsorption occurs on a solid stationary phase the recovery rate of the components after separation is
greater than 90 %. Furthermore, there is no reaction of the sample components with the stationary
phase. This phenomenon can certainly occur with unstable compounds in solid-liquid chromatography
[96-98].

In principle, each of the two liquid phases during the CPC separation can be used as a mobile or
stationary phase. There are two main operating modes in the CPC, Ascending and Descending, which
can be explained by the difference in density of the two liquid phases. In Ascending mode, the lighter
phase, as a result of the lower density, is used as the mobile phase. Here, the mobile phase is conveyed
from the outer end of the extraction chambers, in relation to the central axis of rotation, to the inner end,
against the direction of the centrifugal vector field. The mobile phase flows through the stationary phase,
which settles at the outer end of the extraction chambers due to its higher density [99]. This mode of
operation is shown schematically in Figure 9. The mobile phase flows through the stationary phase from
the lower to the upper end of the extraction chamber. In Descending mode, the heavier phase is used
as the mobile phase. The mobile phase is conveyed from the inner end of the extraction chamber to the
outer end, with the direction of the centrifugal vector field. The stationary phase settles at the inner end

of the extraction chamber due to its lower density and the mobile phase flows through.

In addition the operating mode can be switched during the ongoing separation sequence, which led to
the development of further operating modes such as "elution-extrusion" [100,101]. Here, an elution of
compounds with the mobile phase takes place first. In the second step, partially separated hydrophobic
compounds, which are still in the stationary phase, are extruded with stationary phase. In general, two
processes take place during a compound separation process in a CPC plant. There is an elution process
of the substances from one phase to the other, and there is a retention process of the substances in the
stationary phase. The chromatographic separation of compounds is thereby invariably based on
different partition coefficients of each compound between the stationary and mobile phases. In order to
realize the separation of the extracts into distinct fractions, which in sum depict all components of the

extract, a 2V¢ Elution-Extrusion method was applied.

In short, the method is performed in two steps, each step using one column volume of each phase of
the biphasic liquid system. Step one is the classical elution step lasting for exactly one column volume.

The solute retention volumes (VRr) are linked to their partition coefficients (Kp) by equation 3:

VR - VM + KDVS

Equation 3: Solute retention volume (VRr) as function of mobile phase volume (Vwm), stationary phase volume (Vs)

and the partition coefficients (Kbp).

The column volume (Vc) is the sum of mobile phase and stationary phase volume (equation 4).
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VCZVM+VS

Equation 4: Column volume (V) as function of mobile phase volume (V) and stationary phase volume (Vs).

Consequently, for any CPC column configuration, the solute that partitions equally between the two-

liquid phase (Kb = 1) is eluted with a V¢ retention volume.

During step one, the elution step, solutes with low partition coefficients 0 < Ko < 1 + Vu/Vs are eluted

with retention volumes:
Ve <V + Vy

After eluting one column volume of mobile phase, step two is started by changing the entering liquid
phase for the other phase, which was the stationary phase during step one. The normal chromatographic

process goes on as long as the Vm volume of mobile phase is not extruded out of the column.

During step two, the extrusion step, all remaining solutes with partition coefficients 1 + Vm/Vs < Kp < =

are eluted with retention volumes:
Ve+Vy < Vg < 2V,

After the stationary phase from step one reaches the column outlet all compounds contained in the
column are extruded. When a column volume of stationary phase has been passed in the column, there

is no compound that could possibly remain in the CPC column.

The selection of a suitable solvent system for efficient separation of complex mixtures such as plant
extracts is of fundamental importance in CPC processes [102]. A variety of solvent combinations are
used to create a biphasic solvent system resulting in numerous solvent systems with different polarity
and selectivity combinations. To speed up the selection of suitable systems, solvent systems were
grouped into families. These families consist of the same solvents that differ in their mixing ratio, thereby
providing a methodical approach for finding of particular solvent system that predicts suitable partition

coefficients for the target compounds.

For the separation of known molecules in the extract, the partition coefficients of the individual
compounds of interest can be determined experimentally in different solvent systems and mathematical
equations applied for their optimal separation. However, in the context of this work, a separation is
performed in order to obtain extract fractions composed of unknown compounds. The simplification of
the extract matrix is intended to enable a targeted identification of active fractions and subsequently the
characterization of the compounds involved. To determine appropriate solvent systems for the CPC
fractionation, a systematic screening strategy was adapted as described in the literature, using different
rations of heptane, ethyl acetate, methanol and water to generate a two-phase solvent system from the
Arizona solvent family (AZ) [103]. The Arizona solvent family consists of 21 different solvent
combinations, whereby each letter of the alphabet from A to Z represents a defined composition of four

solvents [104]. The screening strategy is illustrated in Figure 10.
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Arizona systems A|C|D|F|G[H|J|K|L|M[N|P[Q|R[S|T|U|V|W|X|Z

less hydrophilic less hydrophobic
(Regionll) (Region lll)

First run J N S

Increased hydrophobicity hydrophilic (Region I) hydrophobic (Region IV)

Second run

Third run e C G H OR U V X D

Figure 10: Screening strategy with different biphasic liquid compositions of the Arizona liquid system (AZ) adapted from [103].

The AZ liquid system forms a scale of compositions with polarity decreasing from the A binary system
to the less polar Z system. The solvent proportions in the AZ system are symmetrical toward the central
N composition with an equal amount of heptane, ethyl acetate, methanol, and water and therefore as
the middle polarity starting point. The A-M polar compositions are further divided in two regions: region
I, hydrophilic, from A to H and region Il, less hydrophilic, from K to N. Similarly, the N-Z less polar
compositions are divided in region lll, less hydrophobic, from N to S and region IV, hydrophobic, from T
to Z. In the first run, the results of the solvents compositions J, N and S will be studied and, according

to the results decided in which polarity direction the next step should be carried out.

3.7. COX-2 inhibition prediction model

In vitro testing systems that investigate the activity of COX-2 inhibitors involve eighter the use of cell
lines cultured in the presence of the test compound, isolated human blood cells or isolated enzyme
preparations. Assays that are based on the cultivation of cells or separation of cells from blood have in
common that they are time-consuming, cost-intensive and are less applicable for routine testing.
Enzymatic assays on the other hand do not resemble pathophysiological conditions as parameters such
as cell—cell interactions and plasma binding of the drug are neglected. However, using enzymatic assays
to investigate COX-2 inhibitory properties avoids disturbing endogenous influences and receives exact
information about the actual and sole impact of the compounds on the enzyme. The use of established
COX-2 screening tests allows the testing of a large number of samples in a short time and at a
manageable cost, which makes them suitable for screening investigations for the activity prediction. In
the framework of this thesis, COX-2 inhibitory activity of Waltheria indica extracts, extract fractions and
single compounds, were examined utilizing an enzyme-based assay based on the fluorometric detection

of the probe-marked product of COX-2 reaction.

In order to predict the activity of compounds, structure-activity relationship (SAR) models have been
established with the objective of finding relationships between the chemical structure (or structure-
related properties) and the biological activity (or target property) of the compounds under investigation.
The central axiom of SAR is that the activity of molecules is reflected in their structure with similar

molecules having similar activities [105,106]. While the biological effects of a new chemical compounds
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can often be predicted from its molecular structure using data about other similar compounds, the

prediction of the activity of complex mixtures such as plant extracts still remains a major challenge.

The attempt to develop a prediction model for the COX-2 inhibitory activity utilizing Waltheria indica
extracts aims to establish relationships between the individual phytochemicals and their contribution to
the activity. The development of the model will be examined under the consideration of the sum of
individual phytochemicals in the extracts as the predictor variable for the COX-2 activity. While for
extraction with one solvent at different temperatures it can be assumed that the same phytochemicals
are contained in the extracts in different compositions, the objective of this study was to take a further
step and develop a model for the prediction of COX-2 inhibitory activity based on extracts generated
with different solvents. The use of different solvents has the consequence that further phytochemicals
are extracted in different compositions (Table 1). The increase in complexity is intended to enable a

more robust prediction of the activity of the extracts independent of the solvents used.
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4. Aims of the thesis

During the course of this doctorate project, the following questions and objectives were investigated:

e How do the polarity and the temperature of the extractant during the extraction of Waltheria
Indica leaves affect the tiliroside extraction rate and which parameters result in the maximization

of its content in the extract?

e Develop a correlation between the COX-2 inhibitory activity of the extracts based on their

tiliroside content

e How is the content and composition of the phytochemicals in the extract affected by the
extraction parameters and is a correlation to the COX-2 inhibitory activity of the extracts

discernible?

o |dentify compounds with COX-2 inhibitory activity and evaluate their contribution to the activity

in the extract established by extract fractionation using an activity-guided approach.

o Define concentrations of metabolite classes in extracts and define how they contribute to COX-

2 inhibitory activity.

e Based on potential correlations built a mathematical model on phytochemical classes how they

contribute to the COX-2 activity.
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5.1

Identification of plant metabolite classes from Waltheria
Indica L. extracts regulating inflammatory immune

responses via COX-2 inhibition
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Abstract

Ethnopharmacological relevance: Waltheria Indica L. is traditionally used in Africa, South America and

Hawaii to treat pain, anemia, diarrhea, epilepsy and inflammatory related diseases.

Aim of the study: This study aimed to identify extraction parameters to maximize tiliroside yield and to
quantitative secondary metabolite composition of Waltheria Indica under various extraction conditions.
The extracts were tested for COX-2 inhibition and their activity correlated with the type and quantity of
the secondary metabolites. Insight was gained about how extraction parameters influence the extract

composition and thus the COX-2 enzymatic inhibitory activity.

Materials and methods: Powdered leaves of Waltheria Indica were extracted using water, methanol,
ethyl acetate and ethanol at different temperatures. Tiliroside was identified by HPLC-HRMS n and
quantified using a tiliroside standard. The compound groups of the secondary metabolites were
quantified by spectrometric methods. Inhibitory potential of different Waltheria extracts against the COX-

2 enzyme was determined using a fluorometric COX-2 inhibition assay.

Results: The molecule, tiliroside, exhibited a COX-2 inhibition of 10.4% starting at a concentration of 15
MM and increased in a dose dependent manner up to 51.2% at 150 pM. The ethanolic extract at 30 -C
and the ethyl acetate extract at 90 -C inhibited COX-2 with 37.7% and 38.9%, while the methanolic and
aqueous extract showed a lower inhibition of 21.9% and 9.2% respectively. The results concerning
phenol, alkaloid and tiliroside concentration in the extracts showed no dependence on COX-2 inhibition.
The extracts demonstrated a direct correlation of COX-2 inhibitory activity with their triterpenoid-
/steroidal-saponin concentration. COX-2 inhibition increased linearly with the concentration of the

saponins.

Conclusion: The data suggest that Waltheria Indica extracts inhibit the key inflammatory enzyme, COX-
2, as a function of triterpenoid- and steroidal-saponin concentration and support the known efficacy of

extracted Waltheria Indica leaves as a traditional treatment against inflammation related diseases.
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1. INTRODUCTION

Waltheria Indica L., belonging to the Malvaceae family, grows in tropical and subtropical regions of the
world. It is one of the most widely used traditional medicinal plants with anti-inflammatory properties with
reports supporting the use of roots, stems or leaves for the treatment of cough, sore throat, congestion

or complicated ailments such as asthma and inflammatory skin diseases (Zongo et al., 2013).

Hydroalcoholic extracts of Waltheria Indica demonstrate inhibition of edema in rat at the second phase
of carrageenan induced inflammation as well as inhibiting the expression of key inflammatory cytokines
and cytokine receptors, thereby effectively reducing activities of multiple pro-inflammatory signaling
pathways and have the potential to modulate the immune response and cure or suppress the onsets of
inflammatory diseases (Vedavathy and Rao, 1995; Laczko et al., 2019). The biologically active
compounds proved to be present in all parts of Waltheria Indica comprise different chemical groups
including alkaloids, flavonoids, sterols, terpenes, anthraquinones and carbohydrates (Borokini and
Omotayo, 2012; Cretton et al., 2015, Zongo et al., 2013). Studies focused on the anti-inflammatory
properties of Waltheria have identified three well-known flavonoids: (-)-epicatechin, quercetin, and
tiliroside (Rao et al., 2005; Zongo et al., 2013). Tiliroside is an antioxidant exhibiting a dose-dependent
inhibition of the production of inflammatory mediators, including nitric oxide (NO), tumor necrosis factor
(TNFa) and interleukin (IL)-12 (Grochowski et al., 2018; Rao et al., 2005). The molecular anti-
inflammatory effect involves the down regulation the protein expression levels of INOS and COX-2 and
the reduction of MAPK signaling (Jin et al., 2016). /n vivo studies showed that topical application of

tiliroside significantly reduced UV-induced erythema compared to placebo (Epstein, 2010).

Although flavonoids, such as tiliroside, exhibit anti-inflammatory activity, they do not necessarily
represent the major group of compounds by mass in the plant extract. Their biological efficacy is rather
the result of additive or synergistic effects of multiple substances or biological enhancement due to the
presence of substance classes in high concentrations (Pagare, 2018; Caesar and Cezh, 2019). Reports
from 665 natural substances revealed that terpenoids represent the largest group of anti-inflammatory
compounds, followed by flavonoids, alkaloids, basic aromatic products and lignans (Zhang et al., 2019).
The determination of the total amount of different secondary metabolite classes might provide insight in

identifying or predicting extracts with anti-inflammatory efficacy.

Inflammation is a localized response to various stimuli and is a cyclic, self-stimulating process designed
to combat infection or tissue injury (Jones, 2005; Pasparakis et al., 2014). Crosstalk between different
cellular components of the skin regulates local immune responses to maintain and restore homeostasis
(Di Meglio et al., 2011; Pasparakis et al., 2014). Dysregulated inflammatory responses contribute to
chronic disease progression and inflammatory chronic or auto-immune skin disorders (Gallin and
Snyderman, 1999; Jones, 2005; Pasparakis et al., 2014).

Three protein families are important modulators of inflammation like nuclear factor kappa B (NF-kB),
lipoxygenase (LOX) and cyclooxygenase (COX) (Greene et al., 2011; Mantovani et al., 2008). NF-kB
activates transcription of several inflammation related enzymes, transcriptions factors, and signaling

molecules. Because of its diverse set of gene targets, activation of NF-kB leads to the expression of
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LOX or COX (Schmitz and Ecker, 2008). These enzymes are part of the arachidonic acid (AA)
metabolism, one of the main cellular processes for mediating inflammation (King, 2007, Hanna and
Hafez, 2018).

The COX-1 and COX-2 enzymes are isozymes that have cyclooxygenase activity. COX-1 is expressed
constitutively in most tissues and is involved in homoeostatic processes, such as regulating blood flow
or promoting platelet aggregation (Zarghi and Arfaei, 2011). In normal human skin, COX-1 is present
throughout the epidermis whereas COX-2 localizes mainly in suprabasal keratinocytes (Leong et al.,
1996; Buckman et al., 1998; An et al., 2002). The pro-inflammatory COX-2 is an inducible isoform
mainly produced in inflamed tissues and together with COX-1 responsible for the conversion of AA to
prostaglandin G2 (PGGz2) and further to prostaglandin H2 (PGH2). PGH: is converted into prostanoids
thromboxane Az (TXAz2), prostaglandin E2 (PGE-2), prostacyclin (PGlz), prostaglandin D2 (PGDz), and
prostaglandin F2 (PGF2) by individual prostaglandin synthase enzymes (Dannenberg et al., 2001;
Ricciotti and FitzGerald, 2011; Nerregaard et al., 2015). Increased PGE: levels lead to increased
production of proinflammatory cytokines such as interleukin-6 (IL-6) with inflammatory disease activities
directly linked to the IL-6 concentration (Hinson et al., 1996; Kawahara et al., 2015; Paquet and
Piérard, 1996). Neutrophils and macrophage immune cells produce and respond to the IL-6
concentration and result in the amplification of inflammation related signals or transform an acute to a
chronic inflammatory state through repeated macrophage infiltration and repeated damage to the
extracellular matrix of the dermis (Choy and Rose-John, 2017; Zhuang and Lyga, 2014). Continuous,
low-grade inflammation levels cause tissue damage and are considered as one of the driving forces for
intrinsic skin aging and is referred to as caspase-1 mediated inflammation (Youm et al., 2013; Mejias
et al., 2018). Targeting the prostaglandin and IL-6 expression through COX-2 inhibition, the rate-limiting
enzyme modulating the production, appears to be decisive for the effective control of this immunological
process and relevant for the successful treatment of inflammatory skin diseases (An et al., 2002; Desai
et al., 2018).

This underlines that Waltheria Indica is interesting for the use against inflammation related diseases. To
achieve potent COX-2 inhibitory activity, an extract with the highest possible concentration of tiliroside
should be generated. A study identifying optimal extraction conditions for Waltheria Indica leaves to
maximize the tiliroside content in the extracts is yet not described. Therefore, the aim of this study was
to identify extraction parameters to maximize tiliroside yield. Ideally it should be verified that COX-2
inhibitory activity correlates with the tiliroside content. In addition, the influence of extraction parameters
on the composition were determined with regard to the content of phenols, alkaloids, triterpenoid- and

steroidal-saponins in the obtained excerpt.

2. MATERIAL AND METHODS

2.1 Chemicals

Tiliroside, gallic acid, oleanolic acid, diosgenin as reference standards and Folin-Cioclateu reagent,
Dragendorff reagent, bismuth nitrate, sodium sulfide, nitric acid, vanillin, perchloric acid, sulfuric acid,
dimethyl sulfoxide was purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium carbonate,

potassium iodide, acetic acid, hydrochloric acid, thiourea, anisaldehyde and phosphoric acid were
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obtained from Merck KGaA (Darmstadt, Germany). All other solvents and chemicals used were of

analytical or HPLC grade. The working solutions were prepared immediately prior to measurement.
2.2 Plant material

Waltheria Indica L. plant was collected from Wageningen University Netherlands and verified as
Waltheria Indica by Eurofins Genomics Europe Applied Genomics GmbH. Leaf samples were dried at
a constant temperature of 40 °C for 48 hours (Vacutherm, Thermo Scientific) and grounded into a fine

powder.

2.3 Plant extract preparation

Plant extraction was performed by accelerated solvent extraction (ASE, Dionex ASE 350 (ThermoFisher
Scientific) to assure constant conditions during extraction and good reproducibility of the results
(Benthin et al., 1999; Kellogg et al., 2017). For all extractions, 100 mL containers were charged with
10 - 12.5 g plant material mixed with diatomaceous earth (60-033854, Thermo Scientific) as a neutral
matrix to assure a 1:20 plant/solvent ratio. The ASE extraction was performed with 4 cycles in total,
each cycle having a 6 min static time and a 160 s purge time at 1460 psi static pressure. The extraction
temperature was 90 °C for all solvents and additionally 30 °C and 150 °C for ethanol extraction. The
obtained extracts were filtered through a 0.22 ym membrane (HPF Millex®, Merck Millipore) and
evaporated under vacuum at 60 °C. The extract yield (mg/g plant) was calculated using equation 1,
tiliroside yield extracted from 1 g plant material (mg/g plant) using equation 2 and plant material

required to obtain 1g extract (g/g extract) using equation 3.

Extract yield = weight of extract / weight of dried plant material (equation 1)
Tiliroside yield = (concentration tiliroside x yield extract) /weight of dried plant material (equation 2)
Plant required = (1 / yield extract) x 1000 (equation 3)

The solvents were selected on basis of their polarities ranging from very polar for water (1) to non-polar
for ethyl acetate (0.23) as reported by Reichard (2003) and summarized in Table 1.

Table 1: Overview of used solvents with their relative polarity and extraction temperatures.

Sample W90 M90 E30 E90 E150 EA90
Solvent Water Methanol Ethanol Ethanol Ethanol Ethyl acetate
Relative polarity 1 0.76 0.65 0.65 0.65 0.23
Temperature [°C] 90 90 30 90 150 90

W90, 90 °C water; M90, 90 °C methanol; E30-E90-E150, 30-90-150 °C ethanol; EA90, 90 °C ethyl acetate.

2.4 Identification and quantification of tiliroside

Identification of tiliroside in Waltheria Indica extracts were carried out on Vanquish HPLC system
coupled with Thermo Fusion™ Orbitrap Tribrid™ mass spectrometer (Thermo Scientific™) with H-ESI

interface and positive ionization. Separation was accomplished using C-18 column (Thermo Acclaim™
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120, 100 x 4.6 mm, 5 pm) and gradient elution with solvent A: water/acetonitrile/trifluoroacetic acid
95/5/0.125 (v/viv) and B: water/acetonitrile/trifluoroacetic acid 5/95/0.125 (v/v/v). Gradient started at 7%
(v/v) B, ramping up to 28 % over 15 min, ramping up to 56 % over 5 min, further to 95 % over 5 min,
held for 3 min and ramping down to 7 % over 8 min. UV detection was performed at 315 nm, 25 °C
column temperature, 1.5 ml/min flow speed and 10 uL injection volume. The chromatograms are
summarized in the Supplemental Material and Methods section. The HPLC profile of Waltheria Indica
extracts showed an intense UV peak (Rt = 14.47 min) with a single charge state of MH+ 595.1 g/mol
(Supplementary Fig. 1-2). High resolution mass spectrometer fragmentation data confirmed the

identification of tiliroside within Waltheria Indica extracts (Supplementary Fig. 3).

Quantitative tiliroside analysis were carried out on Hitachi La Chrom Elite HPLC system coupled with
diode array detector (DAD) L-2455 (Hitachi La Chrom Elite). Separation was accomplished using RP-
18 column (Chromolith®, 4.6 x 100 mm, Merck KGaA) and gradient elution with solvent A:
acetonitrile/water 98/2 (v/v) and B: acetonitrile/water/phosphoric acid 98/2/0.1 (v/v/v). Gradient started
at 5% (v/v) A, ramping up to 30 % over 10 min, ramping down to 5 % over 3 min and held for 2 min. UV
detection was performed at 315 nm, 30 °C column temperature, 2.5 ml/min flow speed and 10 uL
injection volume. The tiliroside concentration present in the extracts was calculated from a five data
point calibration curve of tiliroside standard (0.0040 — 0.1210 mg/mL). The results were expressed in

mag tiliroside per gram of dry extract (mg/g extract).

2.5 COX-2 inhibitory activity

The ability of Waltheria Indica extracts to inhibit COX-2, also known as prostaglandin endoperoxide
synthase, was determined using the fluorometric COX-2 specific inhibitor screening kit (BioVision,
Zurich, Switzerland). The experimental protocol was followed according to the user manual.
Fluorescence (Ex/Em = 535/587 nm) of the samples were kinetically measured using a Tecan-Spark
multimode microplate reader (Tecan, Switzerland) at 25 °C for 10 min. Appropriate two points (T1 and
T2) in the linear range of the plot were chosen, and the corresponding fluorescence values (RFU1 and
RFU2) were obtained. The enzymatic assay was applied in the concentration range of 0.1 — 150 yM for
tiliroside and 20ug/mL for the extracts dissolved in dimethyl sulfoxide (DMSO). Each sample was
analyzed six-fold, while celecoxib (0.5 pM) was used as control and DMSO as blank. The slope for all
samples (S), including enzyme control (EC) was calculated by dividing the ARFU (RFU2 — RFU1) values

by the time AT (T2 — T1). Percentage of relative inhibition was calculated using the equation 4:

% Relative inhibition (RI)= (Slope of EC-Slope of S/Slope of EC) x 100 (equation 4)

2.6 Quantitative determination of secondary metabolites

Quantitative determination of secondary metabolites from the group of phenols, alkaloids, triterpenoid-
and steroidal-saponins was carried out using spectrophotometric methods. Overview of phenolic (A, B,
C and D), alkaloid (E, F and G), triterpenoid- and steroidal-saponins (H and 1) basic structures and

example compounds quantified as secondary metabolites is illustrated in Figure 1.
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Figure 1: Overview of core molecular structures and exemplary compounds quantified as secondary metabolites. Structures
derived from phenolic acid: cinnamic acids (A) and benzoic acids (B); flavonoid backbone structure (C); hydrolysable tannins
(D) epigallocatechin gallate (R=OH) and epicatechin gallate (R=H). Examples for alkaloid molecule structures: alkaloids
identified in Waltheria Indica (Cretton et al., 2015), Adouetin X (E) and Waltheriones A (F); atropine (G). Examples for

saponin molecule structures: a-hederin (H), a pentacyclic triterpenoid-saponin; dioscin (I), a steroidal-saponin.

A B C E OH

2.6.1 Phenol quantification

Phenolic compounds contain an aromatic ring with one or more hydroxyl groups and are classified into
subgroups as flavonoids, tannins, phenolic acids and miscellaneous group (lignans, stilbenoids,
coumarins, etc.) (Cai et al., 2004; Tsao, 2010; Lu and Luthria, 2014). The flavonoid analysis and the
inter-comparison of data demonstrate that there is no single analytical procedure for an adequate
quantification of total flavonoid content in unknown samples and various flavonoid types require a
different analytical technique (Bloor, 2001; Mammen and Daniel, 2012; Julkunen-Tiito et al., 2014).
Recent studies on quantification of flavonoid subgroups showed that the majority is reactive toward
Folin-Ciocalteu reagent (primary used for total-phenolics quantification), and the corresponding intensity

of absorption was proportional to the concentration of flavonoids (Ho et al. 2012).

Analytical methods for the quantification of tannins are based on precipitation using proteins or polymers
such as methylcellulose, polyvinylpyrrolidone, polyvinylpolypyrrolidone, polyethylene glycol and

calculating the tannin amount by subtracting the total phenolics amount before and after precipitation
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using e.g. Folin-Cioclateu reagent (Sarneckis et al., 2006; Silanikove et al., 1996; Galvao et al., 2018;
Makkar et al., 1995). Studies have shown that the precipitation reagents are not specific for tannins and
adsorb flavonoids and other phenolic acids (Makkar et al., 1995; Mercurio and Smith, 2008; Mitchell
et al., 2005). For a reliable correlation between concentration of phenolic compounds and their activity,
the total phenol content was determined using the Folin-Cioclateu method with slight modifications
(Singleton et al., 1999). The extract solution (1.0 mL, 1 mg/mL) was mixed with the Folin—Ciocalteu
reagent (10 mL, previously diluted in water 1:10, v/v) and sodium carbonate (Na2COs; 8.0 mL, 75 g/L).
The tubes containing the solutions were vortexed for 15 s and incubated for 120 min at room temperature
for color development. The absorbance was measured at 765 nm against a blank (methanol) using a
UV-VIS spectrophotometer (Varian Cary 60, Agilent). All assays were performed in triplicate. Gallic acid
(0.0100-0.150 mg/mL) was used for calibration and the results were expressed as mg of gallic acid

equivalents per gram of dry extract (mg GAE/qg).

2.6.2 Alkaloid quantification

Methods for quantification of total alkaloidal content include titrimetric methods using different types of
dyes as indicators or colorimetric methods involving reagents like cobalt thiocyanates (Deltombe et al.,
1962; Nerin et al., 1985), Reinecke salts (Kuchta et al., 2013) or Dragendorff reagent (Paech and
Tracey, 1955). Titrimetric methods are time consuming with user dependent variation, while Reinecke
salts and cobalt thiocyanate salts reagents utilized in spectrophotometric methods are not suitable for
routine alkaloid detection (Sreevidya and Mehrotra, 2003). Dragendorff reagent (DR) is used in thin-
layer chromatography for detection of alkaloids and was modified to a spectrophotometric method for
routine quantification of total alkaloids in plant extracts (Svendsen and Verpoorte, 1983; Sreevidya
and Mehrotra, 2003). The quantification of total alkaloids is based on precipitation of alkaloids by DR
followed by the formation of a yellow bismuth complex in nitric acid medium with thiourea and applicable
to individual alkaloids and alkaloid-containing plant extracts.

Dragendorff Reagent (DR) was prepared by dissolving bismuth nitrate (Bi(NO3)3-5 H20; 0.80 g) in 40
mL distilled water and 10 mL glacial acetic acid. The resulting solution was mixed with potassium iodide
(20.0 mL, 400 g/L). The aqueous extract was dissolved in 0.01 M HCI, while the other extracts were
dissolved using a mixture of methanol with 2 % acetic acid (v/v). The extract solution (5.0 mL, 10 mg/mL)
was adjusted to 40 mL using 0.01 M HCI, and 2 mL of DR was added to form an orange precipitate that
was centrifuged at 3200 rpm for 15 min. The supernatant was decanted, and the residue was treated
with sodium sulfide (2 mL, 10 g/L) to form a black precipitate which was centrifuged at 3200 rpm for 15
min. The resulting residue was dissolved in nitric acid (2 mL, 70 %) by warming and sonication and filled
up to 10 mL with distilled water. Thiourea (5 mL, 30 g/L) was added to 1 mL of the resulting solution to
form a yellow bismuth complex, of which the absorbance was measured at 465 nm against the blank
(water) using a UV-VIS spectrophotometer (Varian Cary 60, Agilent). All assays were performed in
triplicate. The alkaloid concentration present in the extracts was calculated from the calibration curve of
bismuth nitrate (0.050 — 0.500 bismuth pmol/mL). The results were expressed as mg of boldine
equivalents per gram of dry extract (mg BE/g), considering that this is a monobasic alkaloid, and

therefore the complex formed with bismuth follows a 1:1 stoichiometry.
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2.6.3 Triterpenoid saponin quantification

Most commonly selected spectrophotometric methods for quantification of total triterpenoid-saponins
are based on the reaction of oxidized triterpenoid saponins by sulfuric acid or perchloric acid with vanillin
(Li et al., 2010; Hiai et al., 1976; Chen et al., 2007; Wu et al., 2001). The differences in selection of
reagents, standards for calibration, wavelength and different conditions to allow full color development,
makes it difficult to compare the results from previous researches but provide good reference for
experimental design (Cheok et al., 2014). Most researchers selected 60 °C to allow full color
development measured at a wavelength of 544 nm. The triterpenoid content was determined by utilizing
the described parameters with slight modifications (Oludemi et al., 2018).

The test solution (200uL, 1mg/mL) in a 10 mL tube was heated to evaporate the solvent and
reconstituted the solid in a vanillin-glacial acetic acid solution (300 L, 5 % w/v) and perchloric acid (1.0
mL, 70 %). The sealed samples were heated for 45 min at 60 °C and afterwards cooled in ice-water
bath followed by the addition of glacial acetic acid (4.5 mL). The absorbance of the sample solutions
was measured at 540 nm against a blank using a UV-VIS spectrophotometer (Varian Cary 60, Agilent).
The blank was treated identically with the exception that no vanillin was used. Oleanolic acid (0.0090 —
0.4000 mg/mL in methanol) was used for calibration and the results were expressed as mg of oleanolic

acid equivalents per gram of dry extract (mg OAE/qg).

2.6.4 Steroidal saponin quantification

Methods used for the spectrophotometric quantification of steroidal-saponin content in plant materials
are primary based on quantification of steroidal sapogenins assuming stable and reproducible results
obtained with a number of standards, i.e. diosgenin, tigogenin, hecogenin, etc., without interference from
sugars, sterols, fatty acid and vegetable oil and was therefore chosen as the method in this study with
minor modifications (Baccou et al., 1977; Ncube et al., 2011; Wang and McAllister, 2010).

After the test solution (200uL, 1mg/mL) in a 10 mL tube was heated to evaporate the solvent, the
precipitate was dissolved in ethyl acetate (2.0 mL) and mixed with anisaldehyde/ethyl acetate solution
(1.0 mL, 0.5 %, v/v) and sulfuric acid (1.0 mL, previously diluted in ethyl acetate 1:1, v/v). The sealed
samples were further incubated for 20 min at 60 °C and cooled afterwards in ice-water bath followed by
the addition of demineralized water (0.5 mL). The samples were incubated for 30 min before the
absorbance of the sample solutions was measured at 430 nm against a blank using a UV-VIS
spectrophotometer (Varian Cary 60, Agilent). The blank was treated identically with the exception that
no anisaldehyde was used. Diosgenin (0.0125 — 0.2000 mg/mL in methanol) was used for calibration

and the results were expressed as mg of diosgenin equivalents per gram of dry extract (mg DE/g).

2.7 Statistical analysis

All results are expressed as means * standard deviation (SD). Statistical comparisons were performed
using Prism 7 software (GraphPad Software, La Jolla, Calif). For tiliroside and secondary metabolites

content the differences were considered statistically significant at p < 0.05.
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3. RESULTS

3.1 Yield and tiliroside quantification

The study aimed at identifying most suitable extraction parameters to obtain extracts with high tiliroside

and extract yield . The results obtained are summarized in Table 2.

Table 2: Summary of extract yield and tiliroside content of Waltheria Indica leave extracts obtained varying
extraction temperatures and solvents.

Sample W90 M90 E30 E90 E150 EA90
Yield extract 227.2 218.4 16.0 110.7 171.9 29.0
[mg/g plant]

Tiliroside . 18.09% . 2460% 19.69 + ]
imlg extract] 247 +027 083 0.56 + 0.01 0,459 0150 3.43 +0.08
Tiliroside 0.56 3.95 0.0089 2.72 3.39 0.10
[mg/g plant]

Values are means = standard deviations of triplicate measurements. W90, 90 °C water; M90, 90 °C methanol; E30-
E90-E150, 30-90-150 °C ethanol; EA90, 90 °C ethyl acetate; n.d., not detectable. Values in a row with different
letters are significantly different (p < 0.05; one-way ANOVA).

After complete drying of the extracts, the extract yield was calculated according to equation 1. The
highest yield at 90 °C extraction temperature was achieved with water (227.2 mg/g) and methanol (218.4
mg/g) as solvent. With ethanol (110.7 mg/g) the yield is two-fold lower, while the lowest amount was
extracted using ethyl acetate (29.0 mg/g). Ethanol extracts obtained at different temperatures show an
increase in yield with 16.0 mg/g, 110.7 mg/g and 171.9 mg/g as the temperature was increased from 30
°C to 90 °C and 150 °C respectively.

Quantification of tiliroside concentration revealed that at 90 °C extraction temperature the ethanol extract
with 24.60 mg/g and the methanol extract with 18.09 mg/g contained the highest amount of tiliroside. In
water and ethyl acetate extracts, tiliroside is present in smaller quantities with 2.47 mg/g and 3.43 mg/g
respectively. Ethanol extracts obtained at different temperature conditions contain 0.56 mg/g tiliroside
at 30 °C, 24.60 mg/g at 90 °C and 19.69 mg/g at 150 °C.

To determine the total amount of tiliroside extractable from the plant, tiliroside yield in mg/g plant was
calculated according to equation 2. At 90 °C the highest amount of tiliroside extracted per gram plant
material was achieved with methanol as solvent (3.95 mg), followed by ethanol (2.72 mg), water (0.56
mg) and ethyl acetate (0.10 mg). Rising the extraction temperature using ethanol as solvent resulted in
increased extracted amounts of tiliroside with 0.0089 mg, 2.72 mg and 3.39 mg at 30 °C, 90 °C and
150 °C respectively.

3.2 COX-2 inhibitory activity

The results of relative COX-2 inhibition of pure tiliroside are shown in Figure 2. Starting at a

concentration of 1.5 uM tiliroside COX-2 inhibition increased in a dose dependent manner up to 51.2 %
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for 150uM tiliroside, with the lowest concentration showing significant activity vs. blank being 15 yM.
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Figure 2: COX-2 inhibition (%) of tiliroside, blank (DMSO) and control (0.5 uM celecoxib). Data points represent
the mean value + standard deviations of six samples. Statistically different expressions were calculated using one-
way ANOVA: (****): p < 0.0001 vs. blank.

The extracts were sorted according to their increasing tiliroside content, with E30 containing the lowest

and E90 the highest tiliroside content and plotted against their respective COX-2 inhibition activity in

Figure 3. The results include further a threshold line at 30% COX-2 inhibition, which is assumed as a

minimal in-vitro inhibitory efficacy to translate into a measurable effect in-vivo (data not shown). Extracts

above this level (EA90, E30 and E150) are assumed to have inhibitory potential in cell culture and in-

vivo.
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Figure 3: COX-2 inhibition (%) of Waltheria Indica extract solution (20 ug/mL), blank (DMSO), control (0.5 uM

celecoxib) and threshold (dashed line) at 30% COX-2 inhibition. Data points represent the mean value * standard

deviations of six samples. Statistically different expressions were calculated using one-way ANOVA: (****): p <

0.0001, (ns): not significant.
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The extract E90 with the highest tiliroside content (24.6 mg/g extract) corresponded to a concentration
of 0.8 uM pure tiliroside in the assay, which is below the threshold concentration to observe a COX-2
inhibition. The extract MO0 showed at a concentration of 20 pg/mL a similar COX-2 inhibition to tiliroside
at 75 uyM (45 pg/mL) which means that it may comprise compounds which are by a factor of 2.3 more
potent than tiliroside. The extracts EA90 and E30 at 20 ug/ml, show a similar COX-2 inhibition to tiliroside
at 110 yM (65 pg/mL) indicating that these extracts contain compounds which are by a factor 3.3 more
potent than tiliroside.

To further substantiate this assumption and to characterize the COX-2 inhibiting compounds, further
investigations regarding the secondary metabolite profiles of the extracts were carried out in the
following part of the study.

3.3 Quantitative determination of secondary metabolites

3.3.1 Phenol quantification

Phenol concentration in the respective extracts is summarized with the other secondary metabolites in
Table 3. At 90 °C extraction temperature the ethanol extract with 148.7 mg/g, methanol with 142.6 mg/g
and water with 128.3 mg/g contained the highest amount of phenolic compounds, while phenols in ethyl
acetate extract are presentin smaller quantities with 45.6 mg/g. Ethanol extracts obtained under varying
temperature conditions demonstrated the highest phenol content at 30 °C with 188.0 mg/g, while at

90 °C and 150 °C the amount was 148.7 mg/g and 148.8 mg/g respectively.

3.3.2 Alkaloid quantification

No alkaloid content at 90 °C extraction temperature was detected in water and ethyl acetate extracts.
However, the methanol extract contained 1.3 mg/g alkaloid, while ethanol extracts showed an extraction
temperature dependence and the concentration increased from 5.2 mg/g at 30 °C to 6.4 mg/g at 90 °C
and 10.0 mg/g at 150 °C (Table 3).

3.3.3 Triterpenoid saponin quantification

At 90 °C extraction temperature the highest amount of triterpenoid saponins (195.0 mg/g) was found in
the ethyl acetate extract, followed by ethanol (143.6 mg/g), methanol (106.0 mg/g) and water (47.3
mg/g). Ethanol extractions at different temperatures demonstrated that the highest amount of
triterpenoid saponins (214.8 mg/g) was extracted at 30 °C, followed by 90 °C and 150 °C extracts with
143.6.5 mg/g and 120.1 mg/g respectively (Table 3).

3.3.4 Steroidal saponin quantification

At 90 °C extraction temperature the highest amount of steroidal saponin (113.6 mg/g) was found in ethyl
acetate extract, followed by ethanol (57.7 mg/g), methanol (53.0 mg/g) and water (7.4 mg/g). Ethanol
extractions at different temperatures demonstrated that the highest amount of steroidal saponin (85.1
mg/g) was extracted at 30 °C, followed by extractions at 90 °C and 150 °C with 57.7 mg/g and 59.2
mg/g respectively (Table 3).



Results 39

Table 3: Secondary metabolite content and yield of Waltheria Indica leave extracts obtained by varying extraction
temperatures and solvents. (GAE=Gallic acid equivalent; BE=Boldine equivalent; OEA=Oleanolic acid equivalent;
DE=Diosgenin equivalent).

Sample W90 M90 E30 E90 E150 EA90
Total-Phenols 128.3+4.8 1426£22° 188.0+3.0° 1487£32° 148.8+22° 4561 1.29
[mg GAE/g]

Total-Alkaloids n.d. 13+012  52:02°  6.4+01°  10.0%0.2¢ n.d.
[mg BE/g]

Triterpenoid-

saponins 473+£21%  106.0+3.9° 214.8+23° 1436+25¢ 120.1+3.6° 195.0%3.6'
[mg OAE/g]

Steroidal-

saponins 74070  53.0+08 851+13° 577150 592:149 113.6+2.7°
[mg DE/g]

Values are means = standard deviations of triplicate measurements. W90, 90 °C water; M90, 90 °C methanol; E30-
E90-E150, 30-90-150 °C ethanol; EA90, 90 °C ethyl acetate; n.d., not detectable. Values in a row with different
letters are significantly different (p < 0.05; one-way ANOVA).

Direct positive correlation was observed between COX-2 inhibition and triterpenoid- and steroidal-
saponin concentration. Extracts with higher triterpenoid- and steroidal-saponins concentrations result in

increased COX-2 inhibition (Figure 4).
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Figure 4: Graphs represent the mean value of COX-2 inhibition (%) at 20ug/mL extract solution versus triterpenoid-
saponin and steroidal-saponin content. The correlation coefficient values for triterpenoid-saponin content (R* =
0.8592, p<0.0001) and steroidal-saponin content (R? = 0.8691, p<0.0001) were observed at a 95 % confidence

level.

The composition of the extracts with their corresponding COX-2 inhibition as well as the amount of
uncharacterized compounds, which may include e.g. carbohydrates (like cellulose, starch), lipids,

chlorophyll, lactones, salts, polypeptides, RNA and DNA are summarized in Table 4.
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Table 4: Summary of relative polarity of used solvents, Waltheria Indica leaf extract yield at varying extraction temperatures and solvents; secondary metabolite profile as overview of relative
composition and absolute values (mg/g extract), characterized and uncharacterized metabolite quantities; COX-2 inhibition (%) of Waltheria Indica extract solution (20 pg/mL), extract mass equivalent
per millilitre to inhibit 30 % COX-2 activity (ME3so%cox-2) assuming a linear relationship and plant material required to obtain 1 g extract. Tiliroside is also detected by the phenol-assay and listed

separately for ease of comparison. W90, 90 °C water; M90, 90 °C methanol; EA90, 90 °C ethyl acetate; E30-E90-E150, 30-90-150 °C ethanol.

Sample W90 M90 E30 E90 E120 EA90
Solvent polarity 1 0.76 0.65 0.65 0.65 0.23
Yield extract 227 218 16 111 172 29
[mg/g plant]

Metabolites
overview
[mg/g extract]

Metabolites

characterized 185.5 321.0 500.6 381.0 357.8 357.6
[mg/g extract]

Metabolites

uncharacterized 814.5 679.0 499.4 619.0 642.2 642.4

[mg/g extract]

Inhibition 9.2 21.9 37.7 26.3 30.5 38.9
COX-2 [%] ' ' ' ' ' .

ME3o%cox-2

2 27.4 15. 22. 19. 15.4
[ug oxtractmL] 65 7 59 8 9.7 5

Plant required

[g/g extract] 4.4 4.6 62.4 9.0 5.8 34.4

uncharacterized & characterized E Phenols M Alkaloids B Triterpenoid-saponins [ Steroidal-saponins M Tiliroside
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4. DISCUSSION

Tests carried out on Waltheria Indica leaves revealed the influence of the solvents used and
temperatures on the extract and tiliroside yield. The presence of tiliroside in plant extracts is often
associated with anti-inflammatory properties, while investigations on the influence of extraction
parameters on the tiliroside concentration from Waltheria Indica leaves and its correlation to the

contribution of anti-inflammatory properties have not been reported yet (Grochowski et al., 2018).

At 90 °C extraction temperature the highest extract yield is obtained with more polar solvents (water and
methanol) compared to extracts obtained with solvents of lower polarity (ethanol and ethyl acetate). The
investigations of ethanolic extracts with varying extraction temperatures demonstrated an increase of
yield at higher temperatures (Table 2). The analysis of the tiliroside content revealed that extracts
obtained at 90 °C contained the highest amount of tiliroside when using the medium-polar solvent
ethanol, followed by methanol and significantly lower quantity when extracted with polar (water) or non-
polar (ethyl acetate) solvent.

The extraction with ethanol revealed that the total yield of extracted tiliroside per gram of plant material
increased at elevated temperatures. In contrast, an extract obtained at 90 °C contained the highest
tiliroside content, whereas the amount is significantly lower at 150 °C and 30 °C respectively (Table 2).
At room temperature it is assumed that the solvent does not sufficiently penetrate the cell wall and the
lipid bilayer cell membrane to dissolve tiliroside. At higher temperature the solvent penetrates more

efficiently, and additional substances are extracted leading to a dilution of tiliroside in the total extract.

Pure tiliroside inhibit in a concentration-dependent manner the COX-2 activity, with the lowest
concentration showing significant activity being 15 yM (Figure 2). However, the correlation between
tiliroside content and COX-2 inhibition could not be confirmed for the extracts. Extracts with the highest
tiliroside content (E90, E150) did not exhibit the highest COX-2 inhibition, in contrast highest inhibitory
activity was found in extracts with low tiliroside content (EA90, E30) (Figure 3). One reason might be
that even the extract with the highest tiliroside content (E90) corresponded to 0.8 uM pure tiliroside,
which was below a measurable activity (Figure 2). Comparison of the extracts M90, EA90 and E30 with
pure tiliroside at comparable COX-2 inhibition levels indicates that M90 contain metabolites with factor
2.2 and EA90, E30 with factor 3.3 higher COX-2 inhibition activity than tiliroside (Table 4). These results
demonstrate that the COX-2 inhibition of the extracts is not caused primarily by the tiliroside content,

but by other potent metabolites.

The extract quantity and composition of secondary metabolites depend on the solvent used for
extraction. With respect to the solvent polarity, different secondary metabolites are preferentially
extracted as summarized in Table 5 (Eloff, 1998; Cowan, 1999; Rafinska et al., 2019; Wakeel et al.,
2019).


https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6790100/#ref-10
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6790100/#ref-29
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6790100/#ref-38
https://www.ncbi.nlm.nih.gov/pmc/articles/PMC6790100/#ref-38
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Table 5: Overview of secondary metabolites extracted with solvents as reported by Cowan (1999) and modified regarding the
replacement of chloroform with ethyl acetate due to similarity in relative polarity. 'part of the uncharacterized metabolite
concentration; Zpart of the total-phenol concentration; *quantification of triterpenoid-saponin types; “quantified separately as

triterpenoid- and steroidal saponins; >quantified as total-alkaloid content.

Solvent Water Methanol Ethanol Ethyl acetate
Relative polarity 1 0.76 0.65 0.23
Secondary metabolites Starches! Lactones' Tannins? Terpenoids?
Phenols? Tannins? Polyphenols? Saponins*
Terpenoids? Polyphenols? Terpenoids® Flavonoids?
Polypeptides? Terpenoids? Alkaloids®
Saponins* Alkaloids® Saponins*
Saponins*

The composition of the secondary metabolites of the extracts revealed that, except for ethyl acetate as
solvent, the phenol concentrations varies minor using different solvents or temperatures. The two
extracts with the highest COX-2 inhibition activity (EA90, E30) are with the lowest (EA90) and the highest
(E30) phenol content respectively, demonstrating that there is no correlation between phenol content
and COX-2 inhibition (Table 4)

The analyses of the alkaloid content in the extracts revealed low or undetectable concentrations
compared to the other secondary metabolites studied. The highest alkaloid concentrations were present
in the ethanolic extracts and increased at elevated extraction temperatures, while no alkaloid could be
detected in ethyl acetate and water extracts. Comparison of alkaloid content and COX-2 inhibition
activity of the extracts revealed no correlation. The extract with the highest alkaloid concentration (E150)
performs significantly weaker than the extract with the best inhibition (EA90) where the alkaloid

concentration is below the detection limit (Table 4).

The investigations of triterpenoid- and steroidal-saponin content in the individual extracts revealed a
direct correlation to the solvent polarity: the content of saponins increases with reduced polarity of the
solvent (ethyl acetate > ethanol > methanol > water). Being composed of an aglycon (water-insoluble
part) attached to oligosaccharide units (water-soluble part), triterpenoid and steroid saponins are
extracted more efficiently depending on the aglycon structure and number of sugar moieties attached
(Hostettmann and Marston, 1995; Cheok et al., 2014; Ms et al., 2018). The results demonstrate a
more efficient extraction with non-polar solvents indicating that saponins in Waltheria Indica leaves are
mainly present as aglycones or contain a minor amount of sugar moieties. The extraction with ethanol
at different temperatures show that a lower temperature lead to a higher content of triterpenoid- and
steroidal-saponins (Table 3). This might be explained by the fact that saponins dissolve well in ethanol,
but as the temperature of extraction increases, further substances are extracted from the plant material
and the relative proportion of saponins in the final extract decreases.

Furthermore, a surprisingly direct positive correlation was observed between COX-2 inhibition and
triterpenoid- and steroidal-saponin concentration. Extracts with higher triterpenoid- and steroidal-

saponins concentrations result in increased COX-2 inhibition. Based on the slope of the linear
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regression, the results indicate that steroidal-saponins of Waltheria Indica extracts are more potent
COX-2 inhibitors compared to triterpenoid-saponins (Figure 4).

These findings are of importance as the anti-inflammatory properties of Waltheria Indica extracts are
commonly linked to flavonoids such as tiliroside or quercetin (Zongo et al., 2013; Grochowski et al.,
2018; Laczko et al., 2019). Although it has been proven that these flavonoids possess anti-inflammatory
properties, the required concentration in the extract need to be increased to exhibit a significant
detectable anti-inflammatory activity (Figure 2). Besides flavonoids such as tiliroside, also triterpenoid-
and steroidal-saponins are reported to exhibit COX-2 inhibition (Jachak, 2006; Desai et al., 2018; Han
et al., 2013; Wu et al., 2017; Wand and Meng, 2015). Several triterpenoids including (3)-3-Hydroxy-
lup-20(29)-en-28-oic acid (betulinic acid), B-acetoxy-27-trans-caffeoyloxyolean-12-en-28-oicacid methyl
ester and B-acetoxy-27-cis-caffeoyloxyolean-12-en-28-oic acid methyl ester have been recently isolated
from the aerial parts of Waltheria Indica (Cretton et al., 2015; Monteillier et al., 2017; Caridade et al.,
2018) but without specifying their concentrations in these extracts.

This study using Waltheria Indica revealed that its leave extracts, as well as its major compound
tiliroside, are efficient in regulating inflammatory immune responses by inhibiting the enzymatic activity
of COX-2 known to be involved in skin inflammatory conditions and diseases such as arthritis, allergic
contact and atopic dermatitis development (Crofford, 1999; Greaves and Camp, 1988; Robb et al.,
2018; Seo et al., 2003). Furthermore, the results demonstrate that substances from the group of
triterpenoid- and steroidal-saponins are directly involved in the COX-2 inhibition activity of the extracts.
To establish optimal extraction conditions for Waltheria Indica resulting in an extract with highest COX-
2 inhibition one should identify the substances responsible for the direct or synergistic efficacy. Further
investigations are required to clarify whether this anti-inflammatory activity originates from individual
saponins at a defined concentration and to which extent these saponins contained in the leaves of
Waltheria Indica might play a role in other anti-inflammatory pathways different from the arachidonic

pathway.

5. CONCLUSION

The results obtained in this study show that Waltheria Indica extracts inhibit the inflammatory key
mediator COX-2. The activity is related to the extraction parameters governing the composition of the
extract. Tiliroside demonstrates COX-2 inhibitory properties, with triterpenoid- and steroidal-saponins
contributing in a concentration-dependent matter. Therefore, the optimal extraction parameters for
extracts with highest COX-2 inhibition cannot be determined on the basis of the tiliroside content in the
extract solely. Extracts with high inhibitory activity described in this research will serve as a starting point

for structural elucidation and COX-2 inhibition determination of the individual saponins in future studies.
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SUPPLEMENTAL MATERIAL AND METHODS

Identification of tiliroside in Waltheria Indica extract

Identification of tiliroside in Waltheria Indica extracts were carried out on Vanquish HPLC system
coupled with Thermo Fusion™ Orbitrap Tribrid™ mass spectrometer (Thermo Scientific™) with H-ESI
interface and positive ionization. Separation was accomplished using C-18 column (Thermo Acclaim™
120, 100 x 4.6 mm, 5 pm) and gradient elution with solvent A: water/acetonitrile/trifluoroacetic acid
95/5/0.125 (v/viv) and B: water/acetonitrile/trifluoroacetic acid 5/95/0.125 (v/v/v). Gradient started at 7%
(v/v) B, ramping up to 28 % over 15 min, ramping up to 56 % over 5 min, further to 95 % over 5 min,
held for 3 min and ramping down to 7 % over 8 min. UV detection was performed at 315 nm, 25 °C

column temperature, 1.5 ml/min flow speed and 10 pL injection volume.

UV-HPLC profile of Waltheria Indica extract obtained with ethanol at 90 °C show an intense UV peak at

Rt = 14.47 min (Figure 1), which corresponds to tiliroside standard (data not shown).
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Figure 1: UV-HPLC profile at 315 nm of Waltheria Indica extract obtained with ethanol at 90 °C.

MS data in Figure 2 of the peak at Rt = 14.47 show a single charge state MH+ 595.1432 g/mol and
MNa+617.1249 g/mol, which corresponds to that of tiliroside.
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Figure 2: MS data of the peak at Rt = 14.47.
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Fragments of 594.1432 g/mol signal correspond to tiliroside fragments (Figure 3).
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Figure 3: Fragments of 595.1432 g/mol signal with their corresponding structures.
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5.2

Activity-Guided Characterization of COX-2 Inhibitory

Compounds in Waltheria Indica L. Extracts
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Abstract

Inflammation is the body’s response to infection or tissue injury in order to restore and maintain
homeostasis. Prostaglandin E2 (PGE-2) derived from arachidonic acid (AA), via up-regulation of
cyclooxygenase-2 (COX-2), is a key mediator of inflammation and can also be induced by several other
factors including stress, chromosomal aberration, or environmental factors. Targeting prostaglandin
production by inhibiting COX-2 is hence relevant for the successful resolution of inflammation. Waltheria
indica L. is a traditional medicinal plant whose extracts have demonstrated COX-2 inhibitory properties.
However, the compounds responsible for the activity remained unknown. For the preparation of extracts
with effective anti-inflammatory properties, characterization of these substances is vital. In this work, we
aimed to address this issue by characterizing the substances responsible for the COX-2 inhibitory
activity in the extracts and generating pre-diction models to quantify the COX-2 inhibitory activity without
biological testing. For this purpose, an extract was separated into fractions by means of centrifugal
partition chromatography (CPC). The inhibitory potential of the fractions and extracts against the COX-
2 enzyme was determined using a fluorometric COX-2 inhibition assay. The characterizations of
compounds in the fractions with the highest COX-2 inhibitory activity were conducted by high resolution
mass spectrometry (HPLC-MS/MS). It was found that these fractions contain alpha-linolenic acid,
linoleic acid and oleic acid, identified and reported for the first time in Waltheria indica leaf extracts. After
analyzing their contents in different Waltheria indica extracts, it could be demonstrated that these fatty
acids are responsible for up to 41% of the COX-2 inhibition observed with Waltheria indica extract.
Additional quantification of secondary metabolites in the extract fractions revealed that substances from
the group of steroidal saponins and triterpenoid saponins also contribute to the COX-2 inhibitory activity.
Based on the content of compounds contributing to COX-2 inhibition, two mathematical models were
successfully developed, both of which had a root mean square error (RMSE) = 1.6% COX-2 inhibitory

activity, demonstrating a high correspondence between predicted versus observed values. The results
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of the predictive models further suggested that the compounds contribute to COX-2 inhibition in the
order linoleic acid > alpha linolenic acid > steroidal saponins > triterpenoid saponins. The
characterization of substances contributing to COX-2 inhibition in this study enables a more targeted
development of extraction processes to obtain Waltheria indica extracts with superior anti-inflammatory

properties.
1. Introduction

Inflammation is a defensive response of the body to various stimuli and is a cyclic, self-stimulating
process designed to combat infection or tissue injury [1,2]. The inflammatory process is accompanied
by the release of pro-inflammatory cytokines and prostaglandins, and the formation of reactive oxygen
species (ROS) [3]. Important modulators of inflammation are nuclear factor kappa B (NF-kB),
lipoxygenase (LOX) and cyclooxygenase (COX), with NF-kB activating the expression of LOX or COX
[4,5]. Both enzymes are part of the arachidonic acid (AA) metabolism, one of the main cellular processes
for mediating inflammation, where they exhibit a catalytic effect. The COX-1 and COX-2 enzymes are
isozymes, and in normal human skin, COX-1 is present through the epidermis, whereas COX-2 localizes
mainly in suprabasal keratinocytes [6—8]. While COX-1 is in-volved in homoeostatic processes and
expressed constitutively in most tissues, the pro-inflammatory COX-2 is an inducible isoform and is
mainly produced in inflamed tissues. To maintain and restore homeostasis of the skin, different cellular
components regulate local immune responses thorough crosstalk [2,9]. The initiation and the
maintenance of the inflammation is carried out by pro-inflammatory mediators. Once the instigating
factor is removed, activity is balanced out by the anti-inflammatory mediators re-sponsible for limiting
the inflammation [10,11]. Several factors including stress, chromosomal aberration or environmental
factors disturb this balance and lead to excessive pro-duction of prostaglandin E2 (PGEZ2) derived from
arachidonic acid, via the up-regulation of COX-2, consequently leading to inflammatory-mediated
diseases [12—16].

Increased PGE2 levels lead to increased production of proinflammatory cytokines such as interleukin-6
(IL-6), with neutrophils and macrophage immune cells responding. As a result of the IL-6 concentration,
the amplification of inflammation-related signals or transformation from an acute to a chronic
inflammatory state occurs [17,18]. Targeting prostaglandin production by inhibiting COX-2, the rate-

limiting enzyme, is one of the options to successfully treat inflammatory skin diseases [8,19].

Waltheria indica L., belonging to the Malvaceae family, is a traditional medicinal plant with anti-
inflammatory properties used by indigenous populations in different regions of the world for the treatment
of various pathological conditions [20,21]. The biologically active compounds proved to be present in all
parts of Waltheria indica with reports supporting the use of roots, stems or leaves for treatment against
swelling, cough, toothache, sore throat, rheumatism or complicated ailments such as asthma and
inflammatory skin dis-eases [21-25]. Studies on the properties of Waltheria Indica showed that its
extracts have multiple anti-inflammatory activities, often without attributing the effect to a single
molecule. Extracts that exhibit biological activity include various chemical groups such as alkaloids,
flavonoids, sterols, terpenes, anthraquinones or carbohydrates [21,26,27]. Hydroalcoholic extracts of

the whole plant of Waltheria indica, for example, strongly inhibited edema at the second phase of
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carrageenan inflammation in rats [28]. Extracts from leaves generated with hydrophobic solvents such
as petrol ether or methanol, but also extracts from leafy stems generated with hydrophilic solvents such
as water, showed dose-related inhibition of acute and chronic inflammation in carrageenan-induced
edema. The effect is presumed to involve the inhibition of histamine, serotonin, bradykinin, prostaglandin

and cyclooxygenase (COX) products [29-31].

Studies that aimed at uncovering the anti-inflammatory molecules in Waltheria identified three flavonoids
((-)-epicatechin, quercetin and tiliroside) and two alkaloids (waltherione A and C) as potential active
molecules [21,32,33]. The alkaloids waltherione A and C, obtained from the decoction of roots and aerial
parts, were shown to inhibit nuclear factor (NF-kB) [34]. Quercetin and tiliroside showed a dose-
dependent inhibition of the production of inflammatory mediators, including nitric oxide (NO), tumor
necrosis factor (TNF-alpha), interleukin (IL)-12 and COX-2 [32,35,36]. Furthermore, it was suggested
that the reason for the observed inhibition of lipoxidase-5 (5-LOX) and phospholipase A2 (PLA2) by the
hydroalcoholic Waltheria extracts is due to (-)-epicatechin, which, in other studies, demonstrated COX-
2 inhibitory properties [21,33,37,38]. It is important to mention that although these molecules exhibited
efficacy in the performed assays, it was not evident from these studies whether their content in the
Waltheria extracts is sufficient or different substances contribute to or are responsible for the observed
activity. In addition to the substances isolated from Waltheria indica, other classes of compounds have
been explored in various plants that exhibit significant COX-2 inhibitory activity, with flavonoids,
alkaloids, terpenoids, saponins and fatty acids representing the most prominent ones that are

presumably present but not yet identified in Waltheria indica [39].

Given the complexity of the plant extracts, the substances contributing to the anti-inflammatory effect of
the extracts are regularly merely assumed and, in most cases, unknown or assigned to molecules whose
content in the extract is insufficient or not known at all. Consequently, in our previous study we attempted
to clarify to what extent a known anti-inflammatory molecule present in Waltheria indica, namely
tiliroside, contributes to the COX-2 inhibition activity in the extracts. We demonstrated that tiliroside
inhibits COX-2 activity in a concentration-dependent manner. However, the correlation between tiliroside
content and COX-2 inhibition could not be confirmed for the extracts. Ex-tracts with the highest tiliroside
content did not exhibit the highest COX-2 inhibition; in contrast, the highest inhibitory activity was found
in extracts with low tiliroside content. This led to the conclusion that in these extracts, other, more potent

substances must be re-sponsible for the activity [40].

A study identifying the substances responsible for the COX-2 inhibitory activity of Waltheria indica leaf
extracts is yet not described. Therefore, the aim of this study was to identify and quantify the molecules
responsible for the COX-2 inhibitory activity of the ex-tracts using an activity-guided approach through
extract fractionation by centrifugal partition chromatography (CPC). Ideally, it should be verified whether
and to what extent the COX-2 inhibitory effect correlates with the content of these substances in the
extracts. In addition, the different CPC fractions produced were analyzed for their secondary metabolite
composition in terms of phenols, and triterpenoid and steroidal saponin content to ideally allow the

generation of a prediction model to quantify the COX-2 inhibitory activity without biological testing.
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The activity-guided approach led to the identification of three fatty acids, which were identified and
reported for the first time in Waltheria indica leaf extracts. The investigations provide evidence that these
fatty acids are responsible for up to 41% of the COX-2 inhibition observed in the respective Waltheria
indica extract. Additional phytochemical analyses of the extract fractions revealed that substances from
the group of steroidal saponins and triterpenoid saponins contribute to the COX-2 inhibitory properties
of the extracts. The identification of substances contributing to COX-2 inhibition enabled the successful
development of mathematical models to predict the COX-2 inhibition of Waltheria indica extracts,

allowing the preparation of extracts with enhanced anti-inflammatory properties in future studies.
2. Results and Discussion
2.1. Centrifugal Partition Chromatography Fractionation

With the goal of obtaining fractions composed of different compounds of the Waltheria indica leaf extract,
the separation was carried out using CPC coupled with a diode array detector (DAD). For this purpose,
Waltheria leaves were extracted utilizing accelerated solvent extraction (ASE) at 70 °C with ethanol. To
determine the appropriate solvent com-position for the CPC, a systematic approach was adapted as
described in the literature, using the Arizona liquid system (AZ) with the solvent composition N (AZ-N)
as the starting point [41]. The method was performed in two steps, where step 1 was the elution step
with a column volume of mobile phase and a run-time of 50 min. Step 2 was the extrusion step, replacing
the entering mobile phase with the stationary phase. Outcomes with sol-vent compositions that had
either formed an unstable system or presented no added value according to the AZ system were not
listed. The yields of the individual dried fractions from separate CPC runs and the recovery rate of the

injected extract amount are summarized in Table 1.

Table 1. Yields (%, w/w) of the individual fractions (F1-F8) and the recovery rate from CPC runs with Arizona liquid system and
the medium polar solvent composition N (AZ-N), non-polar solvent composition T (AZ-T) and polar solvent composition L (AZ-L);

n.a., not available. Data points represent the mean value + standard deviations of three samples.

CPC Fraction F1 F2 F3 F4 F5 Fé F7 F8 Recovery (%)
AZ-Nyield (%) 0 553+24 28+01 15+0.1 39.9+2.0 0 n.a. n.a. 99.3+4.2
AZ-Tyield (%) 0 49.6+24 87+12 0.8=+0.2 132+14 275+1.8 0 n.a. 99.7 +3.8
AZ-Lyield (%) 0 31.5+1.225.0+1.6 1.9+0.2 0 21+02 388+14 0 99.2+3.6

From the obtained yields (Table 1), it was evident that with AZ-N the extract was separated into two
main fractions: N-F2 (55.3% yield) containing the more polar com-pounds and N-F5 (39.9% yield)
containing the more nonpolar compounds. The observed signals at N-F1 and N-F4 were solvent
turbulences (Figure 1A). For N-F1, this was due to sample injection, and for N-F4, this was due to the
transition from the elution to the extru-sion step. These effects were also observed for the AZ-T and AZ-

L runs at the corresponding time periods (Figure 1B,C).
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Figure 1. Chromatograms at 254 nm from CPC fractionations with Waltheria indica leaf extract and Arizona liquid system with
(A) solvent composition N, (B) solvent composition T and (C) solvent composition L. The elution step lasted for 50 min initially,
followed by an extrusion step. Fractions highlighted with dashed lines were further analyzed by UHPLC.

To separate the non-polar portion of the extract into additional fractions, CPC was performed with less
polar solvent compositions than AZ-N, with AZ-T proving to be the appropriate choice. While the polar
extract fraction was primarily found in fractions T-F2 (49.6% yield) and T-F3 (8.7% yield), the non-polar
fraction could be divided into fractions T-F5 containing 13.2% of the extract and T-F6 with 27.5% (Table
1). Fractionation into T-F5 and T-F6 was primarily conducted on a visual basis, with T-F5 being yellow
and T-F6 being green, as no UV signal was detectable with CPC-DAD (Figure 1B).

The use of the more polar solvent composition of the AZ-L system as compared to AZ-N allowed the
separation of the polar extract fraction into two separate fractions: L-F2 with 31.5% yield and L-F3 with
25.0% yield (Figure 1C). Chromatograms of the CPC fractionations are shown in Figure 1. Fractions
highlighted with dashed lines were selected for testing of their COX-2 inhibitory activity and further
analyzed by UHPLC.

The Extract E70, the two nonpolar fractions T-F5 and T-F6, the polar fractions L-F2 and L-F3, and the

fraction T-F2 were analyzed by UHPLC-CAD and -UV. For a better overview, the observed compounds
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of the CPC fractions are displayed in the chromatogram of the extract E70 (Figure 2). Substance (1) at
Rt = 15.92 min is tiliroside (supplementary data), already identified in our previous study [40]. The

chromatograms of the individual CPC fractions are summarized in Supplementary Data (Figure S1-5).

The fraction T-F2 contained substances up to Rt = 19 min, while the fraction L-F2 primarily combined
the substances up to Rt = 8 min. The fraction L-F3 contained less po-lar compounds up to Rt = 19 min,
including tiliroside, which was not present in L-F2. In contrast, the fractions T-F5 and T-F6 collected
molecules after Rt = 25 min, with fraction T-F5 containing substances up to Rt = 47 min and T-F6
containing substances from Rt = 33.5 min. The molecules present in the first half of the overlap region
of fractions T-F5 and T-F6 were more prominent in T-F5, whereas the molecules in the second half of
the over-lap region were more prominent in T-F6. With the aim of identifying the most active compounds,

these five fractions were tested for their COX-2 inhibitory activity.
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Figure 2: UHPLC chromatogram of Waltheria indica leaf extract E70 obtained at 70 °C with ethanol; the dashed lines show the
observed compounds of the respective CPC fractions with (A) CAD and (B) DAD at 200 nm. The signal (1) at Rt = 15.81 min

corresponds to that of tiliroside.

2.2. COX-2 Inhibitory Activity of CPC Fractions

The results of the relative COX-2 inhibition for the CPC fractions are summarized in Figure 3. For

comparison, the positive control was set to 100% and the samples were calculated accordingly.
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Figure 3. Relative COX-2 inhibition to control (%) of CPC fractions (20 pg/mL), blank (DMSO) and control set to 100% (0.5 uM
celecoxib). Data points represent the mean value + standard deviations of six samples. Statistically different expressions were
calculated using one-way ANOVA. (****): p < 0.0001; (ns): not significant.

The generated CPC fractions exhibited a COX-2 inhibitory effect. The polar fractions L-F2, L-F3 and T-
F2 showed COX-2 inhibitory activity levels of 22.8%, 34.6% and 25.1%, respectively. Among these CPC
fractions, L-F3 showed the highest activity. This could be due to a higher enriched tiliroside
concentration, which was either not present (L-F2) or represented a smaller part (T-F2) in the other

fractions.

The nonpolar fractions T-F5 and T-F6 exhibited a significantly higher COX-2 inhibitory activity with 68.7
and 96.3%, respectively. These results indicate that the nonpolar fractions comprised compounds which
are more potent than those in the polar fractions, supporting the similar observations of a recent study
[40]. At that time, it was found that extracts produced with more polar solvents showed a weaker COX-
2 inhibitory activity than extracts produced with non-polar solvents. Considering that the T-F5 and T-F6
fractions exhibited the highest activity, these CPC fractions were selected to elucidate the structure of

the molecules responsible for the COX-2 inhibitory activity.

2.3. Structural Elucidation of the Molecules in Fraction T-F5 and T-F6

Three signals present in both the fraction T-F5 and T-F6 were identified by high resolution mass
spectrometry (HPLC-MS/MS) with further verification by comparing frag-mentation data with the
respective internal standard (Figure S6-12). The molecules identified and illustrated in Figure 4 are the
fatty acids (FA) alpha-linolenic acid (1), linoleic acid (2), and oleic acid (3), which, to the best of our

knowledge, were here identified and re-ported for the first time in Waltheria indica leaf extracts.
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Figure 4. UHPLC-CAD chromatogram of the CPC fraction (A) T-F5 and (B) T-F6. The signal (1) at Rt = 33.91 min corresponds
to alpha-linolenic acid, (2) that at Rt = 36.00 min corresponds to linoleic acid, and (3) that at Rt = 38.51 corresponds to oleic acid.

All three compounds have been reported to be COX-2 inhibitors, with alpha-linolenic acid (ALA) and
linoleic acid (LA) being described as substantially more efficient than oleic acid (OA) [42,43]. The COX
reaction produces prostaglandins by converting arachidonic acid (AA). However, this enzyme is capable
of oxidizing other unsaturated fatty acids including alpha-linolenic acid and linoleic acid [44,45].
Structural determinations have revealed that, similarly to AA, these FA bind in elongated L-shaped
conformations within COX-2, suggesting that their inhibitory activity originates in competing with
arachidonic acid as substrates for COX-2 [43,46].

After having identified the three fatty acids, they were quantified in different Waltheria indica leaf extracts
and in the CPC fractions T-F5 and T-F6.

2.4. Quantification of ALA, LA, OA in Extracts and CPC Fractions

With the aim of investigating the influence of the extraction parameters on the extraction of ALA, LA and
OA from Waltheria leaves, their concentrations were quantified in extracts obtained by varying the
extraction temperatures and solvents. Furthermore, their content was determined in the CPC fractions
T-F5 and T-F6 as it was evident from the chromatograms prepared previously that these FA were not
present in fractions L-F2, LF-3 and T-F2. The quantification of the FA further made it possible to verify,
in further steps, whether their amount was sufficient for the COX-2 inhibitory activity in the samples. The
concentrations (%, w/w) of ALA, LA and OA in the respective dry extract and in dried CPC fractions are
summarized in Figure 5, with the extracts sorted in decreasing order by their contents of fatty acids. In
addition, the extracted amounts of ALA, LA and OA from 1 g of dry plant material (mg/g plant) were

calculated following Equation (2) and are listed in Table 2.
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Figure 5. Concentration (%, w/w) of alpha-linolenic acid, linoleic acid and oleic acid in dried Waltheria indica leaf extracts obtained
by varying extraction temperatures and solvents (left of dashed line) as well as CPC fractions T-F5 and T-F6 obtained from extract
E70 (right of dashed line). Data points represent the mean value + standard deviations of three samples. EA90, 90 °C ethyl
acetate; E30—E70-E90-E150, 30—70-90-150 °C ethanol; M90, 90 °C methanol; W90, 90 °C water.

The extract obtained with ethyl acetate as a solvent at 90 °C (EA90) showed, with 4.0% ALA, 2.7% LA
and 3.7% OA, the highest concentration of all three fatty acids among all extracts. The second highest
concentration of the three fatty acids was observed in the extracts obtained after extraction with ethanol
(E30-E150). The results showed that the in-crease in the extraction temperature from 30 °C (E30) up to
150 °C (E150) caused a reduction in the fatty acids in the extract (Figure 5). In contrast, the total amount
of ALA, LA and OA extracted from 1 g plant material with ethanol increased with higher extraction
temperature (Table 2). It can be inferred that a higher temperature contributes to the disruption of the
plant cell wall, which enables the solvent to extract more lipids, while simultaneously extracting larger
amounts of additional substances, resulting in a reduced content of fatty acids in the total extract. Extract
E30 contained 2.7% ALA, 1.8% LA and 2.4% OA, whereas 1.0% ALA, 0.6% LA and 1.0% OA were
present in extract E150. The concentration of the fatty acids in the extracts produced at 70 °C (E70) and
90 °C (E90) were 1.7% ALA, 1.1% LA and 1.5% OA, and 1.3% ALA, 0.8% LA and 1.2% OA, respectively.
After extraction with methanol at 90 °C, the extract (M90) contained 0.7% ALA, 0.4% LA and 0.6% OA,
the second lowest content of the fatty acids in the prepared extracts.

The investigations of the CPC fractions demonstrated that fatty acids were significantly more efficient
enriched in the fraction T-F5 compared to T-F6. The concentrations of ALA, LA and OA in the fraction
T-F5 were 11.3%, 3.7% and 3.3%, respectively. In fraction T-F6, the concentration was significantly
lower with 0.9% ALA, 1.3% LA and 2.9% OA.

Based on the presented data, it is evident that ALA is the most abundant fatty acid in Waltheria leaves,
followed by OA and LA. The results also highlight the influence of the polarity of the solvents. Solvents
such as ethyl acetate and ethanol favor the accumulation of fatty acids in the extract more than the

accumulation of polar solvents, methanol and water (Figure 5).
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Table 2. Summary of extract yield (mg/g plant) and fatty acid content (mg/g plant) of Waltheria indica leaf extracts obtained with
varying extraction temperatures and solvents. EA90, 90 °C ethyl acetate; E30-E70-E90-E 150, 30-70-90-150 °C ethanol; M90,

90 °C methanol; W90, 90 °C water; n.d., not detectable. Values are means + standard deviations of triplicate measurements.

Sample EA90 E30 E70 E90 E150 M90 W90

Yield extract

29.4 15.5 74.0 108.9 170.0 210.1 225.4
(mg/g plant)

ALA (mg/g plant) 1.18+0.04 0.42+0.02 1.26+0.12 1.43+0.16 1.70+0.07 1.53 +0.09 n.d.

LA (mg/g plant)  0.78+0.03 0.27 £0.01 0.79 £0.05 0.87 +0.04 1.00+0.06 0.90 +0.04 n.d.

OA (mg/gplant) 1.07+0.03 0.37+0.01 1.11+0.05 1.29+0.06 1.75+0.04 1.26 +0.08 n.d.

In addition, the results demonstrated that the highest extract yield was obtained with the most polar
solvents (water > methanol > ethanol > ethyl acetate) operating at 90 °C, whereas increasing the
temperature for ethanol extraction resulted in a higher extract yield (E30-E150). As a result of the overall
higher extract yield with ethanol (E90) and methanol (M90) over ethyl acetate (EA90), more fatty acids
were extracted per 1 g of dry plant material with these solvents (Table 2). The reason for the lower
content of fatty acids in these extracts can be attributed to the fact that they contained larger amounts

of additional polar substances, resulting in a dilution of the fatty acids in the total extract.

After determining the content of the individual fatty acids in the extracts and CPC fractions, the next step
was to investigate the effect of the pure fatty acids and the obtained extracts in terms of their COX-2

inhibitory activity.
2.5. COX-2 Inhibitory Activity of ALA, LA, OA and Extracts

The COX-2 inhibitory activity of pure alpha-linolenic acid, linoleic acid and oleic acid was studied in the
concentration range from 0.9 to 5.0 uM, which includes the concentration levels observed in the extracts
and shown in Figure 6. Similarly, the extracts were analyzed for their COX-2 inhibitory activity and

displayed in Figure 7.
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Figure 6. Relative COX-2 inhibition to control (%) of alpha-linolenic acid, linoleic acid and oleic acid with 0.5 pM celecoxib as
control set to 100%. Data points represent the mean value * standard deviations of six samples. Statistically different expressions
were calculated using one-way ANOVA. (****): p < 0.0001; (***): p = 0.0001; (**): p = 0.0029 vs. blank.
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The COX-2 inhibition of ALA and LA increased in a dose-dependent manner starting at a concentration
of 0.9uM with 9.9% inhibition for ALA and 13.1% inhibition for LA and increasing up to 90.8% for 5.0uM
ALA and 63.0% for 5.0uM LA. Oleic acid showed a measurable activity only at 5uM, with 3.5% activity.
The results are consistent with previous reports that ALA and LA possess COX-2 inhibitory properties,

whereas OA shows activity only at very high concentrations [42,43].

The studied extracts were sorted in decreasing order according to their ALA and LA contents, with EA90
containing the highest and W90 the lowest amount; they are plotted against their respective COX-2
inhibition activity in Figure 7. Knowing that oleic acid does not make a significant contribution to COX-
2 inhibition at the concentrations present in the extracts, the following results will focus primarily on ALA
and LA.
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Figure 7. Relative COX-2 inhibition to control (%) of Waltheria indica extract solution (20 ug/mL), blank (DMSO) and control set
to 100% (0.5 uM celecoxib). Data points represent the mean value + standard deviations of six samples. Statistically different
expressions were calculated using one-way ANOVA. (****): p < 0.0001; (***): p = 0.0005; (*): p = 0.0442; (ns): not significant.

The results indicate that the COX-2 inhibitory activity of the extracts declines with the decreasing of the
fatty acids’ concentrations. The observed relative COX-2 inhibitory activity was 75.4% for EA90, 67.9%
for E30, 57.5% for E70, 56.0% for E90, 52.5% for E150, 45.8% for M90 and 23.7% for W90.

The extract EA90, with the highest concentration of ALA and LA content (4.0% ALA, 2.7% LA),
corresponds to a concentration of 3.1uM pure ALA and 2.0uM pure LA in the assay. Based on the results
in Figure 6, inhibition in the 60—-80% range would be expected, with 3.0uM pure ALA alone matching
the actual observed inhibition of 75.4%.

The observation that one fatty acid may be accountable for the complete COX-2 inhibition of the extract
could not be made for the other extracts. Extract E30, for example, with ALA and LA concentrations in
the assay corresponding to 2.0uM ALA and 1.3uM LA, would be expected to have an activity in the

range between 30 and 40%. However, a COX-2 inhibitory activity of 67.8% was measured. The
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comparison of the results of E70 and E150 further indicated that the concentration of fatty acids in these
extracts does not translate 1:1 to the scaling of COX-2 inhibition of the extracts. E70 contained 1.7-fold
higher ALA content and 1.8-fold higher LA content relative to E150, whereas the COX-2 inhibition of

these extracts did not reflect this increase.

Based on these data, no definitive statement could be made regarding the exact contribution of the fatty
acids to the COX-2 inhibition of the extracts. Therefore, the next step was to test for the presence of
fatty acid mixtures (FAM) containing ratios of ALA, LA and OA in the respective extracts and examine
their COX-2 inhibition.

2.6. COX-2 Inhibitory Activity of Fatty Acid Mixtures (FAM)

To investigate the accurate contribution of the fatty acids to the observed COX-2 inhibitory activity of the
extracts, the formulated FAM of ALA, LA and OA, at a concentration and ratio identical to the
corresponding extract, were prepared and analyzed for their COX-2 inhibitory activity. In addition, the
contribution of the fatty acids to the total COX-2 inhibitory activity of the respective extract was calculated
using Equation (6) and the results are summarized in Table 3 with the extracts sorted in decreasing
order according to their fatty acid contents, with EA90 containing the highest and W90 the lowest

amount.

Table 3. Relative COX-2 inhibition to control (%) of Waltheria indica extract solution (20 ug/mL) and fatty acid mixture solution (20

pg/mL) with 0.5 uM celecoxib as control set to 100%. Data points represent the mean value + standard deviations of six samples.

EA90 E30 E70 E90 E150 M90 W90

Extract
COX-2 inhibition (%) 754+40 679+27 57.5+4.3 56.0+2.6 525+5.9 458+ 3.1 23.7+0.7
Corresponding FAM
COX-2 inhibition (%) 276+1.1262+15239+2121.7+19 185+0.7 14.3+09 06+0.9
Contribution of FAM to

COX-2 inhibition (%) 36.6+25 38.6+24 416+3.1 388+2.7 352+3.2 31.3+25 0

The results of the FAM indicated a similar trend to the one obtained from the corresponding extracts,
showing a decline in activity as the concentration of fatty acids decreased. The contribution of fatty acids,
when present in the extract, to COX-2 inhibition of the extract ranged from a minimum of 31.3% (M90)
up to 41.6% (E70). These findings pro-vide clear evidence that the identified fatty acids, at their observed
concentrations in the extracts, contribute substantially to the COX-2 inhibition observed with the
respective Waltheria indica extracts and enable the preparation of extracts with enhanced anti-
inflammatory properties by choosing extraction parameters that result in a higher ALA or LA presence

in the extract.

To further characterize the compounds involved in the COX-2 inhibitory activity, the phytochemical

compositions of the CPC fractions were further investigated.
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Before that, it was assessed whether antioxidants play a role in COX-2 inhibition. The results showed
no relationship between the COX-2 inhibitory activity of the samples and their corresponding antioxidant
properties. The details are summarized in the Supplementary Material section for the purpose of

completeness (Figure S13).

2.7. Phytochemical Composition of the CPC Fractions

The phytochemical composition of the CPC fractions was examined with the aim of characterizing further
compounds with COX-2 inhibitory activity, given that they differ significantly in activity and composition.
The quantifications of total phenols, and triterpenoid and steroidal saponins in each CPC fraction are
summarized in Table 4. For a more complete overview, their ALA and LA contents, as well as the

associated COX-2 in-hibition levels, are listed.

The highest phenolic contents were observed in the polar fractions L-F2, L-F3 and T-F2 with 288.3,
220.1 and 256.8 mg/g, respectively, which were significantly higher compared to the nonpolar fractions
T-F5 and T-F6 with 24.2 and 21.0 mg/g. In contrast, the polar fractions contained significantly lower
levels of triterpenoid saponins with 49.2, 77.5 and 67.5 mg/g for L-F2, L-F3 and T-F2, respectively,
compared to T-F5 with 325.8 mg/g and T-F6 with 188.5 mg/g (Table 4). For steroidal saponins, fraction
T-F6 contained the highest amount with 107.4 mg/g, followed by T-F5 with 30.8 mg/g, L-F3 with 26.5
mg/g, L-F2 with 19.3 mg/g and T-F2 with 18.8 mg/g (Table 4).

Table 4. Phytochemical composition in mg/g dry sample and relative COX-2 inhibition to control (%) of the Waltheria indica leaf

extract fractions. Data points represent the mean value + standard deviations of three samples. GAE = Gallic acid equivalent;

OAE = Oleanolic acid equivalent; DE = Diosgenin equivalent; n.d., not detected.

CPC fraction L-F2 L-F3 T-F2 T-F5 T-F6

Total phenols (mg GAE/g) 288.3+4.1 220.1+42 256.8+3.1 242+21 21.0x17
Triterpenoid saponin (mg OAE/g) 49.2+19 775+21 675+41 3258148 1885134

Steroidal saponin (mg DE/g) 19.3+11 265+09 188+13 30.8+15 107.4+41

Alpha-linolenic acid (mg/g) n.d. n.d. n.d. 113 +£2.1 8.6+0.7
Linoleic acid (mg/g) n.d. n.d. n.d. 3715 129+0.5
COX-2 inhibition (%) 228+25 346124 251+35 687125 96255

When considering the total phenol content in the polar fractions L-F2, L-F3 and T-F2 and their COX-2
inhibition, a correlation was not evident as L-F2, with the highest phenol content, had a lower COX-2
inhibitory activity compared to L-F3 with the lowest phenol content but the highest COX-2 inhibition. In
the case of the triterpenoid- and steroidal saponin content, one could deduce that COX-2 inhibition

increases with its increasing content in these fractions.

In the case of nonpolar fractions T-F5 and T-F6, the results revealed that although T-F6 contained lower

content of triterpenoid saponins, ALA and LA, compared to T-F5 the observed COX-2 inhibitory activity
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was significantly higher. This can be explained by the steroidal saponin content, which was 3.5 times
higher in fraction T-F6, indicating that steroidal saponins in this case contributed predominantly to the
COX-2 inhibitory activity.

Based on these data, it can be concluded that the steroidal and triterpenoid saponins, and ALA and LA,
are among the prominent COX-2 inhibitory compounds in Waltheria indica extracts. With the aim of
predicting the COX-2 inhibitory activity of the extracts, the next step was to attempt the development of

mathematical models based on the composition and COX-2 inhibitory activity of the extracts studied.

2.8. COX-2 Inhibition Prediction Models

To predict the COX-2 inhibitory properties of different Waltheria indica extracts, two mathematical
models (model A and B) were generated, considering steroidal and triterpenoid saponins as well as ALA
and LA as positive contributors to the COX-2 inhibition. The phytochemical composition of the
investigated extracts and their COX-2 inhibition activity served as the data basis (Table S1). Tiliroside,
OA and phenols were not taken into consideration since experimental work indicated that they do not

influence the COX-2 inhibitory activity at the concentration levels present in the extracts.

Model A was generated by considering, as a predictor variable for COX-2 inhibition activity, the weighted
sum of the concentrations of the contributors in the extract. For each contributor, the slope of the linear
regression line between the concentration of the contributor and COX-2 inhibition in the extracts served
as the weighting factor. For ALA and LA, we observed a second-order polynomial relationship between
their concentration and COX-2 inhibition activity. Thus, a linearization was applied to both variables, in
this case a square root transformation, to obtain the slope of the linear regression line. The obtained
weighting factors for the individual concentrations were 0.27 for triterpenoid saponins, 0.50 for steroidal
saponins, 8.23 for the square root of ALA and 10.03 for the square root of LA. A linear regression line
was then fit between the weighted sum of contributors (x-variable) calculated using Equation (7) and
COX-2 inhibition activity (y-variable), leading to the equation y = 0.257x + 20.911.

Model B was generated using partial least squares (PLS) regression, which is a linear multivariate
regression that is useful for analyzing data with many variables and few observations (as is in the present
case: four variables with seven observations). The PLS regression considered as predictors (x-
variables) the concentration of each positive contributor and the COX-2 inhibitory activity as a response
variable (y-variable). Similar to Model A, ALA and LA concentration values were first square-root
transformed to improve their linear relationship with COX-2 inhibitory activity. The obtained PLS model
can be represented by the linear equation y = 0.0693a + 0.1296b + 2.1269c + 2.5925d + 20.9035.

Both models were used to generate a linearity plot, i.e., the scatter plot showing the relationship between
the observed versus predicted COX-2 inhibitory activity values for the extracts, and to calculate the root

mean square error (RMSE). The obtained linearity plots are depicted in Figure 8.
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Figure 8. Graphs representing (A) model A linearity plot of observed versus predicted COX-2 inhibition of Waltheria indica extracts
(RMSE = 1.6%) based on the obtained linear fit equation y=0.257x + 20.911 generated by the weighted sum of the contributors
versus COX-2 inhibitory activity and (B) model B linearity plot of observed versus predicted COX-2 inhibition (RMSE = 1.6%)
based on the generated linear fit equation y = 0.0693a + 0.1269b + 2.1269c + 2.5925d + 20.9035 by PLS regression. Dashed
lines represent the line of identity (y=x). y = predicted COX-2 inhibition (%); x = weighted sum concentration of the contributors; a
= triterpenoid saponin concentration; b = steroidal saponin concentration; ¢ = square root concentration of ALA; d = square root

concentration of LA.

The results demonstrate that the approach of using the weighted sum of the concentrations in model A
led to similar results as the application of a multivariate regression method available in a commercial
software carried out with method B. Applying the linear fit equation from model A or model B results in
a similarly good fit with a RMSE = 1.6% COX-2 inhibition activity demonstrating a high correspondence

between predicted versus observed values.

In both models, the data show that the coefficients of the contributors increase in the order LA > ALA >
steroidal saponins > triterpenoid saponins, indicating that their contribution to COX-2 inhibitory activity
in Waltheria indica extracts follows this order. It is also important to note that while these models provide
good prediction results for Waltheria indica extracts, they are not necessarily applicable to CPC fractions
or to pure substances. As it is important not to extrapolate, the concentration of the phytochemicals in
the test samples should be within the concentration ranges of the extracts used for the models. While
the individual fractions are simplified systems suitable for the identification of positive contributors to the
COX-2 inhibitory activity, extracts are much more complex systems with a greater number of interactions
between the individual components having an in-fluence on the potential biological activity. This
becomes obvious when looking at the single substances without any interactions with other compounds
in the extracts, where ALA showed a stronger contribution overall compared to LA (Figure 6). In the
case of the CPC fractions where the concentrations of several phytochemicals were higher compared
to their concentration in extracts, the data suggest that the steroidal saponins contribute the most (Table
4). In the event of the future discovery of additional substances that contribute positively to COX-2
inhibition and are present in sufficient concentrations in the extract, the mathematical models

established here should be revisited and can be adopted accordingly.

Based on the proposed mathematical models, a more targeted development of extraction procedures is
possible in order to obtain Waltheria indica extracts with improved anti-inflammatory properties.
Furthermore, the transfer of the approach presented in this work to the prediction of other biological

endpoints would be of great interest and should be considered in future studies.
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3. Materials and Methods

3.1. Chemicals

Galllic acid, oleanolic acid, diosgenin, alpha-linolenic acid, linoleic acid and oleic acid (as reference
standards) and Folin—Ciocalteu reagent, vanillin, perchloric acid, sulfuric acid, dimethyl sulfoxide were
purchased from Sigma-Aldrich (St. Louis, MO, USA). Sodium carbonate, acetic acid, hydrochloric acid
and anisaldehyde were obtained from Merck KGaA (Darmstadt, Germany). All other solvents and
chemicals used were of analytical or HPLC grade. The working solutions were prepared immediately

prior to measurement.
3.2. Plant Material

Waltheria indica L. plant was collected from Wageningen University & Research (Wageningen,
Gelderland, Netherlands) and confirmed as Waltheria indica L. by Eurofins Genomics Europe Applied
Genomics GmbH. Leaf samples were dried at a constant temperature of 40 °C for 48 h (Vacutherm,

Thermo Scientific) and grounded into a fine powder before extraction.
3.3. Plant Extract Preparation

Plant extraction was performed by accelerated solvent extraction Dionex ASE 350 (Thermo Scientific,
Waltham, MA, USA). For all extractions, 100 mL containers were charged with 10-12.5 g plant material
mixed with diatomaceous earth (60-033854, Thermo Scientific, Waltham, MA, USA) as a neutral matrix
to assure a 1:20 plant/solvent ratio. The ASE extraction was performed with 4 cycles in total, each cycle
having a 6 min static time and a 160 s purge time at 1460 psi static pressure. The extraction temperature
was 90 °C for all solvents and additionally 30, 70 and 150 °C for ethanol extraction. The obtained extracts
were filtered through a 0.22 pm membrane (HPF Millex®, Merck Millipore, Burlington, MA,USA) and
evaporated under vacuum at 60 °C. The extract yield (mg/g dry plant) was calculated using Equation
(1) and the fatty acid yield extracted from 1 g plant material (mg/g dry plant) was calculated using

Equation (2).

Yield extract = weight of dry extract/weight of dried plant material (1)
Yield fatty acid = concentration fatty acid in extract x yield extract (2)
3.4. Centrifugal Partition Chromatography

CPC separations were performed with a CPC-1000 (Gilson, Middleton, WI, USA) using a two-phase
solvent system of the Arizona solvent family composed of heptane, ethyl acetate, methanol and water.
Fractionation of the crude extract started with the solvent composition AZ-N (1:1:1:1, v/v). Subsequently,
more polar solvent compositions (AZ-H (1:3:1:3, v/v), AZ-K (1:1:1:2, v/v) and AZ-L (2:3:2:3, v/v)) and
non-polar solvent compositions (AZ-T (3:1:3:1, v/v) , AZ-R (2:1:2:1, vIv) and AZ-U (4:1:4:1, v/v)) were
carried out. The fractionation of the extract was performed in the descending mode. The column was
first filled with the stationary phase, then the apparatus was rotated at 1500 rpm and the CPC column
was equilibrated with the mobile phase at a flow rate of 20 mL/min. After having reached the

hydrodynamic equilibrium, a sample solution (50 mL, 3 mg/mL) was injected into the column. The
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separation was performed at a flow rate of 20 mL/min and monitored with a DAD detector at 254 nm.
The fractions were collected in 25 mL test tubes and evaporated under vacuum at 40 °C. The strategy
for the combination of the fractions was based on the UV signal for the polar part of the plant. During
the investigations, it became apparent that a number of compounds were not UV active. In particular,
the fractionation of the non-polar part of the extract was partly realized on a visual basis, as the fractions

showed color differences to some extent, with no detectable UV signal.

The CPC fraction yield (%, w/w) was calculated using Equation (3). The calculation of the non-polar part
was primarily conducted on a visual basis, with fraction T-F5 being yellow and T-F6 being green, as no
UV signal was detectable with CPC-DAD. The obtained fractions were dissolved in DMSO for further
analysis (2 mg/mL).

Yield CPC fraction = weight of dry fraction/injected amount of dry extract x 100 (3)
3.5. Identification of Fatty Acids and UHPLC Analysis

The identification of alpha-linolenic acid, linoleic acid and oleic acid in the CPC fraction T-F5 was
achieved using the Vanquish HPLC system coupled with a mass spectrometer (Q Exactive™ Hybrid
Quadrupole-Orbitrap™, Thermo Scientific, Waltham, MA, USA) with H-ESI interface and negative

ionization with 30 °C column temperature, 0.4 mL/min flow speed and 1 pL injection volume.

The separation was accomplished using a C-18 column (ThermoFisher™ Hypersil Gold™ aQ, 150 x
2.1 mm, 1.9 ym, Thermo Scientific, Waltham, MA, USA) and gradient elution with solvent A (water/formic
acid 99.9/0.1 (v/v)) and B (acetonitrile/formic acid 99.9/0.1 (v/v)). The gradient started at 5% (v/v) B, was
held constant for 1 min, ramped up to 50% over 20 min, ramped up to 98% over 20 min, and held

constant for 25 min.

The HPLC-MS/MS chromatograms are summarized in the Supplementary Material section. The HPLC
profile of the sample T-F5 showed three intense UV peaks at Rt = 33.91 min with a single charge state
of MH- 277.2 g/mol, Rt = 36.00 min with MH- 279.2 g/mol and Rt = 38.51 min with MH- 281.2 g/mol.
High resolution mass spectrometer fragmentation data confirmed the identification of alpha-linolenic
acid, linoleic acid and oleic acid within the CPC fraction T-F5 (Figure S6-12).

The analysis of the CPC factions and extract samples as well as the quantification of alpha-linolenic
acid, linoleic acid and oleic acid were carried out on a UHPLC (UltiMate 3000, Thermo Scientific,
Waltham, MA, USA A) coupled with a CAD (Corona™ Veo™ RS, Thermo Scientific, Waltham, MA,
USA) and a DAD (VANQUISH™ DAD HL, Thermo Scientific, Waltham, MA, USA). CAD detection was
performed at 35 °C evaporation temperature and UV detection at 200 nm with 30 °C column
temperature, 0.4 mL/min flow speed and 3 pL injection volume. The separation was accomplished with
the identical column and method as used for the identification of the fatty acids by HPLC-MS/MS. The
UHPLC-CAD chromatograms of the CPC fractions are summarized in the Supplementary Data (Figure
$1-5). ALA, LA and OA concentrations present in the extracts and CPC fractions were calculated from
a five data point calibration curve with the respective reference standard (0.010-0.140 mg/mL). The

results were expressed in %, w/w.
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3.6. COX-2 Inhibitory Activity

The ability of the CPC fractions and Waltheria indica extracts to inhibit COX-2 was determined using the
fluorometric COX-2 specific inhibitor screening kit (BioVision, Zurich, Switzerland). The experimental
protocol was followed according to the user manual. Fluorescence values (Ex/Em = 535/587 nm) of the
samples were kinetically measured using a Tecan-Spark multimode microplate reader (Spark 20M,
TECAN, Mannedorf, Switzerland) at 25 °C for 10 min. Two appropriate points (T1 and T2) in the linear
range of the plot were chosen, and the corresponding fluorescence values (RFU1 and RFU2) were
obtained. The enzymatic assay was applied in the concentration range of 0.9-5 uM for the ALA, LA and
OA reference standards and 20 ug/mL for the extracts and CPC fractions dissolved in dimethyl sulfoxide
(DMSO). Each sample was analyzed six-fold; celecoxib (0.5 pM) was used as a positive control, while
DMSO was used as a blank. The slope for all samples (S), including enzyme control (EC), was
calculated by dividing the ARFU (RFU2-RFU1) values by the time AT (T2-T1). Subsequently, the

percentage of relative COX-2 inhibition (RI) of the samples was first calculated using Equation (4):
% relative COX-2 inhibition = (Slope of EC - Slope of S)/Slope of EC x 100 (4)

For a more accurate comparison of the results with subsequent experiments, the positive control was
set to 100% and the percentage of relative COX-2 inhibition to the positive control was calculated

according to Equation (5):
% relative COX-2 inhibition to positive control = RI sample/RI positive control x 100 (5)

The contribution, in percentage, of the fatty acid mixtures to the total COX-2 inhibitory activity of the

respective extract was calculated using Equation (6).

Contribution = COX-2 inhibition FAM/COX-2 inhibition extract x 100 (6)
3.7. Quantification of Phytochemicals

3.7.1. Phenol Quantification

For a reliable correlation between concentration of phenolic compounds and their activity, the total
phenol content was determined using the Folin—Ciocalteu method with slight modifications [47]. The test
solutions (1.0 mL, 1 mg/mL) were mixed with the Folin—Ciocalteu reagent (10 mL, previously diluted in
water 1:10, v/v) and sodium carbonate (Na2CO3; 8.0 mL, 75 g/L). The tubes containing the solutions
were vortexed for 15 s and incubated for 120 min at room temperature for color development. The
absorbance was measured at 765 nm against a blank (methanol) using a Varian Cary 60 UV-VIS
spectrophotometer (Agilent, Santa Clara, CA, USA). All assays were performed in triplicate. Gallic acid
(0.0100-0.150 mg/mL) was used for calibration and the results were expressed as mg of gallic acid

equivalents per gram of dry extract (mg GAE/qg).
3.7.2. Triterpenoid Saponin Quantification

The triterpenoid content was determined based on the vanillin-perchloric acid method with slight
modifications [48]. The test solution (200uL, 1mg/mL), in a 10 mL tube, was heated to evaporate the

solvent and the solid was reconstituted in a vanillin-glacial acetic acid solution (300 L, 5% w/v) and in
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perchloric acid (1.0 mL, 70%). The sealed samples were heated for 45 min at 60 °C and afterwards
cooled in an ice-water bath followed by the addition of glacial acetic acid (4.5 mL). The absorbance of
the sample solutions was measured at 540 nm against a blank using a Varian Cary 60 UV-VIS
spectrophotometer (Agilent, Santa Clara, CA, USA). The blank was treated identically with the exception
that no vanillin was used. Oleanolic acid (0.0090-0.4000 mg/mL in methanol) was used for calibration

and the results were expressed as mg of oleanolic acid equivalents per gram of dry extract (mg OAE/Q).
3.7.3. Steroidal Saponin Quantification

The spectrophotometric quantification of the steroidal saponin content was based on the quantification
of steroidal sapogenins method with minor modifications in which stable and reproducible results with
several standards and without interference from sugars, sterols, fatty acid and vegetable oil were
reported [49-51].

After the test solution (200uL, 1mg/mL), in a 10 mL tube, was heated to evaporate the solvent, the
precipitate was dissolved in ethyl acetate (2.0 mL) and mixed with anisaldehyde/ethyl acetate solution
(1.0 mL, 0.5%, v/v) and sulfuric acid (1.0 mL, previously diluted in ethyl acetate 1:1, v/v). The sealed
samples were further incubated for 20 min at 60 °C and cooled afterwards in an ice-water bath followed
by the addition of demineralized water (0.5 mL). The samples were incubated for 30 min before the
absorbance of the sample solutions was measured at 430 nm against a blank using a UV-VIS
spectrophotometer (Varian Cary 60, Agilent, Santa Clara, CA, USA). The blank was treated identically
with the exception that no anisaldehyde was used. Diosgenin (0.0125-0.2000 mg/mL in methanol) was
used for calibration and the results were expressed as mg of diosgenin equivalents per gram of dry

extract (mg DE/q).
3.8. COX-2 Inhibition Prediction Models

Two mathematical models (model A and B) were generated to predict the COX-2 inhibitory properties
of different Waltheria indica extracts, considering steroidal saponins (S) and triterpenoid saponins (T)
as well as ALA and LA as positive contributors to the COX-2 inhibition. The phytochemical composition

of the investigated extracts and their COX-2 inhibition activity served as the data basis.

Model A was generated by considering, as a predictor variable for COX-2 inhibition activity, the weighted
sum of the concentrations of the contributors (Sw) in the extract. The weighting factor for each
contributor i (Wi) was taken as the slope of the linear regression line between the concentration of the
contributor (Ci) and the COX-2 inhibitory activity of the extracts. For ALA and LA, a second-order
polynomial relationship between their concentration and COX-2 inhibition activity was observed. To
obtain the slope of the linear regression line, and thus, the corresponding Wi values, a linearization was
applied to both variables—in this case, a square root transformation. The weighted sum (Sw) in model

A of the concentrations of the contributors in the extract was calculated following Equation (7):

Sw = Ws X Cs + Wrp X Cp + Wypg X 3/ Cara + Wya X Y Cra (7)
The weighted sum (x-variable) of each extract was plotted versus the respective COX-2 inhibitory activity

(y-variable) to obtain the linear regression line. The obtained Wi was 0.27 for triterpenoid saponins, 0.50
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for steroidal saponins, 8.23 for the square root of ALA and 10.03 for the square root of LA. The so
obtained equation y = 0.257x + 20.911 was used to generate the predicted versus observed COX-2

inhibitory activity linearity plot and to calculate the root mean square error (RMSE)

Model B was generated using PLS regression, which is a linear multivariate regression, computed with
SICMCA® (version 17.0), a multivariate data analysis software application (Sartorius AG, Goettingen,
Germany). The model used, as predictor variables (x-variables), the concentration of the four positive
contributors (considering the square root values for ALA and LA), and the COX-2 inhibitory activity was
used as the dependent variable (y-variable). Before model fitting, variables were mean centered and
scaled to unit variance. Model optimization was based on internal validation by considering leave-one-
sample-out cross-validation (using a 95% confidence level). Based on the latter, the final PLS model
dimensionality (i.e., the number of significant PLS components) was one, and all the predictor variables
were found to be significant to model the response of interest (and thus, were included in the PLS
model).

3.9. Statistical Analysis

All results are expressed as means + standard deviation (SD). Determinations of phytochemical and
fatty acid concentrations were performed in triplicate and the determination of COX-2 inhibition was
performed with n=6. Statistical data processing was carried out by one-way analysis of variance
(ANOVA) to assess the statistical significance of the observed differences. The statistical analysis was
carried out using GraphPad Prism 9.1.2 (GraphPad Software, San Diego, CA, USA). P < 0.05 was

considered statistically significant.
4. Conclusions

In this study, we showed that the activity-guided approach led to the identification of alpha-linolenic acid,
linoleic acid and oleic acid, which were identified and reported for the first time in Waltheria indica leaf
extracts. The study revealed that they are responsible for up to 41% of the COX-2 inhibition observed
in the respective Waltheria indica extract, with ALA and LA proving to be the major contributors, of the
three fatty acids, to COX-2 inhibition. Through additional phytochemical analyses of the extract fractions,
substances from the group of steroidal saponins and triterpenoid saponins were also identified as
positive contributors to the COX-2 inhibitory activity. The identification of substances contributing to
COX-2 inhibition enabled the successful development of mathematical models to predict the COX-2
inhibition of Waltheria indica extracts. Based on the mathematical models, it can be inferred that the
contribution of the different substances in the Waltheria indica extracts follows the order linoleic acid >
alpha linolenic acid > steroid saponins > triterpenoid saponins. These findings enable a more targeted
development of extraction processes to obtain Waltheria indica extracts with superior anti-inflammatory

properties.

Supplementary Materials: The following are available online, Figure S1: UHPLC chromatogram of
CPC fraction L-F2 with (A) CAD and (B) DAD at 200 nm. Figure S2: UHPLC chromatogram of CPC
fraction L-F3 with (A) CAD and (B) DAD at 200 nm. Figure S3: UHPLC chromatogram of CPC fraction
T-F2 with (A) CAD and (B) DAD at 200 nm. Figure S4: UHPLC chromatogram of CPC fraction T-F5 with
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(A) CAD and (B) DAD at 200 nm. Figure S5: UHPLC chromatogram of CPC fraction T-F6 with (A) CAD
and (B) DAD at 200 nm. Figure S6: UHPLC-UV chromatogram at 200 nm of (A) CPC fraction T-F5 (2
mg/mL) and (B) alpha-linolenic acid reference standard (0.05 mg/mL), (C) linoleic acid (0.05 mg/mL),
(D) oleic acid (0.05 mg/mL). Figure S7: MS data of (A) peak at Rt = 33.91 with a single charge state of
MH- 277.2 g/mol and (B) alpha-linolenic acid reference standard. Figure S8: Fragments (A) of 277.2
g/mol signal in fraction T-F5 and (B) of alpha-linolenic acid reference standard. Figure S9: MS data of
(A) peak at Rt = 36.00 with a single charge state of MH- 279.23 g/mol and (B) linoleic acid reference
standard. Figure S10: Fragments (A) of 279.2 g/mol signal in fraction T-F5 and (B) of linoleic acid
reference standard. Figure S11: MS data of (A) peak at Rt = 38.51 with a single charge state of MH-
281.2 g/mol and (B) oleic acid reference standard. Figure S12: Fragments (A) of 281.2 g/mol signal in
fraction T-F5 and (B) of oleic acid reference standard. Figure S13: IC50 values (ug/mL) of extracts (left
of dashed line) and CPC fractions (right of dashed line) required to inhibit 0.1 mM DPPH. Table S1:
Phytochemical composition in mg/g dry sample and relative COX-2 inhibition to control (%) of the

Waltheria Indica leaf extracts.

Author Contributions: Conceptualization, M.T., C.M.K. and J.v.H; methodology, M.T.; software, M.T_;
validation, M.T., J.v.H., A.S. and C.C.; formal analysis, M.T.; investigation, M.T.; resources, J.v.H.; data
curation, M.T.; writing—original draft preparation, M.T.; writing—review and editing, J.v.H., C.C., A.S.,
J.H. and C.M.K; visualization, M.T.; supervision, J.v.H., J.H. and C.M.K; project administration, J.v.H;

funding acquisition, J.v.H. All authors have read and agreed to the pub-lished version of the manuscript.
Funding: This research was funded by Merck KGaA, Darmstadt, Germany.
Data Availability Statement: Data are available from the authors upon reasonable request.

Acknowledgments: We thank Lisa Eckelhoefer for the excellent biological experimental support. We
would further like to thank Ligia Braz from 4Tune Engineering for her support in developing the

mathematical prediction models.

Conflicts of Interest: Andrew Salazar, Joerg von Hagen and Christophe Carola are associated with
Merck KGaA (Darmstadt, Germany). The funders had no role in the design of the study, in the collection

of data or in the analyses.

Sample Availability: Samples of Waltheria Indica L. leaves are available from the authors.

References

1. Jones, S.A. Directing Transition from Innate to Acquired Immunity: Defining a Role for IL-6. J.
Immunol. 2005, 175, 3463—3468. https://doi.org/10.4049/jimmunol.175.6.3463.

2. Pasparakis, M.; Haase, |.; Nestle, F.O. Mechanisms Regulating Skin Immunity and Inflammation.
Nat. Rev. Immunol. 2014, 14, 289-301. https://doi.org/10.1038/nri3646.

3. Philpott, M.; Ferguson, L.R. Immunonutrition and Cancer. Mutat. Res. Fundam. Mol. Mech.
Mutagenesis 2004, 551, 29-42. https://doi.org/10.1016/j.mrfmmm.2004.03.005.



Results 74

10.

11.

12.

13.

14.

15.

Greene, E.R.; Huang, S.; Serhan, C.N.; Panigrahy, D. Regulation of Inflammation in Cancer by
Eicosanoids. Prostaglandins Other Lipid Mediat. 2011, 96, 27-36.
https://doi.org/10.1016/j.prostaglandins.2011.08.004.

Mantovani, A.; Allavena, P.; Sica, A.; Balkwill, F. Cancer-Related Inflammation. Nature 2008, 454,
436—444. https://doi.org/10.1038/nature07205.

Leong, J.; Hughes-Fulford, M.; Rakhlin, N.; Habib, A.; Maclouf, J.; Goldyne, M.E.
Cyclooxygenases in Human and Mouse Skin and Cultured Human Keratinocytes: Association of
COX-2 Expression with Human Keratinocyte Differentiation. Exp. Cell Res. 1996, 224, 79-87.
https://doi.org/10.1006/excr.1996.0113.

Buckman, S. COX-2 Expression Is Induced by UVB Exposure in Human Skin: Implications for the
Development of Skin Cancer. Carcinogenesis 1998, 19, 723-729.
https://doi.org/10.1093/carcin/19.5.723.

An, K.P.; Athar, M.; Tang, X.; Katiyar, S.K.; Russo, J.; Beech, J.; Aszterbaum, M.; Kopelovich, L.;
Epstein, E.H.; Mukhtar, H.; et al. Cyclooxygenase-2 Expression in Murine and Human
Nonmelanoma Skin Cancers: Implications for Therapeutic Approaches. Photochem. Photobiol.
2007, 76, 73-80. https://doi.org/10.1562/0031-8655(2002)0760073CEIMAH2.0.CO2.

Di Meglio, P.; Perera, G.K.; Nestle, F.O. The Multitasking Organ: Recent Insights into Skin
Immune Function. Immunity 2011, 35, 857-869. https://doi.org/10.1016/j.immuni.2011.12.003.

Segal, B.H.; Leto, T.L.; Gallin, J.l.; Malech, H.L.; Holland, S.M. Genetic, Biochemical, and Clinical
Features of Chronic Gran-ulomatous Disease. Medicine 2000, 79, 170-200.

https://doi.org/10.1097/00005792-200005000-00004.

Nathan, C. Points of Control in Inflammation. Nature 2002, 420, 846-852.
https://doi.org/10.1038/nature01320.

Shishodia, S.; Potdar, P.; Gairola, C.G.; Aggarwal, B.B. Curcumin (Diferuloylmethane) down-
Regulates Cigarette Smoke-Induced NF-KappaB Activation through Inhibition of lkappaBalpha
Kinase in Human Lung Epithelial Cells: Corre-lation with Suppression of COX-2, MMP-9 and
Cyclin D1. Carcinogenesis 2003, 24, 1269-1279. https://doi.org/10.1093/carcin/bgg078.

Han, J.A.; Kim, J.-I.; Ongusaha, P.P.; Hwang, D.H.; Ballou, L.R.; Mahale, A.; Aaronson, S.A; Lee,
S.W. P53-Mediated Induction of Cox-2 Counteracts P53- or Genotoxic Stress-Induced Apoptosis.
EMBO J. 2002, 21, 5635-5644. https://doi.org/10.1093/emboj/cdf591.

Shacter, E.; Weitzman, S.A. Chronic Inflammation and Cancer. Oncology 2002, 16, 217-226.

Pockaj, B.A.; Basu, G.D.; Pathangey, L.B.; Gray, R.J.; Hernandez, J.L.; Gendler, S.J.; Mukherjee,
P. Reduced T-Cell and Dendritic Cell Function Is Related to Cyclooxygenase-2 Overexpression
and Prostaglandin E2 Secretion in Patients With Breast Cancer. Ann. Surg. Oncol. 2004, 11, 328—
339. https://doi.org/10.1245/AS0.2004.05.027.



Results 75

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Misra, S.; Hascall, V.C.; Markwald, R.R.; O’'Brien, P.E.; Ghatak, S. Inflammation and cancer. In
Wound Healing: Stem Cells Repair and Restorations, Basic and Clinical Aspects; Turksen, K.,
Ed.; John Wiley & Sons (Hoboken, NJ, USA), 2018; pp. 239-274.

Choy, E.; Rose-John, S. Interleukin-6 as a Multifunctional Regulator: Inflammation, Immune
Response, and Fibrosis. J. Scle-roderma Relat. Disord. 2017, 2, S1-S5.
https://doi.org/10.5301/jsrd.5000265.

Zhuang, Y.; Lyga, J. Inflammaging in Skin and Other Tissues—The Roles of Complement
System and Macrophage. IADT 2014, 13, 153-161.
https://doi.org/10.2174/1871528113666140522112003.

Desai, S.J.; Prickril, B.; Rasooly, A. Mechanisms of Phytonutrient Modulation of Cyclooxygenase-
2 (COX-2) and Inflammation Related to Cancer. Nutr. Cancer 2018, 70, 350-375.
https://doi.org/10.1080/01635581.2018.1446091.

Nirmala, C.; Sridevi, M. Ethnobotanical, Phytochemistry, and Pharmacological Property of
Waltheria indica Linn. Future J. Pharm. Sci. 2021, 7, 14. https://doi.org/10.1186/s43094-020-
00174-3.

Zongo, F.; Ribuot, C.; Boumendjel, A.; Guissou, |. Botany, Traditional Uses, Phytochemistry and
Pharmacology of Waltheria indica L. (Syn. Waltheria Americana): A Review. J. Ethnopharmacol.
2013, 148, 14-26. https://doi.org/10.1016/j.jep.2013.03.080.

Flatie, T.; Gedif, T.; Asres, K.; Gebre-Mariam, T. Ethnomedical Survey of Berta Ethnic Group
Assosa Zone, Benishangul-Gumuz Regional State, Mid-West Ethiopia. J. Ethnobiol. Ethnomed.
2009, 5, 14. https://doi.org/10.1186/1746-4269-5-14.

Adjanohoun, E.; Adjakidje, V.; Ahyi, M.R.A.; Akoegninou, A.; d’Almeida, J.; Apovo, F.; Boukef, K,;
Chadare, M.; Gusset, G.; Dramane, K.; et al. Contribution aux études Ethnobotaniques et
Floristiques en République Populaire du Bénin; Agence de Coopération Culturelle et Technique
(A.C.C.T.): Paris, France, 1989; p. 895. Available online:
https://www.africamuseum.be/de/research/collections_libraries/biology/prelude/view_reference?
ri=HA%2003&cur_page=3 (accessed on 2 November 2021).

Ruffo, C.K. A Survey of medicinal plants in Tabora region, Tanzania. In Traditional Medicinal

Plants; Dar Es Salaam University Press: Tanzania (Daressalam, Tanzania), 1991; pp. 391-416.

Zerbo, P.; Millogo-Rasolodimey, J.; Nacoulma-Ouerdraogo, O.; Van Damme, P. Contribution a
La Connaissance Des Plantes Médicinales Utilisées Dans Les Soins Infantiles En Pays San, Au
Burkina Faso. Int. J. Biol. Chem. Sci. 2008, 1, 262-274. hitps://doi.org/10.4314/ijbcs.v1i3.39704.

Borokini, T.l.; Omotayo, F.O. Phytochemical and Ethnobotanical Study of Some Selected
Medicinal Plants from Nigeria. JMPR 2012, 6, 1106—1118. https://doi.org/10.5897/JMPR09.430.

Cretton, S.; Bréant, L.; Pourrez, L.; Ambuehl, C.; Perozzo, R.; Marcourt, L.; Kaiser, M.; Cuendet,

M.; Christen, P. Chemical Constituents from Waltheria indica Exert in Vitro Activity against



Results 76

28.

20.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Trypanosoma Brucei and T. Cruzi. Fitoterapia 2015, 105, 55-60.
https://doi.org/10.1016/j.fitote.2015.06.007.

Vedavathy, S.; Rao, K.N. Anti-inflammatory activity of some indigenous medicinal plants of Chittor
district, Andhra Pradesh. Indian Drugs 32 1995, 9, 427—-432.

Yougbare-Ziebrou, M.N.; Lompo, M.; Ouedraogo, N.; Yaro, B.; Guissoun, |.P. Antioxidant,
Analgesic and Anti-Inflammatory Activities of the Leafy Stems of Waltheria indica L.
(Sterculiaceae). J. Appl. Pharm. Sci. 2016, 6, 124—129.

Chandekar, A.; Vyas, A.; Upmanyu, N.; Tripathi, A.; Agrawal, S. Preliminary Screening of
Waltheria indica (L.) Plant for Its Anti-Inflammatory Activity. Int. J. Phytomed. 2017, 9, 275-278.
https://doi.org/10.5138/09750185.2079.

Owemidu, |.; Olubori, M.; Faborode, O.; Oloyede, O.; Onasanwo, S. Anti-Nociceptive and Anti-
Inflammatory Activities of the Methanol Extract of Waltheria Americana Leaf in Experimental
Animals. J. Complement. Med. Res. 2018, 9, 47. https://doi.org/10.5455/jcmr.20180118112751.

Rao, Y.K.; Fang, S.-H.; Tzeng, Y.-M. Inhibitory Effects of the Flavonoids Isolated from Waltheria
indica on the Production of NO, TNF-a and IL-12 in Activated Macrophages. Biol. Pharm. Bull.
2005, 28, 4.

Laczko, R.; Chang, A.; Watanabe, L.; Petelo, M.; Kahaleua, K.; Bingham, J.-P.; Csiszar, K. Anti-
Inflammatory Activities of Waltheria Indica Extracts by Modulating Expression of IL-1B, TNF-q,
TNFRII and NF-KB in Human Macrophages. Inflam-mopharmacology 2020, 28, 525-540,
doi:10.1007/s10787-019-00658-6.

Monteillier, A.; Cretton, S.; Ciclet, O.; Marcourt, L.; Ebrahimi, S.N.; Christen, P.; Cuendet, M.
Cancer Chemopreventive Activity of Compounds Isolated from Waltheria indica. J.
Ethnopharmacol. 2017, 203, 214-225. https://doi.org/10.1016/j.jep.2017.03.048.

Carlsen, I.; Frekieer, J.; Ngrregaard, R. Quercetin Attenuates Cyclooxygenase-2 Expression in
Response to Acute Ureteral Obstruction. Am. J. Physiol. Ren. Physiol. 2015, 308, F1297-F1305.
https://doi.org/10.1152/ajprenal.00514.2014.

Grochowski, D.M.; Locatelli, M.; Granica, S.; Cacciagrano, F.; Tomczyk, M. A Review on the
Dietary Flavonoid Tiliroside. Compr. Rev. Food Sci. Food Saf. 2018, 17, 1395-1421.
https://doi.org/10.1111/1541-4337.12389.

de Paula Vasconcelos, P.C.; Seito, L.N.; Di Stasi, L.C.; Akiko Hiruma-Lima, C.; Pellizzon, C.H.
Epicatechin Used in the Treatment of Intestinal Inflammatory Disease: An Analysis by
Experimental Models. Evid. -Based Complement. Altern. Med. 2012, 2012, e508902.
https://doi.org/10.1155/2012/508902.

Mutoh, M.; Takahashi, M.; Fukuda, K.; Komatsu, H.; Enya, T.; Matsushima-Hibiya, Y.; Mutoh, H.;
Sugimura, T.; Wakabayashi, K. Suppression by Flavonoids of Cyclooxygenase-2 Promoter-

Dependent Transcriptional Activity in Colon Cancer Cells: Structure-Activity Relationship.



Results 77

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Japanese Journal of Cancer Research 2000, 91, 686-691, doi:10.1111/j.1349-
7006.2000.tb01000.x.

Attig, A.; Jalil, J.; Husain, K.; Ahmad, W. Raging the War Against Inflammation With Natural
Products. Front. Pharmacol. 2018, 9. https://doi.org/10.3389/fphar.2018.00976.

Termer, M.; Carola, C.; Salazar, A.; Keck, C.M.; Hemberger, J.; von Hagen, J. Identification of
Plant Metabolite Classes from Waltheria indica L. Extracts Regulating Inflammatory Immune
Responses via COX-2 Inhibition. J. Ethnopharmacol. 2021, 270, 113741.
https://doi.org/10.1016/j.jep.2020.113741.

Lu, Y.; Luthria, D. Influence of Postharvest Storage, Processing, and Extraction Methods on the
Analysis of Phenolic Phyto-chemicals. In Instrumental Methods for the Analysis and Identification
of Bioactive Molecules; ACS Symposium Series; American Chemical Society (Washington D.C.,
USA): 2014; Volume 1185, pp. 3—-31, ISBN 0-8412-2976-7.

Ringbom, T.; Huss, U.; Stenholm, A.; Flock, S.; Skattebgl, L.; Perera, P.; Bohlin, L. COX-2
Inhibitory Effects of Naturally Oc-curring and Modified Fatty Acids. J. Nat. Prod. 2001, 64, 745—
749. https://doi.org/10.1021/np000620d.

Sato, |.; Kofujita, H.; Tsuda, S. Identification of COX Inhibitors in the Hexane Extract of Japanese
Horse Chestnut (Aesculus Turbinata) Seeds. J. Vet. Med. Sci. 2007, 69, 709-712.
https://doi.org/10.1292/jvms.69.709.

Laneuville, O.; Breuer, D.K.; Xu, N.; Huang, Z.H.; Gage, D.A.; Watson, J.T.; Lagarde, M.; DeWitt,
D.L.; Smith, W.L. Fatty Acid Substrate Specificities of Human Prostaglandin-Endoperoxide H
Synthase-1 and -2. J. Biol. Chem. 1995, 270, 19330-19336.
https://doi.org/10.1074/jbc.270.33.19330.

Rieke, C.J.; Mulichak, A.M.; Garavito, R.M.; Smith, W.L. The Role of Arginine 120 of Human
Prostaglandin Endoperoxide H Synthase-2 in the Interaction with Fatty Acid Substrates and
Inhibitors. J. Biol. Chem. 1999, 274, 17109-17114. https://doi.org/10.1074/jbc.274.24.17109.

Smith, W.L.; Malkowski, M.G. Interactions of Fatty Acids, Nonsteroidal Anti-Inflammatory Drugs,
and Coxibs with the Catalytic and Allosteric Subunits of Cyclooxygenases-1 and -2. J. Biol. Chem.
2019, 294, 1697—1705. https://doi.org/10.1074/jbc.TM118.006295.

Singleton, V.L.; Orthofer, R.; Lamuela-Raventés, R.M. [14] Analysis of total phenols and other
oxidation substrates and an-tioxidants by means of folin-ciocalteu reagent. In Methods in
Enzymology; Elsevier (Amsterdam, Netherlands): 1999; Volume 299, pp. 152-178 ISBN 978-0-
12-182200-2.

Oludemi, T.; Barros, L.; Prieto, M.A.; Heleno, S.A.; Barreiro, M.F.; Ferreira, |. Extraction of
Triterpenoids and Phenolic Compounds from Ganoderma Lucidum: Optimization Study Using the
Response Surface Methodology. Food Funct. 2018, 9, 209-226.
https://doi.org/10.1039/c7fo01601h.



Results 78

49.

50.

51.

Baccou, J.C.; Lambert, F.; Sauvaire, Y. Spectrophotometric Method for the Determination of Total
Steroidal Sapogenin. Analyst 1977, 102, 458. https://doi.org/10.1039/an9770200458.

Ncube, B.; Ngunge, V.N.; Finnie, J.F.; Van Staden, J. A Comparative Study of the Antimicrobial
and Phytochemical Properties between Outdoor Grown and Micropropagated Tulbaghia Violacea
Harv. Plants. J. Ethnopharmacol. 2011, 134, 775-780,. https://doi.org/10.1016/j.jep.2011.01.039.

Wang, Y.; McAllister, T.A. A Modified Spectrophotometric Assay to Estimate Deglycosylation of
Steroidal Saponin to Sap-ogenin by Mixed Ruminal Microbes. J. Sci. Food Agric. 2010, 90, 1811—
1818,. https://doi.org/10.1002/jsfa.4019.



Results 79

SUPPLEMENTARY MATERIAL

2.1 Centrifugal partition chromatography fractionation
The chromatograms of the individual CPC fractions are summarized in Figure S1-5. The CPC fraction

L-F2 primarily combines the substances up to Rt = 8 min (Figure S1).

80.0
4| pA

600; A

40,0

200

OUL_IL_A___A__——A A

16

min

AL

1,500; B

1,000 3
500 ]

Al

-5001
_——
0.0 10.0 200 300 40.0 500 800 850

Figure S1: UHPLC chromatogram of CPC fraction L-F2 with (A) CAD and (B) DAD at 200 nm.
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The fraction L-F3 contained less polar compounds up to Rt = 19 min including tiliroside, which was not

present in L-F2 (Figure S2).
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Figure S2: UHPLC chromatogram of CPC fraction L-F3 with (A) CAD and (B) DAD at 200 nm.

The fraction T-F2 contained substances between Rt=0 and Rt = 19 min (Figure S3).
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Figure S3: UHPLC chromatogram of CPC fraction T-F2 with (A) CAD and (B) DAD at 200 nm.

The fraction T-F5 collect molecules after Rt = 25 min up to Rt = 47 min (Figure S4).
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Figure S4: UHPLC chromatogram of CPC fraction T-F5 with (A) CAD and (B) DAD at 200 nm.




Results 81

The CPC fraction T-F6 collect molecules from Rt = 33.5 min (Figure S5).
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Figure S5: UHPLC chromatogram of CPC fraction T-F6 with (A) CAD and (B) DAD at 200 nm.

2.3 ldentification of fatty acids in CPC fraction T-F5

The identification of the fatty acids alpha-linolenic acid, linoleic acid and oleic acid in the CPC fraction
T-F5 was carried out with Vanquish HPLC system coupled with high resolution mass spectrometer
(Q Exactive™ Hybrid Quadrupol-Orbitrap™, Thermo Scientific™, USA) with H-ESI interface and

negative ionization at 30 °C column temperature, 0.4 ml/min flow speed and 1 L injection volume.

The separation was accomplished using C-18 column (ThermoFisher™ Hypersil Gold™ aQ, 150 x 2.1
mm, 1.9 um) and gradient elution with solvent A: water/formic acid 99.9/0.1 (v/v) and B:
acetonitrile/formic acid 99.9/0.1 (v/v). Gradient started at 5% (v/v) B holding for 1 min, ramping up to 50

% over 20 min, ramping up to 98 % over 20 min and holding for 25 min.

UV-HPLC chromatogram at 200 nm of the fraction T-F5 showed three intense UV peaks at Rt = 33.91
min, Rt = 36.00 min and Rt = 38.51 min (Figure S6, A), which corresponds to reference standards of

alpha-linolenic acid (Figure S6, B), linoleic acid (Figure S6, C) and oleic acid (Figure S6, D).
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Figure S6: UHPLC-UV chromatogram at 200 nm of (A) CPC fraction T-F5 (2 mg/mL) and reference
standards (B) alpha-linolenic acid (0.05 mg/mL), (C) linoleic acid (0.05 mg/mL), (D) oleic acid (0.05

mg/mL).

MS data show peak at Rt = 33.91 min with a single charge state of MH- 277.2 g/mol (Figure S7, A),
which corresponds to that of alpha-linolenic acid reference standard (Figure S7, B)
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Figure S7: MS data of (A) peak at Rt = 33.91 with a single charge state of MH- 277.2 g/mol and (B)
alpha-linolenic acid reference standard.



Results

83

Fragments of the 277.2 g/mol signal in fraction T-F5 (Figure S8, A) correspond to alpha-linolenic acid

reference standard fragments (Figure S8, B).
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Figure S8: Fragments (A) of 277.2 g/mol signal in fraction T-F5 and (B) of alpha-linolenic acid reference

standard.

MS data for the peak at Rt = 36.00 min with a single charge state of MH- 279.2 g/mol (Figure S9, A),

which corresponds to that of linoleic acid reference standard (Figure S9, B)
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Fragments of the 279.2 g/mol signal in fraction T-F5 (Figure S10, A) correspond to linoleic acid reference

standard fragments (Figure S10, B).
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Figure $10: Fragments (A) of 279.2 g/mol signal in fraction T-F5 and (B) of linoleic acid reference standard.

MS data for the peak at Rt = 38.51 min with a single charge state of MH- 281.2 g/mol (Figure S11, A),

which corresponds to that of oleic acid reference standard (Figure S11, B)
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Figure S11: MS data of (A) peak at Rt = 38.51 with a single charge state of MH- 281.2 g/mol and (B) oleic acid
reference standard.
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Fragments of the 281.2 g/mol signal in fraction T-F5 (Figure S12, A) correspond to oleic acid reference

standard fragments (Figure S12, B).
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Figure S12: Fragments (A) of 281.2 g/mol signal in fraction T-F5 and (B) of oleic acid reference standard.

2.6 Antioxidative potential of extracts and CPC fractions

The antioxidant potential of the extracts and CPC fractions was assessed based on their concentration
required to inhibit 50 % (ICso) of 0.1 mM 1,1-diphenyl-2-picrylhydrazyl radicals (DPPH). The ICso values
were calculated using a calibration curve with five data points with the respective sample (0.050 - 0.50
mg/mL) after determining the inhibition of the 0.1 mM DPPH solution for the respective concentration.
Sample solution (1.0 mL) for the respective concentration was mixed with DPPH solution (9 mL; 0.112
mM dissolved in ethanol) resulting in sample (S) reacting with 0.10 mM DPPH. After 60 min reaction
time the reduction of DPPH radicals was measured by the decrease in absorption (A) at 515 nm using
a UV-VIS spectrophotometer (Varian Cary 60, Agilent). Ethanolic 0.1 mM DPPH solution was used as
control sample (CS). The inhibition of 0.1 mM DPPH for the respective sample was calculated following

equation S1.
% Inhibition of 0.1 mM DPPH = (A(Cs)-A(s)) / A(Cs) x 100 (S1)

After determining the DPPH inhibition for each sample following equation 1, the ICso values were
calculated based on the calibration curves generated from these data and summarized in Figure S13.
All assays were performed in triplicate and results expressed as 1Csoin mg/mL.

The obtained results demonstrated that among the extracts, EA90 had lowest antioxidant potential with
ICso = 108 pg/mL and E70 had the highest with ICso = 37 pg/mL. Extracts E30, E90, E150, M90, and
W90 exhibited significantly higher antioxidant potential relative to EA90 with ICso values of 48, 41, 45,
43, and 44 ug/mL, respectively. Among the CPC fractions, the polar fractions L-F2, L-F3, and T-F2 with
ICso values of 24.5, 31.5, and 25.4 pg/mL, respectively, showed significantly stronger antioxidant

potential than the nonpolar fractions T-F5 and T-6 with ICso values of 617 and 362 ug/mL, respectively.
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Figure S13: ICso values (ug/mL) of extracts (left of dashed line) and CPC fractions (right of dashed line) required
to inhibit 0.1 mM DPPH. Data points represent the mean value * standard deviations of three samples (n = 3).

Given that samples with the highest COX-2 inhibition activity (EA90 for extracts and T-F5, T-F6 for CPC
fractions) possess the weakest antioxidant capacity, it became evident that the observed COX-2
inhibition was not driven by antioxidants.

2.8 COX-2 inhibition prediction model

To predict the COX-2 inhibitory properties of different Waltheria indica extracts, two mathematical
models (model A and B) were generated, considering Steroidal- and Triterpenoid saponins as well as
ALA and LA as positive contributors to the COX-2 inhibition. The phytochemical composition of the
investigated extracts and their COX-2 inhibition activity served as the data basis (Table S1)

Table S1: Phytochemical composition in mg/g dry sample and relative COX-2 inhibition to control (%) of the Waltheria Indica leaf
extracts. GAE=Gallic acid equivalent; OAE=0Oleanolic acid equivalent; DE=Diosgenin equivalent. EA90, 90 °C ethyl acetate; E30-
E70-E90-E150, 30-70-90-150 °C ethanol; M90, 90 °C methanol; W90, 90 °C water; n.d., not detectable. Values are means +
standard deviations of triplicate measurements.

Sample Triterpenoid- Steroidal-saponins Alpha-Linolenic | Linoleic acid COX-2
saponins [mg OAE/g] [mg DE/g] acid [mg/g] [mg/g] inhibition [%]
EA90 195.0 £ 3.6 113.6 +2.7 401+15 267+1.1 753 +£4.0
E30 214.8+2.3 85.1+1.3 271+15 17.6+0.9 68.0+2.7
E70 182.8+5.3 62.3+3.5 170+1.6 10.7 £ 0.7 573+4.3
E90 143.6+2.5 57.7+15 13.1+14 8.0+04 56.0£2.6
E150 120.1+3.6 59.2+14 10.0+04 59+0.3 523+5.9
M90 106.0 +3.9 53.0+0.8 73+0.4 43+0.2 457+3.1
W90 473+21 74+07 0 0 23.7+0.7
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Identification of tiliroside in Waltheria Indica extract

Identification of tiliroside in Waltheria Indica extracts were carried out on Vanquish HPLC system
coupled with Thermo Fusion™ Orbitrap Tribrid™ mass spectrometer (Thermo Scientific™) with H-ESI
interface and positive ionization. Separation was accomplished using C-18 column (Thermo Acclaim™
120, 100 x 4.6 mm, 5 ym) and gradient elution with solvent A: water/acetonitrile/trifluoroacetic acid
95/5/0.125 (v/vlv) and B: water/acetonitrile/trifluoroacetic acid 5/95/0.125 (v/v/v). Gradient started at 7%
(v/v) B, ramping up to 28 % over 15 min, ramping up to 56 % over 5 min, further to 95 % over 5 min,
held for 3 min and ramping down to 7 % over 8 min. UV detection was performed at 315 nm, 25 °C
column temperature, 1.5 ml/min flow speed and 10 pL injection volume. UV-HPLC profile of Waltheria
Indica extract obtained with ethanol at 90 °C show an intense UV peak at Rt = 14.47 min (Figure $14),

which corresponds to tiliroside standard (data not shown).
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Figure S14: UV-HPLC profile at 315 nm of Waltheria Indica extract obtained with ethanol at 90 °C.

MS data in Figure S$15 of the peak at Rt = 14.47 show a single charge state MH+ 595.1432 g/mol and
MNa+617.1249 g/mol, which corresponds to that of tiliroside.
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Figure S15: MS data of the peak at Rt = 14.47.
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Fragments of 594.1432 g/mol signal correspond to tiliroside fragments (Figure S$16).
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6. Summary and Discussion

6.1. Summary and Discussion

Waltheria indica L. is one of the most widely used traditional medicinal plants with anti-inflammatory
properties whose extracts have demonstrated COX-2 inhibitory activity [1-3]. However, the compounds
responsible for the activity are regularly merely assumed and, in most cases, unknown or assigned to
molecules whose content in the extract is insufficient or not known at all. The activity of Waltheria indica
is often associated with the presence of flavonoids such as tiliroside [4,5]. However, their content

remains unknown, and it is uncertain whether their concentration is sufficient for the observed efficacy.

Influence of extraction parameters on tiliroside content and its COX-2 inhibitory activity

The first step was to establish the extent to which tiliroside contributes to the COX-2 inhibitory activity of
Waltheria indica leave extracts. For this purpose, different extraction parameters were applied in an
attempt to maximize the content of tiliroside in the final extract. ASE extraction technique was selected
as the primary extraction method given that extraction with ASE is significantly accelerated and ensuring
constant conditions during extraction with high reproducibility of the results. Moreover, studies
demonstrated that the phytochemical composition in the generated extracts remains similar to extracts
obtained with classical extraction methods performed at similar conditions [6]. Given that the solubility
of the target compounds in the solvent used for the extraction is the most relevant aspect of the entire
extraction process, water, methanol, ethanol and ethyl acetate were applied as solvents during the
extraction to cover a wide range of polarities. The extraction temperature was set to 90 °C for all solvents
to achieve faster diffusion rates and improved solubility of the substances from the plant matrix. For
extractions with ethanol, the influence of the extraction temperature was investigated in more detail, with
extractions at 30, 70, 90 and 150 °C. Ethanol is classified as an environmentally preferable green solvent
as it is produced by fermenting renewable sources including sugars and starches, which, along with
water, makes it the preferred solvent for the extraction of natural substances [7,8]. In addition, by altering
the extraction temperature, two goals were achieved simultaneously. First, extracts were generated with
different concentrations of tiliroside as well as phytochemicals, which allowed to draw conclusions for
more optimal extraction conditions of the respective constituent. Secondly, the extracts produced
exhibited different COX-2 inhibitory activities, enhancing the establishment of relationships between the

individual phytochemicals and their contribution to the activity.

Initially, the influence of the extraction parameters were examined with regard to the total dry extract
yield in order to draw subsequent conclusions concerning alterations in the content of the various
compounds in the extracts. The results demonstrated that operating at constant temperature the highest
extract yield was obtained using more polar solvents as extractant (water > methanol > ethanol > ethyl
acetate). Applying water as extractant resulted in a 7.8 times higher extract yield by comparison to ethyl
acetate. This can be attributed to the circumstance that plants consist of large amounts of polar
compounds e.g. sugars, glycosides or phenolic acids which are preferentially extractable with polar
solvents [9,10]. The investigations on the influence of temperature during the extraction process clearly

demonstrated that the employment of higher temperatures resulted in a significant increase of the
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extract yield. Increasing the extraction temperature from 30 °C to 150 °C resulted in an extract yield
increase by a factor of 10.7. It can be inferred that the use of elevated temperatures increased the
solvent capacity to solubilize the phytochemicals, while simultaneously reduced the solvent viscosity
enabling enhanced penetration of the plant matrix resulting in faster diffusion rates. In addition, higher
temperature contributes to disrupting solute-matrix interactions and enhancing the extraction of
phytochemicals from the plant matrix, leading to an increase in extract yield. These findings will be

considered in further discussions.

The analysis of the tiliroside content utilizing HPLC revealed that extracts obtained at 90 °C contained
the highest amount of tiliroside when using the medium-polar solvent ethanol, followed by methanol and
significantly lower quantity when extracted with polar (water) or non-polar (ethyl acetate) solvent. These
findings match the conclusions from other studies, where extracts generated from other plants with
ethanol contained the highest levels of tiliroside [11]. The investigations into the influence of temperature
on the extraction with ethanol resulted in three main observations. Firstly, elevating the temperature
caused in an ever-increasing amount of tiliroside extracted per gram of plant material. Secondly, the
content of tiliroside in the dry extract increased up to 90 °C extraction temperature and was significantly
lower at 150 °C. Thirdly, it become evident that at 30 °C, no tiliroside was extracted from the plant (0.009
mg of tiliroside per gram of dry plant at 30 °C vs. 3.4 mg/g at 150 °C). These findings suggest that
tiliroside present in Waltheria indica leaves is not readily accessible and the solvent does not sufficiently
penetrate the cell wall and the lipid bilayer cell membrane to dissolve tiliroside. Providing sufficient
energy, e.g. increased temperature, is therefore essential to disrupts the tiliroside—matrix interactions to
achieve a high tiliroside content in the final extract. The fact that the content of tiliroside in the extract
drops again when extracting at 150 °C, even though a higher amount was extracted per gram of plant,
can be explained as a result of other unknown substances being extracted to a greater extent leading
to a dilution of tiliroside in the total extract. Considering the obtained findings, it can be stated that the

aim of generating an extract with a high content of tiliroside was realized with ethanol at 90 °C.

To verify that COX-2 inhibitory activity of the Waltheria indica extracts correlates with the tiliroside
content, their activity was examined utilizing an enzyme-based COX-2 assay. Initially, the activity of pure
tiliroside reference standard was investigated in a concentration range from 1.5 to 150 yM. Tiliroside
demonstrated a concentration-dependent inhibition of COX-2 activity, with the lowest concentration
showing significant activity at 15 yM. These findings are of importance as no studies of tiliroside activity
in enzymatic COX-2 assays have been reported in the literature allowing a comparison with other
compounds screened for their activity by means of enzymatic COX-2 assays. Subsequent to the studies
of pure tiliroside reference standard, the COX-2 inhibitory activity of the extracts obtained varying
solvents and extraction temperatures were investigated. Here, all extracts exhibited COX-2 inhibitory
properties to a certain extent. However, the correlation between tiliroside content and COX-2 inhibitory
activity could not be confirmed for the extracts. Extracts with the highest tiliroside content did not exhibit
the highest COX-2 inhibition, in contrast highest inhibitory activity was found in extracts with low tiliroside
content. It was found that even in the extract with the highest content of tiliroside, the concentration
corresponded merely to 0.8 uM pure tiliroside in the assay. These findings revealed that the observed

COX-2 activity of the extracts was not primarily derived from the contained tiliroside. The results further
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revealed that the extracts obtained with different solvents have greater COX-2 inhibitory properties in
the order ethyl acetate > ethanol > methanol > water, suggesting that the substances with higher COX-
2 inhibitory activity belong to the non-polar compound classes. In addition to the observed influence of
solvent polarity, an influence of temperature was noted. The results indicate that with increasing
temperature, the COX-2 inhibitory activity of the extracts decrease. Several aspects are involved in this
phenomenon. On the one hand, more substances are extracted from the plant as the temperature rises,
which leads to the assumption that the most active substances are readily extractable. The extraction
of further substances has the consequence that readily extracted compounds are diluted in the final
extract and a lower activity observed. On the other hand, the active compounds could be thermally labile
substances and an increase in temperature might accelerate their degradation. However, the
observation that an extract prepared with ethyl acetate at 90 °C exhibits comparable activity to an extract
obtained with ethanol at 30 °C contradicts the assumption of the thermal instability. The results strongly
indicate that the phytochemicals with the highest COX-2 inhibitory activity are hydrophobic and readily

available in the plant matrix.

Influence of extraction parameters on phytochemicals

In parallel to investigations regarding tiliroside, the influence of the extraction parameters on the
composition of the extracts on their phytochemical composition were determined with regard to the
content of total phenols, total alkaloids, triterpenoid- and steroidal-saponins. The goal was to investigate
whether and to what extent the COX-2 inhibitory activity correlates with the content of these compounds

in the extracts.

The composition of the phytochemicals of the extracts revealed that, except for ethyl acetate as solvent,
the total phenol concentrations vary marginal using different solvents or temperatures. The content of
phenols in the extract generated with ethyl acetate was 3 times lower compared to the extracts
generated with other solvents at the same temperature. Considering the diversity of phenols with widely
varying polarity, it can be concluded that the phenols in Waltheria indica leaves consist primarily of polar
and moderately non-polar species. The observation that with increasing extraction temperature the
content of phenols in the extract remains almost unchanged supports the assumption that phenols are
present in all areas of the plant matrix. However, the comparison of extract COX-2 inhibition activity with
the respective phenol content showed no discernible correlation with results providing no evidence that
phenols are major contributor to the COX-2 inhibitory activity of the extracts. This becomes evident when
comparing the extract generated with water as solvent to the one generated with ethyl acetate. The
extract generated with water yielded a higher total phenol content by a factor of 2.8, however the COX-

2 inhibitory activity was lower by factor 4.2.

In contrast to the relatively high content of phenols observed in Waltheria indica leave extracts, the
analyses of the total alkaloid content in the extracts revealed low or undetectable concentrations. No
alkaloids are detected in the extracts generated with water or ethyl acetates as solvent, indicating that
the alkaloids present in Waltheria Indica leaves are generally soluble in polar protic mediums (ethanol
and methanol). In addition to the solvent impact, an influence of temperature was also observed. The

findings demonstrated that elevating temperature during extraction with ethanol as solvent, the extracted
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alkaloid content increased significantly. These results suggest that the alkaloids in the leaves of
Waltheria indica constitute a minor proportion and are presumably stronger chemically bonded to the
plant matrix, which hinders their extraction. Furthermore, a comparison of the total alkaloid content and
the COX-2 inhibitory activity of the extracts provided no apparent evidence of a correlation. This is
illustrated by the observation that no alkaloids were detected in ethyl acetate extract, while the extract
exhibited the highest COX-2 inhibitory activity and in addition, by the findings that although the alkaloid
content extracts increased at elevated extraction temperature, the activity of the extracts declined.
These findings are important as there have been no studies on the COX-2 inhibitory activity of alkaloids
found Waltheria indica leaves. Studies investigating alkaloids in Waltheria indica extracts, primarily from
the roots and aerial parts, led to the isolation and characterization of more than 20 alkaloids. Two of
them, waltherione A and C, demonstrated anti-inflammatory activity via inhibiting NF-kB, while the
research focus for the other alkaloids was towards their anti-trypanosomal and antifungal activity [12-
14]. With the results obtained in the framework of this thesis, it can be stated that the COX-2 inhibitory

activity of the extracts were not the result of the presence of the alkaloids in leaves of Waltheria indica.

Alongside phenols and alkaloids, saponins were found to be among the most prominent representatives
of phytochemicals with observed COX-2 inhibitory activity isolated from many plant species [15, 16]. In
the context of this work, the focus was set on the investigation of triterpenoid- and steroidal-saponins,
as they are the predominant representatives. Being composed of an aglycon (water-insoluble part)
attached to hydrophilic glycoside moieties (water-soluble part), triterpenoid- and steroidal- saponins are
extracted more efficiently depending on the aglycon structure and number of sugar moieties attached
[17-19].

The determinations of the triterpenoid- and steroidal-saponin content in the individual extracts
demonstrated a direct correlation with the solvent polarity used: the content of saponins increases with
reduced polarity of the solvent (ethyl acetate > ethanol > methanol > water). These results indicated that
the saponins in the leaves of Waltheria indica are predominantly present the form of aglycones or contain
a small amount of sugar units. In addition to the observed influence of solvent polarity on the extraction
rate of the saponins, an impact of extraction temperature was also established. The results
demonstrated that at elevated temperatures during the extraction with ethanol, the content of the
saponins in the extracts decreased. This observation suggests that saponins in Waltheria indica leaves
dissolve easily in ethanol and are readily available in the plant matrix, but as the extraction temperature
increases, further compounds are extracted from the plant material and the relative proportion of
saponins in the final extract declines. The studies on the content of saponins further revealed that the
content of triterpenoid-saponins was significantly higher than that of steroidal-saponins in all the extracts
studied. The results make it apparent that saponins, along with phenols, belong to the substance classes
that are most prominently represented in Waltheria indica leaves. These insights are of considerable

relevance, as only qualitative studies on saponin content in Waltheria indica had been reported.

The comparison of the COX-2 inhibitory activity of the extract with the respective content of triterpenoid-
and steroidal-saponins indicated a direct positive correlation. As outlined before, the extracts obtained
exposed more prominent COX-2 inhibitory properties, depending on the solvent used, in the order ethyl

acetate > ethanol > methanol > water, the identical sequence in which the saponins were preferentially



Summary and Discussion 93

extracted from Waltheria indica. The observation that at elevated extraction temperatures the saponin
content in the extracts decreased and simultaneously the COX-2 inhibitory activity of the extracts
declined supported the assumption of a potential correlation. The investigation on the contribution of
steroidal- vs. triterpenoid-saponins utilizing linear regression the results imply that the steroidal-saponins

of Waltheria indica leave extracts are more potent COX-2 inhibitors than the triterpenoid-saponins.

At this stage it could not be excluded that other substances in Waltheria indica, which were preferentially
extracted by non-polar solvents, might contribute to or be mainly responsible for the COX-2 inhibitory
activity in the extracts. Nevertheless, the overall results indicated that the saponins contribute to the
COX-2 inhibitory properties of the extracts to a certain but as yet unspecified extent. These findings are
of importance as the anti-inflammatory properties of Waltheria indica extracts were linked to the phenolic
compounds tiliroside or quercetin [4,5]. Although it has been reported that these phenolic compounds
as pure substances possess COX-2 inhibitory properties, their concentration in the extracts were not
taken into consideration. This presumably resulted in the false assumption that they are a major
contributor to or are responsible for the observed COX-2 inhibitory activity of Waltheria indica extracts.
In this context, it cannot be excluded that other anti-inflammatory properties of Waltheria indica are not

the result of the substances reported so far, but of other unknown compounds.

The results demonstrate that although tiliroside inhibits the COX-2 activity in a concentration-dependent
manner, the concentration of tiliroside in the plant was not sufficient to predominantly contribute to the
activity of the extracts. Furthermore, the research revealed that the alkaloid levels were low and extracts
with undetectable levels of alkaloids exhibited the highest activity. These findings led to the decision to
not investigate them further as positive contributors to COX-2 inhibitory activity. For the attempt to design
a predictive model for the COX-2 inhibitory effect of Waltheria indica extracts, it was indispensable to

correctly identify the positive contributors to the observed COX-2 inhibitory activity.

Identification of compounds and their contribution to COX-2 inhibitory activity

The next step was to further identify and quantify molecules responsible for the COX-2 inhibitory activity
of the extracts using an activity guided approach through extract fractionation by centrifugal partition
chromatography (CPC). The simplification of the extract matrix was intended to enable a targeted
identification of active fractions and subsequently the characterization of the compounds involved.
Ideally, it should be verified whether and to what extent the COX-2 inhibitory effect correlates with the
content of these substances in the extracts. In addition, the different CPC fractions produced were
analyzed for their phytochemical composition in terms of total phenols, triterpenoid- and steroid-saponin
content. In contrast to the complex extracts, the simplification in fractions based on the partition
coefficient of the unknown compounds allow the separation of polar compounds e.g., phenolics from
non-polar ones like saponins, or saponins from other non-polar compounds enabling a more precise
conclusions to be drawn as to whether the individual phytochemicals contribute to the COX-2 inhibitory

activity.

With the goal of obtaining fractions composed of different compounds of the Waltheria indica leaves the

extract generated at 70 °C with ethanol was selected as reference sample. To realize the separation of
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the extracts into distinct fractions, which in sum depict all components of the extract, a 2Vc¢ Elution-
Extrusion method was applied utilizing a CPC coupled with a UV detector. Using CPC allows for a high
loading capacity of the system, with no need to completely dissolve the extract for separation, which
allowed the injection of higher concentrations of extract. This ensured that with a reduced number of
cycles and associated solvent consumption, fractions with sufficient matter were generated for further
biological and analytical testing. During the investigations it became apparent that several compounds
were not UV active, which included the saponins, as they do not possess a chromophore [20]. In
particular, the fractionation of the non-polar part of the extract was partly realized on a visual basis, as
the fractions showed color differences, with no detectable UV signal. Through a multi-stage process,
involving the application of varying solvent compositions, the extract was successfully partitioned into
five fractions. Three fractions represented the polar extract portion, whereby in one fraction tiliroside
was enriched, and two represented the non-polar portion. A parallel analysis of the potential CPC
fractions using UHPLC-CAD enabled this to be accomplished. The use of the CAD detector allowed the
detection of UV-inactive compounds realizing a more appropriate selection of relevant fractions. The
COX-2 activity of the CPC fractions show that all exhibit an inhibitory activity. However, the activity of
the most active non-polar fraction was 2.8 times higher compared to the most active polar fraction.
These findings further supported the assumption that the most active compounds with respect to COX-
2 inhibitory activity in Waltheria indica belong to the class of non-polar molecules. Furthermore, it was
observed that the polar fraction in which the tiliroside was enriched had a significantly higher activity
compared to the other polar fractions. This result highlighted that tiliroside contributes to COX-2 activity
when present in sufficient quantities in the plant and subsequently in the extract. Considering that non-
polar fractions exhibited the highest activity, and thus supposedly containing the most potent
compounds, these CPC fractions were selected to elucidate the structure of molecules, responsible for
the COX-2 inhibitory activity.

Three substances in the fractions were successfully elucidated by means of high-resolution mass
spectrometry (HPLC-MS/MS) based on the observed masses and matching with databases. Their
verification was achieved by comparing the MS/MS fragmentation data and retention times with the
respective reference standard. The molecules identified were the fatty acids (FA) alpha-linolenic acid
(ALA), linoleic acid (LA), and oleic acid (OA), which were identified and reported for the first time in
Waltheria indica leaf extracts. In the literature, all three compounds have been described as potential
COX-2 inhibitors [21-23]. Investigations into the mechanism of action suggest that their inhibitory activity
originates in competing with arachidonic acid as substrates for COX-2. The COX reaction produces
prostaglandins by converting arachidonic acid. However, this enzyme is capable of oxidizing other
unsaturated fatty acids such as ALA, LA or OA [24,25]. Structural determinations have revealed that,
like AA, these FA bind in elongated L-shaped conformations within COX-2, thus blocking the active site
for AA metabolism [26,27]. Based on the type of assay applied to determine COX-2 inhibitory properties,
the reported findings vary considerably, with results indicating that ALA and LA are more effective than
OA [21-23]. The investigations of ALA, LA and OA for their COX-2 inhibitory activities within the scope
of this study demonstrated that the COX-2 inhibitory activity of ALA and LA increased in a dose

dependent manner starting at a concentration of 0.9 uM, while OA showed a measurable activity starting
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at 5 uyM. These findings support the reported observations that ALA and LA exhibit superior COX-2
inhibitory activity over OA, which required a considerably higher concentration to exhibit an observable

activity.

Having confirmed that the identified fatty acids possess COX-2 inhibitory activity, their content was
quantified in the extracts with the objective to examine the influence of extraction parameters on their
extraction from Waltheria indica leaves. The quantification of FA in extracts further enabled the
verification whether their amount in the extracts was sufficient for the observed COX-2 inhibitory activity

with the extracts.

The analyses of the extracts for their ALA, LA and OA content provided three key findings. First, it
become evident that, regardless of the solvent or temperature used, when present in the extract ALA
was the most abundant FA, followed by OA and LA. Secondly, the results highlighted the influence of
the solvent polarity employed, with the FA content decreasing using more polar solvents, whereby
neither of the examined FA were identified in the extract obtained with water as extractant. Here, the
results also demonstrated that while the highest yields of the FA were found in the extract generated
with ethyl acetate as the extracting agent, actually more FA were extracted per 1 gram of plant material
with ethanol and methanol. The reason for the lower content of FA in these extracts can be attributed to
the fact that they contain larger amounts of additional polar compounds, which could not be dissolved
by ethyl acetate as extractant, resulting in a dilution of the fatty acids in the total extract. The third key
finding related to the fact that the temperature during extraction made a significant difference on the
content of FA in the extract. It was found that a higher extraction temperature resulted in a lower content
of these FAs in the extract. In contrast, the total amount of ALA, LA and OA extracted from 1 g plant
material increased at higher extraction temperatures. It can be stated that a higher temperature
contributes to the disruption of the plant cell wall to enable the solvent to extract more lipids, while
simultaneously extracting larger amounts of additional substances, resulting in a reduced content of
fatty acids in the total extract. These overall observations were very similar to those made with saponins,

which might be attributed to the similarly hydrophobic character of both compound classes.

Examining the COX-2 inhibitory properties of the extracts in relation to their FAs content revealed three
major findings. First, the results indicate that COX-2 inhibitory activity of the extracts declines with the
decrease of their FA concentration. Secondly, the content of OA in the extracts was found to be below
the concentration at which the lowest COX-2 inhibitory activity was observed with the OA reference
standard. Thirdly, it was not feasible to deduce the COX-2 inhibitory properties of the extracts based on
the content of the individual FAs and the previously performed COX-2 assays with FAs reference
standards. Using the COX-2 inhibition results of ALA and LA reference standards at different
concentrations as a calibration curve and applying them to the extracts would lead to the expectation of
either higher or lower COX-2 inhibitory activity, depending on the extract studied, than those actually

determined.

With the aim to investigate the more accurate contribution of the FAs to the observed COX-2 inhibitory
activity of the extracts, fatty acid mixtures (FAMs) containing ALA, LA and OA at concentrations and

ratios identical to the corresponding extract were prepared and analyzed for their COX-2 inhibitory
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activity. The results of the FAMs indicated a similar trend to the one obtained from the corresponding
extracts, resulting in a decline of activity as the concentration of FAs decreases. Through the comparison
of the COX-2 inhibitory activity of the FAM with the corresponding extract indicated that the contribution
of the FAs to the COX-2 inhibitory activity of the extract ranged from a minimum of 31.3 % up to 41.6 %,
whereby no conclusions on the influence of the extractant or temperature were apparent. These results
are of relevance as they provide clear evidence that the identified fatty acids with their concentration in
the extracts contribute substantially to COX-2 inhibition observed with the respective extract. From these
findings emerged that preparation of Waltheria indica extracts with enhanced anti-inflammatory
properties would be feasible by choosing extraction techniques and parameters that result in higher ALA
or LA content in the extract. However, this experimental approach also highlighted the divergence
between the increase in FA levels in the FAMs in comparison to their increase in COX-2 inhibitory
activity. Exemplary in this context would be the comparison of the FAM containing the highest and lowest
content of FAs. It was observed that while the mixture with the highest FA content contained factor 5.7
higher levels of ALA and factor 6.8 of LA, the enhancement of COX-2 inhibitory activity increased only
by factor of 1.9. Whereas the investigations with ALA and LA reference standards demonstrated that in
the concentration range as they were present in these FAMs, a linear relationship would be expected.
Given that the inhibitory activity of ALA, LA and OA originates in competing with AA as substrate for
COX-2, the additional interactions of ALA, LA and OA with one another are presumably more conducive
to a higher rate of AA metabolism, in contrast to using pure compounds. These findings illustrate that
although the research results obtained with pure compounds can be indicative, the actual outcomes
may differ significantly due to unknown interactions of the compounds occurring in a complex matrix. At
the same time, simplification of the plant matrix enabled targeted identification of compounds that

contribute positively to the COX-2 inhibitory activity.

The contribution of the individual phytochemicals to COX-2 activity in a simplified matrix

Considering the unknown interactions of the compounds present in the extract, the phytochemical
composition of the different CPC fractions generated was investigated. The CPC fractions obtained were
used to determine the contribution of the individual phytochemicals in this simplified matrix to COX-2
inhibitory activity, which was fully apparent given the interferences in the complex extract matrix. The
results demonstrated that the highest phenolic content was observed in the polar fractions, which were
factor 10 higher to these in non-polar fractions, while no FAs were present in the polar fractions. By
contrast, the polar fractions contained significantly lower levels of triterpenoid- and steroidal-saponins,
whereby the saponins were found in every fraction. The presence of both triterpenoid- and steroidal-
saponins in fractions independent of polarity indicates that both polar, presumably consisting of higher
number of sugar moieties and carboxyl groups, and non-polar saponins are present in Waltheria indica

leaves.

Recently, the triterpenoids (3p)-3-Hydroxy-lup-20(29)-en-28-oic acid (betulinic acid), B acetoxy-27-
trans-caffeoyloxyolean-12-en-28-oicacid methyl ester and B-acetoxy-27-cis-caffeoyloxyolean-12-en-28-
oic acid methyl ester have been reported to be present in aerial parts of Waltheria indica [14,28]. The

HPLC-MS/MS analyses of the Waltheria indica leaf extracts in the framework of this study, however,
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showed that these triterpenoids were not present or found. The reason is that the content and type of
phytochemicals varies within plant parts (leaf, stem and root) [29]. The triterpenoids were identified in
the aerial part including leaves and stems, whereas in this study the leaves without stem were

investigated.

Detailed examination of the two non-polar fractions revealed that the triterpenoid- and steroidal-
saponins as well as the FAs were enriched differently in these fractions. The fraction containing the most
hydrophobic compounds contained a factor 1.7 lower amount of triterpenoid-saponins while containing
factor 3.4 higher amount of steroidal-saponins. In addition, this fraction contained 12.5 times less ALA

and 2.8 times less LA, whereas the OA content was comparable.

The separation of the different phytochemicals into distinct fractions provided a more detailed insight
into the origin of the COX-2 inhibitory activity. When considering the total phenol content in the polar
fractions and their COX-2 inhibition, a correlation was not evident as the fraction with highest phenol
content demonstrated a lower COX-2 inhibitory activity compared to the fraction with lowest phenol
content but highest COX-2 inhibitory activity. In the case of the triterpenoid- and steroidal saponin
content, one could deduce that COX-2 inhibition increases with its increasing content in these fractions.
Given the fact that the polar fractions do not contained FAs, the assumption was that their activity was
predominantly originated by the saponins they contain. Based on these findings, phenols as present in
Waltheria indica leaves were ruled out as positive contributors to the COX-2 inhibitory activity observed

in the extracts.

In the case of the two non-polar fractions, the results revealed that although the fraction containing the
most hydrophobic compounds contained lower amounts of triterpenoid-saponins, ALA and LA, the
observed COX-2 inhibitory activity was factor 1.4 higher. An explanation for this observation might be
the content of steroidal-saponins, which was 3.5 times higher in this fraction, suggesting that steroidal-
saponins in Waltheria Indica leaves predominantly contribute to the COX-2 inhibitory activity in this case.
These results further confirm the first observations with the extracts, which suggested that the steroidal-
saponins play a prominent role in the COX-2 inhibitory activity. Considering the identical behavior of the
FAs during the extractions with that of saponins and the similar effect on COX-2 inhibitory activity, these
results further established that steroidal- as well as triterpenoid-saponins contribute positively to the
COX-2 inhibitory activity of the extracts alongside ALA and LA.

Relationships between individual phytochemicals and their contribution to COX-2 activity

While the biological effects of nhew chemical compounds can often be predicted from its molecular
structure using data of similar compounds, the prediction of the activity of complex mixtures such as
plant extracts still remains a major challenge. Following the unequivocal identification of ALA, LA as well
as steroidal- and triterpenoid-saponins as positive contributors to COX-2 inhibitory activity, they were
used to for the attempt to develop a prediction model for the COX-2 inhibitory activity aimed to establish
relationships between the individual phytochemicals and their contribution to the activity in the Waltheria

indica leaf extracts. Tiliroside, OA and phenols were not taken into consideration since experimental
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work indicated that they do not influence the COX-2 inhibitory activity at the concentration levels present

in the extracts.

Two mathematical models (model A and B) were generated for the prediction of the COX-2 inhibitory
activity of the Waltheria indica extracts. Model A was generated by considering as predictor variable for
COX-2 inhibition activity the weighted sum of the concentrations of ALA, LA and the saponins as positive
contributors in the individual extract. For each contributor the slope of the linear regression line between
the concentration of the contributor and COX-2 inhibitory activity of the extracts served as the weighting
factor. For ALA and LA a second-order polynomial relationship between their concentration and COX-2
inhibition activity was observed. Thus, a linearization was applied to both variables, in this case a square
root transformation, to obtain the slope of the linear regression line. The obtained weighting factors for
the individual concentrations were 0.27 for triterpenoid-saponins, 0.50 for steroidal saponins, 8.23 for
square root of ALA and 10.03 for square root of LA. A linear regression line was then fitted between the

weighted sum of contributors (x-variable) calculated using equation and COX-2 inhibition activity (y-

variable), leading to the equation y = 0.257x + 20.911.

Model B was generated using partial least squares (PLS) regression, a linear multivariate regression
useful to analyze data with many variables and few observations. The PLS regression considered as
predictors (x-variables) the concentration of each positive contributor and the COX-2 inhibitory activity
as response variable (y-variable). Similar to Model A, ALA and LA concentration values were first square
root transformed to improve their linear relationship with COX-2 inhibitory activity. The obtained PLS
model was represented by the linear equation y = 0.0693a + 0.1296b + 2.1269c + 2.5925d + 20.9035.

Both models were used to generate a linearity plot, i.e., the scatter plot showing the relationship between
the observed versus predicted COX-2 inhibitory activity values for the extracts as shown in Figure 1.
Applying the linear fit equation from model A or model B resulted in a similarly good fit with a root mean
square error (RMSE) = 1.6% COX-2 inhibitory activity, thus demonstrating a high correspondence

between predicted versus observed values.
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Figure 1: Graphs representing linearity plot of observed versus predicted COX-2 inhibition of Waltheria indica extracts obtained
varying extraction temperatures and solvents. EA90, 90 °C ethyl acetate; E30-E70-E90-E150, 30-70-90-150 °C ethanol; M90, 90
°C methanol; W90, 90 °C water. (A) model A linearity plot (RMSE = 1.6 %) based on the obtained linear fit equation y=0.257x +
20.911 generated by the weighted sum of the contributors versus COX-2 inhibitory activity and (B) model B linearity plot (RMSE
= 1.6 %) based on the generated linear fit equation y = 0.0693a + 0.1269b + 2.1269c + 2.5925d + 20.9035 by PLS regression.
Dashed lines represent the line of identity (y=x). y=predicted COX-2 inhibition (%); x= weighted sum concentration of the
contributors; a=triterpenoid-saponin concentration; b=steroidal saponin concentration; c=square root concentration of ALA;
d=square root concentration of LA.
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These results demonstrate that the approach of using weighted sum of the concentrations in model A
led to similar results as the application of a multivariate regression method available using a commercial
software carried out with model B. In both models, the data show that the coefficients of the contributors
increase in the order LA > ALA > steroidal-saponins > triterpenoid-saponins indicating that their
contribution to COX-2 inhibitory activity in Waltheria indica extracts follows this order. It is important to
note that while these models provide good prediction results for the Waltheria indica extracts, they were
not applicable to CPC fractions or to pure substances. As it is important not to extrapolate, the
concentration of the phytochemicals in the test samples they should be within the concentration ranges
of the extracts used for the models. While the individual fractions were simplified systems suitable for
the identification of positive contributors to the COX-2 inhibitory activity, extracts are more complex with
a greater number of putative interactions between the individual components with an influence on the
potential biological activity. This was particularly evident from two observations. Firstly, examining the
individual substances without any interactions with other compounds in the extracts, where ALA showed
a stronger COX-inhibitory activity compared to LA. Secondly, in case of the CPC fractions where the
concentration of several phytochemicals was higher compared to their concentration in extracts, the
data suggested that the steroidal-saponins contribute the most. The results of the prediction models
compared to the results of the simplified systems further highlighted that the interaction of the individual
phytochemicals in the extracts play a dominant role and that the consideration of as many components
as feasible was essential for a more accurate statement of where the observed activity originated from.
In the future which lead to the discovery of additional substances that contribute positively to COX-2
inhibition and are present in sufficient concentration in the extracts, the mathematical models

established in here should be reconfirmed and if required adopted accordingly.
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7. Outlook

The outcome of this thesis revealed that the fatty acids and saponins of Waltheria indica leaves
predominantly contribute to their COX-2 inhibitory activity, which allowed the design of prediction models

for the extract activity.

To understand which saponins are responsible for the activity, their structures need to be elucidated in
detail. This is achieved by the combined use of nuclear magnetic resonance (NMR) and MS approaches,
whereby NMR allows to assess the complete and definitive aglycone structure, including
stereochemistry, the identification of sugars, the linkage positions, and sequence of the sugar chain.
However, to elucidate the structure of completely unknown compounds by NMR, they need to be
purified. Here, the CPC methods elaborated in this work are applied and needs to be further improved.
Considering that the target compounds are of a hydrophobic character, the CPC should be operated in
ascending mode, thus resulting in hydrophobic compounds being eluted first and therefore considerably
shortening the operational time. In this process, the CPC needs to be coupled with mass spectrometry
to enable saponin detection and allowing a precise fractionation. In addition, this approach can be
applied to characterize additional molecules that are not be involved in COX-2 inhibitory activity but

might be engaged in other biological functions.

With the aim of generating Waltheria Indica extracts with improved anti-inflammatory properties related
to the inhibition of COX-2, extraction techniques should be applied where fatty acids and non-polar
saponins would be primarily extracted. This can be assured by application of design of experiments
(DOE) preferably including additionally to extractant polarity and temperature also extractant mixtures
and further extraction methods as process variables. In this context, the utilization of supercritical CO:2
extraction is a promising alternative to the extraction with classic solvents. The physicochemical
properties of supercritical CO2 (higher diffusivity, lower viscosity, and lower surface tension than
conventional solvents) facilitate mass transfer and allow an environmentally friendly extraction of

primarily non-polar compounds.

For further verification of the prediction models developed for the COX-2 inhibitory effect of Waltheria
indica leaf extracts, the model needs to be extended to other plants. The approach described in this
project can be used to identify additional contributors to activity depending on the plant species and
further broaden the model. The transfer of the approach presented in this project to the prediction of
other observed biological endpoints with Waltheria indica extracts would be of great interest and will be

considered in future studies.
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