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Abstract: Inflammation is the body’s response to infection or tissue injury in order to restore and main-
tain 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 sev-
eral other factors including stress, chromosomal aberration, or environmental factors. Targeting
prostaglandin production by inhibiting COX-2 is hence relevant for the successful resolution of inflam-
mation. 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 prediction 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 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.

Keywords: Waltheria indica L.; tiliroside; anti-inflammation; cyclooxygenase (COX); secondary
metabolites; alpha-linolenic acid; linoleic acid; oleic acid; centrifugal partition chromatography (CPC)

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
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process is accompanied by the release of pro-inflammatory cytokines and prostaglandins,
and the formation of reactive oxygen species (ROS) [3]. Important modulators of inflamma-
tion 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 involved 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 responsible for limiting the
inflammation [10,11]. Several factors including stress, chromosomal aberration or envi-
ronmental factors disturb this balance and lead to excessive production of prostaglandin
E2 (PGE2) 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 sup-
porting 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
diseases [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]. Hy-
droalcoholic extracts of the whole plant of Waltheria indica, for example, strongly inhibited
edema at the second phase of 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 identi-
fied three flavonoids ((-)-epicatechin, quercetin and tiliroside) and two alkaloids (walthe-
rione 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-κB) [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
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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. Extracts 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 responsible 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
extracts 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.

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
composition 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 solvent 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.
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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 F6 F7 F8 Recovery (%)

AZ-N yield (%) 0 55.3 ± 2.4 2.8 ± 0.1 1.5 ± 0.1 39.9 ± 2.0 0 n.a. n.a. 99.3 ± 4.2
AZ-T yield (%) 0 49.6 ± 2.4 8.7 ± 1.2 0.8 ± 0.2 13.2 ± 1.4 27.5 ± 1.8 0 n.a. 99.7 ± 3.8
AZ-L yield (%) 0 31.5 ± 1.2 25.0 ± 1.6 1.9 ± 0.2 0 2.1 ± 0.2 38.8 ± 1.4 0 99.2 ± 3.6

From the obtained yields (Table 1), it was evident that with AZ-N the extract was sep-
arated into two main fractions: N-F2 (55.3% yield) containing the more polar compounds
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 extrusion step.
These effects were also observed for the AZ-T and AZ-L runs at the corresponding time
periods (Figure 1B,C).

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).
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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 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 Materials (Figures S1–S5).

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.

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 polar
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 overlap 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.

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 µg/mL), blank (DMSO) and
control set to 100% (0.5 µM 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
fragmentation data with the respective internal standard (Figures S6–S12). 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
reported for the first time in Waltheria indica leaf extracts.

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].
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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.

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 ex-
traction 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.

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 increase 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%
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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.

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.

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–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 EA90 E30 E70 E90 E150 M90 W90

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

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/g plant) 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.

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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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 µM, 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.

Figure 6. Relative COX-2 inhibition to control (%) of alpha-linolenic acid, linoleic acid and oleic acid with 0.5 µM 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.

The COX-2 inhibition of ALA and LA increased in a dose-dependent manner starting
at a concentration of 0.9 µM with 9.9% inhibition for ALA and 13.1% inhibition for LA
and increasing up to 90.8% for 5.0 µM ALA and 63.0% for 5.0 µM LA. Oleic acid showed
a measurable activity only at 5 µM, 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.

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.
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Figure 7. Relative COX-2 inhibition to control (%) of Waltheria indica extract solution (20 µg/mL),
blank (DMSO) and control set to 100% (0.5 µM 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 extract EA90, with the highest concentration of ALA and LA content (4.0% ALA,
2.7% LA), corresponds to a concentration of 3.1 µM pure ALA and 2.0 µM pure LA in the
assay. Based on the results in Figure 6, inhibition in the 60–80% range would be expected,
with 3.0 µM 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 2.0 µM ALA and 1.3 µM
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 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 concen-
tration 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.
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Table 3. Relative COX-2 inhibition to control (%) of Waltheria indica extract solution (20 µg/mL) and fatty acid mixture
solution (20 µg/mL) with 0.5 µM 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 (%) 75.4 ± 4.0 67.9 ± 2.7 57.5 ± 4.3 56.0 ± 2.6 52.5 ± 5.9 45.8 ± 3.1 23.7 ± 0.7

Corresponding FAM
COX-2 inhibition (%) 27.6 ± 1.1 26.2 ± 1.5 23.9 ± 2.1 21.7 ± 1.9 18.5 ± 0.7 14.3 ± 0.9 0.6 ± 0.9

Contribution of FAM to
COX-2 inhibition (%) 36.6 ± 2.5 38.6 ± 2.4 41.6 ± 3.1 38.8 ± 2.7 35.2 ± 3.2 31.3 ± 2.5 0

The results of the FAM indicated a similar trend to the one obtained from the cor-
responding 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 inhi-
bition of the extract ranged from a minimum of 31.3% (M90) up to 41.6% (E70). These
findings provide clear evidence that the identified fatty acids, at their observed concentra-
tions 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.

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 sam-
ples 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 triter-
penoid 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 inhibition
levels, are listed.

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 ± 4.2 256.8 ± 3.1 24.2 ± 2.1 21.0 ± 1.7
Triterpenoid saponin (mg OAE/g) 49.2 ± 1.9 77.5 ± 2.1 67.5 ± 4.1 325.8 ± 4.8 188.5 ± 3.4

Steroidal saponin (mg DE/g) 19.3 ± 1.1 26.5 ± 0.9 18.8 ± 1.3 30.8 ± 1.5 107.4 ± 4.1
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. 37 ± 1.5 12.9 ± 0.5
COX-2 inhibition (%) 22.8 ± 2.5 34.6 ± 2.4 25.1 ± 3.5 68.7 ± 2.5 96.2 ± 5.5

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
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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).

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 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 triter-
penoid 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; c = square
root concentration of ALA; d = square root concentration of LA.

The results demonstrate that the approach of using the weighted sum of the concen-
trations 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 influence 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 ex-
traction 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

Gallic 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 (Wa-
geningen, Gelderland, The Netherlands) and confirmed as Waltheria indica L. by Eurofins
Genomics Europe Applied Genomics GmbH. Leaf samples were dried at a constant tem-
perature 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 µm 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 × 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, v/v) 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 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
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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 × 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 frac-
tion 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 µL injection volume.

The separation was accomplished using a C-18 column (ThermoFisher™ Hypersil
Gold™ aQ, 150 × 2.1 mm, 1.9 µm, 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 Mate-
rial 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 (Figures S6–S12).

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) 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 µL 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 (Figures S1–S5).

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.

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, Männedorf, 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 µM for the ALA, LA
and OA reference standards and 20 µg/mL for the extracts and CPC fractions dissolved in
dimethyl sulfoxide (DMSO). Each sample was analyzed six-fold; celecoxib (0.5 µM) 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 ∆RFU (RFU2–RFU1) values
by the time ∆T (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 × 100 (4)
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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 × 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 × 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/g).

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 (200 µL, 1 mg/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 µL, 5% w/v) and in 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/g).

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 (200 µL, 1 mg/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 anisalde-
hyde/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/g).
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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 × CS + WT × CT + WALA × 2
√

CALA + WLA × 2
√

CLA (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 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 phy-
tochemical 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
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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 (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 (µg/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.
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