Flavonoids and
Their Disease
Prevention
and Treatment
Potential

Printed Edition of the Special Issue Published in Molecules











































































































































































































































































































































































































































































































































































































































































































































































































































































Molecules 2020, 25, 4712

Figure 7. Summary of antiangiogenic SAR of flavonoids.

Set 2: Antiangiogenic effect of flavonoids under inflammatory conditions

Lin etal. evaluated the antiangiogenic activity of the flavone wogonin on LPS (the main component
of gram negative bacterial membrane) and IL-6 induced angiogenesis in two reports [130,147].
The documented reduction in the number of CAM blood vessels by wogonin was shown to be dose
dependent in both cases but more prominent in the case of IL-6 induced angiogenesis (75% as opposed to
38% in the case of LPS induced angiogenesis at 100 M) (Figure 8). The authors also probed the possible
mechanisms of wogonin’s inhibition of this inflammation-induced angiogenesis through different
in vitro techniques such as western blotting and polymerase chain reaction (PCR) in which both LPS and
IL-6 resulted in an upregulation of the IL-6/IL-6R pathway [130,147]. Although wogonin attenuated the
IL-6/IL-6R pathway and levels of VEGF in both cases, it exhibited different expression of downstream
vascular endothelial growth factor receptors (VEGFRs). Only VEGFR2 expression was downregulated
with wogonin LPS-induced angiogenesis inhibition as opposed to VEGFR1 downregulation with IL-6
induced angiogenesis inhibition. This data needs further investigation in order to understand why
these two similar mechanisms lead to the downregulation of two different downstream receptors
(VGFR2 and VEGFR1) and to address the impact of this on the antiangiogenic potency. Inhibition
of LPS-induced angiogenesis was also reported for wogonoside, which is the 7-glucuronic acid of
wogonin, by Chen et al. [139] 150 ng/CAM of wogonoside reduced neo-vascularization of CAMs by
43%. Additionally, wogonoside downregulated mammalian toll-like receptor (TLR4), extracellular
signal-regulated kinase (ERK1/2) and p38MAPK in a western blotting assay [139].
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Figure 8. Reported antiangiogenic effect of wogonin on LPS and IL-6 induced angiogenesis + SEM.

Set 3: Antiangiogenic effect of flavonoids under tumor conditions.
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Since angiogenesis plays a vital role in tumor growth and metastasis, several studies have
focused on the antiangiogenic evaluation of promising cytotoxic agents. Figure 9 shows the estimated
antiangiogenic effect of the 4 flavonoids apigenin, myricetin, acacetin and keampferol on the ovarian
cancer cell line (OVCAR-3) at 10-20 uM. The reduction in the number of CAM blood vessels ranged
from 30 to 60% with an overall summary outcome of 0.35 (95%CI: 0.27, 0.45; p-value < 0.00001).
HIFx and VEGF were significantly downregulated, as evidenced by immunoblotting analysis of
CAM OVCAR-3 tissues that were treated with apigenin or acacetin [131,144]. The antiangiogenic
activity of the flavone wogonoside was evaluated on the estrogen receptor positive (MCF-7) and two
triple negative breast (MDA-MB-231 and MDA-MB-468) cancer cell lines by Huang et al. [138,142].
At 50 ng/CAM, wogonoside’s effect on the 3 cell lines was not prominent (Figure 10). However,
a 55% reduction of the number of blood vessels was observed at 100 ng/CAM for the MDA-MB-468
cell line. A two-fold increase in the concentration of wogonoside to 200 ng/CAM did not, however,
result in an increased antiangiogenic effect on the same cell line. On the other hand, reduction of the
neo-vascularization for the MDA-MB-231 cell line increased from 32% to 77% upon increasing the
concentration from 100 to 200 ng/CAM. Huang et al. demonstrated the ability of wogonoside to target
the Hedgehog signaling pathway, which is upregulated in triple negative breast cancer, in MDA-MB-231
and MDA-MB-468 cell lines [138]. Expression of the Hedgehog downstream transmembrane protein
smoothened (SMO) and glioma-associated oncogene homolog protein (Gli), is significantly increased
in triple negative breast cancer [150] leading to an elevation in VEGF levels [151]. According to Huang
and his colleagues, wogonoside promoted SMO degradation and inhibited Glil activity as well as
expression of VEGF [138].
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Figure 9. Forest plot of means ratio and 95% confidence interval (CI) of number of blood vessels relative
to control of flavonoids on OVCAR-3 cell lines.
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Figure 10. Reported antiangiogenic effect of wogonoside on breast cancer cell lines; MCF-7,
MDA-MB-231 and MDA-MB-468 + SEM.

2.2.4. Sensitivity Analysis

The high heterogeneity (I? > 80%) observed for all subgroups in the generated forest plots, except
for the anthocyanidines subgroup at the mid and high concentrations analyses (I> = 0% and 40%,
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respectively), was expected given that each class included different flavonoid molecules. In that context,
a sensitivity analysis was conducted by a leave-one-out strategy to assess the robustness of the results
and determine the contribution of each flavonoid to heterogeneity. Overall, the results showed good
robustness and the overall summary estimates did not show significant changes upon the systematic
removal of individual studies (Tables S2-54). This was the case in all subgroups with the exception of
the flavanol subgroup which showed some difference in the overall summary at all concentrations.
At the 40-50 uM range for instance, the overall pooled means ratio changed from 0.53 (95%CI: 0.27, 1.02,
I? = 100%) to 0.74 (95%CL: 0.73, 0.76, NA) and 0.38 (95%CI: 0.37, 0.39, NA) upon removal of the Gacche
2015 (Silibinin) and Gacche 2015 (Taxifolin) flavonoids, respectively (Table S3). This indicates that
data provided on the flavanols subgroup is not sufficient to draw meaningful conclusions. Likewise,
heterogeneity (I?) of the subgroups totals did not show significant change, with very few exceptions,
upon implementation of the leave-one-out strategy (Tables S2-54). This might be due to the fact that
most of the flavonoids in a single subgroup belong to the same study, consequently, there are no
differences in their experimental designs. In that case heterogeneity is believed to be either of clinical
or statistical origin.

3. Discussion

Flavonoids have been reported to modulate several angiogenic factors and cascades in either a
proangiogenic or an antiangiogenic manner which is postulated to be dose dependent [2,148]. A good
illustration of this dual effect is demonstrated by the flavone baicalin; low doses were reported to
stimulate angiogenesis [152] whilst high doses showed an inhibitory effect [153]. Due to the emerging
importance of the use of angiogenesis modulators in the treatment of various pathological conditions
including cancer, diabetes, bone, eye, cardiovascular and neurological disorders, the identification of
flavonoids altering angiogenesis has gained new significance [2,154]. To the best of our knowledge,
no systematic reviews have been conducted to quantitatively assess the antiangiogenic effects of
flavonoids, despite the potential of such a study to have a positive impact on the treatment of serious
health issues like cancer and rheumatoid arthritis. Given the breadth of the literature related to the
antiangiogenic effects of flavonoids, a systematic search of the literature was initially conducted in
this research program to identify (a) the extent to which angiogenesis modulation effects had been
proposed for flavonoids and (b) the most widely used in vitro and in/ex vivo assays to determine the
antiangiogenic activities of flavonoids.

Various study designs have been used in the literature to report on the antiangiogenic activity
of chemical compounds. There are a number of comprehensive reviews in the literature comparing
the different available angiogenesis assay models [16,17,155,156]. Although in vitro studies are less
expensive and quicker to perform than in vivo studies, the results do not always convert into the same
effect, in vivo. In vitro assays usually focus on monitoring the individual steps of angiogenesis such as
migration or proliferation of endothelial cells rather than the collective formation of new tube-like
structures [16]. In vivo assays offer the considerable advantage of mimicking more closely the body’s
physiological conditions which is particularly important in angiogenic studies due to the complex
nature of the process. While in vivo angiogenesis assays can be more informative, they present some
cost, time and experimental design limitations. Inflammation resulting from the trauma that is caused
by some assays, for instance, can stimulate several proangiogenic factors which compromise the
sensitivity and specificity of the results [17]. Hence, it is recommended that a combination of in vitro
and in vivo assays is used to provide consistent and complementary results. In relation to this, 44% of
the research articles included in the conducted preliminary search reported a combination of in vitro
and in/ex vivo assays.

Herein, a meta-analysis study was carried out in order to quantitatively evaluate the antiangiogenic
effects of flavonoids. Only articles implementing the CAM assay in their study design were included.
This is because the CAM assay is currently the most widely used in vivo angiogenic assay and,
as such, it allows a comparison across different flavonoid types and offers many advantages over
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other angiogenic assays [157-159]. For instance, it is fairly simple, inexpensive, suitable for large scale
screening and also offers the important advantage of expressing almost all of the known angiogenic
factors [17,156]. Set-up of the assay is briefly as follows: fertilized chicken eggs are incubated at 37 °C
for 3 days, a small hole is made in the egg shell to remove some of the albumin in order to facilitate
detachment of the CAM from the shell. Compounds under investigation are added to approximately 5
to 10 day old chicks on specific carriers, such as matrigel or sterile filter/plastic discs, through a small
window cut in the egg shell. After 48 to 72 h, existing blood vessels or tubules can be visualized and
evaluated by light or electron microscopy [17,156]. Nevertheless, the CAM test comes with certain
limitations such as sensitivity to oxygen tension and difficulty of visualization of newly formed vessels
due to the presence of pre-existing ones [157].

Meta-analysis of results of the antiangiogenic evaluation of flavonoids via the in vivo CAM
assay showed increasing activities with increasing concentrations. The evaluated flavonoids also
demonstrated antiangiogenic activities of varying potencies. In light of this, results were inspected
to gain some insights on the SAR of antiangiogenic activity of flavonoids (Figure 7). Although SARs
of chemical compounds change based on the sought pharmacological activity, there are some
common structural features of flavonoids that are recognized as important for activity [160].
Combination of the C2=C3 double bond and a 4-C=0 is favorable for the antiviral/bacterial [161],
anticancer [162,163], cardioprotective [164], anti-inflammatory [165], and antioxidant [164] activities
of flavonoids. This conjugation maintains the planarity of the molecule and helps with the electron
delocalization between rings A and C which is important for interaction with several targets [160].
Similarly, the 5, 7 di-OH is important for many of the biological activities of flavonoids [164,166-168].
This can be explained by the fact that flavonoids exert different pharmacological activities that have
mutual and/or overlapping mechanisms. For example, the antioxidant activity of flavonoids contributes
to their anti-inflammatory activity and both contribute to their anticancer activity. Moreover, several
targets in the body have structurally similar binding sites and this is a phenomenon that is partially
responsible for drug promiscuity or polypharmacology (binding of a drug to multiple targets). This was,
in fact, observed for binding of the flavonoid quercetin with phosphatidylinositol 4,5-bisphosphate
3-kinase (PI3KCG) and the serine/threonine proto oncogene, PIM1 kinase [169].

With respect to the antiangiogenic activity of flavonoids, limited SAR studies have been reported.
Lam et al. tested the antiangiogenic activity of a number of polymethoxylated flavonoids in vitro and
in vivo [170]. The authors concluded that methylation of C5, C6, C7 and/or C4’ OH groups increased
the activity which is in agreement with Ravishankar et al. [93] who reported the in vitro antiangiogenic
activity of a number of quercetin and luteolin derivatives. Our results also suggest that the presence of
a 4’-OCHj increases the antiangiogenic activity. Despite this, there were some discrepancies between
the aforementioned SAR conclusions. In this SAR analysis we showed that the presence of a 3-OH
group enhanced the antiangiogenic activity, which is in contrast to the report from Ravishankar et al.
that noted that the same 3-OH caused a drop in the activity yet methylation of that OH increased
the activity [93]. A study by Lam et al. reported that glycosylation at C7 dramatically decreased
the activity [170] while our study showed such modification to cause a minor or no decrease in the
activity and even a slight increase in some cases. These inconsistencies are likely to be a result of the
different experimental methodologies and flavonoid concentrations used in each study. Additionally,
the different evaluated flavonoids might exert their antiangiogenic activities by binding to different
targets that require different structural features. This highlights the need for larger scale studies to more
fully probe the antiangiogenic SAR of flavonoids taking in consideration the employed mechanisms
of action.

Since the relation between inflammation and angiogenesis is well established and many flavonoids
possess anti-inflammatory activities, several studies assessed the antiangiogenic effects of flavonoids
on inflammation-induced angiogenesis. Inflammatory cells like T-lymphocytes and macrophages
secrete cytokines that can control the survival, proliferation, activation and migration of endothelial
cells [171,172]. Endothelial cells can additionally produce several cytokines and chemokines

272



Molecules 2020, 25, 4712

themselves [173]. Flavonoids such as baicalin, quercetin and kaempferol caused a reduction in
both inflammatory and angiogenic markers in cultured macrophages and human umbilical vein
endothelial cells (HUVECsS) [174,175].

Bacterial infections also trigger angiogenesis through inflammatory pathways. In that context,
binding of LPS to the TLR4 receptor located on the surface of endothelial cells leads to upregulation
of ERK1/2 and p38MAPK pathways and increases production of pro-inflammatory cytokines like
IL-6 [176,177]. Pro-inflammatory cytokines like IL-6 and tumor necrosis factor o (TNF«) can interact
with VEGF expression and promote angiogenesis [178,179]. The flavone, wogonin, and its glucoside,
wogonoside, showed promising antiangiogenic activity against LPS induced angiogenesis [130].
Wogonin also inhibited IL-6 induced angiogenesis in a concentration dependent manner where it was
reported to downregulate VEGFR1 not VEGFR2 genetic expression [147]. While VEGR2 is the main
receptor for VEGF and is downregulated by many flavonoids [91,180], VEGFR1’s role in angiogenesis
is still not fully understood and needs further investigation.

As mentioned earlier, cancer is one of the most serious pathologies related to angiogenesis. When
cells grow malignantly beyond a certain size, they need more vascularization to receive oxygen and
nutrients i.e., tumors depend on angiogenesis to grow above a certain limit, and to metastasize [181].
The tumor vasculature is characterized by an imbalance between pro and anti-angiogenic factors where
several angiogenic stimulators like VEGF and HIF are overexpressed. The HIFs are major regulators of
angiogenesis and orchestrate many of the steps involved [182]. Under physiological conditions, HIFs
are released in response to low oxygen levels in the blood (hypoxia) and stimulate angiogenesis at
various levels from endothelial cell proliferation to activating the transcription of angiogenic genes like
VEGF and platelet derived growth factor (PDGF). During malignancy, HIF dependent angiogenesis is
activated either in response to the predominant hypoxic environment or by the genetic transformations
caused by cancer. Flavonoids can downregulate HIFx and VEGEF in different cancer cell lines such as
OVCAR-3, A2780, MCF-7 and PC-3 [42,70,95,131,144,145]. Many studies have also reported the ability
of the flavonoids 3-hydroxy flavone, hesperidin, apigenin, fisetin and many others to reduce tumor
size, capillary density and metastasis of different cancers, such as osteosarcoma, melanoma, lung and
breast cancers, in xenograft mice [26,183-187].

Although this meta-analysis demonstrated the overall promising in vivo antiangiogenic activity
of flavonoids whether in normal, inflammatory or tumor conditions, there were some limitations to
the study. First, the standard forms and guidelines used in a systematic analysis are only applicable for
clinical or animal trials. Consequently, the quality of the retrieved studies and publication bias were not
taken into account here, as this would be methodologically inappropriate. As such, large scale animal
studies and meta-analyses evaluating the antiangiogenic activity of flavonoids are much needed in the
future to provide more definitive conclusions about the role of flavonoids in angiogenesis.

Second, despite subgrouping flavonoids based on their chemical class and using the random effects
model, heterogeneity remained high in this study. There are three types of heterogeneity as defined by
the Cochrane handbook for systematic reviews, (i) clinical: differences in participants, interventions or
outcomes, (ii) methodological: differences in study design, risk of bias and (iii) statistical: variation in
intervention effects or results [188]. Looking deeper into the generated forest plots we concluded the
cause of heterogeneity to be clinical and/or statistical. This is mainly because most of the flavonoids
in a single subgroup are from the same study hence methodological heterogeneity was excluded.
This was further supported by the fact that no single flavonoid was found to solely contribute to
the heterogeneity when applying the leave-one-out strategy in the sensitivity analysis. In that case,
heterogeneity is mainly due to the different flavonoids used in the study (variation in interventions) in
addition to other factors like variable outcomes (number of blood vessels). This clinical heterogeneity
can lead to a statistical heterogeneity manifested as a variation among the effects or results (ratio of
means of number of blood vessels).
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4. Materials and Methods

This review and meta-analysis were conducted according to Preferred Reporting Items for
systematic reviews and Meta Analyses (PRISMA) guidelines [189].

4.1. Search Strategy

For Section 1, a literature search was conducted using ScienceDirect, PubMed and Web of Science
databases between 3 April 2020 and 23 April 2020 with no time limits. The first set of keywords,
(flavonoid, flavone, flavonol, flavanol, anthocyanidin, polyphenol) was combined systematically
using the Boolean operator AND with the second set, (angiogenesis, antiangiogenic, proangiogenic,
“cell migration”, “wound healing”) in all databases (Table S5).

With regards to the detailed meta-analysis for Section 2, the literature search was carried out
using ScienceDirect, PubMed, Web of Science and Google Scholar databases between 8 June 2020 and
10 June 2020 with no time limits. The first set of keywords, (flavonoid, flavone, flavonol, flavanol,
anthocyanidin, polyphenol) was combined systematically using the Boolean operator AND with the
second set, (angiogenesis, “chick chorioallantoic membrane”, “in vivo angiogenesis”) in all databases
(Table S6).

4.2. Inclusion and Exclusion Criteria

Studies were included in the Section 1 overview search if they met the following eligibility criteria:
(i) natural or synthetic flavonoids (ii) in vitro, in vivo and/or ex vivo angiogenesis assays (iii) focus
on cancer, diabetes, bone regeneration or eye diseases. For the meta-analysis Section 2, the inclusion
criteria were: (i) natural or synthetic flavonoids (ii) in vivo CAM angiogenesis assays. Articles not
written in English and/or focusing on chalcones, plant extracts/total flavonoids content, combination
of compounds, nanoformulations, prodrugs, neurological disorders or cardiovascular diseases were
excluded from both searches. This systematic review and meta-analysis followed PRISMA guidelines
(Table S7).

4.3. Data Extraction

Initially, articles’ titles and abstracts were screened based on relevance and inclusion/exclusion
criteria. Full texts were checked in some cases when abstracts failed to provide a detailed description.
Eligible articles were retrieved and data extracted into a specially designed form. The first set of
extracted data for Section 1 included title, publication type, year of publication, flavonoid, disease
of focus and conducted in vitro and/or in/ex vivo angiogenesis assays. The second set of data were
extracted for the meta-analysis Section 2 study and included title, year of publication, flavonoid,
angiogenesis promotor, cancer cell line, concentration, time and duration of flavonoid treatment, results
representation and number of CAMs used for each test concentration (1).

4.4. Data Analysis

Means of the number of blood vessels in a CAM relative to control were used as the outcome
measure. Concentrations were reported in uM in all analyses except for analysis of wogonoside’s
antiangiogenic effect on breast cancer cell lines in which ng/CAM was used. Values are represented as
means ratio + standard error of means (SEM). For studies reporting standard deviation (SD), the SEM
was calculated by dividing SD by square root of the corresponding study sample size. Pool effect size
was expressed as means ratio and 95% CI and was calculated using the inverse variance (IV) method.
The random effects model was used because it accounts for between study variability. Heterogeneity
was assessed using Higgins’ I> measure where I > 50% indicates substantial heterogeneity [190].
Sensitivity analysis was applied to evaluate the effect of each flavonoid on summary effect size and
on heterogeneity. It is based on the sequential removal of one study at a time. Statistical analysis
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was performed using Review Manager Version 5.1 (The Nordic Cochrane Centre, The Cochrane
Collaboration, Copenhagen, Denmark) and Microsoft Excel 2016.

5. Conclusions

Despite the promising antiangiogenic activity of flavonoids presented in many literature studies,
no flavonoids have reached clinical trials for this application. This systematic review and meta-analysis
therefore aimed to provide further insight into this area by evaluating the in vivo antiangiogenic activity
of flavonoids as determined by the widely reported, clinically relevant CAM assay. A comprehensive
overview of the antiangiogenic activities of flavonoids with regards to the class of flavonoids, pathology
and assays used was presented. Results have shown that the biggest fraction of studies focused
on the flavone subclass, cancer related angiogenesis, and in vitro assays. Furthermore, an overall
evaluation of the in vivo antiangiogenic activity of flavonoids was offered focusing on SAR and
mechanistic considerations. Isoflavones, flavonols and flavones were found to be the most active
classes of flavonoids where antiangiogenic activity was dose dependent. Several structural features
were considered, from which it was concluded that the position of the hydroxyl substituents and the
degree of unsaturation are key for high activity. Even though there were some limitations such as
the miscellany of the studied flavonoids and the high heterogeneity, this study provided substantial
information that will underpin further investigations by addressing current gaps in the literature
regarding the antiangiogenic activity of flavonoids, and highlighting their future prospective as
potentially clinically active antiangiogenic agents.

Supplementary Materials: The following are available online, Table S1: Study characteristics of Section 1,
Tables S2-54: Sensitivity analysis, Tables S5 and S6: Database search results, Table S7: PRISMA checklist.
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Abstract: Isorhamnetin is a flavonoid that is abundant in the fruit of Hippophae rhamnoides L. It is
widely studied for its ability to modulate inflammatory responses. In this study, we evaluated
the potential of isorhamnetin to prevent gram-negative sepsis. We investigated its efficacy using
an Escherichia coli-induced sepsis model. Our study reveals that isorhamnetin treatment significantly
enhances survival and reduces proinflammatory cytokine levels in the serum and lung tissue of
E. coli-infected mice. Further, isorhamnetin treatment also significantly reduces the levels of aspartate
aminotransferase, alanine amino transferase and blood urea nitrogen, suggesting that it can improve
liver and kidney function in infected mice. Docking studies reveal that isorhamnetin binds deep
in the hydrophobic binding pocket of MD-2 via extensive hydrophobic interactions and hydrogen
bonding with Tyr102, preventing TLR4/MD-2 dimerization. Notably, binding and secreted alkaline
phosphatase reporter gene assays show that isorhamnetin can interact directly with the TLR4/MD-2
complex, thus inhibiting the TLR4 cascade, which eventually causes systemic inflammation, resulting
in death due to cytokine storms. We therefore presume that isorhamnetin could be a suitable
therapeutic candidate to treat bacterial sepsis.

Keywords: isorhamnetin; flavonoid; bacterial sepsis; toll-like receptor 4; inflammation

1. Introduction

Inflammation is an innate immune response against microbial infection. However, if it persists for
a long time, it can cause several fatal diseases, including sepsis. Sepsis is a clinical condition defined
as a systemic inflammation in the body in response to microbial infection, which eventually leads to
multiple organ failure. Sepsis is reported to be the leading cause of mortality across the globe, and thus
the World Health Organization (WHO) devoted the year 2017 to prioritize this disease and its treatment
strategies [1-3]. The organs and systems that are commonly affected by sepsis include the lung,
abdomen, blood and kidneys, with associated incidences of 64%, 20%, 15% and 14%, respectively [3].
Pathophysiological studies also reveal that the activation of toll-like receptors (TLRs) by microbes or
microbial peptides represents the principle mechanism underlying the development of sepsis [3,4].

TLRs are transmembrane receptors present in major immune cells, and are composed
of an extracellular leucine-rich repeat domain, a transmembrane region and an intracellular
toll-interleukin-1 receptor (TIR) domain [5,6].

In total, 10 and 12 TLRs are identifiable in human beings and mice, respectively, and each of them
recognizes specific pathogen-associated molecular patterns [7]. However, among these TLRs, TLR4 is
responsible for the recognition of bacterial lipopolysaccharide (LPS) and the initiation of an immune
response against LPS and/or gram-negative bacteria. Notably, TLR4 requires MD-2 to recognize LPS,
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and a TLR4-MD-2-LPS complex is essential to activate the TLR4 pathway in macrophages. Once TLR4
recognizes LPS, it undergoes an oligomerization process to recruit downstream adaptor molecules via
interactions with the TIR domain. Five adaptor proteins that contain the TIR domain are identifiable,
including MyD88 (myeloid differentiation primary response gene 88), TIRAP (TIR domain-containing
adaptor protein, also known as Mal, MyD88-adapter-like), TRIF (TIR domain-containing adaptor
inducing IFN-f), TRAM (TRIF-related adaptor molecule), and SARM (sterile « and HEAT-Armadillo
motifs-containing protein) [8]. These adaptor proteins play crucial roles in the TLR4 pathway, which
eventually results in the translocation of NF-kB from the cytoplasm to the nucleus to trigger the
production of pro-inflammatory cytokines [7].

Flavonoids are naturally-occurring polyphenols that are found in a variety of edible plants.
Chemically, they exist in glycosylated (conjugated with sugar) or aglycone forms (free form) [9].
The role of flavonoids in plants is crucial, as they confer infection resistance to the plant [10], in addition
to protecting them from harmful ultraviolet rays [10,11]. Moreover, much research was carried out
to explore the role of flavonoids in animal systems, and among the various activities shown by all
types of flavonoids, their antioxidant potential is the most notable [12]. They are also reported to have
other health-promoting effects, such as anti-inflammatory activity. For example, the cytoprotective
efficacy of plant flavanol quercetins is widely explored [13,14]. Isorhamnetin (Figure 1), another
plant flavanol, is a 3’-O-methylated metabolite of quercetin, and is found predominantly in the
fruit of Hippophae rhamnoides L.; it exerts various biological effects, including anti-inflammatory [15],
anticancer [16] and antioxidant activities [17]. Further, we previously reported that this flavonoid
has potent anti-tuberculosis activity against Mycobacterium tuberculosis H37Rv and multi-drug- and
extensively drug-resistant clinical isolates [18]. Importantly, the absorption and metabolic stability of
methylated flavonoids are believed to be higher than those of unmethylated flavanols [16]. Thus, this
property makes isorhamnetin more potent than quercetin.

Figure 1. Chemical structure of isorhamnetin also known as 3’-methoxyquercetin (molecular weight:
316.26). The image was drawn using Chemdraw software.

In the present study, we explored the potential of isorhamnetin to protect against Escherichia
coli-induced sepsis by establishing a murine model. Furthermore, based upon binding affinity and
a molecular docking examination, we show for the first time, to our knowledge, that isorhamnetin can
bind TLR4/MD-2 directly, thus preventing the activation of the TLR4 cascade, which is responsible
for sepsis progression. The outcomes of our study might provide further insights into the natural
flavonoid isorhamnetin and its role in sepsis prevention and treatment.

2. Results

2.1. Isorhamnetin Treatment Protects Mice from E. coli-Induced Sepsis

It was previously reported that isorhamnetin can reduce inflammation by downregulating nitric
oxide (NO) and cytokine production [19]. Therefore, we sought to examine the ability of isorhamnetin
to protect mice from E. coli-induced sepsis. To establish a bacterial sepsis model, we used a virulent
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E. coli K1 strain to infect isorhamnetin-pretreated mice for 96 h for survival assays and 18 h to examine
inflammation. As depicted in Figure 2A, mice in the isorhamnetin-treated group survived until the
end of the experiment, but the E. coli-treated mice died within 24 h of infection. Further, we assessed
the bacterial burden in the visceral organs of the mice (lung, liver, and kidneys) and found that
isorhamnetin treatment significantly reduced the bacterial population in all organs compared to that in
the E. coli only group (Figure 2B). Although isorhamnetin has no antibacterial activity in vitro, it is
reported to enhance macrophage functions, such as phagocytosis, by increasing superoxide generation
after the engulfment of bacteria [20]. Thus, we speculate that the reduction in bacterial loads in the
organs is a result of the immunomodulatory potential of isorhamnetin.
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Figure 2. Invivo examination of the effects of isorhamnetin on Escherichia coli-induced sepsis.
(A) Potential of this compound to promote the survival of mice in response to E. coli-induced
sepsis. (B) Evaluation of the bacterial load in the visceral organs of mice. Data are presented as the
means + standard error of the mean (SEM). * p < 0.05; ** p < 0.01; *** p < 0.001 compared to the
E. coli group.

2.2. Isorhamnetin Treatment Protects Mice from E. coli-Induced Inflammation

The effect of isorhamnetin on E. coli-induced myeloperoxidase (MPO) and proinflammatory
cytokines (TNF-« and IL-6) was then examined. As depicted in Figure 3A,B, MPO activity is high in
untreated mice infected with E. coli, whereas treatment with isorhamnetin decreased MPO activity in the
kidney, liver and lung. However, the best results were obtained in the lung tissue (Figure 3B). Moreover,
the secretion of cytokines is also highly increased in the sera and lung lysates after E. coli infection,
which was drastically reduced in the isorhamnetin-treated group, suggesting that isorhamnetin can
suppress the inflammatory response (Figure 3C,D).
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Figure 3. In vivo anti-inflammatory and toxicity evaluation of isorhamnetin. (A,B) Examination of
myeloperoxidase (MPO) activity in lung, liver and kidney. (C,D) Production of cytokines (TNF-«, IL-6)
in the sera and lung lysates. (E) Aspartate aminotransferase (AST), alanine amino transferase (ALT)
and blood urea nitrogen (BUN) levels in the serum. (F) Hematoxylin and eosin staining of the lung
tissue. Data are presented as the means + SEM. * p < 0.05; ** p < 0.01; and *** p < 0.001 compared to the
E. coli group.

Additionally, aspartate aminotransferase (AST), alanine amino transferase (ALT) and blood urea
nitrogen (BUN) assays were carried out to evaluate liver and kidney function, and the results of these
assays reveal that untreated mice infected with E. coli develop severe liver and kidney dysfunction
(Figure 3E). However, isorhamnetin treatment protects the mouse liver and kidneys from E. coli-induced
inflammation, as indicated by the reduced levels of AST, ALT and BUN (Figure 3E). Notably, we also
examined the effect of isorhamnetin on uninfected mice to assess toxicity; here, we observed that this
treatment does not alter the levels of AST, ALT and BUN, compared to those in the control group
(Figure 3E), clearly indicating its safety. Moreover, we examined the histopathology of the lung tissues
to assess neutrophil infiltration; the results indicate that isorhamnetin treatment could reduce the
infiltration of neutrophils in the lung, which is noticeable after E. coli treatment (Figure 3F).

2.3. Interactions between Isorhamnetin and MD-2 Represent the Principal Mechanism Underlying the
Anti-Inflammatory Activity

As we observed that isorhamnetin could successfully promote the survival of E. coli-infected mice
and ameliorate inflammation, we next determined its probable mechanism of action. Isorhamnetin
was previously reported to downregulate the TLR4 pathway [21], which has a crucial role in the
development of inflammation. We therefore measured the binding affinity of isorhamnetin to MD-2 by
surface plasmon resonance (SPR), as it is reported that MD-2 is responsible for binding hydrophobic
LPS and other small molecules [22], which eventually induces the dimerization of TLR4/MD-2.
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The binding affinity of isorhamnetin for MD-2 is very strong, specifically 5.41 x 107® M (association
rate: 2.296 x 102 M1 s71; dissociation rate: 1.242 x 1073 s71; Figure 4A).
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Figure 4. Effect of isorhamnetin on binding to MD-2, LPS-induced SEAP secretion and LPS neutralization
(A) Surface plasmon resonance (SPR) analysis to determine the binding interaction. (B) Secretary
alkaline phosphate (SEAP) assay in HEK-Blue™ hTLR4 cells (toll-like receptors (TLRs)). (C) Limulus
amebocyte lysate (LAL) assay in serum of mice. (D) LAL assay to detect LPS neutralization in vitro.

Furthermore, we performed a SEAP (secreted embryonic alkaline phosphatase) assay using
HEK-Blue™-hTLR4 cells to confirm the selectivity of isorhamnetin for the TLR4 receptor. SEAP is
a protein secreted after the translocation of NF-«B from the cytosol to the nucleus; the amount of
SEAP secreted into the medium correlates with the activation of the TLR4 pathway. Results of this
experiment reveal that isorhamnetin could reduce SEAP activity in a concentration-dependent manner,
with a 52% inhibition rate, indicating its specificity for the TLR4 receptor (Figure 4B).

We also carried out a Limulus amebocyte lysate (LAL) assay to examine the level of LPS in the
mice serum and the in vitro LPS neutralizing efficacy of isorhamnetin. As, depicted in Figure 4C
the level of LPS in the E. coli treatment group is significantly higher than those of the isorhamnetin
treatment group (p < 0.001), suggesting that isorhamnetin treatment causes the reduction of the E. coli
count, thus the level of LPS is decreased. However, the in vitro assessment of LPS neutralization
reveals that isorhamnetin has no effect on the neutralization of LPS, as the level of LPS is similar in
both the isorhamnetin treatment group as well as the LPS-only-treated group (Figure 4D), implying
that isorhamnetin does not neutralize LPS, and instead it may give a competition to LPS in binding
with MD-2.
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2.4. Molecular Docking

To understand the interaction between isorhamnetin and MD-2 at the molecular level, a binding
model of isorhamnetin to MD-2 was determined by a docking simulation. A model of the binding
between isorhamnetin and MD-2 shows that isorhamnetin was inserted into the hydrophobic binding
pocket of MD-2, which is a part of the LPS-binding site (Figure 5a). Isorhamnetin also exhibits
extensive hydrophobic interactions with MD-2. Further, the 3’-OCHS3 of isorhamnetin bound to the
deep hydrophobic pocket of MD-2, forming hydrophobic interactions with Leu74 and Phe147. The B
ring is also shown to form two pi—pi interactions with Phe104 and Phe147, whereas Tyr102 forms
pi—pi interactions with the A ring. Furthermore, pi interactions were observed between the C ring of
isorhamnetin and Leu61 and Ile117, with one between the B ring and 163, L71, L74 and V113, as shown
in the two-dimensional plots of Figure 5b,c. Therefore, isorhamnetin displays extensive hydrophobic
interactions with the hydrophobic pockets of MD-2, resulting in a tight binding affinity. Furthermore,
7-OH of isorhamnetin forms a hydrogen bond with Tyr102. It was reported that xanthohumol and
curcumin also exhibit the same interactions with Tyr102 of MD-2 [23,24]. Docking studies and mutation
studies of R90A and Y102A show that Arg90 and Tyr102 are the crucial residues required for the
recognition process during inhibitor binding to the MD-2 protein [25-27]. These results confirm that
Tyr102 might be the crucial residue required for binding between isorhamnetin and MD-2.
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Figure 5. Binding interactions between isorhamnetin and MD-2. (a) Isorhamnetin (blue and red sphere)
overlapped with LPS (yellow stick) in the hydrophobic binding cavity of MD-2 (gray) together with TLR4
(green), and its 90-degree rotated complex structure is shown. (b) Overview of the MD-2-isorhamnetin
complex. Isorhamnetin is shown as sky blue sticks, and important residues in MD-2 (gray ribbon
cartoon) are shown as yellow sticks. (c) Two-dimensional illustration of the MD-2-isorhamnetin
docking pose showing hydrophobic interactions and hydrogen bonding interactions.
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3. Discussion

Isorhamnetin, a natural flavonoid and metabolite of quercetin, has gained much scientific attention
due to its broad range of biological activities. Specifically, it is reported to exert anti-inflammatory [19],
anti-gastric cancer [28] and antioxidant [17,29] effects. In a recent study carried out by Yang et al.,
it is found that isorhamnetin can protect against LPS-induced acute lung injury by inhibiting
cyclooxygenase-2 (COX-2) expression [30]. However, to the best of our knowledge, there have
been no studies reporting the efficacy of isorhamnetin in protecting mice from bacterial sepsis.
Therefore, we explored this aspect in the present study.

Natural products isolated from plants and herbs are categorized in complementary and alternative
medicine, and are now replacing synthetic drugs. A report published by the National Health Interview
Survey (NHIS) reveals that approximately 38% of adults in America use complementary and alternative
medicine [31], which shows the importance of natural product research. Among these natural products,
flavonoids have gained increasing attention due to their wide range of biological activities [9,11].
Flavonoids are reported to exert anticancer effects by inducing apoptosis in cancer cells and interfering
with signal transduction pathways associated with metastasis [32]. Quercetin, a well-studied flavonoid
found abundantly in apples, berries and Brassica vegetables, is reported to stabilize mast cells and
protect the gastrointestinal tract; moreover, its potent anti-inflammatory and antioxidant activity
was also reported [33]. However, the toxicity and efficacy of these compounds have always been
an obstacle for their development as alternative medicines. Therefore, we examined the toxicity of
isorhamnetin using a mouse model, in which isorhamnetin was administered alone without bacteria,
and evaluated the AST, ALT and BUN levels. We found that this compound does not alter these
biochemical parameters, suggesting that it is safe to use as a drug. In contrast, in our previous study,
rhamnetin, another derivative of quercetin, was found to exhibit anti-inflammatory activity by binding
to c-Jun NH2-terminal kinase 1 and p38 MAP kinase [34]; however, it exhibits cytotoxicity towards
HEK293 cells. In another study, we report that tamarixetin, another derivative of quercetin, exhibits
anti-septic activity similar to that of isorhamnetin [35].

The exaggerated production of cytokines is a major cause of systemic inflammation, often referred
to as septic shock. Septic shock or sepsis is the most fatal condition, and here the mortality rate is
predominantly high with very few treatment options [3]. As we observe that isorhamnetin protects
macrophages from LPS-induced pro-inflammatory cytokine secretion, we next sought to examine the
efficacy of isorhamnetin against E. coli-induced sepsis using a mouse model. We observed a significantly
high survival rate in mice treated with isorhamnetin compared with that in the E. coli only group.
Moreover, the bacterial load in the visceral organs (lung, liver and kidney) is greatly decreased in
the isorhamnetin-treated group, suggesting that this compound protects mice from E. coli infection.
Further, the secretion of IL-6 and TNF-« is reduced significantly in the sera and lung lysates from the
isorhamnetin-treated mice, whereas this is predominantly high in the E. coli only group, suggesting
that isorhamnetin suppresses E. coli-induced inflammation in mice.

To induce systemic inflammation or sepsis, bacteria or their byproducts target TLR signaling,
and more specifically, the TLR4 pathway. Natural compounds, and precisely, flavonoids, represent
principal candidates that target the TLR4 pathway. For example, epigallocatechin gallate, a polyphenolic
flavonoid found in green tea, has been identified as a potent antagonist of the TLR4 pathway [36].
Therefore, flavonoids have always attracted research attention as valuable resources for the development
of TLR4 antagonists due to their lack of toxicity and regular consumption in food. Curcumin, for
example, has been explored for its various biological effects, including anti-inflammatory activity [37].
Further, cinnamic acid and its derivatives are known for their anti-inflammatory properties [25].
Similarly, cordycepin, a traditional oriental medicine from the Cordyceps species, is found to suppress
LPS-induced inflammatory signaling by inactivating the MAPK and NF-«B pathways and inhibiting
TLR4-mediated signaling [38].

In addition, curcumin, sulforaphane, 6-shagaol, glycyrrhizin, isoliquiritigenin, caffeic acid
phenethyl ester, cinnamaldehyde, paclitaxel, morphine, naloxone, chitohexose and xanthohumol
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are natural small molecular inhibitors that target TLR4 activation and signaling [36]. Among these,
xanthohumol and curcumin were further studied for their TLR4 antagonistic activity; it is reported
that they interact with MD-2 with high affinity, thus interfering with the binding between LPS with
MD-2, which eventually antagonizes TLR4 [23,39].

In this study, we examined the binding efficacy of isorhamnetin to MD-2 in order to regulate the
TLR4/MD-2 interaction, which eventually leads to the induction of TLR4 pathway. We carried out the
SEAP assay using HEK-Blue™-hTLR4 cells, as the translocation of NF-«B from the cytosol to the nucleus
tends to release the SEAP protein in cell supernatant, and is directly associated with the activation
of the TLR4 pathway. From this experiment, we observed that isorhamnetin treatment reduces the
activation of TLR4 pathway as the secretion of SEAP protein is drastically reduced even at the 1 uM
concentration, suggesting that isorhamnetin may inhibit TLR4-inflammatory signaling pathway.

Isorhamnetin, a flavonoid, has potent anti-inflammatory potential [21]; therefore, we sought
to examine the target through which it executes its anti-septic activity. To examine this mechanism,
we determined the binding affinity of isorhamnetin for MD-2, as the latter is responsible for TLR4/MD-2
dimerization, thereby activating the TLR4 pathway upon exposure to LPS [40]. The SPR method that
we applied to examine binding reveals that isorhamnetin has micromolar binding affinity for the
MD-2 protein. We further confirmed our results through docking simulations, where we observed
that the hydrophobic region of MD-2 is responsible for the interaction with isorhamnetin, resulting in
an antagonization of the TLR4 pathway. Especially, the O-methyl group of isorhamnetin is found to
exhibit hydrophobic interactions with Leu74 and Phe147 of MD-2, and 7-OH is suggested to form
a hydrogen bond with Tyr102 of this protein. Therefore, we confirmed that isorhamnetin binds directly
to MD-2 in vitro and in silico.

Additionally, we carried out the LAL assay to examine whether isorhamnetin neutralizes the LPS,
because that might also be another way to block the TLR4 pathway. However, our results of this in vitro
LAL assay demonstrate that there is no neutralizing effect of isorhamnetin against LPS. On the other
hand, there is significant difference in the amount of LPS present in the serum of the E. coli-infected
group and the isorhamnetin-treated group, suggesting that isorhamnetin treatment exerts the reduction
of the bacterial load in blood, and thus decreases the level of LPS. Taken together both in vitro and
in vivo, LAL assay results indicate that isorhamnetin does not target LPS neutralization, instead it
might give a competition to the LPS while binding with MD-2 in order to inhibit the TLR4/MD-2-LPS
interaction which eventually downregulates the activation of the TLR4 pathway. Moreover, it is
reported that treatment of isorhamnetin significantly decreases the expression of TLR4 and MyD88
in the LPS-treated cell [21]. Similarly, curcumin is reported to non-covalently interact with MD-2,
and this interaction leads to competitive binding for LPS, resulting in the inhibition of TLR4/MD-2
dimerization, which is essential to initiate the TLR4 cascade [39,41]. Therefore, it can be suggested that
isorhamnetin binds to MD-2, resulting in the inhibition of the TLR4/MD-2 dimerization, which may
eventually downregulate the activation of TLR4 pathway-induced inflammation and sepsis.

In conclusion, this is the first study, to our knowledge, to report that isorhamnetin, a natural
flavonoid, protects against E. coli-induced sepsis in a mouse model. Moreover, our study, for the first
time, reports that from binding affinity, molecular docking and SEAP assay experiments, isorhamnetin
directly interacts with MD-2, implying that this compound could be a potent therapeutic candidate for
the treatment of TLR4-mediated inflammation and sepsis.

4. Materials and Methods

4.1. Chemicals and Biological Reagents

All chemicals, unless otherwise stated, were of the highest quality (this is a general statement
for all chemicals used; we can not specify the exact purity) and were used as supplied. Isorhamnetin
(95.0% purity) was purchased from Sigma-Aldrich (St. Louis, MO, USA). We further purified it to
99% purity using high performance liquid chromatography in Korea Basic Science Institute (Ochang,
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South Korea). Compounds were dissolved in dimethyl sulfoxide (DMSO) to produce a 10-mg/mL
stock solution.

4.2. Animals

Female BALB/c (six weeks old) mice were used for the E. coli-induced sepsis model. All mice
used in this study were purchased from Orient (Daejeon, Korea) and were housed under specific
pathogen-free conditions in a temperature- and humidity-controlled environment for one week prior
to the experiments. All procedures were reviewed and approved by the Institutional Animal Care and
Use Committee (IACUC) of Konkuk University, South Korea (IACUC number: KU18163-1).

4.3. SEAP Assay

HEK-Blue™-hTLR4 cells (toll-like receptors (TLRs)), obtained via the co-transfection of human
TLR4, MD-2 and CD14 co-receptor genes and an inducible SEAP reporter gene into HEK293 cells, were
purchased from Invitrogen (San Diego, CA, USA). HEK293 cells that stably expressed TLR4 contained
a secreted alkaline phosphatase reporter gene (SEAP) located downstream of the NF-xB promoter.
HEK-Blue™ hTLR4 cells were seeded in 96-well plates at 2.5 x 10* per well, using HEK-Blue detection
media (Invitrogen; San Diego, CA, USA) and these were treated with isorhamnetin. After 1 h, LPS
at 20 ng/mL was added for stimulation. After 16 h, SEAP production was determined based on the
absorbance of the supernatant, measured at 630 nm, as described previously.

4.4. Measurement of Binding Affinity by SPR

The binding affinity between isorhamnetin and MD-2 was determined by SPR using a Biacore T100
(GE Healthcare, Sweden). Briefly, MD-2 protein was immobilized onto a CM5 chip using a standard
EDS/NHS amine coupling method with sodium acetate (pH 5.0, acidic). MD-2 protein at 30 ug/mL was
injected onto the surface of the CM5 chip at a resonance value of 2300. To analyze the kinetics, we used
a running buffer composed of phosphate-buffered saline (PBS) (pH 8.0, slightly alkali), 0.05% Tween 20
and 1% DMSO. The chip was regenerated with 5 mM sodium hydroxide (NaOH) after the analysis of
every sample. Equilibrium dissociation constant (Kp) values for the binding affinity were measured
using a 1:1 binding assay with BIA Evaluation 2.0 software (GE Healthcare, CA, USA).

4.5. Molecular Docking

To analyze the TLR4/MD-2/isorhamnetin interaction, molecular docking was carried out using
AutoDock Vina implemented by Yasara software (http://www.yasara.org) [42]. The crystal structure of
the human TLR4/MD-2/E. coli LPS Ra complex was obtained from the protein data bank (PDB ID: 3FXI).
The structure of isorhamnetin was acquired from the PubChem compound database (PCID:5281654),
and the structure was subjected to energy optimization before docking. Water molecules and hetero
atoms were removed from the protein, and polar hydrogen atoms were added. One hundred docking
cycles with 500,000 evaluation steps were performed. Based on the cluster information, binding energy,
molecular interactions such as hydrogen bonds and hydrophobic interactions, the best docked pose
was selected.

4.6. Survival test for the sepsis mouse model

Survival tests were carried out as described previously [43]. Briefly, 20 BALB/c mice were used
in each of the four groups. For the control group, mice were administered an intraperitoneal (i.p.)
injection of PBS. For the second group, mice were administered an i.p. injection of 0.2 mL of E. coli
(1 x 107 CFU/mouse). For the third group, mice were administered an i.p. injection of isorhamnetin
(1 mg/kg) with 0.2 mL of E. coli (1 x 107 CFU/mouse). For the fourth group, mice were administered
an i.p. injection of isorhamnetin (1 mg/kg) without E. coli. Survival in each group was observed for up
to four days (0, 6, 12, 18, 24, 30, 36, 48, 60, 72, 84 and 96 h).
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4.7. Cytokine Levels in the Serum and Lung Lysates in the Sepsis Mouse Model

Isorhamnetin (1 mg/kg) was injected 60 min before the E. coli (1 x 107 CFU/mouse) injection,
and the mice were housed for 12 h. After 12 h, the mice were sacrificed, and blood and lung tissues
were collected to examine inflammatory cytokines (TNF-« and IL-6) in the serum or lung lysates, using
respective ELISA kits (R&D system), according to the manufacturer’s instructions.

4.8. Detection of AST, ALT, and BUN in the mouse serum

The detection of aspartate aminotransferase (AST), alanine amino transferase (ALT) and blood urea
nitrogen (BUN) in the serum was performed using a standard kit available from Asan Pharmaceutical,
(Gyeonggi-do, South Korea) as per the manufacturer’s instructions. The levels of AST, ALT and BUN
were determined relative to a standard provided by the kit after subtracting the background levels.
PBS was used as the negative control and a standard solution was used as the positive control to
calculate the rates.

4.9. Determination of E. coli Counts in Organ Tissues

At the time of sacrifice, the lungs, liver and kidneys were removed aseptically and placed
separately in 1 mL of sterile PBS. The tissues were then homogenized on ice using a tissue homogenizer
under a vented hood. The lung, liver and kidney homogenates were diluted with PBS to 1:1000. After
plating 10 pL of each diluted sample onto Luria Bertani (LB) agar, the plates were incubated at 37 °C
for 24 h. We then counted the numbers of E. coli colonies, which were used to assess the relative
abundances of E. coli.

4.10. LAL Assay

To determine the endotoxin concentration in mice serum we have carried out the LAL assay.
The assay was carried out using Pierce LAL Chromogenic Endotoxin Quantification Kit (Thermo
Scientific, Rockford, IL, USA) according to the manufacturer’s instruction. Similarly, to examine
the LPS neutralizing efficacy of isorhamnetin in vitro, we incubated the different concentrations of
isorhamnetin (0, 1, 5, 10, 25 and 50 uM) with Ing/mL of LPS at 37 °C in a 96-well plate which was then
analyzed by a Pierce LAL Chromogenic Endotoxin Quantification Kit (Thermo Scientific, Rockford,
IL, USA) according to the manufacturer’s instruction.

4.11. Histopathological Examination

For histopathological examination, all samples were fixed in 10% formalin buffer and dehydrated
with graded alcohol. The tissues were then embedded in paraffin blocks, and pathological sections were
sliced along the longitudinal axis. From each sample, 5-mm thick sections were obtained, and staining
with hematoxylin and eosin was performed to evaluate lung tissue morphology.

4.12. Statistical Analysis

All statistical analyses were carried out using GraphPad Prism software. Dunnett’s multiple
comparisons test (Prism 7.0, GraphPad Software Inc., La Jolla, CA, USA) was used for the comparisons
of multiple groups. Values were considered statistically significant at p < 0.05. The error bars represent
the mean =+ standard error of the mean (SEM) (* p < 0.05, ** p < 0.01, and *** p < 0.001 compared to cells
treated with agonist).
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Abstract: The present study was conducted to optimize extraction process for defatted pitaya seed
extract (DPSE) adopting response surface methodology (RSM). A five-level central composite design
was used to optimize total phenolic content (TPC), total flavonoid content (TFC), ferric reducing
antioxidant power (FRAP), and 2,2’-azino-bis (3-ethylbenzothizoline-6-sulfonic acid (ABTS) activities.
The independent variables included extraction time (30—-60 min), extraction temperature (40-80 °C)
and ethanol concentration (60%-80%). Results showed that the quadratic polynomial equations
for all models were significant at (p < 0.05), with non-significant lack of fit at p > 0.05 and R?
of more than 0.90. The optimized extraction parameters were established as follows: extraction
time of 45 min, extraction temperature of 70 °C and ethanol concentration of 80%. Under these
conditions, the recovery of TPC, TFC, and antioxidant activity based on FRAP and ABTS were
128.58 + 1.61 mg gallic acid equivalent (GAE)/g sample, 9.805 + 0.69 mg quercetin equivalent (QE)/g
sample, 1.23 + 0.03 mM Fe2+/g sample, and 91.62% =+ 0.15, respectively. Ultra-high-performance
liquid chromatography-quadrupole time-of-flight mass spectrometry (UPLC-QTOF/MS) analysis
identified seven chemical compounds with flavonoids constituting major composition of the DPSE.

Keywords: defatted pitaya seed; extraction; phenolic content; flavonoid content; antioxidant activity;
response surface methodology

1. Introduction

Pitaya, Hylocereus polyrhizus, or commonly known as dragon fruit in English or ‘Buah Naga’ in
Malay, is oblong in shape with scaly structures on its outer peels. It belongs to the family, Cactacae from
the genus Hylocereous. Pitaya originates from Central and Northern South America and presently has
become a recent fruit crop of interest being cultivated in Malaysia, Thailand, Vietnam, Australia, Taiwan,
and other regions around the world. Other than appealing appearance of the fruit, pitaya has recently
gained much attraction due to its high dietary contents [1,2]. The flesh of the fruit is tasty and sugary
with numerous tiny and grainy black seeds. Pitaya fruit seeds contain oil like most other fruit seeds
such as seeds of grape [3], linseeds [4] and berry including blackberry, blueberry and red raspberry
seeds) [5]. Seed oil from pitaya fruit has been successfully extracted and reported to be potentially
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suitable in food, health and cosmetic applications. However, biological activities of polyphenols
extracted from defatted pitaya seed (DPS) as a byproduct after extraction, still remains unexplored.

Polyphenols or phenolic compounds are plants” secondary metabolites produced to shield plants
from ultraviolet rays or damaging insect pests or disease pathogens. Present in plant tissues, they play
important roles in plants’ nutrients assimilation, protein synthesis, enzyme activities, photosynthesis,
cell signaling, and protection against adverse environmental conditions [6]. Flavonoids are one of the
important classes of natural compounds which encompass the largest group of plant polyphenols.
The compounds are made up of fifteen carbon atoms having common basic structures of two aromatic
rings bound together by three carbon atoms. This group of compounds is classified as low molecular
weight compared to other groups of polyphenols that are widely distributed in plants. There are several
classes of flavonoids, such as flavonols, flavones, flavanones, flavanols, isoflavones, and flavanonols.

Flavones and flavonols are the most abundantly present in most plants [7]. A number of studies
have reported medicinal features of this group of polyphenols such as anticancer [8], anti-inflammatory,
antimicrobial and antioxidant activities [9]. The main mechanism for these activities comprises of
the reduction of oxidative stress by scavenging free radicals [10]. It had been documented that the
mechanism was either by transferring electron to complete the radicals compound or by breaking them
down to make them safer and become more stable [11]. A number of extensive research works had
been conducted to extract phenolic and flavonoid compounds from natural sources for their potentially
high therapeutic properties.

Extraction process is the primary stage to source crude extract of bioactive compounds from
plant materials. Various plant materials require distinct extraction conditions and procedures to yield
optimum retrieval of phenolic compounds as every single plant has distinctive characteristics in terms
of phenolic constituents [12]. Several factors have been proven to significantly affect extraction yield
such as extraction methods, particle size, solvent types, solvent concentrations, solvent-to-solid ratios,
extraction temperatures, extraction times, and pH levels [13-15]. One-variable-at-a-time approach is a
traditional method of analyzing extraction optimization conditions by changing only one factor at
a time while keeping others set at constant values. However, this approach is time-consuming and
required a large number of experiments and materials. Moreover, interactive effect between the factors
studied cannotbe determined. Thus, experimental design has been used to overcome these problems.

Experimental design is a systematic approach to apply statistical methods in experimental
processes for various area of academic research and industry. The most common statistical techniques
used to optimize the process is response surface methodology (RSM). RSM is an integrated statistical
and mathematical technique to determine the relationship between the independent variables and
dependent variable based on experimental design. That is, RSM has become an important tool that is
employed for modeling by identifying the influence of several factors on the process. This method was
first developed by Box and Wilson [16] to optimize the chemical process and now has been extensively
adopted in various field including electronics, biotechnology, aerospace, automotive, life sciences,
agricultural settings, and process industries [17]. The advantages offered by the RSM including reduced
number of experimental trials, calculating the complex interaction between the independent variables,
analysis, and optimization as well as the enhancement of existing design. Hence, optimization of
an extraction process using RSM is important to examine suitable conditions to isolate bioactive
compounds especially from different food matrices [18].

Thus, the present study was undertaken to optimize extraction conditions for higher total
phenolic, flavonoids recovery, as well as determine in-vitro antioxidant activities of DPS extract using
response surface methodology (RSM). Polyphenolic compounds from defatted seed extract of pitaya
were identified by ultra-high-performance liquid chromatography-quadrupole time-of-flight mass
spectrometry (UPLC-QTOF/MS).
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2. Results and Discussion

2.1. Fitting Model

Preference for the ideal extraction process which influenced better yield of total phenolic content
(TPC), total flavonoid content (TFC), and antioxidant activity (ferric reducing antioxidant power (FRAP)
and ABTS activity) of defatted pitaya seed extract (DPSE) was accomplished through response surface
methodology. In the present study, the highest order polynomials were selected to choose the models
where additional terms were significant and the models were not aliased in accordance to the sequential
model sum of square. As suggested by the software, a quadratic polynomial model was chosen and
well-fitted for all three independent parameters and responses [19]. The final predictive equations
generated by the software were expressed in terms of coded factors as shown in Equations (1)-(4) where
the empirical correlation between time of extraction (A) temperatures (B) and ethanol concentrations
(C) were established:

Y(TPC) = + 109.53 + 2.66A + 17.60B + 9.23C — 13.83AB — 0.36AC — 3.96BC — 9.04A% — 7.93B? + 4.22C2 (1)

Y(TEC) = + 7.62 + 0.22A + 0.71B + 1.88C — 0.45AB — 0.97AC — 0.28BC — 0.24A2 + 0.11B% — 0.18C2 )

Y(FRAP) = + 1.23 + 0.1152A + 0.2729B — 0.0245C + 0.0375AB — 0.1525AC

— 0.0600BC — 0.0580A2 — 0.0050B2 — 0.0615C? ©)

Y(ABTS) = + 91.85 + 3.82A + 3.69B + 0.8471C — 4.00AB — 2.37AC — 2.29BC — 2.25A% — 1.77B? + 0.2186C2  (4)

The significance of the model was examined through analysis of variance (ANOVA) where a
large F-value and small p-value of each term in the models implied a more significant impact on the
respective response variables [20]. The ANOVA for second order polynomial model of TPC, TFC,
and FRAP had shown that the model was significant (p < 0.05) with a p-value of < 0.0001 for TPC, TFC,
FRAP, and ABTS activities (Table 1). Meanwhile, the coefficient of determination (R?) was employed to
evaluate the quality of the fit quadratic model which were 0.9418, 0.9817, 0.9742, and 0.9840 for phenolic
and flavonoid content, frap value, and ABTS activity respectively. This suggests that only 5.82%, 1.88%,
2.58%, and 1.60% of the total variations for TPC, TFC, FRAP, and ABTS activities respectively could not
be explained by the model. The fitness of the model was identified through lack-of-fit test (p > 0.05),
which indicated suitability of models to accurately predict the variations [21]. The coefficient variation
(CV) is a measure of relative variability from the mean value, claimed that the model was reliable.
In general, a CV of less than 10 percent revealed smaller variation in the mean value and indicated a
better precision and reproducibility [22]. The CV values obtained for TPC, TFC, FRAP, and ABTS were
7.62,4.62,5.57, and 1.21 respectively, demonstrating the high reliability and accuracy of the model.

2.2. Analysis of Response Surface

Response surface methodology was used to estimate the recovery of TPC, TFC, FRAP, and ABTS
activities based on varied values of tested factors, while the contours of the plots were used to establish
their correlative interactions between the variables involved. According to [23], the best way to figure
out the influence of the independent variables on the dependent variables are through drawing surface
response plots of the model. The significance or not the mutual interaction between the factors can be
determined by several shapes developed from the contour plots. A circular contour plot indicates
the interactions between the corresponding parameters are negligible, while an elliptical contour
or saddle nature implies the interactions between the corresponding parameters are significant [24].
The three-dimensional response surface and two-dimensional contours designed by the fitted model
are demonstrated in Figures 1 and 2. Each diagram shows the effect of two variables on yield of TPC,
TFC, FRAP, and ABTS activities while holding other variables at their zero level.
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2.3. Optimum Extraction Condition Based on TPC

The recovery yield of total phenolic content, TPC from defatted pitaya seed extract ranged from 52 to
144 mg GAE/g sample, which were higher than from kiwi fruit seeds [25] and defatted marigold Tagetes
erecta L. residues [26]. In the present study, the mean recorded value was 100.83 mg GAE/g sample of
the total extracts. The maximum yield of phenolic content was recorded for Experiment No. 18 whereas
the lowest yield of flavonoid content discovered from Experiment No. 7. The ANOVA of the regression
coefficient indicated that the two linear parameters, temperature (B) and ethanol concentration (C) were
significant at (p < 0.0001 and p < 0.01) respectively. The quadratic (A2 and B?) and interactive effects between
extraction time and temperatures (AB) were also significant (p < 0.05) on yield of total phenolic content.

Figure 1a shows the interactions between extraction time and temperature on total phenolic contents
at concentration of solvent fixed at 70%. It was observed that extraction efficiency was simultaneously
enhanced with increase in extraction temperature and time. The recovery of phenolic contents increased
rapidly with increase in extraction temperature during a shorter extraction time, while there was a
slight increase in phenolic content with increase in extraction time at a higher extraction temperature.
Under normal conditions, the temperature had constructive effect on extraction of phenolic compounds
from plant sources [27-29]. The phenomenon could be clarified that higher temperature stimulates higher
solubility of phenolic compounds in the extraction solvent. Similar trend on effect of higher temperature
enhanced extraction efficiency of TPC was reported by [30,31] on an Indian medicinal plant and annatto
seeds respectively. Higher temperature increases diffusion of extracted molecules, reduces its viscosity
as well as improves mass transfer [32]. High temperatures from solvent have been reported to increase
permeability of cell walls by breaking down interaction between phenolic compounds and macromolecules
(proteins, polysaccharides) and thus facilitates recovery of phenolic yield in extract.

The interaction between extraction time and ethanol concentration (AC) revealed a significant
(p < 0.05) positive effect on TPC as shown in Figure lc. Yield of TPC gradually increased with
increases in extraction time and ethanol concentration from 30-90 min and 60-80 °C respectively.
However, prolonged extraction time did not significantly improve recovery of TPC. This occurrence
could be explained by Fick’s second law of diffusion which stated that a final equilibrium is accomplished
between the concentration of the solute in the solid matrix (plant matrix) and in bulk solution (solvent)
after certain time [15]. Hence, a longer time does not necessarily extract more phenolic compounds.
Extending extraction times might contribute to increase risk of phenolic oxidation unless reducing
agents are added to the solvent system [33].

The effects of temperature and ethanol concentration at constant extraction time of 60 min increased
recovery of TPC as shown in Figure le. The effect was probably due to the change in solvent polarity
with the addition of certain amount of water to the solvent. Ethanol facilitated increase in TPC recovery
by disrupting the bonding between the solutes and plant matrices, while water could enhance the
swelling of cell material [34]. Previous findings reported that binary solvent system demonstrated
higher yield of phenolic compounds and flavonoids as compared to mono-solvent system containing
pure solvent or pure water [12]. Similar effects of this variables have also been reported for phenolic
extraction from Phaleria macrocarpa (Scheff) Boerl fruits [22].

2.4. Optimum Extraction Condition Based on TFC

The recovery yield of total flavonoid content, TFC from defatted pitaya seed extract ranged from
2.69 to 10.67 mg QE/g sample, which were higher than grape byproducts [35]. The mean recorded value
was 7.40 mg QF/g sample of total pitaya seeds extracts. Maximum yield of phenolic content was recorded
from Experiment No. 15, whereas the lowest yield of flavonoid content was recovered from Experiment No.
7. The ANOVA of the regression coefficient indicated that all three linear parameters, (A, B, C), interaction
parameters (AB, AC, BC) were significant at (p < 0.05). Meanwhile, only one quadratic effect A> was
significant at (p < 0.05) on yield of total flavonoid content. A 3D-surface plot of interaction between time
(A) and temperature (B) at the fixed ethanol concentration of 70% is as shown in Figure 1b. The figure
shows that TFC slightly increased with increase in extraction temperature. TFC increased until reaching an
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optimum temperature of 80 °C, similar with TPC. The effects of temperature on flavonoids extraction had
previously been reported by various other researchers. For example, the highest flavonoid recovery was
reported from Flos populi using solid-liquid extraction at temperature of 94.66 °C [36]. The achievement
was supported by [30] and [37] who documented that elevated temperature enhanced better extraction
yield. The effect was attributed to the fact that higher temperature disrupted the structure of plant
matrix by weakening the phenolic matrix bonds which then increased the solubility of flavonoids [38].
Nevertheless, results of the present study demonstrated that yield of TFC decreased in long extraction time
with increasing ethanol concentration as demonstrated in Figure 1d. Extraction time appeared to be one of
the primary factors influencing an extraction process. It is therefore important in attempt at reducing energy
cost in extraction procedure and in inhibiting the decomposition of active compounds. Extraction time
can possibly be as short as few minutes or extended for up to 24 h [39]. This has been reported to be
dependent on the extraction process phase, either rapid phase or slow phase [39]. Rapid phase is explained
by the fact that solutes are present on surface sites of plant materials, and a slow phase corresponds to the
molecular diffusion of the solute from internal sites through pores [29,40]. The present study achieved
contrary to that recorded by [41] in extracting flavonoid from red and brown rice bran who observed
an increase in flavonoid content with increase in time. These distinctions in time of extraction could be
correlated to the nature of the sample (seed, leaf, rhizome, or bark), particle size, solvent type, and extraction
approaches [29,42].

TFC (g QE/g sample)

TPC (mg GAE/g sample)

(b)

50
B: Temperature (C) A Extraction time (min)

TPC (mg GAE/g sample)
TFC (mg QE/g sample)

TPC (mg GAE/g sample)

£
3
g
g

50

C: Ethanol Concentration (%) 65 B: Temperature (C)

60 40

Figure 1. Response surface for: (a,b) effect of extraction time and temperature; (c,d) effect of extraction
time and ethanol concentration, and (e f) effect of temperature and ethanol concentration, on total
phenolic content (TPC) (a,c,e) and TEC (b,d,f).
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In the present study, the interaction effects between temperature (B) and ethanol concentration (C)
show that TFC was found to be higher at higher values of variables as shown in Figure 1f. The maximum
TFC recorded was when 80% ethanol concentration was used, compared to use of 70% ethanol with
increasing extraction time. A general principle in solvent extraction is based on the law of similarity
and intermiscibility “like dissolves like”, which means that solvents extract phytochemicals with a
polarity value near to the polarity of the solvent [43]. The results suggest that the solvent polarity and
the solubility of flavonoids compounds in pitaya seed extract were similar.

2.5. Optimum Extraction Condition on Antioxidant Activity

2.5.1. Optimum Extraction Condition Based on FRAP Activity

The reducing power activity of DPSE ranged from 0.53 to 1.75 mM Fe?*/g sample. The mean recorded
value was 1.14 mg mM Fe?*/g sample of total DPSE. The highest value was recorded from Experiment No.
20 whereas the lowest value was recorded from Experiment No. 7. The ANOVA on regression coefficient
revealed that the two linear parameters, time (A) and temperature (B), interactive effect between time and
ethanol concentration (AC) were significant at (p < 0.0001). Meanwhile, interaction parameter, (AB) and
quadratic parameters (A2, B2) were significantly influenced at (p < 0.05). Similar effects of temperature
have been previously recorded by other researchers on phenolic content of grape cane extracts which
subsequently resulted in varied antioxidant activities [44]. The effects of mutual interaction between
extraction parameters on the FRAP value of phenolic extract can be seen in Figure 2.

As shown in Figure 2a, the FRAP values increased as extraction time was prolonged up to 90 min.
This patterns of responses were probably due to the fact that increasing extraction time provided longer
contact of solids with the solvent and this enhanced the diffusion of phenolic compounds linked to the
antioxidant activities [45]. Higher extraction time and medium ethanol concentration led to increase in
FRAP values. However, extraction time was did not significantly influence total phenolic contents in
defatted pitaya seed extracts which were in agreement with previous other reports by [46-48].

Figure 2c illustrates the interactive effect between extraction time and ethanol concentration.
When ethanol concentrations were at 60%-80% and the extraction time at 30-90 min, the recorded
value of FRAP increased initially and later decreased as the ethanol concentration was increased.
This occurrence can be correlated to the changes in polarity of the compound that was responsible for
reducing power activity. Therefore, the maximum value for reducing power could be obtained when
the lowest ethanol composition was used. It has been reported that the polarity of the solvent used in
extraction directly affects not only the quantity of total phenolic compounds, but also the composition
and potency of the phenolic compounds as antioxidants [49-51]. Consequently, differences in extracted
phenolic compounds result in varied antioxidant activity of the extracts.

The enhancement of FRAP activity significantly influenced by temperature. The FRAP value
recorded in the present study gradually increased as extraction temperature was increased over time
as shown in Figure 2e. The results implied that an increase in temperature led to an increase in
antioxidant activity. This occurrence was probably due to the fact that at low temperatures, the rate of
mass transfer was also low and additional time was needed for the phenolic compounds responsible
for FRAP activity to dissolve in the solvent. Similar interactive effect showing similar response curve
was also recorded by [52] on FRAP activity on tomatoes.

2.5.2. Optimum Extraction Condition Based on ABTS Activity

The ABTS activity of the DPSE ranged from 69.79%-94.34%. The mean value recorded was 89.26%
which was higher than ABTS activity reported for methanolic extract of Adiantum caudatum leaves [53].
The highest value was recorded for Experiment No. 20 whereas the lowest value was recorded from
Experiment No. 1. The ANOVA of the regression coefficient revealed that the two linear parameters, time
(A) and temperature (B), interactive effect between time and temperature (AB) and quadratic parameters
(AZ, B?) were significant at (p < 0.0001). Meanwhile, ethanol concentration (C), interaction parameter, (AC)
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and (BC) were significantly influenced at (p < 0.05). The effect between independent variables can be seen
in Figure 2.

Figure 2b shows increases of ABTS activity of DPSE with increases in extraction time and
temperature from 30-60 min and 40-60 °C respectively. Prolonged extraction time for up to 90 min and
rise in temperature to 80 °C slightly decreased ABTS activity. The data revealed that the interactive
effect between extraction time (A) and temperature (B) on ABTS activity was significant and in good
agreement with the results shown in Table 1. Similar interaction was also recorded by [54] on ABTS
activity of aqueous extract of Schizophyllum commune. Increase in ethanol concentration from 60-70%
caused an increase in ABTS activity of DPSE (Figure 2d). This occurrence was probably due to the
polarity of the solvent used coincided with the solubility of the phenolic compounds responsible
for ABTS activity [22]. In the present study, the highest ABTS activity was recorded when DPS was
extracted using 60% ethanol concentration. Similar trend was also obtained by [55], where 60% of
ethanol concentration yielded the highest ABTS radical scavenging activity of Dendropanax morbifera
(D. morbifera) Levillis leaves. Figure 2f shows the relationship between temperature and ethanol
concentration on ABTS activity at a constant extraction time of 60 min. The data obtained revealed that
ABTS activity was significantly influenced by increment in extraction temperature from 40 to 60 °C.
This circumstance can be explained by the fact that solubility of solute and extraction efficiency were
enhanced by increasing extraction temperature [56].

FRAP (MM FeSO4/g sample)
ABTS (%)

ABTS (%)

FRAP (mM FesO4/g sample)

FRAP (mM FeSO4/g sample)
ABTS (%)

(e)

C: Ethanol Concentration (%) 65 B: Temperature (C) C: Ethanol Concentration (%) 65

60 40 60 40

Figure 2. Response surface for: (a,b): effect of extraction time and temperature; (c,d): effect of extraction
time and ethanol concentration; and (e, f): effect of temperature and ethanol concentration, on FRAP
(a,c,e) and ABTS (b,d,f) activity.
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2.6. Optimization of Extracting Conditions for TPC, TFC, FRAP, and ABTS Activity

The numerical optimization for highest recovery of TPC, TEC, FRAP, and ABTS activity of DPSE
were determined. The simultaneous optimization using desirability function approach proposed that
the optimal extraction conditions for DPSE were at 45 min extraction time, 70 °C extraction temperature
and 80% ethanol concentration at desirability of 93.8%. Therefore, extraction of DPS was performed
based on the suggested extraction conditions and the data obtained were statistically compared with
the predicted values given by the Design Expert 11.0 Software. Table 2 shows results from verification
experiment which were in close agreement with predicted values at 93.8% confidence level.

Table 2. Predicted and Experimental Values for Responses of TPC, TFC, FRAP, and ABTS.

TPC (mg GAE/g TFC (mg QE/g FRAP (mM Fe?*/g o
ABTS (%)
Sample) Sample) Sample)
Predicted 129.75 9.995 1.24 92.87
Experimental 128.58 + 1.61 9.805 + 0.69 1.23 £ 0.03 91.62 +0.15

TPC: total phenolic content; TFC: total flavonoid content; FRAP: ferric reducing antioxidant power (antioxidant
activity); ABTS: 2,2"-azino-bis(3-ethylbenzothizoline-6-sulfonic acid (antioxidant activity).

2.7. Identification of Phytochemical Compound in DPSE

Separation of chemical constituents from DPSE in negative ionization mode was analyzed
by ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight mass
spectrometry (UPLC-QTOF/MS) method. A summary of identified potential compounds are shown
in Table 3. The identification of the detected compounds was made by comparing retention times
MS data (neutral and observed mass) and theoretical fragmentation with data reported in literature.
The isolated compounds were then categorized as tentative or confirmed. For the tentative category,
they were assigned to a compound identified in Waters library with acquisition mass accuracy less
than 5 ppm with at least one fragment ion [57]. The confirmed category assigned to a compound
identified from Water Library and compared with available standard sample of the same compound.
Based on the requirement set for UPLC-QTOF/MS method, seven different compounds were detected
with 6 of them tentatively categorized and only rutin was categorized as confirmed and validated with
the standard. Within these analyzed compounds, five were classified under flavonoid group while two
were classified as phenolic acid group.

Table 3. Compounds identified in defatted Pitaya, Hylocereus polyrhizus seed extract using
UPLC-QTOF/MS.

Identification Status

No. A Component Name B C D and Category
1 FL Rutin 610.15338  609.146 8.38 Identified, confirmed
2 FL Kaempferol-3-O-rutinoside 594.15847  593.1514 6.67 Identified, tentative
3 FL Kaempferol-3-O-f-p-glucopyranoside 44810056  447.093 9.32 Identified, tentative

Apigenin-7-O-a-L-thamnose i .
4 FL (14)-6"-O-acetyl-p-p-glucoside 620.17412  619.1664 7.98 Identified, tentative
5 FL Isorhamnetin-3-O-(2G-a-L-thamnosyl)-rutinoside ~ 770.22694  769.2208 7.74 Identified, tentative
6 PA Sinapic acid 224.06847  223.0609  5.42 Identified, tentative
7 PA E-p-Coumatic acid 164.04734  163.0396 11.69 Identified, tentative

A: compound class; FL: flavonoid; PA: phenolic acid, B: natural mass (Da); C: observed mj/x; D: retention time
(Min.). UPLC-QTOF/MS: ultra-high-performance liquid chromatography coupled with quadrupole time-of-flight
mass spectrometry.

Rutin is a common flavonoid found in seed extracts such as in the Euryale ferox seed shells [58],
baobab seeds extract, grape seeds [59], and buckwheat seeds [60]. It was previously reported to
possess health benefits and considered as being a good antioxidant agent [58]. MS/MS Spectra of
Rutin obtained at low and high collision energy is shown in Figure 3. Different in collision energy is a
technique used by mass spectrometry to induce fragmentation of selected ions in the gas phase which
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can then be analyzed by mass spectrometry [61]. Low collision energy is referring to collisions where
the precursor ions have kinetic energies less than 1 kiloelectron volt (1 keV) or in the range of a few eV
to a hundred eV. High collision energy referring to the collision where the precursor ion is accelerated
to kinetic energies in the kilovolt range normally from 1 keV to 20 keV. Low collision energy led to
rearrangement of the ion structure, meanwhile, high collision energy can produce more fragmentation
that are not formed in low collision energy. Hence, more structural information can be obtained and
easier for result interpretation [62].

Item name: Atikah-1
Channel name: Rutin [-H] : (33.6 PPV) 609.1460 : DT=7.68 to 8.25 ms
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Figure 3. UPLC-QTOF/MS chromatograms of Rutin from defatted pitaya seed extract (DPSE): (a) mass
spectra (MS/MS) of Rutin obtained at low collision energy; (b) mass spectra (MS/MS) of Rutin obtained
at high collision energy (c).

For other flavonoids 2, 3, 4, and 5 occurred as O-glycoside with sugar bound at certain position.
The identified flavonoids in DPSE included the following:

e kaempferol-3-O-rutinoside,

e  kaempferol-3-O-p-p-glucopyranoside,

e  apigenin-7-O-«-L-thamnose(1->4)-6"-O-acetyl-f-p glucoside, and
e  isohamnetin-3-O-(2G-«-L-rhamnosyl)-rutinoside.

Most of the flavonoids contained either kaempferol, apigenin or isohamnetin core moieties.
These illustrate that sugar moieties mostly attached to the basic skeleton flavonoid of DPSE and the
total number of sugar moieties and their attachment to the structure of flavonoid effect their antioxidant
activity [63]. In addition to the above, phenolic acid metabolites such as sinapic acid and E-p-coumatic
acid have been detected in DPSE. These metabolites have been reported found in extract of plant family
of Cactaceae and reported to have anti-inflammatory activities [64].
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3. Materials and Methods

3.1. Materials

Sodium carbonate (NayCO3), Folin—Ciocaltue’s reagent, gallic acid, quercetin, aluminium chloride
(AICl), iron (II) sulfate 7-hydrate (FeSO4-7H,O), iron (III) chloride 6-hydrate (FeCl3-6H,0), acetic acid,
2,2,6-Tri(2-pyridyl)-s-triazine (TPTZ), and hydrochloric acid (HCI) were purchased from Sigma-Aldrich.
Only analytical grade of chemicals was used throughout the experiments. Fruits of Hylocereus polyrhiziis
were obtained from a local farm located in Sepang, Malaysia. Seeds were separated from the pulp and
washed under running tap water to remove the mucilage and dried in the laboratory. Dried seeds were
ground into smaller particles and kept in air-tight bottles. Subsequently, the seeds were defatted by
maceration method using n-hexane as the solvent. The defatted seeds were left overnight in a fume hood
to let residual n-hexane evaporates before being used in subsequent polyphenols extraction procedures.

3.2. Extraction of Defatted Pitaya Seed (DPS)

An amount of 3 g of defatted seeds was mixed with extracting solvent at different levels of
independent variables including ethanol concentration (60%—-80% ©v/v), extraction time (30-90 min)
and extraction temperature (40-80 °C) in separate conical flasks and placed in a thermostatic water
bath set at a constant shaking of 90 rpm. Parafilm and aluminum foil were used to cover the conical
flasks to prevent loss of solvent due to evaporation during the extraction process. The mixture was
subsequently centrifuged at 10,000 rpm for 5 min to separate the insoluble materials. The supernatant
was filtered using Whatman No. 1 filter papers and vacuum-dried in a rotary evaporator at 60 °C until
the solvent was completely removed. All the samples were stored at —4 °C until further analyses.

3.3. Experimental Design

A five-level with three independent variables central composite design (CCD) was employed
to determine the optimal extraction condition of defatted pitaya seed (DPS). The experiment was
designed using Design-Expert software version 11.1.0.1 (Stat-Ease, MN, USA). Three independent
variables (extraction times, temperatures and ethanol concentrations) were selected and their coded
values and levels of each variable are presented in Table 4. A total of 20 experimental runs were
conducted to determine TPC, TFC and in vitro antioxidant activity based on FRAP and ABTS activity
(Table 5). Least square regression was used by CCD to fit the experimental data to a second-degree
polynomial model. The model was explained by the following equation:

k k k-1 k
Y=A)+ ZA,‘X,‘ + ZAiin'z + Z Z A,‘]‘XiX]'
im1 i-1 i=1 j=it1

where Y is the predicted response, Ag, A;, Aj;, Aj are the constant, linear coefficient, quadratic
coefficient, and interaction coefficient respectively. X; and X; are independent variables. k is the number
of variables.

Table 4. Independent variables and their levels in central composite design.

Levels
Independent Variables
- -1 0 1 -
Extraction time (A) (min) -9.54 30 60 90 110.45
Temperature (B) (°C) 26.36 40 60 80 93.64
Ethanol concentration (C) (%) 53.18 60 70 80 86.82
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3.4. Determination of Total Phenolics Content (TPC)

Total phenolic content was determined using method described by [65] with several modifications.
Firstly, an amount of 100 uL (1 mg/mL) of sample extract was transferred into test tubes. Then, 50 uL
of Folin solution previously diluted with 7.9 mL distilled water was added. After 4 min, 1.5 mL of
7.5 w/v% sodium carbonate solution was added to the sample tubes and incubated for 2 h in a dark
room at room temperature. The absorbance values of the samples were recorded at 765 nm using a
UV-VIS microplate reader. All the analyses were performed in triplicates to obtain the main value of
the absorbance. Gallic acid at different concentrations was prepared to establish a standard calibration
curve. TPCs in the sample extract were calculated by referring to the standard calibration curve and
expressed as mg gallic acid equivalent (mg GAE/g) of extract sample.

3.5. Determination of Total Flavonoid Content (TFC)

Flavonoids content in the sample extract was assayed using spectrophotometric method as
described by [66] with slight modifications. An amount of 100 pL (1 mg/mL) of sample and 100 uL
of 2% AICl; were mixed and incubated at room temperature for 15 min. Increase in absorbance was
determined using UV-Vis microplate reader at Amax = 415 nm. The same procedure was repeated for
the standard solution of quercetin to obtain the standard calibration curve. TFC was calculated based
on quercetin calibration curve and expressed as mg quercetin equivalent (mg QF/g) of extract.

3.6. Ferric Reducing Antioxidant Power (FRAP)

FRAP assay was conducted following method of [22] with minor modifications. Firstly, acetate
buffer (330 mM, pH 3.6), a 10 mM TPTZ solution in 40 mM of HCI and 20 mM FeCl;-6H,0 solution
were mixed in ratio of 10:1:1 (v/v) to prepare for FRAP reagent. The working FRAP reagent was
freshly prepared prior to use. An amount of 60 pl of the sample extract was mixed with 1.8 ml FRAP
reagent and the increase in absorbance was measured in comparison to a blank at 593 nm after 4 min.
A standard curve was constructed using Fe;SO4 solution ranging from (0.1-1.0 mM) and the results
were expressed as mM Fe2+/g dry weight.

3.7. ABTS Radical Scavenging Activity

The ABTS radical scavenging activity of the sample was carried out according to the method [67]
with minor modification. Firstly, ABTS radical cation was prepared by reacting 7 mM ABTS with
2.45 mM potassium persulfate in ethanol and kept the mixture in the dark room temperature for
12-16 h before use. Then, the solution was diluted with ethanol to obtain an absorbance of 0.70 (+0.02)
at 734 nm. For the evaluation of antioxidant activity, 2 mL of ABTS radical solution were mixed with 20
uL of the sample. The absorbance changes at 734 nm were measured using UV-Vis microplate reader
after 30 min of the initial mixing. Antioxidant activity as the percent inhibition of absorbance at 734 nm
was calculated using the following equation:

ABTS-+ scavenging activity = % inhibition: ((AB — AA))/AB) x 100 (5)

where, AB is the absorbance of ABTS radical with ethanol; AA is absorbance of ABTS radical + sample.
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Table 5. Experimental design with observed responses of total phenolic content (TPC), total flavonoid
content (TFC), and ferric reducing antioxidant power (FRAP) from defatted pitaya seed extract.

Extraction Temperature, Ethanol

Run Time, A B Conc,, C TPC TFC FRAP ABTS
(Min.) 0 (%) (mg GAE/g) (mg QE/g) (mMFe**/g) (%)
1 9.54622 60 70 75.83 6.38 0.85 78.89
2 60 60 70 103.75 7.34 1.34 91.22
3 60 26.3641 70 55.83 6.65 0.77 80.87
4 90 80 80 107 8.54 1.34 89.13
5 110.454 60 70 89.63 7.44 1.25 91.9
6 30 80 60 127.75 5.96 1.21 91.97
7 30 40 60 52 2.69 0.53 69.79
8 90 40 80 102.42 8.2 0.75 92.13
9 60 60 70 105.75 7.64 1.12 91.08
10 60 60 70 102.75 8.29 1.22 92.35
11 60 60 53.1821 96.5 3.88 1.08 91.52
12 60 60 70 108.38 7.2 1.19 91.35
13 60 93.6359 70 115.92 9.15 1.63 92.6
14 60 60 70 116.25 7.68 1.22 92.33
15 30 80 80 126.75 10.67 1.28 92.37
16 90 40 60 89 6.27 1.05 92.03
17 60 60 70 120.75 7.55 1.27 92.82
18 60 60 86.8179 144 10.26 1 93.22
19 30 40 80 77.5 9.35 0.97 83.21
20 90 80 60 98.75 6.88 1.75 -

3.8. Identification of Phytochemical Compounds in Defatted Pitaya Seed Extract (DPSE)

Phytochemical compounds in DPSE were identified using ultra-high-performance liquid
chromatography (UPLC-MS). The analysis was completed with Waters Acquity ultra-performance LC
system (Waters, Milford, MA, USA). Chromatographic separation was done using a column (ACQUITY
UPLC HSS T3, 100 mm x 2.1 mm X 1.8 um, Waters, Manchester, UK. The UPLC systems was connected
to Vion IMS QTof detector (Waters, Milford, MA, USA). The mobile phase used were 0.1% formic acid
(A) and acetonitrile (B). The mobile phase composition consisted of the following multistep linear
gradient: 0 min, 1% B and 99% A; 0.5 min, 1% B and 99% A; 16.00 min, 35% B and 65% A; 18.00 min,
100% B and 0% A; and 20.00 min, 1% B and 99% A. The injection volume of the sample was 1 uL.
The flow rate was set at 0.6 mL/min. The data were obtained in the range of m/z 50-1500 at 0.1 s/scan in
high-definition mass spectrometry elevated energy (HDMSE) with collision energies (CE) at a fixed
4 eV and at ramped from 10 to 40 eV were required for low energy and high energy scan respectively.

4. Conclusions

Central composite design (CCD) response surface methodology was employed to evaluate the
optimized extraction process for the recovery of TPC, TEC. Antioxidant activity was based on FRAP and
ABTS from DPSE by analyzing the interaction effects between the independent variables (extraction time,
extraction temperature and ethanol concentration). The results revealed that, extraction temperature
significantly influenced the extraction process of DPS. The extraction time at 45 min with extraction
temperature at 70 °C and 80% of solvent concentration which resulted in 128.58 + 1.61 mg GAE/g
sample, 9.805 = 0.69 mg QE/g sample, 1.23 + 0.03 mM Fe?*/g sample, and 91.62% =+ 0.15 were found to
be the optimized condition for experimental run. Results from the validation experiments were in good
agreement with the predicted values. Results from UPLC-QTOF/MS revealed that there were seven
phytochemicals identified in DPSE with flavonoid found to be the major compound. The optimized
extraction method was helpful in designing the experiment, separation of the chemical compounds
which then contributed to further work.
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Abstract: Amebiasis caused by Entamoeba histolytica is nowadays a serious public health problem
worldwide, especially in developing countries. Annually, up to 100,000 deaths occur across the world.
Due to the resistance that pathogenic protozoa exhibit against commercial antiprotozoal drugs,
a growing emphasis has been placed on plants used in traditional medicine to discover new
antiparasitics. Previously, we reported the in vitro antiamoebic activity of a methanolic extract of
Lippia graveolens Kunth (Mexican oregano). In this study, we outline the isolation and structure
elucidation of antiamoebic compounds occurring in this plant. The subsequent work-up of
this methanol extract by bioguided isolation using several chromatographic techniques yielded
the flavonoids pinocembrin (1), sakuranetin (2), cirsimaritin (3), and naringenin (4). Structural
elucidation of the isolated compounds was achieved by spectroscopic/spectrometric analyses
and comparing literature data. These compounds revealed significant antiprotozoal activity against
E. histolytica trophozoites using in vitro tests, showing a 50% inhibitory concentration (ICsp) ranging
from 28 to 154 ug/mL. Amebicide activity of sakuranetin and cirsimaritin is reported for the first time
in this study. These research data may help to corroborate the use of this plant in traditional Mexican
medicine for the treatment of dyspepsia.

Keywords: infectious diseases; amoebiasis; Mexican oregano; bioguided isolation; flavonoids;
antiprotozoal agents

1. Introduction

Amoebiasis is caused by Entamoeba histolytica, which is a protozoan of the family Endomoebidae [1].
It is related to elevated morbidity and mortality worldwide, and has become a serious public
health problem in developing countries [2]. Traveling to endemic countries is a risk factor for
acquiring an E. histolytica infection [3]. After malaria, amoebiasis is the second cause of death due
to parasitic diseases [4,5]. The symptoms vary from mild diarrhea to dysentery, but, occasionally,
E. histolytica can invade the intestinal mucosal barrier and trigger liver abscesses [6]. Asymptomatic
infections occur in 90% of individuals, whereas the remaining 10% contract symptomatic infections [7].
Around 50 million people suffer from severe amoebiasis, and 40,000-100,000 deaths occur annually
due to this parasitosis [8,9].
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Currently, metronidazole is the most used commercial drug for the treatment of amoebiasis,
however, since drug resistance by E. histolytica is increasing, the use of higher doses to overcome
the infection is needed, thus causing unpleasant side effects [10,11]. Considering these undesired
side effects as well as the development of resistant strains of E. histolytica against metronidazole,
more efficient and safer antiamoebic agents are required [12-14].

Natural products occurring in medicinal plants have proved to be an important source of leading
compounds for the design of new drugs [15]. Mexican oregano (Lippia graveolens Kunth) has been
used in traditional Mexican medicine for curing inflammation-related diseases, such as respiratory
and digestive disorders, headaches, and rheumatism, among others [16,17]. Oregano’s essential oil,
regardless of the species, shows a broad range of effects on bacteria, with some of them being resistant
to antibiotics of clinical use, as well as on fungi and parasites [18-22].

Recently, we reported the in vitro antiamoebic activity of a methanolic extract of Lippia graveolens
Kunth and the bioguided isolation of carvacrol, as one of the bioactive compounds with antiprotozoal
activity [23]. This work aims to isolate and achieve the structure elucidation of additional antiamoebic
compounds present in this plant.

2. Results

2.1. Bioguided Isolation of Flavonoids from Lippia graveolens Kunth

As previously reported, the partition of a methanolic extract of Lippia graveolens by extraction
with n-hexane and fractionation of the hexane phase led to the isolation of carvacrol with excellent
antiamoebic activity [23]. The subsequent handling of the remaining methanol (MeOH) by partition
between methanol-water and ethyl acetate (EtOAc), carried out in this research, yielded an EtOAc
residue with 93.3% growth inhibition of E. histolytica. After column chromatography (silica gel,
Sephadex), this residue afforded the known flavonoids pinocembrin (1), sakuranetin (2), cirsimaritin (3),
and naringenin (4), with significant antiamoebic activity (Figure 1).

Lippia graveolens MeOH-Extract 89% G. L." 123!

Liquid-Liquid Partition

| EtOAc partition 93% G. L.* |

l Column Chromatography

] i ] i
A B C D E F v H”
95% G.1." 97% G. 1" 97% G. 1" 96% G. 1"
‘ Columnlchromutogmphﬂ IRecrystullizationl MeOH

Carvacrol®! | |[Pinocembrin (1) | | Sakuranetin (2) Cirsimaritin (3) Naringenin (4)
98.4% G. L. 89.63% G. L. 97.24% G. 1" 52.45% G. L." 96.50% G. L.
[Cs0 44.3 pug/mL 1Cs029.63 pg/mL 1Cs0 44.51 pg/mL 1Cs0154.26 pg/mL | | ICs0 28.86 pig/mL

*Growth Inhibition on E. histolytica at 150 pg/mL, "No Inhibition

Figure 1. General scheme for the bioguided isolation of compounds with antiamoebic activity from
Lippia graveolens Kunth (Mexican oregano).

The isolated flavonoids were identified by comparing their physical and spectral data with those
reported in the literature.

The electron ionization (EI) mass spectrum showed a molecular ion with m/z = 256 for pinocembrin
1 (caled. for Ci5H1,04, 256.253), m/z = 286 for sakuranetin 2 (calcd. for C14H140s5, 286.283), m/z = 314
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for cirsimaritin 3 (calcd. for C17H 140, 314.28), and m/z = 272 for naringenin 4 (calcd. for C15H;,0s5,
272.252).

The infrared (IR) spectrum of all isolated flavonoids (see Supplementary material) contained
absorption bands at 1600-1650 cm™! (medium) and 1100-1250 cm™ (strong), consistent with a C=0
bond in the molecules [24-27].

One- and two-dimensional nuclear magnetic resonance (NMR) spectra were recorded for
the isolated compounds using deuterated dimethyl sulfoxide (DMSO-ds). 'H- and 3C-NMR chemical
shifts (see Supplementary Material) were in accordance with those reported for pinocembrin 1 [28-30],
sakuranetin 2 [31-34], cirsimaritin 3 [26,35-37], and naringenin 4 [27,28,38-41]. An unambiguous
assignment of the 3 C-NMR spectrum of these compounds was deduced from 'H-"H COSY, NOESY,
HSQC, and HMBC spectra (see Supplementary Material).

The four isolated flavonoids have the common characteristic that the rotameric hydroxy group
at C-5 forms an intramolecular H-bond with the carbonyl group [42]. That explains the shift of this
proton absorption to the range of about 6 13.0-12.0 as a sharp singlet in DMSO-d, [43].

2.2. Entamoeba Histolytica Growth Parameters

After collecting data from E. histolytica growth kinetics experiments, it was estimated that
the generation time is 14.76 h and the duplication time is 21.30 h.

The ideal growth time of E. histolytica for evaluating the amebicide activity of the compounds
was set at 72 h because, at this point, protozoa are still in the exponential and sustained growth stage,
thus decreasing the number of false positives.

2.3. In Vitro Assay for Entamoeba histolytica

The pure compounds were dissolved in DMSO to a concentration of 150 pg/mL in a suspension
of E. histolytica trophozoites in a logarithmic phase in peptone, pancreas, and liver extract plus 10%
bovine serum (PEHPS medium). They showed significant growth inhibition of E. histolytica at this
concentration. The 50% inhibitory concentration (ICsy) values of these compounds ranged from 28.86
to 154.26 ug/mL (metronidazole ICs 0.205 pg/mL).

Figures 2-5 show the 50% inhibitory concentration of each compound calculated by using a Probit
analysis, considering a 95% confidence level.

Pinocembrin (1)

¥ =1.8005x+2.35
R?=0.9996

—e— PROBIT

--------- Lineal (PROBIT)

PROBIT

0.0 05 1.0 15 20 25
Log Concentration

Figure 2. Antiprotozoal activity of Pinocembrin 1 against Entamoeba histolytica. Growth inhibition of
89.63% at 150 pg/mL, 50% inhibitory concentration value (ICsp) = 29.63 pg/mL.
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Sakuranetin (2)

y=3.5445x - 0.8431
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Figure 3. Antiprotozoal activity of Sakuranetin 2 against Entamoeba histolytica. Growth inhibition of
97.24% at 150 ug/mL, ICs = 44.51 ug/mL.
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Figure 4. Antiprotozoal activity of Cirsimaritin 3 against Entamoeba histolytica. Growth inhibition of
52.45% at 150 ug/mL, IC5 = 154.26 pg/mL.
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Figure 5. Antiprotozoal activity of Naringenin 4 against Entamoeba histolytica. Growth inhibition of
96.50% at 150 ug/mL, IC5q = 28.86 ug/mL.
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3. Discussion

It is estimated that about 6000 flavonoids are present in different plants worldwide [44,45],
and many of them are common ingredients of our daily food. Flavonoids exhibit a variety of biological
properties, such as antioxidant, anticancer, antibacterial, antifungal, antiparasitic [46-53], as well as
those for treating other kinds of illness [54-57].

More than 20 flavonoids have been identified in the leaves of Lippia graveolens by high pressure
liquid chromatography (HPLC), according to previous reports [58]. Pinocembrin, sakuranetin,
naringenin, and cirsimaritin have already been isolated from this plant [58-62], but, in the respective
studies, no antiamoebic activity is reported. Nevertheless, some research groups have reported
antiprotozoal activity of these flavonoids isolated from sources other than Lippia graveolens.

A weak antiparasitic activity of pinocembrin has been shown against trypomastigotes of
Trypanosoma cruzi, with inhibition values in the range of 40.13% (at 250 ug/mL) to 43.68% (at 500 pg/mL),
according to Grael et al. [63]. Weak inhibition was also observed against Giardia lamblia trophozoites,
with an ICsg of 174.4 ug/mL reported by Alday-Provencio et al. [64] and an IC5( of 57.39 pg/mL reported
by Calzada et al. [65], respectively.

Sakuranetin presented activity against Leishmania amazonensis, Leishmania brazilians, Leishmania major,
and Leishmania chagasi, with a range of 43-52 ug/mlL, as well as against T. cruzi trypomastigotes, with an
ICs0 of 20.17 ug/mL, according to Grecco et al. [39].

Regarding parasitic diseases, cirsimaritin showed potent inhibition against Plasmodium falciparum
resistant to chloroquine, with an ICsg of 16.9 uM [66], and similar activity against Leishmania donovani
(ICs0 = 3.9 ug/mL), Trypanosoma brucei rhodesiense (ICsy = 3.3 ug/mL), and T. cruzi (ICs59 = 19.7 ug/mL),
according to Tasdemir et al. [49].

Antiparasitic research has found giardicidal activity in naringenin (4), with an ICsy of
125.7 ug/mL [64] and 47.84 pg/mL [65], according to Alday-Provencio et al. and Calzada et al.,
respectively, but no damage against Trypanosoma cruzi and Leishmania spp. was observed, according to
Grecco et al. [39].

Some results of pinocembrin and naringenin tested against the strain E. histolytica HM1:IMSS have
been published; pinocembrin isolated from Teloxys graveolens and naringenin from a commercial source
exhibited an ICs) of 80.76 and 98.24 ug/mL, respectively [65,67]. This indicates a lower effectiveness
compared with our results (ICsp of 29.51 ug/mL for pinocembrin and 28.85 ug/mL for naringenin,
respectively), which could be explained by the difference between the methodology reported by
Calzada [65] and that used by our group. The principal difference was the time that the trophozoites
were exposed to the chemical compound. In our methodology, we incubated the trophozoites with
the flavonoids for 72 h, while Calzada [65] incubated them for 48 h, which could represent a factor in
the certainty of the biological activity.

In our view, this is the first report on the amebicide activity of sakuranetin and cirsimaritin.

The antiprotozoal activity of pinocembrin and naringenin (ICsy of 29.63 and 28.86 pug/mL,
respectively) was higher compared with sakuranetin (44.51 pug/mL), and the most remarkable
comparison was with cirsimaritin (154.26 ug/mL), revealing that a 5,7-dihydroxylated A ring is
essential for antiprotozoal activity, as remarked by Calzada [65]. The structure—effect correlations also
showed that a 2,3-double bond in ring B (as in cirsimaritin) reduces the antiprotozoal activity.

Currently, there are no available studies on the mechanism of action against E. histolytica of
the flavonoids isolated from L. graveolens, although there are reports on some structurally related
flavonoids [68,69]. The ultrastructural changes in the morphology of Entamoeba histolytica when it was
assayed with (—)-epicatechin, a flavan-3-ol flavonoid, have previously been demonstrated, showing an
ICsp of 1.9 ug/mL. The results indicated programmed cell death activation with nuclear alterations
(small clumps around the nuclear membrane), in addition to cytoplasmatic modifications, such as
an increase of glycogen deposits and a reduction of the size and number of vacuoles [70]. Recently,
Bolafios et al. [68] have also demonstrated that the flavonoids (—)-epicatechin and kaempferol affect
cytoskeleton proteins and functions in E. histolytica [68,71], leading to changes in essential cellular
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mechanisms, such as adhesion, migration, phagocytosis, and cytolysis. These findings lead us to have
an idea of the possible targets and mechanisms of action of the flavonoids isolated from L. graveolens.
None of the flavonoids isolated from L. graveolens present a hydroxyl group at position 3, as in the case
of epicatechin and kaempferol, so there must be subtle differences in the mechanism of action of
pinocembrin, sakuranetin, naringenin, and cirsimaritin, and part of the future work of our group will
be devoted to this issue.

The significant inhibitory effect against E. histolytica observed for the methanolic extract of Lippia
graveolens (ICsy = 59.15 ug/mL) can be attributed to the presence of the flavonoids isolated from
the ethyl acetate partition as well as the carvacrol mainly obtained from the hexane partition [23].
Compounds with a higher polarity occurring in L. graveolens, soluble in methanol or water, are not
involved in the antiprotozoal activity of this plant against E. histolytica.

4. Materials and Methods

4.1. General

An Electrothermal 9100 apparatus (Electrothermal Engineering Ltd., Southend-on-Sea, UK) was
used for melting point acquisition. IR spectra were measured on a Frontier Fourier transform infrared
(FT-IR) spectrometer (PerkinElmer, Waltham, MA, USA) with an ATR accessory. NMR spectra were
recorded on an Avance DPX 400 spectrometer (Bruker, Billerica, MA, USA) running at 400.13 MHz
for 'H and 100.61 MHz for 3C. EI-MS were obtained on a MAT 95 spectrometer (70 eV, Finnigan,
San Jose, CA, USA). Thin layer chromatography (TLC) was realized on precoated silica gel glass plates
(5 x 10 cm, Merck silica gel 60 Fps4, Darmstadt, Germany). Column chromatography was carried
out on silica gel (60-200 mesh) purchased from J. T. Baker (Phillipsburg, NJ, USA). Size-exclusion
chromatography was performed on Sephadex LH-20 (Lipophilic Sephadex, Amersham Biosciences
Ltd., purchased from Sigma-Aldrich Chemie, Steinheim, Germany).

4.2. Plant Material

Aerial parts of Lippia graveolens were collected near the town General Cepeda (Mexican State
Coahuila) in March 2011 and identified by Maria del Consuelo Gonzalez. A voucher specimen
(No. 025554) was deposited at the Herbario de la Facultad de Ciencias Biologicas (UANL), Nuevo Ledn,
México. The plant name has been checked with http://www.theplantlist.org. The vegetal material was
dried and ground to powder.

4.3. Plant Extraction and Bioguided Isolation of Antiamoebic Compounds from Lippia graveolens Kunth

In total, 600 g of dried and ground Lippia graveolens leaves were extracted in a Soxhlet apparatus
for 40 h with MeOH. After filtration, the solvent was removed in a rotatory evaporator to yield 260 g
of crude extract. This extract was analyzed for its amebicide activity on trophozoites of E. histolytica
(HM1:IMSS strain), showing a significant inhibition percentage (89%; ICsp 59.15 pug/mL) in terms of
the standard concentration of 150 ug/mL. Afterward, the extract was redissolved in 2 L methanol
and divided into four portions of 500 mL each for conducting liquid-liquid partition with n-hexane.
After solvent evaporation, 19.9 g of a residue with high amebicidal activity (90.9% growth inhibition)
was obtained. Bioguided fractionation of this hexane partition, using column chromatography on silica
gel, provided 2.2 g of carvacrol (98.4% growth inhibition; ICsy 44.30 pug/mL), as previously reported [23].

The methanolic phase was concentrated under reduced pressure up to a volume of ca. 500 mL,
and 1.5 L distilled water was then added, gradually and under constant stirring. Afterward,
the methanol/water mixture was divided into four portions of 500 mL each and submitted to
liquid-liquid partition with ethyl acetate to yield, after solvent evaporation, 67.3 g of a combined
residue with 93.3% growth inhibition against E. histolytica.

The EtOAc partition was suspended in 400 mL of chloroform (CHCl3), and, after stirring, filtration,
and solvent evaporation, 25.8 g of CHCl3-soluble residue was obtained. The material recovered
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from the filter was then suspended in 400 mL of EtOAc, and, after stirring, filtration, and solvent
evaporation, 8.8 g of EtOAc-soluble residue was obtained. This second material recovered from
the filter was then suspended in 100 mL MeOH, and the same procedure was applied to yield 8.8 g of
MeOH-soluble residue and ca. 24 g of an insoluble powder from the final filtration. Each residue was
analyzed for its anti-Entamoeba histolytica activity, and remarkable results were obtained, mainly for
the CHCl3-residue, with 90.9% growth inhibition, followed by the EtOAc residue, with 61.6% growth
inhibition. The MeOH residue and insoluble powder did not show any activity.

The CHCl; fraction was divided into five portions of ca. 5 g, and each of them was chromatographed
on a silica gel (100 g) column (60 x 2.6 cm) and eluted with stepwise gradients of chloroform-ethyl
acetate, and finally with methanol. For each column, a total of 110 subfractions (50 mL) were obtained
and collected, and considering their TLC (CHCl3-EtOAc, 9:1) profiles, split into eight main fractions
(A-H). These main fractions, containing the nonpolar to the more polar compounds, were used for
amebicide assays. Out of the eight fractions, only fractions C, D, E, and F showed amebicide activity,
with 95.34%, 96.89%, 97.24%, and 95.85% growth inhibition, respectively.

Fraction C (showing the main compound, according to TLC, with Ry = 0.77; CHCl3-Ethyl acetate,
9:1) was divided into five portions of approx. 1 g, and each of them was chromatographed on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each
column and combined, based on their TLC (CHCI3-Ethyl acetate, 9:1) profiles, into five main fractions
(CA-CE). Fraction CB presented the main compound, with R¢ = 0.77, so it was subjected to subsequent
purification with three columns packed with silica gel as stationary phase (data not shown). Afterward,
315 mg of a viscous liquid with a high amebicide activity (96.76% growth inhibition; ICs, 44.1 ug/mL)
was recovered. The spectroscopic results indicated that this compound is carvacrol, previously isolated
from hexane partition [23].

Fraction D (showing the main compound, according to TLC, with Rf = 0.51; CHCl3-Ethyl acetate,
9:1) was divided into four portions of ca. 1 g and each of them was submitted to chromatography on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each column
and combined, based on their TLC (CHCl3-Ethyl acetate, 9:1) profiles, into five main fractions (DA-DE).
Fraction DB presented the main compound, with R¢= 0.51, so it was subjected to subsequent purification
with several columns packed with Sephadex as stationary phase (data not shown). Afterward, 32 mg
of a solid with a high amebicide activity (89.63% growth inhibition; ICsj 29.63 ug/mL) was recovered.
The spectroscopic results indicated that this compound is pinocembrin 1 (C15H;204; M.p. 210 °C:
Lit. 223-236 °C [72], 191-193 °C [24]).

Fraction E (showing the main compound, according to TLC, with R¢ = 0.33; CHCl3-Ethyl acetate,
9:1) was divided into three portions of approx. 1 g and each of them was chromatographed on a
silica gel (20 g) column (39 x 2 cm) and eluted with a stepwise gradient solvent system of chloroform
and ethyl acetate, and finally with methanol. Sixty subfractions (10 mL) were collected for each
column and combined, based on their TLC (CHCl3-Ethyl acetate, 9:1) profiles, into five main fractions
(EA-EE). Fractions EB and EC presented the main compound, with Ry = 0.33, so they were subjected
to subsequent purification with several columns packed with Sephadex as stationary phase (data
not shown). Afterward, 102 mg of a solid with a high amebicide activity (97.24% growth inhibition;
IC5( 44.51 ug/mL) was recovered. The spectroscopic results indicated that this compound is sakuranetin
2 (Cy6H140s5; M.p. 160 °C: Lit. 151-153 °C [73], 143-144 °C [74]).

Fraction F showed only a main compound, according to TLC, with R¢ = 0.10 (CHCl3-Ethyl acetate,
9:1). Using an eluent of a higher polarity (CHCl3-Ethyl acetate, 1:1), this compound was revealed to be
a mixture of two compounds, with an Rf of 0.70 and 0.53, respectively. This mixture was no longer
soluble in chloroform and it was therefore not possible to use column chromatography with silica gel
of a normal phase to try to separate the two compounds. Then, this fraction was suspended in 30 mL
of chloroform and heated to reflux for 15 min, noting that a large quantity of the material remained
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insoluble. After cooling and filtering, 645 mg of an insoluble solid consisting of the two compounds of
the mixture (TLC) was recovered, while in the chloroform solution, a mixture of the same compounds
was also observed, but with additional impurities, mainly of a lower polarity. The insoluble solid
(645 mg) recovered from the filter was suspended in 30 mL methanol and heated to reflux until
complete solubility was observed. After cooling, the MeOH solution was kept refrigerated for 72 h with
hermetic closure, and during that time, 50.6 mg of a greenish powder containing only the compound
with Ry = 0.53 (CHCl;-Ethyl acetate, 1:1) was separated. This solid presented no significant amebicide
activity (52.45% growth inhibition; IC5) 154.26 pug/mL). The spectroscopic results indicated that this
compound is cirsimaritin 3 (C;7H140¢; M.p. 268 °C: Lit. 256-258 °C [26], 267-268 °C [75]).

The filtered MeOH solution was concentrated and chromatographed on a Sephadex (50 g) column
(160 x 1.5 cm) and eluted with methanol (300 mL). A total of 60 subfractions (5 mL) were collected
and combined, based on their TLC (CHCl3-Ethyl acetate, 1:1) profiles, into seven main fractions (FA-FG).
From fraction FC, additional cirsimaritin with Ry = 0.53 was recovered. Fraction FF showed only
the pure compound, with Ry = 0.70. This solid also presented high amebicide activity (96.50% growth
inhibition; ICsy 28.86 ug/mL). The spectroscopic results indicated that this compound is naringenin 4
(C15H120s; M.p. 254 °C: Lit. 250-252 °C [27], 248-250 °C [73]).

4.4. Antiprotozoal Assay

4.4.1. Test Microorganisms

Strain HM-1:IMSS of Entamoeba histolytica was obtained from the microorganism culture collection
of the Centro de Investigaciéon Biomédica del Noreste (CIBIN) in Monterrey, Mexico. The trophozoites
were grown axenically and maintained in peptone, pancreas, and liver extract plus bovine serum
and employed at the log phase of growth (2 x 10* cells/mL) by all of the bioassays performed [76,77].

The procedure for determining the growth curve for E. histolytica was performed in 13 X 100 mm
screw cap test tubes, by inoculating 20,000 trophozoites of E. histolytica in 5 mL of PEHPS medium,
to which 10% bovine serum was added. Subsequently, they were incubated at 36.5 °C for 120 h,
and every 24 h, the number of trophozoites was determined and the growth parameters in the medium
were evaluated. The process was conducted in three separate experiments per triplicate.

4.4.2. In Vitro Assay for Entamoeba histolytica

Each compound was dissolved in DMSO and adjusted to a concentration of 150 ug/mL in a
suspension of E. histolytica trophozoites at a logarithmic phase in PEHPS medium with 10% bovine
serum. Vials were incubated for 72 h, and then chilled in iced water for 20 min, and, by using a
hemocytometer, the number of dead trophozoites per milliliter was calculated. Each extract assay
was carried out in triplicate. Metronidazole was used as a positive control, and as a negative control,
an E. histolytica suspension in PEHPS medium with no extract added was used. The percentage of
inhibition was estimated as the number of dead trophozoites compared to the negative controls.

4.4.3. In Vitro ICgy Determination

Each compound was dissolved in dimethyl sulfoxide and adjusted to 150, 75, 37.5, 18.75,
and 9.375 pg/mL by adding a suspension of E. histolytica trophozoites at a logarithmic phase in PEHPS
medium with 10% bovine serum. Vials were incubated for 72 h, and then chilled in cold water for
20 min, and the number of dead trophozoites per milliliter was evaluated using a hemocytometer.
All assays were performed in triplicate. Metronidazole was used as a positive control, and as a negative
control, an E. histolytica suspension in PEHPS medium with no extract added was used. The percentage
of inhibition was estimated as the number of dead trophozoites compared to the negative controls.
The 50% inhibitory concentration of each compound was calculated by using a Probit analysis,
considering a 95% confidence level.
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5. Conclusions

The isolated and pure flavonoids from L. graveolens showed significant growth inhibition against
E. histolytica (52% to 97% at a concentration of 150 ug/mL). The ICs values of these compounds
ranged from 28.86 to 154.26 ug/mL, so they were not as effective as metronidazole (ICsy 0.205 pg/mL),
but these IC5( values can be used as a guideline for further research on this plant as a source of potential
antiamoebic agents.

The main contribution of this research work lies in the fact that it has shown that the presence of
the flavonoids described herein in Lippia graveolens has a direct relationship with the antiprotozoal
activity of extracts of this plant against Entamoeba histolytica. These flavonoids could be used as
biomarkers [78] for the quality control of phytotherapeutics developed based on this work.

The results of our research may also form the basis for directly incorporating the use of
Lippia graveolens extracts into conventional and complementary medicine for the treatment of amebiasis,
as well as other infectious diseases.
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