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ABSTRACT

Plants are the source of wide variety of molecules with potential therapeutic
application. More than 80 percent of the world population still relies on traditional
medicine systems, which are mostly based on herbal remedies. Furthermore, about 35
percent of the currently available medicines have been developed using natural
products as a lead compound. One of the major limitations for the clinical use of
natural products, both as isolated compounds and as complex herbal extracts, is
represented by the limited knowledge of their pharmacokinetic properties. Indeed,
several experimental models, including in vivo, cell-free and cell-based, together with
in silico methods have been developed for the evaluation of pharmacokinetic
parameters, such as gastrointestinal stability, intestinal absorption, and hepatic
metabolism. However, these methods are barely applied to natural products,
particularly to herbal extracts. The main difficulty in the study of pharmacokinetic
parameters of herbal products originates from their complex nature: a herbal product,
in fact, is composed of hundreds of molecules. As a consequence, the choice of a marker
compound for pharmacokinetic studies is crucial but sometimes difficult. Moreover,
the mixture of constituents in an herbal extract could potentially modulate the
biological properties of single natural products. On this basis, extrapolation of
pharmacokinetic parameters of herbal extracts by only relying on data acquired for

single compounds could be a challenging issue.

Obtaining pharmacokinetic data on different natural products and herbal
extracts 1s, hence, an urgent task. Particularly, ability to predict at least several of
these parameters by using fast and cost-effective computational tools will be of great

benefit to the pharmaceutical and food supplement research and industry.

In this study, we used a simple cell-free method to evaluate the effect of in vitro
simulated gastrointestinal digestion on the stability, bioaccessibility, and biological
effects of several natural products, belonging to different classes of polyphenols, and

herbal extracts containing them. We also used the Caco-2 cell permeability assay to



evaluate the intestinal absorption of mixtures of compounds administered at the same

time.

In most cases, we found that administration of herbal extracts protects its
constituents from degradation induced by the digestive processes, while intestinal

bioavailability is often reduced when using mixtures of compounds.

Moreover, an in silico virtual screening protocol based on molecular docking and
pharmacophore modeling was used to identify new putative P-glycoprotein ligands
from natural sources. The computational tool was first checked for its ability to
discern between known P-gp binders and non-binders, and then used to prioritize
compounds from commercial sources of natural compounds. Assays on selected

compounds will provide full validation of the virtual screening approach.

The overall aim of this work is to enlarge the knowledge on pharmacokinetic
parameters of natural products and herbal extracts to be used for setting up a
computational model able to predict the pharmacokinetics parameters of complex

mixtures of compounds.
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Introduction

1.1. The use of natural products as pharmaceutical tools

Natural products have been used in the traditional medicine systems for
millennia. Indeed, traditional Chinese medicine has a history of over 3000 years [1],
while ancient Egyptian left traces of natural products use in the Ebers Papyrus, dated
2900 BC [2,3]. In that times, a combination of prayers, magic practices and herbal
extracts were used for treating diseases. It was during the Greek civilization, first,
and during the Roman Empire, later, that divine intervention in medicine was refused
and a new scientific approach to diseases and their management was developed [4].

This revolution opened the way for a more modern medicinal use of natural products.

Until the establishment of synthetic medicinal chemistry, crude plant extracts
were the most important sources of therapeutic products. It was in 1816, with the
1solation of morphine from Papaver somniferum L., that natural products started to be
used as the basis for the development of more potent or selective drugs. Other natural
products that deeply contributed to the history of drug discovery includes salicin,

digitoxin, quinine and pilocarpine [5].

Although synthetic drug discovery contributed to overcome several intrinsic
limit of the older plant-based medicine, the World Health Organization estimated that
more than 80% of the world population still rely on traditional medicine systems [6].
Moreover, since less than 10% of the world’s biodiversity has been investigated for the
possible therapeutic application, natural products still represent an invaluable source

of chemical entities, which are used for the discovery of novel drugs [3,5].

Currently, the use of herbal extracts and isolated natural products is emerging
not only in the pharmaceutical field, but also in the food industry and in cosmetics,
making natural products an interesting study topic not only for research purposes, but

also from an economical point of view [7].
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1.2. The concept of phytocomplex

Plant extracts contains a mixture of several constituents. The ensemble of this
constituents is called “phytocomplex”. Not all the constituents of a phytocomplex can
exert physiologic or therapeutic activities. Indeed, along with the active principles, a
number of other inactive compounds are usually extracted. While these molecules do
not have a biological effect themselves, they can modulate the effect of the active

principles, by modifying their pharmacodynamics and pharmacokinetics [8].

The interaction between the constituents of a phytocomplex can positively or
negatively affect the biological activity of the active principle. When the use of the
phytocomplex leads to clinical advantages, i.e. it enhances the pharmacological profile
of the active principle alone, herbal extracts are to be preferred, compared to isolated
compounds [9]. This effect is sometimes defined as the “entourage effect” [10].
Different scenarios can explain this phenomenon, including synergism, increase of
bioavailability, or mechanism of action involving more than one target simultaneously.
Also, sometimes, natural products can be chemically instable when purified, while
they are more stable in the phytocomplex. A well-known example of synergism 1is
represented by ginkgolides from Gingko biloba L. leaves extract, which are platelet-
activating factor antagonists. Their activity is strongly enhanced by the presence of
ginkgoflavones [11]. An example of the multi-target enhancement of the biological
activity is represented by Matricaria recutita L.: at the acidic pH of the stomach,
matricine is converted to camazulen carboxylate, which inhibits cyclooxygenase 2.
Flavonoids in the M. recutita extract also have anti-inflammatory activity, which
potentiate the effect of camazulen carboxylate [12]. Moreover, bisabolol, another
constituent of M. recutita extract, exerts gastroprotective activity by activating ATP-
sensitive potassium channels and by lowering the degradation of reduced glutathione
[13,14]. A similar example is represented by Glycyrrhiza glabra L., which exert anti-
inflammatory activity through the inhibition of cyclooxygenase-2 and 5-lipoxygenase
[15] but is also gastroprotective by increasing the levels of prostaglandin E2, through
the inhibition of 15-hydroxyprostaglandin dehydrogenase and delta-13-prostaglandin

reductase [16]. Finally, several examples exist of instable purified natural products,
4
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which are instead stabilized by the phytocomplex, including Valeriana officinalis L.

[17], Humulus lupulus L. [18], and Hypericum perforatum L. [19].

There are also cases in which a specific therapeutic condition can only be
treated by using plant phytocomplexes, as synthetic monomolecular drugs do not exist
yet for that particular indication. This is the case of herbal adaptogens, which are
drugs able to preserve the homeostasis in response to fatigue and stress stimuli,
through the modulation of the hypothalamic-pituitary-adrenal axis and of stress-
related mediators, such as heat-shock proteins and mitogen-activated protein kinases
[20]. Some examples of herbal drugs with adaptogeinc activity include: Rhodiola rosea
L, Eleutherococcus senticosus (Rupr. & Maxim.) Maxim., Schisandra chinensis (Turcz.)

Baill., and Panax ginseng C.A.Mey. [21,22].

The phytocomplex not always positively affects the pharmacological profile of its
constituents. Namdar defined this phenomenon as “parasitage effect”, which is the
opposite of the entourage effect [23]. There are many examples in which the single
natural compounds demonstrated to be more active than the whole phytocomplex,
including the anticancer constituents of Taxus brevifolia Nutt., the central nervous
system stimulants contained in Camellia sinensis (L..) Kuntze and Coffea arabica L.,
cocaine from Erythroxylum coca Lam., morphine from Papaver somniferum L., and the

antimalaric constituents of Artemisia annua L.

1.3. The problem of pharmacokinetics

Even though their increasing popularity, the pharmaceutical applications of
herbal products are limited by the shortage of clinical trials and by the inadequate
knowledge of their pharmacokinetics [24]. Some medicinal plants are enlisted in the
pharmacopoeia of different countries and in other official documents, such as the
European Medicine Agency (EMA) and the World Health Organization monographs.
In Europe, the herbal species which are enlisted in the EMA monographs as “well-
established use” have been evaluated for their safety and clinical effectiveness, and
information on their pharmacokinetics are adequate that they are authorized to be
registered as drug [7]. However, among the vast amount of herbal species with

potential therapeutic use, only a few are enlisted in these monographs, or have been

5
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investigated for their pharmacokinetic properties. This is mainly due to the difficulties
of evaluating the absorption, distribution, metabolism, and excretion (ADME)

properties of mixture of compounds administered at one time.

It is known that natural compounds suffer from several pharmacokinetic issues,
including poor solubility, metabolism in the gastrointestinal tract, effect of efflux
mechanisms, and high first-pass metabolism [25]. In particular, polyphenols, one of
the major class of natural compounds found in plants, are characterized by a largely

variable bioavailability, which depend on their physico-chemical properties [26,27].

Today, a large number of experimental models is available for investigating the
pharmacokinetic properties of a drug candidate [28,29]. ADME parameters can be
deeply evaluated with the support of in vivo studies [28]. Moreover, together with the
development of more efficient analytical techniques (i.e., HPLC, MS, NMR), in vitro
and in silico systems are emerging tools to investigate the bioavailability of novel drug
and to support and guide the identification of metabolites with an extremely accurate

level of detail [30].

Although being largely utilized for single molecule studies, pharmacokinetic
models are barely applied to more complex mixtures of molecules, such as herbal
products, due to the necessity of choosing a small number of chemical markers [24].
Indeed, most pharmacokinetic principles of synthetic single molecule drugs are
frequently applied to herbal products, even if this has not been validated through

experimental studies [31].

1.4. Aim of the study

The main aim of this study was to acquire data on some parameter involved in
the bioavailability of natural products, such as stability to gastrointestinal digestion,
bioaccessibility, intestinal permeability and effect of efflux protein, evaluating the

differences between isolated compounds and herbal products.

The part 1 of the thesis, is focused on the effect of in vitro simulated
gastrointestinal digestion on the stability of selected polyphenols and herbal extracts

containing them. Some practical examples of how digestive process can affect the
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bioaccessibility and the biological activity of natural products of interest is also

provided.

Part 2 is focused on bioavailability parameters, such as intestinal permeability
and efflux mechanisms. In particular, the cell-based Caco-2 permeability model was
used for evaluating the changes in intestinal permeability using isolated compounds
and couples of molecules. Moreover, a computational protocol was set up for the
evaluation of P-glycoprotein binders from natural sources, with the aim of discerning

among possible substrates and inhibitors.

This work represents the first step of a broader project aimed at setting up an
experimental model which, by combining in vitro cell-free and cell-based models to
computational techniques, will be able to predict the ADME properties of complex

mixture of molecules, focusing on natural products.
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CHAPTER 2

Comparing the effects of in vitro simulated gastrointestinal digestion on

isolated natural products and complex herbal extracts

2.1. Introduction

To exert their nutritional and/or pharmacological effect, orally administered
natural products have to overcome the possible degradation occurring during
gastrointestinal digestion and to be absorbed by the intestine. The bioavailability
differs critically from one polyphenol to another [1]. Several factors, including polarity,
molecular weight, different association with the plant matrix, and the effect of
transport protein, can influence their bioavailability. Particularly, structural changes
of natural compounds during digestion can lead to the maintenance or modification of

their biological activity, by influencing their bioavailability [2].

The experimental evaluation of natural products digestion can be achieved
using different models. Human and animal studies are expensive and limited by
ethical issues, thus, in vitro and in silico methods are emerging [3]. In particular, cell-
free methods can be used for simulating gastrointestinal digestion [4], while cell-based

methods are more useful to evaluate the intestinal absorption [5].

Several models have been developed for simulating gastrointestinal digestion in
vitro, and they can be classified into two main categories: static and dynamic models.
Static models define fixed parameters, such (pH, temperature, and the period of time)
to independently simulate the oral, gastric and intestinal environment. They are
generally simpler and are useful for screening of several samples. Differently, dynamic
models take into account the continuous changes of the physicochemical conditions
and include mechanical simulation of peristaltic forces [3]. These are more complex
models, which are less likely to be used for evaluating large number of samples but

can provide experimental conditions more similar to physiological conditions, which
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better resemble in vivo digestion. Moreover, they are usually automated and paired

with computational management of different digestive phases [6,7].

These methods have been successfully used for the analysis of the stability to
digestion and bioaccessibility of plant extracts, particularly in the field of food science.
Nevertheless, when developing novel drugs from natural sources, information about
the bioavailability of the active principle is often derived from data obtained using a
single molecule. If the active principle consists of a complex mixture of molecules, such
as in the case of herbal extracts, translation of the data obtained on single molecules
are not always straightforward. Indeed, the presence of other constituents in the
extract can alter the digestion process of the active principle, leading to increased or

reduced stability, thus, influencing the final bioavailability.

In this work, we set up a simple method for the analysis of the stability to in
vitro simulated gastrointestinal digestion of 10 natural compounds, belonging to
different classes of polyphenols. We focused on these classes of compounds because
they are among the most studied natural products, being the chemical marker of
several medicinal plants, and have been reported to possess controversial
bioavailability [8]. The same method was also applied to different herbal products
containing mixtures of selected phenolic constituents from the previous 10 compounds,

to verify whether the compound stability may differ in complex mixtures.

2.2. Materials and methods

2.2.1. Chemicals

All solvents used in this work were purchased from Sigma-Aldrich (Milan,
Italy). Apigenin, apigenin-7-glucoside, chlorogenic acid, bisdemethoxycurcumin
(BMC), curcumin (CUR), demethoxycurcumin (DMC), resveratrol and resveratrol-3-O-
glucoside were purchased from Sigma-Aldrich. Cyanidin chloride and cyanidin-3-O-
glucoside were purchased from Extrasynthese (Genay, France). NaCl, pepsin from

porcine gastric mucosa, pancreatin from porcine pancreas, and bile salts mixture were
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purchased from Sigma Aldrich. NasCOs was purchased from Sodalco S.p.A. (Corsico,
Italy).

2.2.2. Plant material and extraction

Curcuma longa L. dried rhizomes, Matricaria recutita L. flowers, and Cynara
scolimus L. leaves were purchased from Erbamea (San Giustino, Perugia, Italy).
Powdered C. longa rhizomes were extracted in methanol. Comminuted M. recutita
flowers were extracted for 24 h using 70% v/v ethanol, 70% v/v methanol and pure
methanol, with a 1:6 drug-extract ratio (DER). Comminuted C. scolimus leaves were
extracted for 24 h using 80% v/v methanol and double distilled water (ddH20), with a
1:6 DER.

2.2.3. In vitro simulated gastrointestinal digestion

In vitro simulated digestion was carried out as previously described [3], with
slight modifications. Briefly, extracts and reference standards were suspended in 20
mL simulated gastric juice that contained pepsin from porcine gastric mucosa (300
UI/mL) and NaCl (10 mg/mL), obtaining a final 1:20 dilution for the extracts and a
concentration of 1 mg/mL for the reference standards. The pH of the solution was
adjusted to 1.7 using HCl. Samples were incubated for 2 h at 37 °C with shaking.
Then, pancreatin from porcine pancreas (10 mg/mL) and bile salts mixture (20 mg/mL)
were added and the pH was increased by adding NasCOs (15 mg/mL) to simulate the
intestinal environment. Intestinal digestion was carried out for 2 h at 37 °C with
shaking. Samples were then centrifuged, filtered and immediately used for further

analysis.

2.2.4. Chromatographic conditions

Samples (10 pli) were injected into a HPLC-DAD system, consisting of a
Shimadzu Prominence LC 2030 3D instrument, equipped with a Bondpak® C18
column (10 um, 125 A, 3.9 mm, Waters Corporation, Milford, MA). The mobile phase
consisted of ddH20 + 0.1% v/v formic acid (A) and acetonitrile + 0.1% v/v formic acid

(B). The following method was applied: B from 10% at 0 min to 25% at 15 min and
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then from 25% to 35% at 18 min and from 35% to 50% at 25 min. Flow rate was set to
0.8 mL/min and column temperature to 28 °C. Chromatograms were recorded at 320
nm for resveratrol and resveratrol-3-O-glucoside, 330 nm for chlorogenic acid, 366 nm
for apigenin and apigenin-7-glucoside, and 520 nm for cyanidin and cyanidin-3-O-
glucoside. A different method was used for C. longa and curcuminoids [9]: A from 50%
at 0 min to 45% at 8 min, then isocratic until 10 min. Flow rate was set to 0.9 mL/min
and column temperature to 28 °C. Calibration curves were set up using reference
standards at concentration ranging from 0.008 to 0.500 mg/mL, with correlation

coefficients (R2) > 0.99.

2.2.5. Statistical analysis

The statistical differences between the results were determined by the analysis
of the variance (ANOVA) or by using the Student’s t-test. Values are expressed in the
range of +/- standard deviation and p<0.05 was considered statistically significant.

Graphs and calculations were performed using GraphPad Prism.

2.3. Results and discussion

2.3.1. Gastrointestinal stability of different classes of isolated phenolic
compounds

The analyzed phenolic compounds were found to be differently affected by in
vitro simulated gastrointestinal digestion. Indeed, stilbenes and flavones showed
higher stability, compared to the other classes of polyphenols, with antocyanins being

the less stable (table 2.1).

Simulated gastric digestion has been reported to have little effect on flavones
recovery, which is, however, deeply affected by intestinal digestion [10]. Interestingly,
we observed that glycosylation doubled the stability of apigenin to gastrointestinal
digestion, thus suggesting a protective role of the sugar moiety. This result is similar

to the increased recovery of quercetin-3-glucoside, compared to quercetin, observed by
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Boyer and co-workers [11] and is consistent with the higher bioavailability of

glycosides, compared to that of aglycones, observed in humans [12-14].

Table 2.1. relative gastrointestinal stability of reference standards. Values (%) are
expressed as mean + standard deviation.

Gastrointestinal
Chemical classification Sample as rom- ?S ma
stability
apigenin 21.80 + 10.54
Flavones
apigenin-7-glucoside 43.95 + 5.67
Caffeoylquinic
chlorogenic acid 1.48+0.86
derivarives
cyanidin chloride <0.10
Anthocyanins
cyanidin-3-O-glucoside 2.48 +£1.28
BMC 17.50 £ 6.43
Curcuminoids CUR 0.25+0.09
DMC 0.90 £ 0.33
resveratrol 26.98 +£0.13
Stilbenes
resveratrol-3-O-glucoside 59.88 + 13.26

Caffeoylquinic acids, such as chlorogenic acid, are known to be instable in
aqueous solution [15], especially at non-acidic pH. The degradation of chlorogenic acid
after simulated digestion is consistent with previously published studies [16,17] and

may be due to the precipitation of insoluble bile salts complex.

The very low recovery of anthocyanins after simulated digestion has been
already reported in the past, using raspberry [18], pomegranate [19], and strawberry
[20] extracts, as well as red wine [21]. Indeed, in aqueous solutions, antocyanins exist
in a dynamic equilibrium between a variety of different molecular forms. These forms
are highly unstable to oxygen, temperature, light, enzymes and, particularly pH

changes. Although being mostly stable at low pH, such as in the stomach, the increase
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of pH in the intestine causes the conversion of the red flavylium cation to the blue
quinonoidal structure, through a rapid loss of proton, or to the colorless hemiketal
form, through a slower hydration process. This last form can further tautomerize to
generate the cis- and trans chalcones. Moreover, anthocyanins can bind to components
of the pancreatine/bile salts mixtures, generating insoluble complexes [18]. Thus,
digestive processes have a huge impact on the bioavailability of anthocyanins. In a

similar way to flavones, glycosylation increased the recovery of cyanidin.

Due to its high lipophilicity, CUR is not soluble in water, thus, its recovery in
simulated gastrointestinal fluids was very low. This is consistent with the work of
Ubeyitogullari, who reported the bioaccessibility of crude CUR, physically mixed with
empty nanoporous starch aerogels, to be 0.4% [22]. Similar results were also obtained
by Park, who studied nanostructured lipid carrier to improve the bioaccessibility of
CUR [23]. Intriguingly, even if CUR represents the most abundant curcuminoid in
turmeric, demethoxylated forms have been reported to have a better intestinal

absorption in humans, compared to CUR [24].

Stilbenes were found to be the most stable group tested. Also in this case,
glycosilation caused a marked increase in the stability of resveratrol to simulated in
vitro digestion, suggesting that the hydroxyl groups of resveratrol can undergo
metabolic conversion during digestion. This was confirmed by Hu, who synthetized
resveratrol esters with caprylic acid, to improve its stability during simulated

gastrointestinal digestion [25].

2.3.2. Chemical characterization of the herbal extracts

Based on these results, we decided to repeat the experiments by using herbal
extracts containing selected constituents from table 2.1. In particular, we selected
constituents belonging to the classes of flavones, caffeoylquinic derivatives and
curcuminoids. We decided to exclude stilbenes as they resulted the most stable among
the tested compounds and anthocyanins as their gastrointestinal stability as single

constituents, as well as herbal extracts, is already detailed in literature.
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The HPLC-DAD chromatograms of M. recutita, C. scolimus, and C. longa

extracts are shown in figure 2.1.
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Figure 2.1. HPLC-DAD chromatograms of the selected herbal extracts. (A) M.
recutita, recorded at 366 nm. Apigenin-7-glucoside RT = 17.8 min; apigenin RT =
23.8 min. (B) C. scolimus, recrded at 330 nm. Chlorogenic acid RT = 7.9 min. (C) C.
longa, recorded at 424 nm. BMC RT = 5.7 min; DMC RT = 6.0 min; CUR RT = 6.4 min.

18



CHAPTER 2

M. recutita flowers were used as a source of apigenin and apigenin-7-glucoside
[26]. We used three different solvents to maximize the flavones extraction. The
chemical characterization of each extract is reported in table 2.2. Consistently with
the work by Haghi, we obtained higher amount of apigenin and apigenin-7-glucoside
in the 70% v/v ethanol extract, with apigenin-7-glucoside being more abundant than

apigenin [27]. Thus, we chose this extract to perform the digestion experiments.

Table 2.2. Chemical characterization of M. recutita extracts.

Main constituents (%)

Extraction
Sample hod
metho apigenin apigenin-7-glucoside
70% v/v ethanol 1.06 + 0.28 8.11+0.35
M. tit
reCUiie 209 viv methanol 0.81 +0.17 7.87 + 0.22
flowers
methanol 0.57+0.23 5.50 £0.31

Artichoke leave extracts are wusually standardized for their content in
caffeoylquinic acids, expressed as chlorogenic acid. Song reported that methanol has
the highest extraction efficiency on polyphenols and chlorogenic acid, compared to
ethanol or water [28]. Indeed, we confirmed that 80% v/v methanol is much more
effective in extracting chlorogenic acid, compared to ddH20 (table 2.3), hence, we

performed in vitro simulated digestion experiments on the 80% v/v methanol extract.

Table 2.3. Chemical characterization of C. scolimus extracts.

Sample Extraction method Chlorogenic acid (%)

80% v/v methanol 5.04 + 0.21

C. scolimus leaves
ddH20 <0.1

Finally, a C. longa rhizome extract containing 48.07% total curcuminoids was
obtained using methanol as a solvent. CUR was the most abundant constituent,
representing 67.63% of total curcuminoids, followed by DMC and BMC, representing

19



Comparing the effects of in vitro simulated gastrointestinal digestion
on isolated natural products and complex herbal extracts

22.95% and 9.42% of total curcuminoids, respectively (table 2.4). This phytochemical

profile is coherent with that of commonly available C. longa extract.

Table 2.4. Chemical characterization of C. longa extract.

Main constituents (%)

Extraction
Sample hod
metho BMC CUR DMC
C. longa
) Methanol 453+ 0.54 32.51 £ 0.32 11.03+£0.28
rhizomes

2.3.3. The mixture of constituents in herbal extracts protects single
compounds from in vitro simulated gastrointestinal digestion

The effect of food matrix on the stability of food constituents has been widely
studied [29]. A plethora of examples can be found in literature regarding the effects of
food matrix on polyphenols digestion and bioaccessibility [17,20,30-32]. Herbal
extracts contain a mixture of several constituents, which can influence the
bioavailability of each other. One of the mechanisms by which this may occur is the
modulation of the stability to gastrointestinal digestion. In the examples reported in
this chapter, it is evident that the gastrointestinal stability of single constituents is
different when they are used as isolated compounds, compared to their stability when
they are enclosed in the complex mixture of the herbal extract. Indeed, figure 2.2
shows that both apigenin and apigenin-7-glucoside recovery after simulated digestion
are significantly increased (+68% and +120%, respectively), compared to the reference

standards alone.
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Figure 2.2. Stability of M. recutita flavones after in vitro simulated gastrointestinal
digestion. * p<0.05 vs reference standard; *** p<0.001 vs reference standard, two-
way ANOVA followed by Tuckey’s post-hoc.

Noticeably, also in the case of M. recutita extract, glycosylation improved the
stability of apigenin. Indeed, apigenin-7-glucoside was completely recovered,
suggesting that other constituents of the extract may act by protecting this compound

from degradation during digestion.

Similarly, chlorogenic acid stability upon simulated digestion was significantly
affected by C. scolymus phytocomplex. Indeed, its recovery increased from 1.48%,
using the reference standard alone, to 55.08%, when using the herbal extract (figure

2.3).
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Figure 2.3. Stability of chlorogenic acid in C. scolymus extract after in vitro
simulated gastrointestinal digestion. **p<0.01 vs reference standard, paired t test.

In 2015, D’Antuono and colleagues investigated the in vitro bioaccessibility,
intestinal uptake and bioavailability of Cynara cardunculus (L.) subsp. scolymus
Hayek polyphenols. Consistently with our results, they observed a much higher
stability of chlorogenic acid in the herbal extract, compared to the reference standard,
after simulated gastrointestinal digestion [33]. One possible explanation for this
marked difference may be related to the ability of artichoke extracts to inhibit

digestive enzymes [34].

Regarding curcuminoids, CUR stability to gastrointestinal digestion remained
very low when using the herbal extract, even if a not statistically significant increase
from 0.25% to 3.79% was observed. A much more evident effect was observed for DMC,
whose stability increased from 0.90% when tested as single compound to 17.79% when
in herbal matrix, and for BMC from 17.5% when tested as single compound to 104.78%

in turmeric extract (figure 2.4).
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Figure 2.4. Stability of C. longa curcuminoids after in vitro simulated
gastrointestinal digestion. * p<0.05 vs reference standard; *** p<0.001 vs reference
standard, two-way ANOVA followed by Tuckey’s post-hoc.

Despite being present in lower concentration in the extract, BMC can
potentially reach the intestine at a concentration three-fold higher than that of CUR
and DMC, which partially explains the higher bioavailability of BMC observed in
humans, compared to CUR [24].

2.4. Conclusions

Oral bioavailability is one of the main factors that limit the clinical use of
natural products. To reach the site of absorption, an orally-administered drug has to
overcome the digestion process without being extensively metabolized. In this work we
evaluated the effect of in vitro simulated gastrointestinal digestion on different classes
of polyphenols. Moreover, we investigated the changes in the gastrointestinal stability
of these compounds when used as a complex mixture of molecules, such as in the case
of herbal extracts. Using M. recutita, C. scolymus, and C. longa as simple examples,
we found that the phytocomplex significantly influenced the recovery of single
constituents. In particular, we found a protective role of the phytocomplex, resulting in
higher stability of the compounds to the digestive process. There might also be cases in
which the phytocomplex may reduce, or leave unaltered, the stability of single

constituents. These results provide evidence that it is extremely important to take into
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account the effect of gastrointestinal digestion when evaluating the biological
effectiveness of an herbal extract, as this cannot be extrapolated from data obtained

using single compounds.
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CHAPTER 3

Stability and bioaccessibility of Cannabis sativa L. extracts under in vitro

simulated gastrointestinal digestion

3.1. Introduction

Cannabis sativa L. (Cannabaceae) has been used since ancient times as a
medicinal tool and as a source of textile fiber and, more recently, as a psychoactive
drug for recreational uses [1,2]. Thanks to the discovery of the endocannabinoid
system as a regulator of several physiologic functions, C. sativa is attracting the
interest of the pharmaceutical industry, because of the intriguing therapeutic

potential of its constituents [3].

Indeed, a wide variety of molecules are produced by C. sativa, the more
characteristic being represented by a class of terpenophenolic compounds, known as
cannabinoids [4]. Among the over 400 compounds found in C. sativa [5], more than 90
different cannabinoids, including their breakdown products, have been reported [6].
Two other main classes of constituents, terpenes and flavonoids, are present in the C.

sativa phytocomplex, even if their pharmacological role is still under evaluation [5].

Cannabinoids in C. sativa are typically present as acidic precursors [5].
However, their decarboxylated derivatives are responsible for the most therapeutic

effects, thus, several decarboxylation methods have been proposed [7].

A9-tetrahydrocannabinol (THC) is the major psychotropic constituent of C.
sativa. It is a partial agonist at cannabinoid receptor 1 (CB1) and 2 (CB2) [8]. The
higher affinity for CB1 is responsible for the insurgence of psychotropic effects [4].
THC, and its synthetic version dronabinol, have been investigated for their analgesic,

antispasmodic and antiemetic activity [9].

Cannabidiol (CBD), on the other hand, is the major non-psychotropic

cannabinoid in C. sativa. It is a weak inverse agonist at CB2 and it has been approved
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by the FDA for the treatment of intractable childhood-onset seizures [10]. Other than
its anti-epileptic effect, CBD has been studied for its potential therapeutic role in
mood disorders [11], multiple sclerosis [12], and in a number of diseases associated

with oxidative stress, and inflammation [3,13].

THC levels in cannabis dramatically increased from 1970 to 2017, increasing
the risk of addiction and mental health disorders [14]. However, CBD seems to be able
to moderate the toxic effects of THC [15,16].

Apart from the pharmacological properties of isolated cannabinoids, in the last
decade, many efforts have been made to investigate the clinical effectiveness of the
whole C. sativa extract [12,17-19]. Despite the growing scientific interest, however,
only one standardized extract with a fixed THC:CBD ratio (1:1) has been registered as
a medicinal product so far [20]. In Italy, eight variety of medical cannabis with
different content of THC and CBD and cultivated indoor in The Netherlands, Canada
and Italy, are authorized. These can be dispensed as herbal substance, used by
patients for self-medication by vaporization, as an herbal tea or as galenic herbal
preparations, such as oil or other standardized extracts [21]. However, information on

the pharmacodynamics and pharmacokinetics of these preparations are lacking.

Moreover, the controversial, unregulated growing market of the so-called
“cannabis light” products, i.e. C. sativa herbal material or derived preparations with
THC content lower than 0.2%, complicated the situation by increasing the availability
of products which have not been clinically evaluated for their pharmaco-toxicological

profile.

Thus, there is the need for the development of efficient analysis methods to
characterize the chemical and biological properties of different C. sativa products. In
particular, information about the stability of these products after oral ingestion would

be of great use for guiding the development of novel cannabis-based drugs.

Recently, we analyzed the chemical composition, the microbial contamination,
and the levels of heavy metals of 12 non-psychotropic C. sativa products, finding that
most of the cannabis light products do not comply with the Italian food legislation, or

have different amount of THC and CBD than the quantity declared on the label [22].
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In this study, we aimed at evaluating the stability to digestion of different non-
psychotropic C. sativa products. We used three different extraction methods, namely
decoction, oleolite and hydroalcoholic extraction, to extract two different C. sativa
varieties with THC level lower than 0.2%, before and after heat-induced
decarboxylation of cannabinoids. CBD, THC, and their relative acidic forms (CBDA
and THCA) were quantified by HPLC-DAD and their stability and bioaccessibility

under in vitro simulated gastrointestinal digestion were evaluated.

3.2. Materials and methods

3.2.1. Chemicals

All solvents used in this work were purchased from Sigma-Aldrich. NaCl, pepsin
from porcine gastric mucosa, pancreatin from porcine pancreas, and bile salts mixture
were from Sigma Aldrich. NasCOs was purchased from Sodalco S.p.A. CBD was

purchased from Linnea SA (Riazzino, TI, Switzerland).

3.2.2. Plant material and extraction

The dried inflorescences of a commercially available product from indoor
cultivation named “Mary-light” and of a field-grown C. sativa var. carmagnole, with
different CBD content, were extracted for 4 h, using ddH20, 96% v/v ethanol or
extravirgin olive oil (EVO), with (d) or without heat decarboxylation of cannabinoids.
We obtained four different extracts, namely non-decarboxylated Mary-light (M),
decarboxylated Mary-light (dM), non-decarboxylated C. sativa var. carmagnole (C) and
decarboxylated C. sativa var. carmagnole (dC) extracts. The drug-extract ratio (DER)
of each extract was 1:10. Heat decarboxylation of cannabinoids was performed
following the method of Romano and Hazekamp [23], by heating plant material in an

oven at 145 °C for 30 min.
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3.2.3. In vitro simulated gastrointestinal digestion

In vitro simulated digestion was carried out as previously described [24], with
slight modifications. Briefly, extracts (1 mL) and CBD were suspended in 20 mL of
simulated gastric juice that contained pepsin from porcine gastric mucosa (300 UI/mL)
and NaCl (10 mg/mL), obtaining a final 1:20 dilution for the extracts and a
concentration of 1 mg/mL for CBD. The pH of the solution was adjusted to 1.7 using
HCl. Samples were incubated for 2 h at 37 °C with shaking. One mL gastric solution
was sampled and stored at -80 °C for further analysis. Then, pancreatin from porcine
pancreas (10 mg/mL) and bile salts mixture (20 mg/mL) were added to the solutions to
simulate the intestinal environment. To evaluate the bioaccessibility of the samples,
semi-permeable cellulose dialysis tubes (Sigma Aldrich), with a molecular cut-off of 12
kDa, containing 19 mL of NaHCOs (15 mg/mL) in ddH20, were inserted into the
solutions. Intestinal digestion was carried out for 2 h at 37 °C with shaking. The
fraction of the samples able to permeate into the dialysis tubes was considered
“bioaccessibile” or “serum available”, while the fraction which remained out of the
dialysis tubes was considered “not bioaccessible” or “colon available”. Samples were

then centrifuged, filtered, and immediately used for further analysis.

3.2.4. Chromatographic conditions

Samples (20 pli) were injected into a HPLC-DAD system, consisting of a
Shimadzu Prominence LC 2030 3D instrument, equipped with a Bondpak® C18
column (10 pm, 125 A, 3.9 mm, Waters Corporation). The mobile phase consisted of
ddH20 + 0.1% v/v formic acid (A) and acetonitrile + 0.1% v/v formic acid (B). The
following method was applied: A 35% at 0 min for 3 min, then from 35% to 10% at 10
min, A 10% for 2 min and from 10% to 35% at 14 min, then A 35% for 1 min. Flow rate
was set to 1.2 mL/min and column temperature to 28 °C. Chromatograms were
recorded at 225 nm. The calibration curve of CBD was set up using concentrations
ranging from 0.008 to 0.500 mg/mL, with RZ > 0.99. The quantification of CBDA, THC
and THCA was performed using CBD as a reference standard, by conversion according
to the Dutch office for Medicinal Cannabis analytic monograph for Cannabis Flos

Version 7.1 (November 28, 2014).
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3.2.5. Statistical analysis

The statistical differences between the results were determined by ANOVA or
by using the Student’s t-test. Values are expressed in the range of +/- standard
deviation and p<0.05 was considered statistically significant. Graphs and calculations

were performed using GraphPad Prism.

3.3. Results and discussion

3.3.1. Quantification of cannabinoids

The HPLC-DAD chromatograms of the extracts (figure 3.1) show that, despite
being suggested by several therapeutic systems, water extraction by decoction is not a
suitable method for the extraction of cannabinoids, while ethanol and EVO gave
higher yields, with ethanol being significantly better. In nature, cannabinoids occur
mostly as acidic precursors, while their decarboxylated derivatives are usually

produced by manufacturing processes or smoking [25].
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Figure 3.1. HPLC-DAD chromatograms recorded at 225 nm of the (A) ethanol, (B)
olive oil and (C) water extracts. M (red), dM (green), C (blue) and dC (black). CBDA
RT = 4.1 min; CBD RT = 4.4 min; THCA RT = 7.3 min; THC RT = 7.5 min.
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Consistently, CBD and THC were not detected neither in M ethanol and EVO

extracts, nor in C EVO extract. Small amounts of CBD were found in C ethanol

extract. On the contrary, the acidic form of cannabinoids was much more present in

the non-decarboxylated extracts, with CBDA being 63% higher in M, compared to C.

THC content was always below the Italian legal limit of 0.2 %. The quantification of

the cannabinoids in the extracts is reported in table 3.1.

Table 1. Cannabinoids content of the extracts (% w/v). Data are expressed as mean +
standard deviation. n.d. = not determined.

Solvent Sample CBDA CBD THCA THC
M 0.60+0.03 n.d. 0.05+0.04 n.d.
=z dM 0.06 + 0.07 0.53 + 0.09 n.d. 0.05 + 0.02
S| C 0.38 £ 0.06 0.08 £ 0.01 0.01+£0.01 n.d.
dC n.d. 0.36 + 0.02 n.d. 0.04 +0.03
M 0.42 £0.04 n.d. 0.01+£0.01 n.d.
g dM 0.07 £0.02 0.34 £ 0.02 n.d. n.d.
= C 0.26 £ 0.03 n.d. n.d. n.d.
dC 0.06 + 0.02 0.25+0.07 n.d. n.d.
M n.d. n.d. n.d. n.d.
2 |am n.d. n.d. n.d. n.d.
= C n.d. n.d. n.d. n.d.
dC n.d. n.d. n.d. n.d.

3.3.2. In vitro simulated gastrointestinal digestion and bioaccessibility

The stability of isolated CBD after gastrointestinal digestion resulted to be

approximately 75%, and a large part (60%) of the initial amount of CBD was able to

permeate across the dialysis tube, reaching the serum available fraction, thus showing

a good bioaccessibility (figure 3.2).
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Figure 3.2. CBD bioaccessibility after in vitro simulated gastrointestinal digestion.
* p<0.001 vs colon available, unpaired t test.

Differences in cannabinoids recovery and bioaccessibility were found when

comparing the different C. sativa preparations (figure 3.3).

Indeed, the total recovery of CBDA was approximately 30% and 60% in M and C
ethanol extracts, respectively, with the colon available to serum available ratio (CSR)
being almost identical. Interestingly, the stability of CBDA to in vitro simulated
digestion resulted to be significantly higher when using the EVO extracts. The total
recovery of CBDA was almost 100% for M and C, respectively. 87% of CBDA was
found in the colon available fraction for both M and C, while a small, yet significant,
difference was found in the serum available, with a CSR of 6.4 and 8.9 for M and C,
respectively. Small amount of CBDA were also present in the decarboxylated EVO
extracts, with its stability to simulated digestion being lower (approximately 42% and
37% in dM and dC, respectively) and only colon available, compared to the non-

decarboxylated one.

CBD recovery was comparable in each ethanol extract, with an average total
recovery of 42%. A similar value was obtained for dC EVO extract, while dM EVO
extract showed a protective effect on CBD stability, with the colon available recovery
being approximately 47% and 90%, respectively. Similarly to CBDA, the CBD colon
available fraction was higher than the serum available fraction, with an average CSR

of 10 in the ethanol extracts, while no CBD was detected in the serum available
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fractions of EVO extracts. While the absence of CBD in the serum available fraction of
the EVO extracts may be due to a limitation of the experimental procedure, as the
formation of micelles may interfere with the permeation through the dialysis tube, a
lower bioaccessibility of CBD when using C. sativa extracts, compared to the reference

standard alone, can be speculated.

EtOH EVO
A)
100 dededk o *kd
; By
[}
% H aMm
= HcC
> 000 000 s . dc
= 50 000
s
2
=]
1
R
0 . . .
CBDA CBD THCA THC CBDA CBD THCA THC
B) EtOH EVO
20
o Txx M
5; @ aMm
br=] HEH
« HcC
2 ” W ac
g 104
=
:‘3 HEE pewen
w
’ ’l‘ i.'
0.

CBDA  CBD THCA  THC  CBDA CBD THCA THC

Figure 3.3. (A) Colon and (B) serum available fractions of different C. sativa extracts
after in vitro simulated gastrointestinal digestion. *** p<0.001 EtOH vs EVO; ##
p<0.001 field-grown vs indoor cultivation; °°° p<0.001 non-decarboxylated vs
decarboxylated

The THCA and THC content of the analyzed extracts was very low, thus, the
measurement of their stability and bioaccessibility after in vitro simulated
gastrointestinal digestion was not the aim of this work. However, it is interesting to

note that, the presence of THCA and THC was not detected in the serum available
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fractions of each extract. The colon available recovery of THCA was 76% and 70% for
M and C ethanol extracts and 92% for M EVO extract, respectively. A significant
difference was found when comparing the stability of THC in dM and dC ethanol
extracts. Indeed, the colon available recovery of THC was approximately 36% in dM,
while no trace of THC was detected in dC. Even if additional experiments are required
to confirm this hypothesis, these data may suggest that a higher CBD:THC ratio in
the initial extract may lead to an increased stability of THC after in vitro simulated

digestion.

3.4. Conclusions

The stability and bioaccessibility of the main cannabinoids in different non-
psychotropic C. sativa extracts were evaluated in an in vitro model of simulated

gastrointestinal digestion.

Differently from the observation on M. recutita, C. scolymus and C. longa
reported in chapter 2, where the use of the herbal extract increased the
gastrointestinal stability of the constituents, we found that the bioaccessibility of CBD
was lower when using the C. sativa extracts, compared to the use of the single
reference standard. These different results even more strengthen the hypothesis that
pharmacokinetic data obtained with single natural compounds cannot be translated to
herbal extracts containing such compounds, as the complex mixture of constituents in
the extract may positively or negatively influence the way these compounds are

digested and absorbed.

Although the initial content in the extracts was low, we also found that THC is
not orally bioaccessibile, thus, its bioavailability after oral administration of C. sativa
extracts is expected to be very low, supporting the use of vaporization as a different

administration route.

Even if the bioaccessibility of cannabinoids was reduced when using the herbal
extracts, their overall stability to gastrointestinal digestion could suggest a possible

therapeutic application in gastrointestinal disorders, such as inflammatory bowel
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disease, where a local accumulation of anti-inflammatory cannabinoids in the

intestine is desirable, compared to a systemic distribution after absorption.

Notably, we found that the overall gastrointestinal stability and bioaccessibility
were strongly influenced by the extraction solvent used, and that, despite being a
suggested dispensation method in Italy, water extraction by decoction is not an

effective method for extracting cannabinoids.

In conclusion, our study demonstrated the need to standardize cannabis
preparations, not only to obtain the maximum yield of constituents, but also taking
into account the effect of the extraction method and of the whole phytocomplex on

their gastrointestinal digestion.
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Effect of in vitro simulated digestion on the anti-Helicobacter pylori activity

of different propolis extracts

4.1. Introduction

Helicobacter pylori (HP), a spiral-shaped Gram-negative microaerophilic
bacterium, which colonizes the stomach, is among the most common pathogens
causing infection in human worldwide [1,2]. The ability of HP to overthrow the host
physiology and to evade the immune response, contribute to complicate the clinical
management of the infection [3]. Indeed, the inability of the immune system to
eradicate HP may lead to a progressive clinical course, characterized by the
appearance of gastritis, atrophy, intestinal metaplasia and dysplasia, eventually

leading to gastric/duodenal ulcer and gastric cancer [4].

To colonize the host stomach, HP needs to adapt to the gastric environment, by

surviving to the acidic pH, penetrating and growing into the mucus layer [5].

Different virulence factors participate in HP colonization phase. Urease is the
enzyme involved in the acid acclimation, by catalyzing the hydrolysis of urea into
ammonia and carbon dioxide, thus, increasing the environment pH [6]. The spiral
morphology and the presence of flagella are pivotal for penetrating the mucus layer
and reaching the gastric epithelium, where specific proteins promote the adhesion
process [7-9]. Moreover, a number of other virulence factors are involved in the
clinical manifestation of HP infection. The vacuolating cytotoxin A (VacA) and the
cytotoxin-associated gene (CagA) are among the most studied. VacA is known to cause
the formation of pore in the cell membrane and vacuole, as well as the induction of
apoptosis in the mitochondria and the modulation of the host immune response by
interacting with the proliferation of T cells [10]. Differently, CagA is an oncogenic

toxin, which interacts with the intracellular signaling pathways of the host, reducing
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cell adhesion and stimulating cell migration and proliferation, as well as stimulating

the production of the pro-inflammatory cytokine IL-8 by gastric epithelial cells [11,12].

The current clinical management of HP infection is based on the use of proton
pump inhibitors in combination with at least two antibiotic drugs, such as amoxicillin,
metronidazole, clarithromycin, tetracycline, and levofloxacin [13]. Several issues arise
with the use of these therapeutic approaches, including the rapid development of
bacterial resistance to the antibiotic, particularly to clarithromycin [14] and
levofloxacin [15], the low stability of antibiotic in the acidic environment of the

stomach, and the scarce compliance of the patients [16].

Moreover, oxidative stress and gastric inflammation are strictly involved in the
progression of HP-related gastric diseases [17—-20] and are not targeted by the

conventional antibiotic therapy.

To overcome the limit of the conventional antibiotic therapy, natural products
with anti-HP activity have been widely investigated [21]. Some examples include
Allium sativum L. [22], sulforaphane isothiocyanate from Brassica oleracea L. [23,24],
Glycyrrhiza glabra L. [25-27], red wine [28], and green tea [29,30], as well as some

flavonoids such as quercetin and naringenin [31].

Propolis is a resinous product made by honeybees to repair and protect the
hives, preventing the microbial infection of larvae [32]. Its chemical composition varies
depending on the vegetal origin and geographical region where it was produced,
affecting the physical properties, such as color, smell, taste, and consistency [33,34].
Flavonoids are widely present in most of the propolis, independently from the origin.
Flavones, such as chrysin and acacetin, are mostly present in the temperate region-
native propolis, while flavonols, such as galangin and quercetin, are mostly present in
Eurasian propolis. Pinocembrin, a flavanone, is commonly found in different propolis,
independently from the origin [34]. Other frequently found constituents include caffeic
acid phenethyl ester (CAPE) [35], phenolic acids, such as benzoic acid, gallic acid,

caffeic acid, cinnamic acid and chlorogenic acid, and terpenes [34].

Traditionally, propolis has been used for century as an antimicrobial agent [36].

More recently, indeed, this activity has been demonstrated in vitro, in vivo, and in
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clinical trials as well, against Gram-positive and Gram-negative bacteria, including
drug-resistant species, such as methicillin-resistant Staphylococcus aureus,
vancomycin-resistant Enterococcus, and several Streptococcus strains, with minimum
inhibitory concentration (MIC) varying based on the chemical composition [37-39].
Antifungal activity was also reported against different Candida species [40,41]. The
most widely-accepted antimicrobial mechanism of action of propolis is related to its
effect on the membrane permeability, which may lead to cell lysis and may participate
in reducing the development of resistance to antibiotic and antifungal drugs [42]. Also,
inhibition of bacterial RNA-polymerase was observed for some of the propolis

constituents [43].

Other important biological effect of propolis consists in its ability to modulate
the immune response, leading to a pronounced anti-inflammatory activity [37], and its
antioxidant properties [44,45], which make 1t a promising candidate for the
management of the complex pathological situation related to HP infection. The anti-
inflammatory activity is mainly related to the content in CAPE and galangin. Both of
them, in fact, were reported to inhibit the nuclear translocation of NF-kB [46-50],
which is a key pathway by which CagA promote gastric inflammation [51,52]. On the
other hand, the antioxidant and radical scavenging activity of propolis was found to

depend mostly on the presence of pinocembrin, chrysin and pinobanksin [53].

Information on the in vitro anti-HP effect of propolis are emerging and were
also evaluated by our group in the past, even if the actual clinical effectiveness is still

to be validated [54—-56].

In this work we have characterized from a chemical point of view three different
propolis extracts and for the first time, we evaluated their stability under in vitro
simulated gastric digestion, compared to their main constituents alone. The extract
showing higher stability to digestion was tested for its anti-HP activity. Finally, we
evaluated the possible inhibition of urease by using in vitro colorimetric assay and

molecular docking simulations.

43



Effect of in vitro simulated digestion on the anti-Helicobacter pylori
activity of different propolis extracts

4.2. Materials and methods

4.2.1. Sample preparation and chemical analysis

All solvents were from Sigma-Aldrich.

Raw green baccharis-type propolis (Bnatural, Corbetta, Milan, Italy) and dark
poplar-type propolis (Selerbe, Tavarnelle Val di Pesa, Florence, Italy) were extracted
using 80% v/v ethanol for 2 h in an ultrasound bath. A commercial propolis-based
extract (Propolfenol®), standardized to contain 50% w/w total phenolic compounds,
kindly provided by Erba Vita Group S.p.A. (Chiesanuova, Republic of San Marino) was
dissolved in 80% v/v ethanol. Three different propolis extract were, hence, obtained:
green propolis extract (GPE), dark propolis extract (DPE) and Propolfenol® extract

(PPF). The final propolis concentration was adjusted to 400 mg/mL for each extract.

For the chemical characterization by HPLC-DAD, samples were further diluted
to obtain a propolis concentration of 2.5 mg/mL and then filtered. A Shimadzu
Prominence LC 2030 3D instrument, equipped with a Bondpak® C18 column, 10 pm,
125 A, 3.9 mm x 300 mm (Waters Corporation) was used. The mobile phase was
composed of water with 0.1% v/v formic acid (A) and methanol with 0.1% v/v formic
acid (B), using the following gradient phases, as previously described [37], with a few
modifications: A from 0 % at 0 min to 50% at 6 min, from 50% to 70% at 12 min and
from 70% to 50% at 16 min. The flux was set to 0.75 mL/min and the injected volume
was 20 pL. Absorbance was recorded at 280 nm and 366 nm and calibration curves
obtained using galangin and pinocembrin (Sigma-Aldrich) as reference standards,

ranging from 0.008 to 0.5 mg/mL (R2>0.99), were used for quantification.

4.2.2. In vitro simulated gastric digestion

In vitro simulated gastric digestion was carried out as previously described [57],
with slight modifications. Briefly, extracts (125 ulL, corresponding to 50 mg of dry
propolis) and reference standards (1 mg/mL) were suspended in 20 mL of simulated
gastric juice that contained pepsin from porcine gastric mucosa (300 Ul/mL, Sigma-

Aldrich) and NaCl (10 mg/mL). The pH of the solution was adjusted to 1.7 using HCI.
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Samples were incubated for 4 h at 37 °C with shaking. Samples were then filtered and

immediately used for further analysis.

4.2.3. Anti-HP activity

A multiwell suspension test was performed, as previously published [58], with a
few modifications, for determining the anti-HP activity of the samples. The VacA+
CagA+ HP clinical isolate 10K was kindly provided by Professor Natale Figura
(Department of Internal Medicine, Endocrine-Metabolic Sciences and Biochemistry,
University of Siena). Columbia-blood agar (CBA), Brucella broth bovine serum (BBS)
were purchased from Biomerieux, Florence. Microaerophilic sachets for HP culturing
were from Oxoid (Milan, Italy). DPE (13575 — 212 mg/Ly), galangin (300 — 5 mg/L) and
pinocembrin (300 — 5 mg/L) were diluted in BBS and added to the appropriate well of
96-well plates (Sarstedt, Verona, Italy). BBS was used as negative control. Microbial
suspension (1 x 10%) was added to each well and plates were incubated at 37 °C for 4 h,
in microaerobic condition. 5 pl. of solution were transferred to CBA plates and

incubated for 24 h.

The MIC and the minimum bactericidal concentration (MBC) were extrapolated

from the multiwell assay and CBA plates, respectively.

The strains susceptibility of the tested HP strains to antimicrobial drugs were
confirmed using amoxicillin, clarithromycin, and levofloxacin and comparing MICs
with European Committee on Antimicrobial Susceptibility Testing (EUCAST)

breakpoint tables (www.eucast.org).

4.2.4. Urease inhibition assay

The colorimetric urease activity assay kit (Sigma-Aldrich) was used to measure
the inhibition of urease activity by DPE, galangin and pinocembrin. This assay is
based on the quantification of urease-produced ammonia, using the Berthelot method
[69]. Briefly, a suspension (1 x 106 CFU/mL) of the 10K clinical isolate was centrifuged
(10000 x g for 3 min) and the pellet was used as the source of urease. DPE, galangin,
and pinocembrin were used at the MBC found in the previous experiment. 90 pL of
DPE (848.4 mg/L), galangin (37.5 mg/L), and pinocembrin (18.8 mg/L), diluted in the
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assay buffer (10 mM NasPO4, pH 7.2) containing the 10K suspension pellet (1 x 106
CFU/mL), were added to the appropriate well in a 96-well plate. A standard curve was
created by using decreasing NH4Cl concentration (final ammonia concentration 500 —
0 uM). Assay buffer was used as blank control, while the 10K suspension pellet (1 x
106 CFU/mL) in assay buffer was used as positive control. 10 uL of urea were added to
each well and incubated for 15 min at 37 °C. Then, 100 uL of reagent A were added to
stop the urease reaction. After mixing, 50 uL of reagent B were added and incubated
for 30 min in the dark. Finally, absorbance was measured at 670 nm using a Victor®
Nivo™ plate reader (PerkinElmer, Waltham, MA). Urease activity was calculated

using the following formula (Eq. 4.1):

(Ab5670)sample — (Abse70) prank %7

Urease activity (units/L) = Slope x t

where Absero 1s the absorbance at 670 nm, n is the dilution factor, Slope is the slope
obtained by linear regression fitting of the standard curve, and ¢ is the incubation time

(15 min).

The percent inhibition of urease was then calculated using the following
formula (Eq. 4.2):
(Urease activity)ositive — (Urease activity)sampie

Urease % inhibition = — x 100
Urease activitypsitive

where (Urease activity)positive 18 the urease activity (units/L) of the positive control.

4.2.5. Computational details

The X-ray 3D structure of the HP urease with acetohydroxamic acid bound in

the active site (PDBID: 1e9y) was obtained from the Protein Data Bank (PDB) [60].

The protein was prepared using AutoDock Tools [61], following the standard
preparation protocol [62]: adding polar hydrogens, assigning Gasteiger-Marsili atomic

charges [63], then merging non-polar hydrogens.
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The tridimensional coordinates of galangin and pinocembrin were downloaded
from the ZINC database [643] in Mol2 format and converted to PDBQT format using
OpenBabel [64].

The protein was treated as rigid, and the grid box was centered on the co-
crystallized ligand (box center: x:127.99, y:129.092, z:86.811) and sized to be
14x14x14 A.

AutoDock Vina (v1.1.2) was used to perform the molecular docking simulations,

setting the exhaustiveness to default [62].

4.2.6. Statistical analysis

The statistical differences between the biological results were determined by
ANOVA. Values are expressed in the range of +/- standard deviation and p<0.05 was

considered statistically significant. Graphs and calculations were performed using

GraphPad Prism.

4.3. Results and discussion

4.3.1. Chemical analysis

By comparison with reference standards retention time (RT) and UV spectra,
we identified pinocembrin (RT = 10.6 min) and galangin (RT = 12.8 min), which are

the two typical chemical markers of propolis, in each sample (figure 4.1).
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Figure 4.1. HPLC-DAD chromatograms of (A) GPE, (B) DPE and (C) PPF, registered
at 280 nm. Pinocembrin RT = 10.6; galangin RT = 12.9.
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The chemical characterization of the samples is reported in table 4.1. Galangin
was found to be the main flavonoid of each propolis sample, while pinocembrin was
found to be 2-5-fold lower in comparison to galangin, depending on the sample. DPE
contained the higher amount of both galangin and pinocembrin, followed by PPF and
GPE, respectively.

Table 4.1. Chemical characterization of the extracts. Values (mg/g dry propolis) are
expressed as mean + standard deviation.

Sample galangin pinocembrin
GPE 12.65 + 0.63 1.64 +0.15
DPE 83.46 = 0.59 27.42 +0.29
PPF 13.84 + 0.23 3.11+0.21

4.3.2. Stability of propolis constituents under in vitro simulated gastric
digestion

When used as a single reference standard, galangin showed a high stability to

simulated gastric digestion, with a recovery 6-fold higher than pinocembrin (table 4.2).

Table 4.2. Relative gastric stability of reference standards. Values (%) are expressed
as mean + standard deviation.

Sample Gastric stability
galangin 73.97 + 8.26
pinocembrin 12.31+1.15

Different recoveries were obtained when using the three propolis extracts
(figure 4.1). Indeed, when using GPE and PPF, galangin stability was approximately
5% and 0.5%, respectively, which is significantly lower, compared to the reference
standard alone. Conversely, while being slightly lower than the reference standard,
DPE had a protective effect on galangin stability, which resulted to be 63% and
significantly higher than GPE and PPF. On the other hand, each propolis extract was
able to significantly protect pinocembrin from gastric digestion-induced degradation.

Indeed, pinocembrin recovery was 26%, 94% and 40% when using GPE, DPE and PPF,
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respectively. Similarly to galangin, the stability of pinocembrin in DPE was

significantly higher than that of GPE and PPF.
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Figure 4.1. Relative gastric stability of GPE, DPE and PPF flavonoids. ***p<0.001 vs
reference standard; °°°p<0.001 DPE vs GPE and PPF; #p<0.01 PPF vs GPE.

These data suggest that galangin stability to simulated gastric digestion is not
dependent from its quantity in the initial extract, while this seems to be likely for
pinocembrin. More importantly, even if more data are required to fully understand the
reasons why DPE is more effective than GPE and PPF in protecting its main
constituents from degradation during gastric digestion, it is evident that
dissimilarities in the chemical composition (i.e., in the presence and quantity of minor
constituents, other than galangin and pinocembrin) of propolis extracts from diverse
sources may modulate differently the gastric stability of their constituents. In the
future, a more detailed phytochemical analysis of the initial propolis samples may be

helpful to find out the role of each constituent during the digestive process.

4.3.3. Anti-HP activity of DPE and its main constituents

DPE resulted to be the most stable propolis extract after simulated gastric
digestion, thus, possessing an important characteristic to be exploited for evaluating
its anti-HP effectiveness. Interestingly, MIC and MBC values obtained against the
10K clinical isolate, matched, and suggested that DPE and its flavonoids may act

mainly with a bactericidal mechanism. Consistently, it has been speculated that the
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antimicrobial activity of propolis is due to its ability to bind to the cell wall, leading to
the lysis of the microbial cell [66]. A similar observation was reported for several
flavonoids too [67]. Although interesting MIC and MBC values, lower than 1000 mg/L,
were obtained with DPE, galangin and pinocembrin gave better results, with MIC and
MBC values being 37.5 mg/L for galangin and 18.8 mg/L for pinocembrin, respectively.

Table 4.3. Anti-HP activity of DPE and its constituents against the 10K clinical
isolate. MIC and MBC are expressed as mg/L

Sample MIC MBC
DPE 848.4 848.4
galangin 37.5 37.5
pinocembrin 18.8 18.8

The 10K clinical isolate used in this work is both VacA+ and CagA+, thus
representing an ideal model for evaluating the anti-HP activity of a drug candidate.
The activity of DPE and its constituents on the 10K clinical isolate suggest a possible
role in the prevention of the VacA-induced immune response and may help in reducing

the risk of CagA-induced gastric ulcer and cancer.

The gastric localization of HP is one of the main factors limiting the success of
the drug discovery process. Indeed, to overcome the limited persistence in the stomach
due to turnover and emptying time, a compound must be rapidly effective. The
bactericidal effect of propolis and its constituents was already evident after 4 h of
treatment, thus, suggesting a quick anti-HP activity. Moreover, as observed in the in
vitro simulated gastric digestion experiment, DPE was able to protect galangin and
pinocembrin from degradation. Hence, DPE could be considered as an encouraging

candidate for the management of HP infection.

4.3.4. Urease inhibition

Urease is a virulence factor involved in the colonization phase of the HP
infection [68]. By using a simple colorimetric method, we determined the in vitro
inhibition of urease from the 10k clinical isolate of DPE, galangin, and pinocembrin at

their respective MIC.
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DPE showed a weak anti-urease activity at the tested concentration, with a %
inhibition lower than 30%. Conversely, both galangin and pinocembrin resulted
particularly active, with the % inhibition being more than double, compared to DPE
(Table 4.4). While galangin gave a higher % inhibition, compared to pinocembrin, it
has to be stressed that samples were tested at their respective MIC. Galangin MIC is
twofold higher than that of pinocembrin, thus, urease inhibition by pinocembrin is
expected to be higher than that of galangin at the same concentration. A future
perspective of this work involves the determination of the ICso of DPE, galangin, and
pinocembrin, to clarify this aspect. In 2012, Xiao and colleagues evaluated the effect of
20 flavonoids on HP urease activity, observing ICso values between 11.2 uM and 4628
uM [69]. By means of structure-activity relationship analysis, they also highlighted 3-
OH, 5-OH, and 3',4’-dihydroxyl groups as important for urease inhibitory activity.
From our data, we expect ICso values of galangin and pinocembrin, which both possess

the 5-OH group, to fit well in this range.

Table 4.4. Urease inhibition by DPE, galangin, and pinocembrin.

Sample Concentration (mg/L) Urease inhibition Vina binding energy
(%) (kcal/mol)

DPE 848.4 27.8+1.3

galangin 37.5 685+ 7.1 -5.6

pinocembrin 18.8 57.9+ 4.6 -5.6

Molecular docking simulation were performed to elucidate the possible

binding mode of galangin and pinocembrin in the active site of HP urease.

The co-crystallized ligand, acetohydroxamic acid, binds the active site of urease
by coordinating the dinuclear nickel metallocenter, which i1s involved in the
decomposition of urea. Also, it makes hydrophobic contacts with Ala169 and Ala365,
as well as a hydrogen bond with His221 (figure 4.2A).

Galangin and pinocembrin, in their top scored docking solutions, resulted in
comparable binding energy (table 4.4) but assume different binding poses, which may
explain the differences in the urease inhibitory activity: pinocembrin binds deep in the
active site, close to the two nickel atoms, with the B-ring located outside the binding

site, and assuming a flat conformation. Two main anchor points are represented by
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the hydrogen bonds between the 4-OH group and the carboxyl moiety of Asp223 and
between the 7-OH group and the backbone carbonyl of Ala365 (figure 4.2B). Galangin,
on the contrary, binds farther from the nickel atoms, with the chromone group
oriented in the opposite direction, compared to pinocembrin, and the B-ring
perpendicular to it, assuming a binding pose similar to that reported by Xiao and
colleagues for quercetin [69]. Due to the different binding mode, the hydrogen bond
with Asp223 occurs through the 5-OH group, while the hydrogen bond with Ala365 is
no more possible. Moreover, the B-ring is embedded between Cys321 and Met366
(figure 4.2C).

A) B) Q) M

S & 2 e

Figure 4.2. (A) Binding mode of acetohydroxamic acid (cyan) in the active site of HP
urease (PDBID: 1e9y), and best docking pose of (B) pinocembrin and (C) galangin.
Interacting residues are shown as gray line. Hydrogen bonds are represented by
yellow dashed lines.

4.4. Conclusions

The current pharmacological management of HP infection is not ideal, as
bacterial resistance phenomena are arising. Moreover, the side effects of the anti-HP
therapy, such as nausea, vomiting, and gastrointestinal disorders, limit the patient’s
compliance. Thus, there is the need for the development of novel treatments, to be
administered alone or in combination with other anti-HP drugs, which should be able

to overcome this condition.

In this work we tested the ability of chemically characterized propolis extracts
to act as anti-HP agents. We found that DPE may represent an interesting candidate,

as it contains high amount of galangin and pinocembrin, which seem to be involved in
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the anti-HP activity of propolis. Interestingly, both these flavonoids possess a rapid
bactericidal activity, which is pivotal for counteracting the limited persistence in the
stomach. Moreover, an additional therapeutic advantage is conferred by the inhibition
of HP urease, a virulence factor involved in the colonization phase of the HP infection.
While pinocembrin seems to be effective at lower concentration, compared to galangin,
1ts stability in the gastric environment is scarce, which may suggest galangin as a
better anti-HP candidate. Nevertheless, when using DPE, the gastric stability of
pinocembrin significantly increases. Hence, the administration of an active dose of
DPE 1is expected to maintain both galangin and pinocembrin levels above their

effective anti-HP concentration.

In conclusion, we identified galangin and pinocembrin as interesting drug
candidates for the management of HP infection. The antibiotic treatment is still
essential for the eradication of HP, thus, we suggest these compounds to be
administered in combination with the conventional antibiotic therapy, in order to
reduce the risk of bacterial resistance development. Finally, as natural products
stability to digestion 1is highly influenced by the co-administration of other
constituents, such as in the case of herbal extracts, galangin and, particularly,
pinocembrin should not be administered as isolated compounds. The use of a
chemically characterized propolis extract may be favorable, as it helps maintaining

the active concentration of these flavonoids for the whole gastric digestive process.
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CHAPTER 5

Effect of in vitro simulated digestion on the antioxidant activity of different

Camellia sinensis (L..) Kuntze leaves extracts

5.1. Introduction

Camellia sinensis (L..) Kuntze leaves have been used for centuries to produce
tea. Once harvested, differences in the manufacturing process of C. sinensis leaves
lead to different kind of tea, with green, black and Oolong tea being the most used
worldwide [1]. In particular, green tea is produced by using freshly harvested leaves,
which are immediately steamed or pan-fried to prevent polyphenols oxidation, thus,
inhibiting fermentation. Differently, black and Oolong tea are typically produced using
fully and semi-fermented withered rolled leaves, respectively [2]. Tea is one of the
most popular antioxidants and its effectiveness, together with the effectiveness of its

main constituents, has been observed in several in vitro and in vivo models [3-5].

The composition of C. sinensis leaves has been deeply investigated. Among the
bioactive components of tea, flavan-3-ols (catechins), a group of phenolic compounds,
are the most abundant [6]. They can be found as flavonol monomers (i.e. catechins,
epicatechin) and as flavonol gallates (i.e. epigallocatechin gallate) and their content
varies during the fermentation process, due to oxidation or condensation [7].
Epigallocatechin-3-gallate (EGCG) is the most abundant flavan-3-ol in the majority of
tea variety. In addition, other polyphenols, such as gallic acid, chlorogenic acid, ellagic
acid and flavonoids have been reported, with gallic acid being the most common.
Theaflavins are present in smaller amount in fermented teas [8]. Caffeine is another
characteristic component of tea and is present in considerable amount in tea, almost

regardless of the variety [9].

The effect of gastrointestinal digestion on different tea polyphenols has been
reported recently [10]. Moreover, the bioaccessibility and bioavailability of tea

catechins have been demonstrated to be modulated by the co-administration of food

63



Effect of in vitro simulated digestion on the antioxidant activity of different
Camellia sinensis (L.) Kuntze leaves extracts

and common beverage additives such as citric acid, ascorbic acid, milk and citrus juice
[11,12]. Also, tea and EGCG were found to modulate the stability of other food
ingredients, such as soybean emulsion and starch, to digestion [13-15]. Simulated
digestion has been observed to influence the antimicrobial activity of green tea [16].
The changes in the secretion of cholecystokinin and glucagon-like peptide induced by
green tea in vitro was also found to be modulated by simulated digestion [17].
Nevertheless, information regarding the effect of digestion on biological properties of

tea, such as the antioxidant activity, is lacking.

The complexity of tea composition may influence the stability of its constituents
upon gastrointestinal digestion, thus, affecting the antioxidant activity, and this effect

can differ based on the kind of tea used.

To verify this hypothesis, we performed in vitro simulated gastrointestinal
digestion on different C. sinensis leaves infusions and we evaluated the influence of
digestion on the antioxidant activity of tea using a validated cell free method and an

in vitro model of intestinal epithelial cells.

5.2. Materials and methods

5.2.1. Sample preparation and chemical analysis

Green, black and Oolong tea leaves were purchased from Erbamea (San
Giustino, Perugia, Italy). 3 g of leaves were extracted with 30 mL of ultrapure double-
distilled water (DER 1:10) at 90 °C for 10 min. Green tea extract (GTE), black tea
extract (BTE) and Oolong tea extract (OTE) were then filtered and their chemical
characterization was performed by means of HPLC-DAD, using a Shimadzu
Prominence LC 2030 3D instrument. A Bondpak® C18 column, 10 pm, 125 A, 3.9 mm
x 300 mm (Waters Corporation), was used as stationary phase. The mobile phase was
composed of water with 0.1% V/V formic acid (A) and acetonitrile with 0.1% V/V formic
acid (B), using the following gradient phases: B from 10% at 0 min to 25% at 15 min
and then from 25% to 35% at 18 min and from 35% to 50% at 25 min. The flux was set

to 0.8 mL/min and the injected volume was 10 uL.. Absorbance was recorded at 280 nm
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and calibration curves using gallic acid, (+)-catechin, caffeine, (-)-epicatechin and
EGCG as reference standards (Sigma-Aldrich), ranging from 0.008 to 0.5 mg/mL

(R2>0.99), were used to quantify the amount of teas constituents.

The total phenolic content (TPC) was evaluated with the Folin-Ciocalteu

method, as previously described [18].

5.2.2. In vitro simulated digestion

In vitro simulated digestion was carried out as previously described [19], with
some modifications. Briefly, GTE, BTE and OTE (diluted 1:20) and reference
standards (1 mg/mL) were suspended in 20 mL of simulated gastric juice, containing
pepsin from porcine gastric mucosa (300 Ul/mL, Sigma-Aldrich) and NaCl (10 mg/mL).
The pH of the solution was adjusted to 1.7 using HCl. Samples were incubated for 2 h
at 37 °C with shaking. Then, pancreatin from porcine pancreas (10 mg/mL, Sigma-
Aldrich) and bile salts mixture (20 mg/mL, Sigma-Aldrich) were added and the pH was
increased by adding Na2COs (15 mg/mL, Sodalco S.p.A.) to simulate the intestinal
environment. Intestinal digestion was carried out for 2 h at 37 °C with shaking.

Samples were then filtered and immediately used for further analysis.

5.2.3. DPPH test

The radical scavenging activity of the pre- and post-digestion samples was
measured by means of the 2,2-diphenyl-1-picrylhydrazyl (DPPH) assay, as previously
reported [20]. Briefly, 10 uL of different concentrations (10-0.16 mg/mL) of the samples
were added to 190 uL of freshly prepared methanolic DPPH solution (0.1 mM) and
incubated for 30 min at rt in the dark with shaking. Then, absorbance was recorded at
517 nm using a Victor® Nivo™ plate reader (PerkinElmer). ddH20 was used as the
blank control. The antiradical activity of the samples was calculated according to the

following formula (Eq. 5.1):

Abs — Abs
Antiradical activity % = ( blank Sample) x 100

Abspiank

Data were plotted using Microsoft Excel and the ICso (ug/mL) was determined

for each sample.
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5.2.4. Cell culture

Intestinal epithelial cells (Caco-2), a kind gift from Prof. Monica Montopoli
(University of Padua, Italy) were cultured in 25 cm? flasks (Sarstedt, Verona, Italy) in
high glucose Dulbecco’s modified Eagle’s medium (DMEM, Sigma-Aldrich),
supplemented with 10% heat-inactivated fetal bovine serum (FBS, Sigma-Aldrich), 1%
glutamine (Sigma-Aldrich) and 1% penicillin/streptomycin solution (Sigma-Aldrich).
EDTA-trypsin (Sigma-Aldrich) solution was used for detaching cells from flasks, and

cell counting was performed using a hemocytometer by Trypan Blue staining.

5.2.5. Evaluation of the antioxidant activity

Caco-2 cells (1 x 104) were seeded into 96-well plates and allowed to grow to
confluence (70-80%). Cells were then pre-treated overnight with pre- and post-
digestion GTE, BTE and OTE (diluted 1:1000, according to previously performed cell
viability assays) and oxidative stress was induced by administering 5 mM hydrogen
peroxide (H2032) for 6 h. Medium were then removed, and cells were washed three
times with phosphate buffered saline (PBS). Then, 100 uL of Cell Counting Kit (CCK-
8, Sigma-Aldrich) solution (1:100 in RPMI without phenol red) was added to each well
and incubated for 1 h at 37 °C. Absorbance was recorded at 450 nm using a Victor®
Nivo™ plate reader (PerkinElmer). Treatments were performed in sextuplicate in
three independent experiments, and cell viability was calculated by normalizing the

absorbance of the test wells to the untreated control.

5.2.6. Measurement of trans-epithelial electric resistance

The efficiency of the intestinal barrier functions was evaluated by measuring
trans-epithelial electric resistance (TEER) using a voltmeter [21]. Caco-2 cells (8 x 10%)
were placed in transparent polyester membrane cell culture inserts with 0.4 pm pore
size (Sarstedt) as previously described [22]. Culture medium was replaced every other
day. The integrity of the cell monolayers was monitored by measuring the TEER of the
monolayer from day 14th to day 21st after seeding. When a stable value was reached, a
12 h pre-treatment was done by adding pre- and post-digested samples (diluted

1:1000) in the apical chamber in appropriate wells and TEER was measured after O
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and 12 h. Then, 0.5 mM H30: was added to the basal chamber and TEER was
measured after 0, 4, 8, and 24 h. TEER measurements were performed in HBSS with
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) and 10 mM D-
glucose (pH = 7.4), after an equilibration period at rt, using a Millicell® ERS meter,
(Millipore Corporation, Bedford, MA) connected to a pair of chopstick electrodes. Only
cells with TEER value within 360 - 500 Q x cm? were used for the experiments [23,24].
Treatments were performed in duplicate in three independent experiments and TEER

was expressed as percentage of resistance, normalized to initial value.

5.2.7. DPPH-HPLC-DAD analysis

The DPPH-HPLC-DAD analysis was performed as described elsewhere [25].
Briefly, 100 pL of each sample were added to 300 uL. of 10 mM DPPH solution and
incubated for 30 min at rt in the dark, with shaking. Samples were then filtered and
analyzed by means of HPLC-DAD, using the same chromatographic conditions

described in the “Sample preparation and chemical analysis’ paragraph.

5.2.8. Statistical analysis

The statistical differences between the biological results were determined by
ANOVA. Pearson correlation test was used to analyze the correlation between TPC
and DPPH. Values are expressed in the range of +/- standard deviation and p<0.05

was considered statistically significant. Graphs and calculations were performed using

GraphPad Prism.

5.3. Results and discussion

5.3.1. Chemical analysis

By comparison with reference standards retention time (RT) and UV spectra,
we identified gallic acid (RT = 4.5 min), (+)-catechin (RT = 7.2 min), caffeine (RT = 8.3
min) and EGCG (RT = 10.4 min) in each sample. (-)-epicatechin (RT = 9.0 min) was
quantifiable only in GTE.
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The chemical characterization of the samples is reported in table 5.1. BTE and
OTE contain comparable amount of gallic acid and (+)-catechin, whereas ECGC was
significantly higher in BTE. The amount of gallic acid and (+)-catechin was lower in
GTE, compared to the other two samples. On the contrary, a significantly higher
presence of EGCG was found in GTE, compared to the other samples. (-)-epicatechin
was quantifiable only in GTE, whereas caffeine content was comparable in each
sample.

Table 5.1. Chemical characterization of the extracts. Values (mg/mL) are expressed
as mean + standard deviation.

Sample TPC Gallic acid (+)-catechin Caffeine (-)-epicatechin EGCG

GTE 6.23+0.11 0.25+0.01 0.28+0.01 1.68+0.01 1.20 £ 0.01 2.30 £ 0.04

BTE 5.21+0.29 0.57+0.02 0.47+0.02 1.70+0.03 n.d. 1.56 + 0.04
OTE 3.84+0.53 0.51 +0.02 0.37+£0.01  1.58+0.20 n.d. 0.22 +0.01

5.3.2. Stability of tea constituents under in vitro simulated digestion

Stability of tea constituents resulted to be highly influenced by in vitro
simulated digestion (table 5.2). Indeed, the recovery of flavan-3-ols, tested as single
reference standards, after the digestion process was very low, with EGCG being the
most affected among the three flavan-3-ols tested. These data are consistent with that
obtained by Krook & Hagerman (2012), who observed that, despite being stable at
acidic pH similar to that of the stomach, 90% of EGCG was decomposed after
intestinal digestion. Similarly, Yoshino and colleagues found that 80% of EGCG was
already decomposed after 5 min in authentic intestinal juice [26]. In our work, we
employed longer incubation time than the one used in these two studies (i.e., 4 h,
compared to 2 h and 5 min, respectively), which explain why we observed a much more
evident reduction of EGCG. Interestingly, (-)-epicatechin was reported to be more
stable than EGCG at pH=7 [27], with a recovery of 90% after 17 h. We found that,
although being higher than that of EGCG, the recovery of (+)-catechin and (-)-
epicatechin after the whole gastrointestinal digestion process were 27.29% and
13.13%, respectively. Gallic acid recovery was also low and comparable to that of (-)-
epicatechin. Caffeine was completely recovered, suggesting a very high stability to

gastrointestinal digestion.
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Table 5.2. Relative gastrointestinal stability of reference standards. Values (%) are
expressed as mean + standard deviation.

Chemical classification Sample Gastrointestinal stability
(+)-catechin 27.29 + 0.49
Flavan-3-ols (-)-epicatechin 13.13+0.24
EGCG 0.25 + 0.09
Phenolic acids gallic acid 14.16 + 3.98
Xanthines caffeine 98.77 + 4.87

The TPC recovery was also significantly reduced by the gastrointestinal
digestion, with GTE showing the higher stability (figure 5.1A). Indeed, GTE, BTE and
OTE relative gastrointestinal stability was 61.29% + 6.45%, 55.77% + 7.69% and
42.11% + 2.63%, with OTE recovery being significantly lower in comparison to GTE.
Interestingly, teas phytocomplex protected flavan-3-ols and gallic acid from the
degradation (figure 5.1B). Indeed, (+)-catechin recovery after simulated digestion was
approximately 100 % in BTE and OTE and approximately 160% in GTE. (-)-
epicatechin was not found in BTE and OTE, thus, its stability to digestion in BTE and
OTE was not observable. However, in GTE, (-)-epicatechin completely disappeared
after simulated digestion. A possible explanation of the increased recovery of (+)-
catechin in digested GTE may be related to the partial degradation of flavan-3-ols
oligomers and conversion of (-)-epicatechin to catechin, which may occur in aqueous
solution as a consequence of temperature and pH changes [28]. The gastrointestinal
stability of EGCG was found to depend on the tea sample, suggesting that different
phytocomplex may specifically influence its recovery after digestion. Indeed, EGCG
recovery was approximately 65%, 15% and 42% in GTE, BTE and OTE, respectively,
with BTE being significantly lower compared to GTE and OTE. Interestingly, the
relative recovery of EGCG contained in the test teas was always significantly higher
compared to the reference standard alone. Similarly, gallic acid stability to digestion
was different for each sample, with BTE resulting in the highest recovery and OTE in
the lowest. The increased recovery of gallic acid in teas, compared to the reference
standard alone, may result from the hydrolysis of the galloyl moiety from galloyl
catechins such as catechin-gallate, gallocatechin-gallate, epicatechin-3-gallate and
EGCG [29]. Consistently with this explanation, in fact, the recovery of gallic acid is

increased in BTE, which had a lower recovery of EGCG. Similarly to its reference
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standard, caffeine recovery was around 100% in each tea sample. Interestingly,
caffeine has been demonstrated to modulate the oral bioavailability of EGCG in
humans: beverages containing higher amount of EGCG than caffeine showed higher
EGCG bioavailability compared to those containing higher amount of caffeine than
EGCG [30]. These observations are consistent with our results in which GTE, which
contained more EGCG than caffeine, showed a higher gastrointestinal stability of
EGCG in comparison to BTE, which have similar amount of EGCG and caffeine, and
to OTE, which contained more caffeine than EGCG.
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Figure 5.1. Relative gastrointestinal stability of GTE, BTE and OTE TPC (A) and
main constituents (B). *p<0.05 vs reference standard; **p<0.01 vs reference
standard; ***p<0.001 vs reference standard; ° p<0.05 vs GTE.

5.3.3. The antioxidant activity of teas is reduced by digestion

The DPPH test was used as a fast and simple method to evaluate the effect of
gastrointestinal digestion on the antioxidant activity of teas. The radical scavenging
potential of pre-digestion samples (expressed as ICso values in table 5.3) was less than
60 ug/mL, with GTE being the most active. Simulated digestion significantly increased
the ICs0 values of GTE, BTE and OTE by 2.3-, 9.6- and 5.5-fold, respectively, thus

suggesting a negative effect of digestion on antioxidant potential.

The Pearson correlation test between the DPPH/TPC ratio of the samples before
and after gastrointestinal digestion showed a good, though not statistically significant,
correlation (r = 0.99, p = 0.062). Similarly, a strong correlation (r = 0.99, p = 0.071)
was found between the DPPH/TPC ratio of the undigested and digested samples.
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Table 5.3. ICs0 values (ng/mL) resulting from DPPH test performed before and after
in vitro simulated digestion.

Sample Pre-digestion Post-digestion
GTE 74.5+ 8.4 176.0 £ 14.1
BTE 122.8+12.3 1176.2 + 151.1
OTE 597.1 + 56.3 3277.2 £19.7

By combining pre-column DPPH assay with HPLC-DAD analysis, it was
possible to observe which of the identified teas constituent is predominantly involved
in the radical scavenging activity of the samples. Indeed, upon reaction with DPPH,
the peak of the anti-radical compounds should decrease or disappear in the HPLC-
DAD chromatogram [25,31,32]. Figure 5.2 shows the complete disappearance of peaks
area corresponding to gallic acid, (+)-catechin, (-)-epicatechin and EGCG, thus
suggesting their pivotal role for the antioxidant activity of teas. Differently, caffeine
peak was smaller but still present in the post-DPPH, compared to the pre-DPPH

chromatogram (approximately -25% of the peak area).

In GTE, only EGCG recovery was significantly lower after simulated digestion,
compared to the other tested constituents. This result, combined with the increased
level of gallic acid and (+)-catechin, may account for the relatively small increase in
DPPH ICso. EGCG stability in BTE was the most affected by simulated digestion
among the three different samples. This is consistent with the increase in DPPH ICso,
which is the highest, compared to the other teas. OTE can be distinguished from the
other teas, because of the strong reduction of gallic acid levels after simulated
digestion. EGCG, however, was more stable compared to BTE, thus explaining why
the DPPH ICs0 was less affected, in terms of fold changes, compared to BTE, but more
affected compared to GTE.
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Figure 5.2. HPLC-DAD chromatograms of GTE (A), BTE (B) and OTE (C), before
(black) and after (blue) DPPH addition, showing the almost complete oxidation of
flavan-3-ols and gallic acid. Caffeine is still present in significant amount.
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Caco-2 cells have been used as a stable and reliable model of intestinal
epithelium [33,34]. 5 mM H203z induced a significant oxidative damage to Caco-2 cells,
reducing cell viability by approximately 20% compared to the untreated control after 6
h. The pre-treatment with GTE, BTE and OTE significantly protected Caco-2 cells
from the cytotoxic effect of H202, with GTE being the most active extract. The
antioxidant activity, in terms of Caco-2 protection, of GTE after in vitro digestion was
slightly reduced compared to the pre-digestion sample, although the difference was
not statistically significant. On the contrary, BTE and OTE activity was significantly
reduced after simulated digestion, with OTE completely losing its protective effect
(figure 5.3A). Consistently, the prolonged stimulation with lower concentration of
H202 (0.5 mM) caused a time-dependent alteration of the intestinal barrier integrity,
with transepithelial electrical resistance values being reduced by approximately 45%
after 24 h. GTE, BTE and OTE significantly reduced the oxidative damage provoked
by H202, with similar effectiveness compared to the cell viability test. The protection
from the H2Og2-impaired intestinal barrier integrity of each sample was reduced after
simulated digestion, even if statistical significance was obtained only for OTE (figure

5.3B).
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Figure 5.3. Effect of simulated digestion on the antioxidant activity of GTE, BTE
and OTE in Caco-2 cells. (A): protection from H:0z2-impaired cell viability. Data are
expressed as percentage of cell viability compared to untreated cells. The effect of

H:0: is represented by the dashed line. (B): protection of the intestinal barrier
function observed by transepithelial electrical resistance measurement. ##p<0.001
vs untreated control; **p<0.01 vs stimulus; ***p<0.001 vs stimulus; °p<0.05 vs pre-
digestion sample; °°p<0.01 vs pre-digestion sample.
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Contrarily to the DPPH assay, the results obtained in the cell-based
experiments suggest that the reduction of Caco-2 protection from the oxidative
damage 1is not directly dependent on the degree of stability of teas main constituents
alone, but rather depends on the original amount of antioxidant constituents (i.e. TPC)
in the pre-digestion samples. Indeed, in the cell viability assay, the post-digestion
antioxidant activity was reduced by 7%, 8% and 10% in GTE, BTE and OTE,
respectively, compared to the pre-digestion samples. Moreover, in the TEER
experiment, the post-digestion protection of the intestinal barrier integrity was
reduced by 14%, 7% and 23% in GTE, BTE and OTE, respectively, compared to the

pre-digestion samples.

5.4. Conclusion

Phenolic compounds are a major class of phytochemicals with known
antioxidant properties. In this study, the effect of in vitro simulated gastrointestinal
digestion on the antioxidant effect of three different C. sinensis extracts was

evaluated.

The stability of teas main constituents was found to be influenced by the initial
extract composition, with TPC being more stable in extract containing them in higher
amount. EGCG degradation correlated well with changes in the DPPH inhibition
assay, thus confirming its pivotal role in the antioxidant activity of tea. Differently,
the antioxidant effect in the in vitro cell-based model was much more related to the
initial TPC content of the extracts, with green tea being more effective than black tea

and oolong tea.

Overall, gastrointestinal digestion was found to strongly affect the biological
effectiveness of teas. Interestingly, the stability of teas antioxidant constituents was
different when using teas extract, compared to the reference compound alone, thus,
suggesting a protective role of the phytocomplex, which could lead to increased

biological effectiveness.
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In conclusion, the effect of gastrointestinal digestion should be taken into
account when evaluating the biological properties of herbal extracts, as this may be
different from one extract to another and information on the stability of active
constituents during the digestion process cannot be extrapolated from data obtained

using single compounds.
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CHAPTER 6

Exploiting the Caco-2 permeability model to study the bioavailability of

complex mixtures of compounds

6.1. Introduction

The bioavailability of natural products is one of the major factors limiting their
clinical use. Indeed, natural products have low water solubility, can be instable to
digestive processes, can undergo metabolism by the intestinal bacterial flora, are
scarcely absorbed by the intestinal epithelium, can be substrate of efflux protein, and

are usually extensively metabolized by the first pass effect [1].

In the part 1 of this thesis, we evaluated the effect of simulated gastrointestinal
digestion on the stability of some herbal extracts, together with their main
constituents. The following step for evaluating the bioavailability of natural products
should be the analysis of their intestinal absorption. This can be achieved

experimentally using different models [2].

In vivo studies are the most accurate and can provide detailed information on
the overall pharmacokinetics of the studied natural products. However, these studies

are time-consuming, are expensive, and limited by ethical issues [3].

To overcome the limitation of in vivo studies, several in vitro models have been
developed. Two major experimental models can be used for the evaluation of
compounds permeability through a membrane barrier: the parallel artificial

membrane permeability assay (PAMPA), and the Caco-2 permeability assay [4].

The PAMPA is a fast and high-throughput cell-free model, which use a lipid-
infused artificial membrane to separate a donor and a receiving compartment. The
compound i1s added into the donor compartment and after an incubation time, the
amount of compound is measured in both the donor and the receiving compartment.

This allows to calculate the permeability coefficient of the test compound through a
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variety of membranes, which can mimic a variety of biological barriers, including the
gastrointestinal barrier, the blood-brain barrier and the skin barrier. Although its
easiness of use and high degree of customization, this model can only simulate the
passive transport and is not suitable for studying the effect of active transport

proteins on the permeability of test compounds [5,6].

The Caco-2 model is a well-established and validated cell-based model of
intestinal epithelium. Indeed, it 1s accepted by the FDA as a surrogate for human
intestinal permeability measurement to support new drug applications [7]. This model
1s similar to PAMPA, but it uses a monolayer of differentiated human colon carcinoma
cells (Caco-2) in place of the artificial membrane, with the main advantage of being
able to simulate active transport. When grown on particular filters, in fact, Caco-2
cells differentiate, assuming a polarized enterocyte-like phenotype, which resemble
the small intestinal epithelium. The main features of this model are represented by
the formation of tight junctions and the expression of transport proteins, which allow
1t to be used for the measurement of passive transcellular permeation, paracellular
diffusion, and active transport [8]. Together with active transport proteins, such as
solute carriers and ATP-binding cassette transporters, more than 300 ADME-related
proteins were found to be expressed by Caco-2 [9]. Moreover, even if a low level of
cytochrome P450 isoforms has been found in Caco-2, their expression can be enhanced,
thus allowing to include the effect of intestinal metabolism when evaluating the
permeability of a compound [10]. The main limitations of the Caco-2 model are due to
their heterogeneity and their complex and time-consuming culture technique, which

requires expert operators [11].

The presence of more than one molecule in the test samples, such as in the case
of herbal extracts, can modify the expected permeability of a compound, by inhibiting
or inducing the active transport and metabolic proteins, as well as by partitioning into

the cell membrane and altering their fluidity [12].

In 2003, Laitinen and co-workers evaluated the suitability of Caco-2 model for
studying the permeability of several n-in-one cocktails of heterogeneous compounds in
a single assay [13,14]. Their method improved the throughput of permeability studies,

also reducing the normal variation caused by the different passage number and age of
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the cell culture. The same research group also evaluated the possible interaction of
food supplements and herbal extracts with the permeability of drugs across the Caco-2
cell monolayer, finding that, depending on the composition of the co-administered
extract, changes in the permeability of drugs can occur, mainly due to pH
modification, extract concentration, reversible alterations of monolayer integrity, and

alteration of transport protein function [15-17].

Caco-2 have been used to develop computational models able to predict the
intestinal permeability of drug candidates [18]. However, these methods predict the
pharmacokinetic properties of single compounds only and they cannot be applied to

more complex mixtures of molecules, such as herbal products.

The aim of this work is to exploit the suitability of the Caco-2 model to predict
the intestinal permeability of multiple compounds at the same time, to obtain
experimental data that will then be used to build a computational model able to

predict the pharmacokinetic properties of mixture of compounds.

6.2. Materials and methods

6.2.1. Computational details

The structures of an in-house library of 24 natural compounds (dataset A) and
of a second larger library of 424 natural and synthetic compounds (dataset B) were
imported in VolSurf+ [19] to calculate molecular descriptors from 3D molecular
interaction fields, as previously described [20]. The 24 natural compounds in dataset A
were used as reference compounds and a principal component analysis (PCA) was
performed to identify similar compounds, based on principal component 1, 2 and 3.
The resulting compounds were then combined with compounds from dataset A and
analyzed again, based on the same PCA analysis, to generate couples of diverse

compounds.
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6.2.2. Chemicals

All solvents used in this work were purchased from Sigma-Aldrich. 3,4-
dihydroxyhydrocinnamic acid, 3,5-dihydroxybenzoic acid, amoxicillin, anthraquinone,
apigenin, apigenin-7-glucoside, astilbin, B-sitosterol, caffeic acid, carbadox, (+)-
catechin, chlorogenic acid, chrysin, curcumin, (-)-epicatechin, famciclovir, folic acid,
furosemide, galangin, gallic acid, ginkgolide A, isoquercetin, kaempferol, lanosterol,
luteolin, olaquindox, pinocembrin, polydatin, quercetin, resveratrol, rutin,
sulfamonomethoxine, and voriconazole were purchased from Sigma-Aldrich.
Hyperoside, isoliquiritin and luteolin-7-O-glucoside were purchased from
Extrasynthese. Cannabidiol was purchased from Linnea SA. Berberine chloride was
kindly provided by Biodue (Tavarnelle val di Pesa, Florence, Italy). Acyclovir was
purchased from Generon (Slough, United Kingdom). Ketoprofen was purchased from
MP  Biomedicals (Eschwege, Germany). N2-butylpteridine-2,4-diamine, 2-
phenylquinoxalin-6-amine,  5-phenyl-7-(trifluoromethyl)pyrazolo[1,5-a]pyrimidine-3-
carboxylic acid, and N,N’-(ethane-1,2-diyl)bis(quinoline-8-carboxamide were purchased
from Specs (Zoetermeer, The Netherlands). 5-(4-((1H-pyrrol-2-yl)methyl)piperazin-1-
yl)-8-nitroisoquinoline was purchased from Enamine (Riga, Latvia). 8-bromo-N-
cyclohexyl-7TH-purin-6-amine and N-(2-(pyrrolidin-1yl)phenyl)-1H-indole-2-
carboxamide were synthetized by the laboratory of Prof. Gabriele Cruciani (University
of Perugia, Italy). DMSO (Sigma-Aldrich) was used for preparing 10 mM stock

solutions of the samples.

6.2.3. Cell culture

Caco-2 cells were used as a stable in vitro model for the intestinal epithelium
[21]. Cells were a kind gift by Prof. Monica Montopoli (University of Padua, Italy) and
were cultured in 75 cm? cell culture flask (Sarstedt) in DMEM supplemented with 10%
fetal bovine serum (FBS), 1% glutamine and 1% penicillin/streptomycin antibiotic
(Sigma-Aldrich) [22,23]. EDTA-trypsin (Sigma-Aldrich) solution was used for
detaching cells from flasks, and cell counting was performed using a hemocytometer,

by Trypan Blue staining.
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6.2.4. Caco-2 permeability assay

The Caco-2 permeability assay was performed following the protocol by
Hubatsch [24], with slight modification. Briefly, Caco-2 cells (8x10%) were seeded into
transparent polyester membrane cell culture inserts with 0.4 pm pore size (Sarstedt)
and grown for 21 days, in a 24-well plate, with 600 uL. and 200 pL of medium in the
basolateral and apical chamber, respectively. Media were changed every second day,

and 12 h before the permeability experiments.

The integrity of the cell monolayers was monitored by measuring the trans-
epithelial electric resistance (TEER) of the monolayer from day 14th to day 21st after
seeding. TEER measurements were performed in phenol red-free HBSS (Sigma-
Aldrich) with 10 mM Glucose (Sigma-Aldrich) and 10 mM Hepes (pH = 7.4), after an
equilibration period at rt [25,26], using a Millicell® ERS meter, (Millipore Corporation)
connected to a pair of chopstick electrodes. Only cells with TEER value within 360 -
500 Q x cm? were used for the experiments [24,27,28].

The day of the experiment, the filter supports were washed three times, TEER
was measured, and media were replaced with pre-warmed (37 °C) buffered HBSS. To
1mprove the recovery of highly lipophilic compounds, bovine serum albumin at a 2%
m/v final concentration was added to the receiving chamber. Samples were added at
the final concentration of 10 uM in donor chamber and incubated at 37 °C with an
orbital shaker (300 rpm). Sampling was performed after O and 120 min, from the
donor chamber, and after 10, 30 and 60 min, from the receiving chamber. The
sampling volume was 100 pL for the apical side and 300 pL from the basolateral side.
Buffered HBSS was used to replace the withdrawn volume. Experiments were

performed in the apical to basolateral (a>b) and basolateral to apical (b>a) directions.

To verify that the tested compounds did not affect the integrity of the cell
monolayers, TEER was measured immediately after the permeability experiment,
followed by a paracellular permeability assay. Phenol red flux across Caco-2 cell
monolayers was used as a measure of paracellular permeability. The apical media
were replaced with a 500 mM phenol red solution (Sigma-Aldrich) in buffered HBSS
and the basolateral media were replaced with fresh buffered HBSS. After 60 min of

incubation at 37 °C, 100 pL was collected from the basolateral chamber and added to
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10 pL of 1IN NaOH in 96-well plates. Phenol red leakage was measured using a using
a Victor® Nivo™ plate reader (PerkinElmer) by recording the absorbance at 540 nm
and quantified according to a calibration curve set up using serial dilutions (500 - 0.5

mM) of phenol red solution in HBSS [29-31].

The apparent permeability coefficient (Papp) was determined using the following

where (Z—?) represents the steady-state flux expressed as pmol s, 4 is the surface area

of the filter expressed as cm? and C, is the initial concentration (uM) of the sample in

the donor chamber.

6.2.5. Chromatographic conditions

The analysis of the samples from the Caco-2 permeability assay was performed
by LC-MS, using an Agilent 1290 infinity LC system, equipped with a Luna Omega
C18 Polar (1.6 pm, 2.1 X 100 mm) column (Phenomenex, Castel Maggiore, Bologna,
Italy), and composed of an autosampler, an isocratic pump, a binary pump, a column
compartment and a diode array detector (all Agilent Technology, Santa Clara, CA).
The LC was performed by injecting 1 uL of the sample in the column, maintained at 40
°C for a 10 min run. The mobile phase consisted of double distilled water with 0.1 v/v
formic acid (A) and acetonitrile with 0.1 v/v formic acid (B), and the following gradient
was applied: B from 5% at 0 min to 95% at 8 min and then back to 5% at 10 min. The
flux was set to 0.65 mL/min. The LC was interfaced to an Agilent 6540 quantitative
time-of-flight (Q-TOF) system by an Agilent Dual JetStream ESI source that operated
both positive and negative ionization with N2 as desolvation gas (gas temperature 350
°C, sheath gas temperature 400 °C, flow 9 L/min, nebulizer 35 psi, capillary 4000 V,
fragmentor 120 V). The Q-TOF operated in an AutoMS/MS mode in a range of 100-

1200 m/z for the positive ionization and 100-1500 m/z for the negative ionization.
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6.2.6. Statistical analysis

Experiments were performed in duplicate. The statistical differences between
the results were determined by using the Student’s t-test. Values are expressed in the
range of +/- standard deviation and p<0.05 was considered statistically significant.

Graphs and calculations were performed using GraphPad Prism.

6.3. Results and discussion

6.3.1. In silico selection and coupling of compounds

A total of 23 compounds from dataset B, including both natural and synthetic
molecules, were identified by the PCA. Together with Dataset A, we obtained a total of
47 compounds (table 6.1), which were then used for the Caco-2 permeability assay.

Table 6.1. 2D structures of selected compounds.

ID Compound Structure
O

A Anthraquinone O‘O
O

HO
B Apigenin O |

OH O
OH
. . 0._0 0 O
C Apigenin_7_Glucoside HO O l
HO OH
OH OH O
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Curcumin

(-)-epicatechin

Galangin

Gallic Acid

Ginkgolide_A

Hyperoside

Isoquercetin
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Kaempferol
Luteolin

OH O

HO o) O
Pinocembrin O
OH O

Polydatin
Quercetin
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Resveratrol O
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Rutin

Lanosterol

Isoliquiritin

Luteolin 7-O-glucoside

Famciclovir

Furosemide
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10
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Voriconazole

Acyclovir

Astilbin

3,5-Dihydroxybenzoic acid
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Ketoprofen

Olaquindox
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13

14

15

16

17

18

19

Folic Acid

Sulfamonomethoxine

N-(2-(pyrrolidin-1yl)phenyl)-

1H-1ndole-2-carboxamide

Amoxicillin

2-phenylquinoxalin-6-amine

5-phenyl-7-
(trifluoromethyl)pyrazolo[1,5-

a]pyrimidine-3-carboxylic acid

5-(4-((1H-pyrrol-2-
yl)methyl)piperazin-1-yl)-8-

nitroisoquinoline
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NH,

N
20 N2.butylpteridine-2,4-diamine [/ = JN\

3,4-Dihydroxyhydrocynnamic

21 )
acid
N,N’-(ethane-1,2-
22 diyl)bis(quinoline-8-

carboxamide)

8-bromo-N-cyclohexyl-7H-

HN :
23 e H
purin-o6-amine NI
m _ />—Br
N N

To assess if the presence of another molecule could affect the Caco-2
permeability, the compounds were then coupled based on similarity and dissimilarity
characteristic (Table 6.2).

Table 6.2. Couples of similar and diverse compounds used for the Caco-2
permeability assay.

Similar compounds Diverse compounds
A-17 X-1
B-14 D-S
C-3 G-Q
D-1 15-13
E-19 P-17
F-21 A-16
G-15 E-3
H-4 19-8
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I-16 22-9
J-11 K-N
K-22 C-23
L-6 1-20
M-18 T-2
N-9 F-U
0-12 J-0
P-8 21-4
Q-13 W-12
R-5 11-7
S-10 H-M
T-20 L-5
U-2 6-18
V-7 V-14
W-23 B-R
X-3 S-10

6.3.2. Caco-2 permeability assay

Using the LC-MS method, we were able to analyze the Caco-2 permeability of
38 out of 47 single compounds (Table 6.3). Detectable Payp were obtained for 27
compounds in the a>b direction, while the permeability of the remaining 11
compounds was lower than the detection limit, suggesting a scarce bioavailability.
Differently, when analyzing the b>a direction, only three compounds were not
transported. This could mean that the bioavailability of 8 out of the 11 compounds
which were not transported in the a>b direction could be limited by efflux phenomena
induced by active transport proteins. Indeed, 11 out of 38 compounds had an efflux

ratio higher than 1.
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Table 6.3. Papp (cm s1) and efflux ratio of each single tested compounds. Data are
expressed as mean + standard deviation. n.d. = not determined.

Compound ID Papp a>b x 106 Papp b>a x 106 Efflux ratio

A n.d. n.d. n.d.
B 40.01 £ 7.24 13.00 + 2.31 0.32
C 16.62 + 1.39 18.84 + 1.26 1.13
D 28.46 +1.69 47.00 £ 35.31 1.65
E 0.41 £ 0.04 18.82 + 1.25 45.67
F <0.01 0.60 >100
G <0.01 <0.01 n.d.
H <0.01 <0.01 n.d.
I <0.01 0.48 + 0.01 >100
J 7.70 & 4.47 6.39 + 2.55 0.83
K 1.82 1.45 +1.04 0.79
L <0.01 0.55 >100
M n.d. n.d. n.d.
N n.d. n.d. n.d.
O 1.04 £ 0.72 1.84 £ 0.37 1.78
P 1.23 5.44 0.44
Q 19.12 + 5.47 0.52 £+ 0.42 0.03
R n.d. n.d. n.d.
S <0.01 <0.01 n.d.
T 7.05 £ 0.72 0.91 + 0.09 1.29
U 1.41 0.86 + 0.09 0.60
\Y n.d. n.d. n.d.
W 3.37+2.95 1.13 + 0.05 0.34
X 17.89 + 7.23 0.23 £ 0.07 0.01
1 n.d. n.d. n.d.
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2 1.07 £ 0.02 0.91 + 0.20 0.86
3 18.07 + 2.38 9.31 0.52
4 7.34 +1.84 21.56 + 19.41 2.94
5 <0.01 0.62 + 0.40 >100
6 0.25 x + 0.04 0.37 £ 0.01 1.45
7 <0.01 0.90 + 0.38 >100
8 <0.01 0.55 + 0.07 >100
9 n.d. n.d. n.d.
10 0.76 + 0.10 0.84 + 0.06 1.11
11 <0.01 2.35 + 1.69 >100
12 0.38 £ 0.01 0.62 + 0.32 1.64
13 <0.01 <0.01 n.d.
14 0.81 +0.18 0.72 + 0.06 0.89
15 2.568 + 2.11 0.52 + 0.06 0.20
16 <0.01 0.65 + 0.12 >100
17 0.04 + 0.01 2.69+ 1.5 72.61
18 0.23 £ 0.03 0.32 + 0.06 1.43
19 0.50 +£ 0.20 0.37+0.13 0.74
20 2.62 + 0.01 4.16 + 0.02 1.59
21 n.d n.d n.d.
22 0.04 £ 0.01 0.02 + 0.01 0.66
23 0.53 £ 0.05 0.69 + 0.07 1.30

The Papp in the a>b direction ranged from 40.01 X 106 to <0.01 X 10¢ cm s},
while in the b>a direction ranged from 47.00 X 106 to <0.01 X 10-6cm s'!. These values
are consistent with the available literature on polyphenols transport across the Caco-2

monolayer [32—34].
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The coupling with a similar molecule lead to the increase of Papp in the a>b
direction of 9 compounds, namely G, H, 6, 11, 12, 14, 16, 18, and 22, while the Papp in
the b>a direction increased for 6 compounds, namely G, H, I, J, 12, and 18. The Papp
was reduced for 15 compounds, namely B, C, D, E, O, P, Q, T, U, W, X, 2 3, 4, and 15
in the a>b. A reduction of the Py in the b>a direction was also observed for 15
compounds, namely C, D, E, K, L, O, P, W, X, 3, 4, 6, 8, 17, and 20 (table 6.4).
Interestingly, the Papp of 3 was reduced when coupled with both compound C and X in

the a>b and b<a directions.

The efflux ratio is a measure of the involvement of active transport: compounds
with efflux ratio higher than 2 are usually considered actively transported [11].
Overall, the efflux ratio was increased for 8 compounds, namely B, C, D, P, Q, U, 3
(when coupled with C, not with X), and 15, and decreased for 14 compounds, namely
E, J, 4,6, 10, 11, 12, 14, 16, 17, 18, 20, 22, and 23. Interestingly, the efflux ratio of
compounds K, P, Q, U, and 14 changed from lower than 2 to higher than 2, suggesting
that the coupled molecule may have acted as inducer of active transport protein. On
the contrary, the efflux ratio of compounds 16 and 17 changed from higher than 2 to
lower than 2, meaning that the co-administered compounds may have acted as an
active transport protein inhibitor.

Table 6.4. Papp (cm s') and efflux ratio of couples of similar compounds. Data are
expressed as mean + standard deviation. n.d. = not determined.

1
CO;;)p ¢ Papp a>b X 10-6 Papp b>a X 10-6 Efflux ratio
A 17 A 17 A 17
A-17
n.d. 0.03 £ 0.01 n.d. 0.02 £ 0.01 n.d. 0.88
B 14 B 14 B 14
B-14
17.07 0.02 £ 0.01 8.54 + 2.48 1.26 £ 0.94 0.50 57.28
C 3 C 3 C 3
C-3
0.64 + 0.34 0.62 + 0.31 0.99 £ 0.03 1.15 + 0.17 1.53 1.83
D 1 D 1 D 1
D-1
1.88 £ 0.01 n.d. 0.91 +£0.08 n.d. 0.48 n.d.
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E 19 E 19 E 19
E-19
0.10 + 0.01 0.64 + 0.04 0.25 +0.17 0.57 + 0.37 2.52 0.89
F 21 F 21 F 21
F-21
n.d. n.d. n.d. n.d. n.d. n.d.
G 15 G 15 G 15
G-15
14.70 + 2.94 0.32+0.14 4.29 0.62 + 0.15 0.29 1.90
H 4 H 4 H 4
H-4
6.91 1.04 + 0.14 17.15 1.04 + 0.14 2.48 1.00
1 16 | 16 I 16
I-16
<0.01 1.92 + 1.67 25.05 + 1.49 0.59 + 0.46 >100 0.31
J 11 J 11 J 11
J-11
4.90 + 2.46 0.93 + 0.44 1.67 + 0.50 0.93 + 0.44 0.34 1.00
K 22 K 22 K 22
K-22
n.d. 0.45 + 0.34 5.14 0.05 + 0.04 >100 0.12
L 6 L 6 L 6
L-6
<0.01 1.20+ 1.13 <0.01 0.09 + 0.03 n.d. 0.08
M 18 M 18 M 18
M-18
n.d. 1.76 + 0.32 n.d 1.71 + 0.29 n.d. 1.00
N 9 N 9 N 9
N-9
n.d. n.d. n.d. n.d. n.d. 0.97
0] 12 (0] 12 (0] 12
0-12
<0.01 1.75 4+ 0.23 <0.01 1.78 + 0.27 n.d. 1.02
P 8 P 8 P 8
P-8
<0.01 <0.01 1.57 4+ 0.01 <0.01 >100 n.d.
Q 13 Q 13 Q 13
Q-13
<0.01 <0.01 0.64 + 0.15 <0.01 >100 n.d.
R-5 R 15 R 15 R 15

99



Exploiting the Caco-2 permeability model to study the bioavailability

of complex mixtures of compounds

<0.01 <0.01 <0.01 0.62 + 0.15 n.d. >100
S 10 S 10 S 10
S-10
<0.01 1.52 + 1.00 <0.01 1.09 + 0.05 n.d. 0.71
T 20 T 20 T 20
T-20
1.16 £ 0.66 2.80 + 1.08 1.32 £ 0.15 0.92 + 0.01 1.14 0.33
U 2 U 2 U 2
U-2
<0.01 0.65 £ 0.04 1.15+ 0.31 0.51 +0.17 >100 0.78
\% 7 \% 7 \'% 7
V-7
n. <0.01 n.d. 0.96 £ 0.30 n.d. >100
W 23 W 23 A\ 23
W-23
<0.01 0.96 £ 0.30 <0.01 0.58 £ 0.08 n.d. 0.61
X 3 X 3 X 3
X-3
<0.01 0.56 + 0.10 <0.01 0.25+0.11 n.d. 0.45

The coupling with diverse compounds, instead, lead to the increase of Papp in the
a>b direction of compound 17 and 23, only, while the Pay, in the b>a direction
increased for 5 compounds, namely Q, T, 12, 15, and 22. The P,pp, was reduced for 19
compounds, namely B, C, E, J, O, P, Q, T, U, X, 2, 3, 4, 6,12, 15, 18, 19, and 20, and
for 20 compounds, namely B, C, E, F, I, L, O, P, X, 3, 4,6, 7, 8, 11, 16, 17, 18, 19, and
20, in the a>b and b>a direction, respectively (table 6.5). The efflux ratio increased for
8 compounds, namely P, Q, 6, 8, 10, 14, 15, 22, and decreased for 5 compounds,
namely C, T, 4, 17, and 23. Among these, the efflux ratio of compounds P, Q, 15, and
22 changed from lower than 2 to higher than 2, suggesting that the coupled molecule
may have acted as an inducer of active transport protein. On the contrary, the efflux
ratio of compounds 4, 17, and 23 changed from higher than 2 to lower than 2, meaning
that the co-administered compounds may have acted as an active transport protein

inhibitor.
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Table 6.5. Papp (cm s?1) and efflux ratio of couples of diverse compounds. Data are
expressed as mean + standard deviation. n.d. = not determined.

1
COII;)p ¢ Papp a>b X 10'6 Papp b>a X 10'6 Efﬂux ratio
X 1 X 1 X 1
X-1
<0.01 n.d. <0.01 n.d. n.d. n.d.
D S D S D S
D-S
n.d. <0.01 n.d. <0.01 n.d. n.d.
G Q G Q G Q
G-Q
n.d. <0.01 n.d. 1.05 + 0.16 n.d. >100
15 13 15 13 15 13
15-13
<0.01 <0.01 1.26 + 0.14 <0.01 >100 n.d.
P 17 P 17 P 17
P-17
<0.01 0.71 1.98 + 0.48 0.36 + 0.05 >100 0.50
A 16 A 16 A 16
A-16
n. <0.01 n.d. <0.01 n.d. n.d.
E 3 E 3 E 3
E-3
<0.01 1.13 + 0.05 <0.01 0.29 + 0.01 n.d. 0.26
19 8 19 8 19 8
19-8
<0.01 <0.01 <0.01 <0.01 n.d. n.d.
22 9 22 9 22 9
22-9
<0.01 n.d. 0.16 + 0.03 n.d. >100 n.d.
K N K N K N
K-N
n.d. n.d. n.d. n.d. n.d. n.d.
C 23 C 23 C 23
C-23
0.41 + 0.09 1.18 + 0.05 0.61 0.63 + 0.06 1.50 0.54
I 20 | 20 I 20
1-20
<0.01 0.62 + 0.05 <0.01 0.99 + 0.28 n.d. 1.61
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T-2

F-U

J-O0

214

W-12

11-7

H-M

L-5

6-18

V-14

S-10

T 2 T 2 T 2
1.01 £ 0.22 0.70 £ 0.16 1.86 +£ 0.33 0.46 + 0.39 1.85 0.66
F U F U F U
<0.01 0.70 £ 0.11 <0.01 0.48 £ 0.31 n.d. 0.69
J o J o J (0]
<0.01 <0.01 n.d. <0.01 n.d. n.d.
21 4 21 4 21 4
n.d. 1.20 + 0.27 n.d. 0.37 £ 0.10 n.d. 0.31
A% 12 W 12 A% 12
n.d. >0.01 n.d. 1.56 + 0.05 n.d. >100
11 7 11 7 11 7
<0.01 <0.01 <0.01 <0.01 n.d. n.d.
H M H M H M
<0.01 <0.01 <0.01 8.09 + 3.87 n.d. >100
L 5 L 5 L 5
<0.01 <0.01 <0.01 0.20 n.d. >100
6 18 6 18 6 18
<0.01 <0.01 0.26 + 0.02 1.40 £ 0.35 >100 >100
A% 14 A% 14 A% 14
<0.01 0.82 + 0.01 <0.01 0.98 + 0.16 n.d. 1.19
B R B R B R
<0.01 <0.01 <0.01 <0.01 n.d. n.d.
S 10 S 10 S 10
<0.01 0.65 + 0.22 <0.01 0.87 £ 0.11 n.d. 1.34
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6.4. Conclusions

Caco-2 are a suitable model for testing the bioavailability of drugs. Evaluating
the effect of multiple co-administered compounds at a single time is complex and has
to take into account the influence of factors, such as active transport and modification
of the membrane permeability. Natural products are often administered as herbal
extracts, which lead to the co-administration of a wide number of constituents at the

same time.

The aim of this work was to combine similar and diverse compounds, to obtain
experimental data on their Caco-2 permeability. We started by combining two
compounds. In the future, we aim at increasing the complexity of the experiments, by
co-administering more than two compounds at the same time. The experimental data
will then be used to create a computational model, able to predict the eCaco-2
permeability of mixtures of compounds. This will be useful for the in silico prediction
of the bioavailability of herbal extracts, thus reducing the number of in vivo

experiments needed for this purpose.

Although the data presented in this work are not complete, and there is the
need to fill the gap left by compounds which we were not able to analyze yet, it is
evident that combining molecules can lead to different Caco-2 permeability, compared
to the single compounds, often negatively influencing the results, and that molecular
similarity could potentially represent a predictor for the changes in Caco-2
permeability of mixtures of compounds. Once the experimental data will be complete,
structure-properties relationship analysis will be performed, in the attempt to identify

structural properties which may be involved in the permeability changes.
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CHAPTER 7

Structure-based identification of P-glycoprotein inhibitors from natural

sources

7.1. Introduction

Efflux phenomena, caused by transport proteins, are often responsible for the
poor oral bioavailability of natural products, which lead to difficulties in their clinical
application [1].

Adenosine triphosphate binding cassette (ABC) transporters are a large family
of proteins involved in membrane transport of a wide variety of substrates [2]. Among
the 48 human ABC-transporters identified, ABCB1, also called MDR-1 or P-
glycoprotein (P-gp), is the best characterized for its involvement in the drug discovery
process [3]. P-gp has been found to mediate multidrug resistance in cancer cells; in
fact, its physiological role is to protect sensitive tissues from the accumulation of toxic
xenobiotics [4]. In particular, as P-gp is expressed in membrane barrier such as the
intestine, it can affect the bioavailability of orally administered drugs [5], including
natural products [6].

Thus, the discovery of effective P-gp inhibitors/modulators has been the focus of
many researches, to the extent that the European Medicines Agency and the USA
Food and Drug Administration have proposed their own guidelines on how to conduct
this kind of research [2].

Three generations of P-gp inhibitors have been developed so far, but,
unfortunately, none of them has been able to prove their effectiveness in clinical trials
[7]. Hence, further investigations are needed to develop more effective drugs, which
would be useful in overcoming multidrug resistance, but also in increasing the oral
bioavailability of natural compounds acting as P-gp substrates.

Together with in vivo experiments, which are limited by the cost, complexity,
and ethics issues, several in vitro and in silico tests have been developed to predict the
behavior of drug candidates towards P-gp. Among the most widespread in vitro tests,
the membrane-based ATPase assay and the cell-based cytotoxicity, accumulation, and
efflux assays, using Caco-2 cells, are characterized by high-throughput, being cost-
effective and easy to perform. On the other hand, computational models provide rapid
and inexpensive screening platforms, which have been successfully applied for the

design of P-gp ligand candidates [8].
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Until recently, ligand- and pharmacophore-based approaches have been
preferred, due to the small amount of structural information available [9]. However, a
number of tree-dimensional structures have been reported: the crystallographic
structures of the apo and ligand-bound murine P-gp [10-12], the apo P-gp from
Caenorhabditis elegans [13], and the apo and ligand-bound P-gp homolog from
Cyanidioschyzon merolae [14] (figure 7.1). Therefore, structure-based techniques, such
as homology modelling, molecular dynamics, and molecular docking, have been
applied to evaluate the possible binding mode of drug candidates, thus, providing
structural information on the ligand binding sites and the residues involved in ligand
binding.

A) B) C)

D) E) _}_ECD
( %« TMD
s —y
ICD
NBD

Figure 7.1. Representative 3D structures of (A) murine (PDBID: 4q9h), (B) C.
elegans (PDBID: 4f4c) and (C) C. merolae (PDBID: 3wme) P-gp in the apo
conformation. (D-E) Putative ligand binding sites observed in murine structures
(PDBID: 4xwk; 4qvj) are shown. ECD: extracellular domain; TMD: transmembrane
domain; ICD: intracellular domain; NBD: nucleotide-binding domain.

The murine P-gp shares 87% sequence identity and 94% similarity with human
P-gp, with even higher conservation in the binding site [15], and can be suitably used
for predicting interactions between ligands and human P-gp [16]. Indeed, several
molecular docking and virtual screening studies have been performed on the murine
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P-gp, using different docking suites [17], including AutoDock Vina [18]. The murine
crystal structure also proved to be an excellent template for the generation of
homology models, which gave a better understanding of the possible binding mode of
ligands within the human protein [19,20].

Nevertheless, these structures have been captured at limited resolution (higher
than 3.3 A) and, despite the presence of ligands, they all reveal the inward-facing
conformation, with varying degrees of nucleotide-binding domain (NBD) separation
and small differences in transmembrane domain (TMD) and substrate translocation
pathway. As a consequence, there is the need to solve high resolution structures,
particularly regarding drug-bound complexes [17,21].

The promiscuity of P-gp binding site, which allows the binding of a broad range
of structurally and functionally diverse compounds, is strictly related to its structural
flexibility, and is highlighted by the prominent presence of hydrophobic residues,
which are involved in van der Waals interactions with lipophilic ligands. Additional
complexity is added by the fact that P-gp ligands can act as substrates or inhibitors.
When a substrate binds the TMD cavity, it induces TM4 kinking [11], decreasing the
transition energy for ATP-dependent NBD dimerization [22]. ATP binding facilitates
NBD dimerization which causes the transition to the outward-facing conformation
[23]. This causes the repositioning of substrate-interacting side chains, thus, reducing
substrate affinity for the binding site. With the outward opening, the substrate
equilibrates with the extracellular space and is consequentially released [4]. ATP
hydrolysis, releasing phosphate and ADP, leads to NBD dimer destabilization and
separation, bringing the protein back to the inward-facing configuration [24]. On the
contrary, inhibitors binding prevents P-gp structure to switch from the inward-facing
to the outward-facing conformation [22]. Thus, the discovery of selective P-gp
inhibitors is a multifaceted process, in which structural information should be
carefully taken into consideration. A structure-based protocol, able to efficiently
discriminate between possible substrates and inhibitors could potentially be of great
help for medicinal chemists involved in this field of research.

To date, X-ray structures of the human P-gp are not available. However,
different conformations of the human P-gp have been recently resolved using cryo-
electron microscopy (cryoEM) techniques. Compared to the murine and microbial X-
ray structures, all of which represent the inward-facing conformation, the cryoEM
structures have the advantages of being from a human source and of representing
different conformations of the P-gp (i.e. inward-facing, intermediate ligand-bound and
outward-facing). Moreover, they have been resolved in the presence of compounds of
clinical use (such as taxol and zosuquidar), providing useful insights for structure-
based drug discovery. Indeed, in 2018, Kim and Chen reported the molecular structure
of human P-gp in the ATP-bound, outward-facing conformation [4]. ATP binding
causes the reorientation of the drug-binding cavity, leading to the release of the
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substrate into the extracellular space. Right after this publication, Alam and co-
workers described the UIC2-bound structure of human P-gp with the ligand-free or
inhibitor-bound binding cavity [25]. Remarkably, this is the first paper reporting the
tridimensional structure of P-gp bound to a drug of current clinical use, zosuquidar, a
third generation P-gp inhibitor, which reveals an intermediate conformation in which
the gap between the two NBD is partially closed. In 2019, the same research group
used lipidic nanodiscs to reconstitute a substrate-bound (with the chemotherapeutic
agent taxol) and an inhibitor-bound (with zosuquidar) P-gp intermediate
conformations [26]. This work suggested that only minor structural differences
occurred in the binding of substrate and inhibitor to the same P-gp site, while
structural differences were amplified along the structure, leading to altered
conformations of the NBD, which are responsible for ATP hydrolysis and substrate
release. Moreover, it confirmed the ability of P-gp to bind two molecules of zosuquidar
in the same drug-binding pocket, as reported in their previous publication.
Additionally, the analysis of the ligand binding pocket of the taxol- and zosuquidar-
bound structures confirms that most of the ligand-interacting residues are aromatic
and hydrophobic, with only one hydrogen bond found between the quinoline moiety of
zosuquidar and Y953, and four hydrogen bonds between taxol and Y307, Y310, Q725
and Q991.

Figure 7.2 shows the different conformations of human P-gp, together with a
view of the cavity with two molecules of zosuquidar bound.
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Figure 7.2. 3D structure of the human P-gp in the (A) closed outward-facing ligand-
free (PDBID: 6c0v), (B) substrate-bound (PDBID: 6gex) and (C) inhibitor-bound
(PDBID: 6qgee) intermediate conformations as obtained by cryoEM. (D)
Superimposition of the substrate- (light blue) and inhibitor-bound (pale green)
structures with backbone differences highlighted. (E) Focus on the binding site of
the inhibitor-bound intermediate conformation, showing two copies of zosuquidar
that bind to the same cavity.

The aim of this work was to set up an in silico model for the virtual screening of
curated natural compounds libraries from the ZINC database, to identify hit
compounds with potential P-gp inhibitory activity. In vitro assays on selected
compounds will provide full validation of the virtual screening approach.
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7.2. Materials and methods

7.2.1. Computational details

7.2.1.1. Protein and ligands preparation

The human cryoEM 3D structure of the P-gp in the inhibitor-bound
intermediate form (PDBID: 6gee) was obtained from the Protein Data Bank (PDB)
[27].

The protein was prepared using AutoDock Tools [28], following the standard
preparation protocol [29]: adding polar hydrogens, assigning Gasteiger-Marsili atomic

charges [30], then merging non-polar hydrogens.

To test the ability of the docking protocol in discerning between binders (i.e.
known substrate or inhibitors of P-gp,) and non-binders (molecules which do not
interact with P-gp) compounds, a small dataset of 186 compounds, comprised of 77
binders and 109 non-binders, was retrieved from the work of Broccatelli and
colleagues [31], and used for docking simulations. This dataset was defined as
“Validation set 1”. This dataset was used as a quick test for evaluating the plausibility

of using compounds with known activity to validate the docking reliability.

As encouraging results were obtained using Validation set 1, a second larger
dataset of 3250 compounds with known activity, including 1243 P-gp inhibitors and
487 substrates, as well as 1520 non-binders, retrieved from the work of Lagares and
colleagues [32], was used to build a more robust model able to discriminate between
substrate and inhibitors, to be used eventually to filter virtual screening results. This

dataset was defined as “Validation set 2”.

The tridimensional coordinates of 197374 commercially available natural
compounds were downloaded from the ZINC database [33] in Mol2 format and used for

the virtual screening. This library was defined as “Screening set”.

All ligands were converted to PDBQT format using OpenBabel [34]. An overview

of the chemical properties of the used libraries is reported in table 7.1.
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Table 7.1. Properties of the libraries used for the virtual screening.

Ne Heavy

Molecular

AutoDock

Library ] orsion
Ligands atoms atom types
Validation A, Br, C, Cl, F,
cot 1 186  10-90 131-1175 0-19 o
. A, Br, C, CL F,
Validation .., , g9 0-37 HD,I N, NA, OA,
set 2
P, S
S r n'n A7 BI', 07 Cl, F,
creening 197374 4-59 0-24 0-14 0-35 HD,I N, NA, OA,
set P S

Hba: Hydrogen bond acceptor; Hbd: Hydrogen bond donor.

7.2.1.2. Molecular docking

Raccoon2 and AutoDock Vina (v1.1.2) [29] were used for performing the

molecular docking simulations on the Garibaldi High Performance Computing (HPC)

cluster, available at The Scripps Research Institute, La Jolla, CA, USA, consisting of:

62 Dell Poweredge R420 servers with two intel quad core E5-2450 processors,
48GB RDIMM memory;

8 Dell Poweredge R720 servers with two intel quad core E5-2650 processors,
126GB RDIMM memory;

64 Dell Poweredge M610 blades with two 2.40 GHz Intel quad core E5530
XEON-EMT processors, 48GB of ECC DDR3 memory;

96 Dell Poweredge M610 blades with two 2.27 GHz Intel quad core E5520
XEON-EMT processors, 48GB of ECC DDR3 memory;

96 Dell Poweredge M600 blades with two 2.66 GHz Intel quad core E5430
XEON-EMT processors, 32GB of ECC DDR2 memory.

The theoretical peak performance of Garibaldi HPC is 46 TFlops for a total of 17

TBytes of memory. All the computing nodes are interconnected by a series of 8 Gigabit

Ethernet Summit X450a switches which are linked to each other by two 10 Gigabit

Ethernet Summit X650 switches. For the tightly-coupled parallel applications that
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require low latency and high bandwidth connections, Infiniband DDR interconnects
are available on a large subset of the nodes. Garibaldi HPC also includes a high
performance SFA10K unit from Data Direct Networks (DDN) which delivers 750
TBytes of distributed and persistent storage via the IBM GPFS file system.

The protein was treated as rigid, and the grid box was centered on the co-
crystallized ligands (box center: x:173.911, y:168.536, z:162,747) and sized to be
22x24x24 A. Exhaustiveness was set to 40.

7.2.1.3. 3D common pharmacophore generation

The software DataWarrior [35] was used for independently clustering the P-gp
substrates and inhibitors from Validation set 2. Six molecular descriptors, namely
FragFp, PathFp, SphereFp, SkelSpheres, OrgFunctions and Flexophore, were used to
perform structural similarity clustering, based on Tanimoto similarity. A description
of the used molecular descriptors, together with the number of clusters obtained for

both substrates and inhibitors are included in table 7.2.

For each clustering method, the most representative molecule of each generated
cluster (i.e., the closest molecule to the cluster centroid) was selected, thus, producing
6 groups of inhibitors and 6 groups of substrates. For each of these groups, the best
docking pose of each selected molecule was used for generating 3D common
pharmacophore hypotheses [36], based on the AutoDock force field/atom type set. The
3D common pharmacophore includes a representation of the most representative
chemical features (such as hydrogen bond acceptors and donors, aromatic rings and
aliphatic carbons), together with special sets representing recurrent atom type
clusters present in the ligand set (i.e., sulfur or halogen). A total of 6 pharmacophore
hypotheses for the inhibitors and 6 for the substrates (i.e., one for each initial

clustering method) were generated.
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Table 7.2. Descriptors used for structural similarity clustering of the known-activity
dataset

Ne° inhibitor N° substrate
ID Descriptor Type
clusters clusters

Substructure fragment  dictionary
1 FragFp ) ) ) 230 126
based binary fingerprint.

Encodes any linear strand of up to 7
2 PathFp atoms into a hashed binary fingerprint 226 134
of 512 bits.

Encodes circular spheres of atoms and
3 SphereFp bonds into a hashed binary fingerprint 299 185
of 512 bits.

Byte vector with a resolution of 1024
bits. It is related to the SphereFp
descriptor, but also considers
stereochemistry, counts  duplicate
4  SkelSpheres . . 289 172
fragments, in addition encodes hetero-
atom depleted skeletons, and has twice

the resolution leading to less hash

collisions.

Neither a fingerprint nor an integer
vector. It focuses on available
functional groups from a synthetic
5 OrgFunctions chemist's point of view. It also 175 128
recognizes the steric or electronic
features of the neighborhood of the

functional groups.

Allows predicting 3D-pharmacophore
similarities, matching entire conformer

6  Flexophore o 193 144
sets, rather than comparing individual

conformers.
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The pharmacophores were then used to re-score virtual screening results.
Molecules with high pharmacophore score as inhibitors and low pharmacophore score

as substrates were chosen for visual inspection.

A consensus scoring, with a value between 0 and 1, was then generated by
combining the AutoDock Vina binding energy with the pharmacophore rescoring,

using the following equation (Eq. 7.1):

Sdocking - Sdocking min ) ( Spharma - Spharma min )

Consensus scoring = (
(Sdocking max — Sdocking min) X 2

(Spharma max — Spharma min) x 2

where Sdocking 1s the AutoDock Vina binding energy and Sphrarma 1s the pharmacophore

score.

7.2.2. Statistical analysis

Unpaired t test with Welch'’s correction was used to analyze the differences in the Vina

binding energies and ligand efficiency of Validation set 1 and Validation set 2.

7.3. Results and discussion
7.3.1. Validation of the docking protocol

7.3.1.1. Redocking of zosuquidar

The first step for evaluating the reliability of a docking algorithm is commonly
known as “redocking” or “self-docking” simulation. This consists of extracting the
coordinates of the co-crystallized conformation of a ligand, randomizing and re-docking
it to verify if the experimental binding mode can be reproduced [37]. In the case of the
P-gp/zosuquidar complex, this process is complicated by the ability of P-gp to bind two
molecules of zosuquidar in the same pocket. Hence, we performed the redocking
experiment in two different ways: first by removing both copies of the ligand and
redocking them in the ligand-free binding site, and then by removing only one of the

two copies and redocking it in the respective ligand-occupied binding site.
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Figure 7.3A shows the results of the redocking simulations. When using the
ligand-free binding site, AutoDock Vina scoring function showed a preference to dock
zosuquidar in position 2, with a root-mean-squared deviation (RMSD) of 5.287 A,
compared to the original conformation in the same position. While a high overall
RMSD was obtained, the difluoro-tetracyclo-piperazine (DTP) moiety was well
positioned by the docking algorithm (RMSD of this group alone: 0.823 A), restoring the
key interactions found in the bound conformation, whereas docking the oxypropanol-
quinoline moiety resulted to be more difficult, because of the large binding site
dimension and the lack of constraints induced by the absence of the second copy of the
inhibitor. Indeed, when using the two ligand-occupied binding sites, the accuracy of
the redocking increased dramatically, with RMSD values of 1.103 A and 1.791 A,

compared to the original positions 1 and 2, respectively.

To investigate the interactions that involve the two copies of zosuquidar within
the site, we performed additional redocking simulations, using the recently developed
version of AutoDock Vina (v1.2.0 beta), which features the possibility to dock multiple
ligands simultaneously. As reported in figure 7.3B, by docking two molecules of
zosuquidar we obtained a significant improvement of the molecule pose in position 2,
reducing its RMSD value from 5.287 A to 2.255 A, Noticeably, the pose in position 1
showed an RMSD value of 3.796 A, compared to the original conformation. While for
this pose the software still was not able to reproduce the orientation of the quinolone
moiety, the RMSD of the DTP moiety alone was 1.514, confirming the ability of Vina
to correctly dock this portion of the ligand.

These results further support the assumption that both the docking protocol
and the Vina force fields can be considered sufficiently reliable for this target, and

therefore Vina was chosen for performing the virtual screening.
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Figure 7.3. (A) Single ligand redocking of zosuquidar in the apo (green), zosuquidar
1- (magenta) and zosuquidar 2-occupied (cyan) P-gp binding site. (B) Multiple
ligand redocking of zouquidar (green) using the beta version of AutoDock Vina
1.2.0. The experimental 3D coordinates of zosuquidar from PDBID 6qee are showed
in blue.

7.3.1.2. Docking of Validation Set 1

The docking protocol used performed well in distinguishing binders from non-
binders, using Validation Set 1. Indeed, the average binding energy of the binders was
-8.4 kcal/mol, which was lower than that obtained with non-binders (-7.3 kcal/mol)
(figure 7.4A). While the statistical analysis showed that the difference is significant
(p<0.001), it i1s smaller than the standard error of the AutoDock Vina scoring function
(estimated to be around 2.8 kcal/mol [38]). Hence, even if the discrimination power can
be considered sufficiently reliable, care must be taken when using it for virtual

screening purposes.

When analyzing the ranking of compounds based on AutoDock Vina binding
energy, it 1s evident that most of the binders are predicted to have a better binding
energy compared to the non-binders (figure 7.4C). Indeed, in the first quartile of the
ranking, 36 out of total 47 ligands (77%) are binders. The enrichment of results
decreases when proceeding toward lower quartiles, with 60% of the binders scoring

better than the average ranking of the 186 total ligands.
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Figure 7.4. AutoDock Vina performance in discerning between known binders and
non-binders using (A, C) Vina binding energy and (B, D) ligand efficiency. ***
p<0.001, unpaired t test with Welch’s correction.

A similar trend was observed when considering ligand efficiency as a parameter
to discern between different classes of ligands. Figure 7.4B shows that ligand
efficiency of binders is higher on average compared to that of non-binders (-0.27 vs -
0.35, p<0.001). Potentially, this could be related to differences in molecular weight,
which is higher for binders than for non-binders (482.9 + 187.8 vs 341.9 + 152.8,
respectively; p<0.001). However, no evident correlation was found with the binding
energy ranking of this set (figure 7.4D), making it difficult to find the determinant

factors of the predictive power.
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These results encouraged us to perform a second set of docking simulations,
using Validation set 2, which classifies ligands as inhibitor binders, substrate binders,

and non-binders.

7.3.1.3. Docking of Validation set 2 and 3D common pharmacophore generation

The results obtained for this dataset are extremely consistent with those
obtained using Validation set 1, both in terms of binding energies (figure 7.5A) and
ligand efficiency (figure 7.5B), with very similar trends for the average binding energy
and ligand efficiency of binders, which are respectively lower and higher, compared to
the non-binders. Interestingly, no differences can be found when comparing the

average binding energy and ligand efficiency of inhibitors and substrates.

High correlation between ranking and docking score is found. The quartile
ranking of compounds, based on the binding energy (figure 7.5C), shows that there is
increasing probability to find a binder moving from the last to the first quartile. An
inverse trend can be observed for non-binders, which are much more represented in
the last quartile. Focusing on the first quartile, although binders are homogeneously
distributed, the probability to find non-binder continues to decrease while moving to

the very first section of the ranking (figure 7.5D).
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Figure 7.5. AutoDock Vina performance in discerning between known inhibitors,
substrates and non-binders using (A) Vina binding energy and (B) ligand efficiency.
(C) Quartile ranking of compounds in terms of binding energy and (D) top quartile

sub-ranking. *** p<0.001, unpaired t test with Welch’s correction.

Based on these results, we argued that this docking protocol can be successfully

used to enrich the top ranked results of a virtual screening for the identification of P-

gp binders. In absence of evidence of binding of multiple copies of known P-gp binders

other than zosuquidar and considering the good enrichment of binders/non-binders

found with the single ligand docking, we choose to use this protocol over the multiple

ligand docking one, available in the beta version of AutoDock Vina 1.2.0, for the

virtual screening of the Screening set. Moreover, filtering the virtual screening results

by selecting only those with a binding energy lower than the average obtained with

active compounds (-8.5 kcal/mol) could represent a strategy for reducing the number of

results to be evaluated in the subsequent steps of the analysis. However, the results

show also that more accurate analyses are needed for discerning between inhibitors
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and substrates candidates. Thus, we generated 3D common pharmacophores
hypotheses, using the best docking poses of selected inhibitors and substrates,

independently.

Table 7.3 reports the main features of the generated pharmacophores. On
average, a higher number of hydrogen bond acceptor, aliphatic carbon and halogen
features, is present in the 3D common pharmacophore hypotheses of substrates. On
the contrary, a higher number of aromatic and sulfur features were found in the 3D
common pharmacophore hypotheses of inhibitors. Finally, no difference was found in

the number of hydrogen bond donor features.

Table 7.3. 3D common pharmacophore features for P-gp inhibitors and substrates.

3D common Features
pharmacophore N°ligands Aliphatic

hypothesis Hba Hbd Aromatic carbon Sulfur Halogen
Inhibitor 1 230 51 26 42 18 9 20
Inhibitor 2 226 50 26 34 19 13 22
Inhibitor 3 299 54 26 39 22 9 25
Inhibitor 4 289 56 24 37 20 9 26
Inhibitor 5 175 49 21 31 18 8 16
Inhibitor 6 193 51 24 44 19 10 17
Substrate 1 126 53 23 38 20 7 21
Substrate 2 134 55 26 38 21 8 25
Substrate 3 185 63 28 37 23 9 26
Substrate 4 172 59 26 37 22 7 26
Substrate 5 128 54 22 31 23 5 22
Substrate 6 144 56 27 32 23 6 21

Hba: Hydrogen bond acceptor; Hbd: Hydrogen bond donor.
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7.3.2. Virtual screening results

The ranking of the natural products library used for the virtual screening is
reported in figure 7.6. A nearly ideal Gaussian distribution of compounds can be
observed when evaluating the ranking based on binding energy. Interestingly, the
mean value of the curve is -8.4 kcal/mol, which corresponds to the average value
obtained with the binders of the Validation set 1 and 2. Hence, based on the results of
this dataset, 50% of the screened compounds could qualify as possible P-gp binders,

according to Vina binding energies alone.

On the other hand, the distribution of the screened compounds according to
ligand efficiency is also bell-shaped, with the mean value being -0.33 kcal/mol, and
38% of the compounds having a ligand efficiency higher than -0.28 kcal/mol, which 1is
the average ligand efficiency obtained with the binders of the Validation set 1 and 2.

8x 10:; ' 6)(103
.‘\.
P L *
T'; 6x10° . ;;
3 < 4x10%
= 4x10° 5 -
E E 2x10° ~J',
Z 2410° . ; . Z s xhe
¢ : . . SRR
s 3 *, 3
0 e 3 k 0 . .'i
-14 -13 -12-11-10 -9 8 -7 -6 -5 -4 -3 -2 -1 0.8 07 -06 -05 -04 -03 -02 -0.1 0.0
Vina binding energy Ligand efficiency
(kcal/mol)

Figure 7.6. (A) AutoDock Vina binding energy and (B) ligand efficiency of the
natural products library. The dashed red lines represent the average values
obtained from the active molecules of Validation set 1 and 2.

The best docked poses of the screened compounds were then re-scored with the 6
inhibitor pharmacophore hypotheses and the 6 substrate pharmacophore hypotheses,
in the attempt to enrich results with inhibitors. Results were then compared to select
only molecules matching all the inhibitor pharmacophore hypotheses and none of the
substrate pharmacophore hypotheses. These filtering methods, combined with the

predicted binding energy cutoff of -8.5 kcal/mol led to the selection of 33 candidates,
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reported in table 7.4, which were then clustered using the FragFp method of
DataWarrior, to reduce the number of compounds to be tested, maximizing chemical

diversity.

Table 7.4. Virtual screening candidates selected for clustering.

Pharmacophore

Compound ZINCID Vina binding Conse-nsus
energy re-scoring scoring
1 ZINC000824596131 -9.9 11.54 0.69
2 ZINC000824751051 -10.5 10.71 0.69
3 ZINC000824595887 -9.7 11.59 0.68
4 ZINC000828534103 -10.2 10.60 0.67
5 ZINC000524730654 -10.3 10.34 0.67
6 ZINC000824596481 -9.8 10.98 0.66
7 ZINC000049841246 -9.9 10.66 0.66
8 ZINC000079221590 -10.3 10.03 0.66
9 ZINC000263585922 -9.9 10.55 0.66
10 ZINC000102986418 -9.8 10.37 0.65
11 ZINC001547138921 -9 11.47 0.65
12 ZINC000263586282 -9.6 10.52 0.64
13 ZINC001547138595 -9.9 9.88 0.63
14 ZINC000824595807 -8.8 11.38 0.63
15 ZINC000085893681 -9.6 10.19 0.63
16 ZINC000824596563 -8.9 11.15 0.63
17 ZINC000021992916 -94 10.45 0.63
18 ZINC000253402083 -9.8 9.89 0.63
19 ZINC000824595813 9.1 10.67 0.63
20 ZINC000079216638 -9.2 10.50 0.62
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21 ZINC000824596273 -9.2 10.40 0.62
22 ZINC000008964837 -9.4 10.10 0.62
23 ZINC000085866958 -8.9 10.62 0.62
24 ZINC000824664756 -9.4 9.92 0.61
25 ZINC000824595877 -9.1 10.27 0.61
26 ZINC000034499029 -9.3 9.86 0.61
27 ZINC000004235462 -8.5 10.84 0.60
28 ZINC000003943903 -9.3 9.68 0.60
29 ZINC000150484449 -8.9 10.14 0.60
30 ZINC000004235535 -8.7 10.34 0.60
31 ZINC000002156967 -8.6 10.25 0.59
32 ZINC000005412089 -8.5 10.11 0.58
33 ZINC000263586757 -8.5 9.51 0.56

14 different clusters were obtained and the most representative molecule of
each cluster was selected for in vitro validation. The structures of the 14 selected
compounds, namely compounds 2, 4, 5, 6, 8, 10, 13, 14, 17, 18, 20, 23, 27 and 29, are

reported in figure 7.7.
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Figure 7.7. 2D structures of the 14 compounds selected for in vitro validation.

Compound 2, a griseofulvin derivative, was the most representative molecule of
the most populated cluster and, among the 14 selected compounds, is the one with the
lowest Vina binding energy and the higher consensus score. As shown in figure 7.8,
the best docked pose of compound 2 occupies the position 2 of the zosuquidar binding
site, with the exception of the 4-hydroxy-3-methoxyphenyl moiety, which interact with
residues involved in the binding of the DTP moiety of zosuquidar in position 1,
Consistently with the lipophilic nature of the P-gp binding site, the majority of the
Interactions are represented by van der Waals contacts with hydrophobic residues
such as Met68, Trp231, Met298, Phe302, Ile305, Tyr306, Tyr309, Phe335, Ile339,
Asn720, Gly721, GIln724, Phe727, Phe769, GIn837, Asn841, Met875, Phe982, Met985,
Ala986 and GIn989. Four important anchor points are represented by the hydrogen

bonds between the methoxyl group in position 4 of the benzofurane moiety and the
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hydroxyl group of Tyr309, the carbonyl group on the propanamide moiety and the
hydroxyl group of Tyr306, the carbonyl group on the oxindole moiety and the backbone
NH moiety of Asn841, and the hydroxyl group and the indole nitrogen of Trp231.

Figure 7.8. Best docked pose of compound 2 (orange stick with mesh surface) in the
binding site of P-gp. Interacting residues are shown as gray line. For comparison,
the experimental binding pose of zosuquidar is also shown as blue line. Hydrogen

bonds are represented by yellow dashed lines.

Currently, no literature data is available to support the P-gp binding activity of
compound 2. However, the possible P-gp binding activity of griseofulvin has been
speculated, even if more experimental support is required to delineate this hypothesis

more concisely [39].

7.4. Conclusions

P-gp affects the bioavailability of drugs and is involved in multidrug resistance
by transporting xenobiotics from the cell membrane to the extracellular space, thus
limiting their absorption and intracellular accumulation. Clinical effective inhibitors
are still lacking as most of the currently available drugs failed in reducing multidrug

resistance or caused severe side effects.
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The in silico structure-based virtual screening approach used in this work was
able to efficiently differentiate between P-gp binders and non-binders, based on the

inhibitors enrichment factor obtained using Validation set 1 and Validation set 2.

However, more accurate analyses are needed for discerning between inhibitors
and substrates candidates. Pharmacophore modeling has been successfully used in the
past for the identification of P-gp substrates or inhibitors. Thus, we used 3D common
pharmacophores hypotheses, generated using the best docking poses of selected

inhibitors and substrates, independently, to filter the virtual screening results.

By combining molecular docking and pharmacophore modeling, we identified 14
potential P-gp inhibitors, out of a total of 197374 commercially available natural

compounds.

In vitro assays of the selected compounds are ongoing and will provide

validation of the computational protocol described.
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Conclusions

Different natural compounds, belonging to the widely distributed molecular
class of polyphenols, and herbal extracts containing them were compared for their
stability to in vitro simulated gastrointestinal digestion. Specific examples were
evaluated for investigating the effect of the digestive processes on the bioaccessibility
and biological activity of selected samples. The effect of co-administration of two
compounds on the Caco-2 permeability of the single compound was also examined as a
simplification of the complex mixture of constituents present in a phytocomplex.
Finally, an in silico virtual screening was performed to identify possible P-glycoprotein

inhibitors from natural sources.
Several conclusions can be drawn from the results of this study:

- The complex mixture of constituents that are present in an herbal extract
can positively or negatively modulate the stability to gastrointestinal
digestion of the single compounds. Using Matricaria recutita L, Cynara
scolymus L., and Curcuma longa L. extracts, we found an increase of
gastrointestinal stability of the single constituents when using the whole
phytocomplex. On the contrary, the gastrointestinal stability of cannabidiol
alone was higher, compared to different Cannabis sativa L. extracts.

- The bioaccessibility of herbal extract constituents is also affected by the
extraction methods used. Using C. sativa as an example, we observed that
the gastrointestinal stability and bioaccessibility are strongly influenced by
the extraction solvent used. This suggests the need to standardize herbal
extracts and their derived preparations, not only to obtain the maximum
yield of constituents, but also taking into account the effect of the extraction
method on the overall gastrointestinal stability, bioaccessibility and
bioavailability.

- Gastrointestinal digestion can strongly affect the biological activity of
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- natural products. Depending on the original herbal material used, the
phytocomplex of herbal extracts can protect their constituents from losing
their biological activity after being digested. Dark propolis was found to be
the best candidate for maintaining the anti-Helicobacter pylori activity of
galangin and pinocembrin, compared to green propolis and a commercial
propolis-based product. Similarly, green tea was more effective than black
and Oolong tea in maintaining the antioxidant activity in vitro.

- Using couples of compounds, we found that the Caco-2 permeability of single
compounds can be modified. We still need to perform additional experiments
to confirm these results. However, we believe that this simple experimental
model could be useful to understand the mechanism underlying the
differences in the intestinal absorption between single natural products and
herbal extract. If we will succeed in confirming our preliminary data, we aim
at setting up a computational model able to predict the Caco-2 permeability
of complex mixtures of compounds, which will be of great advantage,
compared to the current in silico models that can only deal with one
molecule at a time.

- Finally, in silico virtual screening can be successfully exploited for
discerning between P-glycoprotein binders and non-binders, and can also

guide the identification of novel inhibitors from natural sources.

Lot of work and experimental validation still remain to be done for being able to
fully understand the mechanisms involved in the biological activity of herbal
phytocomplexes. This work contributed to the field by providing useful experimental
data on some 1important pharmacokinetic parameters, such as stability to
gastrointestinal digestion, bioaccessibility, intestinal permeability, and active

transport mechanisms of selected natural compounds.

Only 10% of the world biodiversity has been evaluated for its possible
therapeutic application, thus, it is expected that, together with pharmacodynamics
investigation, data on the pharmacokinetics of natural products, as well as simple
methods for obtaining them, such as those used in this work, will be increasingly

needed in the future.
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