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Abstract

The escalation of cancer morbidity and mortality has increased the use of botanical dietary
supplements among cancer patients undergoing chemotherapy. Euterpe oleracea Mart. (acai)
berry and Lepidium meyenii Walpers (maca) root are some of the most common botanical dietary
supplements used concomitantly with anticancer agents. CYP3A4 is an important enzyme in the
metabolism and clearance of anticancer agents. While often used for their scientific claims against
cancer, the supplements may also cause botanical-drug pharmacokinetic interactions of which one
is through CYP3A4 inhibition. Consideration of bioavailable constituents of botanical dietary
supplements has been identified as a route to counteract the discrepancy between preclinical and
clinical botanical-drug interaction data. Passive absorption is the most common mechanism of
absorption for medicines in the market. The goal of this study is to screen passively absorbable
acai berry and maca root constituents and their Phase | and Phase Il metabolites for CYP3A4

inhibition.

Chapter one is an overview of cancer prevalence, treatment, botanical dietary supplements use
and the herbal-drug interactions. The chapter also goes into the chemical characterization of acai

berry and maca root extracts.

Chapter two describes in detail, the methods used in acai and maca plant extracts
fingerprinting, establishment of intestinal passive absorption model, metabolism and CYP3A4

inhibition assays. The experimental work used LC-MS and other orthogonal confirmatory assays.

Chapter three presents the results, discussion and conclusions. The findings of this study, after

identifying the extracts with moderate to strong CYP3A4 inhibition, suggest that acai and maca



botanical dietary supplements have a potential to cause significant botanical-drug interactions in

the clinical setting.
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Chapter 1: Literature review

1.1 Introduction

Cancer is the second leading cause of death globally and reported to have claimed 8.8 million
deaths in 2015 whereby nearly 1 in 6 deaths was due to cancer in global context [1]. Furthermore,
it is stated that every year, cancer is responsible for death of more than half a million Americans
making it a second leading cause of death in the United States, exceeded only by heart disease [2].
Prevalence of cancer in 2016 in the United States (U.S.) was estimated to more than 15.5 million
people [3]. The most prevalent cancer types in the U.S. in 2016 as reported from statistical data
were breast (3,560,570), uterine corpus (757,190), and colon and rectum (727,350) among females.
For males, the 3 common cancers were prostate (3,306,760), colon and rectum (724,690), and
melanoma (614,460) [3]. American Cancer Society projected that there will be 1,688,780 new
cancer cases diagnosed and 600,920 cancer deaths in the US in 2017 with common cancer types
being breast cancer, prostate cancer, colorectal cancer and lung cancer among others [4]. The
current standard kinds of cancer treatment include surgery, radiation therapy, chemotherapy,
immunotherapy, hormone therapy, targeted therapy, precision cancer medicine and stem cell
transplant [5]. Chemotherapy, the common strategy of cancer treatment, is the use of medicines to
kill cancer cells by arresting their growth [3]. Although an ideal situation would be to have
anticancer agents affecting only rapidly dividing cancerous cells, they also affect normal cells
especially those possessing high cell turnover such as bone marrow [6]. Cancer treatment is
therefore often accompanied by serious side effects such as anemia, thrombocytopenia [7],
peripheral neuropathy, central neurotoxicity [8] and loss of memory [9]. Chemotherapy-induced
liver injury (hepatotoxicity) has been identified as a significant cause of morbidity and mortality
in cancer [10]. Due to life-threatening toxic effects of chemotherapy [11] and narrow therapeutic
window [12], chemotherapeutic agents are often dose-limited and their detoxification by
metabolism is of utmost importance. Metabolism is a process by which a chemical structure of a
drug or xenobiotic is modified by cytochrome P450 (CYP) enzymes present in human tissues

mainly predominant in the intestinal barrier and liver [13]. Generally, metabolism occurs through
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two phases consisting of Phase | responsible for functionalization and Phase Il that executes
conjugation reactions on a molecule [6]. Most common Phase | reactions are oxidation, reduction
and hydrolysis catalyzed by oxidoreductases, reductases and hydrolases respectively [14, 15].
Glucuronidation is the major Phase Il conjugation in adults catalyzed by uridine 5'-diphospho-
glucuronosyltransferases (UGTs) and sulfate conjugation mainly important for neonates and
children is carried out by sulfotransferases. Other conjugation reactions include glutathione (GSH)
conjugation, amino acid conjugation, acetylation and methylation [16]. While Phase | reactions
introduce a polar functional group such as a hydroxyl (-OH), Phase Il adds a conjugative group
like D-glucuronic acid to the Phase | metabolites or parent molecule. This produces a very polar

molecule and in most cases, favors excretion of such a metabolite from the body (Figure 1.1) [17].

Given the deleterious consequences of cancer, patients affected tend to try alternatives to
allopathic medicine that could relief them from their illness [18]. In these cases, most cancer
patients use complementary and alternative medicine (CAM) together with their prescribed
chemotherapeutic agents [19]. According to National Center for Complementary and Integrative
Health (NCCIH), CAM can be defined as wide medical and health care systems, practices, and
products that are not presently considered to be part of conventional medicine. In details,
complementary medicine is used together with conventional medicine while alternative medicine
replaces a conventional medicine [20]. The most popular forms of CAM are herbal preparations
and botanical dietary supplements [21]. Herbal supplements (also called botanicals or
phytomedicines) are botanical products that contain herbs, either as single entities or in mixtures
and used to maintain or improve health. This can be a plant or part of a plant used for its scent,
flavor, and/or therapeutic properties [22]. As xenobiotics, dietary supplements containing a myriad
of compounds are also metabolized in the same way as conventional medicines and have potential

to cause botanical-drug interactions with anticancer agents in concomitant use [23].
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Fig. 1.1 Drug metabolism pathway [24].

1.2 Botanical dietary supplement use in the United States

According to 2008 CAM survey by the National Center for Complementary and Integrative
Health (NCCIH) and the National Center for Health Statistics, approximately 38% of adults and
12% of children in the US use herbal preparations or other natural supplements [25], however,
only one-third disclose this to their medical practitioner [26]. The recent CAM survey conducted
in 2012 reports 34% adults and about 12% of children using any kind of complementary health
approach. This study acknowledged that its CAM prevalence results are not fully informative and
may be misleading because the study did not take into consideration which complementary health
approaches are included in the definition of “any complementary health approach” [27].
Interestingly, Dima et al reported that the use of botanical dietary supplements specifically,
increased from 51.8% in 2005 to 63.7% in 2011 [28] while Christine et al stated that about 50%

of US adults use dietary supplements and 33% use multivitamin/multimineral supplements [29].
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Studies report that generally people use CAM for treating cancer symptoms and side-effects of
cancer treatment, preventing recurrence or spread of cancer [30], increasing the body’s immunity
to fight the disease, improving physical and emotional well-being [31] while others considered a
certain CAM therapy because it has been used in the past with success or they heard that it worked
for someone else, or they believed it was less harmful/more natural than conventional therapy. For
those with terminal diseases such as cancer also reported using CAM because they wanted to try
every option available [32]. The use of CAM is most common in patients with chronic diseases
(46.4% - 59.6%) than in other patients [33, 34] and nonvitamin, botanical dietary supplements
have always been the most popular form of CAM [35]. Current market status and projection to
2019 states that the herbal products manufacturing is increasingly becoming a multibillion dollar
industry [36].

Regulation of botanical dietary supplements in the US is not as strict as one for conventional
medicines [37]. While drugs are regulated by Food and Drug Administration (FDA) requiring their
well-documented and detailed safety and efficacy data from clinical trials, dietary supplements,
considered as “foods”, are instead regulated by 1994 Dietary Supplements Health Education Act
(DSHEA). In this act, manufacturers can distribute their products without proven safety and
efficacy although they should not link their product to a certain disease as such a claim would then
classify it as a drug. Due to complicated legal definition of what constitutes “specific disease-
linking to a particular product”, manufactures may, and of course they still make structure/function
claims without any safety and efficacy evidence [37]. This loose regulation of botanical dietary
supplements means their safety and efficacy may be compromised. In addition, the chemical
composition of these products in the market may vary significantly from one supplier to another.
Also, differences in content and potency may be obtained in different batches of the same product
from the same manufacturer [38]. However, the U.S. FDA released the current good manufacturing
practices (cGMP) for the dietary supplement industry in June 2007 requiring that the proper
controls be in place during manufacturing, packaging, labeling, and holding operations of botanical
dietary supplements [39].



1.2.1 Use of botanical dietary supplements among cancer patients

Cancer patients get much interest into the botanical dietary supplements as a measure to help
ease their illness [19]. While about 50% of the general population are presumed to be consuming
botanical dietary supplements, prevalence of these products ranges from 64% to 84% in cancer
patients [29, 40]. Specific cancer-related motivations behind using the dietary supplements include
relief of chemotherapy side effects and symptoms such anxiety and fatigue not addressed by their
conventional cancer therapy [41]. Substantial studies have reported use of dietary supplements
presumed to be alternative anticancer agents [42, 43]. Cancer patients use dietary supplements
more than the general US population. Cancer patients tend to use botanical dietary supplements
more frequently than patients with benign acute or chronic diseases [44]. Breast cancer followed
by colorectal cancer patients become the most predominant users of dietary supplements than
patients with other cancer types. The general perceptions of cancer recurrence and death have been
spotted as the main reasons due to vast reports of recurrence and high mortality rates in breast and
colorectal cancer incidences [45, 46]. Despite the lack of scientific evidence on safety and
effectiveness, significant use of botanical dietary supplements has been reported at all cancer
treatment phases comprising initial, continuing and end-stage phases [47]. The use of botanical
dietary supplements has also been reported in clinical trials resulting into inconsistent therapeutic
efficacy and safety of new investigational anticancer agents [48]. While 84% use of botanical
dietary supplements has been reported for breast cancer patients [40], 46% has been reported in
pediatric cancer [49], 43% in prostate cancer [50] and 35% in head and neck cancer [51]. Recent
studies report that generally 95% of cancer patients use botanical dietary supplements and 77% of

these do not disclose their use of botanical dietary supplements to the physicians [52].

1.2.2 Euterpe oleracea Mart. (acai)

Euterpe oleracea Mart. (agai) is a tropical palm tree originally from the Amazon belonging to
the Arecaceae family and species of Euterpe genus [53]. It has originally been found growing in
the lowland and in the flooded forest land of the Amazon River estuary, in the Brazilian estates of



Para, Maranhdo, Tocantins, Amapa. It is also found growing in Guyana South America and in
Venezuela [54, 55]. Acai berry is one of the most popular “super foods” and highly used globally.
Highest use of agai dietary supplements has been observed in the US, Europe, Japan, China and
Brazil [53] where attention to agai has been given to its potential health benefits, particularly
chemopreventive effects [56]. Found in different formulations, agai is widely sold in the
nutraceutical, cosmetic and pharmaceutical industries [53]. Acai fruits have mainly been prepared
as beverages and exported all over the world as an energy drink. Alarming increase in the use of
acai energy drink has been fueled by scientific studies reporting its anti-aging properties and the
presence of bioactive constituents [53, 57]. Due to high sales of agai supplements in both Brazil

and the international markets, it has been named a product of great economic importance [57].

Reports of chemical profiling of acai extracts using high performance liquid chromatography
coupled to ultra-violet visible spectroscopy (HPLC-UV) or mass spectrometry (HPLC-MS) and
nuclear magnetic resonance (NMR) have suggested approximately 31% of flavonoids, 23% of
phenolic constituents, 11% lignoids and 9% anthocyanins content. Other minor constituents
reported include fatty acids and quinones. The predominant polyphenolic components orientin,
isoorientin, vanillic acid and anthocyanins cyanidin-3-glucoside and cyanidin-3-rutinoside have
also been reported [53, 58]. Moreover, the predominant phenolic acids have been reported by Del
Pozo-Insfran et al. as ferulic acid, p-hydroxybenzoic acid, gallic acid, protocatechuic acid, ellagic
acid and its glycoside, vanillic acid and p-coumaric acid [59]. Studies have also reported
predominantly anthocyanins in acai berry which are glycosides of anthocyanidins responsible for
the purple agai color [60, 61].

Documented in vitro pharmacological screening assays of agai berry extracts have reported
antioxidant, anti-inflammatory and anti-proliferative activities [62, 63]. The antioxidant activity
of the agai berry has shown positive results from different biological assays reported in the
literature including the 2,2-diphenyl-1-picrylhydrazyl (DPPH) radical scavenging assay, total
oxidant scavenging capacity (TOSC) assay, peroxyl and hydroxyl radical scavenging, trolox

equivalent antioxidant capacity (TEAC) and inhibition of oxidation of liposomes [56, 63-65]. The



antioxidant activity has been linked to seven flavonoids (orientin, homoorientin, vitexin, luteolin,
chrysoeriol, quercetin, and dihydrokaempferol) [64, 66] and anthocyanins [58]. Dihydroconiferyl
alcohol, protocatechuic methyl ester, chrysoeriol, and dihydrokaempferol have also been stated to
have the antioxidant effects from the hydroxyl radical-scavenging assay [67]. Velutin has also
been reported to have displayed antioxidant activity in oxygen radial absorbance capacity (ORAC)
assay and anti-inflammatory effects in embryonic alkaline phosphatase (SEAP) reporter assay
designed to measure NF-xB activation [68]. The NF-kB family of transcription factors, essential
for inflammation and innate immunity, plays a crucial role in many steps of cancer initiation and

progression interferons [69].

Cytoprotection and responsible constituents from agai extracts have also been reported [67].
Cytoprotective agents that have been reported from identification by bioactivity-guided
fractionation of acai extracts include dihydroconiferyl alcohol, (+)-lariciresinol, (+)-pinoresinol,
(+)-syringaresinol, and protocatechuic acid methyl ester. After isolation, these constituents are
reported to have displayed significant cytoprotective activity in cultured MCF-7 breast cancer cells
exposed to H2O.. In the same study, protocatechuic acid methyl ester was identified as the most
cytoprotective agent [67]. Hu et al recently isolated 3 new glucosides; (-)-7R8S-7',8'-dihydroxy-
dihydrodehydroconiferyl alcohol-9-O-B-D-glucopyranoside, (+)-7S8R-7',8'-dihydroxy-
dihydrodehydroconiferyl alcohol-9-O-p-D-glucopyranoside and 4-hydroxy-2-methoxyphenyl 1-
O-[6-(hydrogen 3-hydroxy-3-methylpentanedioate)]-p-D-glucopyranoside and demonstrated their
antioxidant and cytoprotective activities on myelomonocytic HL-60 cells suggesting activity
against blood cancer (leukemia) [70]. In the animal models Romualdo et al discovered the
cytoprotective effects of agai berry in mice injected with colorectal carcinogen azoxymethane
suggesting potential activity in colorectal cancer [71]. The literature also states that the agai berry
has shown relief of chemotherapy side effects in the case of antitumoral agent doxorubicin-induced
genototoxicity in the study conducted on wistar rats. In that study, agai berry exhibited inhibition
of genotoxicity when given together with doxorubicin and when given for 14 days before
doxorubicin administration in mice [72]. Other scientific studies report the antitumor effects



exhibited by acai berry by inhibiting the transitional cell carcinoma development as seen in a study

with male Swiss mice [71].

In cell culture assays, agai berry was reported to have shown promising activity against age-
related neurodegenerative diseases by demonstrating antioxidant and anti-inflammatory activities
in the cerebral cortex, hippocampus and cerebellum of rats exposed to the oxidant hydrogen
peroxide (H202) [73]. In other studies, inflammation was shown to increase oxidative
deoxyribonucleic acid (DNA) damage in brain cancer [74]. Further activity against brain cancer
has been found from anthocyanin-rich extract of agai berry in C-6 rat brain glioma cells. This
extract also showed antiproliferative effects against MDA-468 human breast cancer cells
according to Hogan et al. [75]. The antitumorigenic potential of the agai berry hydroalcoholic
extracts was also demonstrated in human breast cancer MCF-7 cell line [76]. Kang et al also states
that the cell-based antioxidant protection (CAP-e) assay confirmed that luteolin, quercetin and
dihydrokaempferol could efficiently enter the cytosol and inhibit reactive oxygen species (ROS)

formation within the cell [68].

In clinical studies, 6 weeks’ consumption of agai berry-based juice blend was reported to
increase the total antioxidant capacity of plasma and attenuation of the exercise-induced muscle
damage [77]. In a randomized, double-blind, placebo-controlled, crossover study with human
healthy subjects by Jensen et al., administered an anthocyanin-rich agai berry juice led to
significant and rapid increase in antioxidant activity of serum and increased cellular protection
from reactive oxygen species was confirmed by using the cell-based antioxidant protection in
erythrocytes (CAP-e) assay as reported [78]. Another study demonstrated the absorption and
increased plasma antioxidant activity of acai berry and its juice in human healthy volunteers [79].
In general, while the preclinical studies and animal models reported cytoprotective [67, 71],
antitumor [71], antioxidant [64, 70] and anti-inflammatory activities [63, 73] for acai berry, only
antioxidant activity has been proven in humans [78, 79] so far based on the extensive literature
search done in this study.



These various scientific claims of agai’s potential clinical benefit for cancer patients and the
observed antioxidant activity from clinical studies [77-79] most likely contribute to the increased
use of acai dietary supplements by cancer patients to complement their conventional

chemotherapeutic medicines.

1.2.3 Lepidium meyenii Walpers (maca)

Lepidium meyenii Walpers (maca) is a cruciferous plant that belongs to the Brassicaceae family
and Lepidium genus [80]. Maca is a biennial herbaceous vegetable native to the Andes of Peru
[81]. Maca, cultivated as a starch crop, was traditionally grown for food by the Pumpush, Yaros,
and Ayarmaca Indians. In Huancayo, Peru, maca jam and pudding are popular, and maca is often
made into a sweet, fragrant, fermented drink called maca chichi [82]. Wide formulations of
commercial maca products including juices, soft drinks, pills, capsules, cocktails, alcoholic
beverages and maca coffee have gained popularity as dietary supplements across the world and
used for medicinal and nutritional purposes [82, 83]. Maca dietary supplements are sold in web
markets and drug stores and their highest consumption has been reported in South America,
including Peru. These dietary supplements are derived from the processed tuberous root of L.
meyenii and are rich in protein, starches, sugars, and essential minerals, mainly iodine and iron
[84]. Maca is reported to have been used in traditional medicine for various medical conditions

such as to cure or relieve cancer, as well as to combat leukemia and anemia [80].

In general, from reported chemical fingerprinting studies, maca is composed of sterols [85],
glucosinolates [86], fatty acids, amino acids and several secondary metabolites [87]. Dry maca
hypocotyls are reported to be composed of primary metabolites of approximately 10-16% protein,
59% carbohydrates, 8.5% fiber, 2.2% lipids and free fatty acids of which saturated fatty acids
constitutes 40.1% and unsaturated fatty acids account for 52.7% [85, 88, 89]. Reports also show
that maca is rich in essential amino acids of which major are phenylalanine, tyrosine, and
tryptophan. Important minerals reported in maca include iron, calcium, potassium, copper, and
zinc [88].



The major secondary metabolites of maca can be classified into glucosinolates, alkaloids and
macamides as reported in the literature [89]. The secondary metabolites macaridine, macaene,
macamides, and maca alkaloids have only been reported from L. meyenii [87, 89]. Furthermore,
the two main glucosinolates, glucotropeolin and m-methoxybenzylglucosinolate are considered
chemotaxonomic markers in maca due to their absence in other members of the Brassicaceae
family [90]. Three marker alkaloids have also been isolated from maca tuber extracts. These are
the two imidazole derivatives (lepidiline A and lepidiline B) [91] and one benzylated derivative of
1,2-dihydro-N-hydroxypyridine named macaridine [82]. The main macamides in maca have been
identified in numerous studies as n-benzylhexadecanamide, n-benzyl-(92)-octadecenamide, n-
benzyl-(9Z, 12Z)-octadecadienamide, n-benzyl-(9Z, 12Z, 15Z) octadecatrienamide and n-
benzyloctadecanamide [92, 93]. Macamides and macaenes are typical markers of L. meyenii being

the novel polyunsaturated fatty acids and their amides which are not found in other plants [93].

Maca has reported anti-proliferative activities linked to its potential anticancer effects [86]
through the proposed mechanisms from pharmacological studies that include scavenging of free
radicals resulting in cytoprotection under oxidative stress conditions [94]. This has been
demonstrated in several studies by maca extracts scavenging reactive oxygen and nitrogen species
(ROS/RNS) (superoxide, hydroxyl, peroxyl, hydrogen peroxide (H20.) and peroxynitrite) [81,
94]. The antioxidant activities of maca have also been demonstrated in the in vitro 1,1-diphenyl-
2-picrylhydrazyl (DPPH) radical inhibition by maca methanolic extract [94] and its cytoprotection
was obtained using macrophages (RAW 264.7) treated with peroxynitrite or H202 in a study by
another Sandoval et al [81]. Maca polysaccharides isolated from aqueous extract have also been
reported with high antioxidant activity shown by free radical scavenging [95].

Most phytosterols extracted from maca [85, 89] have been reported to exhibit anticancer,
antioxidant and anti-inflammatory activities. For instance, literature states that the 1,3-
dibenzylimidazolium chloride derivatives of lepidiline A and lepidiline B have been patented for

treatment of cancer [96]. Isothiocyanates and their precursors, glucosinolates have shown
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significant chemopreventive effects according to the documented data [97]. Benzyl isocyanate, a
known maca glucosinolate metabolite [87], is said to have exhibited cancer chemopreventive
activity by inhibiting major microsome-mediated benzo[a]pyrene (BP)-DNA adducts [98].
Furthermore, reports show that a known flavonolignan with anticancer properties, tricin [99], and
its derivative, tricin 4'-O-[threo-B-guaiacyl-(7"-O-methyl)-glyceryl] ether were isolated and
identified in maca root extract and exhibited cytotoxicity specific to human promyelocytic
leukemia (HL-60) cell lines with the half maximal (50%) inhibitory concentration (ICso) values of
40.4 and 52.1 uM, respectively.  This tricin derivative and lepidiline B also showed anti-
inflammatory activities in LPS-treated RAW 264.7 macrophages by inhibiting nitrite production
[100]. Studies show that inflammation plays a critical role in oncogenesis enhancing tumor
initiation and promoting tumor progression due to its ability to release a variety of cytokines,
chemokines, and cytotoxic mediators such as reactive oxygen species (ROS), metalloproteinases,
interleukins, and interferons [69, 101]. Animal studies with the hydroalcoholic or aqueous extract
of red maca containing 0.1 mg of benzylglucosinolate report reduction of a prostate size in male

rats where prostatic hyperplasia had been induced by testosterone enanthate [86].

Maca is probably getting more attention in the society among the cancer patients due to these
vast biological activities related to cancer in the literature [81, 102]. However, the cytotoxic,
antioxidant and anti-inflammatory effects reported from the in vitro and animal studies have not

yet been confirmed in humans.

1.3 Botanical-drug pharmacokinetic interactions

Since most cancer patients combine their conventional therapy with botanical dietary
supplements [40], these are capable of interfering with the metabolism of concurrently used drugs,
leading to unpredictable therapeutic outcome [19]. As the main metabolizing enzyme, CYP3A4 is
a key enzyme in biotransformation of most chemotherapeutics [12]. Botanical constituents can

interact with medicines either through CYP3A4 inhibition or induction [103]. Pharmacokinetic
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interactions result mainly from changes in metabolism since most chemotherapeutics are
administered intravenously making interactions at the intestinal absorption site infrequent [12].
Changes in metabolism directly affects excretion of the affected drug, resulting in subtherapeutic
or toxic levels of the chemotherapeutic agent [38]. In the case of anticancer drugs, with their
usually narrow therapeutic window, the metabolic interactions are more critical and may cause
clinically unacceptable toxicities or decreased therapeutic effects [12, 19]. It is also worth noting
that generally chemotherapeutics are dose-limited due to high off-site toxicity [11] and of course
a decrease in their metabolic clearance may be lethal since this would increase their tissue

concentrations [104].

In observation of the increasing risk of drug-botanical interactions, NCCIH presently stresses
the importance of evaluating the safety and efficacy of widely used botanical dietary supplements
[37]. Interactions between botanical dietary supplements and anticancer agents are currently
underexplored and less well documented. A¢ai and maca are among the most common botanical
dietary supplements but with no reported drug interaction studies [105]. St. John’s Wort (SJW)
(Hypericum perforatum L.) is one of the few reported clinically interacting botanical dietary
supplement. Having demonstrated a mild antidepressant activity, SJW however showed CYP3A4
inhibition after short-term exposure and induction after long-term exposure. Furthermore, clinical
studies revealed that SJW interacts with anticancer agents which are CYP3A4 substrates, notably
irinotecan, imatinib, and docetaxel. Due to CYP3A4 induction, subtherapeutic low blood levels of
these agents were reported in concomitant administration with SJW [103, 106]. Aesculetin and
aescin have also been identified as CYP3A4 inhibitors from horse chestnut (Aesculus
hippocastanum L.) seed extract with reported 1Csg values of 12.1 uM and 6.18 uM, respectively
[107]. Black cohosh (Actaea racemosa L.) has been reported as the strong inhibitor of both
CYP450 and carboxyesterase mediated biotransformation of tamoxifen and irinotecan,
respectively, to their active metabolites posing a risk of cancer treatment failure [108]. Ginger
(Zingiber officinale) root extract has also inhibited both tamoxifen CYP-mediated pathway and
the irinotecan carboxyesterase-mediated pathway in the same study [108]. Other botanical dietary

supplements with potential pharmacokinetic interactions with anticancer drugs by modulation of
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CYP 450 metabolic enzymes according to the literature are garlic (Allium sativum L.), ginkgo
(Ginkgo biloba L.), green tea (Camellia sinensis (L.) Kuntze), echinacea (Echinacea purpurea (L.)
Moench), and kava (Piper methysticum G. Forst.) [109, 110].

1.3.1 Importance of determination of intestinal absorption of botanical constituents

It has been reported that more than 100,000 deaths per year in the United States may be caused
by botanical-drug interactions [111]. While many studies have been conducted to predict
botanical-drug interactions, omission of absorption determination of botanicals in the preclinical
studies has been spotted as the main cause of discrepancy between preclinical interaction data and
clinical details [105]. One of the prominent examples is with milk thistle (Silybum marianum (L.)
Gaertn.) and ginseng (Panax ginseng C.A. Mey.) that showed predominant CYP3A4 inhibition in
vitro. These botanical dietary supplements, however, did not cause significant pharmacokinetic
interactions in clinical studies these CAM with midazolam, irinotecan, docetaxel or imatinib. A
crucial factor attributed to this discrepancy was lack of bioavailability studies [103]. Determination
of the intestinal permeability properties of drug candidates is recently becoming key in
characterization studies performed during the lead selection and lead optimization [112] and this
strategy can be effectively utilized in early stage prediction of drug-botanical interactions. The
European Medicines Agency (EMA) recommends that clinically relevant interaction can only be

claimed after factors and mechanisms related to a test compound’s absorption are cleared [113].

Parallel artificial membrane permeability assay (PAMPA) and Caco-2 cells are the most
frequently used in vitro models to assess intestinal permeability of constituents in the botanical
dietary supplements [112]. The major absorption mechanism for medicines in the market is passive
diffusion. Passive absorption occurs most commonly through the cell membrane of enterocytes
(transcellular route) or via the tight junctions between the enterocytes (paracellular route) for the
very small compounds often less than 200 Da [112]. PAMPA is a robust method to predict the
transcellular passive absorption through a biological membrane that mimics gastrointestinal tract

[114]. Effective permeability values calculated from PAMPA results have been reported to
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correlate well with the in vivo absorption data. Having been validated with known medicines in
the market, 30% fraction absorbable calculated by using effective permeability (P.) equation is
considered an acceptable starting point for predicting absorption in many drug discovery studies
and it is also used to rank absorption extent of plant constituents in PAMPA [115]. PAMPA serves
as a very useful tool for primary permeability screening during early bioavailability screening of

natural products because of its high throughput capability [114].

Identification of bioavailable components of dietary supplements in the preclinical studies will
most likely predict botanical dietary supplements and constituents that have a potential to cause

pharmacokinetic interactions in the clinical studies.

1.3.2 Relevance of Phase | and Phase Il metabolism of botanical constituents

For an in vitro system to have the best potential to predict in vivo botanical-drug interactions,
the system should achieve in vivo-relevant intracellular concentrations of both the botanical
constituents and their metabolites [116]. This is because the botanical-drug interactions may not
only be caused by the original molecule but also by a metabolite of such a molecule [117].
Metabolism of a botanical constituent may generate metabolites with physicochemical and
pharmacological properties that differ from those of the original constituent and therefore having
impact on safety and efficacy [118]. Phase I biotransformations are mainly carried out by CYP
enzymes and most common reactions are oxidation, reduction and hydrolysis [119]. Oxidation is
the major Phase I reaction achieved by utilization of a cofactor nicotinamide adenine dinucleotide
phosphate (NADPH) [14, 120]. Types of Phase | oxidation transformations may include aliphatic
hydroxylation, aromatic hydroxylation, N-dealkylation, O-dealkylation, epoxidation, S-oxidation
and N-oxidation [13]. Phase II reactions which are generally conjugations, are conducted by
uridine  5'-diphospho-glucuronosyltransferases (UGTs). Main Phase 1l conjugation is
glucuronidation via the cofactor uridine 5'-diphospho-glucuronic acid (UDPGA) [121].
Glucuronidation involves the transfer of glucuronic acid from UDPGA to wide structurally

unrelated substrates possessing hydroxyl, carboxyl, amino or sulfhydryl groups, converting them
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to water-soluble glucuronides [122]. Since metabolism generally results in the production of a
more polar derivative that favours excretion, enterohepatic circulation plays a key role in its
continued effects on CYP enzymes and extended exposure of the patient to such a toxic metabolite
[11, 117]. Also, if a toxic botanical constituent is modified by Phase I and/or Phase II metabolism
especially at absorption site, the bioavailability and effects on CYP enzymes may be significantly

decreased [105].

1.3.3 CYP3A4 metabolic enzyme and significance in botanical-drug interactions

CYP3A4 is the most abundantly expressed cytochrome P450 isoform in the human liver and
intestinal mucosa [123]. It comprises about 60% of total CYP enzymes [120, 124]. Due to its
feature of structurally diverse substrates, CYP3A4 is responsible for the metabolism of
approximately 70% of all drugs in the market [125] and it therefore plays a key role in both drug-
drug and botanical-drug interactions because it can also be inhibited and induced by a wide range
of structurally different compounds [13]. As the main metabolizing enzyme, CYP3A4 is a key
enzyme in biotransformation of most chemotherapeutics. Drug interaction can occur through
CYP3A4 inhibition resulting into increased systemic availability of the anticancer drug or
CYP3A4 induction leading to decreased blood concentration of the anticancer drug [12]. The
logarithmic concentrations are said to be of immense importance for evaluation of safety and
efficacy. These include 1Csg determination that should be done at different concentrations of the
inhibiting agent in the case of CYP3A4 inhibition [126]. Due to narrow therapeutic window of
most chemotherapeutic agents and inherent toxicity [12], any disturbance on their metabolism
poses a danger of significant metabolic interaction. Studies have shown that botanical dietary
supplements consist of multiple constituents which can alter drug disposition by multiple
mechanisms [103] and indeed clinically relevant pharmacokinetic interactions have been reported

between several botanical dietary supplements and anticancer agents [103, 106, 108].
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1.7 Project rationale

The concomitant use of botanical dietary supplements and anticancer drugs is significantly
high in cancer patients. Agai berry and maca root are some of the most common botanical dietary
supplements among cancer patients in the US due to scientific claims indicating their biological
activity against cancer. CYP3A4 is the main metabolizing enzyme for chemotherapeutics.
However, with its wide substrate spectrum, CYP3A4 can also be inhibited and induced by
structurally diverse compounds. The botanical dietary supplements, having a complex mixture of
different classes of natural constituents, contain CYP3A4 substrates, inhibitors and inducers. The
inhibition or induction of CYP3A4 in the presence of an anticancer agent causes a deep concern
due to their narrow therapeutic window and inherent off-site toxicity. The inhibition of CYP3A4
therefore increases anticancer drug blood concentration and half-life exposing a patient to toxic
levels of the anticancer drug for longer times. Chemotherapy-induced toxicity is a significant cause
of mortality and morbidity in cancer. Preclinical studies are therefore required to predict
pharmacokinetic interactions. However, the in vitro studies omitting bioavailability of botanical
constituents have shown poorer prediction of pharmacokinetic interactions seen by lack of

correlation with the in vivo data.

In this work, incorporation of intestinal absorption studies in the prediction of pharmacokinetic
interactions by CYP3A4 inhibition has been established. This is achieved by screening acai berry
and maca root constituents for intestinal passive absorption and then evaluating only absorbed
constituents in the CYP3A4 inhibition studies. Thus, the rationale of this study is to establish a
reliable clinically-relevant strategy for better prediction of botanical-drug pharmacokinetic
interactions by CYP3A4 inhibition. As a result, by reducing the discrepancy between preclinical
and clinical drug-botanical dietary supplements interaction data, this strategy sets a way to avoid

unnecessary clinical trials.
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1.8 Research objectives

The aim of this research is to establish an LC-MS-based strategy for clinically-relevant
prediction of botanical-drug pharmacokinetic interactions by CYP3A4 inhibition using agai berry

and maca plant extracts. The specific goals of this research are:

1. Evaluation of agai berry and maca root extracts in parallel artificial membrane permeability
assay (PAMPA) to determine intestinal transcellular passive absorption profile of the chemical

constituents.

2. Evaluation of bioavailable agai berry and maca root constituents in CYP3A4 interference
studies to determine potential for CYP3A4 inhibition.

3. Evaluation of agai berry and maca root extracts in Phase | & Il metabolism bioassays to
determine metabolites and further evaluation of metabolites for CYP3A4 inhibition.

4. Structural elucidation of Phase | & Il metabolites from agai berry and maca root extracts.
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Chapter 2: Establishment and optimization of the LC-MS-based strategy for screening of
passively absorbed plant extract constituents for CYP3A4 inhibition

2.1 Introduction

As EMA recommends that clinically relevant interaction can only be claimed after factors and
mechanisms related to a bioactive plant constituent or compound’s absorption are cleared [113],
botanical-drug interactions in concomitant use of anticancer drugs and agai and maca dietary
supplements can be reliably predicted after identifying bioavailable constituents from the extracts
of these plants. LC-MS has proved great usefulness in prediction of botanical-drug
pharmacokinetic interactions especially in CYP3A4 inhibition studies [127-129]. The well-
established metabolic interaction studies through CYP3A4 activity modification have shown that
a probe substrate should be used as a “victim” drug [130]. In these studies, mass spectrometry was
used to measure the extent of inhibition displayed by the plant extracts or pure natural product
compounds by monitoring a metabolite of a probe substrate specific to CYP3A4 enzyme [125,
131]. The use of a probe substrate at the concentration around its Km (substrate concentration at
half the maximum velocity) has been demonstrated a standard method for drug-interaction studies
practiced in the pharmaceutical industry [131-133]. Further, metabolic inhibition studies resemble
the in vivo pharmacokinetic interactions more closely if human liver microsomes (HLMs),
expressing a mixture of different metabolizing enzymes are used. More precisely, HLMs are not
only preferred for CYP inhibition studies over hepatocytes but also accepted for regulatory in vitro

drug interaction studies used by pharmaceutical companies [134].

In the current research, LC-MS-based PAMPA studies are used to identify acai berry and maca
root constituents that are absorbable via transcellular passive absorption across the lipid membrane
mimicking the human gastrointestinal barrier. The absorbed sample is then screened for CYP3A4
inhibition utilizing HLMs.
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2.2 Materials and methods
2.2.1 Chemicals

All solvents used were HPLC and LC-MS grade and were purchase from Thermo Fisher
Scientific (Atlanta, GA). LC-MS grade formic acid, KH2POs4, Na:HPO4, MgCly, EDTA,
midazolam, ketoconazole, B-estradiol, zidovudine, 1-naphthol, testosterone, D-saccharolactone,
alamethicin, sulfasalazine, amiloride, caffeine, NADPH and UDPGA were purchased from Sigma-
Aldrich (Allentown, PA). A standard 1’-hydroxymidazolam and the internal standard [**C3] 1°-
hydroxymidazolam were bought from Sigma-Aldrich (Allentown, PA) and Corning Life Sciences
(Tewksbury MA) respectively. All standards purchased from Sigma-Aldrich and and Corning Life
Sciences had no less than 98% purity, as analyzed by HPLC. Deionized water was purified by a
Milli-Q reagent water system (Millipore, MA). All buffers and media used for the assays were
prepared using LC-MS grade water (Thermo Fisher Scientific, Atlanta, GA). PAMPA plates were
bought from Corning® Gentest™ (Tewksbury MA). Human liver microsomes for CYP3A4
inhibition and Phase | assays (HMMC-PL) were sourced from Thermo Fischer Scientific (Atlanta,
GA) while those for Phase Il metabolism assays were purchased from Sekisui XenoTech, LLC
(H0610) (Kansas City, KS).
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2.2.1.1 Identity of the plant materials

The samples of agai (lot 20569) and maca (lot 21780) plant materials were supplied by

Mountain Rose Herbs (Eugene, OR). These plant materials were authenticated as follows:

1. Acai
Title Acgai Berry powder
Plant part Fruit

Sample description

~78g in a zip locked bag

Form of botanical

Crude plant powder

Appearance Brown fine powder

Lot (20569) __, Lanes 4(3ul), 5(3ul)
Sample AAV16113MRH1_1

Latin name Euterpe oleracea

Supplier Mountain Rose Herbs

Reference sample

Lane 2(3ul) (AAV7509MRH) (Fruit); Lane
3(3ul) (AAV33808ACAI) (Fruit); Lanes
6(4ul), 7(2ul) (AAV22609NOW) (Skin and
pulp) Euterpe oleracea; authenticated by
macroscopic, microscopic &/or TLC studies
according to the reference source cited below,
held at Alkemist Labs, Costa Mesa, CA

Reference source

Method developed by Alkemists Laboratories
SOP-700-0001-R3

Analyst

JN, ML, RT 35724

Sample prep:

0.3g+3mL CHsOH sonicate/heat @ ~50 °C
~1/2 hr.

Stationary phase:

Silica gel 60, F2s4, 10 x 10 cm HPTLC plates

Mobile phase:

Acetone: toluene: HCOOH [5/4/1]
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Detection:

(1) UV 365 nm
(2) 10% Ethanolic H2SOs —» 115 °C
15min — UV 365nm

Reference standard

Lanes 1(3ul) and 8(3pul) L-ascorbic acid
(10930EE, Sigma-Aldrich, ~0.1% in CH3OH

Comments and conclusions

Yellow line = sample origin @ 10 mm, red
line = solvent front @ 70 mm. Lanes 4, 5 are
test sample Acai Berry Powder (20569).
Lanes 2, 3, 6, 7 are the authenticated reference
samples used for comparison.

This test sample, Acai Berry Powder (20569),
is consistent with the chromatographic profile
of the reference samples of Euterpe oleracea,
used above. This test sample, Acai Berry
Powder (20569) has characteristics of Euterpe

oleracea fruit.

Note:

The above conclusion may be a function of
the natural variance found in botanicals. The
growing and drying conditions, age, seasonal
variations etc. all play a role in the
phytochemical fingerprint of botanicals and

variations are expected.

Examined, reviewed & authorized by:

Elan Sudberg, CEO, Alkemist Labs

Work performed at:

Alkemist Labs

1260 Logan Ave B2
Costa Mesa, CA 92626
714-754-4372
714-668-9972 (Fax)

Email; sales@alkemist.com
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2. Maca
Title Maca powder
Plant part Root

Sample description

Clear reclosable plastic bag

Form of botanical

Crude plant powder

Appearance Sand-colored powder

Lot 21780

Sample GC35614MRH1 1

Latin name Lepidium meyenii Walp. [Brassicaceae]
Supplier Mountain Rose Herbs

Reference sample

GC33208NI11; GC3803MP Lepidium meyenii
Walp. [Brassicaceae] authenticated by
macroscopic, microscopic &/or TLC studies
held at Alkemist Labs, Costa Mesa, CA

Reference source

Internal reference sample
SOP-1000-0001-R1

USP-PF, Vol. 27(2) (Mar.-Apr. 2001);
Official methods of analysis of AOAC. 16™
Ed.

Analyst

E. Sudberg

Magnification

400X

Chemical reagents

Acidified chloral hydrate glycerol solution

Sample findings

(2) oval and irregular starch granules

(3) long narrow scalariform treachery vessels
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Comments and conclusions

The sample is representative of Lepidium
meyenii Walp. [Brassicaceae] root based on
reference samples and the consistent
characteristic cellular structure of a root. The
characteristic cellular structures identified in
this sample are the oval and irregular starch
granules seen in monograph (2) and long
narrow scalariform treachery vessels seen in
monograph (3).

The test sample, maca powder (21780), is
consistent with the microscopic characteristics
of the reference samples of Lepidium meyenii
Walp. [Brassicaceae] used above & is
characteristic of Lepidium meyenii Walp.

[Brassicaceae] root.

Note: The presence of soluble excipients and other
plant species material was not detected in this
test sample.

Analyzed by: Elan M Sudberg

Examined, reviewed & authorized by:

Sidney Sudberg, Director, Alkemist Labs

Work performed at:

Alkemist Labs

1260 Logan Ave B2
Costa Mesa, CA 92626
714-754-4372
714-668-9972 (Fax)

Email; sales@alkemist.com

Web Site: www.alkemist.com

Report date

01/12/15
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2.2.1.2 Acai and maca plant standard compounds

The well HPLC-analyzed acai standard anthocyanins, cyanidin-3-O-glucoside (> 96%),
cyanidin-3-O-rutinoside (> 96%), cyanidin-3-O-sambubioside (> 95%), pelargonidin-3-O-
glucoside (> 95%) and pelargonidin-3-O-rutinoside (> 90%), were purchased from Indofine
Chemical Company, Inc. (Hillsborough, NJ). Other acai standard compounds, quercetin-3-O-
rutinoside (> 95%, HPLC), quercetin-3-glucoside (> 98%, HPLC) and isovitexin (> 98%, HPLC)
were sourced from Sigma-Aldrich (St. Louis, MO) while orientin (neat, HPLC), homoorientin
(95.7%, HPLC), quercetin (93.4%, HPLC), protocatechuic acid (neat, HPLC), catechin (99.6,
HPLC), chrysoeriol (neat, HPLC), vitexin (99.3%, HPLC), gallic acid (96%, HPLC), syringic acid,
(93.9%), taxifolin (99.9%), vanillic acid (neat, HPLC), ferulic acid (96.8%, HPLC) were
purchased from ChromaDeX, Inc. (Irvine, CA) and catechol (> 95%, HPLC) from Extrasynthese
(Genay, France).

Maca standard macamides, N-benzylhexadecanamide (> 98%, HPLC), and N-(8Z-
Heptadecen-1-yl)-O-(3-pyridylmethyl) carbamate (> 98%, HPLC) were purchased from Cayman
Chemical Company (Ann Arbor, MI 48108, USA) and amino acids L-phenylalanine (> 99%,
HPLC), L-tryptophan (> 98%, HPLC) and L-tyrosine (> 98%, HPLC) from Sigma-Aldrich (St.
Louis, MO).

2.2.2 Plant extracts preparation

Dichloromethane (DCM), methanol and acidic-methanol extracts were prepared for acgai and

maca plant materials. To enhance efficient extraction, the extract: solvent ratio of 1.5 was selected.
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2.2.2.1 Acai plant extracts
2.2.2.1.1 Dichloromethane and methanol extracts

To analyze the fatty acids, a sample of acai plant material powder (50.0 g average dry wt.) was
weighed and sonicated in a Bransonic Model 2510 ultrasonic bath (VWR International, Atlanta,
GA) with DCM (250 mL) at 25 °C for 40 min with temperature monitoring at 0, 10, 20, 30 and 40
min to avoid overheating where water in the ultrasonic bath was replaced with fresh deionized
water if temperatures reached about 40 °C. The sample was put into different 50 mL polypropylene
centrifuge tubes in volumes of 30 mL and centrifuged at 4000 rpm for 20 min in Beckmann Coulter
Allegra® 6 Series centrifuge (Beckman Coulter, Inc., Brea CA) at 4 °C. The produced supernatant
was decanted into one 250 mL Erlenmeyer flask and the DCM soluble portion filtered through 0.2
pm PTFE membrane filters (VWR International, Atlanta, GA). The filtrate was transferred into a
1 L round bottom flask (Yamato Scientific America Inc, Orangeburg, NY) and dried under
monitored high vacuum (850 mbar) at 40 °C using a Biichi rotavapor R-210 equipped with Biichi
recirculating chiller B-740 and Bichi vacuum pump V-700 (VWR International, Atlanta, GA).
Three times extraction with DCM was done.

The generated residue was further extracted by sonication with methanol for three times (250
mL x 3) under similar experimental conditions listed above to extract polyphenols. The methanol
soluble portions were then filtered and dried under high vacuum (295 mbar) at 40 °C.

2.2.2.1.2 Acidic methanol extracts

Following the same procedure as above, to extract anthocyanins, a sample of agai plant material
powder (30.0 g average dry wt.) was accurately weighed and extracted with 150 mL of acidic
methanol: water (70:30, 0.1% hydrochloric acid v/v). The acidic methanol portions were dried
under monitored high vacuum (300 mbar down to 72 mbar as methanol evaporates and leaves only
the water content) at 40°C.

25



2.2.2.2 Maca plant extracts
2.2.2.2.1 Dichloromethane and methanol extracts

To extract macamides, the maca plant material powder (50 g average wt.) was accurately
weighed and extracted with 250 mL of DCM following the procedure used for acai. The DCM
soluble portions were dried under high vacuum (850 mbar) at 40 °C. In extraction of maca phenolic
constituents, the generated residue was further extracted by sonication with methanol for three
times (250 mL x 3) under similar experimental conditions. The methanol soluble portions were
dried under high vacuum (245 mbar) at 40 °C.

2.2.2.1.2 Acidic methanol extracts

To extract glucosinolates, maca plant material powder (30.0 g average dry wt) was weighed
accurately and extracted with 150 mL of acidic methanol: water (70:30, 0.1% hydrochloric acid
v/v) following the similar described procedure. The acidic methanol portions were dried under
monitored high vacuum (300 mbar down to 72 mbar as methanol evaporates and leaves only the

water content) at 40°C.

All acai and maca samples from the rotavapor, enclosed with the supremium aluminum foil
(VWR International, Atlanta, GA) were transferred to 20 mL disposable scintillation vials and
subjected to the nitrogen evaporator (Organomation Associates, Inc., Berlin, MA) at 25 psi.
Samples from the nitrogen evaporator were further treated under a lyophilizer (DOTmed, New
York, NY) to produce sufficiently dried final extracts.

2.2.3 Chemical fingerprinting and profiling of agai and maca plant extracts

An Agilent 6520 Q-TOF mass spectrometer equipped with a 1220 rapid resolution liquid
chromatography (RRLC) system (Agilent Technologies, Little Falls, DE) and electrospray ion
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(ESI) source was used for fingerprinting and mass profiling of acai and maca plant samples. To
prepare samples for LC-MS analyses, dried DCM and methanol acai extracts were both weighed
separately to 10 mg and reconstituted in 1 mL of methanol-water (80:20 v/v) while acidic-
methanol extract was reconstituted in methanol and water (70:30, 0.1% formic acid v/v) to the
same concentration. Similarly, dried DCM and methanol maca extracts were both reconstituted in
methanol-water (80:20 v/v) to 10 mg/ml. The dried acidic-methanol maca extract was instead
reconstituted in acetonitrile: water (75:35, 0.1% formic acid v/v) to the same concentration. All
samples were filtered through 0.2 um PTFE membrane filters (VWR International, Atlanta, GA)

into the autosampler vials prior to LC-MS analyses.

All extracts except for acidic methanol of maca were analyzed on a 4.6 x 100 mm, 3.5 um
ZORBAX Eclipse Plus C18 column (Agilent Technologies, New Castle, DE). Acidic methanol
maca extract, on the other hand, was analyzed on a Waters Xbridge Amide 3.5 pm, 3.0 mm x 100
mm column (Waters Corporation, Milford, MA). The flow rate was set at 0.4 mL/min and the
sample injection volume at 5 pL while the acquisition rate was 1.41 scan/s with the complete mass
scanning range from m/z 100-1000. The MS conditions were optimized with a negative and
positive ion ESI-MS analysis performed with a capillary voltage of 3200 V; drying gas temperature
350°C; fragmentor voltage 175 V and skimmer 65 V. Nitrogen was supplied as a nebulizing gas

at the pressure of 25 psig and as a drying gas at flow rate 10 L/min.

LC separation for anthocyanins from acidic methanol acai extract was carried out using a
gradient mobile phase containing (A) 0.1% formic acid (FA) in water and (B) 0.1% FA in methanol
and acetonitrile (50:50, v/v) with an initial condition of 1% B for 2 min. The mobile phase was
then linearly increased to 99% B at 25 min and maintained same until 27 min. The conditions were
then taken back to 1% B at 30 min and equilibrated further for 5 min. The analysis was carried out
at 25 °C column temperature. MS experiments were carried out in positive electrospray ionization

mode.

Chromatographic analyses of acai fatty acids and non-anthocyanin polyphenols in DCM and
methanol extracts of acai samples respectively, were both conducted with a gradient mobile phase
consisting of (A) 0.1% formic acid in water and (B) 0.1% formic acid in methanol (MeOH) at 40
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°C. A linear gradient was run as follows: 0-2 min, 30% B; 25-29 min, 99% B; 30-35 min, 30% B

followed by 5 min post time. Negative electrospray ionization mode was used.

For maca LC-MS analysis, qualitative analysis of macamides and phenolics from DCM and
methanol maca extracts, respectively, was performed using a mobile phase consisting of solvent
(A) water and solvent (B) acetonitrile (ACN). A mobile phase gradient was run as follows: 0 min,
5% B; 4 min, 25% B; 8 min, 45% B; 12 min, 65% B; 16 min, 85% B; 20 min, 100% B, 26-30 min,
5% B followed by 4 min post time. MS experiments were carried out in positive electrospray

ionization mode.

Qualitative analysis of maca glucosinolates was performed using a mobile phase consisting of
solvent (A) water, 0.1% formic acid (FA) and solvent (B) ACN, 0.1% FA from acidic methanol
maca extracts. A mobile phase gradient was run as follows: 0 min, 95% B; 4 min, 75% B; 8 min,
55% B; 12 min, 35% B; 16 min, 15% B; 20 min, 0% B, 26-30 min, 95% B followed by 4 min post

time. Negative electrospray ionization mode was used.

Selected available plant standard compounds listed in the section 2.2.1.2 at 50 pg/mL were
analyzed under the same LC-MS conditions as their corresponding plant extracts and used to

confirm their presence in the plant extracts.

2.2.4 Determination of intestinal absorption via transcellular passive diffusion for plant

extracts and plant standard compounds

2.2.4.1 Development and optimization of PAMPA intestinal absorption assay

Plant extracts selected for this study and further screenings were methanol and acidic methanol
acai extracts and DCM, methanol and acidic methanol maca extracts. DCM agcai extract was left
out because it contained mainly well-known fatty acids [135] whose absorption and metabolism
properties are well studied [136-138]. The testing concentrations were chosen based on the

concentrations of acai and maca botanical dietary supplements in the market and on the in vitro
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biologically active (cytotoxic and antioxidant) concentrations. The biologically active
concentrations for extracts from both plants ranged from 5-10 pg/pL [76, 139] while the doses of
their commercial dietary supplements (i.e. 100% acai juice and natural maca pure dietary
supplements) found from an online National Health Institute (NIH) dietary supplement label

database generally ranged from 1400 mg — 30000 mg daily (https://dsld.nIm.nih.gov/dsld/). This
means that in the human plasma total volume of 4 L, concentration of the botanical dietary
supplement in that case is approximately 0.25 — 7.5 pg/pL if absorption is not the rate-limiting
step. However, it is known that intestinal absorption is a major barrier which will surely result into
blood concentrations lower than those from theoretical calculation. Nevertheless, these
concentrations from in vitro and commercial dietary supplements directed a better choice of testing
concentrations. General schematic representation of the PAMPA intestinal absorption assay
followed by Phase | and Phase Il metabolism is shown below (Fig. 2.1).

PAMPA plates were kept in -20 °C upon receipt and were warmed to the room temperature
for 30 min prior to use. All plant extract stock solutions were prepared in 1:5 DMSO: buffer at a
concentration of 50 pg/pL. The stock solutions were then diluted to 5, 7.5, 10 and 15 pg/pL with
buffer composed of 0.014 M KH2PO4 and 0.054 M Na;HPO4 (final pH 7.4) making a total of 300
pL in each well of the PAMPA donor site. Similarly, these concentrations were expected to be
much lower in PAMPA acceptor site upon the completion of the experiment and indeed the
PAMPA plate supplier, Corning® Gentest™, states that the concentration in the acceptor site will
be approximately 50x lower than the initial PAMPA donor concentration [140]. Two hundred
(200) uL per well of buffer was then added in the PAMPA acceptor plate. The acceptor plate was
then slowly placed on the donor plate and the system incubated at room temperature for 5 hours
protected with its lid to prevent evaporation under constant light shaking (75 rpm) using Inheco
Single TEC Controller (INHECO Industrial Heating & Cooling GmbH, Fraunhoferstrasse,
Germany). After incubation, the plates were separated and sample from each well in both the donor
and acceptor plates transferred to corresponding wells in different 96-well plates denoting donor
and acceptor sites. Sample transfer to 96-well plates was done immediately after completion of
incubation time to prevent constituents from diffusing back to the donor site. Also, this transfer

was carried out carefully using good pipetting technique to avoid breaking the lipid membrane
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which would compromise a barrier between two sites thereby exaggerating the absorption results.
To confirm the integrity of the PAMPA lipid membrane, three standards sulfasalazine (log Pe -
5.52, non-permeable [114]), amiloride HCI (log Pe -4.4, mid-permeable [141] and caffeine (log Pe
-4.2, high permeable [142]) were used. These standards were dissolved in 1:5 DMSO: buffer at a
concentration of 10 mM stcok solutions and 50 uM used in PAMPA tests. DMSO concentration
used in all these studies was 0.996%. This was pertinent since DMSO concentration above 1%
exerts its penetration enhancing effects resulting into exaggerated absorption data [143]. Control
wells were included in the PAMPA plate in which 1% DMSO or only buffer was tested for effects
on membrane permeability. Another control experiment was carried out in parallel with the actual
PAMPA experiment. This control experiment was carried out only to generate sample donor
concentrations at the beginning of PAMPA, Cp(0), that would later be compared to donor
concentration at the end of the assay, Cp (t), and acceptor concentration, Ca(t), to assess the extent

of absorption. All experiments were done in triplicate.

After extensive optimization, this study also established a sample cleaning method to increase
MS detection of passively absorbable constituents since individual constituents are usually found
in lower concentrations in the plant extracts [114] making their concentration in the PAMPA
acceptor site even lower because passive absorption is concentration dependent [144]. This
problem was exacerbated by the used PAMPA assay buffer since it is known that non-volatile
phosphate buffers cause signal suppression and ionization interferences during the LC-MS analysis
[145]. The use of a solid-phase extraction (SPE) resource TARGA C18 macroSpin™ SMM
column that can be used for salt removal from small molecules [146] was established. In this
procedure, 50 pL from each well was desalted through TARGA-C18 MacroSpin™ SMM columns.
Desalting procedures with TARGA-C18 MacroSpin™ SMM columns were completely specific to
each extract (Table 2.1-2.2).
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Table 2.1 Desalting steps of acai plant extracts

Desalting steps

Acidic MeOH extract

MeOH extract

1. Conditioning 100 uL ACN 100 pL MeOH

2. Equilibration 100 pL LC-MS grade H.0 100 pL LC-MS grade H20
3. Sample loading 50 pL sample 50 pL sample

4. Rinsing No rinse 50 pL LC-MS grade H.0

5. Elution 50 pL 80% MeOH, 0.2% FA 50 uL 80% MeOH, 0.2% FA

Table 2.2 Desalting steps of maca plant extracts

Desalting steps

Acidic MeOH extract

MeOH extract

DCM extract

FA

0.1% FA

1. Conditioning | 100 uL ACN 100 uL ACN 100 puL MeOH

2. Equilibration | 100 pL LC-MS grade 100 pL LC-MS 100 pL LC-MS grade
H20 grade H,O H20

3. Sample 50 pL sample 50 pL sample 50 pL sample

loading
4. Rinsing No rinse 50 pL LC-MS grade | 50 pL LC-MS grade
H>0 H>0
5. Elution 50 puL 70% ACN, 0.1% | 50 pL 70% ACN, 50 pL 100% ACN

All the steps were separated by centrifuging at 8000 rpm for 1 min at 4 °C on Beckman Coulter

Microfuge® 22R centrifuge (Beckman Coulter, Inc., Brea CA) and the final eluates injected into

LC-MS.

The same plant standard compounds used for chemical fingerprinting were also studied for
passive absorption in PAMPA to accurately identify absorbable constituents. These standard
compounds were made into a stock solution of 1 mg/mL with DMSO: buffer (1:5) and diluted with
a PAMPA buffer to 50 pg/mL in the PAMPA donor plate. These concentrations were chosen to
be 100x lower than the ones tested from plant extracts because usually single constituents are
found at lower concentrations in plant extracts and occurring at uncontrolled various levels [114].

Total DMSO concentration in each PAMPA donor well was 0.8%. All analyses were done in

triplicate.
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Fig. 2.1. Schematic representation for determination of passively absorbable constituents and

formed metabolites

2.2.5 Phase | and Phase Il metabolism screening studies for plant extracts and plant

standard compounds

2.2.5.1 Development and optimization of Phase | and Phase |11 metabolism assays

Human liver microsomes (HLMSs) selected for Phase | metabolism assay were pooled HLMs of
a catalogue Gibco™ HMMC-PL from Thermo Fischer Scientific (Atlanta, GA). These were
chosen based on the relatively high content of CYP450 (0.286 nmol CYP450 mg protein) reported
on its certificate of analysis (https://tools.thermofisher.com/content/sfs/fCOAPDFs/2016/PL050B-

B_HMMCPL.pdf) since these are enzymes responsible for Phase I metabolism. Selection was

also based on the high number of donors (50) from which HLMs were pooled and donors being of

mixed gender as stated in the certificate of analysis to have a wide coverage of population that may
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present different pharmacogenetic properties. A cofactor used in this assay was NADPH which
enables formation of metabolites mainly by Phase | oxidation reaction [14]. Apart from oxidation,
reduction, hydrolysis and oxidative demethylation [147] may also occur attaining the most
common Phase | reactions [15].

For Phase 1l metabolism assay, HLMs from Sekisui XenoTech, LLC (H0610) (Kansas City,
KS) (catalogue number: H0610) were chosen on the basis that they express wider range of both
UGT1 and UGT2 subfamilies which are major enzymes responsible for glucuronidation [148].
Another critical point for this selection was the localization of UGTSs; according to its certificate
of analysis (https://www.xenotech.com/getattachment/84c67735-10f2-495b-958b-a6763f941c36)
, H0610 is composed of UGTs expressed in both liver and intestine which are two main metabolic
sites [149]. These are UGT1A1, 1A3, 1A6, 1A9 and UGT2B7 localized at both liver and intestinal

tissues; UGT2B17 that is predominantly expressed in the small intestines [149]. The cofactors

used in this assay was UDPGA alone or in combination with NADPH expected to enable the
formation of glucuronides, main Phase Il metabolites in adults [121]. Combination of UDPGA and
NADPH was considered because apart from plant constituents that originally have nucleophilic
functional groups (-OH, -NH, -SH, -COOH) that can readily undergo conjugation into a
glucuronide, there are those than may need to undergo Phase | functionalization prior [150, 151].
NADPH would serve a purpose of functionalization while UDPGA would catalyze the

glucuronidation process.

The highest concentration of the plant extracts from PAMPA donor (15 pg/pL) with its
corresponding acceptor site concentration (0.3 pg/uL) were chosen for this study because it was
anticipated that most metabolites would be found if higher concentration is used since some plant
constituents are inherently minor [114] and the fact that passive absorption is concentration-
dependent [144] means higher acceptor concentrations can be attained from higher donor
concentrations of PAMPA. To estimate the concentration of plant extract delivered into the Phase
| reaction mixture from either the PAMPA donor or acceptor site, a ratio suggested by the PAMPA
supplier (acceptor concentration 50x lower than the initial donor concentration) [140] was used.

This was described as a prediction of the plant extract concentration as the whole entity and not
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individual constituents. The highest PAMPA acceptor concentration was therefore estimated to be
0.3 pg/pL which correlates with previously estimated blood concentrations from acai and maca
botanical dietary supplements’ consumption above. The PAMPA donor site extract concentration
was then estimated to have reduced to 14.7 pg/uL at the end of PAMPA experiment. The decision
to screen both samples from both the acceptor and donor sites of PAMPA was made to acquire
full spectrum of potential metabolites. The reason to include PAMPA donor site samples in
metabolism assays was based on the principle that metabolism at the intestinal tract can affect
absorption of a plant constituent [150, 152]. This means that, for example, if a constituent could
not be absorbed because it was too nonpolar in its original form hence dissolution in the intestinal
medium being a rate-limiting step, it may be absorbed after its polarity has been sufficiently
increased by Phase | oxidation [153]. On the other hand, if a constituent could not be absorbed due
to being originally too polar to cross lipid bilayer of the intestinal membrane, it may be absorbed

after hydrolysis if that removes a polar group such as a glucose molecule [154-156].

2.2.5.1.1 Phase | metabolism assay

The HLMs were safely stored in -80 °C until use and reagents were kept in ice during the
experiment execution. A solution of HLMs was generated in 0.1 M KH2PO4 buffer consisting of
1mM MgCl, (pH 7.4) at a stock concentration of 5 mg/mL. HLMs were added in the 1.5 mL
Fisherbrand™ Premium microcentrifuge tubes (Thermo Fisher Scientific, Atlanta, GA) in the
assay buffer to generate 0.5 mg HLMs in total 100 pL reaction. Plant extract from PAMPA
acceptor site at concentrations 0.15 pg/uL was then added. Another experiment was carried out
with the plant extract from PAMPA donor site. The mixture was then preincubated in a gentle
shaking (75 rpm) VWR Water Bath (VWR International, Atlanta, GA) at 37°C for 5 min. After
preincubation, NADPH (1 mM) was added to start a Phase | reaction while attaining 100 pul final
volume and incubated at 37°C for 10 min in a gentle shaking (75 rpm) water bath. The reaction
was stopped with 75 pl of ice-cold acetonitrile. After sitting on ice for 30 min, stopped reactions
were centrifuged in Beckman Coulter Microfuge® 22R centrifuge at 13,000 x g at 4 °C for 15 min
and supernatant collected for LC-MS analysis. Blank experiments, incubations with all reagents
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except cofactors were also performed. These were used as controls from which the theoretical or
predicted metabolites would also be extracted to identify new emerging peaks that formed only in

the reaction sample.

Plant standard compounds used for chemical fingerprinting were also studied under Phase |
metabolism assay. The same reaction conditions as above were used. Since PAMPA study with
these standard compounds showed that a considerable number of them were not passively
absorbed, a decision was made to study them in metabolism assay without going through PAMPA
so that all of them could be analyzed and give a full spectrum of potential metabolites. This was
also based on the literature that some plant constituents (i.e maca glucusinolates) may not be
passively absorbed but their metabolites forming at the intestinal barrier be the ones absorbed
[157]. Being pure compounds as opposed to constituents in the complex mixtures (extracts), they
were studied at a concentration (0.05 pg/pL) lower than the one tested for plant extracts.

Control experiments were carried out with a CYP3A4 probe substrate midazolam (3uM) in
place of the plant extract to confirm the integrity of this metabolic enzyme in the assays. All

experiments were conducted in triplicate and triplicate LC-MS analysis was performed.

2.2.5.1.2 Phase Il glucuronidation assay

Phase Il enzymatic reactions with plant extracts and standard compounds were carried as above
except that the microsomes were activated by adding alamethicin 20pg/ml and placed on ice for
15 min to allow pore formation by alamethicin after which a B-glucuronidase inhibitor,
saccharolactone (5 mM) was added. The cofactor UDPGA (5 mM) alone or combined with
NADPH (1 mM) was added to initiate the reactions after preincubation.

Control experiments were carried out with individual probe substrates covering both hepatic
and intestinal UGTs; 17p-estradiol 100 pM (UGT1A1l), zidovudine 500 pM (UGT2B7),
testosterone 50 uM (UGT2B17) and 1-Naphthol 500 uM (UGT1A6). All experiments were
conducted in triplicate and triplicate LC-MS analysis was performed.
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2.2.5.2 Literature search for Phase | and Phase Il metabolites

Extensive search of metabolites from individual plant constituents found in all 5 total extracts
was done. These were searched for in Scifinder, PubMed, Sciencedirect and in databases like

Human Metabolome Database.

2.2.5.3 Predictions of Phase | and Phase 11 metabolites using Biotransformation Mass

Defects and online MetaPrint2D-React tools

For those acai and maca plant constituents with no reported metabolites in the literature,
scientific predictions were done using metabolite-predicting softwares. The reliable metabolite
prediction is said to be crucial at the preclinical stage to identify metabolites that might have impact
on safety and efficacy and to reduce the risk of expensive clinical-stage trials [118]. Two
metabolite predicting tools, an Agilent Biotransformation Mass Defects and online MetaPrint2D-
React were efficiently utilized for predicting metabolites. Agilent Biotransformation Mass Defects
has been considered a powerful tool for metabolite identification [158] and online MetaPrint2D-
React tool has been described as a statistical model for atom mapping enabling scientists to predict

structural modifications by Phase | and Phase Il biotransformation [118, 159, 160].

In this study, these two tools were used as complementary to each other for LC-MS-based
metabolite identification from acai and maca plant extracts. The MetaPrint2D-React tool was not
just able to predict most probable metabolism sites on the chemical structures of plant constituents
but would also generate chemical structures of the probable Phase | and Phase Il metabolites
considering physicochemical properties of the molecules such as stereochemistry, polarity and size
(Fig. 2.2). This tool would then rank the metabolites assigning a value of 1.0 to the most favorable
metabolite and less than 1.0 to the predicted minor metabolites. From here, Agilent
Biotransformation Mass Defects could generate molecular formulas and accurate masses for all
metabolites that could form when its Phase | and Phase 1l metabolic reactions (120 in total) are
applied resulting into 120 biotransformations. With the background of anticipated metabolic

reactions based on the cofactors used for the metabolic assays, the list was then reduced to a smaller
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size by unchecking unexpected biotransformations. From the displayed list by Agilent
Biotransformation Mass Defects, then the ones suggested by MetaPrint2D-React were chosen and
their molecular formulas and accurate masses generated by Agilent Biotransformation Mass
Defects B214.1 software were then taken directly to the Agilent MassHunter Qualitatative
Analysis B.07.00 software for metabolite analysis by displaying extracted ion chromatogram (EIC)

from the total ion chromatogram (TIC).

Colour Normalized occurrence ratio (NOR)
Red 0.66 —1.00
Orange 0.33 - 0.66
0.15-0.33
0.00 - 0.15
Little/no data

NOR is based on how frequently a position/group on the chemical structure with a specific
configuration has been reported as a site of metabolism, depending on the metabolic reaction

selected.
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Parent molecule: Dihydroconiferyl alcohol Metabolite
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Reaction type: Glucuronidation

Fig. 2.2. Phase I and Phase II metabolite predictions of dihydroconiferyl alcohol from agat.
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2.2.5.4 Predictions of MS fragmentation pathways of Phase | and Phase 11 metabolites
using ACD/MS Fragmenter softwares

To further predict the chemical structures of the projected metabolites, their fragmentation
pattern was studied. The chemical structures of the predicted metabolites that were generated by
MetaPrint2D-react were drawn in ACD/Chemsketch 2016.2.2 software and uploaded to the
ACD/MS Fragmenter 2016.2.2 software where not only fragments were generated for a presented

chemical structure but also the fragmentation pathways (Fig. 2.3).

: .OH
©) .

m/z 107.9630 N
C7H7O \‘~\ OH

m/z 362.2981 -
Ca3H39NO, T~

m/z 124.0840
C;H4oNO

Fig. 2.3 Fragmentation pathway of the predicted oxidized N-benzylhexadecanamide from maca.
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2.3 CYP3A4 inhibition studies for plant extracts, plant standard compounds and

Phase I and Phase II metabolites of plant extracts
2.3.1 Development and optimization of the CYP3A4 inhibition assay
2.3.1.1 Optimization of CYP3A4 reaction incubation time

Incubation mixtures (100 pL) in 1.5 mL Fisherbrand™ Premium microcentrifuge tubes
(Thermo Fisher Scientific, Atlanta, GA) contained 0.2 mg/mL HLMs in 100 mM potassium
phosphate (K2HPO4) buffer (pH 7.4) containing 5 mM MgCl, and 1 mM EDTA. A stock solution
of a CYP 3A4 substrate, 100 uM midazolam, was prepared in a solvent made of methanol: buffer
(30:70 v/v). Methanol concentration in the final reaction was 0.9%. In the reactions, a CYP3A4
probe substrate midazolam at its Km concentration (3 puM) [132] was added and mixtures
preincubated at 37 °C in a gentle shaking (75 rpm) water bath for 5 min. After the preincubation,
the reactions were initiated by addition of 1 mM NADPH and mixtures incubated at 37 °C in a
gentle shaking (75 rpm) water bath for 2, 6, 10, 15, 20, 30, 45 or 60 minutes. Each reaction was
stopped by the addition of 20 pL water/acetonitrile/formic acid (92:5:3, v/v/v). The samples were
vortexed for 1 min in Vortex-Genie 2 (Scientific Industries Inc., Bohemia, NY) and centrifuged at
13,000 x g at 4 °C for 15 min. After centrifugation, supernatant from each reaction time was
injected into the LC-MS and quantitative analysis of a metabolite 1°-hydroxymidazolam done. All
experiments were conducted in triplicate and triplicate LC-MS analysis was performed. The

linearity of metabolite formation was evaluated.

2.3.1.1.1 Preparation of a calibration curve of 1’-hydroxymidazolam

Calibration curve experiments were conducted to obtain the accurate amount of 1°-
hydroxymidazolam formed during the optimized reaction time (10 min) course. An experimental
set had incubation mixture containing midazolam at 3 uM in 100 pL total volume and the assay
was conducted as mentioned above. After 10 min incubation, the reaction was stopped by the
addition of 20 pL water/acetonitrile/formic acid (92:5:3, v/v/v). A product 1’-hydroxymidazolam

was monitored by LC-MS. In another set, a standard 1’-hydroxymidazolam at 1:2 serial dilution
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concentrations (0.75, 1.5, 3.0, 6.0, 12.0, 24.0, 48.0 and 96.0 uM) was also incubated under the
same conditions in a mixture that lacks a substrate midazolam. The reaction was stopped with the
same quenching solution. From this set, a standard 1’-hydroxymidazolam ion was monitored by
LC-MS. A calibration curve and peak area ratios between a product 1’-hydroxymidazolam and its
standard were generated. This was used to calculate the accurate amount of a metabolite 1°-
hydroxymidazolam produced in the assay and to guide a decision on selecting the concentration
of internal standard [*3C3] 1°-hydroxymidazolam to be used for spiking in the CYP3A4 inhibition
experiments. With the approximated internal standard (IS) concentration, calibration curve
experiments were repeated under the same conditions but the reactions stopped by the addition of
20 pL water/acetonitrile/formic acid (92:5:3, v/v/v) with the stable isotope-labeled surrogate
standard [*3Cs] 1°-hydroxymidazolam at concentrations 0.024, 0.24, and 2.4 pM to optimize the
IS concentration. All experiments were conducted in triplicate and triplicate LC-MS analysis was

performed.

2.3.2 Optimized CYP3A4 inhibitory assay to test plant extract constituents and standard

compounds
2.3.2.1 Assay conditions

To determine CYP3A4 inhibitory activity of the acai and maca plant extracts, incubation
mixtures (100 pL) in 1.5 mL Fisherbrand™ Premium microcentrifuge tubes contained 0.2 mg/mL
HLMs in 100 mM potassium phosphate (K2HPOa) buffer (pH 7.4) containing 5 mM MgCl; and 1
mM EDTA. In the reaction mixtures, midazolam 3 pM was added and varying concentrations
0.05, 0.075, 0.1, and 0.15 pg/pL of plant extract from PAMPA acceptor site. The mixtures were
then preincubated at 37 °C in a gentle shaking (75 rpm) water bath for 5 min. After the
preincubation, the reactions were initiated by addition of 1 mM NADPH and mixtures incubated
at 37 °C in a gentle shaking (75 rpm) water bath for 10 min. The reactions were stopped by the
addition of 20 pL water/acetonitrile/formic acid (92:5:3, v/v/v) with the stable isotope-labeled
surrogate standard [*3Cs] 1’-hydroxymidazolam at concentrations 0.024 uM. The samples were
each vortexed for 1 min and centrifuged at 13,000 x g at 4 °C for 15 min. After centrifugation,
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supernatant from each sample was injected into the LC-MS and quantitative analysis of a
metabolite 1’-hydroxymidazolam was done. The schematic representation of the CYP3A4

inhibition assay is displayed below (Fig. 2.4).

Plant standard compounds, at a fixed concentration of 0.05 pg/mL were also screened for
CYP3A4 inhibition. The same reactions used for screening plant extracts for CYP3A4 inhibition
above were applied.

A positive control experiment was carried out for a known inhibitor, ketoconazole under the
same reaction conditions. In this reaction, the ketoconazole was used in place of the plant extracts.
A stock solution, 100 uM ketoconazole was prepared in 10% methanol. In the reaction,
ketoconazole was used at a low concentration (1 uM) and high concentration (10 pM) to establish
a range of CYP3A4 inhibition to be used for assessment of plant extracts. Methanol concentration

in the final reaction was 0.9%.

A negative control experiment was carried out under the same reaction conditions with only
midazolam and no plant extracts or ketoconazole. This was done to confirm the integrity of the
CYP3A4 enzyme in the assay. In this reaction, the assay buffer was used in place of the plant
extracts. All the experiments were conducted in triplicate and triplicate LC-MS analysis of 1°-

hydroxymidazolam was performed.
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Fig. 2.4. Schematic representation of CYP3A4 Inhibition bioassay
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2.3.2.2 I1Csp determination conditions

To determine the inhibitor’s potency, once the potential (>50%) CYP3A4 inhibition was
obtained by acai and maca plant extracts, half maximal inhibitory concentration (ICso) was
determined. This was conducted through incubation mixtures with 2-fold increasing
concentrations of the plant extract that covered the concentrations assayed in the initial CYP3A4
inhibition screening (0.0125, 0.025, 0.05, 0.1, 0.2 and 0.4 pug/uL). To attain these concentrations
from PAMPA acceptor compartment using the estimation index suggested by the supplier [140],
the initial concentrations used in the donor compartment ranged from 1.25 — 40 pg/pL in 1:2 ratio.
The assay was carried out as described in section 2.3.2.1 above and triplicate analysis of 1’-

hydroxymidazolam by LC-MS done.

2.3.2.3 LC-MS conditions

The LC-MS and electrospray ion (ESI) source was used for monitoring of a metabolite 1°-
hydroxymidazolam. All samples were analyzed on a 4.6 x 100 mm, 3.5 um ZORBAX Eclipse Plus
C18 column. The flow rate was set at 0.4 mL/min and the sample injection volume at 5 L while
the acquisition rate was 1.41 scan/s with the complete mass scanning range from m/z 100—1000.
The MS conditions were optimized with a positive ion ESI-MS analysis performed at a capillary
voltage of 3200 V; drying gas temperature 350 °C; fragmentor voltage 175 V and skimmer 65 V.
Nitrogen was supplied as a nebulizing gas at the pressure of 25 psig and as a drying gas at flow
rate 10 L/min.

LC conditions consisted of a gradient mobile phase with (A) water containing 0.1% formic
acid and (B) acetonitrile. A 4 min gradient from 75 - 100% of solvent B followed by 1 min post-
run in 75% B with a flow rate of 0.4 mL/min and a column temperature of 40 °C was optimized.

Detection was carried out in positive ESI mode.
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2.3.3 CYP3A4 inhibition assay for Phase | and Phase 11 metabolites of plant constituents

2.3.3.1 Phase | assay conditions

Phase | metabolism experiment was carried out to produce Phase | metabolites prior to
CYP3A4 inhibition assay. Phase | metabolism experiments with the highest concentration from
PAMPA acceptor site were conducted as elaborated earlier (section 2.2.5.1.1). However, to avoid
incorporating an organic solvent that would instantly denature HLMs in the following CYP3A4
inhibition assay, the reactions were not stopped by addition of acetonitrile during Phase |
metabolism but were immediately centrifuged at high speed (13000 x g) and low temperature (4
°C) for 15 min to ensure that reactions stop. To further ensure that no further reactions take place,
the supernatants were immediately separated from microsomes after centrifuge into the new
microcentrifuge tubes for screening in the CYP3A4 inhibition assay. A control experiment was
carried out whereby a reaction was stopped by addition of ice-cold acetonitrile before centrifuge
as in section 2.2.5.1.1. The estimated concentration of plant extract metabolites delivered in the
CYP3A4 inhibition assay was 0.12 pg/pL based on the initial extract concentration in the PAMPA
donor compartment. The HLMs (0.2 mg) and midazolam (3 uM) were added and the mixtures

were preincubated at 37 °C in a gentle shaking (75 rpm) water bath for 5 min.

After the preincubation, the reactions were initiated by addition of 1 mM NADPH and
mixtures incubated at 37 °C in a gentle shaking (75 rpm) water bath for 10 min. The reactions were
stopped by the addition of 20 pL water/acetonitrile/formic acid (92:5:3, v/v/v) with the stable
isotope-labeled surrogate standard [**Cs] 1°-hydroxymidazolam at concentrations 0.024 uM. The
samples were each vortexed for 1 min and centrifuged at 13,000 x g at 4 °C for 15 min. After
centrifugation, supernatant from each sample was injected into the LC-MS and quantitative
analysis of a metabolite 1’-hydroxymidazolam done. The positive and negative control

experiments were carried out as in section 2.3.2.1.

To confirm that the reaction had stopped during the quick centrifuging moment, after
centrifuge and separation of supernatant from microsomes, the supernatant from a reaction stopped

by ice-cold acetonitrile and one that was immediately centrifuged were analyzed by LC-MS. The
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peak areas of the ions of Phase | metabolites produced in the reaction stopped by acetonitrile and

one stopped by immediate centrifuge were compared.

2.3.3.1.1 LC-MS conditions

The standard LC-MS conditions for CYP3A4 inhibition assay by monitoring a decrease in the
metabolite (1’-hydroxymidazolam) formation were used (section 2.3.2.1). LC conditions still
consisted of a gradient mobile phase with (A) water containing 0.1% formic acid and (B)
acetonitrile. A 4 min gradient from 75 - 100% of solvent B followed by 1 min post-run in 75% B
with a flow rate of 0.4 mL/min and a column temperature of 40°C was optimized. Detection was

carried out in positive ESI mode.

2.3.3.2 Phase Il assay conditions

Phase Il metabolism experiment was carried out assay as elaborated in section 2.2.5.1.2 prior
to CYP3A4 inhibitory to generate Phase Il metabolites. Then the assay conditions were kept as in
section 2.3.3.1 above to evaluate the CYP3A4 inhibition by Phase I metabolites.

2.3.3.2.1 LC-MS conditions

The LC-MS conditions for CYP3A4 inhibition evaluation were similar to section 2.3.2.1.
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Chapter 3: Results and discussion of the developed and optimized LC-MS-based strategy

for screening of passively absorbed plant extract constituents for CYP3A4 inhibition

3.1 Chemical fingerprinting and profiling of plant extract constituents

The identification of acai and maca plant extract constituents was carried out using Agilent
MassHunter Qualitative Analysis B.07.00 software. The analysis of plant extract constituents was
done by displaying extracted ion chromatogram (EIC) of each constituent from the total ion
chromatogram (TIC). Further, a constituent was reliably identified by molecular feature whereby
the accurate mass, m/z value, molecular formula and double-bond equivalence (DBE) should
correlate to the chemical constituent with less error (<5 ppm) and high score. After individual
component analysis, all identified constituents in each extract were documented with their
characteristic structural properties generated by LC-MS (Table 3-7).

Six anthocyanins were identified in acidic methanol acai plant extract. The identity of
cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside, cyanidin-3-O-sambubioside and pelargonidin-
3-rutinoside were fully confirmed by comparison with the standards (Table 3). Out of twenty-one
identified non-anthocyanin polyphenols in acidic methanol acai plant extract at 10 mg/ml, eight
were confirmed by comparison to standard compounds. The eight confirmed polyphenolic
constituents were orientin, homo-orientin, vitexin, isovitexin, chrysoeriol, syringic acid, catechin
and gallic acid (Table 3.1). Furthermore, twenty-five polyphenols were identified in the methanol
acai extract and eleven of these were confirmed by comparison with the standard compounds.
These confirmed eleven were orientin, chrysoeriol, syringic acid, catechin, ferulic acid, quercetin

3-glucoside, quercetin rutinoside, quercetin, vanillic acid, catechol and gallic acid (Table 4).

Six glucosinolates were identified in the acidic methanol maca extract at 10 mg/ml (Table 5).
Eleven phenolics were identified in the methanol maca extract at a concentration of 10 mg/ml. The
identity of quercetin and L-Phenylalanine were confirmed by comparison with the standard
compounds (Table 6). Eleven phenolics were identified in the methanol maca extract. The identity

of L-tyrosine and L-tryptophan were confirmed by comparison with the standard compounds
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(Table 6.1). Eight macamides were identified in the DCM maca extract at 10 mg/ml (Table 6.2).
Seventeen macamides were identified in the DCM maca extract at 10 mg/ml. The identity of N-
benzylhexadecanamide was confirmed by comparison with its standard compound (Table 7).
Chemical structures of major constituents in acai and maca were drawn using ChemDraw software

(PerkinElmer, Akron, OH) and displayed in figures 3.1a-3.1b.
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3.1.1 Chemical fingerprinting of acai and maca plant extracts

3.1.1.1 Acidic methanol acai plant extract

Table 3. ESI-LC-MS analysis of acai anthocyanins

Formula lon Formula | [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
Cyanidin-3-O-glucoside C21H20011 C21H21011 | 449.1091 7.01 12| -2.92 91.64
Cyanidin-3-O-sambubioside C26H28015 C26H20015 | 581.1538 7.996 13| -4.93 79.84
Cyanidin-3-O-rutinoside C27H30015 C27H31015 | 595.1693 7.394 13| -0.09 70.96
Peonidin-3-glucoside C22H22011 C2H23011 | 463.1268 | 11.035 12| -1.46 90.36
Pelargonidin-3-rutinoside C27H30014 C27H31014 | 579.1718 7.763 13| -0.15 68.69
Pelargonidin-3-glucoside C21H20010 C21H21010 | 433.1137 | 10.934 12| -1.85 97.59
Table 3.1. ESI-LC-MS analysis of acai non-anthocyanin polyphenols
Formula | lon Formula | [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
Orientin C21H20011 Co1H21011 | 449.1099 | 9.689 12| -3.03 | 86.33
Homo-orientin C21H20011 C21H21011 | 449.1054 | 9.875 12 5.96 | 82.85
Isovitexin C21H20010 Co1H21010 | 433.1135 | 10.631 12| -3.45 | 65.62
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Formula | lon Formula | [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
Vitexin C21H20010 C21H21010 | 433.1125| 10.737 12 0.95 | 81.25
Chrysoeriol C16H1206 C16H1306 | 301.0704 | 18.22 11 18| 9151
Protocatechuic acid, methyl ester CgHgO4 CgHoO4 | 169.0488 9.08 5| 4.12| 83.35
Syringic acid CoH1005 CoH1105 199.059 | 8.615 5| 231| 76.7
Caffeic acid CoHsgOs4 CoHoO4 | 181.9489 | 5.744 6 41 94.82
Syringaresinol C22H2608 C»H270s | 436.1961 | 8.301 10| b5.16 | 72.84
378.1931
Lariciresinol C20H2406 C20H2506 | [M+NH4]" | 11.292 9| -051| 67.32
383.149
Isolariciresinol C20H2406 Ca0H2506 | [M+NH4]" | 11.298 9| -5.39| 839
473.107
Astilbin Co1H22011 Co1H23011 | [M+Na]* | 10.533 11| -1.93 | 96.38
219.098
Loliolide C11H1603 CuH1703 | [M+Na]* | 10.847 4| 6.03| 79.95
207.0993
Menthiafolic acid C10H1603 C10H1703 | [M+Na]* 11.2 3 -0.1| 84.43
2,6-dimethyl-1,4-benzoquinone CsHgO2 CgHoO, | 137.0531 | 8.542 5| -4.79 | 69.93
Dihydrodehydroconiferyl
alcohol C20H2406 C20H2506 361.165 | 13.423 9 0| 933
(1R,3S)-(+)-camphoric acid C13H2002 C13H2102 | 209.1534 | 15.842 4 16| 93.74
Catechin C15H140s6 C15H150s6 291.087 | 6.414 9| -434 | 64.31
Epicatechin C15H1406 CisH1506 | 291.0853 6.27 9| 5.71| 62.75
Gallic acid C7HeOs C/H;0s | 171.0268 | 5.353 5 43| 77.05
182.0812
p-coumaric acid CoHsO3 CoHoO3 | [M+NH4]* 4.43 6| -0.33| 85.57
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Formula | lon Formula | [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
3-oxo-alpha-ionol C13H2002 C13H2102 | 209.1537 | 24.106 4| -0.19 | 86.62
3.1.1.2 Methanol acai plant extract
Table 4. ESI-LC-MS analysis of acai polyphenols

Analyte Formula | lon Formula | [M-HI RT Diff

[M] [M-H] m/z (min) | DBE | (ppm) | Score
Quercetin rhamnoside C21H20011 Co1H10011 | 447.0937 | 10.131 12| -0.73| 99.07
Kaempferol 3-O-rutinoside C27H30015 Co7H29015 | 593.1508 | 9.798 12 0.53 | 98.72
Kaempferol 3-O-rhamnoside C21H20010 C21H19010 | 431.0964 | 8.327 12 559 | 784
Quercetin rutinoside C27H30016 C27H29016 609.146 | 10.79 13 0.21 | 99.02
Orientin C21H20011 C21H19011 | 447.0926 | 10.341 12 1.63 | 98.05
Scoparin C22H22011 CooH21011 | 461.1089 | 11.936 12 0.21 | 98.77
Chrysoeriol C16H1206 C16H1106 | 299.0552 | 18.549 11 3.19 | 96.57
Quercetin C15H1007 CisH9O7 | 301.0355 | 16.112 11| -0.411] 99.42
Quercetin 3-glucoside C21H20012 C21H19012 | 463.0884 | 4.802 12| -046| 984
Taxifolin Ci5H1207 CisH1107 | 303.0499 | 10.757 10 3.43 | 95.27
p-Hydroxybenzoic acid C7HesO3 C7H503 | 137.0238 | 8.095 5 4.6 | 82.23
Vanillic acid CgHgO4 CgH704 | 167.0345| 8.079 5 2.95| 86.28
Gallic acid C7H60Os C7H50s5 | 169.0128 | 3.689 5 4.4 | 62.65
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Analyte Formula | lon Formula | [M-HI RT Diff

[M] [M-HT m/z (min) | DBE | (ppm) | Score
3',4'-dihydroxy-3'-methoxypropiophenone C10H1204 C10H1104 195.065 | 10.82 5 41| 96.5
Beta-hydroxypropiovanillone C10H1204 C10H1104 | 195.0651 | 10.384 5 5.61 | 91.95
Dihydroconiferyl alcohol C10H1203 C1oH1103 | 181.0652 | 8.325 5 6.89 | 85.11
Erythro and threo-1-(4-hydroxy-3-
methoxyphenyl)-2-[4-(3-hydroxypropyl)-
2-methoxyphenoxy]-1,3-propanediol C20H2607 CooH2507 | 377.1593 | 10.46 8 4.15| 90.01
Velutin C17H140s6 C17H130s | 313.0712 | 25.336 11 2.36 | 82.45
Astilbin C21H2011 C21H21011 449.109 | 10.647 11 -0.16 | 98.76
2,6-Dimethoxy-1,4-benzoquinone CgHsOs4 CgH704 | 167.0342 | 8.561 5 3.58 | 94.48
Resveratrol C14H1203 C14H1103 | 227.0703 | 12.906 9 2.99 | 88.62
Ferulic acid C10H1004 C10H1104 | 193.0498 9.69 6 4.19 | 83.05
Chlorogenic acid C16H1809 C16H1909 | 353.0867 | 11.428 8 495| 515
Catechin C15H1406 CisH1506 | 289.0734 | 5.476 9| -516| 913
Catechol CeHeO2 CeH7O2 | 109.0299 | 7.103 4| -3.166 | 98.81
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3.1.1.3 Acidic methanol maca plant extract

Table 5. ESI-LC-MS analysis of maca glucosinolates

lon Formula RT Diff
Analyte Formula [M] [M-HT [M-H]'m/z | (min) | DBE | (ppm) | Score
3-hydroxybenzyl glucosinolate C14H19NO10S2 | C14H1sNO10S2 | 424.0374 | 1.784 6 1.03| 98.9
4-hydroxybenzyl glucosinolate C14H19NO10S2 | C14H1sNO10S2 | 424.0373 | 1.7843 6 11| 97.7
Glucotropaeolin C14H19NOgS; C14H18NOqS; 408.0447 | 4.128 6| -4.06| 90.9
4-methoxybenzyl glucosinolate C15H21NO10S2 C15H20NO10S2 438.053 | 1.708 6 1.52 | 96.17
3-methoxybenzyl glucosinolate C15H21NO10S2 C15H20NO10S2 438.055 | 3.738 6 0.99 | 85.88
Hexyl glucosinolate C13H27NOqS; C13H26NOgS; 404.1094 | 7.956 1] -6.74 64
3.1.1.4 Methanol maca plant extract
Table 6. ESI-LC-MS analysis of maca phenolics
Formula lon Formula RT Diff
Analyte [M] [M+H]* [M+H]" m/z (min) | DBE | (ppm) | Score
182.0804
4-hydroxycinnamic acid CoHsO3 CoHoO3 [M+NH4]* 5.37 6| -229| 73.05
(1R,3S)-1-methyltetrahydro-p- 253.0942
Carboline-3-carboxylic acid C13H1aN202 | C13H15N202 [M+Na]* | 10.751 8| -1.03 83.6
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Formula lon Formula RT Diff

Analyte [M] [M+H]* [M+H]* m/z (min) | DBE | (ppm) | Score
Benzyl alcohol C7HsO C7HeO | 131.047 [M+Na]* | 5.029 41-12.27 | 68.49
Benzaldehyde C7HeO C7/H;0 124.0755 | 3.166 5| 0.36| 80.29
Benzylamine C7H9N C7HwoN 108.0806 | 4.379 4| 189 | 80.52
Malic acid benzoate C11H1006 C11H1106 239.0538 | 7.383 7| 042| 5581
5-hydroxymethylfurfural CeHeO3 CeH703 127.0386 | 6.524 4| 217 | 9791
L-Phenylalanine CoH11NO2 CoH12NO2 166.086 | 5.187 5| 254| 79.88
Quercetin C15H1007 C15H1107 303.0498 | 16.109 11 0.11 | 98.13
5-ox0-6E,8E-octadecadienoic acid C18H3003 Ci18H3103 295.2275 | 18.818 4 4| 90.35
Tricin 4'-O-(erythro-B-guaiacyl-

glyceryl) ether C27H26011 C27H27011 527.1527 | 2.679 15| -2.64| 69.49

301.1265

Guanosine C10H13Ns0s C10H14Ns0s [|\/|+NH4]+ 7.063 7 -2.79 59.02
Lepidiline A C19H20N2 Ci9H21N2 277.1695 | 9.985 11 141 | 94.17
Lepidiline B C20H22N2 C20H23N2 291.1858 | 10.353 11 3.84 | 84.07
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Table 6.1. ESI-LC-MS analysis of maca amino acids

Formula lon Formula [M+H]* RT Diff

Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score

Proline CsHoNO2 CsH1o0NO2 116.0703 2.604 2| 3.18 81.68
Uridine CoH12N206 CoH13N20s | 267.0574 [M+Na]* 3.34 5| -2.52 46.24
Malic acid C4HsOs C4H10NOs 135.0274 3.368 2| -2.53 75.26
Leucine CeH13NO2 CsH14NO2 132.101 4.448 1| 814 90.22
Isoeucine CsH13NO2 CsH13NO2 132.1003 4,254 1| 12.59 73.31
Valine CsH11NO> CsH12NO2 | 156.0426 [M+K]* 2.51 1 -3.2 91.32
Tyrosine CoH11NOs3 C9oH12NO3 182.0809 3.734 5 1.5 85.92
Methionine CsH11NO2S CsH12NO2S | 199.1056[M+NH4]" 4.601 5| 9.13 74.39
Hydroxyproline CsH9NOs CsH1oNO3 | 154.0488 [M+Na]* 2.78 2| -855 70.02
Tryptophan C11H12N20; C11H12N20; 205.0958 6.245 7] 572 64.05
Arginine CeH14N402 CeH15N402 175.5042 9.523 2 1.6 98.68
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Table 6.2. ESI-LC-MS analysis of maca macamides

lon Formula | [M+H]* RT Diff
Analyte Formula [M] [M+H]* m/z (min) | DBE | (ppm) | Score
N-benzyl-13-oxo -9E,11E-
octadecadienamide CasH37NO2 CasH3sNO2 | 384.2888 | 20.288 8 1.79 97.7
N-benzyl-5-ox0-6E,8E-
octadecadienamide CasH37NO2 CasH3sNO2 | 384.2887 | 20.792 8 1.85 84.71
N-benzyl-9-0x0-12Z-octadecenamide C25H39NO2 CasH4oNO2 | 386.3024 | 19.575 7 0.68 96.4
N-benzyl-9-ox0-12Z,15Z-
octadecadienamide C2sH37NO2 CosH3sNO2 | 384.2887 | 20.792 8 1.81 93.63
N-benzyl-13-oxooctadeca-9E,11E-
dienamide C2sH37NO CxsH3sNO | 368.394 | 19.789 8 2.27 94.82
N-benzyl-(9Z, 12Z, 157)-
octadecatrienamide C2sH37NO C2osH3sNO | 368.2944 | 20.193 8 2.01 92.34
5-0x0-6E,8E-octadecadienoic acid C18H3003 CigH3103 | 295.2257 19.65 4| -1.72 98.5
Macaridine C13H13NO2 C13H14NO2 | 216.1006 11.97 8 5.05 92.56
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3.1.1.5 DCM maca plant extract

Table 7. ESI-LC-MS analysis of maca macamides

lon
Formula Formula [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
368.2922
N-benzylhexadecanamide C23H3gNO | Ca3HiNO [M+Na]* | 20.896 5| -0.62 | 81.17
N-benzyl-(9Z)-octadecenamide CasH4itNO | CasH42NO | 394.309 [M+Na]* | 18.33 6| -0.96| 72.76
382.3074
N-phenethylhexadecanamide C24H41iNO | Ca4H42NO [M+Na]* | 19.232 5| -0.01| 68.18
391.3671
N-benzyloctadecanamide Ca25Ha3NO | CazsHasNO [M+NH4]* | 11.312 5| 3.03] 9311
N-(3,4-dimethoxybenzyl)- 396.3249
hexadecanamide CasH4sNO | CasHasNO [M+Na]* | 14.347 5 1.3 | 70.86
(9Z,12Z,15Z)-N-(3-Methoxybenzyl)-
9,12,15-octadecatrienamide C2sH3aNO2 | C26Hs0NO2 398.3067 | 22.92 8| -3.69| 75.22
N-benzyl-(9Z, 127)- 392.2934
octadecadienamide CasH39NO | C2sH40NO [M+Na]* | 20.287 71 059 90.08
N-Benzyl-13-oxooctadeca-9E,11E-
dienamide C2sH37NO | CasH3sNO 368.2966 | 19.784 8| -5.05| 72.77
N-benzyl-(9Z, 12Z, 15Z)- 390.2783
octadecatrienamide CasH37NO | CosH3sNO [M+Na]* | 23.138 8| -5.07| 81.81
N-benzylpentadecanamide C2H37NO | Cz2H3zsNO 332.2964 | 21.018 5| -5.26 | 83.02
N-benzyloctanamide C1sH2sNO | Ci1sH24NO | 256.1683[M+Na]* | 16.752 5| -4.83 | 92.48
4" -Methoxy-N-benzyloctanamide C16H2sNO2 | C16H26NO2 264.1944 | 8.596 5| 6.13| 72.94
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lon

Formula Formula [M+H]* RT Diff
Analyte [M] [M+H]* m/z (min) | DBE | (ppm) | Score
4’-Methoxy-N-
benzyloctadecanamide CosHasNO2 | CogHaeNO2 | 442.312 [M+K] * | 22.305 5| -0.44 | 68.04
N-(3-methoxybenzyl)- 398.3073
hexadecanamide C24H41NO2 | C24H42NO2 [M+Na]* | 22.835 5| -3.85| 85.28
(9Z,12Z)-N-(3-Methoxybenzyl)-
9,12-octadecadienamide C26H41NO2 | C26H42NO2 400.3227 | 19.584 -4.4 | 88.29
N-benzyl-15Z-tetracosenamide CaiHsaNO | Cs1HssNO | 494.3737 [M+K] * | 14.479 2.54 | 65.56
4'-methoxy-N-benzyl-(92)-
octadecanamide C26H43NO2 | C26H44NO2 402.3366 | 23.585 6| 0.73| 8148
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Acai berry marker constituents Name and class of compound

Cyanidin-3-O-glucoside (anthocyanin)

Cyanidin-3-O-rutinoside (anthocyanin)

Fig. 3.1a. Chemical structures of major constituents in acai berry extract.

Maca root marker constituents Name and class of compound
N/g, Lepidiline A (alkaloid)
\\N

ZT

N-benzylhexadecanamide (macamide)

Fig. 3.1b. Chemical structures of major constituents in maca root extract.
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3.2 ldentification of passively diffused plant extract constituents

The Agilent MassHunter Qualitative Analysis B.07.00 software was used for the identification
of passively diffused acai and maca plant constituents. This was done by extracting each
constituent in the PAMPA acceptor solution after PAMPA assay and those that displayed the
corresponding ions and their presence confirmed, were identified as passively absorbed. The
confirmation was processed by molecular feature whereby the accurate mass, m/z value, molecular
formula and DBE should correlate to the absorbed chemical constituent with less error (< 5 ppm)
and high score. The EICs of the constituents in the donor site of PAMPA at the beginning of the
PAMPA experiment (t0) were also displayed and their peak areas compared to the ones obtained
after the PAMPA (t5 hrs). After the individual component analysis, whereby a change in original
peak in terms of peak area was assessed after 5 hour period of incubation (Fig 3.2), all identified
absorbed constituent ions in the PAMPA acceptor site were extracted and compared with the

constituent ions left in the donor site (Fig. 3.3a — Fig. 3.3e).

Plant standard constituents were also analyzed in the same manner as the plant extracts. They
were then used to compare the absorptivity of an individual constituent in a complex mixture (plant

extract) and as a single entity (Table 3.1).
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o MeOH maca extract
. | S-hydroxymethylfurfural (PAMPA donor site) at t0

,%-. =
S| .
£ . - 5-hydroxymethylfurfural (PAMPA donor site) at t5 hrs
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Retention time (min)

Fig. 3.2. Comparison of the overlaid EICs of maca plant constituent (5-hydroxymethylfurfural) before (t0) and after PAMPA (t5 hrs).
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Cyanidin-3-O-rutinoside Acidic MeOH acai extract

Cyanidin-3-O-glucoside -- j; t Cyanidin-3-sambubioside Syringaresinol A
p-coumaric acid ) P Homoorientin ! (1R,3S)~(+)-camphoric acid
| 4 S Lariciresinol = i . . Chrysoeriol
| i 3 v 18 910,14 Pelargomdjnﬁ—gluc031de;
' b R U 71112 13 Dihydradehydroconiferyl alcohol
.. R N i ok H
.E 1] [ i ] 5 v " " ('] B 1 Ee Ci 3 i (1] 2 an ] Fi] Y ~ F-
=
E ! Lariciresinoll Loliolide
- == Ferulic acid Menthiafolic acid , i i Dihydrodehydroconiferyl alcohol B
; 2,6-dimethyl-1,4-benzoquinone i i i i _
| : vi v | i Chrysoeriol
' IR TR T SN

Retention time (min)
Ferulic acid (1), 2,6-dihydroconiferyl alcohol (2), Cafteic acid (3), Quercetin rhamnoside (4), Quercetin-3-rutinoside (5), Syringic acid
(6), 2,6-dimethyl-1,4-benzoquinone (7), Orientin (8), Astilbin (9), Menthiafolic acid (10), Scoparin (11), Loliolide (12), Isovitexin (13)

Fig. 3.3a. Comparison of EIC of acidic methanol agai extract at 15 pg/uL after PAMPA test. (A) Compounds in donor site. (B)
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Fig. 3.3b. Comparison of EIC of methanol agai extract at 15 pg/uL after PAMPA test. (A) Compounds in donor site. (B) Compounds

in acceptor site.
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Fig. 3.3¢c. Comparison of EIC of acidic methanol maca extract at 15 pg/pL after PAMPA test. (A) Compounds

in donor site. (B) Compounds in acceptor site.
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MS intensity

MeOH maca extract

5-hydroxymethylfurfural Ildepidili;}.e A A
H | Benhzajldehyde - g/lahc acid benzoate | Lepidiline B
¢Xxana i4-hydroxycinnamic am . . 1R,3S)-1-methyltetrahydro-f-carboxylic acid
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Fig. 3.3d. Comparison of EIC of methanol maca extract at 15 pg/pL after PAMPA test. (A) Compounds in donor site. (B)

Compounds in acceptor site.
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Fig. 3.3e. Comparison of EIC of DCM maca extract at 15 pg/uL after PAMPA test. (A) Compounds in donor site. (B) Compounds in

acceptor site.
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The absorption extent (Table 3.1) was then quantified by using the peak areas of each
constituent at the beginning (Cp(0)) and at the end of PAMPA in the donor site (Cp(t)) compared
to the one in the PAMPA acceptor site at the end of PAMPA (Ca(t)). These were used in the
equation (1) below for standard calculation of effective permeability (P.) values adapted from Petit
etal [114]:

Equation (1):

2303Vp 1 . i A4nt G,
At —7s) "1+ e (1-R)"  Cp(0)y

PEZ

Where Pe represents the effective passive permeability coefficient (cm/s)

-

Iy

Vaand Vp represent the acceptor well volume (200 pL) and donor well volume (300 pL),
respectively, A is the membrane area (0.3 cm?), t is the time of incubation in seconds (18 000 s),
and Ca(t) and Cp(t) is the concentration at time t in the acceptor and donor compartment,

respectively. R is the membrane retention defined as:

(1 -R)VpCp(0) =VpCp(t) + VACa(T)

Therefore, the Pe calculation considers the non-specific binding of constituents in the
membrane by including membrane retention and the influence of gravity is eliminated in the assay

by placing the donor compartment below the acceptor plate.

Thirty percent (30%) fraction absorbable calculated by using P. equation is considered an
acceptable starting point for predicting absorption in many drug discovery studies and it is used to
classify absorption extent of plant constituents in PAMPA whereby log P. value of -4.70 = 30%

fraction absorbable [115]. Any log P. value below -4.70, considered to have low potential for
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passive absorption, is classified as low passive absorption category “GIT-" while a value above -

4.70 is classified as high passive absorption category “GIT+” [114, 115].

The data from analysis of the three standards sulfasalazine, amiloride hydrochloride (HCI) and
caffeine used in this study correlated with the literature that they are low-permeable, mid-
permeable and high permeable by passive diffusion, respectively [141] indicating that the PAMPA
membrane in this study was intact. As a result, a log P, value obtained from sulfasalazine (-6.61)
was arbitrarily assigned to any of the plant extract constituents that could not be detected in the
PAMPA acceptor compartment. In correlation to the literature [161, 162], passively absorbable
constituents of acai and maca plant extracts were those that comply with Lipinski and Veber’s
rules. This was confirmed by The Metabolomics Innovation Center (TMIC) online tool

(http://www.hmdb.ca/metabolites) that provides among others physicochemical properties of

natural products and whether they abide by Lipinski and Veber’s rules. In this exercise, it was
realized that acai anthocyanins and maca glucosinolates from acidic methanol extracts had log P
values <2 and these did not show a potential for passive absorption probably due to extensive
polarity (breaking Lipinski’s rule) making it hard for them to traverse the nonpolar fatty acid esters
“tails” of lipid bilayer. An exception was a hexyl glucosinolate from acidic methanol maca extract
which displayed a potential for passive absorption which was assumed to be due to a nonpolar
side-chain (hexyl) helping to balance the polarity of the glucosinolate. It has also been reported
that glucosinolates are mostly not absorbed in their intact form but get hydrolyzed by colonic
myrosinases and the resulting isothiocyanates get absorbed readily [157]. For acidic methanol acai
extract, consistent with the literature that anthocyanins are taken up by transporters, especially
Na*-dependent glucose transporters (SGLT) [163], all acai anthocyanins were non-passively
absorbable. All constituents that showed potential for intestinal passive absorption had molecular
weights less than 500 Da.
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Similarly, as generally known that L-amino acids are carried by Na*-coupled amino acid
transporters (NAT) across the intestinal membrane [164], the amino acids in methanol maca
extract were all non-passively absorbable in either the extract or the standards. While lepidiline A
and lepidiline B have a close structural similarity, an extra methyl group on lepidine B may be
reducing its dissolution hence reducing its passive absorption potential as seen in this study.
However, there was no data available in the literature supporting the potential intestinal passive
absorption of lepidiline A, macaridine and (1R,3S)-1-methyltetrahydro-f-Carboline-3-carboxylic
acid. On the other hand, 5-hydroxymethylfurfural (HMF) has been reported to be rapidly absorbed
in rats and mice GIT at a concentration-dependent manner which indicates passive absorption
[165, 166].

Moreover, most macamides from DCM maca extract could not pass the PAMPA membrane
and this was presumed to be a result of their extensive nonpolar feature (log P >5 - breaking
Lipinski’s rule and rotatable bonds > 10 - breaking Veber’s criterion). This means that their
dissolution in the intestinal media and into the outer hydrophilic choline esters “heads”. Indeed,
the DCM maca extract could hardly dissolve in the PAMPA buffer system during this assay. It is
believed that one macamide (N-benzylhexadecanamide) that has shown potential for passive
absorption in this study as confirmed with its standard, is only because it had formed a salt in
PAMPA buffer (detected as Na* adduct). The salt form of a macamide would have increased
polarity hence better dissolution in PAMPA media and the outer hydrophilic layer of the lipid

membrane.

Another factor observed in this study is that extent of absorption of acai and maca plant
constituents in complex mixtures was approximately equal to the one obtained when assayed as
single compounds (Table 8). Therefore, as previously reported [114], passive absorption of plant
constituents may not be altered by their natural occurrence as part of a complex mixture such as

botanical dietary supplements.
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In acidic acai methanol extract, a compound protocatechuic acid (PCA) methyl ester was one
of the few passively absorbable constituents. While PCA standard was not available as an ester
form in this study, it also displayed a potential for passive absorption (Log Pe -4.61). This standard
was less absorbed than its corresponding methyl ester and this may be due to relatively reduced
polarity on the methyl ester. Apart from that, absorption of PCA has been attributed to the
transporter system and P-gp efflux [117]. There was no data available in the literature related to
intestinal passive absorption the other four compounds (loliolide, menthiafolic acid,
Dihydroconiferyl alcohol and 3-oxo-alpha-ionol) observed in this extract.

In correlation to the literature, orientin and homoorientin in methanol acai extract were
passively absorbed in the assay [167]. However, the absorption profile of orientin has been
reported to be diminished by its susceptibility to P-glycoprotein efflux transport [167]. This means
that its observed absorption extent in this study where the transporters are not included, may be
exaggerated when compared to the one from in vivo models. Although no literature was available
depicting the intestinal passive absorption of catechol, its high passive absorption profile has been

demonstrated on in vitro and in vivo skin models [168].

Most flavonoids including quercetin 3-glucoside, quercetin 3-rutinoside, kaempferol 3-O-
rutinoside, quercetin, scoparin, vitexin, isovitexin and taxifolin could not show a potential for
passive absorption. This shows the importance of metabolism in influencing absorption of
flavonoids whereby these flavonoids are mentioned to be hydrolyzed prior to metabolism at the
intestinal barrier [169, 170]. It is supposed that this hydrolysis reduces the extensive polarity of
flavonoids and enhance their potential for passive absorption. Also, for catechin and epicatechin,
these are said to O-methylated and glucuronidated extensively and none of their intact forms were

detected in the human plasma [171].

To reliably confirm the passively absorbed constituents, after samples from the PAMPA
acceptor compartment were analyzed by LC-MS, their TICs were uploaded into the ACD/Spectrus
Processor 2016.2.2 software for confirmatory analysis. Before analysis, the background was
subtracted on the TICs by the ACD/Spectrus Processor software. Being known compounds, the
constituent structures were loaded from the ACD/Dictionary included in the ACD/Spectrus
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Processor software after which the ACD/Spectrus Processor performed a search for their presence
in the uploaded TICs. When a constituent was passively absorbed, the ACD/Spectrus Processor
displayed its extracted ion chromatogram (abbreviated as XIC for this software), retention time,
m/z value and confidence level with ‘Excellent and green color’ denoting the highest confidence
(Table 8.1). Those with highest confidence were assumed to be denote high potential for passive

absorption.

Using the highly nonpolar maca constituents (macamides), the importance of structural
polarity in passive absorption was proved by comparing a constituent macamide that has an alkyl
amide made of 17 carbons (N-benzyloctadecanamide) with its synthetic analog that is made into a
polar ester by attaching a hydrophilic group 3-pyridylcarbinol (Table 8.2). The passive absorption
extent was significantly increased in the ester form (log Pe -4.36) as opposed to the intact macamide
(log Pe -4.70).
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Table 8: PAMPA: Intestinal Absorption Analysis

Standard ranking margin: Log Pe -4.7 = 30% absorbable [114]

Log Pe Absorption extent

Acai plant extracts
Absorption
extent as a

Standard Absorption | single
Extract | €ompound | extent in standard
Acidic methanol acai extract constituents logPe | 109 Pe extract compound

Anthocyanins

Cyanidin 3-glucoside -6.61 -6.30

Cyanidin 3-sambubioside -6.61 -6.61

Cyanidin 3-rutinoside -6.61 -6.61

Peonidin 3-glucoside -6.61 ND

Pelargonidin-3-rutinoside -6.61 -5.55

Pelargonidin 3-glucoside -6.61 -5.77

Non-anthocyanin polyphenols

Kaempferol 3-O-rutinoside -6.61 ND

Quercetin rutinoside -6.61 -6.61
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Scoparin -6.61 ND
Ferulic acid -6.61 -6.61
Syringic acid -5.02 -5.19
Caffeic acid -6.61 ND
p-coumaric acid -6.61 ND
Chrysoeriol -4.73 -5.73
Menthiafolic acid -4.45 ND
Dihydrodehydroconiferyl alcohol -5.38 ND
Dihydroconiferyl alcohol -4.45 ND
2,6-dimethyl-1,4-benzoquinone -6.61 ND
3-oxo-alpha-ionol -4.31 ND
Loliolide -4.40 ND
Syringaresinol -6.61 ND
Lariciresinol -6.61 ND
Isolariciresinol -6.61 ND
Catechin -6.35 -6.61
Epicatechin -6.61 ND
Protocatechuic acid (PCA), methyl ester -4.31 ND
Astilbin -6.61 ND
Methanol acai extract constituents

Phenolics

Catechol -4.29 -4.59
Quercetin -5.28 -6.57
Taxifolin -5.33 -6.61
Gallic acid -6.61 -6.61
Orientin -4.35 -4.29
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Homoorientin -4.47 -4.35
Vitexin -6.61 -6.61
Isovitexin -6.61 -6.61
Vanillic acid -6.61 -6.61
Maca plant extract

Acidic methanol maca extract constituents
Glucosinolates
Glucotropaeolin -5.86 ND ND
3-methoxybenzyl glucosinolate -6.6 ND ND
Hexyl glucosinolate -4.29 ND ND

Methanol maca extract constituents

Phenolics
Lepidiline A -4.42 ND ND
Lepidiline B -6.35 ND ND
4-Hydroxycinnamic acid -5.91 ND ND
(1R,3S)-1-methyltetrahydro-p-Carboline-3-carboxylic -4.29 ND ND
acid
Benzyl alcohol -4.93 ND ND
Malic Acid Benzoate -4.83 ND ND
5-hydroxymethyl furfural -4.39 ND ND
Macaridine -4.29 ND ND
Quercetin -5.3 -4.83
Uridine -4.94 ND ND
5-Oxo0-6E,8E-octadecadienoic acid -5.84 ND ND
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Amino acids
L-Phenylanine -6.61 -6.61
L-tyrosine -5.68 -5.76
L-tryptophan -6.61 -5.47
Proline -6.04 ND
Leucine -5.55 ND
Isoleucine -5.16 ND
Valine -5.03 ND
DCM maca extract constituents
Macamides
N-benzylhexadecanamide -4.59 -4.57
N-benzyloctadecanamide -4.70 ND
N-Benzyl-13-oxooctadeca-9E,11E-dienamide -6.61 ND
N-(3-methoxybenzyl)-hexadecanamide -6.61 ND
4'-methoxy-N-benzyl-(9Z)octadecanamide -6.61 ND
N-(3-methoxybenzyl)-hexadecanamide -6.61 ND
N/A — Not available
Controls Log Pe Absorption extent
Positive: Caffeine -3.81
Mid-permeable: Amiloride -4.34
Negative: Sulfasalazine -6.61
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Table 8.1. ACD/Spectrus analysis of passively absorbed agai and maca constituents

Molecular | Molecular | [M+H]* Structure Name Compound

Formula Mass (Da) | m/z presence
confirmation by
ACD Spectrus

1. Acidic methanol acai extract

C10H1603 184.2320 | 185.0891 Menthiafolic acid

Good

C10H1203 182.2190 | 183.0652 Dihydroconiferyl

alcohol Good

C11H1603 196.2460 | 197.1030 Loliolide

| (0]
M"“
HO
C13H2002 208.2967 | 209.1537 3-oxo-alpha-ionol
o) \
OH
6
R
OH
~ M=o
HO o




CsHsO4 168.1480 | 169.0488 HO Protocatechuic
. Good
HO acid, methyl ester
2. Methanol acai extract
CsHsO2 110.1120 | 109.0299 Catechol
Good
C21H20011 448.3800 | 447.0926 Orientin
C21H20011 448.3800 | 447.0934 Homoorientin
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3. Acidic methanol maca extract
C13H27NO9S; | 403.4610 | 404.1094 Hexyl
OH . Good
HO, \OH glucosinolate
"o OH
MN
0
O\ /7
P OH
4. Methanol maca extract
C19H20N2 276.7410 | 277.1695 Lepidiline A
N Good
N
LN@
C13H14N202 | 230.2642 | 231.0942 o} (1R,3S)-1-
OH methyltetra-
N\ NH hydro-p-
H - Carboline-3-

carboxylic acid




C13H1sNO2 | 215.252 216.1006 _0O Macaridine
"]
N
OH
CsHsO3 126.111 127.0386 HO 0 /O 5-hydroxy-
L methylfurfural
5. DCM maca extract
C23H3oNO | 345.7210 | 368.2922 N-benzyl-

[M+Na]*

hexadecanamide

Good
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Table 8.2. Comparison of passive absorption extent between a nonpolar intact macamide and a relatively polar synthetic

macamide ester

Name Structure Log Pe

N-benzyloctadecanamide H
N WW
o)

N-(8Z-Heptadecen-1-yl)-O- 0
(3-pyridylmethyl) carbamate | X OJ\N =
H
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3.3 Identification of Phase | and Phase Il metabolites of plant extract constituents

Analysis of LC-MS data followed both targeted (theoretical) and untargeted (prediction)
approaches. A known or predicted metabolite was extracted from reaction samples with
background subtraction to ensure that it forms only in the reaction sample. However, working with
complex mixtures implied the possibility that a formed metabolite could produce a chemical
formula and exact mass similar to one or more of the pre-existing compounds. In these cases, the
significant increase in abundance of such a pre-existing ion would give some impression that it
was not just an original constituent but with a formed metabolite added on it. Despite that, the
general procedure considered with confidence the new chromatographic peaks forming only in the
test samples and not in the controls as possible formed metabolites. The LC-MS analysis of these
metabolites was supported by the literature search and the predictions suggested by MetaPrint2D-
React online tool and Agilent Biotransformation Mass Defects B214.1 software.

Formation of the theoretical and predicted metabolites was analyzed by the Agilent
MassHunter Qualitatative Analysis B.07.00 software by displaying EICs of the metabolites from
the TIC. Further, a metabolite was confidently predicted by molecular feature whereby the accurate
mass, m/z value, molecular formula and DBE should correlate to the chemical structure of the
predicted metabolite with less error (< 5 ppm) and high score. Chromatograms of the known (Fig.

3.4a) and predicted (Fig. 3.5a) metabolites were displayed.

To perform the structural elucidation of the formed known and predicted metabolites, targeted
MS/MS experiments were run. This collision-induced dissociation (CID) fragmentation of the
parent ions corresponding to produced metabolites was carried out at 3 different fixed collision
energies (5, 20 and 40 eV) to study the fragmentation pathways and identify the main fragments.
The MS/MS conditions were set as follows: mass range 50 — 1700 m/z, acquisition time 709.2
ms/spectra, acquisition rate 1 spectra/sec, medium isolation width and charge state of 1. The
generated fragments of a known metabolite [172] (Fig. 3.4b) and for confirmation of predicted
metabolites (Fig. 3.5b) were displayed. The fragmentation pathway for a known glucuronide
(catechol glucuronide) followed the reported pattern [173]. A major fragment was a released
catechol from breaking of a relatively more labile glycosidic bond. A radical fragment was
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observed in this metabolite fragmentation. While radical formation during CID fragmentation may
be uncommon, it has been reported various times [174, 175]. Furthermore, the proposed
fragmentation pattern for the putative macamide metabolite agreed with the reported fragmentation
pathway of macamides whereby the main fragment ion was from breaking of a labile amide bond
[92, 176].

To further perform the structural elucidation of the formed predicted metabolites, their
predicted chemical structures previously generated by the MetaPrint2D-React online tool were
drawn in ACD/ChemSketch 2016.2.2 software then uploaded to the ACD/Spectrus Processor
2016.2.2 together with the TIC obtained from LC-MS analysis. At this stage, ACD/Spectrus
Processor could report if a predicted metabolite was formed and display its extracted ion
chromatogram (abbreviated as XIC for this software), retention time, m/z value and confidence
level with ‘Excellent and green color’ denoting the highest confidence in the identification (Table
8.3). Those with highest confidence were assumed to be the major metabolites. Interestingly the
ACD/Spectrus Processor could even eliminate the background on the TIC enhancing the
identification of the metabolite peaks with little or no matrix interference. Owing to the usefulness
of the ACD/Spectrus Processor software, it was also used to confirm the formation of theoretical
metabolites (Table 8.4). Since these were known compounds, their structures were loaded directly

from the ACD/Dictionary included in the ACD/Spectrus Processor.

Among the identified Phase | and Phase Il metabolites were the confirmed ten known
metabolites in acai and eight in maca (Table 8.5). Except for kaempferol-3-O-rutinoside in the acai
plant extract, the formation of all metabolites was also confirmed by conducting metabolism
experiment with its corresponding single standard compound. This fully eliminated the complexity

in the plant extract where a metabolite may also be a pre-existing constituent.

Nineteen putative chemical structures were predicted for the unknown metabolites detected
from acai extracts and four chemical structures of unknown metabolites from maca extracts (Table
8.6). The formed metabolites were confirmed with standard compounds where available. The
formation of Phase | and Phase Il metabolites from pelargonidin 3-rutinoside, pelargonidin 3-

glucoside, vitexin, isovitexin, syringic acid, chrysoeriol, vanillic acid and taxifolin in agai plant
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extracts was confirmed by conducting metabolism experiments with their corresponding single
standard compound. The formation of the N-benzylhexadecanamide metabolite in maca plant
extract was also confirmed by conducting metabolism experiment with its corresponding single

standard compound.

In general, retention times of all confirmed and predicted hydroxylated Phase | metabolites
were earlier than their original compounds indicating that they have become more polar. Phase 11
metabolites with more polar groups added came even earlier than their corresponding Phase |
metabolites. The opposite was observed for those Phase | metabolites attained by hydrolysis as
most became more nonpolar upon removal of a hydrophilic group such as a sugar moiety by

hydrolysis.

The MS/MS experiments were also carried out for some of the predicted metabolites and the
obtained fragments (Table 8.7) matched those that were predicted by ACD/MS Fragmenter. The
first fragments (m/z 305.1254 and 168.9426 for taxifolin and vanillic acid, respectively) suggest
that the displayed predicted glucuronides in acai plant extract were first fragmented back to their
original forms releasing a glucuronic acid portion. After these, the molecules seem to follow their
reported fragmentation patterns [177, 178].

Apart from predictions from ACD/MS Fragmenter, a formed metabolism was also identified
based on the known fragments of the original macamides [92, 176]. For N-benzylhexadecanamide,
the fragment representing a long alkyl chain (m/z 165.0886) did not change, while a benzylamine
usual fragment from the literature (m/z 108) was the only one that increased by 16 Da giving m/z
124.0840 indicating hydroxylated metabolite. Apart from having been a predicted metabolite by
MetaPrint2D-React online tool, it is of course known that hydroxylation on the aromatic ring
prefers a para position [13], a para-hydroxilated N-benzylhexadecanamide metabolite was
presumed to be the most probable form. On the contrary, N-benzyloctadecanamide with a longer
alkyl-amide chain seemed to be oxidized on the terminal carbon as predicted by MetaPrint2D-

React online tool and shown by intact fragment m/z 277.6584 (Table 8.7).
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Fig. 3.4a. EIC of a Phase Il metabolite of acai phenolic constituent, catechol.
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Table 8.3: ACD/Spectrus analysis of predicted acai and maca metabolites

Parent Parent structure Metabolite structure Molecular | Molecular | [M+H]* Compound

constituent Formula Mass (Da) m/z presence

confirmation by
ACD Spectrus

Macaridine
(maca extract) C13H13NOs 231.251 | 232.123

Metabolic

reaction:

hydroxylation

Dihydroconiferyl
C10H140 214.084 | 215.091

alcohol (agai V\/@ m 10H1405

HO o~ HO o

extract).

Metabolic

reaction:

dihydroxylation
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Parent

constituent

Parent structure

Metabolite structure

Molecular

Formula

Molecular
Mass (Da)

[M+H]"

m/z

Scoparin (acai
extract).
Metabolic
reaction:
oxidative

demethylation

C14H16010

448.101

449.108

Vanillic acid
(acai extract).
Metabolic
reaction:

glucuronidation

C14H16010

344.0743

353.0587
(M+Na)*
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Table 8.4: ACD/Spectrus analysis of known acai and maca metabolites

Parent

constituent

Parent structure

Metabolite structure and

name

Molecular

Formula

Molecular

mass (Da)

[M+H]"

m/z

Cyanidin-3-O
glucoside (acai
extract).
Metabolic
reaction:

hydrolysis

Cyanidin

C15H1006

286.198

287.055
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Compound

presence

confirmation
by ACD

Spectrus




Benzoic acid
CisH140s | 298.247 299.857
(maca extract).
Metabolic
reaction: OH
glucuronidation
Benzoyl glucuronide
Table 8.5. Confirmed Phase | and Phase 11 metabolites
Parent compound Phase | or Metabolite | Metabolite | RT | DBE | Diff MS/MS [M+H]* Fragments
Phase 11 formed m/z (min) (ppm) | (relative abundance, | correlation
reaction [literature] [M+H]* %) to
literature
Acai plant sample
Cyanidin-3-O-glucoside | Hydrolysis Cyanidin 287.0555 | 15.271 11| -3.16 230.8792 (50), | [180, 181]
(Phase 1) [179] 185.1181 (20),
151.0936 (100)
e Cyanidin Glucuronidation | Cyanidin 501.0411 | 2.728 12| 5.23 287.0363 (80), [182]
(Phase I1) glucuronide [M+K]* 125.0162 (100)
[179]
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Parent compound Phase | or Metabolite | Metabolite | RT | DBE | Diff MS/MS [M+H]* Fragments
Phase 11 formed m/z (min) (ppm) | (relative abundance, | correlation
reaction [literature] [M+H]* %) to

literature

Cyanidin-3-O-rutinoside | Hydrolysis Cyanidin 287.0553 | 16.138 11| -3.09 257.2552 (55), [181]

(Phase 1) [179] 230.8792 (50),
185.1181 (20),
151.0936 (100)
Cyanidin-3-O- Hydrolysis Cyanidin 485.0701 2.46 12| -1.61 287.0105 (50), [182]
sambubioside (Phase 1) then glucuronide [M+Na]* 174.8979 (100)
glucuronidation | [179]
(Phase 11)
Pelargonidin-3-glucoside | Hydrolysis Perlagonidin 271.0634 | 13.379 11| -1.42 226.9470 (30), [183]
(Phase I) [179] 191.0932 (20),
173.0766 (100),
145.1042 (20)
Kaempferol-3-O- Hydrolysis Kaempferol 285.0421 | 17.089 6 4.8 119.0487 (100), [185]
rutinoside (Phase I) [184] [M-H] 168.9968 (20),
239.0752 (50),
255.9322 (30)
Catechol Glucuronidation | Catechol 285.0622 | 6.398 6| -.1.67 | 75.9584 (85), 109.0295 [172]
(Phase 11) glucuronide [M-H] (100), 192.9500 (8),
[186] 210.9145 (10)
Orientin & Hydrolysis Luteolin [187] 287.0561 | 7.189 11| -4.27 285.0381 (100), [185]
Homoorientin (Phase I) 256.9439 (40),
242.9767 (35),
211.0925 (40)
Hydrolysis Luteolin-7- 501.0439 | 2.497 13| -094 449.3170 (100), [185]
(Phase I) then glucuronide [M+K]* 365.0970 (25),
[188]
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Parent compound Phase | or Metabolite | Metabolite | RT | DBE | Diff MS/MS [M+H]* Fragments
Phase 11 formed m/z (min) (ppm) | (relative abundance, | correlation
reaction [literature] [M+H]* %) to

literature
glucuronidation 274.7900 (10),
(Phase 1) 203.0455 (100)
Quercetin Glucuronidation | Quercetin-7- 479.0843 | 11.142 13| -0.667 | 349.769 (70), 302.8750 [189]
(Phase 11) glucuronide (50), 169.0634 (50),
[189] 103.0167 (100)
Glucuronidation | Quercetin-4'- 479.0839 | 11.676 13| -1.79 302.9986 (50), [189]
(Phase 11) glucuronide 227.0212 (100),
[189] 170.9209 (50),
103.0151 (90)
Glucuronidation | Quercetin-3'- 479.0844 | 11.507 13| -4.29 302.8844 (80), [190]
(Phase 11) glucuronide 244.9562 (60),
[189] 147.0040 (100),
103.0115 (40)
Quercetin 3-rutinoside & | Hydrolysis Quercetin 303.0505 | 14.535 11| -2.42 240.9352 (95), [192]
Quercetin-3-glucoside (Phase I) [191] 153.2650 (90),
107.9698 (100)
Maca plant sample
Benzyl alcohol Oxidation Benzaldehyde 107.0491 | 4.443 5| 3.62| 89.0311 (10), 80.0475 [194]
(Phase I) [193] (100)
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Parent compound Phase | or Metabolite | Metabolite | RT | DBE | Diff MS/MS [M+H]* Fragments
Phase 11 formed m/z (min) (ppm) | (relative abundance, | correlation
reaction [literature] [M+H]* %) to

literature
e Benzaldehyde | Oxidation Benzoic acid 140.0705 | 2.104 5 1.34 79.0447 (100) [195]
(Phase 1) [193] [M+NH4]*
e Benzoicacid | Glucuronidation | Benzoyl 321.0595 | 2.0212 7| -0.73 | 123.0547 (50), 79.0247 [195]
(Phase I1) glucuronide [M+Na]* (100)
[196]
Malic acid benzoate Hydrolysis Malic acid 135.0295 | 2.944 2| 094 116.9163 (100), [198]
(Phase 1) [197] 98.0963 (60), 77.2163
(40)
Hexanal Oxidation Hexanoic acid 155.0457 | 18.416 1] 1.93| 107.0595 (30), 91.0595 [200]
(Phase I) [199] [M+Na]* (20), 83.0573 (100),
77.0386 (40)
5- Glucuronidation | Methylfurfural 303.0701 | 4.985 6| 0.01 127.0371 (100), [202]
Hydroxymethylfurfural | (Phase II) glucuronide 91.0521 (20)
[201]
Benzylamine Oxidation Benzamide 139.0843 | 4.992 4| 452 120.0442 (50), [204]
(Phase I) [203] [M+NH4]* 104.0486 (10), 91.0513
(80), 80.0471 (80),
77.0371 (100)

4-Hydroxycinnamic acid | Glucuronidation | p-coumaric 363.0685 | 2.756 8| 164 163.0576 (95), [206]

(Phase I1) acid [M+Na]* 145.0471 (100),
glucuronide 118.0842 (95), 97.0550
[205] (90)
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Table 8.6. Predicted Phase | and Phase Il metabolites

Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff

compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*

Acai plant sample

3-oxo-alpha- Hydroxylation OH 247.1315 | 10.769 4 -3.72

ionol (Phase I) X

Pelargonidin 3- | Hydroxylation 613.1998 | 11.183 13 1.55

rutinoside (Phase I)
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Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff
compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*

Pelargonidin 3- | Hydroxylation 450.116 | 7.123 12 -1.53

glucoside (Phase I)

Vitexin Dihydroxylation 465.103 791 12 -0.15
(Phase I)

Scoparin Hydroxylation 496.1434 | 6.931 12 3.64
(Phase I)
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Parent Phase | or Putative metabolite as predicted by Metabolite | RT |DBE | Diff
compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*
Syringic acid Dihydroxylation OH 231.0489 | 2.611 5 2.16
(Phase I) HO._ O O._OH
HO™ "0
Caffeic acid Hydroxylation HO 197.0468 8.78 6 0.89
(Phase I)
HO \ OH
HO 0]
Chrysoeriol Glucuronidation o~ 477.1069 | 8.819 13 -3.28
Phase Il
( ) o OH
BORSE
HO ©
0~ "OH ©
Dihydrodehydro- | Hydroxylation ~0 o— 399.1409 | 10.959 9 0.55
coniferyl alcohol | (Phase I) o
o N o
OH




Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff
compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*
Dihydroxylation ~0 o— 431.1118 | 8.652 9 -4.45
(Phase I) o
o~ S~ or
OH
OH HO
Oxidative O- ~o0 oH 347.1478 | 10.979 9 3.88
demethylation o
(Phase I) O O OH
HO
HO
Glucuronidation ~o \o 554.2222 | 8.186| 11 3.02
(Phase I1) o
as
o -
HO
HO OH
HO  OH
Syringaresinol Oxidative O- / \ 427.1366 | 13.417 10 -0.55
demethylation Q 0 ©
(Phase 1) HO
(o) O OH
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Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff
compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*
Hydroxylation J \ 457.1482 | 13.226 10 -2.47
(Phase ) Q o) 0
SPSeave
o o)
O\ \\
OH
Lariciresinol & | Hydroxylation \ 399.1414 | 13.063 9 0.33
isolariciresinal (Phase I) HO— HO o
HOOOH
o o)
\
Dihydroxylation HO HO OH 415.1358 | 11.382 9 1.81
(Phase 1) O P
HO
o ¢
¢
HO
Oxidative O- HO OH 347.1487 | 11.919 9 -0.48
demethylation
(Phase 1) Ho—~( ) OH
o o)
\
Vanillic acid Hydroxylation —O  OH 183.0297 | 7.619 5 0.81
(Phase 1) (M-H)

100




Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff
compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*
Glucuronidation HO 353.0587 5.8 7 -4.72
(Phase I1) O&O (M+Na)*
HO@—{ 0
o) OH
—0
HO  OH
Taxifolin Hydroxylation OH 319.047 | 9.583 10 -0.66
(Phase 1) O (M-H)
HO O ) OH
HO OH
OH O
Glucuronidation HO 481.1023 | 6.689 12 -4.94
(Phase 11) O OH 0
o)
OH HO  OH
OH O
Maca plant sample
N-benzyl- Oxidation 362.305 | 19.192 6 0.86
hexadecanamide | (Phase I) ©\WH
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octadecanamide

(Phase 1) @HM

Parent Phase | or Putative metabolite as predicted by Metabolite | RT | DBE | Diff

compound Phase 11 MetaPrint2D-React online tool m/z (min) (ppm)
reaction [M+H]*

N-benzyl- Oxidation 428.2923 | 20.859 6 0.52

Macaridine

Hydroxylation
(Phase I)

232.123 | 4.925 8 2.61

Table 8.7. MS/MS studies for predicted acai and maca Phase | and Phase 11 metabolites

Parent compound

Phase | or
Phase 11
reaction

Putative metabolite formed

MS/MS [M+H]*
(relative abundance,
%)

Acai plant extract
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Parent compound Phase | or Putative metabolite formed MS/MS [M+H]*
Phase 11 (relative abundance,
reaction %)

Taxifolin Glucuronidation HO 305.1254 (50),

(Phase 11) OH 0 254.8450 (100),
HO o) O 0 180.9043 (90),
O o OH 140.9201 (40).
OH id oH 105.0656 (60)
OH O
Vanillic acid Glucuronidation HO 168.9426 (30),
(Phase I1) O o 156.8884 (40),
HO@—‘{ o 145.1077 (100),
5 © o 125.2125 (30),
HO  OH 118.3005 (50)
Maca plant extract
N-benzylhexadecanamide | Oxidation 323.2295 (40),
(Phase 1) ©YH 284.3085 (20),
214.9085 (20),
c O 165.0886 (30),
124.0840 (100),
107.9630 (40)
Oxidation o | 341.1109 (100),
N-benzyloctadecanamide | (Phase 1) @H 7(\/\/\/\/\/\/\/\) 277.6584 (2), 147.9185

(20)
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3.4 Optimization of parameters for CYP3A4 inhibition studies
3.4.1 Optimal incubation time of the enzymatic reaction

The CYP3A4 incubation experiment had a metabolite 1’-hydroxymidazolam formed most
linearly during the first 10 min (Fig. 3.6). Therefore, 10 min was used as the incubation time in
this study.

Incubation Time
6000000

5000000 .........................
4000000 o
3000000

2000000

1000000

Fig. 3.6. Incubation time optimization for 1’-hydroxymidazolam formation

3.4.2 Calibration curve concentration range of 1’-hydroxymidazolam

Calibration curves in the range (2 — 60 min) were carried out to quantify the amount of 1’-

hydroxymidazolam produced in the CYP3A4 incubation assay (Fig. 3.7). The amount of a
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metabolite 1’-hydroxymidazolam formed in the assay was 5.83 puM with a good correlation
coefficient (R?) of > 0.99.

Calibration curve with IS
20

18 y=0.7587x - 0338
R2=09977 .-
16

14
12
10

0 5 10 15 20 25 30

Fig. 3.7. Calibration curve for 1’-hydroxymidazolam quantification
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3.5 Evaluation of CYP3A4 inhibition by plant extracts, plant standard compounds and

Phase I and Phase II metabolites

3.5.1 Evaluation of CYP3A4 inhibition by a¢ai and maca plant extracts

The four acai and maca plant extract concentrations 0.05, 0.075, 0.1, and 0.15 pg/pL were

screened for CYP3A4 inhibition to assess their potential for botanical-drug interactions in clinical

concomitant dose with chemotherapeutic agents. The plant standard compounds were screened for

CYP3A4 activity at a concentration of 50 pg/mL. The metabolite 1°-hydroxymidazolam generated
from hydroxylation of a CYP3A4 probe substrate, midazolam, was quantified by comparison of
peak areas with those of the calibration curve and the accurate quantities used to calculate the
extent of CYP3A4 inhibition (Fig. 3.8). The CYP3A4 inhibition by acai and maca plant extracts
and their available standard compounds was also calculated in percentages by using the equation
(2) below. The extent of CYP3A4 inhibition calculated by either method was consistent.

Equation (2):

% CYP3A4 inhibition = 100 x (control peak area - peak area in test compound

presence)/control peak area.

MS intensity

Metabolite
I’-hydroxymidazolam  ----- »>

Internal standard
[13C3] 1’-hydroxymidazolam

Ss
SS
~.

3 B4 0% 0K GF 08 0% 1 11 17 13 %4 1% 1§ 17 18 1% 2 ¥1 22 23 T4 3

Retention time (min)

Fig. 3.8. EICs of I’-hydroxymidazolam used to monitor CYP3A4 inhibition extent.
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Based on FDA classification [207], all extracts showed moderate inhibition (Table 8.8) and
the standard compounds assayed separately (Table 8.9) were used to identify potential CYP3A4

inhibitors in acai and maca extracts.

FDA classification of CYP Enzyme inhibitors [207]

Substrate metabolic
Inhibitor clearance

A Moderate inhibitor 50-80% decrease

Table 8.8: CYP3A4 inhibition profile by plant extracts and standard compounds:

CYP3A4 Inhibition
Acai plant extracts
Acidic methanol agai plant extract

(ng/puL) % CYP3A4 Inhibition
0.05 46.9
0.075 54.9
0.1 57.4
0.15 58.2
Methanol acai plant extract
(Hg/pL)
0.05 13.2
0.075 20.6
0.1 28.1
0.15 50.2
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Maca plant extracts
Acidic methanol maca plant
extract (ug/uL)
0.05 58.7
0.075 66.8
0.1 68.0
0.15 69.0
Methanol maca plant extract
(Hg/pL)
0.05 67.7
0.075 70
0.1 73.6
0.15 76.7
DCM maca plant extract (ug/pL)
0.05 50.3
0.075 54.2
0.1 57.7
0.15 68.9

Even though all extracts displayed moderate (50-80%) CYP3A4 inhibition, they showed
different strengths whereas the methanol acai extract was towards the lower limit (50%) while the

methanol maca extract was towards the higher limit of moderate inhibition.

Table 8.9. CYP3A4 inhibition profile by plant standard compounds:

Standard compounds
Acidic methanol acai standard compounds % CYP3A4 Inhibition
Cyanidin-3-O-glucoside
Cyanidin-3-O-rutinoside
Cyanidin-3-sambubioside
Pelargonidin-3-glucoside
Pelargonidin-3-rutinoside
Orientin
Homoorientin
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Vitexin
Isovitexin

Methanol acai standard compounds
Catechin

Catechol

Chrysoeriol

Ferulic acid

Gallic acid
Protocatechuic acid
Quercetin
Quercetin-3-glucoside
Quercetin-3-rutinoside
Syringic acid

Vanillic acid

Taxifolin

Maca DCM standard compounds % CYP3A4 Inhibition
N-(8Z-Heptadecen-1-yl)-O-(3-pyridylmethyl)
carbamate

N-benzylhexadecanamide 77.5

Positive control

1 55.3
10 92.9

N-(8Z-Heptadecen-1-yl)-O-(3-pyridylmethyl) carbamate, showing a potential for strong
CYP3A4 inhibition, is a synthetic analog of macamides from L. meyenii [208] and used in this
study due to the unavailability of commercial standard compounds of maca. However, it has not
been reported for CYP3A4 inhibition before but for antiproliferative activity in many cancer cell
lines [209].
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Studies with standard compounds showed that none of the acai anthocyanins inhibited
CYP3A4 which correlates to the literature that generally anthocyanins, with exception of cyanidin
3-O-rhamnoside which was not detected in this extract, have not displayed any CYP3A4 inhibition
activities [210]. Even though anthocyanins were reported as weak CYP3A4 inhibitors on the study
conducted by Dreiseitel et al [211], they were still considered to pose only a limited risk of
botanical-drug interactions. This risk may be even further negligible in the clinical setting since
apart from anthocyanins not being passively absorbed in this study, their plasma concentrations
have always been reported to be extremely low in the clinical studies. In the study conducted on
human healthy volunteers that consumed acai pulp containing 972 mg/L total anthocyanins or acai
juice containing 531 mg/L total anthocyanins, only 2321.35 ng/L and 1138.51 ng/L anthocyanins
respectively were detected which is approximately 0.0002% bioavailability [79]. Del Pozo-Insfran
et al reported that the major acai anthocyanin, cyanidin-3-O-glucoside, could reach at maximum
0.008% in human plasma [59]. However, the very low detection of anthocyanins in human plasma
may be explained by reports that they are instantly metabolized into their corresponding aglycones
and other smaller molecules in vivo whereby some studies even suggest that the observed
antioxidant activities may not be from intact anthocyanins but their metabolites [155, 212].

3.5.2 Calculation of 1Cso values for acai and maca plant extracts with potential for
CYP3A4 inhibition

After all plant extracts displayed moderate (50-80%) CYP3A4 inhibition, ICso studies were
carried out at 6 concentrations (0.0125 — 0.4 pg/uL) covering those assayed in the initial screening.
The extent of inhibition at each concentration was calculated and the log dose-response curves
plotted using GraphPad Prism 5.02 software (Mountain View, CA, USA) that also generated the
ICso values (Fig. 3.9).

The studied plant extracts displayed the ICso values per each extract for CYP3A4 inhibition.

The estimated ICso values were 0. 0248 and 0.0688 pg/ul for acidic methanol and methanol acai
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extracts, respectively. The estimated ICso values for acidic methanol, methanol and DCM maca

extracts were 0.0431, 0.0873 and 0.0632 pg/ul, respectively.
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Fig. 3.9. Acai and maca log dose-response curves at 0.0125, 0.025, 0.05, 0.1, 0.2 and 0.4 pg/uL.




The methanol acai extract at 0.4 ug/uL was comparable to the DCM maca extract in that they
displayed the highest CYP3 A4 inhibitory activities (89.2 and 88.2%, respectively). Methanol maca
extract at 0.4 pg/uL followed with 83.3% CYP3A4 inhibition and acidic methanol maca extract
with 75.3%. The acidic methanol agai extract, giving the lowest inhibitory activity, could only
reach at maximum 53.7% CYP3A4 inhibition even at this highest concentration, 0.4 pg/pL. Based
on these results and the maximum extract concentration studied, it could be observed that acidic
methanol extracts of acai and maca stayed as moderate CYP3A4 inhibitors. On the other hand,
methanol extracts of acai and maca together with DCM maca extract increased from moderate
inhibition that was observed in the initial screening at 0.15 pg/uL to strong CYP3A4 inhibition at
at 0.4 pg/uL.

3.5.3 Evaluation of CYP3A4 inhibition by Phase | and Phase Il metabolites of

acai and maca plant constituents

Prior to screening for CYP3A4 inhibition, confirmation was made that the level of metabolite
production in a reaction stopped by immediate centrifugal spinning was consistent with the level
obtained in the reaction stopped by ice-cold ACN (Fig. 4.0). This confirmed that the reaction had
stopped during the quick centrifuging moment where an organic solvent had been avoided to

eliminate its interference with the microsomes in the then following CYP3A4 inhibition assay.

The agai and maca plant extract Phase I and Phase II metabolites at concentration 0.12 pg/pL
were screened for CYP3A4 inhibition to assess their potential for botanical-drug interactions in
clinical concomitant dose with chemotherapeutic agents. The CYP3A4 inhibition by these

metabolites was calculated in percentages by using the equation (2) listed in section 3.5.1.

All Phase | metabolites of plant extracts showed weak CYP3A4 inhibition (Table 9). These
results suggested that Phase | metabolism was adequate to detoxify the inhibiting compounds and
that the observed weak inhibition was most likely from the trace amounts of the original

compounds that stayed intact.
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Table 9. CYP3A4 inhibition profile by a¢ai and maca Phase | metabolites

CYP3A4 Inhibition

Acai Phase | metabolites

0.12 8.13

Maca Phase | metabolites

0.12 294

All agai Phase Il metabolites obtained by using only UDPGA as a cofactor showed weak
CYP3A4 inhibition indicating sufficient detoxification by metabolism while those of maca
displayed moderate CYP3A4 inhibition (Table 9.1). These were presumed to be the glucuronides
formed from constituents with pre-existing nucleophilic groups such as a hydroxyl (-OH). Based
on their chemical structures, the identified passively absorbed polyphenols in acidic methanol and
methanol agai extracts can form glucuronides should they be UGT substrates. The results show
that these glucuronides could not exert their CYP3A4 inhibitory activity anymore. It is worth
noting that, if it could happen that these glucuronides are substrates of [-glucuronidases, they
could be hydrolysed back into their original structures [213] that displayed CYP3A4 inhibition.

Their susceptibility to B-glucuronidases was not studied in this work.

For the maca extracts that all exhibited moderate CYP3 A4 inhibition, making even more sense
is the DCM extract that contains a macamide that according to its structure, is not susceptible to
direct glucuronidation [214]. The percent of CYP3 A4 inhibition displayed here is closer to the one
displayed in the original extract screening which gives an impression that the identified macamide

stayed intact. In acidic methanol maca extract that contains hexyl glucosinolate, while its chemical
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structure would allow glucuronidation to take place, there was no glucuronide of any glucosinolate
reported in the literature nor identified in this study. Therefore, it is presumed that hexyl

glucosinolate may have stayed intact.

Table 9.1. CYP3A4 inhibition profile by a¢ai and maca Phase Il metabolites from a cofactor
UDPGA

CYP3A4 Inhibition
Acai Phase 11 UDPGA metabolites

0.12 34.3

Maca Phase Il UDPGA metabolites
Acidic methanol maca Phase Il UDPGA metabolites

(Mg/pL)

0.12 52
Methanol maca Phase Il UDPGA metabolites (ug/uL)

0.12 57.1

DCM maca Phase Il UDPGA metabolites (ug/uL)

0.12 79.2

For agai, Phase 1l metabolites obtained by using NADPH and UDPGA cofactors in acidic
methanol agai extract showed weak CYP3A4 inhibition while those from methanol agai extract
displayed moderate CYP3A4 inhibition. On the other hand, Phase 1l metabolites obtained by using
these cofactors in acidic methanol and DCM agai extract showed weak CYP3A4 inhibition but
those from methanol maca extract displayed moderate CYP3A4 inhibition (Table 9.2). These were
expected to be the glucuronides formed from constituents required both the functionlization such
as the addition of a hydroxyl group by Phase | metabolism and glucuronidation by Phase Il

enzymes. However, since constituents in these methanol extracts are predominantly phenolics, the

116



order of Phase | and Phase Il metabolism may not matter unless glucuronidation occurs directly

on the newly inserted hydroxyl group.

From these results, it may be assumed that the macamide in DCM maca extract has undergone
activation and glucuronidation phases which resulted in its loss of CYP3A4 inhibitory activity. If
metabolized, then one or some of the absorbed constituents in methanol agai and maca extracts

may still have CYP3A4 inhibitory activity after hydroxylation and glucuronidation.

Table 9.2. CYP3A4 inhibition profile by acai and maca Phase Il metabolites from the
cofactors NADPH and UDPGA

Acai Phase Il UDPGA + NADPH metabolites

0.12 44.0
Methanol agai Phase Il UDPGA + NADPH metabolites
(Mg/pL)

0.12 52.7

Maca Phase 11 UDPGA + NADPH metabolites

0.12 26.2
Methanol maca Phase 11 UDPGA + NADPH
metabolites (ug/uL)
0.12 66.9
0.12 25.3
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3.6 Identification of CYP3A4 inhibitors in acai and maca plant extract constituents

Identification of constituents possibly exerting the CYP3A4 inhibitory effects from the assayed
plant extracts was based on the absorption data from PAMPA study since only the passively
diffused ones (GIT+ plus confirmation by ACD/Spectrus software) were screened. Five non-
anthocyanin polyphenols (loliolide, dihydroconiferyl alcohol, menthiafolic acid, PCA methyl ester
and 3-oxo-alpha ionol), were passively absorbed from acidic methanol acai extract. None of them
were available as a pure compound in our lab and in such case the information from literature was
utilized for estimating the identity of the CYP3A4 inhibitor. Among these, PCA methyl ester is an
ester of a prominent anthocyanin metabolite, PCA, reported to have mild CYP3A4 inhibition
effects [211]. The PCA standard compound was of course screened for CYP3A4 inhibition in this
study and only weak (34.8%) inhibition could be attained. Interestingly, de Faria et al [215]
screened a series of PCA alkyl esters and suggested that an increase in the carbon chain of the
ester, which decreases the hydrophilicity of the original PCA, is accompanied by proportional
increase in the inhibition of NADPH-dependent oxidase. This behavior, according to de Faria, is
true only up to 7 carbons ester [215]. It is supposed therefore, in this study that PCA methyl ester
may be responsible for the observed CYP3A4 inhibition.

In the methanol acai extract, only 3 constituents (catechol, orientin and homoorientin) were
absorbed. All these were available as standard compounds and only catechol displayed moderate
CYP3A4 inhibition at 0.05 pg/pL. This suggested catechol as the CYP3A4 inhibitor in methanol
acai plant extract. While gallic acid standard compound displayed strong CYP3A4 inhibition at
the same concentration, it was not passively bioavailable either in the MeOH acai extract, acidic
MeOH acai extract or as a single standard compound. This data agreed with the literature that
catechol inactivates cytochrome protein in rat and human liver microsomes [216, 217] and that
gallic acid strongly inhibits CYP3A4 [218, 219]. These passive absorption profiles and CYP3A4

inhibitory activities were confirmed by plant standard compounds.

For acidic methanol maca extract, the only one glucosinolate (hexyl glucosinolate) that was
passively absorbed was therefore estimated to be the one responsible for the observed CYP3A4

inhibition. This was based on the vast literature reporting that glucosinolates and their degradation
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products (isothiocyanates) inhibit various cytochrome enzymes which is a feature attributed to
their chemopreventive activity [121, 220-222]. Among compounds potentially absorbed from
methanol maca extract, 5-hydroxymethylfurfural (HMF), has of course been reported to be rapidly
absorbed in rats and mice GIT at a concentration-dependent manner suggesting passive absorption
[165, 166]. Although no literature reporting HMF as an inhibitor of CYP3A4, it has been reported
for CYP2C8 inhibition [223]. HMF is a known potent cytotoxic molecule having been reported
to exert direct tissue damage to the gastrointestinal mucosa and other mucous membranes [224,
225]. Based on this, the prediction in this study is that if not binding to CYP3A4 and inhibiting it,
HMF in methanol maca extract may have directly damaged human liver microsomes in the assay
leading to the observed CYP3A4 inhibition.

Furthermore, among two macamides that showed potential for passive absorption from DCM
maca extract, N-benzylhexadecanamide which has been reported as a major macamide in L.
meyenii [92] was commercially available. In the CYP3A4 screening, N-benzylhexadecanamide
displayed moderate inhibition of the midazolam 1-hydroxylation. The was no data available in the

literature suggesting N-benzylhexadecanamide effects on CYP3A4 at the time of writing this

paper.

3.7 ldentification of CYP3A4 inhibitors among Phase | and Phase 11 metabolites of

acai and maca plant constituents

Phase Il metabolites from a cofactor UDPGA that showed moderate CYP3A4 inhibition were
only maca extracts. Since the hexyl glucosinolate and macamide in acidic methanol and DCM
maca extracts were presumed to have stayed intact, then only glucuronides identified in methanol
maca extracts would be considered. In this extract, an identified glucuronide was only a
methylfurfural glucuronide from a compound 5-hydroxymethylfurfural. There is no extensive
literature on this glucuronide but it is possible that it may be responsible for the observed CYP3A4

inhibition.
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In the case where both UDPGA and NADPH cofactors were used, only methanol extracts of
acai and maca displayed moderate CYP3A4 inhibition. This pointed at the type of metabolites that
have undergone both Phase | reactions and Phase Il metabolism. Such metabolites identified in
methanol acai extract were cyanidin glucuronide and luteolin-7-glucuronide. While both cyanidin
and luteolin have been reported for CYP3A4 inhibition [210, 226], there is no data suggesting that
any of these retain that activity after glucuronidation and due to their parent compounds being non-
absorbable, they were formed only in the sample from PAMPA donor site. Therefore, they could
not be responsible for the CYP3A4 inhibition observed in this study. No such metabolite was
identified in methanol maca extract due to the lack of literature on the compounds that were

identified as passively diffused in this extract.

3.8 Potential of acai- or maca-anticancer drug interactions

Acai and maca products, possessing constituents with antioxidant, chemopreventive, cytotoxic
and anti-inflammatory activities are not only considered for cancer prevention but also discussed
as potential botanical dietary supplements for patients undergoing chemotherapy [227-231]. This
study demonstrates the potential of acai and maca plant extracts to inhibit a major metabolic
enzyme CYP3A4 responsible for metabolism and excretion of more than 70% medicines in the
market [232], including chemotherapeutic agents [12]. This work also identifies some single
constituents notably catechol, N-benzylhexadecanamide and gallic acid which displayed a
significant CYP3A4 inhibition potential. This work does not just report an in vitro CYP3A4
inhibition but for the data to be more clinically relevant, the study also estimates the intracellular
passive absorption potential of each identified constituent. Passive absorption is considered a
major absorption mechanism for conventional medicines [112]. Even though gallic acid could not
be passively diffused in this study, this does not exclude its absorption by transporter-mediated
mechanisms as reported [233]. Again, the possibility of passive diffusion at excessively high
concentrations and longer times (~1 h.) of gallic acid exposure have been reported [233, 234]. A
passively absorbed compound from acidic methanol maca extract, hexyl glucosinolate, has also
been identified as a potential CYP3A4 inhibitor in this study.
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The study further estimated the 1Cso values per each extract for CYP3A4 inhibition. The
estimated 1Cso values were 0. 0248 and 0.0688 pg/ul for acidic methanol and methanol agai
extracts, respectively. The estimated ICsg values for acidic methanol, methanol and DCM maca
extracts were 0.0431, 0.0873 and 0.0632 pg/ul, respectively.

The current research also identifies metabolites from acai and maca constituent with potential
CYP3A4 inhibition. The Phase Il metabolites methylfurfural glucuronide, cyanidin glucuronide
and luteolin-7-glucuronide have also been identified in extracts that displayed significant CYP3A4
inhibition. Among these, methylfurfural glucuronide was identified in the passively absorbed
methanol maca extract. These metabolites may be of concern since the localization of UGTSs in
the epithelial cells of intestines [235] suggests that the potential toxic glucuronides formed prior
to reaching the liver will therefore possibly exert their inhibiting effects on liver CYP3A4
enzymes. Therefore, the CYP3A4 inhibitory glucuronides from acai and maca extracts formed via

UGTs in the endoplasmic reticulum (ER) of the liver may also have ability to show these effects.

Furthermore, while in most cases glucuronidation results in bioinactivation due to increased
polarity and weight that favor excretion, there are vast cases of bioactivation and biointoxication
[236-238]. Increased weight is generally considered to make glucuronides more susceptible to P-
glycoproten (P-gp) exporters in the canalicular domain of hepatocytes and in the luminal site of
enterocytes [239, 240]. However, it is known that not all glucuronides become P-gp substrates as
this may involve many factors ranging from structural polarity to required configuration for
binding P-gp protein apart from size [240, 241]. It is also known that glucuronides are generally
reversible due to hydrolysis by B-glucuronidases located in the intestinal tract liberating the
original compound that gets reabsorbed leading to enterohepatic circulation of those compounds
secreted in bile [Regan, Sophie L.], a feature reported for acai [242]. This enterohepatic circulation
could therefore expose a patient to a toxic botanical dietary supplement constituent for longer
periods. This therefore suggests that the CYP3A4 inhibitory glucuronides formed from agai and
maca plant constituents may be as critical original constituents with CYP3A4 inhibitory effects in

botanical-drug interactions in chemotherapy.
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Further supporting the potential for botanical-anticancer drug interactions, cyanidin, the
prominent metabolite of acai anthocyanins cyanidin-3-O-glucoside, cyanidin-3-O-rutinoside and
cyanidin-3-O-sambubioside identified in this work and other studies [58, 179], has been been
documented for CYP3A4 inhibition as well as pelargonidin from pelargonidin-3-glucoside [210].
These anthocyanin metabolites, having been reported with significant levels in human plasma as
opposed to their corresponding anthocyanins [154, 212], have not only been reported for metabolic

interaction but also mechanistic interaction with anticancer agents [243, 244].

The mechanistic interaction for anthocyanin metabolites has been mentioned to be from their
advantageous chemopreventive feature of protecting cells against oxidative stress. Aichinger and
co-workers [245] proposed a different view that these may also protect cancer cells from cytotoxic
anticancer drugs posing a critical botanical-drug interaction. This was of course reported for
anthocyanin metabolites whereby they suppressed deoxyribonucleic acid (DNA)-damaging effects
of camptothecin and doxorubicin in HT29 colon carcinoma cells [243] posing a risk of treatment
failure. Apart from this antagonistic interaction, they have also been reported for synergism with
erlortinib by inhibiting the epidermal growth factor receptor (EGFR) [244] as erlotinb does in
treatment of pancreatic cancer and non-small cell lung cancer [246] hence increasing the risk of

erlotinib toxicity.

3.9 Conclusions

Based on considerable possibilities of concomitant use of acai and maca botanical dietary
supplements with anticancer medicines, this study reports for the first time, the potential metabolic
interaction in concomitant use of acai and maca botanical dietary supplements with anticancer
drugs. In this work, botanical constituents in acai and maca plant extracts with potential for passive
absorption were identified. These included five non-anthocyanin polyphenols from acidic
methanol acai extract and one phenolic and two polyphenols in methanol agai extract. In acidic
methanol maca extract, only one glucosinolate with potential for passive absorption was identified,

three phenolics and 1 alkaloid in methanol maca extract and one macamide in DCM maca extract.
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The initial screening of acai and maca extracts for CYP3A4 inhibitory effects and followed by
ICso studies suggest that all the extracts tested in this study (acidic methanol agai, methanol agai,
acidic methanol maca, methanol maca and DCM maca extracts) can be categorized as moderate
CYP3A4 inhibitors based on the tested concentrations from clinical doses of commercial agai and
maca botanical dietary supplements. Identified passively bioavailable acai constituent with
potential for CYP3A4 inhibition is catechol. This was confirmed with a catechol standard. Another
passively bioavailable acai constituent estimated to be responsible for the observed CYP3A4
inhibition but not confirmed due to unavailability of a standard compound is protocatechuic acid
methyl ester. Without a standard compound, the assignment was based on the literature. For maca
plant extracts, N-benzylhexadecanamide was identified as the CYP3A4 inhibitor confirmed with
its standard. Based on the literature, hexyl glucosinolate and 5-hydroxymethylfurfural were also
estimated to have CYP3A4 inhibitory activities.

Phase | and Phase 1l metabolism studies revealed eleven confirmed known metabolites in acgai
and eight in maca plant extracts. After CYP3A4 inhibition was observed from screening of agai
and maca metabolites, a literature search was done but none of the identified metabolites had been
previously reported with CYP3A4 inhibition. However, based on the individual sample of extract
metabolites that was being screened at a time, the two Phase Il metabolites in acai plant extract
(cyanidin glucuronide and luteolin-7-glucuronide) and one Phase Il metabolite from maca plant
extract (methylfurfural glucuronide) may be responsible for the observed CYP3A4 inhibition. The
structural elucidation of the unknown metabolites led to twenty-one chemical structures being
predicted for the detected putative metabolites of acai constituents. The structural assignment was

also done for the three detected putative metabolites from maca plant extract.

Based on the identified passively absorbable agai and maca constituents that in turn displayed
CYP3A4 inhibition, this research suggests the potential botanical-drug interactions in people
taking acai and maca botanical supplements together with their prescribed anticancer medicines
that are metabolized by CYP3A4 in vivo. The type of interaction predicted by this study is the
CYP3A4 inhibition by the constituents of acai and maca botanical supplements which would lead

to decreased metabolism of the anticancer agent and its increase in concentration in the systemic
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circulation. A case with anticancer agents that have narrow therapeutic range would therefore put
a patient at an elevated risk of toxicity by a chemotherapeutic agent or a group of chemotherapeutic
agents being used at a time. The high concentration in the systemic circulation and decreased
clearance of an anticancer drug implies multi-organ exposure to a cytotoxic agent which may be

fatal to the patient’s health.

Mainly, this research establishes an LC-MS-based strategy for better investigation of botanical-
drug interactions in the preclinical studies that is intended to avoid the discrepancy between the in
vitro and in vivo botanical-drug interaction data. Crucial factors included in this work to mimic
closely the clinical situation were; establishing concentration ranges that match the dose of the
commercial botanical extracts and establishment of the intestinal barrier model (PAMPA) to
eliminate the non-absorbable constituents and screen only those with potential to reach the liver in
vivo. The data found in this study therefore, is expected to correlate well with the botanical-drug
interaction data that could be obtained from the clinical trials. It is proposed in this study that, after
the method validation by the in vivo models, this LC-MS-based strategy to study botanical-drug
interactions by CYP3 A4 inhibition, may be a better route to avoid the discrepancy and unnecessary
clinical trials in the cases where the absorbable constituents of the botanical supplement do not

exert CYP3A4 inhibition.
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