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ABSTRACT 

To promote recovery and crop potential of Hydrastis canadensis - a botanical threatened in 

Canada - wild populations were phytochemically surveyed. Berberine, hydrastine and canadine were 

characterized in root-rhizome, stem-leaf, and berry pulp. Comparisons with cultivated material 

showed no difference in alkaloid content, thus the medicinal value of cultivated material is not likely 

increased with addition of wild plants. Quantitative analyses suggested genetic diversity among wild 

populations. Regression analyses indicated a minor relationship between latitude and alkaloid yield. 

Because H. canadensis and other botanicals may cause adverse botanical-drug interactions, 

22 botanicals were assayed for cytochrome P450 (CYP) 2C19, CYP3A4 and CYP19 inhibition. 

Eight botanicals inhibited CYP2C19 by > 57%, 17 inhibited CYP3A4 by > 40% and CYP 19 by > 

50%, of which Arctostaphylos uva-ursi, H. canadensis, Oenothera biennis, Rhodiola rosea and 

Sanguinaria canadensis were most potent. Regression analyses indicated berberine concentration 

was a significant factor in CYP3A4 and CYP19 inhibition. 
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RESUME 

Le profil phytochimique de 10 populations d'Hydrastis canadensis sauvages a ete determine 

et compare a celui de plantes cultivees. Les alcaloi'des berberine, hydrastine et canadine ont ete 

caracterises. Le contenu d'alcaloi'des de la plante sauvage n'etait pas different de celui de la plante 

cultivee. Des analyses de regression ont indique que la latitude influence le rendement des 

alcaloi'des. 

Puisque plusieurs plantes medicinales peuvent infiuencer le metabolisme des produits 

pharmaceutiques, l'inhibition de l'activite metabolique du cytochrome P450 (CYP) 2C19, CYP3A4 

et CYP 19 a ete analyse in vitro chez 22 plantes. Huit plantes ont inhibite l'activite de CYP2C19 de > 

57%, 17 celle de CYP3A4 de > 40% et celle de CYP 19 de > 50%. Arctostaphylos uva-ursi, H. 

canadensis, Oenothera biennis, Rhodiola rosea et Sanguinaria canadensis etaient les plus efficaces. 

Des analyses de regression ont indique que la concentration de berberine est un facteur determinant 

de l'inhibition CYP3A4 et CYP19. 

/// 
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Chapter 1: General Introduction 

1.1 General Introduction 

Whether they served an alimentary, dyeing, textile, medicinal, divinatory or ritualistic 

purpose, or were used for construction, clothing, or to make music and art, many of North America's 

native plants have an undeniably deep legacy in the traditional culture of the people of the continent 

(1-9). Given the range of climatic regions of North America, it is not surprising to find a rich 

diversity of plants and especially so many with great ethnobotanical value. Of particular 

contemporary value are the plants traditionally used as medicines (botanicals) from which two 

significant product types and subsequent economies have arisen: single-ingredient pharmaceutical 

products and natural health products (NHPs) that are often comprised of one or more botanical 

components. Hydrastis canadensis L. (goldenseal), a popular North American botanical, has 

contributed to both economies. For example, capsules and tinctures of its rhizome and fibrous roots 

are commonly sold in drug stores and apothecaries. They are also often found in combinatory 

formulas with Echinacea. In Canada alone, there are currently 14 registered NHPs containing H. 

canadensis approved by the Natural Health Products Directorate (Health Products and Food Branch 

of Health Canada), the Canadian regulatory authority on the subject (10). It is marketed in over 500 

medicinal products worldwide (11 and references within). On the other hand, many of the active 

constituents that give H. canadensis its medicinal properties, like berberine and hydrastine alkaloids, 

are readily extractable and purified as single-ingredient products that are also used for medical 

research purposes. 

The longstanding therapeutic success of botanicals like H. canadensis often leads to two 

dilemmas: 1) wild populations are exhaustively harvested and 2) consumers commonly trust the 

'natural' designation, possibly resulting in adverse reactions with co-administered pharmaceutical 

drugs. This study aimed to address both dilemmas through phytochemical analysis of the quality of 

wildcrafted versus cultivated material, and through toxicological analysis of crude botanical extracts 

for possible botanical-drug interactions. 
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Chapter 1: General Introduction 

1.2 Literature Review for Hydrastis canadensis L. (Goldenseal) 

"Goldenseal is the king and queen of the herbs..." — A.L. Tommie Bass (12) 

1.2.1 Nomenclature & morphology: Hydrastis canadensis, a member of the Ranunculaceae 

(buttercup) family, was once considered to be one of two species in its genus, the second species 

being H. jezoensis Sieb. ex Miquel from northeastern Asia (13 and 14, and references within). It is 

now, however, considered the only species in the genus and Glaucidium palmatum Sieb. & Zucc. 

(commonly known as shiraneaoi), from northern Japan, is its nearest relative (14 and references 

within). Hydrastis canadensis is believed to have first evolved 15-20 million years ago in the ancient 

arctotertiary forest of the northern hemisphere (13, 14 and references within). 

Hydrastis canadensis is an herbaceous perennial with a hairy unbranched stem that can grow 

up to two feet in height (15-17). At maturity, the stem bears two cauline leaves that are alternate and 

near the top of the stem. A third basal leaf, with a long petiole, is also present and usually drops early 

in the development of the plant (16, 18). The leaves are palmate with 5 to 7 doubly serrate lobes and 

can spread up to 25 cm in diameter, particularly at maturity (14, 17, 18). Hydrastis canadensis 

produces a solitary flower that is terminal and rests on a peduncle that ranges from 0.5 to 4 cm in 

length. The flower is white, radially symmetric, 8 to 18 mm wide and, instead of petals and it bears 

small greenish-white sepals that drop soon after the flower opens, and expose numerous stamens and 

pistils (14,16-18). The fruit is a subglobose aggregate berry, lustrous dark pinkish-red in colour and 

resembles an enlarged raspberry (5-8 mm long and 1.5-5 mm wide). Each berry in the cluster has 1 

to 2 seeds; the aggregate fruit often carries 10 to 30 shiny, black seeds that are 2 to 2.5 mm long, 

with unpredictable viability (14,16-19). 

The rhizome is horizontal, irregularly knotted and measures 2.5 to 7 cm long and 0.5 to 2 cm 

thick when freshly harvested (14, 17, 18). Fibrous roots project from the ventral portion of the 

rhizome, sometimes measuring two or three feet in length. Adventitious buds sprout from the 
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Chapter 1: General Introduction 

rhizome that give rise to new plants (20), a method of reproduction that is more reliable than from 

seed. Cut or injured, the fibrous roots, rhizome and stem ooze a bright yellow, acrid smelling juice 

that contains numerous isoquinoline alkaloids, the source of its medicinal properties. These 

compounds are mostly concentrated in the rhizome and roots but have been detected in all tissues 

including minute concentrations of berberine in ripe berry pulp, first recorded in this study. 

1.2.2 Status & ecology: Hydrastis canadensis is indigenous and endemic to eastern North America. 

Wild colonies typically occur in deciduous woodlands near floodplains and spring-flooded plateaus 

that range west from southern Vermont to southwestern Ontario and to southern Wisconsin, and 

south through Arkansas and northern Georgia (77). 

Hydrastis canadensis is mostly found in shady, deciduous forests and edges of woodland in 

nutrient rich, loamy soil (14, 17). In late summer or early fall, new buds are formed on the rhizome 

from which a stem will emerge the following spring. In Ontario, by late April or early May, its 

leaves unfold and its flower opens as the stem and leaves elongate. The leaves become fully 

expanded by June and the fruit develops and ripens from July to early August. The fruit drops shortly 

after ripening and the plant becomes senescent in mid-September to late October at frost (17) at 

which time the rhizome and roots are harvested. 

Wildcrafted H canadensis roots and rhizome (root-rhizome) first became a commercially 

popular phytomedicine in North America and in Europe in the mid 1800s. Interestingly, the oldest 

herbarium specimen in Ontario appears to have been collected in 1889 by J.A. Morton near 

Wingham in Huron County (21). Today, H. canadensis is still a top-selling botanical and a recent 

survey by Sinclair and Catling (17) found that "virtually all H. canadensis on the market is supplied 

from the wild". Harvesting whole roots and rhizome over a long period of time is an indisputably 

unsustainable harvesting practice and for this reason, in addition to a concurrent loss of natural 

habitat from rural expansion, the occurrence and distribution of wild H. canadensis have been 

considerably reduced. In 1997, the Convention on International Trade in Endangered Species of 
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Chapter 1: General Introduction 

Wild Fauna and Flora (CITES), a multinational treaty, designated H. canadensis an Appendices II 

(threatened) species (22). Three years later, the Committee on the Status of Endangered Wildlife in 

Canada (COSEWIC) assigned a threatened status to the species (23) and it is legally protected under 

the Government of Canada's Species At Risk Act (SARA). Even in the early 1900s medicinal 

botanists, like J.U. Lloyd, expressed deep concern about the unsustainable harvesting of wild 

populations: 

"The greatest trouble with natural woodland cultivation comes from the poacher, 

who considers everything that grows in the woodlands free [for their] improvident 

disposition and destructive vandalism. The present scarcity is unnecessary, but 

promises to be cruelly lasting, there being seemingly little prospect of cultivated 

Hydrastis drifting into market in the very near future... Without a doubt, cultivated 

Hydrastis must command a good commercial return."(79) 

Lloyd's sentiments are eerily relevant to this day and many since have been investigating recovery 

strategies and agricultural measures in aid of the species (19-2 J, 24-27). It is fortunate that wild H. 

canadensis has prevailed, albeit still in a vulnerable state, over the past century. 

1.2.3 Traditional usage, pharmacognosy of constituents & other alkaloid-containing botanicals: 

Hydrastis canadensis was traditionally used by Aboriginal people and later by early settlers of 

eastern North America as both a medicinal and dye plant. It was first described as a yellow dye in an 

article written by H. Martin in 1793 published in the American Philosophical Society (16, 20) and a 

few years later, in 1798, a medicinal botanist named B.S. Barton wrote a book describing the 

Cherokee using H..canadensis root decoction as an eyewash, root tincture as an external antiseptic 

and root tonic for debility, dyspepsia and cancer-like illnesses (19, 28, 29). The Cherokee also mixed 

H. canadensis with bear fat to repel insects (30). Among the Iroquois, infusions of the root were 

taken orally for whooping cough, diarrhea, fevers, pneumonia, tuberculosis, and stomach, heart and 

liver problems (4). 
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According to van Fleet (19) there was little commercial demand for the root outside of its 

aboriginal context until about the 1860s. That changed largely due to two publications: in the 1852 

edition of the 'Eclectic Dispensatory of the United States', J. King and R.S. Newton cited H. 

canadensis as one of the most reliable phytomedicines for gastrointestinal and uterine pain, jaundice, 

infections, and to regularize bile production (16 and references within). Four years later, L.E. Jones 

and J.M. Scudder described the use of H. canadensis for mouth ulcers and thrush, for inflammation 

of mucous membranes and for chronic gonorrhea in 'The American Eclectic Materia Medica and 

Therapeutics" (16 and references within). These publications were widely distributed in America as 

well as in Europe and H. canadensis became widely sought after, particularly as an antimicrobial. 

Root-rhizome preparations were applied externally as an antiseptic wash and taken internally for the 

treatment of upper respiratory infections and gastrointestinal disorders (16). During the mid 20th 

century interest in medicinal plant therapies declined as a result of widespread availability of 

synthetic antibiotics. However, since the 1990's there has been renewed interest in botanicals in the 

context of complementary and alternative medicine (CAM) and H. canadensis continues to be a 

popular botanical in contemporary NHPs (11,16). 

The medicinal properties of//, canadensis are attributed to the highly concentrated bioactive 

isoquinoline alkaloids berberine, hydrastine and canadine, all of which bear a methylenedioxyphenyl 

moiety. The compounds are biosynthesized and stored in the root-rhizome and are also present in the 

stem and leaves, and to a lesser extent, in the fruit. Berberine is the main pharmaceutical component, 

however hydrastine is also extractable in considerable amounts and contributes to the 

pharmacological activities of H. canadensis. Berberine has demonstrated a broad range of 

pharmacologically relevant activities, for example as an antimicrobial (31, 32), antidiarrheal (33, 34), 

antiarrhythmia (35), anti-inflammatory (36), and antitumour (37) agent. It also acts as a cholesterol-

lowering drug (38, 39) and has been proposed recently as a treatment for type 2 diabetes and obesity 

(40). Hydrastine has also demonstrated antimicrobial (31), antifungal (41) and antibacterial (42) 

properties, and it is a GABAA receptor antagonist (43, 44). Canadine is reportedly antibacterial (42), 
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upregulates the expression of hepatic low density lipoprotein receptors (45) and is a dopamine 

receptor antagonist (46). Furthermore, all three alkaloids may also interact with adrenergic and 

adenosinic receptors (47). 

This study also analyzed the following five alkaloid-containing botanicals, all of which are 

currently available in conventional NHPs: Berberis vulgaris L. (Berberidaceae) common barberry; 

Coptis trifolia var. groenlandica (L.) Salisb. (Ranunculaceae) threeleaf goldthread; Eschscholzia 

californica Cham. (Papaveraceae) California poppy; Mahonia aquifolium (Pursh) Nutt. 

(Berberidaceae) Oregon grape; and Sanguinaria canadensis L. (Papaveraceae) bloodroot. For full 

descriptions of the ethnobotany of these species see Moerman (4). 

1.2.4 Agricultural & commercial aspects: A survey conducted in 1999 by the American Herbal 

Products Association revealed a noticeable transition from wild-harvested to cultivated H. 

canadensis material being traded in the botanical market (48). There are two cultivation practices for 

H. canadensis, conventional crop farming and micropropagation (in vitro tissue culturing), both of 

which are described below. 

Hydrastis canadensis seed dormancy has been characterized as both deep simple and deep 

simple epicotyl morphophysiological (49) and, as such, the complex nature of its seed dormancy has 

invariably made propagation by seed difficult. Agricultural practices such as soil nutrient regimens, 

soil type and shade requirements, particularly of transplanted or vegetatively propagated individuals 

have been studied. J.U. Lloyd (20) and W. van Fleet (19), among others, published articles on the 

cultivation of H. canadensis in the early 1900s, both describing successful indoor 'hothouse' and 

outdoor garden cultivation methods. More recently, R. Cech (50), an American herb farmer, A. 

Sinclair (Ph.D.) and P.M. Catling (Ph.D.) (48), interested in the recovery and conservation of wild H. 

canadensis, and Professor J.M. Davis (Ph.D.) from North Carolina State University (51, 52), have all 

contributed significantly to increasing the productivity ofH. canadensis cultivation. 
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An alternative area of research that has garnered interest is micropropogation of whole 

regenerated plants in vitro from isolated tissues. These 'plantlets' yield pharmacologically relevant 

secondary metabolites that can be obtained under controlled and optimized environments that are 

independent of climate and soil conditions. Furthermore, there is little to no impact on wild 

populations and the process can be achieved in a relatively short period of time (shorter than natural 

development) (53, 54). The cellular derivation of pharmacologically relevant alkaloids similar to 

those found in H. canadensis have been intensively characterized in E. califprnica and C. japonica 

(55-58), and recent investigative efforts have focused on the feasibility of artificially cultivating H. 

canadensis cells. Both Bedir et al. (59) and Lui et al. (60) reported successful micropropagative 

methods from stem and leaf explants, and HPLC analyses revealed comparable berberine 

concentrations between the leaves of the mother plant and those of the plantlets, however a greater 

berberine concentration was measured in the roots of the mother plant (59). 
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1.3. Literature Review of Botanical-CYP Inhibition 

"All in all, it is as if with unlimited faith our use of plant Medicines is limitless." - Ted Williams, 

(61) 

1.3.1 Natural health products (NHPs) & botanical-drug interactions: Botanicals are increasingly 

accessible in commercialized products such as NHPs and herbal teas. There is an increased global 

interest in traditional medicines like botanicals (62) and they are often used to complement or replace 

mainstream medicine (63-64). Naturopathic doctors, homeopaths and massage therapists recommend 

botanicals,, while physicians and nurses have also begun to integrate phytomedicines into their 

practice (66). 

Not only are botanicals abundantly available, they are also widely perceived, in an 

alarmingly casual manner, as completely safe. A survey conducted in 2005 by Health Canada (HC) 

and the Natural Health Products Directorate (NHPD) (67) found that of a sample of 2,004 Canadian 

adults, three in ten felt that NHPs are "natural and safe or better than conventional medications" and 

one half of those surveyed (52%) thought that NHPs are safe because "they are made from natural 

ingredients". They also reported that as many as 70% of those surveyed had previously used an NHP 

at least once and up to 38% of them used them on a daily basis. More importantly, as many as 12% 

conceded they had experienced at least one unwanted side effect or reaction associated with the NHP 

and 59%o did not report this adverse reaction. The incidence of adverse reactions from botanical-

drug interactions is probably underestimated and, despite the widespread use of phytomedicines, 

baseline and clinical data are limited (68). Many have reviewed the safety risks associated with the 

use of botanicals (65, 68-75). 

Adverse reactions from concurrent botanical and drug use are grouped into two types of 

interactions: pharmacodynamic and pharmacokinetic. Pharmacodynamic interactions occur at the 

active (catalytic) site(s) of an enzyme or receptor whereas pharmacokinetic interactions occur when 
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the bioactive constituents of the botanical interfere with the processes that are involved in the normal 

disposition of the drug through the body. These processes include absorption, distribution, 

metabolism and excretion (75-78). Botanical interactions specifically with cytochrome P450 (CYP)-

mediated drug metabolism are discussed below. 

1.3.2 Botanical-mediated cytochrome P450 (CYP) inhibition & CYP isozymes: As noted by 

Williamson (77) "drug metabolism is the most important mechanism [for interaction] so far reported 

for herbs"; more specifically, this refers to the interaction between the bioactive constituents of 

botanicals and drug-metabolizing CYP enzymes (79). Human CYPs are primarily expressed in the 

smooth endoplasmic reticulum of the liver, with lower levels of expression in the lungs, kidneys, 

intestine and brain, and are responsible for the metabolism of both exogenous and endogenous 

substrates (80). CYP activity can be inhibited by the presence of one or more phytochemicals or it 

can be overexpressed (induced) in the tissue (68). CYP induction increases its metabolizing capacity, 

eliminating the drug prematurely from the body, while CYP inhibition leads to increased drug levels 

and the non-activation of prodrugs. CYP inhibition can be harmful when drug concentration in the 

blood reaches a toxic level (76, 77). The CYP2C19, CYP3A4 and CYP19 isozymes were chosen in 

this study for in vitro CYP-inhibition assays with 22 botanicals and are described below. 

CYP2C19 is only expressed in the liver where it constitutes approximately 5% of the total 

CYP content (81). It is one of four isoforms (the other isoforms include CYP2C8, CYP2C9 and 

CYP2C18) (80) and is responsible for metabolizing approximately 20% of all known drugs (82). 

CYP2C19 is associated with the 4'-hydroxylation of (iS)-mephenytoin and the metabolism of 

omeprazole, an ulcer drug (83). CYP2C19 also catalyzes the 8-hydroxylation of (/?)-warfarin (84) 

and is responsible for the 5- and 5'-hydroxylation of thalidomide, a drug that is teratogenic in 

pregnant women but has valid therapeutic uses in multiple myeloma and leprosy (85). Progesterone 

21-hydroxylation and testosterone 17-oxidation are also catalyzed by CYP2C19 (86). The 

polymorphism poor metabolizer (PM) is associated with CYP2C19, a phenotype that occurs in 
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approximately 20% of the Asian population (87). A study by Chau et al. (88) suggested that a higher 

incidence of hepatocellular cancer occurs in PMs, but Roddam et al. (89) did not find a relationship 

between the incidence of leukemia and CYP2C19 PMs. 

CYP3A4 is mostly expressed in the liver and small intestine, and is the most abundant CYP 

in the body (81). It is one of three isoforms (CYP3A5 and CYP3A7 are the others) (80) and it 

accounts for 25-30% of the total CYPs in the liver (90) and as much as 60% in the small intestine 

(91). CYP3A4 is also expressed to a lesser extent in the lungs, stomach, colon and adrenal tissues 

(81). It contributes to the metabolism of approximately 50% of all of the drugs on the market (92), 

including lovastatin (Mevacor®), an HMG-CoA reductase inhibitor for reduction of blood cholesterol 

levels (93); finasteride (Proscar®, Propecia®), a prostate hypertrophy inhibitor (94); cyclosporine, an 

immune suppressant (95); as well as indinavir (96) and sidenafil (Viagra®) (97), two protease 

inhibitors. Reactions typically conducted by CYP3A4 include testosterone 6|3-hydroxylation (86, 98) 

and the conversion of cholesterol into 4|3-hydroxy cholesterol, a major circulating oxysterol (99, 

100); however, like CYP2C19, its substrates consist of mostly exogenous compounds (81). CYP3A4 

is also involved in the activation of 17|3-estradiol and of carcinogens like aflatoxin Bi and aflatoxin 

Gi, among others (81). 

CYP19, also referred to as aromatase and CYP19A1, is responsible for the aromatization of 

androgens in vertebrates (79), a three-step process whereby androstandione and testosterone are 

oxidized into the estrogens estrone and 17|3-estradiol, respectively (81, 101). Human CYP19 is 

expressed in the ovaries, testes, placenta, fetal liver, adipose tissue, chondrocytes and osteoblasts of 

bone, vascular smooth muscle, and in the hypothalamus, limbic system and cerebral cortex of the 

brain (102). CYP19 is also expressed in some tumors, particularly those derived from the tissues 

where it occurs. The CYP19-inhibitor exemestane is being investigated for the treatment of estrogen-

dependent cancers like certain forms of breast cancer (103, 104) and is currently in Phase III clinical 

trials. Exemestane efficacy is being compared to that of tamoxifen, the most popular anticancer drug 
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for breast cancer on the market (81 and references within; 105, 106), despite tamoxifen's associated 

risk of transforming into carcinogenic DNA adducts by CYP3A4 metabolism (107). 
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1.4. Project Overview, Rationale & Objectives 

1.4.1 Chapter 2 

Overview: Characterization was done of the phytochemical variation observed among ten wild 

Canadian H. canadensis populations, among commercial material sourced from six North American 

farms and apothecaries, and between wild and cultivated materials. 

Rationale: Focus in the literature has been given to cultivated material, but there are no baseline data 

or previous work dedicated to the phytochemistry of wild Canadian populations. This work aimed to 

fill that void, while determining if any significant difference exists between wild and cultivated 

material. This information can help further understand the phytochemical diversity and crop 

potential ofH. canadensis, thus promoting recovery of wild stands. 

Objectives & corresponding null hypotheses (H0): 

1- Identify quantitative chemical markers unique to wild stock, for each tissue (below-ground, 

above-ground and berry pulp). H0: No significant difference in alkaloid concentration (each 

alkaloid individually and their sum) and composition among tissues. 

2- Compare and contrast the chemical profiles (composition and quantity) of wild and cultivated 

material. H0: No significant difference in alkaloid concentration (each alkaloid individually and 

their sum) and composition between wild and cultivated root-rhizome material. 

3- Characterize the phytochemical variation among wild populations. H0: No significant difference 

in alkaloid concentration (each alkaloid individually and their sum) among wild populations. 

4- Determine the genotypic contribution to phytochemical variation among wild populations. H0: 

No significant difference in alkaloid concentration (each alkaloid individually and their sum) 

among wild populations cultivated under uniform environmental conditions. 

13 



Chapter 1: General Introduction 

5- Investigate the possible significance of latitude as a determining factor of alkaloid concentration 

(each alkaloid individually and their sum) in wild populations. H0: No relationship between 

alkaloid concentration and latitude. 

1.4.2 Chapter 3 

Overview: The in vitro CYP-inhibiting activity of crude botanical extracts prepared from up to seven 

different accessions of a total of 22 species (spanning 13 families) using CYP2C19, CYP3A4 and 

CYP19 was determined. The relationship between berberine concentration in crude extracts and 

CYP inhibition was assessed. 

Rationale: Using the same in vitro high-throughput method, crude extracts prepared from popular 

botanicals like Ginkgo biloba L. (Ginkgoaceae) maidenhair tree (108), H. canadensis (109-111), 

Hypericum perforatum L. (Hypericaceae) common St. John's wort (110, 111), Allium sativum L. 

(Alliaceae) garlic (112), Echinacea angustifolia DC. (Asteraceae) coneflower, Matricaria recutita L. 

(Asteraceae) chamomile and Glycyrrhiza glabra L. (Fabaceae) licorice (111) have previously been 

found to inhibit CYP-mediated drug metabolism. Furthermore, purified berberine and other 

botanically derived methylenedioxyphenyl compounds have been shown to inhibit CYP-dependent 

metabolism (109, 111, 113), and the methylenedioxy functionality reportedly binds with CYP 

enzymes to form an inactive complex (113). CYP inhibition changes the disposition of co­

administered drugs, which can lead to adverse reactions. Baseline data generated from high-

throughput methods identify candidate species that warrant further in-depth in vitro and clinical 

investigation (68,114,115). Many other popular North American botanicals have yet to be screened. 
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Objectives & corresponding null hypotheses: 

1- Identify crude extracts that inhibit in vitro CYP-mediated metabolism. H0: No significant 

difference between test treatment (T, the mean activity of the extract incubated with the 

isozyme) and the control treatment (C, the mean activity of 55% ethanol at a threshold 

concentration previously used for distinguishing active extracts incubated with the same 

isozyme). 

2- For each isozyme separately, identify variations in CYP inhibition among accessions of the 

same species. H0: No significant difference in mean CYP inhibition among accessions of the 

same species. 

3- For each isozyme separately, identify variations in CYP inhibition among species. H0: No 

significant difference in mean CYP inhibition among species. 

4- For each species separately, determine variations in CYP inhibition among isozymes. H0: No 

significant difference in overall mean CYP inhibition among isozymes. 

5- Identify variations in overall CYP inhibition among species. H0: No significant difference in 

overall mean CYP inhibition (CYP2C19, CYP3A4 and CYP 19 inclusively) among species. 

6- For each berberine-containing species separately, identify the quantitative variation in 

berberine concentration among accessions. H0: No significant difference in mean berberine 

concentration among accessions of the same species. 

7- Identify the quantitative variation in berberine concentration among berberine-containing 

species. H0: No significant difference in mean berberine concentration among berberine-

containing species (including all accession data). 

8- For each isozyme, determine the existence of a relationship between berberine concentration 

in crude extracts and CYP inhibition. H0: No relationship between mean berberine 

concentration in crude extracts and mean CYP inhibition. 



Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

CHAPTER 2: ALKALOID CONCENTRATION AND VARIATION AMONG WILD CANADIAN 

HYDRASTIS CANADENSIS L. (GOLDENSEAL) POPULATIONS AND MATERIAL CULTIVATED 

IN NORTH AMERICA 

This chapter was written as an article for publication in the Journal of Agricultural and Food 

Chemistry in collaboration with R.J. Maries, B.C. Foster, P. Catling, A. Sinclair and J.T. Arnason. 

Parts of this chapter have been published: 

Sinclair A.; Leduc, R.I. Recovery Strategy for Goldenseal (Hydrastis canadensis) in Ontario. 

Environment Canada. 2007 (submitted for publication) 
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2.1 Introduction 

Hydrastis canadensis L. (goldenseal), a member of the Ranunculaceae (buttercup family), is 

a woodland herbaceous medicinal plant indigenous to eastern North America. Its natural range 

extends west from Vermont to southwestern Ontario and southern areas of Wisconsin, and south to 

Arkansas and northern Georgia (48). The medicinal properties of H. canadensis are due to the 

presence of several bioactive isoquinoline alkaloids, primarily berberine, hydrastine and canadine, 

which are mostly concentrated in the roots and rhizome (root-rhizome) (116, 117). 

The medicinal properties ofH. canadensis were first recognized by eastern North American 

Aboriginals and by the mid-19th century the plant became widely popular as a phytomedicine in 

North America and Europe (4, 19). Root-rhizome extracts were traditionally used as an external 

antiseptic, as an eyewash and to treat chapped lips, and were taken orally for debility, dyspepsia, 

cancer-like illnesses, whooping cough, diarrhea, fevers, pneumonia, tuberculosis, and stomach, heart 

and liver problems (4, 19, 28, 29). Today, root-rhizome capsules and tinctures, as well as teas made 

with stems and leaves (stem-leaf), are marketed for their antimicrobial properties and they are often 

sold in combination formulas with Echinacea products for the treatment of cold and flu symptoms 

(11, 16, 118). 

In response to a severe decline in wild populations from excessive harvesting and loss of 

natural habitat, H. canadensis is protected under the Species At Risk Act (SARA) in Canada (22). 

The Committee on the Status of Endangered Wildlife in Canada (COSEWIC) and the Ministry of 

Natural Resources (MNR) both rank wild populations as threatened (119). It is thought that the risk 

of extirpation is mostly dependent on market demand for the plant, so much effort has been put forth 

in defining ethical and reliable methods of cultivation (15, 19, 20, 48, 50-52, 59, 60). 

In July 2003 and 2004, permission was granted to survey and characterize the phytochemical 

variation among ten naturally occurring populations in southwestern Ontario. At that time, there was 

no information available on alkaloid concentration and variation in wild Canadian populations, and 
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the overall purpose of this study was to provide baseline phytochemical data on authentic, wild 

material. 

The quantity of three alkaloids accumulated in aerial (stem-leaves and berry pulp) and 

below-ground (root-rhizome) tissues from a range of wild populations as well as in root-rhizome 

tissue from a variety of commercially available cultivated material was evaluated. The following 

quantification parameters for berberine, hydrastine, canadine and the sum of the three were 

measured: frequency distribution, tissue distribution and composition. Possible environmental factors 

for alkaloid variation among populations were considered, including latitude. A practical outcome of 

these findings is that they provide H. canadensis cultivators with authentic levels that can help 

further the crop potential, thus lessening the commercial desire for wild material. 
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2.2 Materials & Methods 

2.2.1 Plant material: In July 2003 and July 2004, whole H. canadensis individuals were collected 

from ten naturally occurring populations in southwestern Ontario, each of which was given a code 

number, HC1 to HC10 (Table 2.1). The site locations range from the northern shores of Lake Erie, 

along the eastern borders of the Detroit River and the St. Clair River, up to the southeastern shores of 

Lake Huron (Figure 2.1). The exact locations of these populations are not provided, as per our 

agreement with the Canadian Wildlife Service (CWS), and are only available from COSEWIC. 

Figure 2.2 shows a typical healthy population of wild fruiting H. canadensis. 

Hydrastis canadensis was harvested in July when its fruit was ripe and bright red. Only 

individuals with two mature-sized leaves were collected for analysis since they were considered to 

be 4 to 7 years old (Figures 2.2 and 2.3). At least four individuals were collected per site each year 

and depending on the size and health of the population, up to eight individuals were collected from 

certain sites. In addition to the samples that were collected for alkaloid analysis, a voucher specimen 

was collected from six of the ten populations and was deposited in the Vascular Plant Herbarium of 

the Department of Agriculture in Ottawa (DAO), Canada (Table 2.1 and Figure 2.3). Voucher 

specimens were only collected where population size was large enough. In the field, the approximate 

size of each population was recorded as well as the width of the largest leaf, the length of the stem 

and rhizome for each sample (data not shown). For a full description of the physical characteristics 

of each population site (e.g. population density, canopy size, soil type and chemistry) see Sinclair 

and Catling (48). 

Below-ground tissues (root fibers and the rhizome) were removed from above-ground tissues 

(stem and leaves) and were stored whole in separate Nalgene bottles filled with 95% ethanol (EtOH). 

Berries were collected from three populations (Table 2.1 and Figure 2.1). The pulp of the berries was 

separated from the seeds, combined by site and stored at 4°C in Nalgene bottles filled with 95% 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

Figure 2.1 Distribution map of ten collection sites for wild Canadian Hydrastis canadensis L. 

(goldenseal). Their respective Leduc population number is indicated on the map. An asterisk (*) 

indicates sites where berries were harvested. The map was generated using Generic Point Mapper 

(120) with Global Positioning System data provided by COSEWIC. The map was modified from its 

original format by the author. 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

Figure 2.2 Photographs of healthy, mature, fruiting, wild plants of Hydrastis canadensis L. 

(goldenseal). Showing A) stem length relative to leaf size, B) rhizome and root fibers, C) a ripe berry, 

and D) a healthy patch at population site HC8. The author took the photograph in Panel A in July 

2003 and the photographs in Panels B, C and D were taken by E. Lamont in July 2004. 
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Figure 2.3 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) voucher 

824203: a mature wild Canadian Hydrastis canadensis L. (goldenseal) individual collected from 

population HC4 in July 2004. Below-ground and above-ground tissues are shown. 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

EtOH. The seeds were also combined by site, kept moist and stored at 6°C until they were moved 

into a greenhouse chamber. 

Samples of cultivated crude root-rhizome material were donated by or purchased from six 

different sources (accessions) (Table 2.2). To respect the privacy of each contributor, accessions 

were randomly assigned a code between RIL1 and RIL6, and these codes are used throughout the 

study. 

Gkginseng Farm, Goldcap Farm and Northfield Agri Products Inc. provided material that 

had been harvested on-site. In 2004, 13 voucher specimens harvested from Gkginseng Farm 

(Waterford, Ontario) were pressed, mounted and deposited in the DAO (Table 2.2, Figures 2.4 and 

2.5). Crude bulk root-rhizome, from the same farm, was dried and ground by Dr. J. Lam, National 

Research Council, who provided our laboratory with a sub-sample for analysis. A bulk crude mixture 

of fresh mature root-rhizome material was also received from Goldcap Farm in Princeton, Ontario. 

The material was stored at -20°C and sub-samples were dried at 50°C for three days before being 

processed for HPLC analysis. All other cultivated root-rhizome material was received dry. 

Two of the three dry accessions were received from American sources: Pacific Botanicals, 

an herb farm in Grants Pass, Oregon and Rosemary's Garden, an herbal apothecary in Sebastopol, 

California. Samples were also purchased from Judy's Organic Herbs, an herb farm in Woodlawn, 

Ontario. Samples from all three of these companies were not harvested on site but rather purchased 

from external suppliers. Only Pacific Botanicals was able to disclose the origin of their material, 

which was from Washington State (Table 2.2). 

With the exception of the fresh samples received from Goldcap Farm, all whole plant and 

crude material samples were stored at 4°C. 
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Figure 2.4 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) voucher 

824191: a 3-year-old Hydrastis canadensis L. (goldenseal) individual harvested October 2004 from 

Gkginseng Farm in Waterford, Ontario. The crop, from which the individual originated, was cultivated 

under artificial shade. Below-ground and above-ground tissues are shown. 
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Figure 2.5 Photographs of cultivated Hydrastis canadensis L. (goldenseal) crops at Gkginseng Farm 

in Waterford, Ontario. Note the wooden structures providing artificial shade to the crops. All 

photographs were taken by author in October 2004. Showing A) size and health of crop, B) G. Krentz 

holding freshly harvested mature H. canadensis with long fibrous roots, C) row of H. canadensis, D) 

young seedlings, E) fruiting H. canadensis individual with large leaves, F) healthy, mature patch and 

G) G. Krentz showing the colour and size of freshly harvested rhizomes and roots. 
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2.2.2 Mapping: The map in Figure 2.1 was generated using Generic Point Mapper (GPM) with 

Global Positioning System (GPS) data. GPM is an online mapping service provided by the 

Government of Canada's Canadian Biodiversity Information Facility (120). 

2.2.3 Sample preparation & extraction: For wet samples (e.g. fresh, frozen or stored in solvent) and 

all wild root-rhizome and stem-leaf material, each sample was carefully removed from its storage 

solvent (e.g. a 60 mL, 250 mL or 1 L Nalgene bottle filled with 95% EtOH), treated with liquid 

nitrogen and ground into a fine powder using a mortar and pestle. The ground material was dried at 

room temperature, weighed and returned to its storage solvent. For below-ground tissues, the 

extraction volume was adjusted with 95% EtOH to a 1 g : 70 mL (dry powder : solvent) extraction 

ratio. For above-ground tissues, the extraction volume was adjusted with 95% EtOH when the 

extraction ratio was greater than 1 g : 100 mL. The powder-solvent mixture was mechanically 

agitated on a shaker at 3 x g (150 rpm, 12.7 mm rotor radius, New Brunswick Scientific Corp.) for 

24 hours before being filtered through a Buchner filter using a 42 size (0.2 um) Whatman filter 

paper. The below-ground plant residue was re-extracted with a 1 g : 45 mL extraction ratio while the 

above-ground plant residue was re-extracted with an extraction ratio of 1 g : 25 mL. The second 

powder-solvent mixture was mechanically agitated on the same shaker as before, for 1 hour and 

filtered through a Buchner filter as above. The filtrates were combined and rotary-evaporated (40°C) 

in vacuo to < 25 mL. The remaining extract was transferred into a 25 mL volumetric flask and the 

volume was adjusted to 25 mL with 95% EtOH. A 1 mL sample from the final extract was filtered 

through a 0.2 um PTFE nylon filter for HPLC analysis. All extracts were stored at 4°C. 

For berry pulp samples, the pulp was pulverized in its storage solvent (approximately 60 mL 

of 95% EtOH) using a Polytron (Brinkman Instruments, Westbury, NY). The pulp-solvent slurry was 

transferred into an Erlenmeyer flask and mechanically agitated on a shaker at 3 x g (150 rpm, 12.7 

mm rotor radius, New Brunswick Scientific Cor.) for 24 hours and filtered through a Buchner filter 

using a 42 size (0.2 urn) Whatman filter paper. The pulp residue was re-extracted with 60 mL of 
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95% EtOH, shaken at the same speed as before, for 1 hour and filtered through a Buchner filter using 

the same filter size as above. The filtrates were combined and rotary-evaporated (40°C) in vacuo to < 

25 mL. The remaining extract was transferred into a 25 mL volumetric flask and the volume was 

adjusted to 25 mL with 95% EtOH. A 1 mL sample from the final extract was filtered through a 0.2 

(im PTFE nylon filter for HPLC analysis. The dry weight of the pulp was estimated by the weight of 

the pulp residue that was dried after extraction. All extracts were stored at 4°C. 

All root-rhizome material that was received dry was finely ground using a Wiley mill or a 

mortar and pestle, and filtered through 0.5 mm mesh screen. Twenty-five milligrams of powder was 

weighed and extracted with 1 mL 55% EtOH, vortexed on high for 5 minutes and centrifuged at 8.0 

x 105 x g (1.2 x 105 rpm, 50 mm rotor radius, Fisher Scientific Micro centrifuge) for 15 minutes. The 

supernatant was filtered through a 0.2 um PTFE filter before HPLC analysis. All extracts were 

stored at 4°C. 

2.2.4 Materials for HPLC analyses: High performance liquid chromatography (HPLC) solvents and 

analytical grade trifluoroacetic acid (TFA) were purchased from EMD Biosciences Inc. (Germany) 

and JT Baker (Phillipsburg, NJ, USA), respectively. Berberine chloride and (1R, 9S)-|3-hydrastine 

standards were purchased from Sigma-Aldrich Inc. (St. Louis, MO, USA) and a canadine standard 

was purchased from Fluka AG (Buchs, SG, Switzerland). 

2.2.5 HPLC-DAD analyses: HPLC with diode-array detector (HPLC-DAD) analyses of alkaloid 

concentrations were conducted on extracts of root-rhizome mixtures, stem-leaf mixtures and berry 

pulp prepared from wild H. canadensis individuals as well as extracts of cultivated H. canadensis 

root-rhizome material. Described below are the HPLC method adapted from Li and Fitzloff (121) 

and its validation. 

An Agilent Technologies Inc. HPLC 1100 system was used for alkaloid analysis. The system 

consisted of an in-line degasser, a quaternary pump, an autosampler, a DAD, and a computer 
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equipped with Chemstation software (Rev. A.09.01). The separation of berberine, hydrastine, and 

canadine was achieved with a reverse-phase C-18 Waters YMC ODS-AM (2 x 100 mm; 5 um 

particle size, S-3, 120 A) column that was maintained at 50°C and used at a flow rate of 1 mL/min. 

The mobile phases were (A) acetonitrile and (B) 0.05 % aqueous TFA and the elution conditions of 

the mobile phases were the following: initial conditions of 15% A and 85% B, followed by a linear 

gradient of 15-70 % A in 12 minutes and returned to initial conditions 70-15 % A in 2.5 minutes; re-

equilibrated 15 % A for 0.5 minute followed by a post-run time of 1 minute, resulting in a total run 

time of 15 minutes. A 1-uL injection volume was used for the quantification of both berberine and 

hydrastine, while a 5-uL injection volume was used to quantify canadine. Alkaloids were quantified 

at the wavelength of greatest absorbance. The DAD was set at 225 nm for hydrastine and canadine 

quantification, and at 350 nm for berberine quantification. Typically hydrastine eluted after 5.3 

minutes, followed by canadine at 6.3 minutes and berberine at 6.7 minutes. 

Each sample was analyzed in triplicate and the mean percent alkaloid weight per dry powder 

weight (% w/dw) and standard error of the mean (SEM) were calculated for each alkaloid. Analyses 

consisted of both the identification and quantification of alkaloids. All alkaloids were identified 

based on their relative retention time to the compound standard and online photodiode array UV 

spectra. Matches were defined by at least 95% similarity between the two. Each alkaloid was 

quantified (ng/uL) using peak area multiplied by the response factor, calculated from its respective 

standard curve. This value was multiplied by the extract's final volume (u.L) to powder weight (g) 

ratio and divided by 103 for a final value for % w/dw (mg/g). 

2.2.6 Method validation for HPLC-DAD alkaloid analysis: Validation was performed for HPLC-DAD 

analyses using the mobile solvent system described above. Recovery experiments, modified from 

Weber et al. (122), were undertaken by injecting (spiking) aliquots of berberine (0.2, 0.4 and 0.7 

mg/mL), hydrastine (0.1, 0.2 and 0.4 mg/mL) and canadine (0.03, 0.06 and 0.1 mg/mL) standards to 

37 



Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

cultivated root-rhizome powder (RIL1). Spiked and unspiked samples were extracted as described 

above. Experiments were carried out in triplicate and coefficients of variation determined 

accordingly. 

2.2.7 HPLC-DAD/APCI-MS analyses: HPLC-mass spectrometry (HPLC-MS) analyses of alkaloid 

concentration were conducted on three extracts prepared from bulk mixtures of cultivated crude root-

rhizome material from accession RILl. The purposes of these analyses were to confirm the identity 

of all three alkaloid peaks in the HPLC elution profile of H. canadensis and to screen for phenolic 

compounds. The method described below was modified from Harris et al. (123). 

Analyses were performed on 1100 series liquid-chromatography (LC) /MSD Trap VL 

atmospheric pressure chemical ionization (APCI) system consisting of a quaternary pump, an 

autosampler, a DAD, an online APCI/MS with mass range of 50-15000 Da (Agilent, Palo Alto, CA, 

USA) and a computer equipped with Chemstation software. A Waters YMC ODS-AM column (100 

x 2mm I.D.; 3 um particle size) maintained at 50°C was employed at a flow rate of 0.3 mL/min. The 

elution conditions were optimized with a mobile phase of (A) methanol and (B) 0.05 % aqueous 

TFA as follows: initial conditions 8% A, 92% B, maintained 0-5 minutes followed by four linear 

gradients of 8-13% A in 2 minutes, 13-30% A in 14 minutes, 30-60% A in 3 minutes, and 60-100% 

A in 2 minutes. The column was then washed, 100% A for 2 minutes, returned to initial conditions, 

100-8% A in 2 minutes, and re-equilibrated for 6 minutes, resulting in a total run time of 36 minutes. 

One microliter of each extract was injected through the autosampler for each analysis and the 

subsequent elution profiles were monitored on-line at 225 and 350 nm. 

The MS was tuned in dual polarity mode at the outset of all experiments. MS detection was 

performed in both positive and negative ionization modes. For positive ionization mode, the 

optimized spray chamber conditions were: drying gas flow rate of 6.0 L/min, nebulizer pressure of 

40 psig, drying gas temperature of 300°C, vaporizer temperature of 400°C, capillary voltage of 3000 

V, and corona current of 3.0 uA. For negative ionization mode, the conditions were: drying gas flow 
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rate of 6.0 L/min, nebulizer pressure of 60 psig, drying gas temperature of 350°C, vaporizer 

temperature of 400°C, capillary voltage of-3000 V, and corona current of 15.0 uA. APCI was 

conducted at 300°C with the vaporizer at 400°C; nebulizer pressure, 40 psig; nitrogen (drying gas) 

flow rate, 6.0 L/min; fragmentation voltage, 20 V; capillary voltage, 3000 V; corona current, 3.0 uA. 

The MS was operated in scan mode within 100-800 amu with fragmentation voltages of 20 V and -

160 V for positive and negative ionization respectively. 

Each sample was analyzed in triplicate and, in order to confirm the identification of each 

major peak, the UV spectra for each of the sample's absorbance peaks were compared with those of 

the standard's as well as with those saved in a library of reference standards. Matches with a 95% 

similarity were further corroborated by the presence of a major ion in the peak's mass spectrum 

corresponding to the parent molecule or its major ion fragment. 

2.2.8 Statistical analyses: All HPLC results were expressed as a mean percent alkaloid weight per 

plant powder weight (% w/dw) ± standard error of the mean (SEM) of three replicate analyses, 

where the coefficient of variance (CV) of the mean was < 5%. 

The following null hypotheses were tested in order to address the research objectives of this 

study: 1) no significant difference in alkaloid concentration (each alkaloid individually and their 

sum) and composition among tissues (including wild root-rhizome, cultivated root-rhizome, 

cultivated root-rhizome in the literature, wild stem-leaf and wild berry pulp); 2) no significant 

difference in alkaloid concentration (each alkaloid individually and their sum) and composition 

(separately) among accessions of cultivated root-rhizome material; 3) no significant difference in 

alkaloid concentration (each alkaloid individually and their sum) and composition between wild and 

cultivated root-rhizome material (also including cultivated root-rhizome from the literature); 4) no 

significant difference in alkaloid concentration (each alkaloid individually and their sum) among 

wild populations; 5) no significant difference in alkaloid concentration (each alkaloid individually 
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and their sum) and composition among individuals from different wild populations propagated from 

seed under uniform environmental conditions. 

These null hypotheses were assessed by two-tailed one-way analysis of variance (ANOVA) 

and when significant p statistics resulted (p < 0.05), pairwise differences among samples were 

determined by Scheffe's post hoc multiple comparison analysis. Data sets were transformed by the 

logarithm base 10 when necessary to achieve normality and homoscedasticity; however, when these 

ANOVA assumptions could not be met even after transformations, the data set was analyzed using 

the Kruskal-Wallis non-parametric test. 

The relationship between latitude of wild populations and alkaloid concentration in wild 

root-rhizome was determined using simple linear regression of the population means for each 

alkaloid and their sum total (separately) on the latitude of corresponding material source. 

All statistical analyses were conducted using S-PLUS 7.0 for Windows, Academic Site Edition 

(124). 
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2.3 Results & Discussion 

2.3.1 Plant collection & seed germination: In July 2003, a total of 51 whole H. canadensis 

individuals were collected from ten wild populations in southwestern Ontario and an additional 59 

individuals were collected the following summer from the same sites, for a total of 110 individuals 

(Table. 2.1, Figures 2.1, 2.2 and 2.3). This was the first sampling of Canadian wild H. canadensis for 

analytical research; previous samplings had been used for ecological and conservational research 

(24, 25). 

Measurements of stem length and leaf width of 100 of the sampled individuals demonstrated 

approximate age homogeneity among samples (p > 0.05). The overall average stem height was 30.3 

± 0.50 cm and the overall average leaf width was 18.6 ± 0.46 cm. According to Sharp et al. (125), 

the largest cauline leaf of H. canadensis measures between 12 and 20 cm wide at maturity and 

Sinclair and Catling (24) note that stems generally reach up to 30 cm in height, thus confirming that 

the samples collected for this study were within maturity and approximately the same age. 

In July 2004, an additional individual was collected from populations HC1, HC2, HC4, 

HC5, HC7 and HC9, pressed, mounted and donated to the DAO as a voucher specimen of its 

respective population (Table 2.1 and Figure 2.3). Cultivated specimens from Gkginseng Farm in 

Waterford, Ontario, were also donated to the DAO (Table 2.2 and Figure 2.4). The latter are 

discussed below. 

As listed in Table 2.1, the population sites were located within four counties: populations 

HC1, HC2, HC4, HC5 and HC6 are situated in Essex County; populations HC3, HC7 and HC8 in 

Lambton County; population HC9 in Huron County and population HC10 in the Municipality of 

Chatham-Kent. Figure 2.1 shows the approximate distances between population sites. The largest 

distance (128 km) was estimated between populations in Essex County (HC1, HC2, HC4, HC5 and 

HC6) and population HC9. The most proximate sites (=s 0.4 km) were HC1, HC2 and HC6 in Essex 

County. The relationship between alkaloid concentration and latitude is discussed in section 2.5. 

41 



Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

Bulk crude samples of cultivated root-rhizome were received from five herb farms and one 

herbal apothecary. Three of the five herb farms were located in southwestern Ontario and provided 

root-rhizome material from their own crop while the other two were distributors (Table 2.2). Figure 

2.5 shows mature H. canadensis crops and seedlings cultivated under shade structures at Gkginseng 

Farm. As for the herb farms that distributed cultivated H. canadensis, the material received from 

Pacific Botanicals was harvested from a farm in Washington State. Neither Judy's Organic Farm and 

Rosemary's Garden was able to provide the harvest location of their samples. All commercial 

samples were purportedly comprised of root fibers and rhizomes harvested from mature and 

cultivated H. canadensis individuals exclusively. 

Twenty-seven ripe berries containing a total of 224 seeds were collected in July 2004 from 

populations HC2 and HC5, both in Essex County, and population HC8 in Lambton County (Table 

2.1, and Figures 2.1 and 2.2). Like the plant samples, this was the first seed and berry sampling of 

wild Canadian populations for phytochemical research. Previously, in 2003, seeds were collected for 

ecological germination studies. Results indicated a low germination rate (9.2%) but that germination 

can occur in a wide range of light availability (0, 30, 50 and 80% shade), with soil moisture being a 

critical factor (126). 

Since germination trials in the current study were unsuccessful the genetic component of 

phytochemical diversity in wild H. canadensis populations was not evaluated. The seeds that 

survived were transferred to the experimental laboratories at the National Wildlife Research Centre 

(Environment Canada) in Ottawa in order to allow further investigation into the germination ecology 

of H. canadensis. The germination trials and the results from a seed viability test are further 

described in the Appendix. All the following population analyses were based on field-collected 

tissue. 

2.3.2 Method validation of alkaloid analysis: Following criteria for single laboratory validation, a 

dual DAD monitoring of UV absorption at wavelengths 225 nm and 350 nm was developed in order 
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to optimize the sensitivity of detection and quantification of four alkaloids: hydrastine and canadine 

at 225 nm, and berberine and hydrastinine at 350 nm. Hydrastinine eluted approximately at 2.1 

minutes and was not detected in any of the H. canadensis samples (data not shown). Hydrastinine is 

a degradation product of hydrastine and its presence in H. canadensis is an indicator of aged material 

(i.e. the time span since collection) or improper drying or handling procedures (16). Its absence 

confirmed the approximate age homogeneity of the material among all of the samples (wild and 

cultivated) as well as good manufacturing practices with respect to the commercial samples. The 

dual DAD monitoring program provided the advantage of optimized and selective detection of each 

respective alkaloid. For example, hydrastine and canadine peaks were not detected when monitoring 

at 350 nm, thus simplifying the detection of berberine and hydrastinine (Figures 2.6, 2.7 and 2.8). 

The former was exclusively identified at a wavelength of 350 nm (data not shown). Given the 

absence of hydrastinine from the samples and the greater pharmacological relevance of berberine, 

hydrastine and canadine, the method was validated for the analysis of the three alkaloids only, with 

the exception of the method's parameters for linearity. 

The method was validated for linearity, reproducibility and recovery. The linearity of the 

standard curves, produced for quantification purposes, revealed linear response profiles where the 

correlation coefficient (R2) was > 0.999 for all four alkaloids, at ranges of 0.03 -1.98 ug/mL 

berberine; 0.03 - 0.87 ug/mL hydrastine; 0.03 - 1.64 ug/mL canadine; and 0.02 - 1.16 ug/mL 

hydrastinine (data not shown). 

Measuring the variation in quantification results within and between days assessed the 

reproducibility of the method. Expressed as the coefficient of variance (CV, standard deviation / 

mean x 100%), variation between successive trials (intraday) and between interday trials, for all 

three alkaloids quantified in all samples, was calculated to be < 6% (data not shown). 

Using the method described by Weber et al. (122), recovery was assessed for the three main 

alkaloids. Pure standards of berberine, hydrastine and canadine were spiked into cultivated root-
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Figure 2.6 Representative HPLC chromatograms of wild Canadian Hydrastis canadensis L. 

(goldenseal) root-rhizome extracts showing the absorbance peaks and the retention times of A) 

hydrastine and canadine at 225 nm and B) berberine at 350 nm. The UV spectra and chemical 

structures of each alkaloid are shown. 
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Figure 2.7 Representative HPLC chromatograms of wild Canadian Hydrastis canadensis L. 

(goldenseal) stem-leaf extracts showing the absorbance peaks and the retention times of A) 

hydrastine and canadine at 225 nm and B) berberine at 350 nm. 
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Figure 2.8 Representative HPLC chromatograms of cultivated Hydrastis canadensis L. (goldenseal) 

root-rhizome extracts showing the absorbance peak, the retention time and the mass spectrometry 

(MS) profile of A) hydrastine and canadine at 225 nm and B) berberine at 350 nm. The molecular 

ions (m/z) axe shown for each alkaloid in the MS profiles. 
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rhizome powder (RIL1); the powder-standard mixture was extracted and analyzed as described 

above. The recoveries ± SEM (N = 3) were 84.8% ± 0.80% for berberine, 82.0% ± 2.42% for 

hydrastine and 72.3% ± 1.15% for canadine; and the overall alkaloid recovery was calculated to be 

79.7% ± 2.06% (Table 2.3). 

2.3.3 Alkaloid analysis: Reverse-phase HPLC-DAD analyses were completed on 107 wild Canadian 

H. canadensis root-rhizome samples; 24 samples of bulk North American cultivated root-rhizome 

material; 109 wild Canadian stem-leaf samples and on three samples of wild Canadian berry pulp 

(Tables 2.1 and 2.2). The results have been compared to the concentration of alkaloids in 28 

commercial root-rhizome samples and five commercial stem-leaf samples described in the literature 

(Tables 2.4 and 2.5). 

All analyzed H. canadensis material, whether wild, cultivated, root-rhizome, stem-leaf or 

berry pulp and regardless of origin, consistently gave the same chemical profile (Figures 2.6, 2.7 and 

2.8). The chemical profile consisted of two major peaks, hydrastine followed by berberine, and one 

minor peak, canadine, all of which were confirmed by MS analysis. This method was also used to 

analyze berberine in other chemically related species and found their chemical profile differed from 

that of H. canadensis (Chapter 3: Figure 3.8), thus confirming the reliability of the chemical profile 

as a fingerprint of the species. 

Figures 2.6 and 2.7 show chromatograms of typical wild root-rhizome extracts and wild 

stem-leaf extracts, respectively. Berberine, hydrastine and canadine, as well as their respective 

retention times, are identified in both figures. The HPLC chromatogram for a typical wild berry 

extract is not shown since berberine was the only alkaloid detected in this material. Figure 2.8 shows 

the chromatograms of typical cultivated root-rhizome extracts and identifies the peak, retention time 

and molecular weight, from MS analysis, for berberine, hydrastine and canadine. The molecular ions 

irnlz) measured by MS for hydrastine was 383.1; for canadine was 339.1 and for berberine was 
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Table 2.3 Spike and recovery results for berberine, hydrastine and canadine as measured by reverse 

phase HPLC-DAD. 

Alkaloid 
Amount of powder 

extracted (g) 

Determined alkaloid Theoretical alkaloid in 

(mg) spiked sample (mg)a 
Recovery (%) 

Berberine 

3.004 

3.001 

3.004 

86.4 

89.1 

88.5 

103.8 

103.8 

103.8 

83.2 

85.8 

85.3 

Overall berberine recovery + SEM 84.8 ± 0.80 

Hydrastine 

3.004 

3.001 

3.004 

35.1 

36.2 

32.7 

42.3 

42.3 

42.3 

83.0 

85.6 

77.4 

Overall hydrastine recovery ± SEM 82.0 ±2.42 

Canadine 

3.004 

3.001 

3.004 

9.5 

9.8 

10.0 

13.5 

13.5 

13.5 

70.1 

72.7 

74.0 

Overall canadine recovery ± SEM 72.3 ±1.15 

Overall mean alkaloid recovery ± SEM, N = 9 79.7*2.06 

Sum of calculated native (mg, based on non-spiked samples) and spiked alkaloid (mg) weight 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

336.1. In addition to the alkaloids, minute impure peaks of chlorogenic acid were also identified in 

the extracts between 2.2 and 4.1 minutes (Figure 2.8). McNamara et al. (127) have previously 

reported the presence of chlorogenic acid by HPLC analysis of cultivated H. canadensis root, 

rhizome, lower stem, upper stem and leaf tissue samples. 

Since the chromatographic profile is the same for all samples and is unique when compared 

to chemically related species, chemical profiling can be considered an effective method for 

identifying H. canadensis material. However, for the same reasons, it cannot be considered a viable 

method for distinguishing among different H. canadensis tissues and material types. On the other 

hand, there are observable quantitative differences in alkaloid concentration (measured by frequency 

distribution, tissue distribution and composition parameters) that make for reliable markers of the 

different sample types, in particular for hydrastine and canadine concentration between below-

ground and above-ground tissues. 

Figure 2.9 shows the frequency distribution of total alkaloid concentration (sum of 

berberine, hydrastine and canadine concentration) among 107 wild root-rhizomes and 109 wild stem-

leaves. A broader range in total alkaloid concentration was observed in root-rhizomes (A 9.9% 

w/dw) compared to stem-leaves (A 5.3% w/dw). Root-rhizomes had no less than 2.0% total alkaloids 

whereas stem-leaf tissues had a maximum of 5.9% w/dw. Total alkaloid concentration was not 

measured for cultivated material since most of the alkaloids were quantified separately per analysis 

rather than all together. 

The frequency distribution of berberine, hydrastine and canadine concentrations among 107 

wild root-rhizomes, 19-24 samples of cultivated root-rhizome and 109 wild stem-leaves is displayed 

in Figure 2.10. Berberine is the most concentrated alkaloid in H. canadensis and canadine the least, 

particularly in wild stem-leaf samples where it is virtually non-existent. In general, alkaloid 

concentration was approximately equal between wild and cultivated root-rhizome, and stem-leaf 

material contained less alkaloid than below-ground samples. Furthermore, the frequency distribution 
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Figure 2.9 Frequency distribution of total alkaloid concentration among 107 wild Canadian Hydrastis 

canadensis L. (goldenseal) root-rhizomes and 109 wild stem-leaves as measured by reverse phase 

HPLC-DAD. 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

Figure 2.10 Frequency distribution of berberine, hydrastine, and canadine concentration (% w/dw) 

among 107 wild Canadian Hydrastis canadensis L. (goldenseal) root-rhizomes, 18-24 samples of 

cultivated root-rhizome and 109 wild stem-leaves as measured by reverse phase HPLC-DAD. 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

was different between tissues (root-rhizome and stem-leaf) and to a lesser extent between material 

type (wild and cultivated). 

The broadest range in berberine concentration was observed in wild root-rhizome (A 5.9 % 

w/dw) followed by cultivated root-rhizome (A 4.9% w/dw) and wild stem-leaf (A 3.3% w/dw) where 

wild and cultivated root had no less than 1.0% w/dw berberine and wild stem had no less than 0.6% 

w/dw. Wild root contained no more than 7.9% w/dw berberine, cultivated root contained no more 

than 5.9% w/dw and wild stem-leaf had no more than 3.9% w/dw. Furthermore, since the 

distribution of cultivated samples is more uniform, this suggested a greater variability in berberine 

concentration among this sample type. 

A broad range in hydrastine concentration was measured among wild root-rhizome (A 4.3% 

w/dw), while a narrow range was measured in both cultivated root-rhizome and wild stem-leaf (A 

1.9% w/dw, for both). Cultivated root contained no less than 1.0% hydrastine while wild root 

contained no less than 0.6% w/dw. Hydrastine was not detected in 4% of the wild stem-leaf samples. 

The range in canadine concentration was approximately equal for wild and cultivated root-

rhizome (A 2.8%o and 2.3% w/dw, respectively) and this range was approximately five to six times 

greater than the range measured in wild stem-leaf samples (A 0.5% w/dw). Cultivated root contained 

no less than 0.6% w/dw, wild root contained no less than 0.1% w/dw and 85% of the stem-leaf 

samples did not contain canadine. 

In comparing the frequency distribution of the three alkaloids reported in 28 commercial 

root-rhizome products in the literature (Figure 2.11) with the frequency distributions of root-rhizome 

(wild and cultivated) in Figure 2.10 (see also Table 2.5), a broader range in all three alkaloids and a 

smaller minimum amount of berberine was reported in the literature. A maximum of 6.9% w/w 

berberine was reported in the literature, which was greater than what was measured in the cultivated 

samples and less than the amount measured in wild samples. Unlike the wild and cultivated samples, 

11% of the samples reported in the literature did not contain hydrastine; and they also contained a 
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Figure 2.11 Frequency distribution of berberine, hydrastine and canadine concentration (% w/w) 

among 10-28 commercially available cultivated Hydrastis canadensis L. (goldenseal) root-rhizome 

samples described in the literature (Table 2.4). 
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Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

greater maximum hydrastine concentration (5.9%w/w). A greater range in canadine concentration 

was also reported in the literature. 

The following highlights the observations described in Figures 2.9 and 2.10 that help 

distinguish the different sample types: root-rhizome (wild and cultivated) contained no less than 

1.0% w/dw berberine while cultivated root-rhizome contained no more than 6.9% and stem-leaf 

material contained no more than 3.9% w/dw. Cultivated root-rhizome contained between 1.0% and 

2.9% w/dw hydrastine while stem-leaf material contained no more than 1.9% w/dw and was the only 

sample type that occasionally did not contain any hydrastine. Cultivated root-rhizome contained no 

less than 0.6% w/dw canadine while wild stem-leaf contained no more than 0.5% and over 90% of 

the stem-leaf samples did not contain canadine compared to root-rhizome material. Given the 

relatively uniform frequency distributions for cultivated root-rhizome, it is important to note that the 

distributions may extend wider with a larger sample size. Wild root-rhizomes contained no less than 

2.0% w/dw total alkaloids and stem-leaves contained no more than 5.9% w/dw. These data are 

important benchmarks for product identification, and commercial products outside these limits may 

be an indication of adulteration. 

Figure 2.12 shows the distribution of berberine, hydrastine, canadine and their sum total 

between 107 wild root-rhizomes, 18 to 24 samples of cultivated root-rhizomes, 109 wild stem-leaves 

and three wild berry samples. The alkaloids produced by H. canadensis were most concentrated in 

root-rhizome material and least concentrated in berries. Furthermore the results also confirmed that 

berberine is the most concentrated alkaloid and canadine the least. 

For berberine, equal amounts were measured in wild and cultivated root-rhizomes (3.5% ± 

0.10% w/dw, N = 131), less than 3/5 of that amount was measured in wild stem-leaves (2.0% ± 

0.04% w/dw, N = 107) and less than 1/25 was measured in wild berries (0.1% ± 0.10% w/dw, N = 

3). For hydrastine, equal amounts were found in wild and cultivated root-rhizome (2.0% ± 0.05% 
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Figure 2.12 Distribution of overall mean berberine, hydrastine, canadine and total alkaloid 

concentration (% w/dw ± SEM) in wild Canadian Hydrastis canadensis L (goldenseal) root-rhizomes 

(N = 107), in cultivated root-rhizome samples (N= 18-24), in wild stem-leaves (N = 109) and wild-

harvested berry pulp samples (N = 3) as measured by reverse-phase HPLC-DAD. Note that overall 

mean total alkaloid concentration was not measured for the cultivated material samples. Significant 

differences in alkaloid concentration among tissues (p < 0.05) were determined by Kruskal-Wallis 

analysis followed by Scheffe's post hoc multiple comparison analysis and are designated by the 

following distinct letters: (a, b, c) for berberine, (d, e) for hydrastine, (f, g, h) for canadine and (i, j , k) 

for total alkaloid. 

70 



Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

- H I 

I 

H 

a> 

E 
8 

I? 
N 2 It 
If ?2 
1111 

IAI3S + (Mp/M %) U0!JEJ}Ua0U00 P|0|B>||B UB91U HBJ9AQ 

71 



Chapter 2: Alkaloid Concentration and Variation in Hydrastis canadensis 

w/dw, N = 131), less than 9/25 of that amount was measured in wild stem-leaves and berries (0.7% ± 

0.03% w/dw, N = 112). For canadine, the greatest amount was measured in cultivated root-rhizome 

(1.6% ± 0.11% w/dw, N = 18), less than 2/5 of that amount was measured in wild root-rhizomes 

(0.6% ± 0.03% w/dw, N = 107) and only 1/50 was measured in wild stem-leaves and berries (3.0 x 

10"2% ± 0.01% w/dw, N = 112). Hydrastine and canadine were not detected in berries. Total alkaloid 

concentration was compared among wild tissues only. The greatest amount of total alkaloids was 

measured in wild root-rhizomes (6.2% ± 0.20% w/dw, N = 107), 9/20 of that amount was measured 

in stem-leaves (2.8% ± 0.08% w/dw, N = 109) and only 1/50 in berries (0.1% ± 0.10% w/dw, N = 3). 

Alkaloid concentration in commercial H. canadensis samples reported in the literature is 

summarized in Table 2.4 and compared to other material and tissue types in Table 2.5. No significant 

differences (p > 0.05) were found in mean berberine concentration (3.5% ± 0.09 % w/w, N = 159) 

and in mean hydrastine concentration (2.0 ± 0.06% w/w, N = 158) between root-rhizome samples of 

this study (Figure 2.12) and the root-rhizome data in Table 2.4. However, there was a significant 

difference (p < 0.05) in canadine concentration where canadine was nearly 1.5x more concentrated in 

the cultivated root-rhizome samples analyzed in this study (1.6% ± 0.12% w/dw, N = 18) compared 

to both the wild samples of this study (0.6% ± 0.03% w/dw, N = 107) and the commercial samples 

described in the literature (0.5% ± 0.3% w/w, N = 10). Possible explanations for this difference in 

concentration are errors in experimental procedure such as processing (e.g. inefficient milling and/or 

choice of solvent for extraction) that may have compromised the extractability of canadine from the 

material or cultivation practices resulting in higher yields. In either case, it is advised that the 

cultivated samples be re-analyzed for canadine. 

Two previous studies analyzed H. canadensis above-ground tissues, but both analyzed 

cultivated material exclusively. Wild stem-leaf samples contained up to half the amount of berberine 

and a third the amount of hydrastine compared to the samples described in the literature (R17, R18, 

R38-40 in Table 2.4; and Table 2.5). Combining alkaloid concentration for R38, R39 and R40 (lower 
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stem, upper stem and leaf samples, respectively in Table 2.4) analyzed by McNamara et al. (127) 

gave 4.6% w/w berberine and 1.8% w/w hydrastine. Edwards and Draper (128) reported 2.9% 

berberine and 2.3% hydrastine in R17 and 3.0% berberine and 2.0% hydrastine in R18 (authors did 

not specify units). These concentrations are comparable to the alkaloid concentrations measured in 

wild and cultivated root-rhizome and may represent a sustainable source for these alkaloids, thus 

warranting further investigation. 

Figure 2.13 illustrates the variation in alkaloid composition (ratios) among the different 

sample types. Overall mean hydrastine concentration relative to berberine concentration (hydrastine / 

berberine), canadine relative to berberine (canadine / berberine) and canadine relative to hydrastine 

(canadine / hydrastine) were calculated for all analyzed root-rhizome samples (cultivated and wild, 

separately) and wild stem-leaf samples as well as root-rhizome samples from published results 

(Table 2.4). In general, alkaloid composition was significantly different among all sample types, 

except for cultivated root-rhizome and root-rhizome samples described in the literature (see also 

Table 2.5). 

For hydrastine / berberine and canadine / hydrastine composition, cultivated root-rhizome 

from this study and those from the literature had the greatest ratios, followed by wild root-rhizome 

and wild stem-leaf. For canadine / berberine composition, cultivated root-rhizome from this study 

had the greatest ratio, followed by wild root-rhizome, the root-rhizome described in the literature and 

wild stem-leaf. 

Given the significant difference in canadine concentration between the cultivated root-

rhizome samples and those in the literature, the statistical analyses of the results in Figure 2.13 were 

repeated without including the data for cultivated root-rhizome samples of this study. For all three 

ratios, individually, the three sample types (cultivated root-rhizome samples from published results, 

wild root-rhizome and wild stem-leaf sample results) were found to be significantly different (p < 

0.05, data not shown) from each other, thus suggesting that alkaloid composition may be a 

quantitative feature that could distinguish wild-harvested root-rhizome from cultivated material. 
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Figure 2.13 Mean alkaloid composition (concentration ratios) ± SEM in different Hydrastis 

canadensis L. (goldenseal) material types. Samples included cultivated root-rhizome analyzed in this 

study (N = 18-24), cultivated root-rhizome reported in the literature (N = 35, Table 2.4), and wild root-

rhizomes (N - 107) and stem-leaves (N = 109) analyzed in this study by reverse-phase HPLC-DAD. 

Significant differences in alkaloid ratios among tissue types (p < 0.05) were determined by Kruskal-

Wallis analysis followed by Scheffe's post hoc multiple comparison analysis and are designated by 

the following distinct letters: (a, b, c) for hydrastine / berberine, (d, e, f) for canadine / berberine and 

(g, h, i) for canadine / hydrastine. 
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Alkaloid composition analysis is also an additional method for distinguishing between above-ground 

and below-ground tissues. 

This was the first study to analyze alkaloid concentration in berries and wild Canadian root-

rhizomes and stem-leaves. The following overall conclusions were made from all of the results 

above: 1) the chemical profile for H. canadensis was consistent throughout all of the samples and 

served as a reliable fingerprint of the species for product identification purposes; 2) all three 

alkaloids were most concentrated in below-ground tissues; 3) differences in frequency distribution 

and alkaloid composition were mostly observed between above-ground and below-ground samples; 

4) alkaloid concentration can serve to distinguish between above-ground and below-ground tissues 

but not between wild and cultivated root-rhizome samples; 5) with the exception of canadine, wild 

and cultivated root-rhizome samples contained equal amounts of alkaloids, thus the use of wild plant 

material in addition to or as an alternative to cultivated material in NHPs may not improve the 

pharmacological activities of the product. 

2.3.4 Phytochemical variation among accessions of cultivated material: Significant differences in 

berberine, hydrastine and canadine concentrations were detected among six accessions of cultivated 

root-rhizome (Figure 2.14). 

Berberine was the most concentrated alkaloid in the samples, followed by hydrastine and 

canadine. Berberine was greatest in samples from RIL3 and RIL5 (4.9% ± 0.07% w/dw, N = 10), 

followed by the samples from RIL2 and RIL6 (3.6% ± 0.03% w/dw, N = 6). The least amount of 

berberine was measured in the samples from RIL4 (1.8% ± 0.04% w/dw, N = 5) and RIL1 (1.7% ± 

0.04%, N = 3). The overall mean berberine concentration was 3.3% ± 0.27% (N = 24). 

Hydrastine was most concentrated in RIL3, RIL5 and RIL6 inclusively (2.4% ± 0.03% 

w/dw, N = 11), followed by RIL2 (2.1% ± 0.03% w/dw, N = 3), and RIL1 and RIL4 inclusively 

(1.2% ± 0.02% w/dw, N = 9). The overall mean hydrastine concentration was 1.9% ± 0.12% (N = 

24), 
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Figure 2.14 Mean berberine, hydrastine and canadine concentration (± SEM) in six accessions of 

cultivated Hydrastis canadensis L (goldenseal) root-rhizome material (N = 19-24). Significant 

differences (p < 0.05) in alkaloid concentration among accessions, as determined by one-way 

analysis of variance followed by Scheffe's post hoc multiple comparison analysis, are designated by 

the following distinct letters: (a, b, c, d) for berberine, (e, f, g) for hydrastine and (h, i, j , k) for 

canadine. Leduc accession codes (RIL#) were randomly assigned to each accession to protect the 

identity of the farmers and distributors listed in Table 2.2. 
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Canadine was most concentrated in the samples from RIL1 and RIL3 inclusively (2.1% ± 

0.03% w/dw, N = 7), followed by the samples from RIL4 and RIL5 (1.6% ± 0.03% w/dw, N = 6) 

and RIL6 (1.2% ± 0.03% w/dw, N = 3). The least amount of canadine was measured in the material 

received from RIL2 (0.8% ± 0.02% w/dw, N = 3). The overall mean canadine concentration was 

1.6% ± 0.12% (N = 19). 

With the exception of canadine, overall mean alkaloid concentration measured in this study 

is comparable to the literature. Overall canadine concentration measured in the samples was greater 

than the concentration in cultivated root-rhizome reported in the literature (Table 2.5 and Figure 

2.12). Possible factors contributing to this difference were discussed in section 2.3.3. 

The observed variation in alkaloid concentration among accessions may be explained by 

environmental factors, plant genotype and the interactions between the two {129, 130). Previous 

studies have shown that a variety of environmental factors like herbivory and disease (131, 132), 

climate and shade (131, 133), as well as moisture regime and nutrient availability (131, 134, 135) 

may affect the production of secondary metabolites (136, 137, 138). The influence of genotype on 

secondary metabolism has also been well documented (139). Within the context of this study, it was 

not possible to explain the trend in alkaloid concentration by these factors. Genotypic influences 

could not be investigated since seed origin was not disclosed to the author and samples consisted of 

mixtures of bulk root-rhizome exclusively, most of which were received dried and cut. As for the 

environmental conditions of the growth sites, it was only possible to visit and document one of the 

farms, only four of the six companies provided some (mostly limited) details of their growth site 

location and as such, details of growth conditions like the occurrence of herbivory, climate, shade, 

soil characteristics (e.g. fertility, pH, texture and chemistry) and nutrient availability (e.g. use of 

fertilizers and watering frequency) could not be assessed. 

Although alkaloid concentration varied significantly among accessions, it is important to 

note that their frequency distribution and overall mean concentration, with the exception of canadine, 

were comparable to cultivated samples cited in the literature (Table 2.5). However, the occurrence of 
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variation in such a popular botanical on the market further justifies the need for product quality 

control programs and labelling standards to ensure the safety and effectiveness of NHPs in Canada. 

2.3.5 Phvtochemical variation among wild populations: The distribution of berberine, hydrastine, 

canadine and their sum concentrations in H. canadensis root-rhizome, stem-leaf and berry pulp 

samples collected from ten wild Canadian populations (HC1-HC10) were compared by population 

(Figures 2.15 and 2.16). The relationship between alkaloid yield in root-rhizomes and population site 

latitude is also discussed. 

In Figure 2.15 total alkaloid concentration in root-rhizome and stem-leaf were compared 

separately among populations. For root-rhizome samples, populations HC6 and HC9 contained the 

greatest amount of total alkaloids (7.7 ± 0.53% w/dw, N = 23) and population HC4 contained the 

least (4.3 ± 0.35% w/dw, N = 11). The remaining seven populations contained an average of 5.9 ± 

0.16% w/dw (N = 73). For stem-leaf samples, population HC6 contained the greatest amount (3.7 ± 

0.30% w/dw, N = 10) and populations HC1, HC3 and HC7 contained the least (2.5 ± 0.09% w/dw, N 

= 31). The remaining six populations contained an average of 2.8 ± 0.08% w/dw (N = 68). 

In Figure 2.16 berberine, hydrastine and canadine in root-rhizome, stem-leaf and berry pulp 

are compared. For root-rhizome samples, berberine was most concentrated in population HC9 and 

least concentrated in populations HC2, HC4 and HC5. Hydrastine was most concentrated in 

population HC6 and least concentrated in populations HC2, HC4 and HC5. Canadine was most 

concentrated in population HC6 and least concentrated in populations HC4 and HC8. For stem-leaf 

samples, berberine was most concentrated in population HC6 and equal in all other populations. 

Hydrastine did not vary among populations nor did canadine. Of the three berry samples, berberine 

was the only alkaloid detected and it was most concentrated in the sample from population HC5, 

followed by HC2 and it was not detected in the sample from population HC8. 

The rate of alkaloid production is reportedly influenced by plant genotype, environmental 

factors and the interactions between the two (129-139). The influence of genotype on the chemical 
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Figure 2.15 Distribution of mean total alkaloid (berberine, hydrastine and canadine) concentration (% 

w/dw + SEM) in Hydrastis canadensis L. (goldenseal) root-rhizomes and stem-leaves collected from 

ten wild Canadian populations (HC1-HC10) as measured using reverse-phase HPLC-DAD. N = 5 -

14 samples per population and each sample was analyzed in triplicate. Significant differences (p < 

0.05) in mean total alkaloid concentration of root-rhizome and stem-leaf tissues (separately) among 

populations, as determined by one-way analysis of variance followed by Scheffe's post hoc multiple 

comparison analysis, are designated by the following distinct letters: (a, b) for total alkaloids in root-

rhizomes and (c, d) in stem-leaves. Note populations HC1, HC2, HC4, HC5 and HC6 were located 

within the most southwestern range of the sampled Canadian populations and population HC9 was 

the most northeastern population. 
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Figure 2.16 Distribution of mean berberine, hydrastine and canadine concentration (% w/dw ± SEM) 

in Hydrastis canadensis L (goldenseal) root-rhizomes and stem-leaves collected from ten wild 

Canadian populations (HC1-HC10) as measured using reverse-phase HPLC-DAD. N = 5 - 14 

samples per population and each sample was analyzed in triplicate. Berberine was also quantified in 

berry pulp collected from three populations where N = 1 sample per population and each sample 

was analyzed in triplicate. Significant differences (p < 0.05) in alkaloid concentration in root-rhizome 

and stem-leaf tissues (separately) among populations, as determined by one-way analysis of 

variance or Kruskal-Wallis analysis followed by Scheffe's post hoc multiple comparison analysis, are 

designated by the following distinct letters: (a, b) for berberine in root-rhizome and (c, d) in stem-

leaves; (e, f) for hydrastine in root-rhizomes and (g) in stem-leaves; and (h, i) for canadine in root-

rhizomes and (j) in stem-leaves. Note phytochemical concentration in berry pulp was not statistically 

analyzed among populations since only one sample was collected per population. 
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phenotype of a plant has been extremely well documented (e.g. 139) and heritability is commonly 

used as a quantitative index for the proportion of phenotypic variation attributable to genetic 

variation. Heritability is defined as the ratio of the genetic variation to the sum of genetic and 

environmental variation and its value ranges from 0 to 1, where an index of 1 indicates that all 

variation among a phenotype is attributable to genetic variation (135). A previous study reported that 

alkaloid metabolism, as a whole, has a broad-sense heritability index that ranges from 0.19 to 0.7 

(140). An original objective of the current study was to phytochemically analyze wild H. canadensis 

seedlings propagated under a uniform environment as to isolate the genetic contribution to alkaloid 

yield. Since the seeds used for this component of the study failed to germinate, there are no 

conclusive data in this area with respect to H. canadensis. 

Environmental factors, including soil nutrients, herbivory and disease as well as climate 

(temperature and precipitation) and shade, relate to many well documented, albeit controversial, 

theories that account for allocation of chemical defenses in plants; for example the carbon-nutrient 

balance (CNB) theory, the resource availability theory and the plant stress and defense theories (135, 

141). Population density and soil chemistry for each wild population were obtained (48, Table 2.6) 

and hypothetical correlations with alkaloid concentration are presented and discussed below, 

followed by the possible contributions of climate, shade, herbivory and disease. 

Population HC6 appeared to consistently contain the greatest amount of all three alkaloids in 

all tissue types. It was located in Essex County, the most southern county within the natural range of 

H. canadensis in Canada, near Cedarhurst Park along the northern shores of Lake Erie (Figure 2.1). 

Although samples were also collected from nearby populations within the same county (namely HC1 

and HC2), alkaloid production in HC6 was superior to neighboring populations that existed under 

relatively similar environmental conditions. HC6 contained a relatively greater number of stems 

(2,597) compared to HC1 (1,153) and HC2 (768); greater soil acidity (pH 5.7 compared to pH 6.3 for 

HC1 and pH 6.4 for HC2); less soil potassium (123 ppm compared to 140 ppm for HC1 and 176 

ppm for HC2); greater soil magnesium (375 ppm compared to 323 for HC2 and 266 ppm for HC1); 
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Table 2.6 Population and soil characteristics for ten wild Canadian Hydrastis canadensis L. 

(goldenseal) populations. Data originally from Sinclair and Catling (48) 

Site 

Parameter 

# stems 

# patches 

Canopy3 

Shade (%) 

pH 

P (ppm) 

K (ppm) 

Mg (ppm) 

Na (ppm) 

Ca (ppm) 

Mn (index) 

Zn (index) 

OM" 

Sand 

Silt (%) 

Clay 

HC4 

4,329 

3 

Or, 1 

65 

6.3 

7 

100 

300 

72 

2,730 

20 

26 

8.2 

39 

37 

24 

HC5 

2,324 

2 

I, A 

60 

6.1 

12 

93 

221 

81 

2,360 

24 

60 

9.4 

75 

12 

12 

HC6 

2,597 

8 

Hs, Or 

70 

5.7 

12 

123 

375 

77 

2,710 

38 

48 

11.1 

33 

33 

33 

HC2 

768 

10 

W 

30 

6.4 

8 

176 

323 

80 

2,780 

22 

43 

8.9 

33 

33 

33 

HC1 

1,153 

8 

Hs 

80 

6.3 

14 

140 

266 

129 

2,270 

30 

27 

9.7 

33 

33 

33 

HC3 

106 

1 

I 

70 

7.5 

9 

179 

528 

73 

8,240 

16 

26 

12.1 

70 

20 

10 

HC10 

648 

4 

A 

65 

7.3 

30 

114 

203 

62 

3,990 

17 

30 

6.9 

33 

33 

33 

HC7 

455 

2 

Msu 

60 

5.4 

10 

72 

114 

73 

1,290 

42 

30 

5.8 

33 

33 

33 

HC8 

37 

1 

Msu 

85 

7.4 

12 

230 

191 

73 

8,300 

16 

36 

23.1 

70 

20 

10 

HC9 

241 

1 

Hb 

60 

7.8 

7 

77 

169 

81 

6,960 

17 

18 

10.7 

33 

33 

33 

a A = Fraxinus spp (ash), C = Populus deltoides Marshall (cottonwood), Hb = Carya cordiformis 

Wangenh. K.Koch (bittemut hickory), Hs = Carya ovata (Miller) K. Koch (shagbark hickory, I = Ostrya 

virginiana (Miller) K. Koch (ironwood), M = Acer spp. (maple), Msu = Acer saccharum Marshall 

(sugar maple), Or = Quercus rubra L. (red oak), W = Juglans nigra L. (walnut);b Organic matter 
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less soil sodium (77 ppm compared to 80 ppm for HC2 and 129 for ppm HC1); greater soil 

manganese (38 index compared to 30 for HC1 and 22 for HC2); greater soil zinc (48 index compared 

to 43 for HC2 and 27 for HC1); and greater amounts of organic matter (11.1 compared to 9.7 for 

HC1 and 8.9 for HC2). It is important to note that these differences are relative to each other; they 

are not all distinct from other populations and may not be statistically relevant. 

Population HC9 followed close behind HC6 with respect to alkaloid concentration. It 

contained an equal amount of total alkaloids and a greater amount of berberine in its root-rhizomes 

compared to HC6. HC9 is the most northeastern population and was located in Huron County, near 

the southeastern shores of Lake Huron (Figure 2.1). The following similarities in population and soil 

characteristics between HC6 and HC9, as listed in Table 2.6, were found: percent shade (60% for 

HC9 and 70% for HC6); soil sodium (77 ppm for HC6 and 81 ppm for HC9); organic matter (10.7 

for HC9 and 11.1 for HC6); sand, silt and clay in soil (33% for all three for both populations). 

Population HC4 contained the least amount of alkaloids overall. Like HC6, HC4 was located 

in Essex County, but further west where Lake St. Clair empties into Detroit River (Figure 2.1). From 

the data listed in Table 2.6, the only parameters that distinguished HC4 from all of the other 

populations were population density (number of stems) and the percentage of silt in the soil; HC4 

contained the greatest number of stems (4,329) and its soil contained the greatest percentage of silt 

(37%). 

To determine the contribution of temperature and precipitation to alkaloid production, 

climate data were obtained from Environment Canada (142) for each population or area (HC1, HC2, 

HC5 and HC6 were grouped as an area, as well as HC7 and HC8). The estimated overall average 

maximum temperature, mean temperature, minimum temperature and total precipitation from 2003-

2004 were 13°C, 9°C, 4°C and 75 mm, respectively. The greatest average maximum temperature was 

measured at population HC9 (14°C), the lowest average minimum temperature was measured within 

the area of populations HC7 and HC8 (3°C), the lowest mean temperature was measured at 

population HC9 (8°C) and the greatest mean temperature was measured at population HC4. The least 
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average amount of precipitation was recorded within the area of populations HC1, HC2, HC5 and 

HC6 (71 mm) and the greatest amount was recorded at population HC4 (83 mm). In general, mean 

maximum temperature, mean temperature and mean total precipitation for population HC4 are 

relatively different from the other populations; and mean minimum temperature and mean total 

precipitation for populations HC1, HC2, HC5 and HC6 are also relatively different from the others. 

Shade varied among populations but not in a fashion that suggested a relationship with 

alkaloid concentration. In 2001, Sinclair and Catling (48) recorded the average percent shade for all 

ten populations to be approximately 65%, where the least amount of shade was measured at 

population HC2 (30%) and the greatest amount was measured at population HC8 (85%) (Table 2.6). 

Regarding pests, none of the wild populations showed evidence of herbivory and disease 

during the collecting periods in 2003 and 2004, and the same was reported in previous years (48). 

Therefore in this case there was no evidence of a link between herbivory and alkaloid production. 

With respect to the environmental data described above and in Table 2.6, the following 

inferences could be made concerning the possible relationships between environmental factors and 

alkaloid yield in wild H. canadensis: population HC4's low alkaloid concentration may be 

characteristic of a warm and wet climate, high silt content and large population size. Though 

population HC9 had the overall coolest climate, there were no shared unique traits between HC6 and 

HC9 that could be attributed to their high alkaloid concentration. These inferences are both 

supported and contradicted by the literature and are related to the CNB theory. The CNB theory 

attempts to explain the concentration of secondary metabolites in plant tissues as a function of the 

relative abundance of plant resources, in particular the availability of light, water, and nutrients as 

essentials for growth (135, 143). Since as much research supports the theory as contradicts it, 

Hamilton et al. (135) have proposed a more modern applicability of the CNB theory where it is not 

the sole determinant for secondary metabolism, but rather one of many contributing factors and may 

only be relevant in the production of certain secondary metabolites. For example norditerpenoid 

alkaloid concentrations in Delphinium barbeyi (Huth) Huth (subalpine larkspur) foliage grown under 
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a long-term shade treatment (70% shade for 21 days) were reported lower than those harvested from 

individuals growing in open sunlight (133). Salmore and Hunter (130) found alkaloid concentrations 

in S. canadensis increased with decreasing light intensity and fertilizer levels. Another study found 

that concentrations of phenolic glycosides in the foliage of Populus tremuloides Michx. (Quaking 

aspen) grown under two levels of light and three levels of nutrient availability were moderately 

influenced by these resources (131). However the same study also reported that levels of both water 

and nitrogen were significantly and inversely related to phenolic glycoside concentrations. 

Another potential contributing factor is latitude; according to Levin and York (138) alkaloid 

toxicity (concentration) was found to increase with decreasing latitudes. While this was found to be 

true for canadine, the converse was observed in the case of berberine, hydrastine and total alkaloid. 

Figure 2.17 illustrates the linear regression analyses for berberine, hydrastine, canadine and total 

alkaloid concentration (individually) in root-rhizomes and population latitude. A positive 

relationship between increasing alkaloid concentration in root-rhizome samples and increasing 

latitude was statistically significant (p < 0.001) for berberine, hydrastine and total alkaloid whereas a 

significant (p < 0.05) inverse relationship between increasing canadine and increasing latitude was 

observed. While in all cases a relationship between latitude and alkaloid concentration was found to 

exist, it was also found in all cases to be of minimal effect (e.g. multiple r2 < 0.18). This may likely 

be attributed to the fact that goldenseal is not pressured by disease and herbivores (alkaloids are 

constitutively biosynthesized), and that the range in latitude was minimal; in both cases the opposite 

is true for the subjects in the study by Levin and York (138). 

Overall, the variation in alkaloid concentration among wild populations may be attributed to 

population size, temperature, precipitation and soil fertility; it was not a result of herbivory or disease 

and, in root-rhizome samples, was minimally dictated by latitude. Further studies should be focused 

on each of these characteristics with a greater range in each case to further isolate their respective 

effect on alkaloid yield. 
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Figure 2.17 Linear regression analysis of mean alkaloid concentration (berberine, hydrastine, 

canadine and total) and population site latitude for root-rhizome samples collected from ten wild 

Canadian Hydrastis canadensis L. (goldenseal) populations. 
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2.4 Conclusion 

The validated analytical method used in this study successfully identified and quantified 

berberine, hydrastine and canadine in wild and cultivated H. canadensis tissues. The chemical 

profiles derived from the method served as a fingerprint for the species; there were differences in 

alkaloid frequency distribution and composition among the different tissue types but mostly between 

above-ground and below-ground tissues; and with the exception of canadine, there were no 

significant differences in alkaloid concentration between wild and cultivated material. These results 

support Canada's ban on wild-harvesting H. canadensis. There is no chemical advantage to using 

wild plants together with or instead of cultivated material in commercial products, and when 

publicized, this knowledge should have a positive impact on H. canadensis conservation. 

Alkaloid concentration varied significantly among accessions of cultivated root-rhizome 

material and among wild populations. Although it was not possible to determine the cause of 

variation, in particular among cultivated samples-, the variation in alkaloid concentration among wild 

populations may not have been driven by herbivory or disease, but rather may have been attributed to 

population size, climate (temperature and precipitation) and soil composition and fertility. 

Regression analyses indicated that latitude played a small role in influencing alkaloid yield; however 

further studies should focus on characterizing intrinsic environmental and genetic factors within a 

greater habitat range. 

Furthermore, the differences in alkaloid concentration observed among wild populations 

may be an indication of genetic diversity. If this is true, over time it may be possible to increase the 

potency of cultivated material by cross breading with a potentially superior genotype. 
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CHAPTER 3: THE IN VITRO INHIBITION OF HUMAN CYTOCHROME P450 (CYP) 2C19-, 

CYP3A4 AND CYP19-MEDIATED DRUG METABOLISM BY EXTRACTS OF 22 NORTH 

AMERICAN BOTANICALS AND A FOCUSED INVESTIGATION ON THE INHIBITING EFFECT OF 

SIX ALKALOID-CONTAINING SPECIES ON CYP3A4 ACTIVITY 

This chapter was written as an article for publication in the Journal of Pharmaceutical Biology in 

collaboration with I.M. Scott, R.J. Maries, J.T. Arnason and B.C. Foster. 

Parts of this chapter have been published: 

Leduc R.I.; Scott, I.M.; Saleem A.; Arnason J.T.; Maries, R.; Foster B.C. Botanical Extracts 

Containing Berberine and Related Alkaloids Interfere with the Activity of Human Cytochrome 

P450-Mediated Drug-Metabolism. J. Pharm. Pharmaceut. Sci. 2006; 9, 198. 

Scott I.M.; Leduc R.I.; Burt A.J.; Maries R.J.; Arnason J.T.; Foster B.C. The Inhibition of Human 

Cytochrome P450 by Ethanol Extracts of North American Botanicals. Pharm. Biol. 2006; 44, 315-

327. 

Foster B.C.; Arnason J.T.; Briggs C.J. Natural Health Products and Drug Disposition. Annu. Rev. 

Pharmacol. Toxicol. 2005; 45, 203-226. 
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3.1 Introduction 

In addition to their traditional context, the use of botanicals as complementary medicines to 

pharmaceutical drug therapies, or as their alternative, has become an increasingly global trend (63-

65,150). Their popularity is partially due to 1) the increase in accessibility of local botanical markets 

as well as of imported exotic botanicals, and to 2) the widespread notion that botanicals are 

completely safe. 

In 2005, HC and the NHPD (67) estimated that a little over one half of the Canadian adult 

population does not associate risks to consuming NHPs because "they are made from natural 

ingredients" despite the fact that more and more studies have found numerous phytochemicals in 

NHPs can change the disposition of drugs in the body by inhibiting the activity of drug metabolizing 

CYP isozymes, which can lead to adverse reactions (68, 75-78). For example, in vitro studies have 

found extracts of the following popular botanicals to be inhibitory towards certain human CYP 

isozymes: Ginkgo biloba L. (maidenhair tree) (108), Hydrastis canadensis L. (goldenseal) (109-111), 

Hypericum perforatum L. (common St. John's wort) (110, 111), Allium sativum L. (cultivated garlic) 

(112), Echinacea angustifolia DC, Matricaria recutita L. (German chamomile) and Glycyrrhiza 

glabra L. (licorice) (111). 

Baseline botanical-drug interactions data generated from high-throughput in vitro studies, 

such as those cited above, identify candidate species that warrant further in vitro and clinical 

investigation (68, 114, 115), for example the in vivo studies conducted on H. perforatum (151). To 

date many popular North American botanicals have yet to be screened. 

As such, extracts of 22 North American botanical species, spanning 13 families, were 

assayed in vitro for CYP2C19, CYP3A4 and CYP19 inhibition. For accurate representation of the 

material consumers are exposed to, up to seven North American accessions of a species were 

assayed. Samples included the seven following Canadian crop species (14): Achillea millefolium L. 

(yarrow), Arctostaphylos uva-ursi (L.) Spreng. (kinnikinnick), H. canadensis, Oenothera biennis L. 

(common evening primrose), Polygala senega L. (Seneca snakeroot), Rhodiola rosea L. (roseroot 
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Chapter 3: Inhibition of Human CYP-Mediated Drug Metabolism by Botanicals 

stonecrop) and Sanguinaria canadensis L. (bloodroot). A subset of six alkaloid-containing botanicals 

with varying CYP inhibiting activity and varying berberine concentration were also included to 

assess the extent to which berberine concentration in extracts influenced the degree of inhibition. 

Berberine is an isoquinoline alkaloid whose methylenedioxy moiety, also occurring in other 

phytochemicals, has previously been shown to inhibit CYP-dependent metabolism (109-111) by 

binding to CYP enzymes to form an inactive complex (109, 113). 

CYPs are membrane bound and are localized in the endoplasmic reticulum of several 

different tissues (81). CYP2C19 is responsible for metabolizing approximately 20% of all drugs (82), 

whereas CYP3A4, the most abundant CYP isozyme in the body, contributes to the metabolism of as 

much as 50% of all drugs on the market (77, 92). CYP19, also known as aromatase, is involved in 

steroid conversion of testosterone to estradiol, and androstenedione to estrone (79, 101). 

The purpose of this study was to provide baseline CYP inhibition data for a large selection 

of commercially available North American botanicals, with special interest in the relationship 

between berberine concentration in crude extracts and the degree to which they inhibit CYP activity. 
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Chapter 3: Inhibition of Human CYP-Mediated Drug Metabolism by Botanicals 

3.2 Materials & Methods 

3.2.1 Plant material & extraction: A total of 65 sample accessions of bulk, crude material harvested 

from 22 botanical species were analyzed and are described in Tables 3.1 and 3.2. Nineteen species 

were sampled from commercial material obtained from three Canadian and two American herbal 

apothecaries as well as from seven Canadian and one American herb farms. The three following 

species were wild-harvested near Ottawa, Ontario: Prunus serotina Ehrh (black cherry) bark; 

Zanthoxylum americanum P. Mill, (common prickly ash) bark; and one accession of Coptis trifolia 

(L.) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf goldthread) above-ground tissues. Each 

sample accession was given a Nutraceutical Research Programme (NRP) number by the Office of 

Science Laboratory (Ottawa Health Sciences Centre, University of Ottawa) and/or was given a code 

by the author (RIL). Although the seed origin of each sample accession is unknown for all samples, 

the harvest locations for the following species were disclosed to the author: Berberis vulgaris L. 

(common barberry) accession RIL11, Eschscholzia californica Cham. (California poppy) accession 

RIL14 and H. canadensis accessions RIL1-NRP273, RIL2, RIL3 and RIL5. The taxonomic identity 

of all samples was confirmed by phytochemical analysis {152) or by comparison with a herbarium 

specimen at the University of Ottawa. 

All samples were received dry and finely chopped or as a powder; they were finely ground 

into a powder using a Wiley mill or a mortar and pestle, and filtered through a 0.5 mm mesh screen. 

All extracts were prepared at room temperature under reduced lighting. 

Preliminary CYP2C19, CYP3A4 and CYP19 assays were conducted with crude extracts 

prepared from 5 g powder sample extracted with 25 mL of 55% ethanol (EtOH), for a final 

concentration of 200 mg/mL. The powder-solvent mixture was mechanically agitated on a shaker at 

3.0 x g (12.7 mm rotor radius at 150 rpm, New Brunswick Scientific Corp.) for 24 hrs and filtered' 

through a Buchner filter affixed with a 42 size (0.2 (am) Whatman filter paper. A 1 mL aliquot from 

the filtrate was passed through a 0.2 urn PTFE filter before CYP and HPLC analysis. 
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Chapter 3: Inhibition of Human CYP-Mediated Drug Metabolism by Botanicals 

Follow-up CYP3A4 assays were conducted with crude extracts prepared from 25 mg powder 

sample extracted with 1 mL 55% EtOH, vortexed on high for five minutes and centrifuged at 8.0 x 

105 x g (50 mm rotor radius at 1.2 x 105 rpm Fisher Scientific Micro Centrifuge) for 15 minutes. The 

supernatant was filtered through a 0.2 |j.m PTFE filter before CYP and HPLC analysis. 

3.2.2 Materials for in vitro CYP inhibition assays: The following materials were purchased for the 

preparation of reagents: monobasic and dibasic potassium phosphate from Mallinckrodt 

(Mississauga, ON) and Sigma-Aldrich (Oakville, ON); ^-nicotinamide adenine dinucleotide 

phosphate from Sigma-Aldrich (Oakville, ON); and dibenzylfluorescein (DBF) from Gentest, BD 

Biosciences (Mississauga, ON). The human drug metabolizing isozymes CYP2C19, CYP3A4 and 

CYP19 were purchased from BD Biosciences (Mississauga, ON). 

3.2.3 In vitro CYP inhibition assays: Crude extracts prepared from commercial and wild-harvested 

samples of a total of 22 botanical species were assayed for their ability to inhibit CYP-mediated 

metabolism of DBF marker substrate by three human CYP isozymes using a 200 uL in vitro 

fluometric microtiter plate assay. The method described below was modified from Health Canada's 

Health Protection Branch Standard Operating Procedures OoS-3A4-000 (154) and Foster et al. (112). 

Two sets of assays were performed: a preliminary set where extracts prepared from samples 

of as many as 20 different species were assayed with CYP2C19, CYP3A4 and CYP19 separately; 

and a follow-up set where extracts of six species were assayed with CYP3A4. For both sets a total 

extract aliquot volume of 4 uL was assayed, giving a final extract concentration of 4.0 mg/mL for 

the preliminary and 0.5 mg/mL for the follow-up assays. All extracts were prepared fresh before 

each assay. The assays were conducted under gold fluorescent lighting (Industrial Lighting, Ottawa, 

ON) and clear-bottom, white-welled microtiter plates (96 well, Corning Costar. Model # CS00-3632, 

Corning, NY, USA) were used. Two microliters per well of ketoconazole solution (1 ug/mL) was 

used as the positive control (data not shown) and 55% EtOH was used as the control blank (Cblk). 
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Enzyme inhibition was measured by the formation of fluorescent product. For CYP3A4 and 

CYP2C19 assays, fluorescence was measured after a 20-minute incubation period, whereas for 

CYP19, fluorescence was measured after 40 minutes. A Cytofluor 4000 Fluorescence Measurement 

System plate reader (Applied Biosystems, Foster City, CA, USA) was used to measure fluorescence, 

with excitation set to 485/20, emission set to 535/25, and gain set to 50. 

All assay treatments were run in triplicate wells and repeated at least once with a freshly 

prepared extract. Mean percent inhibition for each extract was calculated after each assay using the 

following equation: 

[1 - (T-Tblk) / (C-Cblk) ] x 100% 

where T, test treatment, is the mean fluorescence of the extract incubated with the isozyme; Tblk, 

test blank treatment, is the mean fluorescence of the corresponding extract incubated with the 

corresponding denatured isozyme; C, control treatment, is the mean fluorescence of 55% EtOH 

incubated with isozyme; and Cblk, control blank treatment, is the mean fluorescence of 55% EtOH 

incubated with the corresponding inactive isozyme. 

The results are given as the mean ± the standard error of the mean (SEM) of all of the mean 

percent inhibition data for each sample accession, where N, the sample size, is the number of 

repeated assays per sample accession. 

3.2.4 Materials for quantitative analyses: HPLC solvents and analytical grade trifluoroacetic acid 

(TFA) were purchased from EMD Biosciences Inc. (Germany) and JT Baker (Phillipsburg, NJ, 

USA), respectively. A pure berberine chloride standard was purchased from Sigma-Aldrich Inc. (St. 

Louis, MO, USA). 
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3.2.5 Quantitative analysis of berberine: High performance liquid chromatography coupled with 

diode array detection (HPLC-DAD) was used to quantify berberine in crude extracts prepared from 

commercial samples of 5. vulgaris root and bark; wild samples of C. trifolia var. groenlandica aerial 

tissues and commercial samples of its rhizome; commercial samples of E. californica dried herb; 

commercial samples of H. canadensis root-rhizome; commercial samples of Mahonia aquifolium 

(Pursh.) Nutt. (Oregon grape) root; and commercial samples of S. canadensis root-rhizome, all of 

which were prepared for CYP analysis. The HPLC-DAD method described below was modified 

from Li and Fitzloff {121) and was validated as described in Chapter 2. 

Berberine analysis was performed on a 1100 series HPLC system (Agilent Technologies, 

Santa Clara, CA, USA) comprising of an in-line degasser, a quaternary pump, an autosampler, a 

DAD, and a computer equipped with Chemstation software (Rev. A.09.01). The separation of 

berberine was achieved with a reverse-phase C-18 Waters YMC ODS-AM (2 x 100 mm; 5 urn 

particle size, S-3, 120 A) column that was maintained at 50°C and used at a flow rate of 1 mL/min. 

The mobile phases were (A) acetonitrile and (B) 0.05 % aqueous TFA, and the elution conditions of 

the mobile phases were as follows: initial conditions of 15% A and 85% B, followed by a linear 

gradient of 15-70 % A in 12 minutes and returned to initial conditions 70 - 15 % A in 2.5 minutes; 

re-equilibrated 15 % A for 0.5 minute followed by a post-run time of 1 minute, resulting in a total 

run time of 15 minutes. The injection volume was set at 1 uL for the analysis of C. trifolia var. 

groenlandica and H. canadensis, and set at 5 uL for the analysis B. vulgaris, E. californica, M. 

aquifolium, and S. canadensis. The DAD was set at 350 nm for maximum absorbance. Berberine 

typically eluted at 6.7 minutes. 

Each extract was injected in triplicate and the mean percent berberine concentration as the 

weight per dry powder weight (% w/dw) was calculated. Analysis consisted of both identification 

and quantification of berberine. The compound's peak in each sample's chemical profile was 

identified based on its relative retention time to the compound standard and to the online photodiode 

array UV spectrum. Matches were defined by at least 95% similarity between the two. Berberine was 
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quantified (ng/uL) using peak area multiplied by the response factor, calculated from their respective 

standard curve. This value was multiplied by the extract's final volume (uE) to powder weight (g) 

ratio and divided by 103 to reach % weight / dry weight (% w/dw). 

The results are given as the mean ± SEM of all of the mean percent berberine concentration 

data for each sample accession, where N is the number of repeated analyses per sample accession. 

3.2.6 Statistical analysis: All assay results were expressed as the mean percent CYP inhibition ± 

SEM of at least two replicate analyses. All HPLC results for each sample accession were expressed 

as the mean percent berberine weight per plant powder weight (% w/dw) ± SEM of three replicate 

analyses, where the coefficient of variance (CV) of the mean was < 5%. Each analysis consisted of 

the mean of three replicate injections. 

In order to address the research objectives of this study, the following nullhypotheses were 

tested: 1) no difference between test treatment (T, the mean fluorescence of the extract incubated 

with the isozyme) and the control treatment (C, the mean fluorescence of 55% ethanol incubated 

with the same isozyme); 2) no significant difference in mean CYP inhibition among accessions of 

the same species for each isozyme separately; 3) no significant difference in mean CYP inhibition 

among species for each isozyme separately; 4) no significant difference in overall CYP inhibition 

among isozymes for each species separately; 5) no significant difference in overall mean percent 

CYP inhibition (CYP2C19, CYP3A4 and CYP19 inclusively) among species; 6) no significant 

difference in mean berberine concentration among accessions of the same species; 7) no significant 

difference in mean berberine concentration among berberine-containing species (including all 

accession data); 8) no relationship between mean berberine concentration in crude extracts and mean 

CYP inhibition, for each isozyme separately. 

The null hypotheses were assessed by one-way analysis of variance (ANOVA). When 

significantp statistics resulted (p < 0.05), multiple comparison pairwise differences were determined 

by Scheffe's post hoc analysis. Data sets were transformed by the logarithm base 10 when necessary 
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to achieve normality and homoscedasticity. However, when these ANOVA assumptions could not be 

met even after transformations, the data set was analyzed using the Kruskal-Wallis non-parametric 

test. 

The relationship between CYP inhibition and berberine concentration was determined for 

each isozyme separately by performing simple linear regressions of mean percent CYP inhibition by 

berberine-containing species on its corresponding berberine concentration. Data sets were 

transformed by the logarithm base 10 when necessary to achieve normality and homoscedasticity. 

All statistical analyses were conducted using S-PLUS 7.0 for Windows (124). 
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3.3 Results & Discussion 

The inhibitory activity of each botanical described below should only be considered to 

represent its particular extract conditions (e.g. 9 H20 : 11 EtOH extraction solvent and specified 

extract concentration) and final experimental concentration (e.g. 0.5 and 4.0 mg/mL). For example 

H. canadensis root-rhizome extract, one of the top CYP inhibitors in this study, may be equally, less 

or more inhibitory towards none, one or all CYPs if it had been extracted with a different ratio of 

water and alcohol, or with altogether different solvent(s). However, what can be said with certainty 

is whether or not the botanicals (and more specifically their respective tissues) were inhibitory using 

55% EtOH in water with two different extract concentrations under in vitro conditions. 

The CYP inhibition assay results and their relationship with the phytochemical data obtained 

from this study for the extracts listed below were previously published by Scott, Leduc et al. (152): 

Arctium lappa L. (greater burdock) root; A. millefolium leaf; A. uva-ursi leaf (for CYP3A4 and 

CYP19 only); Equisetum arvense L. (field horsetail) stem (CYP3A4 and CYP19 only); Gaultheria 

procumbens L. (eastern teaberry) leaf (CYP3A4 and CYP19 only); P. senega root; Rumex acetosella 

L. (common sheep sorrel) aerial tissues (CYP3A4 and CYP19 only); R. rosea root (CYP3A4 and 

CYP 19 only); and Vaccinium sp. (blueberry) leaf. In addition, preliminary CYP inhibition and 

berberine concentration data for the extracts prepared with wild C. trifolia var. groenlandica material 

and commercial B. vulgaris bark; H. canadensis root-rhizome; and M. aquifolium root material have 

also been published (75). For more details see Table 3.1. 

3.3.1 Preliminary CYP2C19. CYP3A4 & CYP19 inhibition assays: A total of 52 ethanolic extracts 

(4.0 mg/mL 55% EtOH) prepared from samples of eleven species were assayed with human 

CYP2C19. In addition, a total of 122 and 123 extracts (of the same concentration) prepared from 

samples of 20 species were assayed with human CYP19 and CYP3A4, respectively. The extracts 

were assayed for their ability to inhibit the in vitro CYP-mediated metabolism of DBF. The variation 

in CYP inhibition among species and among accessions of the same species (for each CYP 
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separately) is discussed. The species have also been ranked based on their overall (all isozymes 

inclusively) and relative (among isozymes) inhibiting capacities. The overall top inhibiting species 

are discussed as well as the observed relationship between berberine extract concentration and CYP 

inhibition. 

Figure 3.1 shows the mean percent inhibition of CYP2C19-mediated metabolism-by extracts 

prepared from samples of eleven different species. The most inhibitory extract towards CYP2C19 

was O. biennis L. leaf (93.1% ± 10.54%, N = 4) and the least inhibiting extracts were A. lappa root 

and Vaccinium sp. leaf inclusively (34.2% ± 5.95%, N = 13). The remaining seven species inhibited 

CYP2C19 metabolism by an average of 57.0% ± 4.00% (N = 35). Mean percent CYP2C19 inhibition 

for all assayed extracts ranged from 16.8% ± 1.10% to 110.25% ± 2.75% and the overall mean was 

calculated to be 54.0% ± 3.76% (N = 52). 

CYP2C19 is one of the major CYPs involved in drug metabolism and some of its substrates 

include celocoxib (Celebrex®), a cyclooxygenase (COX)-2 inhibitor (81 and references within); 

tolbutamide (Orinase®), a potassium channel blocker, sulfonylurea oral hypoglycemic drug used by 

patients with type II diabetes; naproxen (Aleve®, Anaprox®, Naprogesic®, Naprosyn®, Naprelan® and 

Synflex®), a non-steroidal anti-inflammatory drug (NSAID) commonly used for relieving pain, fever, 

inflammation and stiffness caused by osteoarthritis, rheumatoid arthritis, psoriatic arthritis, fractures, 

menstrual cramps and tendonitis; ibuprofen (Act-3®, Advil®, Brufen®, Dorival®, Herron Blue®, 

Panafen®, Motrin®, Nuprin®, Ipren®, Ibumetin®, Ibuprom®, and Moment®), a NSAID used for relief 

from arthritis, primary dysmenorrhoea, fever, and inflammation (153 and references within). Some 

of the endogenous compounds that are oxidized by CYP2C19 include linoleic acid, an omega-6 fatty 

acid found in lipids of cell membranes, and vitamin A, an essential human nutrient associated with 

vision and cornea health (81 and references within). 

Significant differences in CYP2C19 inhibition observed among accessions of A. millefolium 

leaf (NRP231, NRP231 and NRP232) and of Vaccinium sp. leaf (NRP194, NRP195 and NRP196) 
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Figure 3.1 Mean percent inhibition (± SEM) of human CYP2C19-mediated metabolism in vitro by 4.0 

mg/mL 55% ethanol extracts of commercial samples from one to three accessions of Achillea 

millefolium L. (common yarrow) leaf; Actaea racemosa L. (black cohosh) root-rhizome; Arctium lappa 

L. (greater burdock) root; wild-harvested Coptis trifolia (L) Salisb. var. groenlandica (Oeder) Fassett. 

(threeleaf goldthread) aerial tissues; Oenothera biennis L. (common evening-primrose) leaf; Polygala 

senega L. (Seneca snakeroot) root; Rhodiola rosea L. (roseroot stonecrop) root; and Vaccinium sp. 

(blueberry) leaf material. Each bar represents one accession where N = 2 - 3 replicate analyses per 

accession. The Nutraceutical Research Programme (NRP) number and the Leduc (RIL) accession 

number are indicated for each accession and correspond with Table 3.1. Significant differences (p < 

0.05) in mean percent CYP19 inhibition among accessions of the same species and among species 

were determined by analysis of variance or Kruskal-Wallis analysis followed by Scheffe's post hoc 

multiple comparison analysis. Significant differences among accessions of the same species are 

indicated by sets of distinct letters (a-k) for each species and those among species are indicated by 

capital letters (A, B). 
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Chapter 3: Inhibition of Human CYP-Mediated Drug Metabolism by Botanicals 

are illustrated in Figure 3.1. For A. millefolium, NRP230 was significantly more inhibiting than 

NRP231 and NRP232 (p < 0.05). For Vaccinium sp., NRP194 was significantly more inhibiting than 

NRP195 and NRP196 (p < 0.05). The phytochemical constituents for only two accessions of these 

species were analyzed (152): 13 essential oils (EOs) were quantified in NRP230 and NRP231 (A. 

millefolium) and six flavonoids as well as chlorogenic acid were quantified in NRP194 and NRP196 

(Vaccinium sp.). The concentration of these compounds was found to be significantly different 

between the respective accessions (0.001 s p < 0.048). Furthermore, EOs concentration in A. 

millefolium had a positive relationship with CYP3A4 and CYP19 inhibition, except for carvone, 

which had a negative relationship. In contrast, variations in chlorogenic acid concentration between 

the Vaccinium sp. accessions did not appear to influence CYP inhibition (152). These findings 

suggest that for A. millefolium leaf extract, the extent to which it inhibits CYP metabolism may be 

dependent upon its phytochemical composition. 

Figure 3.2 shows the mean percent inhibition of CYP3A4 by extracts prepared from 20 

different species. CYP3A4 metabolism of DBF was most inhibited by H. canadensis root-rhizome 

extracts (62.3% ± 3.47%, N = 11) and least inhibited by A. lappa root extracts and E. arvense stem 

extracts inclusively (14.0% ± 1.54%, N = 16). The extracts prepared with A. uva-ursi leaf, B. 

vulgaris stem bark, G. procumbens leaf and R. rosea root-rhizome inhibited CYP3A4 metabolism by 

60.5% ± 3.40% (N = 23) and half of all of the species inhibited CYP3A4 by 40.1% ± 2.00% (N = 

60). Achillea millefolium leaf extracts inhibited metabolism by 26.3% ± 4.09% (N = 5) and ranked 

the second least CYP3A4 inhibiting species; it was also the only species where mean percent 

inhibition differed significantly among accessions, in particular between NRP230 < NRP232. Since 

NRP232 was not phytochemically analyzed, it was not possible to explain the variation in inhibition, 

however since EO concentration in NRP230 and NRP231 previously found to be positively 

correlated with CYP3A4 and CYP19 inhibition (and carvone concentration being inversely 

proportional) (152), it was possible that NRP232 had a greater concentration of EOs than NRP230. 

The total range in mean percent CYP3A4 inhibition for all assayed extracts was 7.4% ± 0.80% to 
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Figure 3.2 Mean percent inhibition (± SEM) of human CYP3A4-mediated metabolism in vitro by 4.0 

mg/mL 55% ethanol extracts of commercial samples from one to three accessions of Achillea 

millefolium L. (common yarrow) leaf; Acorus americanus (Raf.) Raf. (sweetflag) root-rhizome; Actaea 

racemosa L. (black cohosh) root-rhizome; Arctium lappa L. (greater burdock) root; Arctostaphylos 

uva-ursi (L.) Spreng. (kinnikinnick) leaf; Berberis vulgaris L (common barberry) bark; wild-harvested 

Coptis trifolia (L.) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf goldthread) aerial tissues; 

Equisetum arvense L (field horsetail) stem; Gaultheria procumbens L (eastern teaberry) leaf; 

Hydrastis canadensis L. (goldenseal) root-rhizome; Ledum sp. (Labrador tea) leaf; Mahonia 

aquifolium (Pursh.) Nutt. (Oregon grape) root; Oenothera biennis L. (common evening-primrose) 

leaf; Polygala senega L. (Seneca snakeroot) root; wild-harvested Prunus serotina Ehrh. (black 

cherry) bark; Rhodiola rosea L (roseroot stonecrop) root; Rumex acetosella L. (common sheep 

sorrel) aerial tissues; Sambucus sp. (elderberry) flower; Vaccinium sp. (blueberry) leaf; and wild-

harvested Zanthoxylum americanum P. Mill, (common prickly ash) bark material. Each bar 

represents one accession where N = 2 - 3 replicate analyses per accession. The Nutraceutical 

Research Programme (NRP) number and the Leduc (RIL) accession number are indicated for each 

accession and correspond with Table 3.1. Significant differences (p < 0.05) in mean percent 

CYP3A4 inhibition among accessions of the same species and among species were determined by 

analysis of variance or Kruskal-Wallis analysis followed by Scheffe's post hoc multiple comparison 

analysis. Significant differences among accessions are indicated by sets of distinct letters (a - s) for 

each species and those among species are indicated by capital letters (A, B, C). 
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77.6 % ± 0.75%, with an overall mean percent inhibition of 42.4% ± 1.84% (N = 123). 

CYP3A4 contributes to the metabolism of approximately 50% of the drugs currently on the 

market (92) including lovastatin (Mevacor®), an HMG-CoA reductase inhibitor for reduction of 

blood cholesterol levels (93); finasteride (Proscar®, Propecia®), a prostate hypertrophy inhibitor (94); 

cyclosporine, an immune suppressant (95); and the protease inhibitors indinavir (96) and sildenafil 

(Viagra®) (97). CYP3A4 functions in the metabolism of cancer chemotherapeutic drugs (81) as well 

as in the activation of certain drugs and chemical carcinogens (155). For example CYP3A4 activated 

tamoxifen, an estrogen receptor antagonist used as a popular breast cancer therapy, results in the 

production of carcinogenic DNA adducts (107). Other typical CYP3A4 substrates include 

testosterone, midazolam, quinidine, verapamil, ondansetron, omeprazole, diazepam and niferipine 

(153). 

Figure 3.3 shows the mean percent inhibition of CYP19-mediated metabolism by the same 

species and accessions assayed with CYP3A4, less one accession of A. lappa root (NRP201). When 

comparing among species, the most inhibiting extracts were of R. rosea root-rhizome (75.6% ± 

7.77%, N = 6), followed by those of Ledum sp. leaf and P. serotina bark inclusively (70.9% ± 

6.92%, N = 10). Twelve species inhibited CYP19-mediated metabolism by 50.4% ± 1.88% (N = 76). 

Arctium lappa root inhibited CYP19 by 38.8% ± 5.18% (N = 16) and the extracts prepared from A. 

americanus root-rhizome, E. arvense stem and P. senega root were the least inhibiting (30.0% ± 

2.11%, N = 16). There were no significant differences in percent CYP19 inhibition among 

accessions of the same species (p > 0.05) and the overall range in mean percent inhibition for 122 

assayed extracts was 18.9% ± 12.60 to 81.8% ± 7.10%, with an overall mean of 49.1% ± 1.84%. 

CYP19 oxidizes the androgens androstandione and testosterone to the estrogens estrone and 

17(3-estradiol, respectively. This process is critical in normal physiology and is also a target for 

anticancer drugs, particularly for breast cancers occurring in postmenopausal women (81). Examples 

of these CYP19-inhibiting anticancer drugs include anastrozole, letrozole and exemestrane (156). 
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Figure 3.3 Mean percent inhibition (± SEM) of human CYP19-mediated metabolism in vitro by 4.0 

mg/mL 55% ethanol extracts of commercial samples from one to three accessions of Achillea 

millefolium L. (common yarrow) leaf; Acorus americanus (Raf.) Raf. (sweetflag) root-rhizome; Actaea 

racemosa L. (black cohosh) root-rhizome; Arctium lappa L. (greater burdock) root; Arctostaphylos 

uva-ursi (L) Spreng. (kinnikinnick) leaf; Berberis vulgaris L. (common barberry) bark; wild-harvested 

Coptis trifolia (L.) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf goldthread) aerial tissues; 

Equisetum arvense L (field horsetail) stem; Gaultheria procumbens L. (eastern teaberry) leaf; 

Hydrastis canadensis L. (goldenseal) root-rhizome; Ledum sp. (Labrador tea) leaf; Mahonia 

aquifolium (Pursh.) Nutt. (Oregon grape) root; Oenothera biennis L. (common evening-primrose) 

leaf; Polygala senega L. (Seneca snakeroot) root; wild-harvested Prunus serotina Ehrh. (black 

cherry) bark; Rhodiola rosea L. (roseroot stonecrop) root; Rumex acetosella L. (common sheep 

sorrel) aerial tissues; Sambucus sp. (elderberry) flower; Vaccinium sp. (blueberry) leaf; and wild-

harvested Zanthoxylum americanum P. Mill, (common prickly ash) bark material. Each bar 

represents one accessions where N = 2 - 6 replicate analyses per accession. The Nutraceuticat 

Research Programme (NRP) number and the Leduc (RIL) accession number for each accession are 

indicated and correspond with Table 3.1. Significant differences (p < 0.05) in mean percent CYP19 

inhibition among species were determined by analysis of variance or Kruskal-Wallis analysis 

followed by Scheffe's post hoc multiple comparison analysis and are indicated by capital letters (A, 

B, C). No significant differences in CYP19 inhibition were observed among accessions of the same 

species. 
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The overall and selective CYP inhibiting capacities of all 20 species are shown in Figure 

3.4. Overall inhibition for each species was expressed as the mean of all assay results for all three 

CYPs inclusively, whereas selective inhibition for each species was the ranking of mean CYP 

inhibition of all assay results for each isozyme separately. 

When comparing the relative sensitivity of each isozyme to inhibition, CYP3A4 was less 

sensitive (inhibited) than CYP2C19 and CYP19 (p < 0.05), and the latter two were inhibited to the 

same degree (p > 0.05). All species showed significant but variable degrees of inhibition towards 

CYP2C19-, CYP3A4- and CYP19-mediated metabolism of DBF. Overall mean percent inhibition 

significantly varied (p < 0.05) among isozymes for the following species that were assayed with all 

three isozymes: A. millefolium leaf extracts were more inhibitory towards CYP2C19 and least 

inhibitory towards CYP3A4 (CYP2C19 > CYP19 > CYP3A4); Actaea racemosa L. (black cohosh) 

root-rhizome, CYP2C19 > CYP3A4, CYP19; A. lappa root, CYP2C19, CYP19 > CYP3A4; and O. 

biennis leaf, CYP2C19 > CYP3A4, CYP19. When comparing mean inhibition between isozymes for 

each species that were assayed with two isozymes only (CYP3A4 and CYP19), significant 

differences in inhibition between isozymes (p < 0.05) were found for the following species: E. 

arvense stem, CYP19 > CYP3A4; G. procumbens leaf, CYP3A4 > CYP19; P. serotina bark, CYP19 

> CYP3A4; R. acetosella aerial tissues, CYP19 > CYP3A4; and Sambucus sp. (elderberry) 

inflorescence, CYP 19 > CYP3A4. 

Arctostaphylos uva-ursi leaf, H. canadensis root-rhizome, O. biennis leaf and R. rosea root 

were the overall top inhibitors of CYP metabolism (63.2% ± 2.52%, N = 72) and are illustrated in 

Figure 3.5. The least inhibiting species were A. lappa root and E. arvense stem (23.2% ± 2.30%, N = 

33). 

Arctostaphylos uva-ursi is native to North America {157) and is a traditionally important 

medicine to the Carrier people of north central British Columbia. Arctostaphylos uva-ursi was used 

as a poultice for wounds and in teas for bladder infections, kidney problems, high blood pressure, 

diabetes, for menstrual and birthing cramps and for relieving mental stress during menopause (5). 

119 



Chapter 3: Inhibition of Human CYP-Mediated Drug Metabolism by Botanicals 

Figure 3.4 Overall mean percent inhibition (± SEM) of human CYP2C19-, CYP3A4- and CYP19-

mediated metabolism in vitro by 4.0 mg/mL 55% ethanol extracts of commercial samples from one to 

three accessions of Achillea millefolium L. (common yarrow) leaf; Acorus americanus (Raf.) Raf. 

(sweetflag) root-rhizome; Actaea racemosa L (black cohosh) root-rhizome; Arctium lappa L (greater 

burdock) root; Arctostaphylos uva-ursi (L.) Spreng. (kinnikinnick) leaf; Berberis vulgaris L. (common 

barberry) bark; wild-harvested Coptis trifolia (L) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf 

goldthread) aerial tissues; Equisetum arvense L (field horsetail) stem; Gaultheria procumbens L. 

(eastern teaberry) leaf; Hydrastis canadensis L. (goldenseal) root-rhizome; Ledum sp. (Labrador tea) 

leaf; Mahonia aquifolium (Pursh.) Nutt. (Oregon grape) root; Oenothera biennis L. (common evening-

primrose) leaf; Polygala senega L. (Seneca snakeroot) root; wild-harvested Prunus serotina Ehrh. 

(black cherry) bark; Rhodiola rosea L. (roseroot stonecrop) root; Rumex acetosella L. (common 

sheep sorrel) aerial tissues; Sambucus sp. (elderberry) flower; Vaccinium sp. (blueberry) leaf; and 

wild-harvested Zanthoxylum americanum P. Mill, (common prickly ash) bark material. Each bar 

represents one isozyme where N = 2 - 6 replicate analyses per species for CYP2C19; N = 2 - 13 for 

CYP3A4 and N = 2 - 12 for CYP19. Significant differences (p < 0.05) in overall mean percent CYP 

inhibition among isozymes for each species individually and among species were determined using 

analysis of variance or Kruskal-Wallis analysis followed by Scheffe's post hoc multiple comparison 

analysis. Significant differences in CYP inhibition among isozymes for each species are indicated by 

sets of distinct letters (a - z and II - IV) and those among species are indicated by capital letters (A, 

B). 
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Figure 3.5 Schematic illustrations of A) Arctostaphylos uva-ursi (L.) Spreng (kinnikinnick), B) 

Hydrastis canadensis L. (goldenseal), C) Oenothera biennis L. (common evening-primrose) and D) 

Rhodiola rosea L. (roseroot stonecrop), the top four inhibitors of human CYP2C19-, CYP3A4- and 

CYP19-medjated metabolism in vitro. From Small and Catling (14), reproduced with permission of 

NRC Research Press, pp 20, 82, 96 and 134. © 1999 NRC Research Press. 
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Today, A. uva-ursi is a Canadian crop harvested for its leaves and is included in many tea 

preparations, particularly those marketed in Europe, as a urinary antiseptic and as an astringent for 

the treatment of urethritis and cystitis (14, 158). Arctostaphylos uva-ursi crude extract contains three 

main groups of pharmaceutically relevant compounds: tannins, flavonoids and phenols, with arbutin 

(hydroquinone-|3-D-monoglucopyranoside) being the main phenolic compound (159, 160). The 

medicinal properties of A. uva-ursi are mostly due to hydroquinone, a phenol derived from arbutin. 

When arbutin is ingested, it is absorbed via a glucose transporter in the lower intestine (161) and 

hydrolyzed in the gut to glucose and hydroquinone (157). Hydroquinone is absorbed into the liver 

where it is glucuronidated and then carried to the kidneys where it is excreted in the urine. If urine 

pH is less than 7, hydroquinone glucuronide decomposes releasing hydroquinone that acts as a direct 

antimicrobial agent in the urinary tract (157). Although a previous study found A. uva-ursi inhibited 

tyrosinase activity (162), the current study is the first to report the inhibitory effect of A. uva-ursi 

towards CYP3A4, CYP19 and CYP2C19. 

Oenothera biennis is a wildflower and a Canadian medicinal crop. Whole plant infusions 

were traditionally consumed to ease pain caused by asthma, gastrointestinal disorders and whooping 

cough (14). Its seed oil is rich in linoleic acid and 7-linolenic acid (163) and is currently sold in 

supplements and specialty foods marketed for infants and seniors (14). Oenothera biennis is also 

commonly used for treatment of menopausal symptoms despite findings that have shown it does not 

offer any measurable benefits over placebo (164). A recent study by Pellegrina et al. (165), who 

investigated the anti-tumour potential of O. biennis seed, found the phenolic fraction purified from 

defatted seed inhibitory towards the incorporation of 3H-thymidine during cell growth in human 

colon carcinoma CaCo2 cells and mouse fibrosarcoma WEHI164 cells. The current study is the first 

to report CYP inhibition by O. biennis leaf. 

Rhodiola rosea is a Canadian medicinal crop plant whose wild populations are mostly 

distributed at high altitudes in the arctic coastal regions of North America. It is also commonly found 

in Greenland, Iceland and subarctic areas of Eurasia (14). At this time a large number of recently 
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discovered wild populations in Nunavik, Quebec, were sampled by Filion et al. {166) for 

phytochemical analysis. Their findings to date suggest that these populations contain rosavins and 

salidroside, both marker compounds for the species. Rhodiola rosea is a traditional medicinal herb in 

Asia and Europe, variously believed to help increase physical endurance, work productivity, 

longevity, . resistance to high altitude sickness, fatigue, and ameliorate depression, anemia, 

impotence, gastrointestinal ailments, infections, and disorders of nervous system. Today, R. rosea is 

used for much of the same reasons, notably as a psychostimulant in psychiatry and neurology, and is 

widely commercialized as an energy boosting and stress-relieving supplement (167). The non­

specific, normalizing effects of R. rosea on the body are collectively defined as "adaptogenic" (14). 

Much of adaptogenic properties of R. rosea derive from readily extractable high concentrations of 

phenolic compounds like rosarin, a rosavin that is a phenylpropane derivative unique to the species, 

and salidroside, a phenylethane derivative common to the genus (168). Rosarin concentration of the 

assayed extracts in this study, measured by HPLC-DAD, was found to have a positive relationship 

with CYP inhibition (152). The current study is the first to report data to suggest R. rosea root as an 

inhibitory agent towards CYP-mediated metabolism. 

Hydrastis canadensis is another popular Canadian medicinal crop plant, and whose 

Canadian range is limited to southwestern Ontario. Indigenous people of eastern North America 

traditionally used H. canadensis root-rhizome tinctures as an all-purpose antimicrobial and to treat 

skin diseases, ulcers, gonorrhea, eye ailments, and cancers (14). Currently, the most common clinical 

use of H. canadensis is as an antimicrobial and anti-secretory for mucosal and intestinal infections, 

cystitis, vaginitis and conjunctivitis (16). Hydrastis canadensis is also a popular ingredient added to 

Echinacea products since it is thought to help suppress cold and flu symptoms (47, 118). Berberine, 

hydrastine and canadine are the isoquinoline alkaloids responsible for the pharmacological properties 

of H. canadensis and more research has been conducted on the individual alkaloids than on crude 

extracts of the plant. Berberine alone has demonstrated a broad range of pharmacological properties 

including significant antimicrobial (32); antidiarrheal (33, 34); antiarrhythmia (35); anti-
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inflammatory (36); as well as antitumour (37) properties. Unlike the other three species, the CYP 

inhibiting effect of H. canadensis and its isoquinoline alkaloids are well documented in the literature. 

The findings reported here correspond to earlier work conducted in this lab by Budzinski et al. (Ill), 

who reported ethanolic H. canadensis root extracts as being the most potent CYP3A4 inhibitor in 

vitro compared to 20 other botanicals. Berberine was also found to be significantly inhibitory 

towards CYP3A4. A more recent study found H. canadensis herb tea extracts inhibited CYP3A4-

mediated metabolism by 88% (110) and a second study reported CYP3A4 most susceptible to 

inhibition in vitro caused by H. canadensis root-rhizome extracts when compared to CYP2C9, 

CYP2D6 (109). CYP3A4 was reported as being 13 times more sensitive to hydrastine compared to 

berberine, and that hydrastine formed a metabolic-intermediate complex when incubated with the 

isozymes (109). The inhibitory effect of H. canadensis towards CYPs has also been documented in 

vivo by Gurley et al. (169) where CYP2D6 and CYP3A4/5 activity were significantly inhibited in 

twelve healthy volunteers who were administered a 900 mg root extract three times daily for 28 days. 

However, these findings,are contradicted by Sandhu et al. (170) who found no statistically 

significant difference in peak concentration or oral clearance of the CYP3A4 substrate indinavir (a 

protease inhibitor) in ten healthy volunteers following a fourteen day treatment of 1140 mg of H. 

canadensis root twice daily. 

Berberine was quantified by HPLC-DAD in H. canadensis root-rhizome extracts, as well as 

in B. vulgaris bark and M. aquifolium root extracts. Hydrastis canadensis contained the greatest 

amount of berberine (4.7% ± 0.26% w/dw, N = 5), followed by B. vulgaris (2.2% ± 0.05% w/dw, N 

= 6) and M. aquifolium (0.5% ± 0.02% w/dw, N = 6). Given the variation in berberine concentration 

and in CYP inhibition among the species, the data were analyzed by linear regression and the results 

are illustrated in Figure 3.6. A positive relationship between increasing berberine concentration and 

CYP inhibition was statistically significant (p < 0.001) for CYP3A4 and CYP19, where berberine 

concentration explained 58% (r2 = 0.578) and 52% (r2 = 0.522) of the variation in CYP inhibition, 

respectively. These results were supported by the literature cited above. To further verify this 
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Figure 3.6 Linear regression analyses for mean berberine concentration (% w/dw) in extracts A) 

versus mean % CYP3A4 inhibition, and B) versus CYP19 inhibition using the preliminary analytical 

data (Table 3.1, Figures 3.1, 3.2 and 3.3) for the extracts prepared with Berberis vulgaris L. 

(common barberry) bark, Hydrastis canadensis L. (goldenseal) root-rhizome and Mahonia aquifolium 

(Pursh) Nutt. (Oregon grape) root. N = 17 extracts for berberine analysis, N = 37 extracts for 

CYP3A4 inhibition and N = 30 extracts for CYP19 inhibition. Note the data set for CYP3A4 inhibition 

was transformed by logarithm base 10 in order to meet the requirements of the linear model. 
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relationship, the analyses were repeated using a lower extract concentration, a greater number of 

accessions and a greater variety of berberine-containing species (Section 3.3.2). 

Since in vitro tests do not holistically represent the conditions found in humans, the findings 

suggest that there is potential for interactions and that caution should be used when preparations of 

the botanicals analyzed in this study are taken concomitantly with drugs or other botanicals, in 

particular those that are primarily metabolized by CYP2C19, CYP3A4 and CYP19. The high CYP 

inhibitory qualities of these botanicals make them good candidates for further study. 

3.3.2 Berberine analysis & follow-up in vitro CYP3A4 inhibition assays: A total of 24 ethanolic 

extracts (0.5 mg/mL 55% EtOH final concentration) prepared from several accessions of 

commercially available B. vulgaris root and bark, C. trifolia var. groenlandica rhizome, E. 

californica dried herb, H. canadensis root-rhizome, M. aquifolium root and S. canadensis root-

rhizome were assayed for their ability to inhibit the in vitro metabolism of DBF by human CYP3A4. 

Photographs of each species in the wild are displayed in Figure 3.7, and smaller inset photographs 

were included to show the medicinal tissues of select species. Source and material details for each 

sample accession are listed in Table 3.2. Following each assay berberine was quantified in each 

extract by HPLC-DAD. The variation in berberine concentration and in CYP inhibition among 

species as well as among their respective accessions is discussed below followed by an analysis of 

the relationship between berberine concentration and CYP inhibition. 

The chromatograms in Figure 3.8 show the chemical profiles for each species. With the 

exception of B. vulgaris bark accession RIL7, all same-species extracts, including those prepared 

with material from different accessions, produced chromatograms with matching chemical profiles 

(data not shown); furthermore, all species produced unique chemical profiles. With the exception of 

RIL7, these results confirmed relative product homogeneity among same-species material and 

provided phytochemical fingerprints for each species. 
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Figure 3.7 Photographs of A) wild Berberis vulgaris L (common barberry) and a) its roots and stem; 

B) wild Coptis trifolia (L.) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf goldthread) and b) a 

sample showing its rhizome; C) wild Eschscholzia californica Cham. (California poppy); D) wild 

Hydrastis canadensis L (goldenseal) and d) its rhizome and roots; E) wild Mahonia aquifolium 

(Pursh.) Nutt. (Oregon grape); and F) wild Sanguinaria canadensis L. (bloodroot) and f) a sample 

showing its rhizome and roots. The photographs in panels A, B, D and F were taken by the author 

and those in panels C and E were taken by Dr. Nancy J. Turner. 
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Figure 3.8 Overlap of representative HPLC chromatograms of A) Coptis trifolia (L) Salisb. var. 

groenlandica (Oeder) Fassett (threeieaf goldthread) rhizome (CTG) and Hydrastis canadensis L. 

(goldenseal) root-rhizome (HC); and B) Berberis vulgaris L (common barberry) bark and root (BV), 

Eschscholzia californica Cham. (California poppy) herb (EC), Mahonia aquifolium Pursh (Nutt.) 

(Oregon grape) root (MA) and Sanguinaria canadensis L (bloodroot) root-rhizome (SC) crude 

extracts prepared with raw commercial material. Arrow indicates berberine peak in the profile 

detected at 350 nm. The chemical structure of berberine is shown. Note berberine was not detected 

in E. californica and S. canadensis extracts. 
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Berberine was identified and quantified in all of the extracts except for those of E. 

californica herb and S. canadensis root (N = 13 samples) and it was also not detected in B. vulgaris 

accession RIL7. The unexpected absence of berberine from RIL7 was further confirmed by 

comparing its chromatographic profile with those of the other B. vulgaris accessions in Figure 3.9; 

the profile varied quite distinctively and as a result, the accession was not considered an accurate 

representative of the species and was not included in the regression analysis of berberine 

concentration and CYP inhibition. Nevertheless, RIL7's inhibitory effect on CYP3A4 metabolic 

activity was included in the discussion below. 

There are many possible explanations for RIL7's unique chemical profile. The product may 

have been mislabeled and/or the sample may have been a related species or a species with similar 

physical features but from an entirely different genus. If RIL7 was in fact sampled from true B. 

vulgaris individuals, it may be that the sample represented a novel chemotype within the species 

(139) or a product of the influence of unique and/or extreme environmental conditions. Alternatively, 

the sample may have been harvested very young or old, or its constituents may have experienced 

degradation from extreme storage or processing conditions (75). The seed source and the exact 

growing location and conditions were not disclosed therefore it was not possible to understand 

RIL7's unique chemical profile. 

The quantitative statistics for berberine concentration and CYP inhibition are found in 

Figure 3.10. Each bar, in both panels, represents the mean of two or three replicate assays or analyses 

for one sample accession. 

Of the species that contained berberine, significant differences in mean berberine 

concentration among species and among accessions of the same species were observed (Figure 3.10). 

Among species, B. vulgaris (excluding RIL7), C. trifolia var. groenlandica and H. canadensis, 

inclusively, contained the greatest concentration of berberine (3.3% ± 0.27% w/dw, N = 24) and M. 

aquifolium contained the least (0.6% ± 0.06% w/dw, N = 19). To our knowledge, this is the first 

study to survey and compare a number of different North American berberine-containing 
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Figure 3.9 Overlap of representative HPLC chromatograms of extracts of three accessions of 

commercial Berberis vulgaris L. (common barberry) bark material (RIL7, RIL8 and RIL9) and of two 

accessions of root material (RIL10 and RIL11). Arrow indicates berberine peak in the profile detected 

at 350 nm. Note the difference in chromatographic profile between accession RIL7 and accessions 

RIL8, RIL9, RIL10 and RIL11. Berberine was not detected in accession RIL7 and it was therefore 

considered non-representative of the species. 
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Figure 3.10 Mean percent inhibition (± SEM) of human CYP3A4-mediated metabolism in vitro and 

mean berberine concentration (% w/dw + SEM) of 0.5 mg/mL 55% extracts of commercial samples 

from one to seven accessions of Sanguinaria canadensis L (bloodroot) root-rhizome; Hydrastis 

canadensis L. (goldenseal) root-rhizome; Coptis trifolia (L) Salisb. var. groenlandica (Oeder) Fassett 

(threeleaf goldthread) rhizome; Eschscholzia californica Cham. (California poppy) herb; Berberis 

vulgaris L (common barberry) bark (RIL7, RIL8 and RIL9) and root (RIL10 and RIL11); and Mahonia 

aquifolium Pursh (Nutt.) (Oregon grape) root material. Each bar represents one accession where N = 

2 - 1 3 replicate analyses per accession for both CYP inhibition and berberine analysis. The 

Nutraceutical Research Programme (NRP) number and the Leduc (RIL) accession number are 

indicated for each accession and correspond with Table 3.2. Significant differences (p < 0.05) in 

mean percent CYP3A4 inhibition among accessions of the same species and among species, and 

significant differences in mean berberine concentration among accessions of the same species and 

among species were determined by one-way analysis of variance or Kruskal-Wallis analysis followed 

by Scheffe's post hoc multiple comparison analysis. Significant differences in CYP3A4 inhibition 

among accessions are indicated by sets of distinct letters (a - i) for each species and those among 

species are indicated by capital letters (A, B, C). Significant differences in berberine concentration 

among accessions are indicated by sets of distinct letters (j - t) for each species. Note since the 

chromatographic profile of B. vulgaris RIL7 did not match those of other 6. vulgaris accessions (see 

Figure 3.9), it was considered non-representative of its species. 
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commercial botanicals with H. canadensis. 

Berberine concentration differed significantly among the accessions of H. canadensis, B. 

vulgaris and M. aquifolium. For H. canadensis, accession RIL4 was found to have significantly less 

berberine (p < 0.05) compared to accessions RIL1, RIL3, RIL5, and RIL6. For B. vulgaris, the 

greatest amount of berberine was detected in accession RIL10 root (4.7% ± 0.01, N = 3) followed by 

accessions RIL8 bark and RIL9 bark (2.2% ± 0.05%, N = 6) and accession RIL11 root (1.7% ± 

0.06%, N = 3). For M. aquifolium, accession RIL22 contained the greatest amount of berberine 

(1.1% ± 0.04, N = 2), followed by accession RIL20 (0.9% ± 0.01, N = 3), accession RIL21 (0.6% ± 

0.01, N = 3) and accessions RIL18, RIL19 and RIL23 (0.5% ± 0.02%, N = 8); and the least amount 

of berberine was measured in extracts of accession RIL17 (0.2% ± 0.02%, N = 3). 

As summarized by Foster et al. (75), variation in phytochemical yield and production are 

largely due to a combination of several pre-harvest and post-harvest factors. Pre-harvest factors 

generally occur at the molecular level (e.g. genetic predispositions, light and nutrient availability 

during growth, age and season of harvest) whereas post-harvest factors like storage and processing 

conditions can cause degradation (130-138). Given the limited source information provided with the 

samples, it was not possible to attribute a cause to the observed differences in berberine 

concentration among accessions. 

CYP inhibition assay results illustrated in Figure 3.10 showed significant differences (p < 

0.05) in mean percent CYP3A4 inhibition among species as well as among the accessions of certain 

species. When comparing percent inhibition among species, S. canadensis root-rhizome extracts 

were the most potent inhibitors (80.5% ± 6.16%, N = 5) followed by C. trifolia var. groenlandica 

rhizome, E. californica herb and H. canadensis root-rhizome (62.0% ± 1.92%, N = 20). Berberis 

vulgaris (root and bark inclusively) inhibited CYP3A4-mediated metabolism by 55.7% ± 5.57% (N 

= 14) and M. aquifolium root was the least inhibiting species (23.9% ± 1.64%, N = 14). The overall 

range in mean percent CYP3A4 inhibition was 23.9% ± 1.64% to 80.5% ± 6.16, with an overall 

mean of 52.0% ± 3.02% (N = 54). 
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For B. vulgaris accessions, there were significant differences in CYP3A4 inhibition. 

Accession RIL7 (not a confirmed representative of the species) was the top inhibitor (102.4% ± 

2.42%, N = 2), followed by RIL9-NRP189 (55.1% ± 2.08%, N = 3), RIL10 (50.4% ± 0.14, N = 3), 

RIL8-NRP190 (48.9% ± 0.51%, N = 3) and RIL11 (37.3% ± 0.60%, N = 3). Accessions RIL8-

NRP190 and RIL9-NRP189 were bark samples and accessions RIL10 and RIL11 were root samples. 

For M. aquifolium root, accession RIL22 was the most potent CYP3A4 inhibitor (34.7% ± 4.35%, N 

= 2) followed by RIL21 (27.4% ± 0.82%, N = 2). The remaining M. aquifolium accessions inhibited 

CYP3A4 metabolism in the following decreasing order: RIL17 (22.9% ± 1.43%, N = 2) > RIL20 

(21.5% ± 1.43%, N = 2) > RIL18, RIL19 and RIL23 (20.2% ± 1.71%, N = 6). All M. aquifolium 

samples consisted of root material with matching chemical profiles (data not shown). 

After extensive review of the literature, it was found that with the exception of H. 

canadensis and E. californica, this was the first study to assay crude extracts of B. vulgaris root and 

bark, C. trifolia var. groenlandica rhizome, M. aquifolium root and S. canadensis root-rhizome with 

human drug metabolizing CYPs. The existing literature on inhibition is reviewed below for each 

species in decreasing order of inhibitory potency. Vouchers of wild B. vulgaris, C. trifolia var. 

groenlandica and S. canadensis can be found in the Appendix. 

Sanguinaria canadensis root extracts have been shown to be inhibitory towards 5-

lipoxygenase synthesis of leukotriene B4 and cyclooxygenase 1 and 2 synthesis of prostaglandin 

{171, 172). Furthermore, sanguinarine, extracted from S. canadensis root, strongly inhibited Na-K-

dependent ATPase isolated from guinea pig brain and myocardium (173, 174), NF-KB 

phosphorylation and degradation of IKBCC protein (175) as well as vascular endothelial growth 

factor-induced Akt phosphorylation (176,177). 

Coptis trifolia var. groenlandica water extracts were found to be the most effective against 

the growth of five human liver-cancer cell lines (HepG2/C3A, HA22T/VGH, SK-HEP-1, Hep3B and 

PLC/PRF/5) compared to fourteen other botanical species (178). 

Preliminary research conducted by Tom's of Maine® and the University of Ottawa showed 
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that E. californica tea and ethanolic extracts both inhibited CYP19- and CYP3A4-mediated 

metabolism, where the ethanolic extracts were more inhibitory than the teas and CYP19 was more 

sensitive to inhibition than CYP3A4 (179). A recent study published by Gafner et al. (180) found E. 

californica extracts containing 1.82% total alkaloids were inhibitory towards CYP3A4 activity (IC5o 

value of 128.6 ± 61.8 ug/mL). Escholtzine, a benzylisoquinoline alkaloid, was the most inhibiting 

constituent in these extracts. 

As mentioned earlier, the inhibitory effect of H. canadensis on CYP3A4-mediated 

metabolism has been well documented in the literature and with the exception of an in vivo study by 

Sandhu et al. (/ 70) our findings support those described in the literature. 

Research on B. vulgaris has focused on the pharmacological effects of the berries rather than 

the leaves, stems and root. A study by The Local Food-Nutraceuticals Consortium (181) identified 

crude ethanolic extracts of dried B. vulgaris leaves and tender stems as one of the top overall 

inhibitors of xanthine oxidase, acetylcholine esterase and myeloperoxidase-catalysed guaiacol 

oxidation out of a total of 127 botanical species. 

Previous studies with M. aquifolium have reported approximate 30% inhibition of 

interleukin-8 production in cells stimulated with lipopolysaccharide by crude ethanolic extracts (20 

u.g/ mL) of stem bark (182, 183). The alkaloid fraction isolated from crude ethanolic extracts of roots 

and stems had a potent inhibitory effect on lipoxygenase and lipid peroxidation (184-186). Muller et 

al. (187) found bark extracts particularly inhibiting towards keratinocyte growth with an IC50 of 35 

uM. 

Figure 3.11 illustrates the linear model for overall CYP3A4 inhibition and overall berberine 

concentration in all of the assayed botanicals except for E. californica, S. canadensis and B. vulgaris 

(RIL7), where N = 39 for CYP inhibition and N = 43 for berberine analysis. The linear model 

confirmed a positive relationship between berberine concentration and CYP3A4 inhibition (p < 

0.001) with 81% of the inhibiting effect being berberine-dependent (r2 = 0.814). Given berberine's 

pharmacological properties, its significant contribution towards CYP inhibition is not surprising. 
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Figure 3.11 Linear regression analyses for mean berberine concentration (% w/dw) in extracts 

versus mean % CYP3A4 inhibition. The regression model was analyzed using follow-up analytical 

data (Table 3.1 and Figure 3.10) for the extracts prepared with Berberis vulgaris L. (common 

barberry) bark (RIL8 and RIL9) and root (RIL10 and RIL11); Coptis trifolia (L) Salisb. var. 

groenlandica (Oeder) Fassett (threeleaf goldthread) rhizome; Hydrastis canadensis L. (goldenseal) 

root-rhizome; and Mahonia aquifolium Pursh (Nutt.) (Oregon grape) root material. N = 45 extracts for 

berberine concentration and N = 41 extracts for CYP3A4 inhibition. Note the data sets were 

transformed by logarithm base 10 in order to meet the requirements of the linear model. 
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Other studies have also described berberine as a CYP inhibitor, for example Budzinski et al. {Ill) 

ranked berberine sixth top CYP3A4 inhibitor out of eleven other botanical compounds. Berberine 

was also found to be more inhibitory than hydrastine towards CYP2D6, but less inhibitory towards 

CYP2C9 and CYP3A4 (109). Other inhibitory properties of berberine include the dose-dependent 

inhibition of interleukin-ip induced disruption of the barrier function in human retinal pigment 

epithelial cell line ARPE-19 (188); the in vitro inhibition of the peroxisome proliferator-activated 

receptors y and a, as well as causing the suppression of 3T3-L1 adipocyte differentiation (189); the 

inhibition of potassium and calcium currents in isolated rat hepatocytes (190); the inhibition of 

human keratinocyte cell line (HaCaT) growth used as a model for epidermal hyperproliferation in 

psoriasis (187); and the inhibition of sortase, a bacterial surface protein anchoring transpeptidase, 

from Staphylococcus aureus ATCC 6538p (191). 

Our findings, confirmed by the literature cited above, found that berberine concentration in 

botanical extracts is a reliable indicator for in vitro inhibition of CYP-mediated drug metabolism. 

While in vitro results are difficult to relate to the clinical setting, caution is advised when berberine-

containing botanical products are taken concurrently with pharmaceutical drugs or other botanicals. 

Given the high CYP inhibitory qualities of the extracts, the species in this study warrant further in-

depth investigation. 
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3.4 Conclusion 

The results showed that crude extracts prepared from various botanicals have the potential to 

inhibit human CYP-mediated drug metabolism, thus potentially modulating both the efficacy and 

toxicity of co-administered drugs and/or other therapeutic botanicals. These findings were supported 

by the literature and berberine was found to play a significant role in the inhibiting capacities of the 

botanicals and may be a marker for inhibition. However, the phytochemical complexity of crude 

extracts ultimately defines CYP inhibition. 

Many plant species are used as medicines but few have been tested. This study extended the 

number of botanicals found to have the potential to interfere with the disposition of drugs in the body 

by inhibiting CYP-mediated metabolism. 
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Chapter 4: General Discussion and Conclusion 

4.1 General Discussion 

The overall objectives of this thesis were to address the lack of phytochemical data on the 

wild populations of one of Canada's most valued botanicals, H. canadensis (Chapter 2), and to 

extend the baseline in vitro data on the inhibition of CYP-mediated metabolism by North American 

botanicals, with particular interest in berberine as a marker for inhibition (Chapter 3). 

To our knowledge this was the first study to report the phytochemical variation among wild 

Canadian H. canadensis populations, to investigate alkaloid levels in above-ground tissues (stem-

leaves and berries) and to compare the data for these wild samples with those of cultivated material. 

Of particular significance, alkaloid concentration was found to vary significantly among 

certain wild populations. This suggests genetic diversity within the species and could lead to the 

discovery of a superior genotype that could be used to increase the potency of crop plants. Further to 

this, it was found that cultivated plants are no different in phytochemical concentration and quality 

compared to those in the wild, thereby supporting the use of cultivated plants as the exclusive source 

for the medicinal plant market. Similar findings were reported by an independent study by Cech (50), 

who conducted chromatographic comparisons of organically cultivated H. canadensis root with 

wild-harvested samples. Cech (50) found no significant quantitative differences between wild and 

cultivated samples. As with the current study, Cech also reported variation in alkaloid concentration 

among commercial root sources. 

The results also suggest leaf material as an additional and (more importantly) renewable 

source of isoquinoline alkaloids since measurable amounts of these compounds were detected (e.g. 

wild leaf contained 60% of the concentration of berberine found in wild root-rhizome). 

Moreover, the analytical approach assisted in characterizing quantitative features unique to 

different tissues (above-ground versus below-ground). Knowledge of these features can be useful in 

product quality control programs that would identify commercial products adulterated with non-

identified material (e.g. the use of stem-leaf material instead of, or in addition to, root-rhizomes). 
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These results have already served as supporting 'actions' in a recently written Recovery Strategy 

Plan for H. canadensis, a series published by Environment Canada (27). 

The study of Canada's wild H. canadensis first derived from a collaborative effort between 

the University of Ottawa and CWS, with the purpose of assisting in its recovery from threatened 

status in Canada. The study's methodology was based on the research conducted by two former 

University of Ottawa graduate students from our laboratory, V. Assinewe (Ph.D.) and S. Binns (Ph. 

D). Assinewe (193) used analytical approaches in characterizing the natural diversity of the 

secondary metabolites found in wild Panax quinquefolius L. and other Araliaceae species in North 

America, while Binns (194) did similar research on several wild Echinacea species. Both studies 

characterized factors like organ type and plant age that influenced phytochemical yield. For example, 

Assinewe et al. (195) reported no statistical difference in mean ginsenoside content between wild and 

cultivated P. quinquefolius roots harvested at four years of age; while Binns et al. (196) found the 

greatest accumulation of cichoric acid in older, wild inflorescences of E. pallida var. sanguinea, and 

the greatest concentrations of certain alkamide constituents in wild E. purpurea root. Like H. 

canadensis, these Panax and Echinacea species are important Canadian medicinal crops with 

extensive histories in North American medicinal folklore (4, 14). They are mostly harvested for their 

root-rhizomes and as such, this makes their wild stands extremely vulnerable to 'root digging' 

practice. Since a COSEWIC assessment in 2000, wild P. quinquefolius has been considered 

endangered in Canada, and like H. canadensis, both P. quinquefolius and most wild Echinacea 

species have experienced widespread global declines (13). The results of this study as well as those 

from Assinewe and Binns provided significant baseline phytochemical data and chromatographic 

profiles that are valuable tools for the protection and identification, for NHP quality assurance 

programs and for encouraging and ameliorating the cultivation for commercial use of otherwise 

extremely vulnerable botanicals. 

The results of Chapter 2 provide a starting point for further characterization of wild H. 

canadensis. Future phytochemical studies of the species in the wild should focus on characterizing 
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the environmental and genetic factors that drive alkaloid yield. These studies should occur within a 

greater habitat range in each case to further isolate their respective effect, and this would be the next 

step in fully characterizing the species. Subsequent work should analyze cultivated stem-leaf 

material and combine the ecological data published by Sinclair et al. (17, 24, 25, 48, 197, 198, 199) 

with our phytochemical data to seek trends, as well as ameliorate H. canadensis cell culturing 

methods (59, 60) for the production of alkaloids and other active secondary metabolites (e.g. 

chlorogenic acid). Cell culturing is also advantageous in that useful metabolites are obtained under a 

controlled environment, independent of climate and soil variables, as shown in similar research on 

Coptis species (53, 200, 201, 202). A further benefit is that there are no negative impacts on wild 

populations. 

Chapter 3 provides baseline data with respect to in vitro botanical-drug interactions for 22 

North American botanical species from a total of 13 families, including the seven following 

Canadian medicinal crop species: A. millefolium, A. uva-ursi, H. canadensis, O. biennis, P. senega, 

R. rosea and S. canadensis (14). The primary objectives of this chapter were to identify which 

species, when extracted with 55% EtOH, were inhibitory towards CYP2C19, CYP3A4 and CYP19 

metabolism, and to characterize the relationship between berberine concentration and their inhibiting 

capacity. The null hypotheses formulated for these objectives were the following: the extracts are not 

inhibitory towards CYP2C19, CYP3A4 (using two extract concentrations) and CYP19 isozymes; 

and no relationship exists between berberine concentration and CYP inhibition. The secondary 

objective was to determine any phytochemical and inhibitory variation among accessions of the same 

species; the null hypothesis was that no phytochemical nor inhibitory differences exist among 

accessions. 

All species were inhibitory towards all three isozymes. Of the twenty species that were 

assayed in the first section of the study, extracts of O. biennis leaf H. canadensis root-rhizome and 

R. rosea root-rhizome were the top inhibitors of CYP2C19, CYP3A4 and CYP19, respectively. 

Overall mean percent inhibition (for all three isozymes inclusively) ranged from approximately 21% 
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to 66%, where the overall top inhibitors included the three species listed above and A. uva-ursi leaf. 

The overall least inhibiting extracts were of A. lappa root and E. arvense stem. With respect to 

differences in CYP inhibition among accessions of the same species, mean CYP2C19 inhibition by 

extracts prepared from different accessions of A. millefolium leaf and Vaccinium sp. leaf varied 

significantly among their respective accessions. The inhibition of CYP3A4 by A. millefolium extracts 

also varied among its accessions. It was later discovered that EO concentration in A. millefolium was 

positively correlated with CYP3A4 inhibition, with the exception of carvone, a bicyclic 

monoterpene, that was found to have a negative relationship with CYP3A4 inhibition (152). 

Berberine concentration in B. vulgaris, H. canadensis and M. aquifolium was found to explain 52% 

and 58%o of the extracts' inhibiting capacities towards CYP19 and CY3A4, respectively. 

Of the six alkaloid bearing species assayed with CYP3A4 in the second section of the 

chapter, mean CYP inhibition varied significantly. It was found that extracts of S. canadensis root-

rhizome were the most inhibiting and M. aquifolium stem bark were the least. Mean percent CYP 

inhibition ranged from approximately 22% to 87%> and varied significantly among the sample 

accessions of B. vulgaris and M. aquifolium. Berberine concentration was measured in all extracts 

except for those prepared with E. californica and S. canadensis. Berberis vulgaris root and stem 

bark, C. trifolia var. groenlandica rhizome and H. canadensis root-rhizome extracts contained the 

greatest amount and M. aquifolium stem bark contained the least. Berberine also varied among the 

accessions of all four species but it was beyond the scope of this study to determine the factors 

contributing to this variability. Lastly, berberine concentration in the extracts was again found to 

have a positive relationship with CYP3A4 inhibition whereby it explained 81% of the variation in 

inhibition. 

In support of the relationship between berberine and CYP inhibition, a simulation study by 

Zhou et al. (203) suggested that botanical-drug metabolic interactions may be predicted by the 

quantity of inhibiting botanical constituents. They also found that the number of inhibitory botanical 

constituents, among a number of other factors, could predict the extent to which the plasma 
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concentration-time curve of a drug would increase when the drug was co-administered with a 

botanical with known inhibiting properties. 

The extracts assayed in this study were prepared to reflect the composition of NHPs on the 

market and berberine measured in these extracts were found to be of a biologically relevant 

concentration. Since uptake occurs primarily in the small intestine where the majority of CYPs occur 

(204), the experimental process of assaying the extracts directly with a CYP was a relevant 

representation of the process in the body. Furthermore the overall range in berberine concentration in 

the total reaction volume (well) for the preliminary CYP inhibition assays (4.0 mg/mL 55% EtOH 

extract concentration in well) and the follow-up CYP3A4 inhibition assays (0.5 mg/mL 55% EtOH) 

was compared to the plasma berberine concentrations measured in 56 adult volunteers, after two 

weeks of orally administered 1.2 g/day berberine therapy (205). Plasma berberine concentrations in 

all samples were measured by HPLC and ranged from 0.07 ± 0.04 [xg/mL to 0.19 ± 0.08 |xg/mL. In 

both sections of this study, the extract volume in each experimental well for each CYP isozyme 

represented 5% of the total volume. In the first section the concentration of the extracts was 4.0 

mg/mL 55% EtOH and berberine concentration ranged from 0.40 to 5.37%. This translates into 0.80 

u-g/mL and 10.74 [xg/mL in the wells, respectively. In the second section, extract concentration was 

0.5 mg/mL 55% EtOH and berberine ranged from 0.28 to 5.03%. This range translates into 0.07 

Hg/mL and 1.26 \ig/mL per well, respectively. Although berberine concentration in the experimental 

wells exceeded those measured in plasma, it matched the overall biologically relevant range. 

With the exception of the E. californica herb and H. canadensis root-rhizome extracts, to our 

knowledge this was the first study to report the inhibitory potential of the extracts of these 20 species 

towards CYP activity. As such, the findings reported in this study are a considerable contribution to 

the field of botanical-CYP interactions and general health safety regarding botanicals. A number of 

other studies have also used recombinant cDNA-expressed human CYP (supersome) in high-

throughput screening assays to successfully explore possible botanical-CYP interactions with subsets 

of NHPs (110, 111, 206), with specific botanicals and their purified isolated bioactive constituents 
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(108, 112, 207). The findings of many of these studies resulted in the identification of more clinically 

relevant botanical-drug metabolism interactions, which have been reviewed by many (75, 77, 78, 

155, 204, 208-213). 

The method used was proven effective in assessing the likelihood of inhibition (82, 214-216) 

and the results for E. californica and H. canadensis are supported by the literature (109-111, 179). 

Although much faster data acquisition rates have been achieved by using fluorometric substrates in 

high throughput assays with supersomes compared to more classical approaches (217) (for example: 

radiolabeled probes whose metabolites are detected by HPLC analysis [218, 219]), the methodology 

has its own shortcomings, particularly when attempting to extrapolate the results to in vivo 

conditions. A general consensus is that the concentrations of accessory proteins under the 

experimental conditions (supersome) are not entirely similar to human liver microsomes; moreover, 

heterologously expressed systems typically contain a single CYP interacting with the accessory 

proteins, whereas in liver microsomes multiple CYPs may compete for interaction with the accessory 

proteins (80, 217, 220). These discrepancies are of concern when measuring metabolic rates and 

methods have been developed to correct these discrepancies by transforming them into enzyme 

kinetic data more relevant to human liver conditions (80, 221). In terms of interpreting solely CYP 

inhibition data, Crespi and Miller (217) suggested comparing in vitro potency to pharmacological 

models; if the latter is similar to the CYP inhibition potency then botanical-drug interactions are 

much more likely to occur. Even under these criteria, results can vary. For example, when 

administered to healthy volunteers, H. canadensis root-rhizome, one of the consistently top 

CYP2C19, CYP3A4 and CYP19 inhibitors in this study, was found to strongly inhibit CYP2D6 and 

CYP3A4/5 activity in vivo (169). However, in a second in vivo clinical study it was found not to 

have any effect on CYP3A4 activity in the liver (170). Clearly these results altogether make H. 

canadensis an appropriate candidate for further in-depth analysis. 

In vitro models explore possible botanical-CYP interactions, resulting in the identification of 

more clinically relevant outcomes with respect to drug disposition. The identification of bioactive 
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constituents in bptanical preparations alone warrants further health risk assessment. Further in vitro 

studies should focus on whether inhibition is competitive, noncompetitive or mechanism-based. 

Additional focus should be directed towards their effect on CYP gene expression and on more 

advanced in vivo pharmacokinetic clinical studies. The significant CYP inhibition potential of the 

extracts screened in this study, combined with their widespread availability in the marketplace and 

their phytochemical complexity, warrant further investigation into their clinical and toxicological 

roles. 
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4.2 Conclusion 

The results described in Chapter 2 clearly demonstrated no significant difference between 

wild and cultivated samples in their level of alkaloid concentration. Knowing this, as the use of 

NHPs becomes more and more widespread, H. canadensis material obtained from cultivated sources 

provides both a phytochemically equivalent and sustainable alternative to wild-harvesting, thus 

alleviating economic pressure on the species and aiding its long-term stability in the wild. In Chapter 

3, extracts prepared from 22 botanicals where found to inhibit human CYP-mediated drug 

metabolism in vitro by at least 20% and some as much as 90%. While further in vivo studies and 

more specific analyses of these botanicals would be beneficial, it is clear that caution must be 

employed when ingesting these botanicals in NHPs or in any other form to prevent possibly harmful 

botanical-drug interactions. 
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A1 Phvtochemical study of wild Hydrastis canadensis L. (goldenseal) qermplasm 

In reference to Chapter 2, section 2.3.1. 

A1.1 Materials & Method 

A1.1.1 Seed harvest & germination trials: In July 2004, a total 224 H. canadensis seeds were 

collected from three wild populations. Eight berries containing 75 seeds were collected from site 

HC2, nine berries containing 143 seeds were collected from site HC5, and ten berries containing six 

seeds from site HC8 were collected (Chapter 2: Table 2.1, Figure 2.1 and 2.2). Berries were only 

collected from relatively large populations (> 50 individuals) that produced an abundance of ripe 

berries. In the field, the fruit pulp was removed from the seeds and the seeds, were kept moist and 

cool. 

From July to December 2004 the seeds were placed in 550 mL of sand or over moist filter 

paper in a Petri dish and stored in a ventilated refrigerator at 6°C for vernalization. 

From January to May 2005, preliminary germination tests using three different substrates 

(e.g. moist filter paper in a Petri dish, sand and vermiculite) were performed on a subset of seeds. 

The seeds were removed from vernalization and held at room temperature for 24 hours before being 

transferred into a substrate and placed into a greenhouse chamber. A total of six seeds from site HC5 

were placed over a moist filter paper, three seeds per Petri dish. A total often seeds from site HC2 

and ten seeds from site HC8 were used to test sand and vermiculite, where five seeds per site were 

used for each treatment. On a daily basis the seeds in sand were given approximately 25 mL of 

distilled water while the seeds in vermiculite were given approximately 40 mL. The seeds tested with 

filter paper were kept moist with distilled water and condensation that formed on the lid of the Petri 

dish was removed daily in order to reduce the risk of fungal contamination. All treatments were 

conducted in the same greenhouse chamber under the following conditions: 30% relative humidity; 

14 hour 200 watts/m2 photoperiod; and 22/20°C for 14/10 hrs a day/night thermoperiod. 
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In June 2005 all seeds were removed from vernalization and tested for their ability to 

germinate in vermiculite. The seeds were first held at room temperature for 24 hours and all moldy 

seeds and those that collapsed when lightly pinched were considered no longer viable and were 

removed from the experiment. As a control treatment, 10 g of if. canadensis seeds (S2920, Lot # 

15340) originally from California were purchased from Richters (Goodwood, ON). All seeds were 

sterilized in a 0.05% Javex solution and were sown individually in standard size ( 4 x 4 x 6 cm) cell 

pots. The cells were placed in trays, up to 24 cells in a tray, and placed in the greenhouse chamber. 

The greenhouse chamber conditions, described in Table Al.l , were adjusted to mimic the daily 

minimum and maximum temperatures and average humidity in Windsor, Ontario (Al), between the 

months of May and September. 

Each cell was misted with distilled water and each tray was filled with approximately 600 

mL of distilled water every second day. Since the greenhouse chamber was designed to only permit 

natural light to enter from a north facing vertical windowpane, the trays were shuffled once a week 

in order to insure that each seed was exposed to an equal amount of natural sunlight. 

The experiment was terminated ten months later in March 2006, and all of the remaining 

viable seeds were removed from the vermiculite and stored individually in 15 mL vials at room 

temperature under minimal light. In January 2007, as requested by Dr. A. Sinclair, the remaining 89 

wild seeds were given to Andrea White, MSc, a research assistant at the National Wildlife Research 

Centre (Environment Canada) for further testing. Eleven of the 89 seeds were originally from 

population HC2 and 78 were from population HC5. 

A1.1.2 Seed viability test: The viability of 60 undamaged (with full seed coat) wild H. canadensis 

seeds were tested, following the 10-month germination experiments described above, using 2,3,5-

triphenyltetrazolium chloride (TTC). The method was modified from Cottrell (A2) and Grabe (A3). 

Ten seeds were randomly selected and placed overnight in individual moist filter papers. The 

following morning, the seeds were bisected longitudinally, one half was placed in a 10 mL beaker 
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Table A1.1 Environmental conditions for germination tests using wild-harvested Canadian Hydrastis 

canadensis L. (goldenseal) seed and cultivated seed 

Condition 

Photoperiod 

Mean temperature (°C) 

±SEM 

Heating target (°C) 

Cooling target (°C) 

Mean humidity (%Rh) 

±SEM 

Range 

14 hours/day (5am-7pm) 

16 hours/day (5am-9pm) 

20.7 ±0.35 

20 

18 

22 

19 

34.7 ±4.54 

Description 

24 Nov 2004 to 22 June 2005 

22 June 2005 to 31 March 2006 

17 month period; 

Ranged from 18.5 - 23.5°C 

Day hours 

Night hours 

Day hours 

Night hours 

17 month period; 

Ranged from 14.9 - 64.9 %Rh 
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and submerged with 0.1% tetrazolium salt solution comprising of TTC (Sigma-Aldrich Inc., St. 

Louis, MO) dissolved in distilled water. The bisected seeds were incubated in the solution for 2 

hours at room temperature and 2 hours at 35°C. The beakers were covered with aluminum foil during 

the incubation periods in order to reduce exposing the tetrazolium salt solution to light. Following 

the initial incubation period, the embryonic tissues of the seeds were inspected under a dissection 

microscope for staining: tetrazolium stains living tissues a reddish-pink colour. The seeds were left 

to soak in the tetrazolium salt solution at room temperature for an additional 20 hours before being 

inspected a final time. The seeds were digitally photographed under lOOx magnification during each 

inspection. The percent of viable seeds was calculated by dividing the number of stained seeds after 

24 hours by the total number of treated seeds x 100%. The results are reported as the mean of three 

replicate experiments ± SEM. 

A1.2 Results & Discussion 

A1.2.1 Seed germination & viability: Twenty-seven ripe berries containing a total of 224 seeds were 

collected in July 2004 from populations HC2 and HC5, both in Essex County, and population HC8 

situated in Lambton County (Table 2.1, Figures 2.1 and 2.2). This was the first seed sampling of 

wild Canadian populations for phytochemical research. Previously, in 2003, seed was collected for 

ecological germination studies. Results indicated a low germination rate (9.2%) but that germination 

can occur in a wide range of light availability (0, 30, 50 and 80% shade), with soil moisture critical 

(A4). 

From January to May 2005, preliminary germination tests using moist filter paper, sand and 

vermiculite were performed on a subset of 26 wild seeds. The environmental conditions are 

described in Table ALL On the 13th day, a radicle appeared from a seed that had been placed on 

moist filter paper in a sealed Petri dish. Four days later, a radicle emerged from a second seed that 

had been placed on a moist filter paper in an unsealed Petri dish. Both radicles grew roughly half the 
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length of the seeds, however germination did not progress and no other seeds showed signs of 

germination. The test was terminated after five months. 

In June 2005 all seeds, including those from a commercial source, were removed from 

vernalization and allowed to germinate in vermiculite under the same environmental conditions as 

above (Table Al.l) . One cotyledon was observed in November from a cultivated seed, but it did not 

survive. No other seeds showed signs of germination during the ten-month period. 

The results of these tests are similar to those described in the literature. As mentioned above, 

Sinclair et al. (A4) were only able to successfully germinate < 10% of their wild seed collection. 

Furthermore, as explained by K. Bryce (Program Manager, Crops for Enhanced Human Health, 

NRC-Plant Biotechnology Institute, National Research Council of Canada) H. canadensis was 

replaced with Thalictrum flavum in a Natural Products Genomics (NAPGEN) project since it was too 

difficult to cultivate (A5). Personal communications with, and literature by, Dr. J. Davis, an associate 

professor at the University of North Carolina who has extensively researched goldenseal cultivation 

in the U.S. (A6, AT) and Richo Cech (A8), an American H. canadensis farmer, as well as personal 

communications with R. Eidus and Gary Krentz, both herb farmers, have all stated that H. 

canadensis seed germination is difficult and unpredictable. 

The low germination rate of H. canadensis seed may be explained by its dormancy pattern. 

According to Baskin and Baskin (A9) H. canadensis seed has characteristics of both deep simple and 

deep simple epicotyle morphophysiological dormancy (MPD). Seeds with deep simple MPD require 

warm followed by cold stratification before they will germinate, while in seeds with deep simple 

epicotyle MPD the radicle emerges in autumn and the shoots emerge the following spring. Unlike 

our study, they observed embryo growth after four months from harvest (July - October), and by 

January the seeds were approximately six times their original length. In November, the seed coats 

began splitting open at the radicle end of seeds and the radicle did not emerge until March. Clearly, 

more research is required with respect to the germination ecology of H. canadensis. 
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Following the germination test, 30 wild seeds were tested for their viability using TTC. 

When TTC combines with H+ that has been released from respiring embryonic tissue, TTC stains the 

tissue reddish pink (A2). Figure Al.l shows staining occurrence and frequency after exposing the 

seeds to an aqueous TTC solution (tetrazolium salt solution) for 4 and 24 hours. The results are 

summarized in Table A1.2. A surprisingly high percentage of seeds (67± 8.8%) were stained red 

after tetrazolium exposure and were considered still viable. However, according to Grabe (A3) the 

tetrazolium test does not differentiate between dormant and non-dormant seeds producing test results 

to be considerably higher than germination test results in deep-seated dormancy seeds. Given the 

dormancy patterns of H. canadensis, in addition to the germination test results, it is probably that the 

tetrazolium test results of this study are an overestimation of the true proportion of viable seeds. 

Since germination was unsuccessful during the time period of this study, the genetic 

component of phytochemical diversity in wild H. canadensis populations was not evaluated. 

However, the remaining wild seeds were transferred to the experimental laboratories at the National 

Wildlife Research Centre (Environment Canada) in Ottawa in order to allow further investigation of 

the germination ecology of the botanical. 
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Figure A1.1 Digital photographs of bisected wild Canadian Hydrastis canadensis L. (goldenseal) 

seeds that were incubated in tetrazolium salt solution for 4 and 24 hours. Living cells stained red-

pink after incubation. Panels A, B and C show seed staining after incubating for 4 hours, and panels 

Ai, Bi, Ci show the same seeds stained after a 24 hour incubation period. 100x magnification. 
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Table A1.2 Summary of results for tetrazolium salt seed viability test after 24-hour incubation 

Replicate 

1 

2 

3 

Observed seed colour 

Stained 

A52a, A58, A90, A152, A177 

B46, B77, B79, B87, B96, B171, 

B181 

C53, C55, C61, C139, C155, C180, 

C184, C186 

Mean % viable seeds ± SEM 

Not stained 

A13,A60,A130,A162,A173 

B24, B72,B191 

C43, C45 

% Viable 

seedsL 

50 

70 

80 

67 ±8.8 

Letter corresponds with replicate number: A = 1, B = 2 and C = 3; Number corresponds with 

collection site: population HC8 = 1-4, population HC2 = 5-38, 193-222, and population HC5 = 39-

107,129-192;b % viable seeds = [number of stained seeds / (total number of seeds)] x 100% 
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A2 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) Vouchers 

A2.1 DAO voucher 824179: wild Berberis vulgaris L. (common barberry) 

A2.2 DAO voucher 824204: wild Coptis trifolia (L) Salisb. var. groenlandica (Oeder) Fassett. 

(threeleaf goldthread) 

A2.3 DAO voucher 824183: wild Sanguinaria canadensis L (bloodroot) 
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A2.1 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) voucher 824179: 

wild Berberis vulgaris L. (common barberry) harvested September 2005 in Andrewsville, Ontario, 

Canada. Root, stem and leaf tissues are shown. 
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A2.2 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) voucher 824204: 

wild Coptis trifolia (L) Salisb. var. groenlandica (Oeder) Fassett. (threeleaf goldthread) harvested 

May 2004 from Mer Bleue Conservation Area, Ottawa, Ontario, Canada. 
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A2.3 Vascular Plant Herbarium of the Department of Agriculture in Ottawa (DAO) voucher 824183: 

wild Sanguinaria canadensis L. (bloodroot) harvested from North Gower, Ontario, Canada. Below-

ground and above-ground tissues are shown. 
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Sanguinaiia canadensis L. 

Papaveraceae Family 

Canada, Ontario, OUawa-Carielon, North Gower 

Near 5984 Third Line Road North 

45'10.227'N, 075-44.080- W 

Collected by an employee of Gardens North, 23 Sept 2005 

Identified by R t Leduc & J T Amason 
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Abstract 

High-throughput enzyme inhibition screening assays 
were used to quantify the effect of ethanol extracts of 2 
accessions of 10 North American (NA) botanicals 
against the activity of the human cytochrome P450s: 
CYP3A4, CYP19, and CYP2C19. In addition, phyto-
chemical biomarkers within each extract were identified 
and quantified using HPLC-MS or GC. Extracts con­
taining uncharacterized phytochemicals were identified 
taxonomically. The overall objective was to describe 
the relationship between types and quantities of phyto­
chemicals in ethanol extracts and their ability to inhibit 
CYP activity. The top three inhibitors of CYP3A4 were 
Gaultheria procumbens L. leaf > Rhodiola rosea L. root 
> Arctostaphylos uva-ursi L. Spreng leaf; of CYP 19 were 
R. rosea root > Rhododendron groenlandkum (Oeder) 
Kron&Juddleaf > A. wra-wr,«leaf;andofCYP2C19were 
Achillea millefolium L. leaf and flower > Vaccinium sp. L. 
leaf > Polygala senega L. root. Equisetwn arvense L. leaf, 
Arctium lappa L. root, and P. senega root had the least effect 
on CYP3A4 and CYP 19 activity. These results suggest that 
North American botanicals have the potential to inhibit the 
metabolism of drug-specific CYPs in vivo, causing a direct 
shift in the availability of drugs and their pharmacokinetics 
in the body. Furthermore, the concentration of certain phy-
tochemical markers varied significantly between accessions 
(i.e., rosarin and essential oils), suggesting that the extent 
of metabolic inhibition is directly dependent upon the con­
centration of bioactive constituents in an extract. 

Keywords: Botanicals, CYP3A4, CYP19, CYP2C19, 
cytochrome P450 inhibition, P450-dependent drug 
metabolism, phytochemical biomarker. 

Introduction 

A large proportion of the world's population relies on 
the use of traditional medicine (TM), including the use 
of botanicals, in order to meet primary health care needs-
(WHO, 1999). Despite the introduction and practice of 
conventional medicines across the globe, a large number 
of people still rely on TM for financial, cultural, and tra­
ditional reasons. For example, North American (NA) 
aboriginal peoples still rely on more than 2500 medicinal 
plants for their traditional healing value (Moerman, 
1998). Today, significant numbers of people in the 
United States (U.S.) and Canada use many of these 
plants as alternatives or complementary therapies. These 
plants are readily accessible in nature and continue to be 
wild crafted and cultivated for their medicinal properties. 
Given the continued popularity of using botanicals, it is 
important to recognize their potential to adversely affect 
the body. For example, many of the phytochemical 
constituents found in natural health products (NHPs) 
have the potential to significantly influence the dispo­
sition of pharmaceutical drugs in the body by altering 
their bioavailability, absorption, distribution, and 
excretion (Williamson, 2003; Zhou et al., 2003; Foster 
et al., 2005). 

Pharmaceutical drugs, xenobiotics, as well as 
endogenous products are metabolized by a variety of 
cytochrome P450s (CYPs) that are widely distributed in 
the body. CYPs consist of numerous isozymes that have 
diverse metabolic roles and substrate specificities, each of 
which have a distinct effect on the rate of absorption and 
bioavailability of pharmaceutical drugs in the body. 
Products that alter P450-dependent drug metabolism, 
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especially those that are not discriminatory, can there­
fore have a significant cascading impact on health. For 
example, St. John's wort is a known inducer of CYP3A 
enzymes, a factor that has been demonstrated to decrease 
the plasma levels of indinavir and cyclosporine leading to 
decreased bioavailability (Huang & Leshko, 2004). In 
contrast, Echinacea products have been shown to inhibit 
liver CYP1A2 and intestinal CYP3A activities. Besides 
St. John's wort and Echinacea, other botanical constitu­
ents of NHPs alter the function of CYPs including gin­
seng, goldenseal, garlic, and grapefruit (Foster et al., 
2003, 2005; Huang & Leshko, 2004). Given that CYP 
enzymes affect the metabolism of endogenous steroids 
and neurotransmitters as well as their pharmaceutical 
analogues (Foster et al., 2003), it is important to charac­
terize the extent and specificity of metabolic interference 
particularly caused by common herbs found in NHPs 
(Zhou et al., 2003). Such knowledge provides cautionary 
information regarding the potential health risks of com­
plementing pharmaceutical drug therapies with botanical 
NHPs. 

This study assessed metabolic inhibition by measuring 
the activity of specific CYPs in vitro with isozyme-
specific P450-substrate markers (Ghosal et al., 2003). 
This high-throughput enzyme inhibition assay has 
proved itself as effective as previous HPLC methods 
(Bapiro et al., 2001). Three isozymes were screened: 
CYP3A4, CYP19, and CYP2C19. CYP3A4 is found in 
the liver, small intestine, and kidney, but it is primarily 
concentrated in the liver. It is induced by glucocorticoids 
and phenobarbitol (Yu, 2005) and is involved in metabo­
lizing a broad range (75%) of pharmaceutical drugs, 
including indinavir and cyclosporine (Williamson, 
2003), and the activation of aflatoxin Bl and nitroaro-
matics. CYP19, also commonly known as aromatase, is 
involved in steroid conversion of testosterone into estro­
gen (Simpson et al., 1994). CYP2C19 also is responsible 
for metabolizing xenobiotics (Ghosal et al., 2003). 

Besides Echinacea, goldenseal, and a few other popu­
lar botanicals, there is a shortage of information regard­
ing the ability of botanicals to inhibit CYP-dependent 
metabolism. In response to this lack of knowledge, the 
primary objective of this study was to screen ethanol 
extracts of 10 commonly used NA botanicals for their 
potential to inhibit CYP3A4, CYP19, and CYP2C19. 
Ethanol extracts (55% ethanol) of the following 10 bota­
nicals were screened using a high-throughput, commer­
cial in vitro assay method: Vaccinium sp. L. (Ericaceae) 
leaf; Arctium lappa L. (Asteraceae) root; Polygala senega 
L. (Polygalaceae) root; Achillea millefolium L. (Astera­
ceae) leaf and flower; Arctostaphylos uva-ursi L. Spreng 
(Ericaceae) root; Equisetum arvense L. (Equisetaceae) 
leaf; Rhododendron groenlandicum (Oeder) Kron & Judd 
(Ericaceae) leaf; Rumex acetosella L. (Polygonaceae) 
root; Gaultheria procumbens L. (Ericaceae) leaf; and 
Rhodiola rosea L. (Crassulaceae) root. 

The secondary objectives of this study were to identify 
the differing inhibiting capabilities between accessions of 
a botanical species and to characterize this difference by 
comparing the phytochemical profile of each accession. 
Phenol compounds such as flavonoid glycosides and 
iridoids were analyzed using high-performance liquid 
chromatography with diode array detector (HPLC/DAD) 
coupled either with or without mass spectrometry with 
atmospheric pressure chemical ionization (MS/APCL). 
Gas chromatography (GC) was used to analyze extracts 
that contained essential oils. Chemically profiling a 
botanical extract is also a method of determining its true 
taxonomic identity and addresses issues of quality control. 

Materials and Methods 
Botanical sources 

Dry bulk plant material was purchased from five 
Canadian NHP wholesalers and one U.S. wholesaler 
(Table 1). Although the geographical origin of each bot­
anical is unknown, purchasing botanicals from different 
Canadian and U.S. wholesalers allowed for a varied 
source of genetic material. A sample of each botanical 
was purchased from at least two different wholesalers. 

Ethanol fluid extracts 

All plant material was finely ground in a Wiley mill and 
filtered through an 0.5-mm mesh screen to provide a 
total of 20 g of powder. Twenty-five milliliters of 55% 
ethanol: water (v:v) was added to 5 g of powder, and the 
plant-solvent mixtures were mechanically shaken 
(150rpm) for 12 to 18h. Amber glass vials were used 
in order to reduce the occurrence of photodegradation. 
Solids were removed using a Buchner filter system 
(Whatman no. 1 filter paper), and the filtrate was trans­
ferred into a 25-mL amber glass vial and stored at 4CC. A 
1-mL aliquot of filtrate was dried at 60°C for 72 h and 
weighed in order to determine the percent dried extract 
weight (mg extract/g dry plant material). All filtrates 
were re-filtered with an 0.2-|im PFDE 13-mm membrane 
syringe filter (Chromatographic Specialties Inc., Brock-
ville, Ontario, Canada) prior to HPLC separation. 

Quantitative analyses of phytochemical markers 

HLPC/DAD 

The HPLC method used to analyze A. uva-ursi leaf 
extracts was modified from the Parejo et al. (2001) 
method. Four commercial standards in 6% methanol (m) 
were used: arbutin (hydroquinone-p-D-glucopyranoside) 
(Figure 1), gallic acid (3,4,5-trihydroxybenzoic acid), 
isoquercetin (3-glucosylquercetin), and myricitrin 
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Table 1. List of botanical scientific names, organ type, accession numbers, location from which accessions were purchased, percent 
recovery of total dried extract ± standard error (SE) (n = 2 to 3 per accession), and the statistical difference between accessions. 

Botanical scientific name Organ Accession % dried extract recovery ± SE Statistical difference 

A. millefolium L. 

A. lappa L. 

A. uva-ursi (L.) Spreng. 

E. arvense L. 

G. procumbens L. 

R. groenlandicum Oeder 

P. senega L. 

R. rosea L. 

R. acetosella L. 

Vaccinium sp. L. 

Leaf 

Root 

Leaf 

Leaf 

Leaf 

Leaf 

Root 

Root 

Root 

Leaf 

2302 

231" 
201' 
2023 

1912 

1924 

2132 

2153 

228z 

2293 

2164 

2171 

2222 

224s 

2203 

2216 

2252 

2273 

1942 

1961 

18.1 ±2.3 
41.3 ±3.2 
38.7 ±0.8 
21.6 ±0.5 
50.7 ± 5.52 
40.4 ±1.65 
14.3 ±2.1 
12.8 ±0.2 
34.6 ±1.6 
32.8 ± 0.7 
29.9 ± 0.6 
24.2 ±1.8 
18.4 ±0.8 
35.4 ±1.7 
37.7 ±0.1 
47.4 ± 3.8 

8.0 ±0.4 
9.1 ±0.1 

32.8 ±0.7 
36.4 ±1.0 

0.01* 

0.003* 

0.42 

0.573 

0.184 

0.061 

0.005* 

0.638 

0.247 

0.019* 

'Eastern Ontario, 2Northeastem Ontario, 3Southem Ontario, 4Saskatchewan, 5Manitoba, ^Washington, USA. 
'Indicates significant difference between two accessions (paired sample /-test, Bonferroni adjusted, p < 0.05). 

(ChromaDex, Inc., Santa Ana, CA, USA). The HPLC-
DAD was a Hewlett Packard 1100 Series HPLC: 
G1322A degasser; G1311A quatpump; G1313A ALS 
detector with ChemStation for LC 3D software (Agilent 
Technologies Inc., Palo Alto, CA, USA). The HPLC 
method was as follows: flow rate 1 ml/min; oven tempera­
ture 30°C; and initial conditions 0% water (A), 0% aceto-
nitrile (B), 5% m (C), and 95% lOmM phosphate buffer 
(D). Over the first 5min, the conditions were held the 
same; at 5min, B increased to 90% by 20min, C remained 
constant, and D decreased to 5%. At 21min, A:B:C:D 
returned to initial conditions of 0:0:5:95. The column 
was a YMC pro pack C18 (4.6 x 150 mm 5um) (Waters, 
Milford, MA, USA). 

R. rosea L. root extracts were analyzed following the 
HPLC method of Tolonen et al. (2003). Two standards 
were used: salidroside (p-hydroxyphenethyl O-P-D-gluco-
pyranoside) and rosarin [cinnamyl-(6'-0-a -L-arabinomra-
nosyl)-Op-D-glucopyranoside] (Figure 1) (Chromadex, 
Inc.). HPLC analysis was conducted using an Agilent 
Technologies 1100 Series LCMS: attached to a G1315B 
DAD G1322A degasser; G1311A quatpump; G1313A 
ALS and G1316A with ChemStation for LC 3D software 
(Agilent Technologies Inc). The HPLC gradient went from 
initial conditions of 90% water (A), 5% acetonitrile (B), 
5% m to 76:12:12 A:B:C in 16min, 100% acetonitrile for 
1 min, and returned to initial conditions after 5 min; the 
total run time was 22 min and the post-run time was 
1 min. The flow rate was 0.3 ml/min, oven temperature 
35°C, and the column was the YMC pro pack C18. 

Vaccinium sp. L. leaf extracts were also analyzed using 
the Agilent Technologies HPLC system described above. 
The following standards were used: quercetin, myricitrin, 
chlorogenic acid, (Figure 1) catechin, epicatechin, kaemp-
ferol, glycosides of quercetin, and' the anthocyanins, 
proanthocyanidin Bl and B2. The method was developed 
specifically for blueberry analyses as follows: Column 
separation was achieved using a YMC ODS-AM reverse 
phase column (3 urn, 120 A, 2.0 x100 mm), oven 
temperature at 50°C, and flow rate of 0.3 ml/min. The 
binary gradient initial conditions were 8% acetonitrile 
(A) and 92% 0.05% trifluoroacetic acid (TFA) pH 2.5 
(B); 35% A and 65% B (12 min); 100% A (15 min); 
hold for 0.5 min; return to initial conditions 8% A and 
92% B (19.5 min). 

HPLC/DAD-MS/APCI 

HPLC-MS analyses were conducted with A. lappa L. 
root, R. acetosella L. root, and G. procumbens L. leaf 
extracts using a phenolics method developed for the 
LC/MS whereby peaks were identified through the use 
of a HPLC-DAD phenolic compound library and then 
confirmed by MS spectral data. HPLC analysis was con­
ducted using an Agilent Technologies 1100 Series LCMS 
and the same method described for Vaccinium sp. above. 
The MSD was equipped with APCI source and operated 
in positive and negative ionization mode. The MS was set 
on scan-mode, with either positive or negative polarity, 
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with the following parameter settings: mass range, 100 to 
800 ms; fragmentor, 160; gain, 1.0; threshold, 150; step 
size, 0.1. The N2 gas flow rate was 6.01/min; temperature, 
300-350°C; nebulizer pressure, 60 psig; vaporizer tempera­
ture, 400-500°C; capillary voltage, 3000 V positive/4000 V 
negative; corona current, 4uA positive/15 uA negative. 

GC 

The following two botanicals contain essential oils (EO) 
(Figure 1) and were analyzed using GC: R. groenlandicum 
Oeder leaf and A. millefolium L. leaf extracts. The EO frac­
tion in the 55% extracts was re-extracted into hexane (1:1) 
and the hexane evaporated on ice to 1 ml. A 2-(il volume of 
each hexane-extracted EO sample was injected into the col­
umn. The GC used for this analysis was a Hewlett Packard 
5890 A with FID detector, Agilent 6890 Series autoinjector 
(Hewlett Parkard, Avondale, PA, USA) with Peaksimple 
Version 2.75 software (SRI Instruments, Torrance, CA, 
USA). The column was a DB-5 60 m x 0.5 mm (J and W 
Scientific, cat. no. 125-5062, serial no. 2638511). The 
method was as follows: temperature gradient from initial 
75°C; increase by 2°C/min to 125°C (25min); from 125°C 
increased by 10°C/min to 300°C (42.5 min), and then hold 
for 5 min (47.5 min). The carrier gas was helium set for 
column head pressure of 20 psi at 75°C. 

Taxonomic identification of senega and horsetail 

Phytochemical constituents were not identified in the 
chromatographic profiles of P. senega L. root and 
E. arvense L. leaf extracts. Commercial standards could 
not be obtained for these botanicals. Therefore, taxo­
nomic characters were applied to each of the two acces­
sions for both species: samples of the leaf and root 
material were compared with herbarium specimens and 
taxonomically identified by J.T. Arnason at the Univer­
sity of Ottawa (Ottawa, Ontario, Canada). 

P450 enzyme inhibition assay 

Enzyme inhibition assays were conducted with CYP3A4, 
CYP19, and CYP2C19 isozymes (BD Bioscience, Bed­
ford, MA, USA). The method described by Foster et al. 
(2001) was used for all three isozymes. All extracts were 
tested within 2-3 weeks of their preparation. 

All extracts were, incubated in the presence of an enzyme 
and the fluorescent substrate dibeiizylfluorescein (DBF) 
(0.2mmol L '). Percent inhibition of each extract was 
determined relative to metabolism in the presence of 
55%. Ketoconazole at 1 ug/ml in concentration, 2ul per 
well, was used as the positive control. The fluorescence 
readings were measured by a Cytofluor 4000 Fluorescence 
Measurement System plate reader (Applied Biosystems, 
Foster City, CA, USA) with excitation and emission at 
485/20 and 535/25 with two gains (50 and 57). 

All assay solutions were prepared in 1.5-ml plastic 
centrifuge tubes. The assays were performed on 96-well 
microtiter plates (Corning Costar Brand, VWR, Missis-
sauga, Ontario, Canada). The following reagents were 
prepared for the assays: 0.5 M potassium phosphate 
buffer, pH 7.4, nicotinamide adenine dinucleotide phos­
phate, reduced form (NADPH) (Sigma, St. Louis, MD, 
USA), 15mg/ml of 0.5 M potassium phosphate buffer, 
and lOmg ketoconazole/ml in methanol. 

Each plate well contained 100^1 of solution A (78 u,l 
NADPH solution + 1222ul distilled water); 90 uL of 
solution B [196 ul distilled water +1036 ul 0.5 M potass­
ium phosphate buffer (pH 7.4)+14ul enzyme, 14 ul 
DBF], or 90 |il of solution C [196 ul distilled water + 
1036 ul 0.5 M, potassium phosphate buffer (pH 
7.4)+ 14 ul denatured enzyme, and 14 ul DBF]; 6ul dis­
tilled water and 4ul 55% or botanical extract. The posi­
tive control wells were similarly prepared except that the 
amount of distilled water was increased to 8 ul and the 
control solutions were 2 \A methanol or ketoconazole. 

Given CYP19 and CYP2C19's inherently slower rate 
of metabolism, each well received 28 ul of enzyme, and 
solutions B and C were prepared with 182 uL of distilled 
water instead of 196 uL. 

Each well was prepared under gold lamps in order to 
reduce NADPH exposure to natural and fluorescent 
light. Each extract was tested in triplicate. CYP3A4 
assays were incubated for 20 min at 37°C during which 
fluorescence was recorded at T = 0, 10, and 20 min. 
CYP 19 and CYP 2C19 assays were incubated for 
40 min, at 37°C, and fluorescence readings were recorded 
at T = 0, 10, 20, 30, and 40 min. 

The percent enzyme inhibition was calculated using 
the following equation: 

100%[100 - {(T - [TB - CB])/C} x 100] 

where T is test, C is control, TB is test blank, and CB is 
control blank. Both the control and test well blank 
readings were considered in the formula in order to 
compensate for endogenous fluorescence and quench­
ing. The mean percent inhibition and coefficient of vari­
ance was calculated for two assays of three triplicate 
well readings. 

Statistical analysis 

Statistical differences in percent yield, concentration of 
phytochemical constituents, and percent inhibition of 
each CYP isozyme between accessions were determined 
using Bonferroni adjusted, paired sample i-tests 
(SYSTAT Software Inc, Point Richmond, CA, USA) 
except the yarrow extracts, which were analyzed using 
a one-way ANOVA and Tukey's multiple comparison 
of means test. The Labrador tea extracts were statisti­
cally analyzed using using Kruskal-Wallis one-way 
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ANOVA with Mann-Whitney J/-test (non-parametric 
data) (SYSTAT). 

The relationship between either the dry extract weight 
and the CYP inhibition or the phytochemical biomarker 
concentration and the CYP P450 inhibition were tested 
only when those extracts or biomarkers were signifi­
cantly different (p < 0.05) between accessions of the 
same botanical. A positive relationship was assumed if 
one of the two botanical accessions had either a signifi­
cantly greater extract dry weight or phytochemical bio­
marker concentration that matched a significantly 
higher CYP inhibition relative to the other accession. 

Results 
Ethanol fluid extracts 

The percent yield of dried extract for all 10 NA ethanol 
extracts, including each accession, ranged from 8% to 
50% dry weight (mg extract/g plant material) (Table 1). 
A. uva-ursi leaf yielded the highest percent of dried 
extract (40-50%), followed by R rosea root (38-48%) 
and Vaccinium sp. leaf (33-37%). The botanicals that 
yielded the least amount of dried extract were R. aceto-
sella leaf (8-9%), E. aryense leaf (13-15%), and P. senega 
root (18-35%). Six of the 10 botanicals were found to 
have no significant differences in dried extract recovery 

between accessions. Significant differences in dried 
extract recovery between accessions were only found 
for Vaccinium sp. leaf, A. lappa root, P. senega root, 
and A. millefolium leaf and flower (paired sample /-test, 
Bonferroni adjusted, p < 0.05). 

Analysis of botanicals by HPLC-DAD and HPLC-MS 

The phytochemical markers of 8 out of the 10 botanicals 
were quantified using HPLC-MS and GC (Table 2). Sali-
droside and rosarin were identified and quantified in 
both accessions of R. rosea root (Fig. 2). Rosarin was 
found to be more concentrated in accession 221 com­
pared with accession 220 (paired sample r-test, Bonfer­
roni adjusted, p = 0.035), but there was no difference 
in the salidroside concentrations between accessions 
(p = 0.092). 

Three phytochemical markers were identified and 
quantified in both accessions of A. uva-ursi leaf extracts: 
arbutin, gallic acid (Fig. 3; Table 2), and myricitrin (not 
shown). Arbutin was the most concentrated of the three 
constituents in both accessions. No significant differ­
ences in the total concentration of phytochemical mar­
kers between the accessions were found (paired sample 
r-test, Bonferroni adjusted, p > 0.088). 

Chlorogenic acid was identified and quantified in both 
A, lappa root and G. procumbens leaf extracts (Fig. 3). 

Table 2. Mean concentration of isolated phytochemical markers (ng/mt) ± standard error (SE) from two accessions of Arctostaphy-
los uva-ursi leaf, Rhodiola rosea root, Arctium lappa root, Gaultheria procumbens leaf, Rumex acetosella root, and Vaccinium sp. leaf 
55% ethanol extracts (n = 2 to 3 per accession) and the statistical difference between accessions. 

Botanical and phytochemical marker 

Mean concentrations (SE) 

Accession A 

201 
249 (35) 
191 

9831 (163) 
228 
127 (5.1) 
220 
417(1) 

115(8) 
225 
0 

55 (6) 
194 

7269 (266) 
3 (0.1) 

23 (2) 

12 (2) 
175 (6) 

8 (0.4) 
15(0.7) 

Accession B 

202 
267 (46) 
192 

8724 (246) 
229 
105 (3.4) 
221 
1460 (341) 

1443 (253) 
227 
0.6 (0) 
17(1) 
196 

8425 (412) 
1.4(0.1) 
107 (3) 
479 (15) 
78(5) 
20 (1) 
23(2) 

Statistical difference 

A. lappa root 
Chlorogenic acid 

A. uva-ursi leaf 
Arbutin 

G. procumbens leaf 
Chlorogenic acid 

R. rosea root 
Salidroside 
Rosarin 

R. acetosella root 
Luteolin 
Emodin 

Vaccinium sp. leaf 
Chlorogenic acid 
Quercetin-3,7-di-0-glucoside 
Myricitrin 
Quercetin-7-glucoside 
Quercetin 
Quercetin-3-glucoside 
Kaempferol 

0.799 

0.226 

0.009* 

0.092 
0.035* 

0.022* 
0.05* 

0.017* 
0.006* 
0.002* 
0.017* 
0.025* 
0.02* 
0.04* 

"Indicates significant difference between two accessions (paired sample /-test, Bonferroni adjusted, p < 0.05). 
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Rosarin Luteolin Emodin 

1,8-cineole a-Thujone P-Ttmjone 

Carvacrol 

Figure 1. Phenolic compounds and essential oil constituents. 

There was no measurable difference in chlorogenic acid 
concentration between the two A. lappa root accessions 
(paired sample f-test, Bonferroni adjusted, p = 0.799), 
however, chlorogenic acid was more concentrated in G. 
procumbens accession 228 than accession 229 (paired 
sample f-test, Bonferroni adjusted, p = 0.009) (Table 2). 

Emodin and luteolin (Figure 1) were identified and 
quantified in both R. acetosella root accessions. Both 
phytochemical markers were significantly more concen­
trated in accession 225 compared with accession 227 
(paired sample f-test, Bonferroni adjusted, p<0.05) 
(Table 2). 

Thirteen phenolic compounds were identified and 
quantified in both Vaccinium sp. leaf accessions (Table 2). 
Catechin, epicatechin, quercetin-3,7-di-0-galactoside, 
quercetin-3-galactoside, quercetin-3-arabinoside, and quer-
cetin-3-rhamnoside were equally concentrated in both 
accessions (paired sample f-test, Bonferroni adjusted, 
p > 0.059). Quercetin and quercetin-3,7-di-0-glucoside 
were more concentrated in accession 194 (p < 0.025) 
and chlorogenic acid, myricitrin, quercetin-7-glucoside, 

quercetin-3-glucoside, and kaempferol were more concen­
trated in accession 196 (p < 0.04). 

Analysis of botanicals by GC 

Twenty-one EO marker compounds were identified and 
quantified in the A. millefolium leaf and flower extracts 
(chromatograph not shown), 13 of which were found to 
be significantly different in concentration between acces­
sions (one-way ANOVA, Tukey's test, p < 0.048) 
(Table 3). 1,8-Cineole, camphor, and 4-terpineol were 
more concentrated in accession 231 (p = 0.001). Carvone 
was more concentrated in accession 230 (p = 0.002). The 
concentration of p-pinene was not significantly different 
between accessions (p > 0.493). 

A total of nine EO marker compounds were identified 
(chromatograph not shown) and quantified in both R. 
groenlandicum leaf accessions (Table 3). No significant 
differences in concentration of EO marker compounds 
were found between the two accessions (Kruskal-Wallis 
one-way ANOVA, Mann-Whitney [/-test statistic, 



North American botanicals inhibit cytochrome P450 activity 321 

D/U>1A,Slo^2MRB^:on(D:>HPCHEM\1\DATA\2004DATA\fAMNOV\NOV12\TL1.D) 

DAD1 0. Sig=254,16 Ref=Olf (D:\HPCHEM\HDATA\2004DATAyAWNOVWOV12\TL1 .D) 

B 

Rosarin 

Figure 2. HPLC chromatograph of Rhodiola rosea showing salidroside at 225 nm (A) and rosarin at 254 nm (B). 
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DAD1 B, Sig=280,4 Ref=off 

75 H 
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25 Arbutin 
Gallic acid 

1 
Figure 3. HPLC chromatograph of Arctostaphylos uva-ursi showing arbutin, gallic acid, and myricitrin at 280 nm. 

p > 0.114). Nerolidol was the most concentrated con­
stituent in both accessions. 

P450-dependent enzyme inhibition assay 

The following 10 botanical extracts inhibited CYP3A4-
dependent metabolism in decreasing order of inhibition: 
G. procumbens leaf > R. rosea root > A. uva-ursi leaf > 
R. groenlandicum leaf > Vaccinium sp. leaf > R. aceto-
sella root > P. senega root > A. millefolium leaf and 
flower > E. arvense leaf > A. lappa root (Table 4). 

CYP19-dependent metabolism was inhibited in 
decreasing order of inhibition: R. rosea root > R. groen­
landicum leaf > A. uva-ursi leaf > JR. acetosella root > A. 
millefolium leaf and flower > G. procumbens leaf > 
Vaccinium sp. leaf > P. senega root > A. lappa root > 
E. arvense leaf (Table 4). 

CYP2C19-dependent metabolism was inhibited by the 
following four botanicals, in decreasing order of inhi­
bition: A. millefolium leaf and flower > Vaccinium sp. 
leaf > P. senega root > A. lappa root. The remaining 
six botanical extracts were not screened for their ability 
to inhibit CYP 2C19-dependent metabolism. 

In the majority of cases, no significant differences in 
percent enzyme inhibition were observed between acces­
sions (paired sample Mest, Bonferroni adjusted, 
p > 0.05). Significant differences in CYP 19 and 
CYP2C19 inhibition were observed with A. lappa root: 
accession 202 had greater CYP19 inhibition than 201 
(p = 0.007), whereas accession 202 had less CYP2C19 

inhibition than 201 (p = 0.046). The only other extracts 
where differences between accessions were observed were 
the following: CYP3A4, P. senega root, E. arvense leaf, 
and R. groenlandicum leaf (p< 0.018); CYP19, R. aceto­
sella root and R. rosea root (p < 0.038) (Table 4). 

Discussion 
Quantitative analyses of phytochemical markers 

Iridoids and phenol glycosides in the R. rosea root and 
A. uva-ursi leaf extracts were quantified based on existing 
methods (Parejo et al, 2001; Tolonen et al., 2003). Sev­
eral glycosides, aglycones, catechins, as well as chloro-
genic acid were successfully quantified using a method 
developed by the authors. Chlorogenic acid in A. lappa 
root and G. procumbens leaf extracts, as well as luteolin 
and emodin in R. acetosella root extracts were also quan­
tified using this new method. Methyl salicylate is the 
active component most often associated with G. procum­
bens leaf extracts (Botma et al., 2001; Brinker, 2001), 
however, it was not identified using this method. 

The EO phytochemical markers that were most concen­
trated in the A. millefolium leaf and flower extracts were 1,8-
cineole, camphor, 4-terpineol, L-borneol, and (3-thujone 
(Table 3). In contrast, nerolidol 1 and 2, oc-terpineol, and 
carvacrol were the most concentrated EO markers in the 
R groenlandicum leaf extracts (Table 3). The latter phyto-
chemicals are all relatively less volatile compared with 
a-pinene and camphene and, thus, may be more easily 
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Table 3. Mean essential oil (EO) concentration (ng/ml) ± standard error (SE) in two accessions of Achillea millefolium and Rhodo­
dendron groenlandicum leaf 55% ethanol extracts (n = 2 to 3 per accession) and the statistical difference between accessions. 

Botanical and phytochemical marker Mean concentration (SE) Statistical difference 

A. millefolium 
oc-Pinene 
p-Cymene 
1,8-Cineole 
7-Terpinene 
a-Thujone 
P-Thujone 
Camphor 
4-Terpineol 
Ascaridol 
Carvone 
Carvacrol 
3-carophyllene 
L-Borneol 
Nerolidol 2 

R. groenlandicum 
(?-Pinene 
Linalool 
Camphor 
iso-Borneol 
L-Borneol 
sx-Terpineol 
Carvacrol 
Nerolidol 1 
Nerolidol 2 

230 
0 
1 (0) 

23 (3) 
4 (0.3) 
1(0) 
1(0) 

11(1) 
16(2) 
1(0) 

13(1) 
0.3 (0.3) 
2 (0.3) 
3(2) 
0 

216 
0 

0.3 (0.3) 
0.3 (0.2) 

0.3 (0.2) 
0.1 (0.1) 
1.6(1.6) 
1.7(0.8) 
6.1 (3.3) 
11.3(11.3) 

231 
3(1) 
12(3) 

518 (29) 
8 (0.4) 

3(0) 
37(3) 

172 (19) 
74(6) 
14(1) 

1(1) 
17(4) 

7 0) 
56(9) 
2(0) 

217 
0.6 (0.3) 
0 

0.6 (0.6) 
0.4 (0.4) 
0 

0.6 (0.6) 
0 

8.1 (2) 
0 

0.048* 
0.009* 

< 0.001* 
0.001* 

< 0.001* 
< o.oor 
< 0.001* 

o.oor 
< 0.001* 

0.002* 
0.009* 
0.004* 
0.002* 

< o.oor 

0.114 
0.317 
0.817 
0.817 
0.317 
0.796 
1.0 
0.658 
0.317 

'Indicates significant difference in mean concentration of A. millefolium essential oil between accessions (one-way ANOVA, Tukey's 
test, p < 0.05) and concentration of R. groenlandicum essential oil between accessions (Kruskal-Wallis one-way ANOVA, Mann-
Whitney [/-test, p > 0.05). 

retained in 55% ethanol, and therefore this might be the 
reason why they are more concentrated in the EO extract. 
EO extracts are frequently prepared using steam or hydro-
distillation, for example from R groenlandicum leaves 
(Belleau & Collin, 1993). Because 55% crude extracts were 
initially prepared, it was necessary to use a hexane extrac­
tion of the aqueous/alcohol preparations instead of the 
original preparation in order to analyze the EO markers. 

Phytochemical markers in E. arvense leaf and P. senega 
root extracts were not fully characterized due to lack 
of saponin standards required and resources to complete 
the multistep method described by Yoshikawa et al. 
(1995). E. (zrve/we leaf extracts are typically characterized 
by their saponin and high silica content (Duke & Fulton, 
2002) but also have many flavanoids (Veit et al., 1995). 

Relationship between phytochemical markers and CYP 
P450 inhibition 

Rhodiola rosea root 

R rosea has long been used in Europe and Asia to treat 
infectious illnesses, to increase mental acuity, and to treat 
psychiatric and neurological conditions (Brown et al., 

2002) and more recently as adoptogens in the west (Gan-
zera et al., 2001). According to our results, R rosea root 
extracts significantly inhibited the activities of CYP3A4 
and CYP19 (67% and 83%, respectively) and were 
ranked the most potent extract compared with the nine 
other botanical species. A positive relationship between 
rosarin concentration and the level of metabolic inhi­
bition was also found for both accessions. Our findings 
correspond with those by Tolonen et al. (2003) where 
glycosidic constituents extracted from R. rosea root have 
inhibited human prolyl endopeptidases, Our findings are 
unique in that there are no other published data to sug­
gest R. rosea root interacts with P450 enzymes. 

Arctostaphylos uva-ursi 

The principal pharmacological claim associated with A. 
uva-ursi leaf extracts is as a urinary antiseptic (Moerman, 
1998; Parejo et al., 2001), but it also has noted antioxida-
tive activity (Amarowicz, 1999). According to our 
results, A. uva-ursi leaf crude extracts were also consist­
ently potent inhibitors of CYP3A4 and CYP 19 activity 
(61% and 67%, respectively) and were ranked the 
second most potent inhibitors. The most concentrated 
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phytochemical identified in A. uva-ursi leaf extracts was 
arbutin (hydroquinone-p-D-monoglucopyranoside). No 
relationship was found between the extent of CYP inhi­
bition and the concentrations of arbutin or the other 
two minor constituents, gallic acid or myricitrin. Because 
arbutin is metabolized in the liver into hydroquinone 
conjugates (Newton et al., 2001), becoming potent anti­
microbials in the urinary tract (Dykes et al., 2003), future 
studies should investigate the effect of hydroquinone 
conjugates on the activity of CYP enzymes. 

Rhododendron groenlandicum and achillea millefolium 

R. groenlandicum is used for treating headcolds, stomach 
aches, and used as a diuretic and emetic (Moerman, 1998) 
and to treat gout (Owen & Johns, 1999). Ethanol extracts 
of R. groenlandicum leaves were shown to have moderate 
inhibitory activity against CYP3A4 (48%), but greater 
inhibition with CYP19 (76%). However, there was no 
relationship between the concentration of EOs measured 
in the extract and the extent of CYP inhibition. Our find­
ings are supported in part by those of two previous stu­
dies. First, the tea made from R. groenlandicum leaves 
was determined to be antimutagenic, the explanation 
being the extract constituents inhibit the CYP-activation 
system and therefore reduce genotoxin production 
(Idaomar et a l , 2002). Second, R groenlandicum leaf 
extracts contain quercetin-3-rhamnoside and quercetin-
3-arabinoside, two glycosidic derivatives of quercetin 
(data not shown), two flavonoids among others found 
in Gingko biloba, which are reported to greatly inhibit 
the activity of CYP3A4 (Gaudineau et a l , 2004). 

A. millefolium was recognized as having the greatest 
number of drug-related uses of all NA plants by native 
peoples, commonly as an analgesic (Moerman, 1998). 
According to our results, A. millefolium leaf and flower 
extracts moderately inhibited CYP3A4, CYP 19, and 
CYP2C19 (25%, 43%, and 63%,, respectively). All EO 
constituents quantified in the A. millefolium extracts had 
a positive relationship with CYP3A4 and CYP 19 inhi­
bition except for carvone, which described a negative 
relationship (Table 3). Our findings contradict those of 
Blinker (2001) where A. millefolium leaf and flower 
extracts were thought to stimulate acid secretion in the 
stomach, reducing effectiveness of gastrointestinal tract 
drugs, but not because of CYP inhibition. The A. millefo-
lium-CYP inhibition shown in the current study indicates a 
nonspecific activity against a range of human drug-meta­
bolizing enzymes, a fact that might lead to a greater than 
expected in vivo or clinical herb-drug interaction. 

Rumex acetosella 

R. acetosella is used traditionally in North America 
for gastrointestinal, problems (Moerman, 1998) and in 
southern Europe as an antidiarrheal and hypotensive, 

and other Rumex spp. are recommended for colds, diges­
tive and heart tonic use (Rivera et a l , 2005). According 
to our results, R. acetosella root has moderate inhibitory 
activity with CYP3A4 and CYP19 (38-53%, respect­
ively). The concentrations of the marker constituents, 
emodin and luteolin, were found to be significantly dif­
ferent between R. acetosella root accessions (Table 3), 
but there was no positive relationship found between 
the concentrations and the CYP3A4 or CYP19 inhibition 
(Table 4). The antimutagenic activity of emodin in 
Rheum officinale Baill. is attributed to its inhibition of 
CYP1A1, the enzyme responsible for iV-hydroxylation 
of Trp-P-2, creating a genotoxic compound (Sun et al., 
2000). Therefore, emodin and possibly luteolin may have 
some CYP-inhibitory activity, as observed in R. offici­
nale, but other constituents are likely more responsible 
for the inhibition observed in R. acetosella. 

Arctium lappa, gaultheria procumbens and vaccinium sp. 

In North America, A. lappa has been applied to treat 
rheumatism, to cleanse the blood, and as a urinary aid; 
G. procumbens infusions are used as an analgesic, a cold 
remedy, and for gastrointestinal and rheumatism; and 
Vaccinium sp. are used as an antidiarrheal and kidney 
aid (Moerman, 1998). The A. lappa root extract was 
found to be a weak inhibitor of CYP3A4, CYP 19, and 
CYP2C19 (<30%), the Vaccinium sp. leaf extract moder­
ately inhibited CYP3A4 and CYP19 (39%), and the 
G. procumbens leaf extract highly inhibited CYP3A4 
(72%) but not CYP19 (43%). Chlorogenic acid was iso­
lated from all three botanicals, however, no relationship 
appeared to exist between the concentration of chloro­
genic acid (Vaccinium sp. leaf > A. lappa root > G. pro­
cumbens leaf) and enzyme inhibition (G. 'procumbens 
leaf > Vaccinium sp. leaf > A. lappa root) for all three 
CYP isozymes. In the case of Vaccinium sp. leaf extracts, 
the dried extract weight (Table 1) and chlorogenic acid 
content in accession 196 was significantly greater than 
194 (Table 2), yet there was no difference in the mean 
CYP3A4 or CYP 19 inhibition (Table 4). It was also 
found that G. procumbens leaf extract's potent inhibiting 
effect on CYP3A4 metabolism was not related to chloro­
genic acid content in the extracts. 

In support of these findings, chlorogenic acid in crude 
St. John's wort extracts was found to have no inhibitory 
action against other monoxygenases: CYP1A2, CYP2C9, 
CYP2C19, CYP2D6, and CYP3A4 (Obach, 2000). 
Contradicting these results, however, were findings that 
chlorogenic acid at 0.5 uM inhibited other monoxygenases: 
benzyloxyresorufin O-dealkylase (BROD) (51 %), ethoxyr-
esorufin O-demethylase (EROD) (47%), and methoxyre-
sorufin O-demethylase (MROD) (54%) (Teel & Huynh, 
1998). These results were repeated by Baer-Dubowska 
et al. (1998), but it was found that chlorogenic acid barely 
inhibited the activity of EROD (IC50 = 3.5 mM), 
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moderately inhibited the activity of MROD (IC50 = 
33 uM), and potently inhibited the activity of 
pentoxyresorufin O-dealkylase (PROD) (IC50 = 18 uM). 
Chlorogenic acid inhibition of EROD and MROD activity 
(associated with CYP1A1 and CYP1A2, respectively) was 
described as noncompetitive and as a mixed competitor of 
PROD (associated with CYP2B1/2). 

The moderate inhibition of the CYP3A4 and CYP19 
by Vaccinium sp. leaf extract may have less to do with 
chlorogenic acid and more to do with quercetin-3-rham-
noside, quercetin-3-arabinoside, and other flavonoids 
mentioned previously to be in R groenlandicum leaf 
extracts. These flavanoids have high inhibitory activity 
against CYP3A4 (Gaudineau et al., 2004), as does 
kaempferol, commonly found in black tea Camellia 
sinensis, and recognized to inhibit CYP3A4 and aroma-
tase (Brinker, 2001). Because G. procumbens and Vacci­
nium sp. leaf extracts are used to treat many common 
ailments, there is a risk that the high to moderate 
CYP3A4 inhibition associated with each, respectively, 
may increase the plasma levels of drugs. There may be 
less concern for A. lappa root, commonly used in tra­
ditional Japanese cuisine, and as a source of fructofura-
nan, an insulin-type compound that is used for treating 
urogenital diseases (Kardosova et al., 2003). 

Poly gala senega and equisetum arvense 

P. senega root decoctions are used to treat respiratory 
diseases, rheumatism, and as diaretic, and E. arvense 
stem and leaves are used as a kidney and urinary aid 
(Moerman, 1998). P. senega root extracts moderately 
inhibited the activity of CYP19 (31%) and CYP2C19 
(37%) but showed a weaker inhibition of CYP3A4 
(27%). Although no phytochemical markers were ident­
ified, a positive relationship was measured between the 
significantly greater dried extract recovery (Table 1) 
and CYP3A4 inhibition for accession 224 relative to 
accession 222 (Table 4). Accession 224 had greater 
CYP19 and CYP2C19 inhibition than accession 222 as 
well, but this was not statistically different. Because 
P. senega root constituents have shown promise in treat­
ing hypoglycemia as evidenced by significantly lowered 
glucose levels shown in vivo (Yoshikawa et al., 1995), 
the low potential for drug interaction mediated by 
CYP3A4 inhibition in patients is encouraging. The E. 
arvense leaf and A. lappa root extracts demonstrated 
the lowest inhibition (< 15% inhibition) against the 
CYP3A4 enzyme. Both were twice as active at inhibiting 
CYP19 (<30%). These botanicals have not previously 
been reported to inhibit CYP activity. E. arvense 
from NA sources contain flavonoids such as luteolin 5-
(6'-0-malonyl-glucoside) and quercetin 3-0-(6"-O-malo-
nylglucoside) (Veit et a l , 1995). Although not identified 
as marker constituents in the current study, these flava­
noids may provide some of the CYP inhibition. 

In conclusion, it has been shown that several NA bota­
nicals commonly used in TM and to complement phar­
maceutical drug therapies can potentially influence the 
bioavailability and pharmacokinetics of a broad range 
of important pharmaceutical drugs by inhibiting CYP 
P450 drug-metabolism. Although it is difficult to extrapo­
late information from in vitro studies to a clinical context, 
the in vitro induction of enzyme activity by St. John's 
wort and garlic have also been demonstrated with 
repeated exposure to lead to decreased drug bioavailabil­
ity in vivo (Foster et al., 2005). The findings of this article 
also indicate that a wide variety of NA botanicals have 
the potential to affect the major drug-metabolizing 
enzyme CYP3A4 and steroid-metabolizing enzyme 
CYP19. This is of concern given (1) the current popularity 
of NHPs, (2) they are often used to complement pharma­
ceutical therapies, and (3) the lack of this type of infor­
mation provided by manufacturers, although it may be 
required for the cautionary labeling that is mandatory 
for licensed natural health products under the Canadian 
Natural Health Products Regulations. Future studies will 
focus on A. uva-ursi and R. rosea as these were the bota­
nicals that demonstrated consistently the greatest inhi­
bition against CYP isozymes 3A4 and 19. 
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