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Abstract

Dietary supplements are consumed by more than 300 million people worldwide, and herbal dietary 

supplements represent the most rapidly growing portion of this industry. Even though adverse 

health effects of many herbal dietary supplements have been reported, safety assurances are not 

being addressed adequately. Toxicological data on the identification of genotoxic and tumorigenic 

ingredients in many raw herbs are also lacking. Currently, more than 30 herbal dietary 

supplements and active ingredients have been selected by the National Toxicology Program (NTP) 

for toxicity and tumorigenicity studies. Due to the complexity of the chemical components present 

in plant extracts, there are no established methodologies for determining the mechanisms of 

toxicity (particularly tumorigenicity) induced by herbs, such as Gingko biloba leaf extract (GBE) 

and other herbal plant extracts. Consequently, the understanding of toxicity of herbal dietary 

supplements remains limited.

We have proposed that application of DNA microarrays could be a highly practical initial 

approach for revealing biological pathways and networks associated with toxic-ity induced by 

herbal dietary supplements and the generation of hypotheses to address likely mechanisms. The 

changes in expression of subsets of genes of interest, such as the modulation of drug metabolizing 

genes, can be analyzed after treatment with an herbal dietary supplement. Although levels of gene 

expression do not represent fully the levels of protein activities, we propose that subsequent 

biochemical and genomic experiments based on these initial observations will enable elucidation 

of the mechanisms leading to toxicity, including tumorigenicity. This review summarizes the 
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current practices of microarray analysis of gene expressions in animals treated with herbal dietary 

supplements and discusses perspectives for the proposed strategy.
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INTRODUCTION

Since the United States Congress passed the Dietary Supplement Health and Education Act 

(DSHEA) in 1994, herbal functional products, including herbal dietary supplements, have 

been the fastest growing segment of the vitamin, mineral supplements, and herbal products 

industry in the United States. The American Herbal Products Association estimates that 

there are about 3,000 species of plants, in as many as 50,000 different products, sold as 

herbal supplements in the United States (1). In the U.S. market, ginseng, ginkgo, saw 

palmetto, echinacea, soy, bilberry, grape seed, and green tea extracts are the top-selling items 

(2). Even though a number of herbal dietary supplements has been reported to exert adverse 

effects in humans and experimental animals (3–6), safety issues concerning potential side 

effects and toxic contamination of herbal products (i.e., may not contain the correct plant 

species as claimed or may be contaminated with other herbs, pesticides, or metals) are not 

being addressed adequately. The evaluation and identification of the toxic ingredients, 

including genotoxic and tumorigenic ingredients, in many raw herbs are also largely missing 

(7–13). To ensure consumer health protection, the quality and safety of herbal dietary 

supplements, as well as the raw herbal plants used for dietary supplement preparations, must 

be assured (5, 14–17).

To address the issue of human health protection, more than 30 herbal dietary supplements 

and active ingredients have been nominated by the U.S. Food and Drug Administration 

(FDA) and the National Institutes of Health (NIH) to the U.S. National Toxicology Program 

(NTP) for determination of their toxicity and tumorigenicity. These include Ginkgo biloba 
extract, panax ginseng, kava, Aloe vera, green tea extract, comfrey, symphytine, dong quai, 

ephedrine alkaloid, L-ephedrine (ma huang), black cohosh, goldenseal root powder, 

pulegone, usnic acid, and Usnea herb. These herbal dietary supplements are being examined 

because they are among the most widely used and their consumption continues to increase in 

the United States. For risk assessment, when a test substance is found to be tumorigenic in 

the NTP chronic tumorigenicity bioassays, the elucidation of the mechanism of action is 

useful for establishing the relevance to humans. A tumorigenic compound or herbal product 

identified in animal bioassays with sufficient documentation of toxicity in humans will be 

listed as either “known to be a human carcinogen” or “reasonably anticipated to be a human 

carcinogen” in the “Report on Carcinogens (RoC)”, a U.S. congressionally mandated 

document prepared by the NTP (18).

In general, approaches for determining the mechanism by which a pure chemical induces 

toxicity or tumorigenicity have been relatively well established. Unfortunately, these 
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approaches could not be readily extended to the studies of a mixture of different chemical 

components, such as herbal plants and herbal dietary supplements (19, 20). The chemical 

complexity of herbal compositions makes it difficulty to evaluate not only the efficacy but 

also the mechanism of toxicity and tumorigenicity. There are no simple and clear-cut 

approaches to determine the mechanism of action leading to toxicity and tumorigenicity of 

herbs. For instance, if an herbal supplement is hepatotoxic, it is difficult to determine if a 

single constituent is solely responsible for the hepatotoxicity of the whole herb. In an herb 

with multiple chemical constituents, the relative abundance of each compound may have an 

impact on the contribution of a specific chemical to hepatotoxicity, producing additive, 

synergetic, or antagonistic effects. This means that the toxic activities of a pure chemical 

constituent of an herb plant may not contribute significantly to toxic activity of the whole 

herb plant. For risk assessment, it is pertinent that toxicity data from the dietary supplement 

investigation can be used to extrapolate toxicity and tumorigenicity to humans. Thus, there is 

a need for elucidating mechanisms by which herbal dietary supplements exert toxicity and 

tumorigenicity.

Analysis of gene expression changes induced by exposure to a chemical both in vitro and in 

vivo can provide information about its mechanism of action (21–23). Toxicogenomics 

combines toxicology with genomics or other high throughput molecular profiling 

technologies such as transcriptomics, proteomics, and metabolomics (24) has been applied 

broadly in toxicant or toxin characterization, toxicity predication, biomarker discovery and 

identification, toxicant classification, environmental chemical/compound prioritization, and 

underlying mechanism elucidation (22, 23, 25–27). Although toxicogenomics has been 

applied to study toxicology since the application of DNA chips to toxicology from the late 

1990s (28), use of a toxicogenomic approach for mechanistic study of toxicity induced by 

herbal dietary supplements has only recently been initiated.

We have long been interested in studying the toxicity and tumorigenicity induced by a 

variety of herbal dietary supplements. Our primary studies included the identification of 

toxic contaminants and tumorigenic components, determination of the mechanisms leading 

to hepatotoxicity and tumorigenicity in experimental animals, and DNA microarray study of 

gene expression profiles (12, 29–36). For example, we used DNA microarray technology to 

identify gene expression alterations induced by exposures of kava extract and GBE to rats 

and mice and elucidated their potential roles in liver toxicity (31–33). We have proposed that 

analysis of alterations in gene expression profiles can be an initial approach for determining 

the mechanisms by which herbal plants and herbal dietary supplements induced toxicity 

and/or tumorigenicity. In this review, we highlight this strategy with examples illustrating 

different types of mechanism-associated information, including modulation of drug 

metabolizing enzymes and changes of pathways/networks. From this information, the likely 

mechanism(s) of toxicity can be hypothesized and validated by subsequent chemical, 

biological, and genomic experiments.
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MODULATION OF DRUG METABOLIZING ENZYMES

1. Cytochrome P450 (CYP) Enzymes

The drug metabolizing enzymes, located in the smooth endoplasmic reticulum, play a major 

role in the metabolism, elimination, and detoxification of xenobiotics, including drugs 

introduced into our bodies. Drug metabolizing enzymes include phase I enzymes, which are 

involved in oxidation, reduction, and hydrolysis reactions; phase II enzymes, which usually 

involve conjugation reactions; and phase III transporters. Although hepatotoxicity associated 

with herbal dietary supplement intake has been frequently reported (3–6, 9), the mechanisms 

of hepatotoxicity are not yet been elucidated. In addition to an herb’s intrinsic toxicity, herb-

drug interactions may also contribute to safety concerns. It has been shown that herbal 

dietary supplements can induce or inhibit the activities of drug metabolizing enzymes, thus 

affecting both the pharmacokinetics and pharmacodynamics of co-administrated drugs (37, 

38). This may result in decreased pharmacological effects or increased toxic effects of the 

co-administrated drugs (39) .

Study of herb-drug interactions has primarily focused on CYP450-based interactions, 

although recent studies also investigated the roles of transporters (37). Conventional 

approaches for assessment of the modulation of drug metabolizing enzymes include in vitro 

and in vivo studies, mRNA and protein expression, and enzymatic activity. For instance, the 

inhibition of CYP450 activity is frequently examined with liver microsomal preparations or 

recombinant CYP enzymes. Enzyme induction potential is evaluated using freshly isolated, 

cryopreserved hepatocytes, or precision-cut slices (40, 41). Nevertheless, these approaches 

are targeted for one or only a few individual CYPs. DNA microarrays has the advantage 

which allows the simultaneous monitoring of expression of thousands of genes, including 

many drug metabolizing genes. For example, there are more than 50 probes coding for CYP 

family genes on human whole genome expression arrays (e.g., HumanRef-6, Illumina) and 

300 probes corresponding to phase I, II, and III drug metabolizing genes on mouse whole 

genome expression arrays (e.g., Mouse OneArray, Phalanx Biotech Group). It is reasonable 

to anticipate that many drug metabolizing enzymes can be modulated by treatment with 

herbal dietary supplements. Moreover, changes in gene expression levels often reflect 

alterations of enzyme levels and this is normally observed for the CYPs except for CYP2E1 

where protein stabilization plays a critical role in the inductive response (40, 42–44). For the 

above reasons, applying microarrays to investigate the induction or inhibition of drug 

metabolizing enzymes is important and feasible.

1.1 Kava—Kava, the rhizome of the kava tropical shrub plant Piper methysticum Forst. F., 

has been used in Europe for treatment of anxiety and nervous disorders, such as stress and 

restlessness, and in the United States as a natural alternative to anti-anxiety drugs and 

sleeping pills. However, the potential hepatotoxicity of kava in humans has been reported 

recently (45–51). The association of kava product use with liver-related risks prompted 

regulatory agencies in many countries to take actions, from warning consumers to removing 

kava-containing products from the marketplace. The U.S. FDA issued a Consumer Advisory 
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entitled “Kava-containing dietary supplements may be associated with severe liver injury” in 

2002 (16).

Kava extract was nominated to the NTP for a chronic tumorigenicity bioassay conducted. As 

part of a range finding study, the NTP conducted 14-week studies to characterize the 

toxicology of kava exposure in Fischer 344 rats and B6C3F1 mice. Groups of 10 male and 

10 female rats and mice were administered kava extract by gavage at 0, 0.125, 0.25, 0.5, 1.0, 

or 2.0 g/kg/day. Using the tissues from these animals, Guo et al. (31) studied the induced 

changes in expression of genes, with emphasis on drug metabolizing genes, in the livers of 

Fischer 344 male rats administered kava. Analysis of 22,226 genes revealed that there were 

17, 37, and 72 drug metabolizing genes significantly altered in the 0.5, 1.0, and 2.0 g/kg 

treatment groups, respectively (Figure 1). Among 72 drug metabolizing genes whose 

expression were significantly changed in the 2.0 g/kg treatment group, 19 genes were 

associated with Phase I metabolizing enzymes; 21 genes with Phase II metabolizing 

enzymes; and 32 genes with transporters (Phase III) (Table 1). Sixteen of the 19 significantly 

altered Phase I metabolism-associated genes were CYPs. While gene expression of 

CYP1A1, 1A2, 2C6, 3A1, and 3A3 increased, CYP 2C23 and 2C40 decreased, all in a dose-

dependent manner (Figure 2).

Using the liver tissues from same animals, Clayton et al. (52) determined the expression of a 

number of hepatic CYP enzymes by immunohistochemical methods. They found that there 

was decreased expression of CYP 2D1 (human CYP2D6 homolog) in 2.0 g/kg females and 

increased expression of CYP1A2, 2B1, and 3A1 in the 1.0 and 2.0 g/kg groups of both 

sexes. These authors proposed that kava-induced hepatic functional changes in the rat might 

be relevant to human clinical cases of hepatotoxicity following exposure. Because of the 

limitation of using the immunohistochemical method, i.e., only limited numbers of 

antibodies were used for the studies (52), it was not clear how many drug metabolizing 

enzymes were altered in response to the administration of kava.

The expression of liver genes of kava-treated male mice was studied similarly (33). After 

exposure to 0.125, 0.25, 0.5, 1.0, and 2.0 g/kg kava, there were 349, 353, 880, 1339, and 

1674 genes significantly up or down-regulated. Upon 2.0 g/kg kava treatment, 95 drug 

metabolizing enzyme-associated genes were significantly altered, among which 28 genes 

were associated with Phase I metabolizing enzymes, 29 genes with Phase II metabolizing 

enzymes, and 38 genes with transporters (Phase III).

1.2 Ginkgo Biloba Extract—Ginkgo biloba extract (GBE) has been one of the most 

widely sold products in health food stores in the United States. Its purported biological 

effects include scavenging free radicals, lowering oxidative stress, reducing neural damage, 

reducing platelet aggregation, and anti-inflammation, anti-tumor, and anti-aging activities. 

Clinically, it has been used to treat CNS disorders, such as Alzheimer disease and cognitive 

deficits. It also causes allergies and alters bleeding time. While its mutagenicity or 

carcinogenic activity has not been reported, some of its constituents, quercetin, kaempferol, 

and rutin have been shown to be genotoxic. However, whether GBE exhibits hepatotoxicity 

or carcinogenicity remains unclear.
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Guo et al. (32) determined gene expression changes in the livers of B6C3F1 mice 

administered GBE chronically. Among the 31,802 genes analyzed, there were 129, 289, and 

2011 genes significantly altered in the 200, 600, and 2,000 mg/kg treatment groups, 

respectively. Significant numbers of drug metabolizing genes were altered in response to 

GBE treatments. At 2,000 mg/kg GBE treatment, there were 68 drug metabolizing genes 

whose expression was significantly altered, of which 33 genes were Phase I metabolizing 

enzymes, 18 genes were Phase II metabolizing enzymes, and 17 genes were transporters 

(Phase III). It is worth noting that 23 of the 33 expressed Phase I metabolism associated 

genes were CYPs, in which 2 genes belong to the CYP1 superfamily (CYP1A1 and 1A2), 

15 genes belonged to the CYP2 superfamily, and 2 genes belonged to the CYP3 superfamily 

(Table 2) (32). TaqMan assays were used to verify some of the results of the gene expression 

changes measured using microarrays. Nine drug metabolizing genes were selected for the 

TaqMan analysis to validate the microarray data. Six genes, CYP1A1, CYP1A2, CYP2B10, 

CYP2C55, CES2, and GSTA2, were found to be overexpressed, and the changes in 

CYP1A1, CES2, and GSTA2 were dose dependent (Figure 3).

2. Other Drug Metabolizing Enzymes

Much attention had been paid to CYP families in the study of drug absorption, distribution, 

metabolism, and elimination, as well as drug-drug interactions. Recently, the clinical 

relevance and scientific understanding of other drug metabolism enzymes in these processes, 

such as membrane transporters, have been recognized (41). In our studies of herbal dietary 

supplements, in addition to the CYP family, alterations of many other drug metabolizing 

genes were also observed (31–33). For example, the expression of FMO3 (flavin-containing 

monooxygenase 3) was dramatically inhibited with 2,000 mg/kg GBE treatment (Table 2). 

Besides the CYP family, flavin-containing monooxygenase (FMO) is another major family 

of Phase I drug-metabolizing enzymes catalyzing the oxidative biotransformation of drugs. 

FMO enzymes break down compounds that contain nitrogen, sulfur, or phosphorus. FMO3, 

a major FMO isoform, plays an important role in metabolizing drugs such as the anticancer 

drug tamoxifen, the pain medication codeine, the antifungal drug ketoconazole, and 

antipsychotic drugs clozapine and olanapine (53–55). In our study, GBE inhibited the 

expression of FMO3 significantly, with 77-fold reduction detected by microarray and 166-

fold reduction validated by TaqMan assay. The data suggest that down-regulated expression 

of the FMO3 enzyme by GBE may potentially inhibit the metabolism of certain drugs 

resulting in herb-drug interactions, thus either reducing the therapeutic effects or enhancing 

the toxicity induced by their metabolites. The expression of many Phase III transporters was 

altered by kava and GBE treatments (Table 1 and 2). It is, therefore, of great importance to 

determine the roles of these transporters in herb-drug interactions and what classes of 

chemicals/drugs are likely affected.

3. Herb-Drug Interactions

One of the most reported adverse effects caused by herbal products is hepatotoxicity. While 

the mechanisms of hepatotoxicity initiated by herbal products are not clear, modulation of 

drug-metabolizing enzymes leading to herb-drug interactions has been proposed as one of 

the major causes (31, 52, 56). When acting as an enzyme inhibitor, the metabolic activity of 
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one or several CYP enzymes can be blocked. In contrast, enzyme inducers enhance CYP 

activity by increasing the enzyme synthesis. Herbal products can also induce hepatotoxicity 

through competitive inhibition, e.g., by sharing the same CYP isozyme that is specifically 

required for metabolism of a drug, and thus, competitively block this drug’s metabolism. 

This would cause the drug to be present at higher amounts and for a longer time in the liver, 

potentially leading to hepatotoxicity.

The CYP1, CYP2, and CYP3 superfamilies are the most important enzymes in the 

metabolism of drugs and the metabolic activation of toxic and carcinogenic xenobiotics (57, 

58). The Phase II enzymes can eliminate drugs and carcinogenic metabolites of xenobiotics 

by forming water soluble conjugated metabolites. The balance between the Phase I and 

Phase II enzyme components determines the metabolic fate of endogenous and exogenous 

chemicals. Consequently, co-administration of herbal dietary supplements, such as kava 

extracts, and therapeutic drugs may result in herb-drug interactions, which can lead to 

serious clinical as well as toxicological consequences (10, 11, 59– 62). The results obtained 

from Guo et al. (31) demonstrated that many rat liver drug metabolizing genes were altered 

in response to kava treatment; this is in good agreement with the report by Lim et al. (63) 

that kava-induced herb-drug interaction through modulation of metabolizing enzymes is a 

possible cause of hepatotoxicity.

There are several proposed mechanisms of kava induced hepatotoxicity and the most 

accepted one is the induction of herb-drug interactions through modulation of metabolizing 

enzymes by which the drug metabolism can be affected. Guo et al. (31–33) suggested that 

analysis of the gene expression profiles using microarrays in the livers of rodents treated 

with herbal dietary supplement is potentially a practical approach for understanding the 

mechanism of action.

PATHWAY AND NETWORK ANALYSES

Pathway and network analyses can be utilized to investigate the gene relationships, 

functional clustering, and mechanisms of toxicity. For example, Guo et al. (32) determined 

the most relevant biological functions, pathways, and networks of the genes altered by 2,000 

mg/kg GBE treatment. The top canonical pathways are metabolism of xenobiotics by 

cytochrome P450; fatty acid metabolism; tryptophan metabolism; LPS/IL-1 mediated 

inhibition of RXR function; arachidonic acid metabolism; linoleic acid metabolism; aryl 

hydrocarbon receptor signaling; xenobiotic metabolism signaling; glutathione metabolism; 

aminosugars metabolism; PXR/RXR activation; NRF2-mediated oxidative stress response; 

hepatic fibrosis/hepatic stellate cell activation; tyrosine metabolism; acute phase response 

signaling; FXR/RXR activation; sphingolipid metabolism; G-protein coupled receptor 

signaling; coagulation system; and glycosaminoglycan degradation. The effects on Nrf2 

(nuclear factor erythroid-related factor 2)-mediated oxidative pathway, Myc pathway, and 

others are described in the following.
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1. Nrf2-mediated Oxidative Pathway

Even if there was no clear sign of liver toxicity induced by herbal dietary supplements in 

experimental animals, distinct gene expression alterations (i.e., gene expression signature) 

would be a powerful tool for predictive toxicity. Keap1-Nrf2-ARE signaling plays a critical 

role in protecting cells from endogenous and exogenous stresses, and is involved in 

antioxidative response, detoxification of xenobiotics, and proteome maintenance. Under 

normal physiological conditions, the transcription factor Nrf2 localizes in the cytoplasm and 

interacts with Keap1. Upon oxidative stress, Nrf2 is released from Keap1 and translocates to 

the nucleus and subsequently activates its various downstream target genes (64). The target 

genes show a wide spectrum of functions including inactivating oxidants, increasing the 

levels of glutathione, and enhancing toxin export via transporters to enhance cell survival. 

Nrf2 knockout mice show higher sensitivity to chemical toxicity. Studies using Nrf2 knock-

out mice demonstrated that they were more susceptible to acetaminophen-induced 

hepatocellular injury (65) and benzo[a]pyrene-induced tumor formation, as indicated by 

higher levels of DNA adducts (66). This susceptibility is due partly to a reduced level in the 

expression of detoxification enzymes (64, 67). Activation of detoxification enzymes plays a 

pivotal role in protecting cells from oxidative insult when cells encounter toxin challenge.

Guo et al. (33) determined that in the liver of male mice treated with kava, the expressions of 

a group of genes involved in detoxification processes (NQO1, GSTMs, GSTAs, and GSTPs) 

were elevated. The most prominent changes were observed in the 2.0 g/kg treatment group, 

with GSTA1, GSTA2, and NQO1 being increased by 50-, 24- and 4-fold, respectively. These 

altered genes are the well-known target genes controlled by the transcription factor Nrf2, 

implicating that the enhanced expressions of these genes were caused by Nrf2 activation. 

Ingenuity Pathway analysis indeed identified Nrf2- mediated oxidative stress response as a 

significantly changed pathway, although the mechanisms for Nrf2 activation after kava 

treatment remain elusive. It has been demonstrated that multiple mechanisms are involved in 

Nrf2 activation, among which, Keap1-dependent pathway and kinase (MAPKs, PKC, and 

PI3K) signal pathway are the best characterized (68). While the former pathway is usually 

oxidative stress-driven, the latter could be either oxidative stress-dependent or independent. 

As to kava effects, a recent study showed that kava ingredients activated Nrf2 by 

mechanisms of oxidative stress-independent MAPKs, specifically ERK1/2 kinase signal 

pathway in neural cells (69). Whether this observation can be extended to liver or 

hepatocytes is worth further investigation.

Guo et al. (32) explored pathways and networks in response to Ginkgo biloba extract 

treatment and found that Ginkgo biloba extract exposure resulted in significant stimulation 

of the Nrf2-mediated oxidative pathway (Figure 4). Nrf2-mediated oxidative stress response 

was identified with 23 genes involved. In the pathway regulated by NRF2, most of the genes 

were up-regulated while two genes were down-regulated. The up-regulated genes included 

those coding for detoxifying enzymes (NQO1, GSTMs, GSTAs, GSTP1, and UGT1A2), 

glutathione homeostasis (GSR), and transporter (ABCB1). Maf2, a transcriptional factor that 

forms heterodimers with Nrf2, was also up-regulated. Two down-regulated genes were P13k, 
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which plays a role in Nrf2 phosphorylation, and Sod3, which is a family member of 

antioxidants.

2. Mitochondria Dysfunction

Usnic acid is a prominent secondary lichen metabolite commonly used as a weight-loss 

dietary supplement in Western countries due to its uncoupling action on mitochondria. 

However, its use has been associated with severe liver damage in some healthy individuals 

(9). Most of the studies so far reported focus on determining the effects of usnic acid on 

mitochondria dysfunctions primarily concerning the rate of oxygen consumption and ATP 

generation. To determine the effects of usnic acid on mitochondria, Joseph et al. (70) 

employed a mitochondria-specific microarray (MitoChip) (71) to study the expression levels 

of a library of 542 genes associated with mitochondrial structure and functions in liver of 

B6C3F1 female mice. The genes on the MitoChip are involved in oxidative phosphorylation, 

beta-oxidation of free fatty acids, tri-carboxylic acid cycle, apoptosis, mitochondrial DNA 

replication, transcription, DNA repair, and others (71). Microarray analysis was performed 

on livers of mice exposed to usnic acid at 0, 60, 180, and 600 ppm in feed ad libitum for two 

weeks. The expression of more than 100 genes was altered in the highest dose group. Genes 

associated with complexes I through IV of the electron transport chain were significantly 

induced, and a number of genes, which are involved in fatty acid oxidation, the Krebs cycle, 

apoptosis, and membrane transporters, were over-expressed. Usnic acid is lipophilic and 

thus can diffuse through mitochondrial membranes and cause a proton leak (uncoupling). 

Joseph et al. (70) hypothesized that the up-regulation of genes associated with complexes I–

IV functions may be a compensatory mechanism to maintain the proton gradient across the 

mitochondrial inner membrane. Based on this finding, they also suggested that induction of 

fatty acid oxidation and the Krebs cycle may be an adaptive response to the uncoupling of 

mitochondria.

3. Pro-oncogene Myc Pathway

In addition to the effect on the Nrf2- mediated oxidative stress response pathway, Guo et al. 

(32) found that male mice treated with GBE also showed significant alteration of the MYC 

regulated pathway (Figure 5). The significantly changed genes after GBE administration 

were mapped into 87 networks. Each network was associated with specific genes and 

involved in different functions, of which 23 networks had 20 or more focus molecules. The 

central gene in this network was the pro-oncogene MYC. Twenty-one genes were found to 

be directly associated with MYC and these genes function in cell cycle, cell growth/

proliferation, and cell death processes. Notably, CIDEC (cell-death-inducing DFFA-like 

effectors c), which promotes apoptosis, exhibited a 47-fold induction. The expression of 

genes involved in DNA replication checkpoint (CDCA8 and CDC45l) was also up-regulated. 

GAS1 (growth arrest-specific 1), the tumor suppressor gene that blocks entry to S phase and 

prevents cycling of cells, remarkably was down-regulated by 20-fold.

4. Cancer Related Pathway and Comparative Pathway Analysis

Comfrey has been used as a vegetable, a tea, and an herbal medicine for many years, and 

recently as an herbal dietary supplement. However, comfrey is hepatotoxic in livestock and 
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humans and carcinogenic in experimental animals. Mei et al. (36) studied the comfrey-

induced gene expression profile of 26,857 genes in the livers of rats by DNA microarray 

analysis. Groups of 6 male transgenic Big Blue rats were fed a basal diet (control) or a diet 

containing 8% comfrey roots, a dose that resulted in liver tumors in a previous 

carcinogenicity bioassay, for 12 weeks and sacrificed one day after the final treatment. When 

a two-fold cutoff value and a P-value less than 0.01 were selected, 2,726 genes were 

identified as differentially expressed in comfreyfed rats compared to control animals. 

Among these genes, there were 1,617 genes associated by Ingenuity Pathway Analysis with 

particular functions, and the differentially expressed genes in comfrey-fed rat livers were 

involved in metabolism, injury of endothelial cells, and liver injury and abnormalities, 

including liver fibrosis and cancer development. The genes involved in cell death and 

apoptosis in endothelial cells altered by comfrey treatment in liver are listed in Table 3.

Aristolochic acid is the active component of herbal drugs derived from Aristolochia species 

that have been used for medicinal purposes since antiquity. Aristolochic acid, however, 

induces nephropathy and urothelial cancer in people and malignant tumors in the kidney and 

urinary tract of rodents (12, 72). Although aristolochic acid is bioactivated in both kidney 

and liver, it only induces tumors in kidney. Chen et al. (29) examined gene expression 

profiles by DNA microarray analysis in kidney and liver of rats treated with carcinogenic 

doses of aristolochic acid. The gene expression profiles were significantly altered by 

aristolochic acid treatment in both kidney and liver. Functional analysis with Ingenuity 

Pathways Analysis showed that there were many more significantly altered genes involved 

in cancer-related pathways in kidney than in liver and that these genes were mainly 

associated with defense response, apoptosis, and immune response in kidney, but not in liver. 

The differential responses between kidney and liver might be responsible for the tissue-

specific toxicity and carcinogenicity of aristolochic acid. These results suggest that analysis 

of the gene expression profiles can define the differential responses to toxicity and 

carcinogenicity of aristolochic acid from kidney and liver (29).

USE OF DNA MICROARRAY ANALYSIS FOR CONSEQUENT MECHANISM 

DETERMINATION

1. Toxicological and Mechanistic Information Obtained from DNA Microarray Analysis

Currently there is no established methodology for determining the mechanisms of toxicity 

(particularly tumorigenicity) induced by a mixture of many chemical components, such as 

GBE and other herbal plant extracts. Previously, we proposed that DNA microarray analysis 

may be a highly practical initial approach for revealing the whole spectrum of gene 

expression alterations by a chemical mixture (31–33). The experimental results described 

previously illustrate that useful toxicological effects and mechanistic information can be 

obtained from analysis of the gene expression changes in the liver of rats and mice treated 

with herbal dietary supplements (including kava extract, GBE, and comfrey) and herbal 

components (such as aristolochic acid and usnic acid). The resulting toxicological effects 

and mechanism information are summarized below.
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A. Kava and GBE modulate CYP metabolizing isozymes, which may lead to herb-

drug interactions by affecting the pharmacokinetics of co-administrated drugs, 

and potentially resulting in hepatotoxicity (31–33). The CYP1, 2, and 3 

superfamilies are important in the metabolism of xenobiotics including drugs. 

CYP1A1, which generally exists in a very low amount in the adult liver, plays a 

vital role in metabolic activation of xenobiotics, such as tumorigenic polycyclic 

aromatic hydrocarbons (PAHs) (73). Thus, induction of CYP1A1 by GBE and 

kava treatments may contribute to their hepatotoxicity, and enhance metabolic 

activation of tumorigenic xenobiotics, leading to adverse human health effects.

B. Whole-genome gene expression analysis revealed that kava altered the 

expression of CYP1A1, which was not studied in prior reports (31). This finding 

well-illustrates that without obtaining the whole spectrum of gene expression 

change, some important information, such as CYP1A1 up-regulation, may be 

missed.

C. The liver gene expression profile of drug metabolizing enzymes in kava-treated 

male rats obtained by Guo et al. (31) correlated with the corresponding protein 

levels determined by immunohistochemical assays (52).

D. Herbal dietary supplements can modulate Phase I, Phase II, and Phase III 

metabolizing gene expression. Besides CYP, the flavin-containing 

monooxygenase (FMO) is another major group of Phase I drug-metabolizing 

enzyme catalyzing the oxidative biotransformation of drugs and other chemicals. 

Guo et al. (32) observed that GBE dramatically inhibited the expression of 

FMO3, which suggests that down-regulated expression of the FMO3 enzyme by 

GBE potentially inhibits metabolism of certain drugs resulting in drug-drug or 

drug-food interactions, thus reducing the therapeutic effects or enhancing the 

toxicity induced by their metabolites. Considerable attention may need to be paid 

to the likely induction/inhibition of drug metabolizing genes such as CYP1A1 

and FMO3 and many others in humans taking kava products.

E. GBE exposure resulted in the significant stimulation of the Nrf2-mediated 

oxidative stress pathway and Myc-centered network. These results provide 

important clues for elucidating the toxic mechanisms of GBE, and may predict 

the liver lesions caused by GBE exposure.

2. Guidance for Subsequent Mechanistic Studies

The gene expression profile obtained from DNA microarray helps in determining its 

phenotype, function, and response to the foreign materials entering into the cells. Analysis 

of the resulting gene expression profile can provide us useful information as described 

above. Well-planned subsequent mechanistic studies, based on the gene expression profiles, 

should enable a better understanding of the underlying molecular mechanisms. Several 

mechanistic approaches are suggested below.

A. When gene expression is changed by herbal dietary supplement, it is necessary to 

determine whether protein expression levels and the enzyme activities are also 
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altered. For example, it was determined that hepatic CYP1A1 gene was induced 

by kava and GBE (31–33). The expression of hepatic CYP enzymes can be 

determined by immunohistochemical methods or by proteomic analysis. The 

CYP1A1 enzyme activity, in turn, can be assayed by liver microsomal 

metabolism of a substrate specifically metabolized only by CYP1A1 enzyme 

followed by determination of the level of the metabolite formed. For example, 

benzo[a)pyrene trans-7,8-dihydrodiol is a good substrate of CYP1A1. 

Benzo[a]pyrene trans-7,8-dihydrodiol is metabolized into the tumorigenic 

metabolite benzo[a]pyrene trans-7,8-diol anti-9,10-epoxide specifically by 

CYP1A1. Comparison of the quantities of benzo[a]pyrene trans-7,8-diol 

anti-9,10-epoxide (by measurement of the corresponding tetrol formation by 

HPLC analysis) formed from microsomal metabolism of benzo[a]pyrene 

trans-7,8-dihydrodiol by liver microsomes of untreated mice and mice pretreated 

with kava will enable us to determine the increase in CYP1A1 enzyme activity 

caused by kava treatment.

B. GBE exposure resulted in the significant stimulation of the expression of genes 

in the Nrf2-mediated oxidative pathway and alteration in the expression of gene 

in the Myc regulated pathway. These findings suggest that the liver tissues are 

damaged by reactive oxygen species (ROS) generated by GBE treatment, or by 

damage of mitochondrial function. This can be validated by examining ROS 

formation in both in vitro and in vivo systems. ROS can interact with proteins, 

cellular DNA, and membrane lipid, causing cellular damage of these tissues. 

This damage can be examined by assaying lipid peroxidation, DNA strand 

cleavage, DNA adduct formation, and other approaches. Using gene deficient 

animal models (e.g., Nrf2 knockout mice) or transgenic models (e.g., as Myc 

overexpressing mice) can help elucidate and determine the roles of the particular 

genes or pathways in hepatotoxicity and tumorigenesis induced by herbal dietary 

supplements. These subsequent experiments will provide important clues for 

elucidating the toxic mechanisms of GBE, which may cause hepatic damage, 

including severe liver lesions and even liver tumors. Although at present the NTP 

two-year chronic tumorigenicity bioassay with GBE has been completed, the 

histopathology results from this study have not been completed. The results of 

that study will provide the outcomes that may support the predictions.

C. Integration of gene expression changes with known pathological changes can be 

used to formulate a mechanistic scheme for induced hepatotoxicity and 

tumorigenesis. However, due to the complexity of an herbal dietary supplement 

containing many chemical constituents, this approach cannot provide 

information concerning which herbal chemical constituents are responsible for 

toxicity, including tumorigenicity. Consequently, the toxicological effect of its 

chemical constituents, or closely related analogs, must be studied carefully. An 

excellent example is the mechanistic study of comfrey-induced hepatotoxicity 

and tumorigenicity (74). Comfrey contains several tumorigenic pyrrolizidine 

alkaloids, known to induce liver tumors in rats through a genotoxic mechanism 
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(34, 36, 72). The expression profiles in the liver of Big Blue Fisher 344 rats 

treated with comfrey or riddelliine, a pyrrolizidine alkaloid, were analyzed and 

compared. There were 45 and 87 drug metabolizing genes up- or down-regulated 

by the treatment of riddelliine and comfrey. The expressions of 20 of these genes 

were altered by both comfrey and riddelliine, and are detailed in Table 4. Very 

interestingly, the changed expression of each gene was always in the same 

direction for the two compounds. Among the genes altered by comfrey and 

riddelliine, there were a number of common genes and functional processes that 

were related to carcinogenesis (74). There was a strong correlation between the 

two treatments for fold-change alterations in expression of drug metabolizing 

and cancer-related genes (74). These results suggest that comfrey induced liver 

tumors by a genotoxic mechanism and that the pyrrolizidine alkaloid constituents 

in comfrey were responsible for mutation induction and tumor initiation.

PERSPECTIVES

Use of herbal dietary supplements in the United States is rapidly increasing. To ensure 

consumer health protection, the quality and safety of herbal dietary supplements have to be 

assured. There are more than 30 herbal dietary supplements that have been, or are being, 

examined for toxicity and tumorigenicity by the NTP. There is a need of strategic 

approaches for elucidating mechanisms by which herbal dietary supplements exert toxicity 

and tumorigenicity. In this review, we provide evidence that analysis of gene expression 

profiles by DNA microarrays can be an initial approach for determining the mechanisms by 

which herbal plants and herbal dietary supplements induced toxicity and/or tumorigenicity. 

We anticipate that, before more chemical-specific and time-consuming methodologies are 

deployed, this strategy would be employed as a common initial approach for mechanism 

determination of herbal dietary supplements as well as other types of chemical mixtures.

Herbal dietary supplements consist of multiple chemical constituents and some of these 

chemical constituents are responsible for induction of toxicity and tumorigenicity. As such, 

elucidation of the mechanism should determine how the active constituents elicit toxicity at 

the molecular level. At this time, determination of the principal toxic chemical constituents 

of an herbal dietary supplement is still a big challenge. Taking the induction of CYP1A1 by 

kava treatment as an example, it is difficult to determine which constituent(s) are responsible 

for the CYP1A1 induction. If a single chemical constituent was found to be the most potent 

inducer, it could be suggested that this constituent would most likely be responsible for the 

induction effect of the whole kava extract. The relative abundance of each chemical 

constituent in kava would also have an impact on the contribution of a distinct chemical 

constituent on the overall biological effect of the herbal dietary supplement. That is, the 

most potent inducer may be present in the extract at a much lower quantity than a less potent 

inducer. On the other hand, there is an important clue that can help us determine which 

constituents are responsible for most, if not all, toxicity of an herbal plant. Based on 

Traditional Chinese Medicine (TCM), the chemical constituents that exhibit pharmaceutical/

functional activities may most likely belong to secondary metabolites in an herbal plant. 

Those secondary metabolites have been used in humans as medicines. For example, usnic 
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acid is a prominent secondary lichen metabolite that has been used for various purposes 

including as dietary supplement for weight loss (9).

In contrast to the primary metabolites, secondary metabolites are chemicals produced by 

plants that are not essential for growth, development, photosynthesis, or reproduction 

functions. This is because the purpose of forming secondary metabolites in a plant is to 

against environmental invasion. In order to avoid being attacked by predators such as 

herbivores and pathogens, etc., it is essential for some of these secondary metabolites to 

possess toxic properties. As such, selection of the secondary metabolites with claimed 

pharmaceutical/functional activities for testing of toxicity would become prominently 

important. For example, there are six kavalactones which account for 30%– 40% 

composition in the parent kava extract. Study of toxicological and genomic activities of 

these constituents may enable us to find out the active chemical constituents responsible for 

kava-induced hepatotoxicity. This approach can search for toxicological constituents 

responsible for the herb-induced toxicity and enable us to elucidate the underlying molecular 

mechanism. In addition, this approach can also help us develop safer herbal dietary 

supplements and carefully monitor those principal toxicological constituents that do not 

possess the major pharmaceutical/functional activities.

In summary, for human health protection, strategies on determining the molecular 

mechanisms of toxicity induced by herbal dietary supplements, both on the bioactivation of 

the chemical constituents and the pathological changes of the cells, have to be established.
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Figure 1. 
Numbers of drug metabolizing genes altered by 0.5, 1.0 and 2.0 g/kg kava treatments in 

male rat liver. A gene was identified as differentially expressed if the fold-change was 

greater than 1.5 (up or down) and the P -value was less than 0.05 in comparison to the 

control group. The color in gray refers to the number of genes overlapped in three 

treatments. The data were from Guo et al. (31).
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Figure 2. 
Gene expression of the common cytochrome P450 drug metabolizing genes altered by three 

kava treatments (0.5, 1.0, and 2.0 g/kg) in male rat livers.
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Figure 3. 
Gene expression changes validated by TaqMan assays in liver of mice treated with three 

Ginkgo biloba extract treatments (200, 600, and 2000 mg/kg). (A), up-regulated genes; (B), 

the genes with down-regulation. The data were from Guo et al. (32).
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Figure 4. 
Alteration of NRF2 (nuclear factor erythroid-related factor 2)-mediated oxidative stress 

response in the liver of male mice treated with Ginkgo biloba extract. The data were from 

Guo et al. (32).
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Figure 5. 
The first network (cell cycle, cellular movement, and cancer) containing 34 differentially 

expressed genes in the mice treated with Ginkgo biloba extract. Green indicates down-

regulation and red indicates up-regulation. Solid lines indicate direct interactions and dashed 

lines indicate indirect interactions between two molecules. The data were from Guo et al. 

(32).
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Table 1

Drug Metabolizing Genes Altered by 2.0 g/kg Kava Treatment in Male Rat Liver ¶

Gene Symbol Gene Description
Fold

Change*

Phase I metabolism

Aldh1a1 aldehyde dehydrogenase family 1, member A1 2.8

Cyp17a1 cytochrome P450, family 17, subfamily a, polypeptide 1 −2.2

Cyp1a1 cytochrome P450, family 1, subfamily a, polypeptide 1 214.0

Cyp1a2 cytochrome P450, family 1, subfamily a, polypeptide 2 6.4

Cyp2c23 cytochrome P450, family 2, subfamily c, polypeptide 23 −1.7

Cyp2c37 cytochrome P450, 2c37 2.1

Cyp2c40 cytochrome P450, family 2, subfamily c, polypeptide 40 −5.3

Cyp2c55 cytochrome P450, family 2, subfamily c, polypeptide 55 4.0

Cyp2c6 Cytochrome P450, subfamily IIC6 4.0

Cyp2t1 cytochrome P450 monooxygenase CYP2T1 −1.7

Cyp3a1 cytochrome P450, family 3, subfamily a, polypeptide 1 2.4

Cyp3a13 cytochrome P450, family 3, subfamily a, polypeptide 13 −3.7

Cyp3a3 cytochrome P450, subfamily 3A, polypeptide 3 5.7

Cyp4a12 cytochrome P450, 4a12 1.5

Cyp4f6 cytochrome P450 4F6 −1.7

Cyp7b1 cytochrome P450, family 7, subfamily b, polypeptide 1 −2.2

Cyp8b1 cytochrome P450, family 8, subfamily b, polypeptide 1 −1.6

Fmo1 Flavin containing monooxygenase 1 −3.8

Gzma granzyme A −1.6

Phase II metabolism

Acsl4 acyl-CoA synthetase long-chain family member 4 1.7

Ces2 carboxylesterase 2 (intestine, liver) 8.5

Ces6 carboxylesterase 6 2.6

Ephx1 epoxide hydrolase 1, microsomal 3.6

Gnmt glycine N-methyltransferase −2.1

Gsta2 glutathione-S-transferase, alpha type2 2.9

Gsta4 glutathione S-transferase, alpha 4 2.0

Gstm1 glutathione S-transferase, mu 1 1.8

Gstm2 glutathione S-transferase, mu 2 1.6

Gstm3 glutathione S-transferase, mu type 3 −1.6

Gstp1 glutathione-S-transferase, pi 1 1.6

Nqo1 NAD(P)H dehydrogenase, quinone 1 11.4

Sulf2 sulfatase 2 −1.6

Sult1b1 sulfotransferase family 1B, member 1 1.8

Sult1c1 sulfotransferase family, cytosolic, 1C, member 1 −2.0

Ugt1a1 UDP glycosyltransferase 1 family, polypeptide A1 1.7

Ugt1a6 UDP glycosyltransferase 1 family, polypeptide A6 10.0
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Gene Symbol Gene Description
Fold

Change*

Ugt1a7 UDP glycosyltransferase 1 family, polypeptide A7 3.5

Ugt2b10 UDP glycosyltransferase 2 family, polypeptide B10 2.1

Ugt2b4 UDP glycosyltransferase 2 family, polypeptide B4 1.5

Ugt2b4 UDP glycosyltransferase 2 family, polypeptide B4 1.8

Phase III metabolism

Abca8 ATP-binding cassette, sub-family A (ABC1), member 8a −1.8

Abcb6 ATP-binding cassette, sub-family B (MDR/TAP), member 6 1.9

Abcb9 ATP-binding cassette, sub-family B (MDR/TAP), member 9 −2.0

Abcc2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 1.7

Abcc3 ATP-binding cassette, sub-family C (CFTR/MRP), member 3 15.9

Abcc6 ATP-binding cassette, sub-family C (CFTR/MRP), member 6 −1.8

Abcc8 ATP-binding cassette, sub-family C (CFTR/MRP), member 8 −1.7

Abcc9 ATP-binding cassette, sub-family C (CFTR/MRP), member 9 −1.8

Slc11a1 solute carrier family 11 (proton-coupled divalent metal ion transporters), member 1 −1.7

Slc13a3 solute carrier family 13 (sodium-dependent dicarboxylate transporter), member 3 −1.5

Slc16a1 solute carrier family 16 (monocarboxylic acid transporters), member 1 1.5

Slc16a10 solute carrier family 16 (monocarboxylic acid transporters), member 10 −1.9

Slc16a11 solute carrier family 16 (monocarboxylic acid transporters), member 11 −1.6

Slc16a6 solute carrier family 16 (monocarboxylic acid transporters), member 6 1.5

Slc17a1 Solute carrier family 17 (sodium phosphate), member 1 1.8

Slc17a3 Solute carrier family 17 (sodium phosphate), member 3 1.9

Slc22a7 solute carrier family 22 (organic anion transporter), member 7 −1.6

Slc22a8 solute carrier family 22 (organic anion transporter), member 8 −1.6

Slc25a17 solute carrier family 25 (mitochondrial carrier, peroxisomal membrane protein), member 17 1.5

Slc27a5 Solute carrier family 27 (fatty acid transporter), member 5 −1.9

Slc28a2 solute carrier family 28 (sodium-coupled nucleoside transporter), member 2 −1.5

Slc2a2 solute carrier family 2 (facilitated glucose transporter), member 2 −1.6

Slc34a2 Solute carrier family 34 (sodium phosphate), member 2 −4.8

Slc38a3 Solute carrier family 38, member 3 −1.8

Slc38a4 Solute carrier family 38, member 4 −1.7

Slc39a4 Solute carrier family 39 (zinc transporter), member 4 1.8

Slc3a2 solute carrier family 3 (activators of dibasic and neutral amino acid transport), member 2 2.9

Slc4a2 Solute carrier family 4, member 2 1.6

Slc6a9 solute carrier family 6 (neurotransmitter transporter, glycine), member 9 1.5

Slc7a5 solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 1.7

Slco2b1 Solute carrier organic anion transporter family, member 2b1 −1.6

Tap1 transporter 1, ATP-binding cassette, sub-family B (MDR/TAP) −1.7

¶
The data were from Guo et al. (31).

*
All changes are greater than 1.5 (up and down) with a P -value less than 0.05 compared to the controls and the symbol of minus (−) indicates 

down-regulation.
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Table 2

Drug Metabolizing Genes Altered by 2,000 mg/kg Ginkgo biloba Extract Treatment in Male Mouse Liver ¶

Gene Symbol Gene Description
Fold

Change*

Phase I metabolism

Adh7 alcohol dehydrogenase 7 (class IV), mu or sigma polypeptide 2.5

Aldh5a1 aldehyde dehydrogenase family 5, subfamily A1 −2.9

Aldh8a1 aldehyde dehydrogenase 8 family, member A1 −2.8

Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 6.8

Cyp1a2 Cytochrome P450, family 1, subfamily a, polypeptide 2 2.3

Cyp2a12 Cytochrome P450, family 2, subfamily a, polypeptide 12 −2.2

Cyp2a5 Cytochrome P450, family 2, subfamily a, polypeptide 5 2.9

Cyp2b10 Cytochrome P450, family 2, subfamily b, polypeptide 10 17.3

Cyp2b13 Cytochrome P450, family 2, subfamily b, polypeptide 13 −38.5

Cyp2b20 Cytochrome P450, family 2, subfamily b, polypeptide 10 14.6

Cyp2b9 Cytochrome P450, family 2, subfamily b, polypeptide 9 −18.9

Cyp2c29 Cytochrome P450, family 2, subfamily c, polypeptide 29 3.6

Cyp2c55 Cytochrome P450, family 2, subfamily c, polypeptide 55 50.2

Cyp2c66 Cytochrome P450, family 2, subfamily c, polypeptide 66 4.4

Cyp2d13 Cytochrome P450, family 2, subfamily d, polypeptide 13 −29.4

Cyp2f2 Cytochrome P450, family 2, subfamily f, polypeptide 2 −13.2

Cyp2g1 Cytochrome P450, family 2, subfamily g, polypeptide 1 −2.1

Cyp2j5 Cytochrome P450, family 2, subfamily j, polypeptide 5 −7.1

Cyp2j9 Cytochrome P450, family 2, subfamily j, polypeptide 9 −14.9

Cyp2u1 Cytochrome P450, family 2, subfamily u, polypeptide 1 −17.9

Cyp3a16 Cytochrome P450, family 3, subfamily a, polypeptide 16 −8.4

Cyp3a41 Cytochrome P450, family 3, subfamily a, polypeptide 41 −2.3

Cyp46a1 Cytochrome P450, family 46, subfamily a, polypeptide 1 −8.9

Cyp4f14 Cytochrome P450, family 4, subfamily f, polypeptide 14 −4.8

Cyp4f16 Cytochrome P450, family 4, subfamily f, polypeptide 16 2.9

Cyp51 Cytochrome P450, family 51 2.0

Dhrs3 dehydrogenase/reductase (SDR family) member 3 −2.0

Dhrs9 dehydrogenase/reductase (SDR family) member 9 3.6

Dpyd dihydropyrimidine dehydrogenase −3.8

Fmo3 flavin containing monooxygenase 3 −76.9

Maoa Monoamine oxidase A 6.3

Maob Monoamine oxidase B −2.4

Ptgs1 prostaglandin-endoperoxide synthase 1 −2.5

Phase II metabolism

Acsl1 acyl-CoA synthetase long-chain family member 1 −3.1

Acsl4 acyl-CoA synthetase long-chain family member 4 5.2

Ces2 carboxylesterase 2 24.7
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Gene Symbol Gene Description
Fold

Change*

Ephx1 epoxide hydrolase 1, microsomal 2.5

Gsta2 glutathione S-transferase, alpha 2 (Yc2) 34.6

Gsta4 glutathione S-transferase, alpha 4 2.6

Gstk1 glutathione S-transferase kappa 1 −2.2

Gstm1 glutathione S-transferase, mu 1 2.8

Gstm2 glutathione S-transferase, mu 2 4.4

Gstm3 glutathione S-transferase, mu 3 11.5

Gstm4 glutathione S-transferase, mu 4 4.4

Gstm6 glutathione S-transferase, mu 6 5.2

Gsto1 glutathione S-transferase omega 1 −4.7

Gstp1 glutathione S-transferase, pi 1 4.4

Nnmt nicotinamide N-methyltransferase −10.4

Nqo3a2 Cytochrome b5 reductase 1 3.2

Sult1d1 sulfotransferase family 1D, member 1 −2.7

Sult3a1 sulfotransferase family 3A, member 1 −35.7

Phase III metabolism

Abcb1a ATP-binding cassette, sub-family B (MDR/TAP), member 1A 2.3

Abcc12 ATP-binding cassette, sub-family C (CFTR/MRP), member 12 5.5

Abcc2 ATP-binding cassette, sub-family C (CFTR/MRP), member 2 3.1

Abcc4 ATP-binding cassette, sub-family C (CFTR/MRP), member 4 18.9

Abcc5 ATP-binding cassette, sub-family C (CFTR/MRP), member 5 7.5

Abcc6 ATP-binding cassette, sub-family C (CFTR/MRP), member 6 −3.0

Abcd3 ATP-binding cassette, sub-family D (ALD), member 3 −2.3

Aqp6 aquaporin 6 2.2

Aqp7 aquaporin 7 17.8

Mvp major vault protein 2.7

Slc10a1 solute carrier family 10 (sodium/bile acid cotransporter family), member 1 −4.4

Slc22a3 solute carrier family 22 (organic cation transporter), member 3 10.2

Slc22a7 solute carrier family 22 (organic anion transporter), member 7 −4.4

Slc29a1 solute carrier family 29 (nucleoside transporters), member 1 −2.4

Slc2a1 solute carrier family 2 (facilitated glucose transporter), member 1 2.0

Slc3a1 solute carrier family 3, member 1 −4.2

Slc7a5 solute carrier family 7 (cationic amino acid transporter, y+ system), member 5 3.3

¶
The data were from Guo et al. (32).

*
All changes are greater than 2.0 (up and down) with a P -value less than 0.01compared to the controls and the symbol of minus (−) indicates 

down-regulation.
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Table 3

Genes Involved in Cell Death and Apoptosis of Liver Endothelial Cells Altered by 8% Comfrey Treatment in 

Male Rat ¶

Gene Symbol Gene Description Fold Change*

Angpt2 angiopoietin 2 3.5

App amyloid beta (A4) precursor protein 4.7

Atf3 activating transcription factor 3 6.2

Bcl2 B-cell cLL/lymphoma 2 2.4

Bcl2a1 Bcl2-related protein A1 3.4

Bcl2l Bcl2-like 2.5

Casp1 caspase 1, apoptosis-related cysteine protease (interleukin 1, beta, convertase) 2.3

Cnp 2’,3’-cyclic nucleotide 3’ phosphodiesterase 2.4

Col4a2 collagen, type IV, alpha 2 2.8

Cxcr4 chemokine receptor (LCR1) 3.2

Dusp6 dual specificity phosphatase 6 2.3

Edn1 endothelin 1 4.9

Fgf1 fibroblast growth factor 1 2.0

Gpr9 G protein-coupled receptor 9 (Cxcr3) 2.0

Hgf hepatocyte growth factor 3.2

Hmox1 heme oxygenase 1 3.2

Il2 interleukin 2 −3.3

Ins1 insulin 1 −5.0

Lrp5 low density lipoprotein receptor-related protein 5 −3.3

Mapk9 mitogen-activated protein kinase 9 −2.0

Pparg peroxisome proliferator activated receptor, gamma −3.3

Serpinf1 serine (or cysteine) proteinase inhibitor, clade F), member 1 −2.0

Spp1 secreted phosphoprotein 1 11.6

Tgfb1 transforming growth factor, beta 1 2.1

Tnfrsf6 tumor necrosis factor receptor superfamily, member 6 3.4

Tnfsf10 tumor necrosis factor (ligand) superfamily, member 10 2.2

¶
The data were from Mei et al. (36).

*
All changes are greater than 2.0 (up and down) with a P -value less than 0.01compared to the controls and the symbol of minus (−) indicates 

down-regulation.
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Table 4

Drug Metabolizing Genes Altered by Both 8% Comfrey and 1.0 mg/kg Riddelliine Treatments in Rat Liver ¶

Fold Change*

Gene Symbol Gene Description Comfrey Riddelliine

Phase I metabolism

Ces2 carboxylesterase 2 (intestine, liver) 10.4 2.4

Cyp2c cytochrome P450, subfamily IIC −24.3 −270.3

Cyp2c40 cytochrome P450, family 2, subfamily c 8.7 42.3

Cyp2e1 cytochrome P450, family 2, subfamily e 2.2 2.1

Fmo5 flavin containing monooxygenase 5 4.1 4.2

Phase II metabolism

Gsta3 glutathione S-transferase, alpha 3 22.5 13.4

Inmt indolethylamine N-methyltransferase −29.3 −11.7

Nqo1 NAD(P)H dehydrogenase, quinone 1 5.0 2.6

Sult1c1 sulfotransferase family, cytosolic,1C, member1 −2.7 −3.2

Phase III metabolism

Abcb1 ATP-binding cassette, sub-family B 97.0 11.3

Abcb9 ATP-binding cassette, sub-family B, member 9 −5.0 −2.7

Abcc3 ATP-binding cassette, sub-family C, member 3 25.1 10.8

Abcc8 ATP-binding cassette, sub-family C, member 8 −9.7 −2.6

Atp13a5 ATPase type 13A5 −3.6 −4.1

Slc13a5 solute carrier family 13, member 5 −2.9 −2.4

Slc16a4 solute carrier family 16, member 4 −2.8 −4.9

Slc22a6 solute carrier family 22, member 6 −3.7 −2.4

Slc22a8 solute carrier family 22, member 8 −12.2 −833.3

Slc25a21 solute carrier family 25, member 21 4.4 2.7

Slc25a30 solute carrier family 25, member 30 −4.5 −2.7

¶
The data were from Guo et al. (74).

*
All changes are greater than 2.0 (up and down) with a P -value less than 0.01compared to the controls and the symbol of minus (−) indicates 

down-regulation.
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