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Grapefruit juice (GJF) interacts with several medications increasing their oral 

bioavailability and the risk of toxicity. The predominant mechanism is the inhibition of 

intestinal CYP3A4 by flavonoids and furanocoumarins present in the juice. Additionally, 

it has been suggested that GFJ modulates the activity of the permeability-glycoprotein (P-

gp). In the intestine, this efflux transporter acts as a biological barrier pumping a variety 

of drugs back from the enterocytes to the intestinal lumen. Inhibition of this back-

secretion may increase the initial amount of drug that enters the systemic circulation and 

the possibility of side effects. 

The aim of this study was to compare the ability of GFJ and some of its specific 

flavonoids and furanocoumarins to interact with P-gp in vitro and in vivo in order to 

estimate the clinical relevance of this interaction. Additionally, the components of these 

interacting compounds in commercially available and fresh-squeezed GFJ as well as in 

xiii 



different tissues of grapefruit were quantified and compared in order to assess their 

potential influence on the data gained in drug interaction studies. 

Flavonoids and furanocoumarins were quantified by high performance liquid 

chromatography (HPLC) and considerable variation was observed among the juices 

tested. White grapefruit showed the highest concentration of naringin and 

furanocoumarins located in albedo (inner peel) and flavedo (yellow layer of the peel) 

compared with red varieties. Findings from my study suggest that the concentration of 

potentially contributing compounds may crucially influence the magnitude of the 

interaction and invalidate direct comparisons of studies where different juices have been 

used. 

The transport of talinolol, a non-metabolized P-gp substrate, across Caco-2 cell 

monolayers, was determined in the absence and presence of distinct concentrations of 

grapefruit juice and its constituents. A sigmoid dose-response model was used to fit the 

data and to estimate the potencies of the potential inhibitors. Results from this study show 

that isolated compounds of GFJ are able to inhibit the P-gp activity, but the overall effect 

seems not to be a simple additive effect.  

The effects of different types of GFJ and its components on the oral 

pharmacokinetics of talinolol in rats suggest that this interaction is unlikely to be of 

clinical relevance. 
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CHAPTER 1 
INTRODUCTION 

The Grapefruit (Citrus paradisi) 

The word citrus is the Latin name of “Kedros”, a Greek word to designate trees like 

cedar, cypress and pine. Because the scent of citrus leaves and fruits was suggestive of 

cedar, the name citrus has been linked to the citron (Citrus medica), the first citrus with 

which the Europeans got acquainted. Later, Linnaeus grouped all other citrus fruits 

known to him in the genus Citrus (1). However, the taxonomy and phylogeny have not 

been completely elucidated yet and are subject of controversy, mainly, due to sexual 

compatibility between citrus and related genera, the high frequency of mutations, long 

history of cultivation, and wide dispersion (2). 

The grapefruit (Citrus paradisi), specifically, belongs to the Rutaceae family and 

received this denomination because the fruits grow in clusters similar to grapes (3). 

Studies using genetic markers, together with conventional and taxonomic approaches, 

strongly support that the grapefruit originated from an accidental hybrid between 

pummelo (Citrus maxima) and sweet orange (Citrus sinensis) (2-4).  

Almost all of Citrus species and its wild relatives are supposed to have been 

originated in the tropical and subtropical regions of Southeast Asia (5). Conversely, it is 

suggested that grapefruit emerged from the island of Barbados in the Caribbean, where 

Griffith Hughes, the rector of St. Lucy’s parish of Barbados, earliest described it as the 

“forbidden fruit of Barbados” in 1750 (3). However, the first scientific description of 

1 
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grapefruit is attributed to the botanist James Macfadyen in 1837, who named the 

forbidden fruit Citrus paradisi Macf. (3).  

Grapefruit seeds were probably brought to Florida in the beginning of the 

eighteenth century by Counte Odettte Phillippi and distributed to locate growers, where 

the settlers began to sow the seeds and acquired taste for the fruits (1, 6). Since that time, 

several cultivars have been created, especially in the Indian River citrus region stretching 

from Daytona Beach to central Palm Beach County. Today, in a typical season, Florida 

accounts for 2 million tons of grapefruit a year corresponding to about 80 percent of the 

U.S. total grapefruit production (7). 

The Health Benefits of Polyphenolics 

The health benefits associated with the consumption of vegetables and fresh fruits 

are largely accepted and recognized by many (8-11). They are related to the presence of 

polyphenolic compounds, particularly, flavonoids described to act as antioxidants in 

different biological systems (12). In fact, Sun et al. (13) demonstrated a linear 

relationship between the total phenolic content and the antioxidant activity in 

phytochemical extracts of different fruits, including grapefruit (r2 = 0.98, p < 0.01), 

indicating that phenols seem to be the major contributor to the total antioxidant activities 

in fruits. The antioxidant activity of flavonoids is principally based on their ability to 

capture electrons providing great stability to the flavonoid radical and preventing the 

propagating chain reactions of the oxygen-free radicals formed during the natural 

metabolism of any aerobic cells (12). Flavonoids may also act by chelating iron, which is 

thought to catalyze the process leading to the appearance of free radicals (14). 

Included in the ordinary diet of many Americans, the grapefruit and the grapefruit 

juice are rich in flavonoids, such as narirutin, naringin, hesperidin, neohesperedin, 
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didymin, quercetin, poncirin and kaempferol. Their total concentration in the grapefruit 

juice (GFJ) range from 200 to 840 mg/L (15).  

It has been demonstrated that flavonoids have a protective role against many 

degenerative disorders, such as cancer and cardiovascular diseases (11, 14, 16, 17). They 

can prevent or minimize the oxidation of low- and very low-density lipoproteins, 

disrupting a crucial step in the formation of the atherosclerosis lesion and then reducing 

thrombotic tendencies (14, 18). The low-density lipoprotein (LDL) can be normally 

oxidized or modified within sub-endothelial tissue by cells of the arterial wall including 

macrophages, vascular smooth cells, and endothelial cells (19). The modified LDL can 

trigger a receptor-mediated process, leading macrophages and smooth muscle cells to 

accumulate significant amounts of cholesteryl ester (CE). These CE-rich cells or foam 

cells are characteristic indicators of early atherosclerotic lesions. There is some evidence 

that after consumption of foods rich in flavonoids, such compounds were able to reach 

the sub-endothelial space of the arterial wall at concentrations enough to protect 

lipoproteins like LDL from oxidation (20).  

Le Marchand et al. (21) found decreased rates of lung cancer among the Hawaiian 

population whose diet included a large amount of onions and apples (rich in the flavone 

quercetin) and white grapefruit (rich in the flavanone naringin). Additionally, Kawaii et 

al. (16) assessed the chemopreventive properties of pure flavonoids from citrus fruits 

against four human cancer cell lines (lung, melanoma, leukemia and gastric cancer). The 

anticarcinogenic properties of flavonoids are related to the suppression of metabolic 

activity; antimutagenic, antioxidative, and antiproliferative effects; detoxification of 
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carcinogens; inactivation of oncogenes; inhibition of DNA adduct formation and the 

carcinogenic cell invasion (11-14, 16, 18). 

Cerda and co-workers (22) also have shown that dietary supplementation with 

grapefruit pectin resulted in the decrease of plasma cholesterol (7.6%), low density 

lipoprotein cholesterol (10.8%) and the ratio of low-density to high-density cholesterol 

(9.8%) in healthy subjects. Furthermore, orange juice, grapefruit juice, and naringin, a 

major grapefruit flavonoid, have been shown to have a beneficial effect on the blood lipid 

profile and antioxidant capacity in rats (23, 24).  

A case-control study carried out in 299 women (154 had lung cancer and 145 were 

the control group) in Athens during a eighteen-month period did not find any correlation 

between intake of food with high content of flavonoids with the etiology of lung cancer 

(25). However, two distinct epidemiological studies involving around 11,000 volunteers 

conducted by different groups in Finland and Netherlands during 1966-1976 and 1985-

1990, respectively, found that regular consumption of a diet rich in flavonoids was 

inversely related to coronary heart disease mortality; cerebrovascular disease, lung and 

prostate cancer, type 2 diabetes and asthma (26, 27).  

Therefore, in vitro, pre-clinical, clinical, and epidemiological studies have 

suggested that ingestion of flavonoid-rich foods such as grapefruit juice and grapefruit 

juice provide some benefits against heart disease and cancer. However, since the early 

nineties these potential health benefits have been over shadowed by possible risks of 

interactions between drugs and grapefruit and grapefruit juice. 

Grapefruit Juice-Drug Interactions 

The first report of grapefruit juice interacting with a drug, altering its 

bioavailability was published in 1991. This accidental discovery was made in a study on 
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ethanol drug-interactions where GFJ was used to mask the taste of the alcohol: the 

bioavailability of felodipine, a calcium channel blocker, was increased when subjects 

were consuming GFJ concomitantly with the drug. Additionally, the subjects showed a 

decreased diastolic blood pressure and an increased heart rate (28). 

Subsequent research in the area of fruit-drug interactions focused on grapefruit and 

grapefruit compounds of which several were found to affect the absorption or metabolism 

of certain drugs. Grapefruit juice was shown to modify greatly the disposition of a variety 

of medications taken orally, including some 3-hydroxy-3-methylglutaryl coenzyme A 

(HMG-CoA) reductase inhibitors (lovastatin, simvastatin) (29, 30), calcium channel 

blockers (felodipine, nicardipine, nisoldipine) (31-33), benzodiazepines (midazolam, 

diazepam) (34, 35), and HIV protease inhibitors (saquinavir) (36). Other fruits, 

vegetables and dietary supplements also have the potential to cause an adverse interaction 

with conventional drugs and are objects of concern (37).  

Additionally, consumers have become more aware of the health benefits of 

antioxidants, which increased the availability and consumption of dietary supplements, 

phytochemical extracts, and foods rich in antioxidant flavonoids, especially, together 

with prescription drugs. In fact, over 16% of all prescription drug users reported that they 

concurrently take at least one plant-based dietary supplement including grapefruit and 

citrus products (38). This may increase the likelihood of an adverse interaction between 

foods and certain drugs. For example, the absorption and/or metabolism of a drug may be 

harmfully affected, shifting the administered dose outside of the therapeutic range, which 

may lead to a lower effectiveness of the drug or to an overdose associated with undesired 

or even dangerous side effects (39). 
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Byproducts from the citrus-processing industry such as grapefruit seed extract, 

flavonoids, essential oils from the peel, and pectins may be added to other food products 

in order to improve taste, consistency or overall quality. These byproducts also may be 

used in the production of dietary supplements (40). Consequently, consumption of food 

products containing such additives, which have a potential for an interaction with drugs, 

are not free of risk. 

Based on the current knowledge, grapefruit compounds interact with drugs, which 

are metabolized by cytochrome P450 3A4 (CYP3A4) and also have a low or variable oral 

bioavailability. In general, the drugs subjected to GFJ interaction have their area under 

the concentration-time curve (AUC) and maximum plasma concentration (Cmax) 

increased from 1.2 to 15-fold after oral administration, and the magnitude of the effect 

maybe dependent on the brand and amount of GJF ingested, the timing of administration 

relative to the food intake and the intrinsic oral bioavailability of each drug (41-44).  

The enhancement of the oral bioavailability of some drugs such as felodipine, 

nicardipine, and halofantrine after consumption of GFJ has been associated with higher 

incidence of dose-dependent side effects among the subjects (32, 45, 46). Indeed, one 

case-report study depicted a 59-year old patient receiving 60 mg of atorvastatin 

(Lipitor®) daily who developed rhabdomyolysis after drinking GFJ. Such condition was 

reverted and his cholesterol levels normalized after replacing the current drug by 

pravastatin, another HMG-CoA inhibitor but not but not metabolized by CYP3A4 (47).  

Grapefruit and GFJ have a potential to interact with several oral medications when 

consumed in moderate amounts such as 1-2 servings (48). The concern, that the 

concomitant administration of grapefruit products with certain drugs may result in 
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toxicity has lead to the recommendation to avoid consuming grapefruit products in 

combination with these medicines. The Food and Drug Administration (FDA) now 

requires drugs such as cyclosporine, sirolimus, simvastatin, lovastatin, and felodipine, to 

carry a warning label regarding the possibility of an interaction. For example, Neoral®, 

an immuno-suppressant drug, carries a label stating “…Grapefruit and GFJ affect 

metabolism, increasing blood concentrations of cyclosporine, thus should be avoided” 

(49). Procardia ® is labeled “…Co-administration of nifedipine with GFJ resulted in 

approximately a 2-fold increase in nifedipine AUC and Cmax with no change in half-life. 

The increased plasma concentrations are most likely due to inhibition of CYP3A4 related 

first-pass metabolism. Co-administration of nifedipine with GFJ is to be avoided” (50). 

Interactions with a number of medications also have been shown for Seville orange juice, 

although Seville oranges are usually not processed to juice (51, 52). 

For most drugs in question, definitive recommendations regarding their 

concomitant administration with GFJ are not available, since conclusions concerning the 

clinical significance of the observed or predicted grapefruit-drug interactions are still 

limited and many data available are derived from in vitro experiments and not directly 

applied to human responses. Furthermore, the determination of the clinical relevance of 

observed interactions in human intervention trials is complicated by individual 

variability. Additionally, predicting the clinical significance of pharmacokinetic drug 

interactions is sometimes difficult especially for drugs where there are no robust methods 

to quantify effects or side effects. There has been recent effort in the United States by the 

FDA and the Pharmaceutical Research and Manufacturers of America (PhRMA) to 

establish some general guidelines to help drug companies, prescribers, and patients 
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interpret the clinical significance of drug interactions(53). These are the result of clinical 

experience gained from some well-known drug interactions, such as the inhibition of 

CYP3A4. For this interaction, specifically, it could be shown that the benzodiazepine 

midazolam is a reproducible probe that allows quantitative determination of a potential 

interaction with an inhibitor of the CYP3A4 enzyme. The degree of interaction can be 

measured based on the augmentation in the AUC of the midazolam serum concentrations. 

It was recently proposed to classify changes of midazolam AUC being less than 2-fold as 

‘‘weak interaction’’, which is the case observed on midazolam co-administration with 

ranitidine, relatively small volumes of GFJ, roxithromycin, fentanyl, or azithromycin(53). 

AUC changes that range from 2- to 4.9-fold, which occur on midazolam co-

administration with erythromycin, diltiazem, fluconazole, verapamil, relatively large 

volumes of GFJ, and cimetidine are classified as ‘‘moderate interaction.’’ Changes that 

are 5-fold or higher in midazolam AUC are labeled as ‘‘strong interaction.’’ Examples of 

drugs demonstrating strong midazolam interactions include: ketoconazole, itraconazole, 

mibefradil, clarithromycin, and nefazodone. Strong drug interactions are considered 

clinically significant and result in contraindications or warnings on the product label. The 

clinical significance of moderate inhibitors may include decisions about dose adjustments 

that should be based on the concentration-effect relationship.  

It should be noted, however, that almost all drugs, which show an interaction with 

grapefruit, can be replaced by alternative drugs belonging to the same therapeutic class 

but without a recognized potential for interaction.  

The major drug classes for which grapefruit or other citrus interactions include 

antiallergics, antibiotics, anticoagulants, antimalaria drugs, antiparasitics, anxiolytics, 
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calcium channel blockers, HMG-CoA reductase inhibitors, anti-HIV drugs, hormones, 

immunossupressants, anti-tumors, and beta blockers (40, 42, 43, 48, 54-57).  

Phenolic Compounds in Grapefruit and Citrus with Potential for Drug Interactions 

Phenolic compounds represent the major group of citrus compounds. Included are 

hydroxycinnamic acids, flavonoids, such as flavanones, flavones, and flavonols, 

anthocyanins, and furanocoumarins (Figure 1-1) (58). As previously described, many of 

these components have antioxidant properties and may play an important role in 

preventing chronic diseases such as cancer, coronary heart disease, diabetes, among 

others (26, 27). 

GFJ components such as the flavonoids naringin (NAR), naringenin (NAG), 

quercetin, kaempferol and the furanocoumarins bergamottin (BG), 

6′,7′-dihydroxybergamottin (DHB) and its dimers, bergapten, bergaptol, and 

6`,7`-epoxybergamottin (EPBG) (Figure 1-1) have been suggested to contribute to GFJ-

drug interaction (54, 59-63).  

In vitro and in vivo studies have demonstrated interactions between many drugs and 

the furanocoumarins, BG and DHB. These GFJ compounds decreased the hepatic 

metabolism of saquinavir in vitro and the concentrations necessary to reach half of the 

maximal effect (IC50) was shown to be 0.33 µM and 0.74 µM, respectively (64). 

Additionally, BG was able to augment the Cmax and AUC of diazepam in dogs (65), of 

nifedipine in rats (66), and of felodipine in humans (67). Several human intervention 

studies also confirm the contribution of BG and DHB to drug-interactions with GFJ (41, 

68-70).  
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GFJ components have been demonstrated to interact with susceptible drugs by 

different mechanisms besides the reduction of metabolism. For example, BG, DHB, 

bergaptol and bergapten were shown to elevate the steady state uptake of [3H]-vinblastine 

sulfate in Caco-2 cells (71), whereas BG and DHB caused a decrease in the organic anion 

transport peptide (OATP)-B-mediated uptake of estrone-3-sulfate into human embryonic 

kidney cells (72). Therefore, the effects of grapefruit and GFJ are not restricted on the 

activity of the enzyme CYP3A4 but also involve modulation of membrane influx and 

efflux transporters such as the permeability glycoprotein (P-gp) and the OATP, 

respectively. 

Interactions with drugs also have been demonstrated for flavonoids from citrus. 

Naringenin and naringin have been shown to inhibit the OATPB-mediated uptake of 

estrone-3-sulfate in human embryonic kidney cells (72) and to interact with saquinavir 

(64) and simvastatin (73) in vitro. Compared to the control group, NAR increased by 2-

fold the Cmax and the AUC of diltiazem in rats, while there was no significant change in 

the time to reach the Cmax (Tmax) and terminal plasma half-life (t 1/2). NAR also increased 

the oral bioavailability of quinine in rats by 42% (74). However, this flavoinoid did not 

show any effect on the pharmacokinetics and pharmacodynamics of nisoldipine in 

healthy volunteers (75).  

Quercetin inhibited P-gp-mediated efflux of ritonavir in Caco-2 cells (76), 

increased the Cmax and AUC of verapamil in rabbits by 2-fold (77), and inhibited the 

metabolism of midazolam and quinidine in human liver microsomes (78). It did not have 

an effect on CYP3A4-mediated metabolism and P-gp mediated transport of saquinavir 
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(64). Nobelitin and tangeretin inhibited OATP-B-mediated uptake of estrone-3-sulfate 

into human embryonic kidney cells (72).  

For several phenolics from citrus such as eriocitrin, poncirin, and sinapic acid and 

anthocyanins, which occur in red grapefruit varieties and blood oranges, no interactions 

with CYP3A4 and P-gp have been reported yet. 

In vitro studies of single compounds can help to understand the mechanism of 

action of each component as well as their relative contribution to the overall effect 

observed after ingestion of a food with potential for interacting with drugs. However, the 

clinical relevance of data obtained from in vitro studies with single compounds is 

questionable, because they have a limited predictability of the effects of the examined 

compounds in vivo. Moreover, some phenolics were shown to modify the absorption or 

metabolism of drugs only at very high concentrations, which are likely to exceed the 

expected in vivo concentration after the consumption of a moderate amount of a 

grapefruit/citrus product. Additionally, the overall effect of GFJ in drug interactions 

studies is probably the result of the mixture of several compounds present in the juice. 

Therefore, the existence of synergism, antagonism or additive effects needs to be 

investigated by testing, simultaneously, different combinations of phenolic compounds 

normally found in GFJ. Nevertheless, studies with single compounds have demonstrated 

that furanocoumarins and their dimers are primarily responsible for the interactions of 

GFJ and drugs.  

In conclusion, grapefruit, sour orange (Seville), and limes, which contain BG (69) 

seem to have the highest potential among the citrus species for interacting with drugs, 

whereas other citrus varieties such as sweet orange seem to have an overall low potential 
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for interfering with medications. However, in studies using juices rather than single 

compounds, orange juice (C. sinensis), which does not contain NAR and only small 

amount of BG and DHB, has also been shown to interact with some drugs. A more recent 

study in rats demonstrated that orange juice (and apple juice) decreased the oral exposure 

of fexofenadine, possibly through an inhibition of the influx transporter OATP (79). The 

interaction of orange juice and fexofenadine has also been demonstrated in HeLa cells, 

where orange juice at 5% of the normal strength potentially reduced the uptake of 

fexofenadine, mediated through the human OATPA (80). In general, the effect of orange 

juice on CYP3A4 is negligible and in some GFJ-drug interaction studies orange juice was 

even used as control (81, 82).  

Overall, it can be concluded that orange juice has a minor potential for drug  

interactions. 
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Figure 1-1. Chemical structures of phenolic compounds in citrus. 
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Mechanism of Action 

A food-drug interaction can be defined as the alteration of drug exposure and drug 

effects by food. The underlying mechanisms can be classified into two broad categories. 

The first category is pharmacokinetics, which includes alterations in absorption, 

distribution, metabolism, and excretion. The second category is pharmacodynamics, 

which describes alterations in the drug concentration-effect relationship (83). Changes in 

the pharmacokinetics of drugs are the more common consequences of citrus-drug 

interactions, which may shift the effect of the drug outside of its therapeutic window, 

possibly leading either to loss of effect or undesired side effects, or even toxicity (48). 

Because the majority drugs exhibiting an interaction with GFJ are metabolized 

mostly by CYP3A4, which is present not only in the hepatocytes, but also in the 

epithelial cells of the intestine, it has been suggested that the effect of GFJ may be due, 

primarily, to the inhibition of the activity of this drug metabolizing enzyme (48, 57, 83). 

However, differently from the most potent CYP3A4 inhibitors such as ketoconazole, 

where the main site of action is the liver, GFJ when consumed in usual volumes, is an 

example of inhibitor that appears to act preferentially in the enteric CYP3A4, resulting in 

a significant reduction of the presystemic metabolism of drugs without, therefore, modify 

their elimination half-life (54, 56). For several drugs such as felodipine, cyclosporine, 

midazolam, and nifedipine, the gastrointestinal mucosa has been demonstrated to be a 

major metabolic organ, where an inhibition of CYP3A4 caused an increase in oral 

bioavailability (84). Additionally, GFJ intake did not change the pharmacokinetics and 

pharmacodynamics parameters of midazolam (85), and felodipine (45) after intravenous 

administration, but increased their systemic bioavailability from oral dosage forms, 

 



14 

supporting that inhibition of intestinal CYP3A4 by maybe particularly important when 

the drug is given orally together with the juice.  

Additionally, it has been suggested that GFJ can delay the gastric emptying rate 

contributing, in part, to the double peak phenomenon observed after co-administration of 

nifedipine with the juice (86). In fact, the lower the pH of the gastric chyme that reaches 

the small intestine, the slower will be rate of gastric emptying (87). It is also suggested 

that GFJ influences not only the first-pass metabolism of drugs like nifedipine, but also 

its secondary oxidative steps (86).  

In summary, the major mechanism leading to a grapefruit-drug interaction appears 

to be the reduction of the "first-pass" metabolism through the inhibition of intestinal 

CYP3A4 (57), although inhibition of secondary metabolic pathways and decrease of 

gastrointestinal motility cannot be excluded. In addition, GFJ also can modify the 

disposition of several drugs substrates of P-gp and recent reviews compile the effects and 

the clinical relevance of such interaction (43, 88). Moreover, GFJ and other fruit juices 

have been shown to inhibit in vitro and in vivo a number of organic anion-transporting 

polypeptides (OATPs) (72, 79, 80, 89, 90).  

Cytochrome P450 Family 

The cytochrome P450 (CYP) enzyme family is the major catalyst of phase I drug 

biotransformation reactions and accounts for the metabolism, at least in part, of about 

60% of all drugs subjected to oxidation in the body (91). CYP enzymes are bound to 

membranes of the endoplasmatic reticulum and are predominantly expressed in the liver, 

although they are also present in extra-hepatic tissues such as the gut mucosa (84). They 

can catalyze a notable number of metabolic processes including aliphatic oxidation, 

aromatic hydroxylation, N-dealkylation, O-demethylation, S-demethylation, oxidative 
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deamination, sulfoxide formation, N-oxidation, N-hydroxylation (83). Such 

biotransformation reactions usually lead to inactivation and elimination of most 

pharmaceuticals, therefore, ingestion of xenobiotics able to inhibit or activate the CYP 

enzymes can affect the disposition of many of CYP-drug substrates.  

More than 50 different human CYPs have been recognized to date and their 

nomenclature is determined by resemblance of amino acid constitution (83). For instance, 

the isoform CYP3A4 belongs to family 3 (matching 40% of amino acid sequencing) and 

subfamily 3A (matching 55% of amino acid sequencing) (48). Among the CYP3A 

family, the CYP3A4 isoform is the most abundantly expressed and represents 

approximately 30% to 40% of the total CYP protein in human adult liver (92). It also can 

be found in the enterocytes of the small intestine at levels of 10 to 50% lower than those 

found in the liver (84). However, CYP3A4 concentrations equivalent or above of those 

found in liver have already been verified in some subjects (93-95), which can explain 

much of the inter-subject variability observed during clinical trials studying GFJ-drug 

interactions.  

The relatively high expression levels in the intestinal mucosa and the broad 

substrate specificity may contribute to the high susceptibility of CYP3A4 for citrus-drug 

interactions (96). Many drugs for which interactions with citrus have been demonstrated 

are metabolized by CYP3A4 (48, 57, 83). 

It is currently recognized that the major mechanism for grapefruit-drug interaction 

is the inhibition of the drug-metabolizing enzyme CYP3A4 in the small intestine 

resulting in a significant reduction of metabolism of drugs during their first passage from 

the intestinal lumen into the systemic circulation (54). Types of intestinal CYP3A4 
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inhibition by GFJ and its components comprise both competitive and mechanism-based, 

the latter resulting in accelerated degradation of the enzyme through suicide inhibition 

(97, 98). In fact, the amount of CYP3A4 in the small intestine of healthy volunteers has 

been shown to decrease by 50-60% after 4-6 h administration of 8 oz (~237 mL) GFJ, 

without any change in corresponding messenger RNA levels (60, 97).  

Several drug classes such as dihydropyridine calcium antagonists and HMG-CoA-

reductase inhibitors are affected by grapefruit-induced inhibition of CYP3A4. GFJ 

increased the AUC and maximal plasma concentration (Cmax) for these calcium 

antagonists within an approximated range of 1.5- to 4-fold on average of the values 

obtained with water (48).  

For the HMG-CoA reductase inhibitor atorvastatin, double-strength GFJ increased 

the AUC 2.5-fold but not the Cmax, when the GFJ was administered over three days and 

the drug was given on day three (99). In a very similar study design performed by the 

same group with simvastatin, double-strength GFJ increased the AUC 16-fold and Cmax 

9-fold (100). Additionally, repetitive ingestion of high volumes of grapefruit juice has 

augmented the AUC values of lovastatin over 10- fold compared with water (29). 

Furthermore, a daily volume of 250 mL of grapefruit juice had a modest effect on 

lovastatin, however, in this study grapefruit juice had been taken about 12 h apart from 

statin (101). All drugs mentioned above are, to a certain extent, subject to CYP3A4 

metabolism. 

Lundhal et al. (102) compared the acute effect of GFJ intake (200 mL) on the 

pharmacokinetics and haemodynamics parameters of the CYP3A4 substrate felodipine 

with the interaction following14-days intake of drug with juice. The AUC and Cmax of 
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felodipine after acute treatment with GFJ and on day 14 were similar and around 57% to 

73% and 114% to 138% higher than those from the control group, respectively. 

Additionally, the authors reported a decrease of heart rate and increase of vascular 

adverse events during the GFJ period compared with the control. These results suggest 

that one glass of GFJ is enough to produce the maximum inhibitory effect on the 

intestinal CYP3A4 activity. 

A moderate consumption does not appear to lead to an inhibition of hepatic 

CYP3A4 activity (103), however, the repeated consumption (200 mL three times a day) 

of double-strength GFJ induced a higher increase in triazolam concentrations and 

prolonged its half-life. The repeated consumption of GFJ may have caused an inhibition 

of hepatic CYP3A4 (104). In a three day study, GFJ increased the AUC of simvastatin 

3.6-fold and that of its active metabolite, simvastatin acid, 3.3-fold. Cmax of simvastatin 

and simvastatin acid were increased 3.9-fold and 4.3-fold, respectively, when the GFJ 

was administered for three days and simvastatin on day three (30). In an in vitro study 

performed with several grapefruit compounds, it was shown that BG, DHB, and the 

furanocoumarin dimers GF-I-1 and GF-I-4 inhibited CYP3A4-catalyzed nifedipine 

oxidation in a concentration-and time-dependent manner, which is consistent with the 

mechanism-based inhibition. DHB was more potent than BG, while the dimers were 

more potent than the monomers. Not only CYP3A4 but also CYP2C9, CYP2C19, and 

CYP2D6 seem to be affected by citrus compounds. In the same study, the inhibitory 

effect of BG was stronger on CYP1A2, CYP2C9, CYP2C19, and CYP2D6 than on 

CYP3A4 (105). In an intervention trial with healthy volunteers, GFJ (twice daily) 

decreased the activity of CYP1A2, as determined with caffeine as a probe (106). In 
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another human study, GFJ and naringenin caused a minor reduction of the activity of 

CYP1A2 (107). In addition, ingestion of 8 oz of regular-strength GFJ once or three times 

a day did not affect liver CYP3A4 activity, colon levels of CYP3A5, or small bowel 

concentrations of P-glycoprotein, villin, CYP1A1, and CYP2D6 (60, 97). Overall, the 

inhibition of CYP enzymes other than CYP3A4 does not appear to be of great magnitude 

and may clinically be relevant only for drugs with a narrow therapeutic range (96).  

There is a lack of information available regarding the reversible and mechanism-

based inhibition kinetics for grapefruit compounds. In a study conducted with human 

intestinal microsomes by Paine and coworkers (103), DHB induced a substrate-

independent reversible and mechanism-based inhibition on CYP3A4. In contrast, BG, a 

more lipophilic compound, was a substrate-dependent reversible inhibitor and a 

substrate-independent mechanism-based inhibitor. For BG, the inhibition for testosterone 

was more potent than for midazolam, possibly due to the higher affinity of BG for the 

testosterone-binding site than for the midazolam-binding site. As mechanism-based 

inhibitors, BG and DHB are definitely substrates for CYP3A4, but the binding sites are 

not known. The authors suggested that both furanocoumarins inactivate CYP3A4 by the 

binding of the furanoepoxide to the apoprotein, presumably at or near their respective 

substrate domains. The same group determined the onset time of inhibition by both 

compounds (63). It was found that DHB inhibited 85% of CYP3A4 activity independent 

of substrate within 30 minutes, whereas the onset for BG-induced inhibition was much 

later (70% inhibition was reached after three hours). The substrate-dependent inhibition 

caused by BG was more than 50% after 0.5 to 3 hours for testosterone 6-hydroxylation, 

while midazolam 1′-hydroxylation was unaffected, or activated, within one hour. Both 
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furanocoumarins caused 40% to 50% reduction of CYP3A4 protein, probably due to 

intracellular degradation of the enzyme caused by mechanism-based inactivation. These 

data imply that, after the consumption of GFJ, DHB causes the enzyme inhibition earlier 

than BG.  

Lilja and coworkers (108) conducted a crossover study in which 10 healthy 

volunteers ingested 40 mg simvastatin with water (control), or with "high-dose" 

grapefruit juice (200 mL double-strength grapefruit juice three times a day for 3 days), or 

with water on days 1, 3, and 7 after ingestion of GFJ. When simvastatin was taken with 

GFJ, the mean Cmax and AUC of simvastatin were increased 12.0-fold and 13.5-fold, 

respectively, compared with control. The Cmax values when simvastatin was administered 

with water 24 hours, and 3 days after ingestion of the last dose of GFJ, were increased 

2.4- and 1.5-fold, respectively, compared with the control. Similarly, the AUC values 

were 2.1- and 1.4-fold higher than those of the control group after 24 hours and 3 days of 

GFJ intake, correspondingly. Seven days after ingestion of GFJ, no difference in the Cmax 

or AUC of simvastatin were observed. Furthermore, Greenblatt et al. (109) determined, 

in a human intervention trial, the time of recovery of intestinal CYP3A4 after the 

consumption of 300 mL of regular-strength GFJ and a single dose of midazolam at 2, 26, 

50, or 74 hours after administering the juice. After two hours, the AUC was 1.65-fold 

increased and after 26, 50, and 74 hours, the AUC was 1.29-, 1.29-, and 1.06-fold higher, 

respectively, in comparison to the control. The recovery half-life was estimated at 23 

hours. These results indicate that the interaction of grapefruit juice with CYP3A4 

substrates dissipates within 3 to 7 days after ingestion of the last dose of GFJ, consistent 

with a mechanism-based inhibition.  
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In summary, the presented in vitro studies confirm the inhibitory effects of 

grapefruit compounds on CYP-enzymes, with major effects on CYP3A4, involving both 

mechanism-based and reversible inhibition. DHB appears to be more potent than BG; 

however, furanocoumarin dimers seem to be more effective than monomers in the 

inhibition of CYP3A4. The human intervention trials examining the pharmacokinetic 

interaction of GFJ revealed a great inter-individual variability, where subjects with the 

highest content of CYP3A4 showed the largest reduction of this enzyme after the 

consumption of grapefruit. 

Permeability-glycoprotein: P-gp 

The interest in transporters as mediators of interactions between grapefruit and 

drugs is increasing and one of the most studied drug transporters is the permeability-

glycoprotein or P-gp. This efflux transporter consists of a 170KDa glycosylated plasma 

membrane protein that belongs to the ATP-binding cassette (ABC) transporters 

superfamily (110, 111).  

In humans, the multidrug resistance genes MDR1 and MDR3 encode the P-gp 

whereas, three members of this family (mdr1a, mdr1b, and mdr2) are found in mice (88, 

112). The P-glycoprotein encoded by human MDR1 and mouse mdr1a/1b genes are drug 

transporters, while human MDR3 and mouse mdr2 P-glycoprotein are thought to be 

implicated mostly with the transport of phospholipids (113, 114). Structure-function 

analyses revealed that P-gp consists of two homologous halves, each containing six 

transmembrane domains where are located the drug-binding sites and a cytoplasmatic 

nucleotide-binding domain where the ATP hydrolysis takes place generating the driving 

force for the drug efflux (115, 116). 
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P-glycoprotein was first characterized in tumor cells contributing to multidrug 

resistance (MDR) (117), but it is also expressed constitutively at high levels on the apical 

membrane of luminal epithelial cells of different tissues, which are involved in drug 

absorption and disposition such as hepatocytes cannalicular membrane, renal proximal 

tubules, intestinal mucosa and capillaries in the brain (110, 118-120). 

One of the most intriguing aspects of P-glycoprotein is its ability to recognize and 

transport many drugs with a wide array of chemical structures. So far, a clear structure 

activity relationship for predicting P-glycoprotein substrates has not been established and 

the only common feature is that most of P-gp substrates are hydrophobic in nature, 

suggesting that partitioning within the lipid membrane of cells is the first step for the 

interaction of substrate with the active sites of P-glycoprotein (110). 

Several models have been proposed to describe the mechanism for drug transport 

activity. The more favorable model proposes that P-glycoprotein intercepts lipophilic 

drugs either from outer membrane of lipid bilayer, before they enter the cell cytosol, or 

from the inner membrane of the bilayer, and extrudes them into the extracellular medium 

(115, 116, 121). 

The development of mdr1a, mdr1b, and mdr1a/b knockout mice was a landmark on 

P-glycoprotein research (122). In mdr-knockout mice one or both genes responsible for 

P-gp expression are deleted, allowing investigation of the function of P-gp in a very clear 

experimental design. For example, the AUC of paclitaxel was reported to be 2- and 6-fold 

higher in mdr1a (-/-) knockout mice than in the wild type animals after intravenous bolus 

(i.v.) and oral administration, respectively. The increased AUC of paclitaxel after i.v. 

administration in mdr1a (-/-) mice was attributed to the decrease in elimination clearance, 
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whereas the higher AUC after oral administration in mdr1a (-/-) mice resulted from 

combination of a decrease in the elimination clearance and enhancement of drug 

absorption. Based on the AUC values after i.v. and oral administration, the bioavailability 

of paclitaxel was calculated to be 11 and 35% for wild type and mdr1a (-/-) knockout 

mice, respectively (123).  

Wetsphal et al. (124) demonstrated that rifampin (a P-gp inducer) was able to 

reduce the AUC of intravenously (30 mg) and orally administrated (100 mg) P-gp 

substrate talinolol in healthy volunteers by 21% and 35%, respectively. 

Experiments in mice with cannulated gallbladder revealed that within 90 minutes 

after intravenous bolus administration of [3H]digoxin approximately 16% of the dose was 

secreted into intestinal contents of wild-type mice, whereas in mdr1a (-/-) knockout 

animals this value was reduced to only 2% (125).  

In summary, the intestinal P-glycoprotein hinder the absorption of distinct classes 

of drugs like anti-cancer, anti-HIV, cardiac glycosides, steroids, β-adrenergic agents, 

immuno-suppressants, and antibiotics by carrying them from the enterocytes back to the 

gut lumen (126, 127). Therefore, inhibition of the intestinal P-gp function may be 

expected to be followed by enhanced oral bioavailability of its substrates, increasing the 

risk of dose related side effects particularly for drugs with very low therapeutic index.  

Due the remarkable overlaps in tissue distribution, substrates and inhibitors 

specificity between CYP3A4 and P-gp (128) it is not surprising that GFJ and its 

components can also interact with this membrane efflux transporter.  

Among the many components of grapefruit juice (GFJ), the flavonoids (naringin, 

naringenin, kaempferol, quercetin), the furanocoumarin (bergamottin,  
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6′,7′-dihydroxybergamottin, and 6′,7′-epoxybergamottin), and some polymethoxylated 

flavones (tangeretin, nobelitin) derivatives (Figure 1-1) are able to modulate the activity 

of P-glycoprotein and have been suggested to contribute to grapefruit juice-drug 

interaction (56, 62, 71, 129-131). 

In contrast to CYP3A4, the levels of P-gp in the small intestine are not affected by 

GFJ or its components. Ingestion of 8 oz of GFJ (three times per day for six days) did not 

alter the expression of intestinal P-gp in healthy volunteers (97). 

Takanaga et al. (132) suggested that GFJ and its components were able to inhibit 

the P-gp activity in Caco-2 cells using vinblastine as probe. Since vinblastine also is a 

substrate of CYP3A4 (133), the GFJ effects regarding this inhibition were not conclusive. 

However, GFJ and phenolic compounds from orange, such as tangeretin, nobiletin, and 

heptamethoxyflavone, which have been demonstrated not to alter CYP3A4 activity, 

increased the net influx of vincristine into adriamycin-resistant human myelogenous 

leukemia cells conclusively, through the inhibition of P-gp (131). Several in vitro studies 

with different probes, such as vinblastine (71), talinolol (134), and digoxin (135) also 

confirm the findings that GFJ inhibits the efflux of P-gp substrates. In addition to GFJ, 

orange juice and pomelo juice also have been shown to inhibit the activity of P-gp in 

vitro (135). Flavones from orange juice have been described to be more potent than 

compounds from grapefruit in the inhibition of P-gp (132).  

In contrast to these findings, Soldner et al. (136) suggested that GFJ significantly 

activates the P-gp-mediated efflux of drugs in Madin-Darby canine kidney (MDCK)-

MDR1 cells model. 
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Five GFJ components (quercetin, naringin, naringenin, bergamottin and            

6′,7′-dihydroxybergamottin) were screened as modulators of P-gp activity by assessing 

the directional transport of saquinavir (a P-gp substrate) across Caco-2 cell monolayers 

(64). Only naringin and 6′,7′-dihydroxybergamottin had any appreciable effect, reducing 

the net secretion of saquinavir transport from 25 to 7.6 and 7.1, respectively.  

In order to evaluate the effect of grapefruit juice on P-glycoprotein-related transport 

processes, measurements of permeability through Caco-2 cells and in vivo drug 

absorption studies in Sprague-Dawley rats were performed using talinolol, which is a P-

gp substrate but not metabolized by CYP3A4, as a model compound (134). Apical to 

basolateral talinolol transport across Caco-2 monolayers was increased 3-fold when GFJ 

was present. During in vivo study in rats, doubled maximum plasma concentrations, 

enhanced AUC values, and decreased apparent oral clearance were found for both 

talinolol enantiomers at the same order of magnitude, suggesting an inhibition of P-gp by 

GFJ. 

A recent clinical trial, however, reported that a single glass of GFJ (300 mL) 

reduced the talinolol AUC, and Cmax to 56% and 57%, respectively, of those with water. 

Similar effect was observed after repeated ingestion of GFJ (300 mL three times a day for 

6 days) (137). These results suggest that constituents in grapefruit juice preferentially 

inhibited an intestinal uptake process rather than P-glycoprotein, although it is not clear 

yet if talinolol is a substrate of any influx transporter, such as OATP. Therefore, 

activation of P-gp cannot be discharged as a grapefruit effect in this study. 

Edwards et al. (130) evaluate the effect of GFJ and Seville orange juice on the 

disposition of cyclosporine, a P-gp substrate, in man. Compared with the control 
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experiment, the AUC and peak concentrations of cyclosporine were increased to 55% and 

35%, respectively, by GFJ, whereas Seville orange juice did not have an influence on 

cyclosporine, while both juices reduced enterocyte concentrations of CYP3A4. The 

authors additionally demonstrated that DHB did not inhibit P-gp in vitro. In parallel, 

Malhotra et al. (138) through a randomized three-way crossover intervention trial studied 

the effect of Seville orange juice, diluted GFJ (normalized to contain equivalent total 

concentration of BG and DHB as in Seville orange juice), and sweet orange juice on the 

disposition of felodipine in healthy volunteers. Seville orange juice and GFJ increased the 

AUC of felodipine. Considering both studies, while Seville orange juice and GFJ 

probably interact with felodipine through inactivation of intestinal CYP3A4, the lack of 

interaction between Seville orange juice and cyclosporine indicates that grapefruit may 

cause interactions also through the inhibition of intestinal glycoprotein. In addition, these 

data imply that the inhibition of P-gp activity by other compounds in GFJ (different from 

those present in Seville orange) may be responsible for the increased bioavailability of 

cyclosporine. 

When a tablet containing 0.5 mg of digoxin was co-administrated with GJF in 

healthy subjects the pharmacokinetics parameters were slightly increased (1.2- and 1.1-

fold increase in AUC and Cmax, respectively) (139), or not affected at all (140). However, 

in both studies it should not be concluded that there is no interaction between GFJ and P-

gp since digoxin has a high oral bioavailability (70-80%) and even a total inhibition 

would be expected to enhance its oral bioavailability by only 1.2-1.3-fold (141). 

Similarly, the pharmacokinetics of indinavir, another known P-gp substrate was not 

altered by GFJ (52), suggesting that possible other unknown mechanisms and factors 
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such as strength of the administered juices and length of consumption are relevant for the 

interactions of citrus with drugs (142). 

Overall, it can be stated that grapefruit and other citrus may interact with several 

drugs through the combined inhibition of CYP3A4 and P-gp. Additionally, there are 

significant differences among the published papers depending on the animal (rats, mice, 

dogs) or cell model (Caco-2 or MDCK cell lines) used as well as culture conditions, 

study design, and clinical relevance. Furthermore, the magnitude of interaction may 

strongly depend on the variations in the polyphenolic profile of grapefruit juice, which is 

related to the origin, quality of raw material, the manufacturing procedure, and storage 

conditions (40).  

In conclusion, the modulation of P-gp activity by grapefruit juice or its components 

and the clinical relevance of such interaction is still unclear and is a controversial issue, 

since some authors have reported activation (136, 143), others inhibition of P-gp (61, 71, 

144), or absence of effect (52, 139, 140). Therefore, additional studies are required in 

order to clarify the P-gp-related interactions between drugs and GFJ. 

Organic Anion Transporting Polypeptide: OATP 

The organic anion-transporting polypeptides (OATPs) are sodium-independent 

influx membrane transporters belonging to the superfamily of solute carriers (SCL) (145). 

So far, 39 members of the OATP superfamily have been identified in mammalian species 

such as human, rat and mouse (146, 147) all of them with broad substrate specificity 

(148). 

OATP transporters are composed by 12 transmembrane domains and a large 

extracellular region between the helices 9 and 10, which is believed to have a important 

role on solute transport (149). Most of OATP members are expressed in the basolateral 
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membrane of polarized cells of multiple tissues, exceptions are the OATP1B1 and 

OATP1B3 present predominantly on human hepatocytes (145, 150, 151) and the 

OATP2B1 that has been detected in the apical membrane of enterocytes (152).  

The whole superfamily is classified into families and each family into subfamilies. 

The individual families contain proteins with not less than 40% in amino acid sequence 

identity and are indicated by numbers (e.g., OATP1, OATP2, OATP3, etc.). Subfamilies 

contain proteins with amino acid sequence identities equal or higher than 60% and are 

designated by letters (e.g., OATP1A, OATP1B, OATP1C, OATP2A, etc.). Individual 

paralogues within a subfamily are indicated by different final numbers (e.g., OATP1B1, 

OATP1B3) (152).  

Considering the co-localization of these absorptive transporters and the secretory P-

gp at the apical plasma membrane of the enterocytes, their potential significance in the 

oral absorption cannot be neglected and might be related with a number of drug-drug and 

food-drug interactions (120, 127).  

GFJ and orange juice (OJ) have been reported to decrease the AUC and Cmax values 

of fexofenadine to 30 and 40%, respectively, of those when the drug was taken with 

water (80, 90). Similar results were also find when celiprolol was co-administrated with 

GFJ or OJ (153, 154). Both drugs are substrates for P-gp and OATP, but not CYP3A4 

(155, 156). If P-gp had played a major role in the observed interactions, the 

bioavailability would have been increased instead of decreased. This led to the 

conclusion GFJ and orange juice preferentially decreased the OATP-mediated transport 

of fexofenadine and celiprolol, than the transport carried-out by P-gp.  
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In a study with human embryonic kidney cells expressing OATP1B, different citrus 

juices were tested in their effect on the uptake of estrone-3-sulfate. GFJ, orange juice, 

BG, DHBG, quercetin, naringin, and naringenin significantly inhibited OATP1B–

mediated uptake of estrone-3-sulfate. The citrus compounds DHB and tangeretin 

significantly inhibited OATP1B-mediated influx of the probe glibenclamide (72). The 

effects of fruit juices on the oral availability of fexofenadine also have been tested in rats 

(79). In this study, orange juice decreased the oral bioavailability of the drug to a lesser 

extent than that observed in humans. Overall, it has to be considered that genetic 

differences in the OATPs between humans and other species may contribute to 

differences in the susceptibility to grapefruit-induced inhibition, which also is true for 

other transporters and enzymes. In summary, OATPs appear to play an important role in 

the influx of a number of drugs into enterocytes and hepatocytes. The inhibition of OATP 

activity has been demonstrated for orange and GFJ in in vitro and in vivo experiments. 

The clinical relevance of this mechanism remains to be investigated in further human 

intervention trials.  

Oral Drug Absorption 

Most of prescription drugs are administered orally due to convenience of 

administration, patient compliance, safety, ease of production and distribution. However, 

this administration route is frequently associated with issues of low bioavailability, 

defined as the rate and extent that a drug is absorbed from its dosage form and becomes 

available at the site of action (157, 158).  

Among the factors with a potential to influence the bioavailability are the physical-

chemical characteristics of the drug molecules (partition coefficient, ionization constant, 

solubility, polymorphism, particle size and particle shape distribution, stability at various 
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pH values and against gastrointestinal enzymes), the pH and physiological conditions of 

the absorption’s site, gastric emptying, intestinal motility, absorption windows, 

transporters, biotransformation and the manufacturing factors as excipients and 

pharmaceutical technology (87, 157). 

Additionally, the active ingredient of the dosage form should be appropriately 

released, solubilized in the GI fluids, and should cross the epithelial barriers in order to 

be absorbed throughout the gastrointestinal (GI) tract and reach the systemic circulation. 

In such scenario, the term “release” may include several processes like disintegration, 

deaggregation, diffusion, and dissolution of the drug in the GI fluids (87, 157, 159).  

Contribution of Small Intestine to Drug Absorption and Metabolism 

In a very simplistic point of view, the human gastrointestinal tract can be 

functionally divided into a preparative and primary storage region (mouth and stomach), 

a secretory and absorptive region (small intestine), a water reclamation system (ascending 

colon), and finally, a waste-product storage system (the descending and sigmoid colon 

regions and the rectum) (160). 

The small intestine, comprising of duodenum, jejunum and ileum, has two major 

functions: it can efficiently absorb nutrients, fluids, electrolytes, and many of the drugs 

already developed, and simultaneously act as a physical and metabolic barrier against of 

potentially toxic xenobiotics and pathogens (161). Such peculiarity can be explained by 

its morphology and physiology, which provide an enormous surface area with ability to 

absorb liquids and solutes selectively. The mucosa of small intestine is consisted of three 

groups of projections: circular folds, villi and microvilli (Figure 1-2). The absorptive cells 

or enterocytes are elongated, polarized and intimately connected by tight junctions, 

forming a physical barrier between the contents of GI tract and the intercellular space 
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(87). Another physical barrier located just above the enterocytes is the mucus, a viscous 

and elastic gel layer consisted of water, electrolytes, and high-molecular-weight (2 x 106 

Da) glycoproteins, produced by the goblet cells (162, 163). The basolateral and apical 

membrane of the enterocytes are markedly distinct conferring a polarized feature due the 

presence of a striated end (brush border) at the top of the cells (apical side) towards to the 

interior of the tract (Figure 1-2). These microvilli multiply by a factor of 20 the surface 

area of the small intestine and are consisted, especially, of protein fibers of actin and 

myosin (87, 162). 

Additionally, most of functionally active transporters protein systems (sugar 

transporters, P-gp, OATPs) and metabolizing enzymes (peptidases, esterases, CYP3A 

isoforms, N-acetyl transferases and glutathione transferases) are expressed in the mature 

enterocytes (163, 164) affecting, therefore, the fraction of the drug initially administrated 

available for absorption. 

The cellular membrane contains fundamentally a phospholipid bilayer, in which 

glycoprotein molecules are located. The phospholipids are arranged such that the 

hydrophilic ends face the two membranes surfaces, inner and outer, and the hydrophobic 

tails are directed towards the membrane center (87, 162). Such characteristic makes 

lipophilic compounds be rapidly and completely absorbed, while slowly and 

incompletely passively absorbed drugs are, in general, hydrophilic and with poor 

distribution into the cell membranes (165). 

Although the intrinsic selectiveness of the small intestinal may impair the 

bioavailability of many drugs, it is still the principal target for drug absorption following 

an oral administration due to its vast surface area. Physicochemical properties of drug 
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molecules and formulations parameters can be modified in order to obtain a better 

absorption profile. However, co-administration of two or more drugs subjects to similar 

metabolic pathways or sharing the same transporter systems increase the likelihood of 

drug-drug interaction. Similarly, the ingestion of dietary supplements and foods, like 

grapefruit juice, able to affect the normal physiology of the small intestine, the activity of 

the metabolizing enzymes, and carriers have a potential to modify markedly the 

disposition of drugs taken orally. 

 
Figure 1-2. Schematic representation of the mucosa of small intestine consisted of 

circular folds, villi “finger-like” structures covered by a monolayer of 
epithelial cells separating the lumen from the blood capillary network, and 
microvilli the “brush board” projections located at the apical side of the 
enterocytes  

Source: http://instruct1.cit.cornell.edu/courses/biog105/pages/demos/105/unit6/media/villus. 
structure.jpg. 

 

http://instruct1.cit.cornell.edu/courses/biog105/pages/demos/105/unit6/
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Mechanisms of Transport of Molecules across Intestinal Epithelium 

Orally administrated drugs can enter the systemic circulation by crossing the 

intestinal epithelium via two major routes, the paracellular or the transcellular pathways 

(164). Paracellular can be further divided in passive transcellular diffusion, carrier-

mediated transport or transytosis (Figure 1-3). The importance of each route for drug 

transport depends on the physicochemical properties of the compound being transported 

such as lipophilicity, size, pKa, hydrogen bond potential, affinity for transport proteins 

(166). 

 
Figure 1-3. Possible transport routes a drug can follow to cross the intestinal epithelium: 

(1) passive transcellular transport, (2) passive paracellular transport, (3) active 
and/or carrier mediated transport, (4) transcytosis. In addition, drug transport 
can be modulated by active efflux carrier mechanisms such as P-gp (5) (167) 

Passive Transcellular Diffusion 

The majority of drugs given orally reaches the systemic circulation by passive 

transcellular diffusion (164). This process consists on permeation of the apical membrane 

of the enterocytes, movement across the cytoplasma, and permeation of the lateral or 

basolateral membranes (87). Since lipid barriers need to be crossed, passive diffusion of 

drugs through the small intestine depends to a large degree on their lipophilicity. The 

diffusion process can be mathematically described by the Fick’s first law (equation 1-1): 
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 )11.eq()(.. 21 −−= CCAPJ

where J is the flux or mass of transport over time, P is the permeability coefficient, A is 

the surface area of the absorptive membrane, and (C1 – C2) is the concentration gradient 

of the uncharged from of the solute over the membrane. Assuming that the drug does not 

accumulate in any region at the basolateral membrane of the enterocytes because the 

blood and lymph flow provide a sink condition, the C2 becomes insignificant and the flux 

can be expressed just in term of the apical concentration, C1. Therefore, the driving force 

of diffusion is mainly controlled by the concentration of drug remaining to be transported 

from one to the other side of the enterocytes (87). 

 The permeability coefficient across the membrane, defined as the velocity of the 

drug transport (cm/sec) into the body (127), can be defined by the equation 2. 
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where K is the partition coefficient between the water and the membrane, Dm is the 

membrane diffusion coefficient and λ is the thickness of the of the membrane (162). 

Transport of ionized compounds rely on some the physical-chemistry properties 

such as the pKa of the drug molecule and pH of the absorption site, since these 

parameters will define the equilibrium of the charge-state of the compound (162).  

In general, these principles are followed by many drugs with the exception of 

highly branched molecules, which are less permeable than expected due stereochemistry 

issue since branched molecules results in greater disturbance in the arrangement of the 

lipid layer (87).  
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Paracellular Transport  

This transport route takes place via the tight-junctions between the enterocytes and 

works as a semipermeable barrier, which protects against xenobiotics and controls the 

passage of ions, water and small hydrophilic molecules (168). The apically located tight-

junctons restrict the paracellular transport of molecules that are larger than a certain 

threshold size (molecular weight ∼ 350 Da) (164). Additionally, the surface area for the 

paracellular transport has been estimate to be about 1000-fold smaller than the total 

intestinal surface, suggesting a low efficiency of this pathway on drug transport (165). 

Such characteristic has stimulated investigations to enhance the permeability of this route 

and, therefore, increase the bioavailability of very hydrophilic drugs (165, 166, 169). The 

tight-junctions are also a fence separating lipids and proteins of the apical and basolateral 

domains of the enterocytes (168). 

The tight-junctions become progressively tighter and the surface area decreases 

from the small intestine to the colon, which can explain why the permeability of 

hydrophilic compounds decrease in the same direction (170, 171). 

Experiments using Caco-2 cells demonstrated that paracellular route can contribute 

significantly to the absorption of many drugs including: atenolol, pindolol, cimetidine, 

metformin, didanosine, and acyclovir (172). These molecules have a moderate molecular 

weight and are relative hydrophilic. 

Carrier-Mediated Transport 

Generally, carrier-mediated transport processes consist of a reversible interaction 

between the solute and a membrane protein, which acts as a transporter. Such transport 

has unique characteristics such as specificity, competition, saturation kinetics, and energy 

requirement (87). Transporters that use the energy of ATP hydrolysis to maintain a 
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gradient across the membrane are named primary active transporters, whereas, secondary 

active transporters utilize the ion gradient across the membrane generated by the primary 

active carriers to transport their substrates. 

These carriers can be responsible for the uptake (influx transporters) or secretion 

(efflux transporter) of many drug molecules across the intestinal epithelium and in both 

cases it may result in non-linear pharmacokinetics and dose-dependent absorption. The 

permeability-glycoprotein is a primary active efflux transporter, whereas the organic 

anion transport peptide (OATP) is an example of secondary active influx carrier. 

The relevance of a carrier-mediated transport for drug absorption depends on the 

selectivity, capacity, direction, distribution, and expression of the transporters along the 

intestine (127). 

Transcytosis 

Transcytosis is a specialized pathway where particles and macromolecules are 

entrapped in vesicles due to invagination of the apical membrane before to be released 

into the cytoplasma (87). Characteristics of this route include a very low capacity of 

transport and the large amount of proteolytic enzymes inside the vesicles, which can 

hydrolyze many of the solutes. The transport of vitamin B12 is the best example of 

transport mediated by transcytosis (165).  

In Vitro Methods for Studying Drug Absorption 

Intestinal drug permeability is considered to be one of the two major barriers to 

intestinal drug absorption, solubility being the other. For assessment of the mechanistic 

aspects of intestinal drug permeability, several in vitro systems have been developed. 

Advantages of using in vitro models include small sample volumes, low variability 

between replicates, the fact that many external factors that influence transport can be 
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manipulated easily, and, in general, the outputs obtained by the in vitro assessment can be 

extrapolated to the in vivo scenario (165, 173, 174). 

Epithelial cell culture models such as Caco-2 are commonly used (165). This 

human colon adenocarcinoma cell line undergoes enterocytic differentiation in culture 

allowing studies not only of passive diffusion processes but also, active drug uptake, 

efflux carrier systems and presystemic drug metabolism , since they are able to naturally 

express transporters like P-gp, sugar uptake transporters, multi drug resistance protein, 

and metabolizing enzymes such as CYP3A4, N-acetyl transferases, and glutathione 

transferase (89, 163, 167, 173, 175-177). The ability of the cells to form and maintain a 

confluent monolayer, with characteristics similar to the in vivo barrier being modeled, on 

some type of semipermeable support is a prerequisite for transport study.  

Despite of the good versatility some potential weakness of the Caco-2 cell culture 

model should be considered. For instance, the Caco-2 form very tight monolayers 

compared to the human small intestine, which has been explained by the colonic origin of 

the cell line (165, 173). Also, a unexpectedly large percentage of the compounds are 

found to be substrates for P-gp, whereas the in vivo relevance of these findings remains 

unclear, probably because the higher P-gp expression observed in this cell line compared 

to the small intestine (163, 165). 

The Madin Darby canine (MDCK) and porcine (LLC-PK1) kidney epithelial cell 

lines consist of fast and simple additional in vitro models mostly used for screening tests 

and measurement of passive diffusion, since they do not express transporters under the 

normal conditions. They also can be used to study the effect of one single transport 

system or the interplay of efflux and influx carriers, having a untransfected wild-type cell 
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line as control (62, 71, 76, 178). In contrast to Caco-2 cells, they do not need to be kept 3 

weeks in culture before use. Limitations include the fact that MDCK and LLC-PK1 cells 

are non-intestinal and non-human cell models (163, 179). 

Excised segments of human or rat intestines properly positioned in an Ussing 

chamber and the everted gut sac of rat small intestine placed in a oxygenated tissue 

culture media are sensitive detection methods to study mechanisms of drug absorption at 

different sites in the intestine, to evaluate intestinal metabolism of xenobiotics, to 

quantify the paracellular transport of hydrophilic molecules, and to estimate the effects of 

potent enhancers on their absorption (171, 180-183). Potential disadvantages of these 

approaches are the presence of muscularis mucosa which may lead to underestimation of 

compounds with propensity to bind to muscle cells, short duration of the experiments due 

to limited cell viability, and the availability of human tissue is scarce (163). 

Therefore, distinct in vitro techniques are accessible for the prediction of the 

relevant parameters of drug absorption and their advantages, applicability, and limitations 

should be carefully considered. 

Talinolol: Model Compound for Drugs Subjected to Intestinal Efflux 

Talinolol, a highly selective β1-adrenoceptor antagonist, was introduced into 

clinical practice in 1975 in the former German Democratic Republic by AWD-Pharma 

GmbH & Co. KG (Dresden, Germany) under the trade mark Cordanum®. It is used in the 

therapy of arterial hypertension, angina pectoris, ischemic heart disease, and rhythmic 

disturbances of the heart (184, 185). 

Studies in vitro (186, 187) and in vivo (188-190) have demonstrated that talinolol is 

a substrate for the P-glycoprotein efflux system. Additionally, this drug is subjected to 

 



38 

minor metabolism in humans, dogs, and rats with less than 1% of the administered dose 

being excreted into urine in form of hydroxylated metabolites (124, 191-193). Due the 

remarkable overlaps in tissue distribution, substrates, inhibitors, and inducers specificity 

between CYP3A4 and P-gp (128), talinolol is considered a good probe for mechanistic 

studies involving interactions of drugs or food constituents, like grapefruit juice, with P-

glycoprotein. The intestinal efflux of talinolol can be estimated without an interference of 

any biotransformation processes, and the variability of its oral pharmacokinetics should 

reflect the variability of the P-gp function (193).  

Additionally, talinolol has a moderate passive membrane permeability, which 

prevents rapid passive absorption of the drug (187). 

Properties of Talinolol 

The chemical structure of talinolol ((1-(4-cyclohexylureidophenoxy)-2-hydroxy-3-

tertbutylaminopropane) (molecular weight = 363.5 Da) and its pharmacokinetics 

parameters after oral administration are presented on Figure 1-4 and Table 1-1, 

respectively.  

N N

O
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Figure 1-4. Molecular structure of talinolol. (*) chiral center. 

The basicity of the weak base talinolol (pKa = 9.4) refers to a secondary amino 

functional group located close to the chiral center. Since the nitrogen of this amino group 

can be protonated, talinolol features a pH-dependent solubility, which decreases with 

increasing pH values (162). The log P of 3.2 indicates a moderate lipophilicity, compared 

to other common β-adrenoceptor antagonists. It is less lipophilic than propranolol (log P: 

4.6) and more lipophilic than atenolol (log P: 0.2) (194). Solubility in water (pH = 7.0) 
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have been reported to be 0.2 mg/mL and recommended daily doses range from 50 to 300 

mg, in healthy volunteers safety of the drug was proven up to single doses of 400 mg 

(186, 192).  

Table 1-1. Pharmacokinetics parameters of talinolol after oral administration (50 mg) by 
health volunteers (192). 

Parameters Values ± SD 

AUC 0-36 1180 ± 337 ng.h/mL 

Vdss
* 3.3 ± 0.5 L/kg 

Cltot          11.9 ± 2.4 mL/min.kg 

Cmax                 168 ± 47 ng/mL 

Tmax                     3.2 ± 0.8 h 

Elimination half life (t1/2)                  11.9 ± 2.4 h 

Biotransformation < 1% 

Renal Excretion 
∼ 60 % 

of the bioavailable dose 

Extrarenal excretion 
∼ 40% 

of the bioavailable dose 

Bioavailability 55 ± 22%; dose dependent 

* Vdss was calculated after a constant rate intravenous infusion of 30 mg of talinolol over 
30 min 

Hypothesis and Objectives 

Grapefruit juice has been demonstrated to inhibit the metabolizing enzyme 

CYP3A4 in the small intestine via suicide inhibition mechanism. As the result of such 

inhibition, the oral bioavailability of many drugs of different therapeutic classes is 

increased and in some cases dose dependent side effects are observed.  
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Because CYP3A4 and P-glycoprotein share many substrates, inhibitors, and 

inducers, ingestion of GFJ is likely to modify the disposition of drugs transported by this 

efflux system. However, the influence of different GFJ compounds on P-gp is still 

unclear and is a controversial issue particularly, regarding the in vivo relevance of this 

potential interaction. Therefore, we will test the hypothesis that grapefruit juice and its 

constituents change significantly the disposition of talinolol, a substrate of P-

glycoprotein. 

Concentrations of potential compounds able to interact with P-gp will be 

determined in different brands and lots of grapefruit juice in order to assess the potential 

influence of the variability of these juice components on the variability of data gained in 

drug interaction studies.  

Additionally, experiments using Caco-2 cells and talinolol as a probe compound 

will be performed with the purpose of study the mechanistic aspects of the interaction of 

grapefruit juice and its components with P-gp. 

Furthermore, the effect of GFJ and some of its constituents on the 

pharmacokinetics of talinolol in male Sprague-Dawley will be evaluated and the data 

obtained from both in vitro and in vivo experiments will be correlated.  

We expected that this study will aid to clarify the predominant mechanisms and the 

major compounds contributing to the overall effect of grapefruit juice on drug 

disposition. 

Therefore, to test the hypothesis of this study the following specific aims were 

proposed: 
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Specific Aim 1: Contents of Flavonoids and Furanocoumarins in Grapefruit and 
Grapefruit Juice 

1. To measure selectively, using validated and sensitive HPLC methods, the contents 

of the specific flavonoids (naringin and naringenin) and furanocoumarins 

(bergamottin and 6′,7′-dihydroxybergamottin) in commercially available and 

fresh-squeezed GFJ as well as in different tissues of grapefruit. 

Specific Aim 2: In Vitro Studies  

1. To determine the permeability of talinolol across Caco-2 cell monolayer 

cultures in the absence and in the presence of different concentrations of 

grapefruit juice and several of its components. 

2. To estimate the kinetic parameters Km and Pmax of P-glycoprotein regarding 

the transport of talinolol. 

3. To calculate concentrations of grapefruit juice and its components able to 

produce a half maximum inhibition (IC50) of the P-gp-mediated transport of 

talinolol across the Caco-2 cell monolayers. 

Specific Aim 3: In Vivo Studies  

1. To evaluate the effect of grapefruit juice and its components on the 

pharmacokinetics of talinolol in male Sprague-Dawley rats. 

 

 



CHAPTER 2 
VARIATION OF FLAVONOIDS AND FURANOCOUMARINS IN GRAPEFRUIT 
JUICES: A POTENCIAL SOURCE OF VARIABILITY IN GRAPEFRUIT JUICE-

DRUG INTERACTION STUDIES 

Background 

The amount of active ingredients of grapefruit juice ingested may be an important 

factor influencing the mechanism, magnitude, and reproducibility of the grapefruit-drug 

interaction (48), compromising the comparison of data gained in different clinical studies. 

A clinical trial with healthy subjects has revealed that the AUC and the Cmax of felodipine 

were increased by about 73 and 138% compared with water, respectively, when a single 

oral dose (10 mg) of the drug was administrated with 200 mL of GFJ (prepared by 

diluting 50 mL of frozen concentrate with 150 mL of tap water) (102). However, in a 

similar study co-administration of the same oral dose of felodipine and 250 mL of a 

commercial GFJ increased the AUC and Cmax values by 305 and 228%, respectively (68). 

Although the variability in magnitude of the grapefruit juice-drug interaction might be at 

least partially explained by inherent differences in enterocyte CYP3A4 content (68, 97), 

it is also possible that more concentrated or larger volumes of grapefruit juice caused a 

more pronounced interaction. Furthermore, differences in the concentrations of drug-

interacting compounds in the juices used in both studies may have contributed to the 

discrepancy of results. This points out the potential role of the concentration of 

components causing drug interactions in juices used in clinical trials.  

42 
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Specific Aim 

The objective of this study was to compare the contents of the specific flavonoids 

(naringin and naringenin) and furanocoumarins (bergamottin and                                      

6′,7′-dihydroxybergamottin) (Figure 1-1) in commercially available and fresh-squeezed 

GFJ as well as in different tissues of grapefruit in order to assess the potential influence 

of the variability of these juice components on the variability of data gained in drug 

interaction studies. These compounds have been already described as the most abundant 

present in GFJ and play a role in the GFJ-drug interaction (98, 195, 196). 

Material and Methods 

Chemicals 

Naringin (NAR) and naringenin (NAG), both > 95% pure, were from Roth GmbH 

& Co. (Karlsruhe, Germany), bergamottin (BG) (> 98% purity) was bought from 

Indofine Chemical Company, Inc. (Somerville, NJ, USA), 6′,7′-dihydroxybergamottin 

(DHB), was kindly supplied by Dr. John Manthey at the U.S. Department of Agriculture 

(USDA), Citrus and Subtropical Products Laboratory, Agricultural Research Service, 

Winter Haven, FL. Upon isolation, the compound identification and purity (> 98%) was 

measured by analytical thin layer chromatography, HPLC-MS and melting point 

comparisons with authentic standard at the USDA laboratories. Ethyl acetate was bought 

from Sigma Chemical Company (St. Louis, MO, USA), methanol HPLC grade, 

dimethylsulfoxide, and orthophosphoric acid were acquired from Fisher Scientific (Fair 

Lawn, NJ, USA) and purified water was obtained using a NANOPure® system from 

Barnstead (Dubuque, IA, USA). 
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Sample Preparation  

Twenty-nine commercially available GFJ samples and two types of fresh grapefruit 

(white and red) were purchased at local supermarkets. Concentrations of flavonoids 

(naringin and naringenin) and furanocoumarins (bergamottin and                                

6′,7′-dihydroxybergamottin) in fresh grapefruit were determined in the flavedo layer (0.1 

g), pulp (0.1 g), albedo (1.0 g), seeds (1.0 g), and fresh-squeezed juice. Fruit tissues were 

first homogenized with 6 mL (flavedo and pulp) or 12 mL (albedo and seeds) of purified 

water using a PowerGen® homogenizer (Fisher Scientific, Pittsburgh, PA) prior to the 

extraction step. The freshly squeezed juices were obtained by using an HJ 29 handy 

juicer (Black & Decker, Towson, MD). Samples were analyzed by a Shimadzu VP series 

HPLC system (Kyoto, Japan) equipped with an SPD-M10Avp diode array detector, an 

LC-10ATvp solvent delivery unit, an SIL-10AF autosampler, a CTO-10Avp column 

oven, an SCL-10Avp system controller, a DGU-14A on-line degasser, an FCV-10ALvp 

low-pressure gradient unit, and Class VP 7.2 SP1 chromatographic software. 

Additionally, the peak purity software (Class VP 7.2 SP1 chromatographic software, 

Shimadzu) was applied to the diode array data to test for impurities in all of the 

chromatographic peaks of interest. The same software was used to determine the 

similarity of the ultraviolet (UV) spectra of the target compounds present in the grapefruit 

with those from the respective standard compounds.  

Determination of Flavonoids (Naringin and Naringenin) 

The GFJ and the homogenate of tissues (200 µL) were mixed with cold methanol 

(400 µL), vortexed for 1 min, and centrifuged at 2500 g for 15 min, as previously 

described (197). After filtration through a 0.45 µm PVDF membrane filter (Millipore 
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Corp., Bedford, MA), the supernatant (25 µL) was injected and analyzed at 285 nm. The 

flow rate and the temperature were set to 0.5 mL/min and 35 °C, respectively. Mobile 

phases A and B consisted of water (pH 2.4) (adjusted with orthophosphoric acid) and 

water (pH 2.4) (adjusted with orthophosphoric acid)/ methanol (40:60), respectively. The 

250 x 4.6 mm i.d., 5 µm, Lichrospher RP-18 column and Lichrospher 100 RP-18 guard 

column (Merck KGaA, Darmstadt, Germany) were initially equilibrated during 30 min 

with solvent A. After sample injection, an initial isocratic run for 5 min was followed by 

a linear gradient from 100% of A at 5 min to 100% of B at 55 min. This condition was 

maintained until 70 min and then returned to 100% of A, which was kept constant during 

5 min before proceeding to the next injection. 

Extraction and Determination of Furanocoumarins (Bergamottin and                 
6′,7′-Dihydroxybergamottin) 

GFJ and the homogenate of tissues (3 mL) were mixed with ethyl acetate (2 mL). 

The extraction was performed by shaking the mixtures four times over 30 min. The 

mixture was centrifuged at 3200 g for 20 min; the organic phase was collected and 

evaporated under vacuum. The residue was reconstituted with 600 µL of a 

DMSO/methanol solution (1:3 v/v). The reconstituted residues were filtered through a 

0.45 µm PVDF membrane filter (Millipore Corp.). Volumes of 25 µL of each sample 

were injected and analyzed at 310 nm. The flow rate and the temperature were set to 1 

mL/min and 35 °C, respectively. Solvents A and B consisted of water and methanol, 

respectively. The column and guard column (as used for flavonoids) were initially 

equilibrated with mobile phase consisting of a mixture of solvents A and B (45:55), 

respectively. Twenty minutes after injection, solvent B was increased linearly from 55 to 

100% in 20 min. This condition was maintained for 5 min, after which the system 
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returned to the original mobile phase and was equilibrated for a further 5 min before the 

next injection. 

Stock and Work Solutions for the Preparation of Calibration Standards 

All stock solutions were prepared in dimethylsulfoxide (DMSO) in order to obtain 

a final concentration of 50 mmol/L. The stock solutions were kept at -20 ºC and used 

within 4 weeks. 

Naringin stock solution 

The amount of 58.5 mg of naringin (MW = 580.53 g/mol) was accurately weighed, 

and transferred quantitatively to a 2.0 mL volumetric flask. The standard was then 

dissolved in DMSO, the volume was completed with the same solvent, and the final 

solution mixed thoroughly. 

Naringenin stock solution 

The amount of 27.2 mg of naringenin (MW = 272.26 g/mol) was accurately 

weighed and transferred quantitatively to a 2.0 mL volumetric flask. The standard was 

then dissolved in DMSO, the volume was completed with the same solvent, and the final 

solution mixed thoroughly. 

Bergamottin stock solution 

The amount of 33.8 mg of bergamottin (MW = 338.42 g/mol) was accurately 

weighed and transferred quantitatively to a 2.0 mL volumetric flask. The standard was 

then dissolved in DMSO, the volume was completed with the same solvent, and the final 

solution mixed thoroughly. 

6′,7′-Dihydroxybergamottin stock solution 

The amount of 37.2 mg of 6′,7′-dihydroxybergamottin (MW = 372.42 g/mol) was 

accurately weighed and transferred quantitatively to a 2.0 mL volumetric flask. The 
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standard was then dissolved in DMSO, the volume was completed with the same solvent, 

and the final solution mixed thoroughly. 

Naringin work solution 

Volume of 1 mL from the naringin (NAR) stock solution was accurately transferred 

to a 5 mL volumetric flask, the volume was completed with a solution of methanol/water 

(1:1) and mixed thoroughly. The final concentration of NAR was 10 mmol/L. 

Naringenin work solution 

Volume of 100 µL from the naringenin (NAG) stock solution was accurately 

transferred to a 5 mL volumetric flask, the volume was completed with a solution of 

methanol/water (1:1) and mixed thoroughly. The final concentration of NAG was 1 

mmol/L. 

Furanocoumarins work solution 

Volumes of 250 µL and 100 µL from the bergamottin (BG) and                         

6′,7′-dihydroxybergamottin (DHB) stock solutions, respectively, were accurately 

transferred to a 5 mL volumetric flask, the volume was completed with a solution of 

DMSO/methanol (1:3) and mixed thoroughly. The final concentrations of BG and DHB 

were 2.5 mmol/L and 1 mmol/L, respectively. 

Standard solutions of flavonoids 

From the NAR and NAG work solutions, five different concentrations of standard 

solutions of naringin and naringenin and three quality controls (QC) were prepared in 

methanol/water (1:1) according Table 2-1. All solutions were filtered through a 0.45 µm 

PVDF membrane filter (Millipore Corp.) before analysis. 
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Table 2-1. Concentrations of the standard solutions used for the calibration curves and 
quality controls (QCs) of naringin (NAR) and naringenin (NAG). 

Concentration 
(µmol/L) Standard NAR work 

solution (µL) 
NAG work 

solution (µL) 
methanol/water 
(1:1) q.s.p. (mL) 

NAR NAG 
1   50 100 10   50 10 
2 150 200 10  150 20 
3 250 300 10  250 30 
4 350 400 10  350 40 
5 450 500 10  450 50 

QC1   50 150 10    50 15 
QC2 250 250 10  250 25 
QC3 450 450 10  450 45 

 
Standard solutions of furanocoumarins 

From the furanocoumarins work solution, six different concentrations of 

bergamottin and 6′,7′-dihydroxybergamottin and three QCs were prepared in 

DMSO/methanol (1:3) according Table 2-2. All solutions were filtered through a 0.45 

µm PVDF membrane filter (Millipore Corp.) before analysis. 

Table 2-2. Concentrations of the standard solutions used for the calibration curves and 
quality controls (QCs) of bergamottin (BG) and 6′,7′-dihydroxybergamottin 
(DHB). 

Concentration (µmol/L) Standard Furanocoumarins 
work solution(µL)

DMSO/methanol (1:3) 
q.s.p. (mL) BG DHB 

1     10 10 2.5        1 
2     25 10  6.25 2.5 
3   100 10      25      10 
4   250 10      62.5      25 
5   500 10     125      50 
6 1000 10     250    100 

QC1    50 10       12.5        5 
QC2 125 10  31.25      12.5 
QC3 750 10     187.5      75 
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Validation 

An external standardization method was validated over the range of concentration 

of the target compounds present in the grapefruit juice and tissues. The validation 

parameters of linearity, sensitivity, specificity, precision, accuracy, recovery and stability 

were determined.  

For each level of concentration, standards solutions and QCs were injected in the 

HPLC in triplicate in three different days. GraphPad Prism® version 4.0 (GraphPad 

Software Inc, San Diego, CA, USA) was used to construct the calibration curves obtained 

by plotting the mean area versus the corresponding concentration of the each standard 

solution. The linearity of the standard curves was determined by least-squares linear 

regression method and expressed in terms of coefficient of determination (r2). The intra- 

and inter-day precision and accuracy of the quantification were measured by replicate 

analyses of three different concentration levels (low, medium and high QCs) on the same 

day and on alternate days. The precision was based on the calculation coefficient of 

variation (CV %), and the accuracy was expressed as percent of the found amount 

compared to the theoretical one. The calibration was considered suitable if not more than 

1/3 of the quality controls showed a deviation from the theoretical values equal or greater 

than 20% at the lower limit of quantification (LLOQ) and within 15% at all other 

calibration levels. 

The limit of detection (LOD) and LLOQ of NAR, NAG, BG, and DHB were 

expressed on the basis of the mean values of the intercept (Ybl), the standard deviation 

(Sbl) of the blank responses, and the slope (b) of the original calibration curve (equations 

2-1 and 2-2) (198).  
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Briefly, a second standard curve for each grapefruit juice component was obtained, 

injecting each point in triplicate, but at lower concentrations than those of the used for 

quantification. The Ybl values represent the intercepts of these new curves, corresponding 

to the output as the concentrations of the analytes are equal to zero. Similarly, the Sbl 

values were determined after plotting the standard deviation versus the correspondent 

concentration level. 

The recovery of each compound was evaluated by adding known amounts of pure 

compounds to orange juice, from which they are naturally absent (199), and extracting 

them under the same conditions used in the grapefruit samples. The analytical results for 

extracted samples at three concentration levels were compared with unextracted standards 

that represent 100% recovery.  

To assess the flavonoids and furanocoumarins stability at room temperature, three 

QCs (low, medium, and high) were prepared using fresh stock solutions and analyzed at 0 

and 36 hours, as previously described. The stock solutions were then frozen at -20 °C and 

freeze/thaw cycles were carried out once week up to 4 cycles. After each cycle, solutions 

of flavonoids and furanocoumarins corresponding to the medium QC level were prepared 

and analyzed by the validate HPLC method mentioned formerly. The areas were 

compared to those obtained from fresh solutions for each concentration level and results 

expressed as % of the control. Three replicates of each concentration level were prepared 

for each test performed.  

Statistical Analysis 

Validation parameters were expressed as mean of three to nine determinations ± 

SD. The concentration of each compound in the juice and tissues was expressed as the 
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mean of the three determinations ± SEM. Asterisks indicate significant differences for 

white grapefruit compared to red grapefruit (p < 0.05). Data were analyzed by one-way 

analysis of variance (ANOVA) with JMP5 software (SAS Institute Inc., Cary, NC,1996). 

Mean separation was conducted using the Tukey-Cramer HSD comparison for all pairs (p 

< 0.05). Values with different letters are significantly different (p < 0.05).  

Results and Discussion 

Linearity 

Calibration curves (n = 9) for all four grapefruit juice constituents were linear 

within the tested range of concentration with r2 > 0.999 (Figure 2-1), indicating that both 

methods showed good linearity. 
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Figure 2-1. Mean calibration curves (n = 9) of naringin (A) and naringenin (B) in 

methanol/water (1:1), and of bergamottin (C) and 6′,7′-dihydroxybergamottin 
(D) in DMSO/methanol (1:3). Vertical bars represent the standard deviations 
(SD) of the means. 

 



52 

Sensitivity 

The Ybl values for the blank responses of NAR, NAG, BG, and DHB were 6170.9, 

7462.9, 271.1, and 671.6, respectively. In the same way, the Sbl values were 5026, 1790, 

6.2, 30.7. Therefore, the LODs values for naringin, naringenin, bergamottin, and 6′,7′-

dihydroxybergamottin were 0.47, 0.56, 0.01, and 0.04 µmol/L, respectively, whereas the 

LLOQs were 1.25, 1.11, 0.02, and 0.05 µmol/L. 

Specificity 

The methods provided good resolutions between naringin and naringenin as well as 

between bergamottin and 6′,7′-dihydroxybergamottin. Peaks of the flavonoids and 

furanocoumarins had similar retention times and the UV spectra (200-400 nm) in all 

samples when compared to the standards. The wavelengths 285 and 310 nm used to 

quantify flavonoids and furanocoumarins at their maximum absorption, respectively, 

were confirmed by their UV spectra (Figure 2-2). There was no endogenous interference 

from GFJ or orange juice (Figure 2-3) in either assay, indicating specificity of both 

methods to the tested compounds. The results of the analysis of the peak purity software 

suggested the absence of impurities for all compounds (purity > 95% for each individual 

peak). Additionally, the UV spectra of all tested compounds showed more than 99% of 

similarity with those obtained using the respective standard compounds (Figure 2-4).  

Precision and Accuracy 

The precisions intra- and inter-day for both flavonoids and furanocoumarins were 

satisfactory with CV values between 0.55 and 6%. Similarly, the accuracy of the assay 

was between 93 and 114.8% for all compounds tested at three different concentrations. 

The results are summarized in Table 2-3. 

 



53 

Figure 2-2. HPLC separation and absorbance-wavelength spectra of A - 
furanocoumarins: 6′,7′-dihydroxybergamottin and bergamottin; B - 
flavonoids: naringin and naringenin. 
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Figure 2-3. Chromatograms corresponding to the orange juice (OJ), standard solutions 

(Std) containing 6′,7′-dihydroxybergamottin (DHB) plus bergamottin (BG) - 
(panel A), and naringin (NAR) plus naringenin (NAG) - (panel B). 

 
Figure 2-4. Absorbance-wavelength spectra of A - bergamottin; B - 6′,7′-

dihydroxybergamottin; C - naringin. (1) represents the spectra of the standard 
compound and (2) represents the spectra of the peak with same retention time 
of the corresponding standard but obtained after injection of the grapefruit 
sample. 
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Table 2-3. Intra-day (n = 3) and inter-day (n = 9) assay parameters of furanocoumarins (bergamottin and 6′,7′-dihydroxybergamottin) 
and flavonoids (naringin and naringenin). Precision expressed as CV %and accuracy as % of the theoretical concentration. 

Bergamottin 
 QC1-12.5 µmol/L  QC2–31.25 µmol/L QC3–187.5 µmol/L 

Intra-day Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
Precision     0.7     0.6     3.8     1.0    1.8     0.9     1.1      2.3      0.7 
Accuracy          

  

    

107.4 109.4 108.4 105.0 108.4 106.2 104.4 108.0 103.4
Inter-day QC1-12.5 µmol/L QC2–31.25 µmol/L QC3 187.5 µmol/L 
Precision     2.4     1.3     1.5 
Accuracy 108.6 106.5 105.3

6′,7′-Dihydroxybergamottin 
 QC1-5 µmol/L QC2–12.5 µmol/L QC3–75 µmol/L 

Intra-day Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
Precision     1.5     1.2     1.9     1.2     4.9   1.7    5.2     0.8     0.9 
Accuracy          

  

    

110.3 114.8 114.2 106.0 107.0 99.0 94.6 107.4 105.0
Inter-day QC1-5 µmol/L QC2–12.5 µmol/L QC3–75 µmol/L 
Precision     2.9     4.1      4.03 
Accuracy 113.1 104.0 102.3

Naringin 
 QC1-50 µmol/L  QC2–250 µmol/L QC3–450 µmol/L 

Intra-day Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
Precision    4.3    0.6    0.8     0.6     1.2     1.5   3.2   2.1     1.6 
Accuracy          

  

    

98.2 95.1 93.0 104.7 106.0 100.9 98.3 98.3 100.8
Inter-day QC1-50 µmol/L QC2–250 µmol/L QC3–450 µmol/L 
Precision    6.1     2.0    5.0 
Accuracy 95.4 103.9 99.1
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Table 2-3 Continued 
Naringenin 

 QC1-15 µmol/L  QC2–25 µmol/L QC3–45 µmol/L 
Intra-day Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 
Precision     2.4    0.8    3.6     2.3     1.2    0.7     1.3    0.6    5.9 
Accuracy          

  

    

100.9 96.6 96.6 106.1 103.1 96.2 100.8 99.5 99.8
Inter-day QC1-45 µmol/L QC2–25 µmol/L QC3–15 µmol/L 
Precision    3.0     5.8     4.5 
Accuracy 98.1 101.8 102.7
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Recovery 

The recoveries from orange juice spiked samples were between 97.7 and 106% 

(Table 2-4). Concentrations were back calculated using the equation obtained from linear 

regression of the standard curves.  

Table 2-4. Recovery values (means ± SD) of bergamottin, 6′,7′-dihydroxybergamottin, 
naringin, and naringenin from the spiked orange juice. Values in the 
parenthesis represent the mean % recovered from each added concentration. 

 
GFJ components added to the 

orange juice 
Theoretical Concentration 

(µmol/L) 
Mean measured 

Concentration (n = 3) 
           6.25  6.1 ± 0.3 (97.7) 
Bergamottin    25          24.8 ± 1.7 (99.2) 
 150        156.6 ± 12.4 (102.0) 
   
     5      5.2 ± 0.1 (103.7) 
6’,7-Dihydroxybergamottin   25 24.9 ± 0.8 (99.8) 
 100 101.3 ± 2.8 (101.3) 
   
   50         52.2 ± 3.3 (103.4) 
Naringin 250 265.9 ± 25.6 (106.2) 
 450 475.5 ± 32.3 (105.9) 
   
   15 15.4 ± 0.4 (102.7) 
Naringenin   25 25.6 ± 1.5 (102.5) 
   45         44.2 ± 1.2 (98.4) 

 

Stability 

The standard solutions of flavonoid and furanocoumarins were found stable at 

room temperature within 36 hours, whereas the stock solutions showed adequate stability 

during at least 1 month after freeze/thaw cycles at -20 °C. In both cases, the shifting of 

the areas of each sample tested was less than 5% of those obtained from a fresh solution 

at the same level of concentration (Figure 2-5). 
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Figure 2-5. Results of the stability test after 36 hours at room temperature (A) and after 4 

freeze/thaw cycles at -20 °C (B). Data represents means of three replicates and 
vertical bars the standard deviation of the means. 

 
Quantification of Naringin, Naringenin, Bergamottin, and 6′,7′-Dihydroxybergamottin 

in Grapefruit Juices. 

The values found for all compounds (Table 2-5) are in the same general range as 

those reported in previous publications except for naringenin, which was absent in all 

samples tested. In contrast to a previous study in which concentrations of naringenin were 

found from 19.5 to 595 µmol/L in 8 different brands of GFJ (196), we did not detect this 

flavonoid in any of the 14 brands of juices analyzed, which was also in agreement with 
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other authors (41). However, a great variability of naringin (from 174 to 1492 µmol/L), 

bergamottin (from 1.0 to 36.6 µmol/L), and 6′,7′-dihydroxybergamottin (from 0.22 to 

52.5 µmol/L) contents was observed among all tested brands of GFJ. Although Bronner 

and Beecher (195) found similar concentrations of naringin (850 µmol/L) in two different 

brands of GFJ (Giant and Minute Maid), a large variability of naringin, bergamottin, and 

6′,7′-dihydroxybergamottin in GFJ has also been confirmed by different authors with 

ranges of 218-2062 µmol/L (196), 2.0-28.3 µmol/L (71), and 9.1-42 µmol/L (71), 

respectively. In the fresh-squeezed GFJ the highest concentration of naringin (312.6 

µmol/L) was measured in the white variety, whereas the red fruit provided the highest 

contents of bergamottin (3.1 µmol/L) and 6′,7′-dihydroxybergamottin (10.3 µmol/L). In 

the pink GFJ (A-C) the concentrations of 6′,7′-dihydroxybergamottin were not 

statistically different intra- and inter-lot (p > 0.05) and brand B showed a higher content 

of naringin when compared with the other two brands, although the variability of this 

flavonoid between the lots was not significant. Additionally, the content of bergamottin 

in lot 2 of brand C was 2.4-fold higher than in lot 1. Intra-lot comparisons revealed that 

the content of naringin was significantly different (p < 0.05) in all brands of white GFJ 

used in this study. The white brands D and E showed similar concentrations of 

bergamottin within lots. In red juices only brand H showed significant intra-lot variability 

of naringin and 6′,7′-dihydroxybergamottin. The concentrations of bergamottin and   

6′,7′-dihydroxybergamottin in brand E (frozen from concentrate) were significantly 

higher when compared to all other juices. Although there is a lack of detailed information 

regarding the stability of furanocoumarins (bergamottin and 6′,7′-dihydroxybergamottin) 

present in GFJ, brand E is sold as a frozen product, which may possibly have prevented 
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extensive degradation of furanocoumarins compared to juices stored at room temperature. 

In general, the white GFJ showed the highest levels of naringin, bergamottin, and      

6′,7′-dihydroxybergamottin with mean concentrations of 1010 ± 87, 24.5 ± 2.3, and 14.5 

± 6.7 µmol/L, respectively. Additionally, the red variety showed higher amounts of 

bergamottin (9.5 ± 1.8 µmol/L) and 6′,7′-dihydroxybergamottin (5.6 ± 1.9 µmol/L) 

compared to the pink variety, although the mean concentration of naringin was ∼1.7- fold 

lower. 

Localization of Naringin, Naringenin, Bergamottin, and 6′,7′-Dihydroxybergamottin 
in Grapefruit.  

A comparison of concentrations and distribution of the target compounds between 

fresh white and red grapefruit varieties (Figure 2-6) revealed that extracts from white 

grapefruit showed higher concentrations of naringin (3152 µg/g), bergamottin (19.8 

µg/g), and 6′,7′- dihydroxybergamottin (106 µg/g) located in the albedo and flavedo. The 

lowest concentrations were found in the seeds and pulp of red grapefruit. These results 

are in agreement with the values found in the commercial juices where, in general, the 

white grapefruit juices showed the highest contents of naringin, bergamottin, and      

6′,7′-dihydroxybergamottin compared to the pink or red varieties. A similar study  

was conducted to determine the content of the dimers of bergamottin and                   

6′,7′-dihydroxybergamottin in the white and red grapefruits (200). Bergamottin and   

6′,7′-dihydroxybergamottin were able to inhibit the human microsomal CYP3A-mediated 

testosterone 6β-hydroxylation by half at 22 and 2 µmol/L, respectively (98). With regard 

to their effects on P-gp activity, bergamottin (10 µmol/L) and 6′,7′-dihydroxybergamottin 

(33 µmol/L) have been reported to reduce the activity of P-gp in vitro by 58 and 50%, 
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respectively (41, 80). In addition, 6′,7′-dihydroxybergamottin has been shown to be a 

potent inhibitor of rat OATP3 (IC50 = 0.28 µmol/L) (80). Although the flavonoid naringin 

has been excluded as the principal CYP3A4 inhibitor in GFJ (41, 75, 201), it promoted a 

significant inhibition on P-gp and OATP activity in vitro at concentrations of 1000 and 5 

µmol/L, respectively (80, 202). Naringin has also been shown to be hydrolyzed into the 

more potent CYP3A4 inhibitor naringenin by the gastrointestinal microflora located 

preferentially in the distal part of the small intestine and in the colon (203). The clinical 

relevance of this interaction is uncertain because most of the drug absorption takes place 

in the small intestine. Overall, the concentrations of naringin, bergamottin, and 

6′,7′-dihydroxybergamottin in the samples analyzed in this study appear to be high 

enough to considerably decrease CYP3A4, P-gp, and OATP activities. Other GFJ 

constituents (not tested in this study) have been shown to inhibit the CYP3A4 activity, 

such as the dimeric compounds (IC50 < 1 µmol/L) (98) and epoxybergamottin (IC50 = 4.2 

µmol/L) (94). Additionally, the flavonoids quercetin and kaempferol have been shown to 

inhibit the organic cation transporters (OCT) by half at 32 and 38 µmol/L, respectively 

(202). In general, the GFJ-drug interactions studies are characterized by a wide variability 

in the pharmacokinetics and pharmacodynamics data among patients from the same 

study, as well as between different studies. Variations in the intestinal concentrations of 

CYP3A4 among individuals seem to contribute to the differences in the intensity of this 

interaction (94). In addition, it was speculated that the high variability of components in 

GFJ may also increase the risk of an interaction in patients who drink GFJ habitually and 

appear to be equilibrated during a drug therapy, if the brand or even the lot is switched 

during drug therapy with a susceptible drug (43). However, further studies comparing the 
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effect of different brands on the magnitude of the GFJ-drug interaction are needed to 

clarify this issue. Additionally, the correlation between the content of the interacting 

compounds in a GFJ preparation and their inhibitory effects would help to estimate the 

role of each component on the overall GFJ-mediated inhibition and also to predict and 

circumvent such interactions (109).  
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Figure 2-6. Distribution of naringin (A), bergamottin (B) and 6′,7′-dihydroxybergamottin 

(C) in different tissues of white (open bars) and ruby red (shaded bar) 
grapefruits. Values are means ± (SEM) (n = 3). Asterisks indicate significant 
differences between values of white compared to red grapefruit. 
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Table 2-5. Naringin, bergamottin and 6′,7′-dihydroxybergamottin content in different 
brands of grapefruit juice sold in Florida.  

Concentration (µmol/L) Grapefruit 
Juices Variety Lots 

Naringin Bergamottin 6′,7′-Dihydroxy- 
Bergamottin 

Brand A  L1    777.6 (4.3)a h-kb   9.76 (0.5) klm   0.44 (0.01) hij 
 L2    772.3 (10.1) h-k   9.03 (0.2) lmn   0.44 (< 0.01) hij 
Brand B* L1    878.9 (32.4) gh   8.79 (1.0) lmn   0.65 (0.04) hij 
 L2    939.3 (34.1) fgh 12.13 (0.6) jkl   1.07 (0.02) hij 
Brand C  L1    668.5 (28.1) i-l   5.98 (0.02) mno   0.35 (< 0.01) hij 
 

 
 
 
Pink 

L2    654.6 (6.3) i-l 14.24 (0.1) h-k   0.76 (0.02) hij 
Brand B* L1 1,262 (42.1) bc 18.81 (1.3) fgh   1.14 (0.1) hij 
 L2 1,492 (44) a 25.86 (1.0) de   2.21 (0.1) hij 
Brand C  L1    820.4 (43.9) ghi 21.95 (0.5) ef   1.03 (0.03) hij 
 L2    589.9 (14) lm 28.04 (0.3) cd   2.29 (0.3) hij 
Brand D* L1    915.6 (8.8) fgh 15.54 (0.9) g-j   3.37 (0.2) g-j 
 L2    651.8 (15.4) i-l 14.71 (0.7) g-j   1.34(0.2) hij 
Brand E ** L1    810.9 (58.5) hij 31.77 (1.1) bc 45.04 (1.8) b 
 L2 1,056 (22.6) def 34.37 (1.6) ab 49.01 (2.5) ab 
 L3 1,318 (36.3) b 36.34 (1.6) a 52.51 (2.8) a 
Brand F * L1 1,216 (57) bcd 17.14 (0.4) ghi   0.73 (0.05) hij 
 

 
 
 
 
 
White 

L2    980.6 (7.8) efg 25.42 (0.7) de   1.15 (0.03) hij 
Brand C  L1    174.1 (2.8) o   2.95 (0.03) op   0.28 (< 0.01) ij 
 L2    238.9 (3.8) o   5.06 (0.1) nop   0.28 (0.01) ij 
Brand F * L1    234.0 (3.1) o   3.59 (0.3) op   0.22 (< 0.01) j 
 L2    303.6 (12.6) no   4.02 (0.1) op   0.25 (< 0.01) ij 
Brand D * L1    667.5 (15.7) i-l 13.56 (0.2) g-j 14.57 (0.4) c 
 L2    648.4 (14.8) jkl 14.16 (0.20) g-j 17.92 (0.7) c 
Brand G  L1    303.9 (5.1) no   5.17 (0.3) m-p   0.25 (< 0.01) ij 
 L2    291.5 (2.8) o 2.58 (0.2) op   0.24 (0.02) ij 
Brand H  L1    469.4 (18) mn 12.19 (0.5) i-l   4.55 (0.05) j-i 
 L2 1,147 (97) cde 12.73 (0.2) jkl   7.38 (0.02) efg 
Brand I  L1    584.4 (10) lm 19.18 (1.3) fg   8.74 (0.4) def 
 

 
 
 
 
 
Ruby 
Red 

L2    613.4 (18.8) klm 18.92 (0.9) fg 12.10 (0.8) cd 
White     312.6 (9.5) no 0.97 (< 0.01) qr   4.71 (0.1) fgh Fresh 

squeezed  Ruby 
Red     245.7 (28.3) o 3.10 (0.1) p 10.28 (0.6) cde 

a Values are means (n=3) with SEM in parenthesis. b Values with same letter(s) are not 
significantly different (Tukey-Cramer multiple comparison, p≤0.05). * = from 
concentrate; ** = frozen from concentrate. Brands: A - Blue Bird®; B - Thirft Maid®; C 
- Ocean Spray®; D - Publix®; E - Minute Maid®; F - Win Dixie®; G - Sam’s Choice®; 
H - Florida’s Natural®; I - Indian River®.  
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Conclusions 

The analytical methods applied were suitable to quantify the predominant 

flavonoids and furanocoumarins in the juice and in different tissues of the grapefruit. 

On the basis of the demonstrated variability and lack of information regarding the 

profile flavonoids and furanocoumarins of juices used for human trials, a direct 

comparison between different studies is difficult. Therefore, to minimize prevalent 

variability in GFJ-drug interaction trials, it is important to correlate measured endpoints 

to the concentrations of those grapefruit components that are considered to be relevant for 

the interaction with drugs. In future studies investigating grapefruit-drug interactions, 

concentrations of compounds with a suspected interaction should be considered. When 

possible, juices of very similar composition should be used for studies designed for direct 

comparison. In addition, for animal studies the concentrations of critical compounds may 

be adjusted by supplementation to normalize the administered juices. 

 

 



 

CHAPTER 3 
GRAPEFRUIT JUICE AND ITS COMPONENTS INHIBIT P-GLYCOPROTEIN 

MEDIATED TRANSPORT OF TALINOLOL IN CACO-2 CELLS 

Background 

Due to the striking overlaps in tissue distribution, substrates and inhibitors 

specificity of CYP3A4 and permeability-glycoprotein (P-gp) (128) it is not surprising 

that grapefruit juice (GFJ) and its components can also interact with this membrane 

efflux transporter, which inhibition would be expected to be followed by augment of the 

oral bioavailability of its substrates. However, modulation of P-gp activity by GFJ and 

the clinical relevance of such interaction is still unclear and is discussed controversially, 

since some authors have reported activation (136, 143) and others inhibition of P-gp (61, 

71, 144). Recently, the β-blocker talinolol, which is a non-CYP substrate, yet a P-gp 

substrate, showed an increase in bioavailability when associated with GFJ in both in vitro 

and in vivo models (134). However, a clinical trial had shown an opposite outcome, i.e. 

reduction of talinolol bioavailability (137) following its co-administration with GFJ in 

healthy subjects. 

Many GFJ compounds have been proposed to interact with CYP enzymes and P-

gp. These include both flavonoids (eg. naringenin, naringin, quercetin and kaempferol) 

and nonflavonoids (eg. bergamottin, 6′,7′-dihydroxybergamottin). However, the influence 

of different GFJ constituents on P-gp is uncertain, particularly regarding the in vivo 

relevance of this potential interaction mechanism.  
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Specific Aim 

It was the aim of this study to systematically investigate in vitro, using a Caco-2 

cell model and talinolol as a marker compound, the potential drug interaction between 

selected ingredients of GFJ (Figure 3-1) - alone and in combination- and the P-

glycoprotein transporter system, which controls many barriers in the body. Additionally, 

the concentration dependent transport of talinolol was demonstrated and its kinetics 

parameters estimated.  
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Figure 3-1. Structures of selected flavonoids and furanocoumarins present in grapefruit 

juice and tested in this study. 

Material and Methods 

Chemicals 

The following materials were used: (rac)-verapamil hydrochloride, Hank’s 

balanced salt solution (HBSS), 2-(N-morpholino)ethanesulfonic acid solution (MES); 

sodium pyruvate solution (1 M), Lucifer yellow dipotassium salt, all of which were from 
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Sigma Chemical Company (St. Louis, MO, USA); Dulbecco’s modified Eagle’s medium 

(1X) high glucose without sodium pyruvate (DMEM), nonessential aminoacids, trypsin 

(0.05%)-EDTA (0.02%) solution, Fungizone ® antimycotic solution containing 250 µg 

of amphotericin B and 205 µg of sodium deoxycholate per mL as solubilizer, penicillin G 

(10,000 units/mL) and streptomycin sulfate (10,000 µg/mL) solution,                            

(N-[2-hydroxyethyl]piperazine-N’-[2-ethanesulfonic acid] buffer solution (1 M) 

(HEPES) were obtained from Gibco BRL Life Technology (Grand Island, NY, USA); 

fetal bovine serum heat inactivated and Dulbecco’s phosphate buffered saline (DPBS) 

(pH 7.4) were purchased from Mediatech Inc. (Herdon, VA, USA); talinolol (99.9% 

purity) was gently provided by AWD-Pharma GmbH & Co. KG (Dresden, Germany), 

naringin (NAR) and naringenin (NAG), both > 95% pure, were from Roth GmbH & Co. 

(Karlsruhe, Germany), bergamottin  (BG) (98% purity) was bought from Indofine 

Chemical Company, Inc. (Somerville, NJ, USA), 6′,7′-dihydroxybergamottin (DHB), and 

6′,7′-epoxybergamottin (EPBG) were kindly supplied by Dr. John Manthey at the U.S. 

Department of Agriculture (USDA), Citrus and Subtropical Products Laboratory, 

Agricultural Research Service, Winter Haven, Florida. Upon isolation, the compounds 

identification and purity (> 98%) were measured by analytical thin layer chromatography, 

HPLC-MS and melting point comparisons with authentic standards at the USDA 

laboratories. Triethylammonium phosphate buffer (1 M) was obtained from Fluka 

(Buchs, Switzerland). All others reagent were analytical grade. 

Cell Culture 

Caco-2 cells were obtained from ATCC (Rockville, MD, USA) and maintained as 

stock cells in T flasks of 150 cm2 (Corning Costar Corp., Cambridge, MA, USA). The 
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growing medium consisted of DMEM containing 10% of fetal bovine serum, 1% of 

nonessential amino acids, 100U/mL penicillin G, 100 µg/ml streptomycin, 1.25 µg/mL 

amphotericin B, and 10 mM sodium pyruvate. The atmosphere was kept with 90-95% of 

relative humidity, 37 ºC, 5% CO2, and 95% air. The cells were passaged upon reaching 

80-90% confluence using trypsin-EDTA (-5mL) and plated at densities of 1:5 - 1:7 in 

new T flasks. After reaching passages 20-40 the Caco-2 cells were seeded at density of 

60,000 cells/cm2 onto each 12-mm transparent polyester cell culture insert - 12 well 

plates with area of 1.13 cm2 and pore size of 0.4 µm (Transwell®, Corning Costar ® 

Corporation, Cambridge, MA, USA). The DMEM medium was added in both apical (AP) 

and basolateral (BL) compartments and changed 4 days after seeding, and every 2 days 

thereafter. The cells were used on days 18 to 25 post-seeding to obtain differentiated 

monolayers and higher expression of P-glycoprotein (173, 174). Transepithelial electrical 

resistance values (TEER) were monitored with EndOhm Voltohmmeter equipped with a 

STX-2 “chopstick” electrode (World Precision Instruments Inc, Sarasota, FL, USA) in 

order to check cell confluence and integrity. Confluent Caco-2 monolayers with TEER 

values >350 Ω cm2, after correction for the resistance obtained in control blanks, were 

used in the transport experiment. All volumes amounted to 0.5 mL at the apical side and 

1.5 mL at the basolateral side. 

Stock, Work Solutions, and Preparation of Calibration Standards 

The stock solutions at 50 mmol/L of NAG, BG, and DHB were prepared in 

dimethylsulfoxide (DMSO) as previously described in Chapter 2. Talinolol stock solution 

I was prepared in ethanol, verapamil hydrochloride (HCl) in buffer pH 6.0, NAR and 

EPBG in DMSO.  
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Talinolol stock solution I 

The amount of 36.3 mg of talinolol (MW = 363.5 g/mol) was accurately weighed, 

and transferred quantitatively to a 2.0 mL volumetric flask. The standard was then 

dissolved in ethanol, the volume was completed with the same solvent, and the final 

solution mixed thoroughly in order to obtain a final concentration of 50 mmol/L 

Talinolol stock solution II 

The amount of 25 mg of talinolol (TAL) was accurately weighed and transferred 

quantitatively to a 25 mL volumetric flask. The standard was then dissolved in ethanol, 

the volume was completed with the same solvent, and the final solution mixed thoroughly 

in order to obtain a final concentration of 1 mg/mL. 

Talinolol stock solution III 

Volume of 1 mL from the talinolol stock solution II was accurately transferred to a 

100 mL volumetric flask, the volume was completed with a solution of 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0 - adjusted with 1 M NaOH) and acetonitrile 

(77:23) and mixed thoroughly. The final concentration of talinolol was 10 µg/mL. 

Talinolol stock solution IV 

Volume of 1 mL from the talinolol stock solution III was accurately transferred to a 

10 mL volumetric flask, the volume was completed with a solution of 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0 - adjusted with 1 M NaOH) and acetonitrile 

(77:23) and mixed thoroughly. The final concentration of talinolol was 1000 ng/mL. 

Verapamil hydrochloride stock solution 

The amount of 49.1 mg verapamil HCl (MW = 491.05 g/mol) was accurately 

weighed, and transferred quantitatively to a 2.0 mL volumetric flask. The standard was 

then dissolved in buffer pH 6.0, the volume was completed with the same solvent, and the 
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final solution mixed thoroughly. The final concentration of verapamil HCl was 50 

mmol/L. 

Naringin stock solution I 

The amount of 145.1 mg of naringin (MW = 580.53 g/mol) was accurately 

weighed, and transferred quantitatively to a 5.0 mL volumetric flask. The standard was 

then dissolved in 1 mL of DMSO, the volume was completed with HBSS-MES (pH 6.0) 

and mixed thoroughly in order to obtain a final concentration of 50 mmol/L. 

6′,7′-Epoxybergamottin stock solution 

The amount of 35.4 mg of 6′,7′-epoxybergamottin (MW = 354.41 g/mol) was 

accurately weighed, and transferred quantitatively to a 2.0 mL volumetric flask. The 

standard was then dissolved in DMSO, the volume was completed with the same solvent 

and solution mixed thoroughly in order to obtain a final concentration of 50 mmol/L 

Talinolol work solutions  

For the inhibitory study, a dosing solution of talinolol (100 µM) was prepared in 

HBSS-MES transport medium (HBSS buffered with 10mM MES and adjusted to pH 6 

with 1 M NaOH) or in HBSS-HEPES transport medium (HBSS buffered with 10 mM 

HEPES and adjusted to pH 7.4 with 1 M NaOH). The concentration-dependent transport 

of talinolol was studied in the concentration range of 25 to 1000 µM (25, 50, 200, 400, 

600, 800 and 1000 µM). Solutions were prepared according Table 3-1 using the talinolol 

stock solution I. In all cases the ethanol concentrations of the final solutions did not 

exceed 2 %. Yamashita et al. (204) already reported that ethanol (< 5 v/v %) did not 

affect the permeability of dexamethasone and the integrity of Caco-2 cells monolayers, 

suggesting its usefulness as a solubilizing agent of drugs during in vitro experiments. 
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Table 3-1. Concentrations of the work solutions of talinolol (TAL) used during the 
transport studies. 

Solution TAL stock solution I (µL) Buffer pH 6.0 or pH 7.4 
q.s.p. (mL) 

Talinolol 
(µmol/L) 

1   5 10    25 
2 10 10    50 
3 20 10   100 
4 50 10   250 
5 80 10   400 
6 120 10   600 
7 160 10   800 
8 200 10 1000 

 
Talinolol standard solutions 

From the talinolol stock solutions III and IV , nine different concentrations of 

standard solutions and three quality controls (QC) were prepared in 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0 - adjusted with 1 M NaOH) and acetonitrile 

(77:23) according Table 3-2. All solutions were filtered through a 0.45 µm PVDF 

membrane filter (Millipore Corp.) before analysis. 

Table 3-2. Concentrations of the standard solutions used for the calibration curves and 
quality controls (QCs) of talinolol. 

Standard  TAL stock 
solution III (µL) 

TAL stock 
solution IV (µL) 

Buffer/ACN 
(77:23) q.s.p. (mL) 

Talinolol 
(ng/mL) 

1    5 10     5 
2  10 10     10 
3  25 10     25 
4  50 10     50 
5   100  10    100 
6   250  10    250 
7   500  10    500 
8   750  10    750 
9 1000 10  1000

QC1    5 10        5 
QC2   100  10    100 
QC3 1000  10  1000 
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Inhibitory solutions 

For the inhibitory experiments solutions of verapamil HCl (50, 100, 250, 500, and 

1000 µM) (positive control) or NAR (100, 250, 500, 625, 1250, 2500 µM), NAG (10, 50, 

100, 250, 500 µM), DHB (0.5, 10, 25, 50, 500 µM) and EPBG (0.5, 1, 5, 10, 50 µM) 

were prepared in HBSS-MES in the presence or absence of the marker compound 

talinolol (100 µM), according shown in Table 3-3. BG was tested only in two 

concentrations (1 and 10 µM) due to solubility issues. Similarly, solutions containing a 

fixed ratio of the flavonoid NAR to the furanocoumarin DHB (50:1.2, 125:3, 625:15, 

1250:30, and 2000:48 µM) were prepared considering the range these compounds are 

found in the juice (Table 3-4). The effect of the combination of these major compounds 

present in the GFJ on the P-gp mediated transport of talinolol was evaluated. The white 

GFJ frozen concentrated (Minute Maid®) was bought in the local market and diluted 

with HBSS-MES to 0.5, 1, 5, 10, 25 and 50% in the presence or absence of talinolol (100 

µM). The GFJ solutions were previously passed to a 45 µm filter PVDF membrane filter 

(Millipore Corp., Bedford, MA) before addition of talinolol. Concentrations of NAR, 

NAG, BG, and DHB in the juice were 811 µM, < 0.56 µM, 31.8 µM, 45 µM, 

respectively, as previously reported (205). The concentration of DMSO in these 

inhibitory solutions was < 1%. 
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Table 3-3. Concentrations of the inhibitory solutions of Verapamil hydrochloride (VER), 
naringin (NAR), naringenin, (NAG), bergamottin (BG),                             
6′,7′-dihydroxybergamottin (DHB), and 6′,7′-epoxybergamottin (EPBG) used 
during the transport studies.  

VER VER stock solution 
(µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) VER (µmol/L) 

1 25 25     50 
2 50 25   100 
3 125 25   250 
4 250 25   500 
5 500 25 1000 

NAR NAR stock solution 
(µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) NAR (µmol/L) 

1   50 25   100 
2 125 25   250 
3 250 25   500 
4    312.5 25   625 
5 625 25 1250 
6            1250 25 2500 

NAG NAG stock solution 
(µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) NAG (µmol/L) 

1     5 25   10 
2   25 25   50 
3   50 25 100 
4 125 25 250 
5 250 25 500 

BG BG stock solution 
(µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) BG (µmol/L) 

1   1 50   1 
2 10 50 10 

DHB DHB stock solution 
(µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) DHB (µmol/L) 

1        0.5 50       0.5 
2     5 25   10 
3      12.5 25    25 
4    25 25   50 
5 250 25 500 

EPBG EPBG stock 
solution (µL) 

Buffer pH 6.0 or pH 
7.4 q.s.p. (mL) EPBG (µmol/L) 

1         0.5 50       0.5 
2         0.5 25     1 
3         2.5 25     5 
4      5 25   10 
5    25 25   50 
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Table 3-4. Concentrations of the inhibitory solution of naringin (NAR) plus               
6′,7′-dihydroxybergamottin (DHB) used during the transport studies. 

 

 

Concentration 
(µmol/L) 

NAR:DHB 
inhibitory 
solution 

NAR stock 
solution (µL) 

DHB stock 
solution (µL) 

Buffer pH 6.0 
or pH 7.4 

q.s.p. (mL) NAR DHB 
1     25      0.6 25     50     1.2 
2        62.5      1.5 25   125   3 
3      312.5      7.5 25   625 15 
4   625 15 25 1250 30 
5 1000 24 25 2000 48 

Transport Study 

On the study day, the DMEM was removed, the Caco-2 monolayers were rinsed 

with DPBS, and incubated for 30 min with the transport medium (TM) under the same 

atmospheric conditions described previously. The TM on the AP and BL side consisted 

of HBSS-MES and HBSS-HEPES, respectively.  

After 30 min incubation, the drug-free transport medium on the AP side was 

replaced by the HBSS-MES medium (pH 6.0) containing talinolol or talinolol plus 

inhibitor in order to investigate the AP to BL transport. Alternatively, for the BL to AP 

transport assessment, the buffer of the donor chamber was replaced by a solution of 

talinolol in HBSS-HEPES medium (pH 7.4), additionally the volume of the acceptor 

chamber was replaced by HBSS-MES medium (pH 6.0) containing the inhibitor. For the 

control experiments only solutions of talinolol were used. Thereafter, sample aliquots 

(200 µL) were taken at 20, 40, 60, 90 and 120 min from the AP or BL side and the 

amount of talinolol transported at each time point was determined by HPLC. Following 

the transport experiment, the TEER values were measured again and an additional control 

of monolayer integrity was performed using Lucifer yellow (LY) (173) 
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Sample Analysis 

A reversed phase-HPLC method previously described (124) was optimized to 

enable talinolol to be quantified. Succinctly, samples from Caco-2 (25 µL) were directed 

injected into a Shimadzu VP series HPLC system (Kyoto, Japan) equipped with a RF-

10AXL fluorescence detector, a LC-10ATvp solvent delivery unit, an SIL-10AF 

autosampler, a CTO-10Avp column oven, a SCL-10Avp system controller, a DGU-14A 

on-line degasser, a FCV-10ALvp low-pressure gradient unit, and Class VP 7.2 SP1 

chromatographic software. The excitation and emission wavelengths were set at 252 and 

332 nm, respectively, the flow rate at 1 mL/min and the temperature at 40 ºC. The 

analytical column was a Lichrospher 60RP-Select B column, 250 x 4.6 mm i.d., 5 µm, 

preceded by a Lichrospher 60RP-Select B guard column (Merck KGaA, Darmstadt, 

Germany). Talinolol was eluted isocratically using a mobile phase consisted of 0.025 

mol/L triethylammonium phosphate buffer (pH 3.0) and acetonitrile (77:23).  

The validation parameters of linearity, specificity, sensitivity, precision, accuracy, 

and stability of this external standardization method for talinolol were determined. For 

each level of concentration, standards solutions and QCs were injected in the HPLC in 

triplicate in three different days. GraphPad Prism® version 4.0 (GraphPad Software Inc, 

San Diego, CA, USA) was used to construct the calibration curves obtained by plotting 

the mean area versus the corresponding concentration of the each standard solution. The 

linearity of the standard curves was determined by least-squares linear regression method 

and expressed in terms of coefficient of determination (r2). Specificity was determined by 

comparing the chromatogram of talinolol with that obtained from a blank solution 

containing only the inhibitory compounds. The intra- and inter-day precision and 
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accuracy of the quantification were measured by replicate analyses (n = 3) of three 

different concentration levels (low, medium and high QCs) on the same day and on 

alternate days. The precision was based on the calculation coefficient of variation (CV%), 

and the accuracy was expressed as percent of the found amount compared to the 

theoretical one. The calibration model was accepted if the residuals (% difference of the 

back-calculated concentration from the nominal concentration) were within 20% at the 

lower limit of quantification (LLOQ) and within 15% at all calibration levels. Calibration 

curves were rejected if more than 1/3 of the QCs showed a deviation from the theoretical 

concentration equal or greater than 20%.  

The lower limit of quantification (LLOQ) was established as the lowest 

concentration used in the calibration curve. 

The stability at room temperature and at 37 °C of a solution of talinolol in HBSS-

MES (pH 6.0) and HBSS-HEPES (pH 7.4) transport medium was assessed within 48 

hours and 4 hours, respectively. The same samples were frozen at -20 °C during one 

week in order to check the freeze/thaw stability. Similarly, the stability of talinolol (low, 

medium, high QCs) in mobile phase was determined within 24 hours at room 

temperature. The samples were analyzed by the validate HPLC method mentioned 

formerly, the areas were compared to those obtained from fresh solutions for each 

concentration level, and results expressed as % of the control. Three replicates of each 

solution were prepared for each test performed.  

An additional stability test was conducted during 3 hours in HBSS-MES at 37 °C 

for all grapefruit juice constituents tested in this study. Samples were analyzed as 
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described in Chapter 2. The 6′,7′-epoxybergamottin was analyzed using the same method 

as described for furanocoumarins in Chapter 2. 

Data Analysis 

The coefficients of permeability (Papp) talinolol were calculated by using equation 

(1):  

)1(
CoAT

QPapp ××∆
∆
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where ∆Q/∆T is the amount of drug (ng/min) appearing in the acceptor 

compartment as a function of time obtained from the slope of the linear portion of the 

amount transported vs time plot., Co is the initial concentration of talinolol in the donor 

compartment (ng/mL), and A the surface area of the semi-permeable membrane in cm2 

(62, 135). All solutions were kept under 37 ºC before use. 

The passive and the Michaelis-Menten parameters of talinolol were estimated using 

Scientist v. 2.0 (MicroMath Inc., St. Louis, MO, USA). To apply the model the equation 

 

(2) was used: 

where the Papp (BL-AP) is the observed permeability (cm/sec) of talinolol from basolateral to 
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apical side of Caco-2 monolayers. The Papp (BL-AP) passive is the permeability due only to 

diffusion, Pmax (cm/sec) is the maximal permeability due to the active transport and the 

KM (µM) is the Michaelis-Menten constant.  
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The IC50 values (concentration to reach half of the maximum inhibition) of 

verapamil, GFJ and its components were then determined using nonlinear regression 

according to the Hill equation with GraphPad Prism v.4.0 (GraphPad Software Inc, San 

Diego, CA, USA). For NAR and verapamil, the best fit was obtained according to the 

sigmoid dose-response model without the variable slope. 

Statistical Analysis 

The mean of at least three experiments and their standard error (SEM) were used to 

express the values of Papp and the kinetics parameters. The confidence interval of each 

IC50 value was determined. Statistical analyses were performed with one-way ANOVA 

followed by Dunnet’s multiple comparison tests as post-hoc analysis. A probability of 

less than 0.05 (p < 0.05) was considered to be statistically significant. 

Results 

Linearity 

The range of validation (5 to 1000 ng/mL) showed good linearity with r2 > 0.998 

(Figure 3-2).  
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Figure 3-2. Mean calibration curve (n = 9) of talinolol in mobile phase. Vertical bars 

represent the standard deviations (SD) of the means. 
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Specificity 

The method provided good specificity since the chromatograms of the blank 

solution did not show any peak with similar retention time as expected for talinolol 

(Figure 3-3)  

 

 
 
Figure 3-3. Chromatograms corresponding to the talinolol (100 ng/mL) in HBSS-MES 

with retention time about 9.3 min (A) and a blank solution (B) containing the 
inhibitory compounds NAR, NAG, BG, DHB, EPBG and VER all at 50 
µmol/L in HBSS-MES. 

Sensitivity 

The LLOQ of 5 ng/mL was accepted as the lowest concentration of the calibration 

curve since their concentrations could be determined with acceptable precision (%CV < 

20), and accuracy (%error < 20). 
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Precision and Accuracy 

The precisions intra- and inter-day for both flavonoids and furanocoumarins were 

satisfactory with CV values between 0.7 and 8%. Similarly, the accuracy of the assay was 

between 93 and 113% for all compounds tested at three different concentrations. The 

results are summarized in Table 3-5. 

Table 3-5. Intra-day (n = 3) and inter-day (n = 9) assay parameters of talinolol. Precision 
expressed as CV% and accuracy as % of the theoretical concentration. 

Intra-day CQ – 5 ng/mL CQ – 100 ng/mL CQ – 1000 ng/mL 

 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 

Precision     0.8     0.7     7.9    4.7    4.2    4.8     4.2     0.8    2.9 

Accuracy 109.9 105.6 113.1 93.0 93.3 98.3 100.4 100.1 98.9 

Inter-day CQ – 5 ng/mL CQ – 100 ng/mL CQ – 1000 ng/mL 

Precision    5.3    4.8    2.7 

Accuracy 109.9 94.9 99.8 

 
Stability 

The standard solutions of talinolol were found stable at room temperature within 48 

hours and at 37 °C in both transport medium for 4 hours. Additionally, in general, all 

grapefruit components tested showed adequate stability under the test conditions for 3 

hours. The 6′,7′-epoxybergamottin showed a 20% of degradation and a peak at the same 

retention time as the DHB was observed concomitantly, indicating that EPBG was 

partially converted into DHB. For the others compounds, the shifting of the areas of each 

sample tested was less than 5% of those obtained from a fresh solution at the same level 

of concentration (Figure 3-4). 
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Figure 3-4. Stability of talinolol (low, medium, and high QCs) in mobile phase within 24 

hours at room temperature (RT) (A). Stability of talinolol in transport medium 
within 4h at 37 °C, during 48 h at RT, and after one week at -20 °C (B). 
Stability of GFJ components in after 3h in HBSS-MES (pH 6) at 37 °C (C). 
Data represents means of three replicates and vertical bars the standard 
deviation of the means. 

Concentration Dependence 

The absorptive permeability (Papp (AP-BL)) of talinolol was concentration independent 

and significantly lower than the permeability in the secretory direction (Papp (BL-AP)) at all 

concentrations (Figure 3-5). On the other hand, the Papp (BL-AP) decreased considerably as 
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the concentration of talinolol on the basolateral side of the Transwell® system was 

increased above 200 µM. The apparent Pmax, Papp (BL-AP) passive, and KM values and their 

standard deviations associated with the transport of talinolol in the secretory direction are 

(2.2 ± 0.33) x 10-6 cm/sec, (2.0 ± 0.05) x 10-6 cm/sec, and 737 ± 258 µM, respectively. 
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Figure 3-5. Concentration dependent coefficient permeability (Papp) corresponding to the 

AP to BL and BL to AP transport of talinolol across Caco-2 cells monolayers. 
Data are expressed as mean ± SEM (n = 3-6). Fitting was performed using 
Scientist 2.0 as described in “Material and Methods”. All points of Papp (BL-
AP) were compared with the talinolol 25 µM and all data of Papp (AP-BL) 
were compared with the respective pair representing the secretory transport of 
talinolol. * p < 0.05; ** p < 0.01;^ p < 0.001; ‡ p < 0.01. 

Inhibition Studies  

The Figure 3-6 shows the permeability of talinolol across the Caco-2 cells 

monolayers in the absence and presence of different concentrations of verapamil, GFJ, 

and its components. Verapamil, a known inhibitor of P-gp, decreased the ratio Papp (BL-AP) 

to Papp (AP-BL) of talinolol from 7.4 to 3. This effect was due to the attenuation of secretory 

(14 x 10-7 to 9.4 x 10-7 cm/sec) and to the enhancement of absorptive (1.9 x 10-7 to 3.1 x 
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10-7 cm/sec) transport of talinolol. However, compared with the respective controls 

reduction of Papp (BL-AP) was more significant than the enlargement of Papp (AP-BL). 

Similarly, grapefruit juice (GFJ) reduced the Papp (BL-AP) of talinolol from 22 x10-7 to 4.5 x 

10-7 cm/sec but did not affect significantly its absorptive transport. Although NAR, the 

main constituent of GFJ, was found in the juice at relative high concentration (811 µM), 

it showed a minor effect on the secretory transport of talinolol. Concentrations higher 

than 625 µM decreased the Papp (BL-AP) to around 1.3-1.5 fold compared to the control. 

Likewise GFJ, the effect of NAR on the absorptive transport of talinolol was negligible. 

On the other hand, the aglycone NAG, which is not normally found in GFJ (205), 

decreased the BL to AP transport more than 2-fold compared to the control as its 

concentration was increased beyond 250 µM. Analogous to 6′,7′-dihydroxybergamottin, 

bergamottin at 1 µM and 10 µM did not change the permeability of talinolol however, in 

vitro studies of further concentrations were prejudiced because solubility issues. The 

furanocoumarins 6′,7′-dihydroxybergamottin (DHB) at concentrations higher than 10 µM 

and 6′,7′-epoxybergamottin (EPBG) exerted a considerably reduction on the BL to AP 

transport of talinolol. In fact, the Papp (BL-AP) of talinolol in the presence of DHB (500 µM) 

and EPBG (50 µM) decreased 5- and 2.5- fold, respectively, when compared with the 

controls. The effective concentrations of these inhibitory compounds are in the same 

range as they are found in the juice (Table 3-2). 
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Figure 3-6. Coefficient of permeability (Papp) of talinolol (100µM) across the Caco-2 

cells monolayers in the absence and presence of distinct concentrations of A: 
verapamil HCl (25, 50, 100, 250, and 500 µM); B: NAR (100, 250, 500, 625, 
1250, 2500 µM); C: DHB (0.5, 10, 25, 50, 500 µM); D: GFJ (0.5, 1, 5, 10, 25, 
and 50 %); E: NAG (10, 50, 100, 250, 500 µM); F: EPB (0.5, 1, 5, 10, 50 
µM). Data are expressed as mean ± SEM (n = 3-6). * p < 0.05; ** p < 0.01. 
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Table 3-6. Concentration range that the grapefruit components are normally found in the 
juice. 

Inhibitor Conc. in GFJ (µM) 

Naringin 174 – 1492 (205)a

Naringenin < 0.56 (205) 

Bergamottin 1 – 36.6 (205) 

6′,7′-Dihydroxybergamottin 0.22 - 52.5 (205) 

6′,7′-Epoxybergamottin 0.1 - 7.4 (60) 

  a references are in parenthesis 
 
Dose-response Studies 

The dose-response curves for the inhibitory effects and the IC50 values of 

verapamil, GFJ, and its components are presented in Figure 3-7, respectively. Except for 

NAR, the range of concentration tested was enough to obtain a sufficient estimation 

(narrow confidence interval range) of the potency and efficacy of all tested compounds 

and GFJ. The lower potency of NAR affected the accuracy of its IC50 value (2409 µM), 

since further concentrations (> 2500 µM) could not be tested because of the negative 

impact on the integrity of the Caco-2 monolayers (decreased the TEER values and 

increased LY transport) and due to solubility problems. Verapamil, however, showed a 

relatively high potency (28 µM) but did not present a good efficacy reducing the activity 

of P-gp by only 35% compared to the control. GFJ (IC50 = 0.6%) diluted in HBSS-MES 

buffer solution (pH 6.0) decreased the secretory transport of talinolol to 27% of that 

without any inhibitor. Correspondingly, NAG was 10-fold more potent than its glycoside 

NAR reducing the P-gp mediated secretory transport of talinolol by 60% when compared 

to the control. Interestingly, the furanocoumarin EPBG was about 50-fold more potent 

than DHB with IC50 values of 0.7 µM and 34 µM, respectively. Additionally, compared 
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at the same concentration (50 µM), EPBG and DHB showed similar efficacy reducing the 

Papp(BL-AP) of talinolol by 55% and 60%, correspondingly. 
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Figure 3-7. Inhibitory dose-response effects of A: verapamil HCl (50, 100, 250, 500, and 

1000 µM); B: GFJ (0.5, 1, 5, 10, 25, and 50 %); C: NAR (100, 250, 500, 625, 
1250, 2500 µM); D: NAG (10, 50, 100, 250, 500 µM); E: DHB (0.5, 10, 25, 
50, 500 µM; F: EPBG (0.5, 1, 5, 10, 50 µM) on the transport of talinolol in the 
secretory (BL-AP) direction. Data are expressed as mean ± SEM (n = 3-6). 
The IC50 values of each compound and their respective 95% of confidence 
interval (C.I.) were estimated by nonlinear regression using GraphPad Prism 
4.0 as described in “Material and Methods”. 
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Effects of NAR and DHB on the Secretory Transport of Talinolol 

 Although screening isolated compounds is an important tool to understand the 

mechanism of action and the relevance of each one on the interaction between GJF and 

P-gp, combinations of two or more compounds is a more realistic approach since the 

compounds are present all together in the juice and the overall outcome might be a result 

of an additive, or a synergistic or an antagonistic effect. Therefore, several combinations 

using a fixed NAR to DHB ratio of 41.7 were prepared and tested for their effect on the 

activity of P-gp. NAR is the main component present in the juice whereas, DHB has been 

shown to be a potent inhibitor of P-gp. Interestingly, the Papp (BL-AP) of talinolol went up 

considerably as the concentration of each compound was increased (Figure 3-8). In fact, 

the combinations NAR:DHB (1250:30 µM and 2000:48 µM) increased the secretion of 

talinolol about 2- and 2.7-fold, respectively, of that without inhibitor. 
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Figure 3-8. Effect of the combination NAR:DHB (50:1.2; 125:3, 625:15, 1250:30, and 

2000:48 µM) on the secretory transport (BL-AP) of talinolol (100µM) across 
the Caco-2 cells monolayers. Data are expressed as mean ± SEM (n = 3). * p 
< 0.05; ** p < 0.01. 
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DISCUSSION 

In the present study we systematically investigated in vitro the potential drug 

interaction between selected ingredients of GFJ - alone and in combination- and the P-

glycoprotein transporter system, which controls many barriers in the body using talinolol 

as a probe substrate. 

The stability studies demonstrated that any modification on talinolol concentration 

over the time on both apical and basolateral sides was regulated only by the transport 

phenomenon, which includes passive and active transport. Additionally, the GFJ 

components showed sufficient stability under the study conditions. However, since 

several metabolizing enzymes are present in Caco-2 the effect of GFJ metabolites can not 

be neglected and further studies are necessary to answer this issue.  

The polarized transport of talinolol across the Caco-2 cell monolayers was 

noticeable with the BL-AP permeability exceeding significantly the AP-BL transport and 

exhibiting ratios higher than 5 (Figure 3-5 and Figure 3-6). Additionally, the decrease on 

the Papp (BL to AP) of talinolol was concentration-dependent demonstrating saturable efflux 

transport. Such behavior is consistent with the presence of the P-gp highly expressed in 

Caco-2 cells (173, 174). Similarly, it was demonstrated that the apparent oral clearance 

(CL/F) of talinolol in healthy volunteers decreased, approximately, from1000 mL/min to 

500 mL/min as the dose of talinolol increased from 25 mg to 400 mg. This phenomenon 

can be attributed to the saturation of the intestinal secretion of talinolol mediated by P-gp 

with consequent augment of fraction of the drug absorbed (186).  

The Papp (AP-BL) of the marker compound remained unchanged at all concentrations 

(Figure 3-5). This asymmetry between the absorptive and secretory P-gp mediated 

transport was already described for talinolol (206) and other P-gp substrates like digoxin, 
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rhodamine 123 (207), fexofenadine (89), and taxol (175). It was suggested that P-gp was 

more rapidly saturated by substrates approaching from the BL than from AP side (207). 

Reasons for these observations were attributed to the differences in the lipid and protein 

composition between the AP and BL membranes (89). The apical membrane has about 2-

fold more glycosphingolipids than the basolateral membrane. Such lipids have high 

capacity to form inter- and intra-molecular hydrogen bonds, which increase the 

microviscosity of the apical membrane (208). 

Kinetic analyses revealed that the passive permeability of talinolol during the 

secretory transport was 2.0 x 10-6 cm/sec and similar of that obtained in previous studies 

3.6 x 10-6 cm/sec (206). The Pmax value of 2.2 x 10-6 cm/sec, similar to the passive 

diffusion, supports the observation that P-gp-mediated transport exhibits a strong 

influence on the total permeability of talinolol over a wide range of concentrations (206)  

In general, the Papp (AP-BL) of talinolol was not affected by the presence of any of the 

inhibitors tested (Figure 3-6). Verapamil up to 1000 µM promoted a slight increase in the 

absorptive transport from (1.95 ± 0.23) x 10-7 cm/sec to (3.1 ± 0.34) x 10-7 cm/sec and the 

maximum effect on the secretory transport was reached at concentration of 500 µM 

(Figure 3-6). However, verapamil (IC50 = 28 µM) diminished the secretory activity of P-

gp by only 35% (Figure 3-7). A complete inhibition would be characterized by total 

suppression of the polarized transport of talinolol. In contrast to others studies where 

verapamil was added on both the apical and basolateral side and sometimes pre-incubated 

for 15 to 30 min before addition of the substrate (186, 207, 209, 210), in the present study 

verapamil was present only in the apical side without previous incubation. Such approach 
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tried to simulate the effects of the several inhibitors tested when co-administrated with an 

oral dose of talinolol.  

Although GFJ had a remarkable inhibitory effect on P-gp-mediated secretory 

transport of talinolol, and the half maximum effect was achieved at concentration of 

around 0.6%, its main constituent NAR had only a minor direct effect (IC50 = 2409 µM). 

However, NAR may contribute indirectly to the overall inhibitory effect of GFJ, since 

this flavonoid can be converted by intestinal microflora to its aglycone NAG (211) which 

promotes a significant effect on P-gp activity (IC50 = 236 µM) as presented in Figure 3-6 

and Figure 3-7. Such observation supports that lipophilicity is an important parameter for 

P-gp substrates. Among all inhibitors tested, the furanocoumarin EPBG (IC50 = 0.7 µM) 

seems to be the most potent compound against the P-gp mediated transport (Figure 3-7). 

Similarly, Dresser and co-workers (80) using vinblastine and digoxin as marker 

compounds, found that 6´,7´-dihydroxybergamottin was the most potent inhibitor (IC50 = 

33 µM), bergamottin did not alter P-gp activity at concentrations up to 50 µM, and 

naringin at 3000 µM reduced P-glycoprotein to 51% ± 9% of control. Additionally, the 

components of grapefruit are present in the juice at enough concentration to promote a 

significant effect on P-gp activity (Table 3-2). 

Interestingly, when combinations of NAR and DHB were tested a completely 

different profile was observed (Figure 3-8). The Papp (BL-AP) of talinolol increased from 

(21.5 ± 1.85) x 10-7 cm/sec (control) to (57.1 ± 2.33) x 10-7 cm/sec. So far, there is a lack 

of information regarding the simultaneous effect of multiple GFJ components on the 

activity of P-gp. The NAR to DHB ratio of 41.7 employed in this study differed from that 

found in the juice ( 18=DHB
NAR ), suggesting that the relative concentrations of these 
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components may also play an important role on the mechanism and on the grapefruit 

juice-drug interaction outcomes. Since expression of others transporters such as OATP 

and organic cation transporters (OCT) in Caco-2 is uncertain (89), and talinolol is not 

substrate of multiple drug resistant protein (MRP) or breast cancer resistant protein 

(BCRP) which can be expressed in this cell line (89, 212, 213), we speculate that the 

effect observed was due to activation of P-gp activity or modification of membrane 

fluidity. Further in vitro and animal studies using different ratios of NAR and DHB, 

additional compounds, such as the dimers of furanocoumarins, and new combinations of 

GFJ components are necessary to clarify this issue. 

Conclusions 

The results of this study support the importance of P-gp mediated transport on drug 

disposition. Modulation of P-gp activity by GFJ and its components may have some 

clinical relevance. Isolated compounds present in GFJ are able to inhibit directly or 

indirectly the P-gp activity. This study demonstrated that the modulation of P-gp by GFJ 

seems not to be a simple additive effect, instead a more complex association is likely, 

especially considering the variability of these components present in the grapefruit and in 

the juice. This may help to explain the controversial results previously reported for GFJ-

Pgp interaction studies. Additionally, taking into account the lack of information about 

the effect on P-gp activity when two or more grapefruit juice constituents are tested 

simultaneously, further investigations are necessary to elucidate the mechanisms behind 

the GFJ-drug interactions and their clinical relevance. 

 

 



 

CHAPTER 4 
MODULATION OF P-GLYCOPROTEIN MEDIATED TRANSPORT OF 

TALINOLOL IN RATS BY GRAPEFRUIT JUICE, ORANGE JUICE, FLAVONOIDS 
AND FURANOCOUMARINS  

Background 

There is a lack of information regarding the effect of different brands and strengths 

of grapefruit juices (GFJ) and its constituents on the disposition of drugs substrates for 

the permeability-glycoprotein (P-gp) intestinal efflux transporter. Most of the reported 

studies focus on evaluating the interaction between GFJ and its components with the drug 

metabolizing enzyme cytochrome P450 3A4 (CYP3A4) or the effect of only one juice on 

the activity of P-gp (40, 134, 137, 214). Reports of interaction between GFJ and talinolol, 

a well described non-metabolized P-gp substrate (215), in rats and humans have shown 

opposite results. Co-administration of white GFJ (Tropicana®) 50% diluted in saline pH 

7.0 with talinolol (10mg/kg) was described to increase the maximum talinolol serum 

concentration (Cmax) and the area under the concentration-time profile curve (AUC) in 

rats by 2- and 1.4- fold, respectively (134). In contrast, the Cmax and AUC of talinolol 

when taken orally with GFJ (Paradiso-Succo® - Germany) by healthy volunteers were 

reduced by half (137). The magnitude of the GFJ-drug interaction maybe dependent on 

the brand, the amount of GJF ingested, the timing of drug administration relative to the 

food intake, the intrinsic oral bioavailability of each drug,  and the relative concentration 

of each grapefruit component in the juice (40, 128). Thus, the extent of which GFJ 

modifies P-gp activity remains unclear and more studies are desirable to clarify this issue. 

92 
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Specific Aim 

It was the aim of this study to investigate the effect of different strengths and 

brands of GFJ and its components naringin (NAR), naringenin (NAG), bergamottin (BG) 

- alone and in combination - on the disposition of talinolol, in male Sprague-Dawley rats. 

These compounds together with 6′,7′-dihydroxybergamottin (DHB),                           

6′,7′-epoxybergamottin, and their dimers have been suggested to contribute to GFJ-drug 

interaction (68, 105). Additionally, the effects of both acute and one-week long of juice 

intake before drug administration were evaluated. The effect of orange juice on talinolol 

disposition was also estimated as preliminary data for futures studies. 

We expect that this study will aid to clarify the predominant mechanism, the major 

compounds contributing to the overall effect of grapefruit juice on drug disposition and 

the in vivo relevance of this potential interaction mechanism. 

Materials and Methods 

Chemicals 

The following materials were used: (rac)-verapamil hydrochloride and halothane 

were obtained from Sigma Chemical Company (St. Louis, MO, USA); talinolol (99.9% 

purity) was a gently provided by AWD-Pharma GmbH & Co. KG (Dresden, Germany), 

naringin (NAR) and naringenin (NAG), both > 95% pure, were from Roth GmbH & Co. 

(Karlsruhe, Germany), bergamottin (BG) (98% purity) was bought from Indofine 

Chemical Company, Inc. (Somerville, NJ, USA); triethylammonium phosphate buffer 

(1M) was obtained from Fluka (Buchs, Switzerland); methanol HPLC grade was 

purchased from Fisher Scientific (Fair Lawn, NJ, USA).  All others reagent were 

analytical grade. 
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Stock, Work Solutions, and Preparation of Calibration Standards 

The stock solution of BG 50 mM was prepared in dimethylsulfoxide (DMSO) as 

previously described in Chapter 2 and NAG 2.5 mM in propylene glycol. Talinolol test 

solution I and II were prepared in propylene glycol:saline (20:80) and saline, 

respectively, whereas the talinolol stock solution I was obtained using ethanol. The final 

concentration of propylene glycol (PPG) was not higher than 20%. 

Talinolol test solutions 

The amount of 50 mg of talinolol (TAL) was accurately weighed and transferred 

quantitatively to a 25 mL volumetric flask. The standard was dissolved in 5 mL of 

propylene glycol and the volume completed with saline solution which pH has been 

previously adjusted to 3.0 in order to simulate the pH of the juice and guarantee a 

complete dissolution of the drug. The final dose solution containing 20% of PPG was 

mixed thoroughly to obtain a talinolol concentration of 2 mg/mL and was used as a 

control when evaluating the effects of GFJ constituents and verapamil on the disposition 

of talinolol in rats. Same solution was prepared in absence of propylene glycol and was 

used as a control when evaluating the effects of grapefruit juices and OJ on the 

disposition of talinolol in rats 

Talinolol stock solution I 

The amount of 25 mg of talinolol (TAL) was accurately weighed and transferred 

quantitatively to a 25 mL volumetric flask. The standard was then dissolved in ethanol, 

the volume was completed with the same solvent, and the final solution mixed thoroughly 

in order to obtain a talinolol concentration of 1 mg/mL. 
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Talinolol stock solution II 

Volume of 100 µL from the talinolol stock solution I was accurately transferred to 

a 10 mL volumetric flask, the volume was completed with a solution of 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0 - adjusted with 1 M NaOH) and acetonitrile 

(77:23) and mixed thoroughly. The final concentration of talinolol was 10 µg/mL. 

Talinolol stock solution III 

Volume of 1 mL from the talinolol stock solution II was accurately transferred to a 

10 mL volumetric flask, the volume was completed with a solution of 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0 - adjusted with 1 M NaOH) and acetonitrile 

(77:23) and mixed thoroughly. The final concentration of talinolol was 1000 ng/mL. 

Verapamil test solution I 

The amounts of 20 mg of verapamil hydrochloride and 50 mg of TAL were 

transferred quantitatively to a 25.0 mL volumetric flask. The compounds were dissolved 

in 5 mL of propylene glycol and the volume completed with saline solution which pH has 

been previously adjusted to 3.0. The solution was mixed thoroughly and the final 

concentrations of verapamil.HCl and talinolol were 0.8 mg/mL and 2 mg/mL, 

respectively. 

Naringin test solutions 

The amounts of 11.8 mg or 47 mg of naringin (MW = 580.53 g/mol) and 50 mg of 

TAL were transferred quantitatively to a 25.0 mL volumetric flask. The compounds were 

dissolved in 5 mL of propylene glycol and the volume completed with saline solution 

which pH has been previously adjusted to 3.0. The solutions were mixed thoroughly and 

the final concentrations of NAR and talinolol were 813 µM or 3238 µM and 2 mg/mL, 

respectively. The concentrations of NAR in these solutions approximately correspond to 
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that found in the white grapefruit juice normal strength (811 µM) or frozen concentrate 

(3240 µM) used in this study.  

Naringenin stock solution 

The amount of 17 mg of naringin (MW = 272.26 g/mol) was transferred 

quantitatively to a 25.0 mL volumetric flask. The compound was dissolved in 15 mL of 

propylene glycol, the volume was completed with the same solvent, and the final solution 

mixed thoroughly. The final concentration of NAG was 2.5 mM. 

Naringenin test solution  

The amount of 50 mg of talinolol was transferred quantitatively to a 25.0 mL 

volumetric flask containing 5 mL of the naringenin stock solution. Talinolol was then 

dissolved and the volume was completed by adding saline solution which pH has been 

previously adjusted to 3.0. The solution mixed thoroughly and the final concentrations of 

NAG and talinolol were 500 µM and 2 mg/mL, respectively.  

Bergamottin test solutions 

From the bergamottin stock solution (50 mM), 16 µL or 64 µL were accurately 

transferred to a 25 mL volumetric flask containing 5 mL of propylene glycol. The amount 

of 50 mg of talinolol was transferred quantitatively to the same flask and dissolved. The 

volume was completed with saline solution which pH has been previously adjusted to 3.0 

and mixed thoroughly. The final concentrations of BG and talinolol were 32 µM or 128 

µM and 2 mg/mL, respectively. The concentrations of BG in these solutions correspond 

to that found in the white grapefruit juice normal strength or frozen concentrate used in 

this study.  
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Talinolol standard solutions 

From the talinolol stock solutions II (10 µg/mL) and III (1000 ng/mL), nine 

different concentrations of standard solutions and three quality controls (QC) were 

prepared in rat plasma (Biomeda, Foster City, CA) according Table 4-1.  

Table 4-1. Concentrations of the standard solutions used for the calibration curves and 
quality controls (QCs) of talinolol. 

Standard TAL stock 
solution II (µL) 

TAL stock 
solution III (µL)

Rat plasma 
 q.s.p. (mL) 

Talinolol 
(ng/mL) 

1    5 1       5 
2  10 1     10 
3  25 1     25 
4  50 1     50 
5   10  1   100 
6   25  1   250 
7   50  1   500 
8   75  1   750 
9 100  1 1000 

QC1  25 1     25 
QC2   45  1   450 
QC3   85  1   850 
 

Animals and Experimental Protocol 

All animals were housed and all experiments performed according to the policies 

and guidelines of the Institutional Animal Care and Use Committee (IACUC) of the 

University of Florida, Gainesville, USA. Male Sprague-Dawley rats weighing 350 to 400 

g were used in this study. The animals were not fasted and had free access to food and 

water during the experiment except for the first 2 hours after drug administration. 

An oral dose of talinolol (10mg/kg; 5ml/kg) was prepared in the absence or 

presence of verapamil HCl (4mg/kg) (positive control), or NAG (500 µM), NAR (813 

and 3238 µM) and BG (32 and 128 µM) in propylene glycol:saline solution (20:80). The 

pH of saline solution was previously adjusted to 3.0 with 1mM HCl in order to simulate 
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the juice pH and guarantee the talinolol dissolution. Furthermore, a solution containing 

the same dose of talinolol and a fixed ratio of the flavonoid NAR to the furanocoumarin 

BG (3238:128 µM) was prepared based on the concentration of these compounds in 

frozen concentrate GFJ (Minute Maid®). Similarly, the effects orange juice (OJ) 

(Tropicana®), Ruby Red GFJ (Florida Natural®) normal strength, White GFJ (Minute 

Maid®) concentrated (GFJC) and normal strength (GFJNS) (prepared by diluting one 

part of the concentrated juice into 3 parts of saline) on the P-gp mediated transport of 

talinolol were evaluated. In this scenario, the doses of talinolol were prepared directly in 

the juice or in pure saline pH 3.0 and administered by gavage. Ruby Red GFJ was also 

given twice daily (5ml/kg) during one week prior talinolol administration. Concentrations 

of NAR, NAG, BG and DHBG in GFJNS and Ruby Red GFJ were 811 and 469.4µM, < 

0.56µM, 31.8 and 12.2µM, 45 and 0.28µM, respectively, as previously reported (205). 

Concentrations of components present in the orange juice with potential to interact with 

P-gp were not estimated in this study. 

After drug administration, blood samples (500 µL) were collected from the 

sublingual vein of each rat at 0, 45 min, 1, 2, 3, 4, 5, and 6 hours which were separated 

into two different days apart by one week of washout period (4 blood collections per day 

per animal were performed). The variability of the weight of each animal on both periods 

was not higher than 20%. Prior to blood collection, the rats were anaesthetized with 

halothane and after each sampling, approximately 1000 µL of isotonic saline were 

replaced by i.p. injection in order to maintain the blood fluid. 

The samples were centrifuged at 2800 g for 15 min at room temperature and the 

serum separated. The collected samples were stored at -70 ºC until analysis. 

 



99 

Sample Preparation 

Talinolol was extracted from the samples by using 96-well solid-phase extraction 

(SPE) disks (Polaris®, Varian, Lake Forest, CA, USA). Briefly, the disks were 

equilibrated with 400 µL of methanol and pre-conditioned by adding the same volume of 

1mM HCl. Samples were diluted (1:2) with the conditioning solvent but containing the 

internal standard (propranolol hydrochloride at 500 ng/mL) and vortexed for 30 sec 

before they were applied to the SPE disks at a final volume of 750 µL. The interferents 

were eluted with 400 µL of methanol:water (20:80). Finally, the analytes were recovered 

rising the SPE disks twice with 200 µL of methanol:water (90:10). The solvent was 

evaporated to dryness and the residue redissolved in 125 µL of mobile phase before 

analysis.  

Sample Analysis 

A reversed phase high-performance liquid chromatograph (HPLC) method with 

ultraviolet detection was applied for the quantification of talinolol in plasma. Samples 

(75µL) were injected into a Shimadzu LC2010C HPLC system (Kyoto, Japan) equipped 

with a 100µL loop and Class VP 7.2 SP1 chromatographic software. The wavelength was 

set at 241 nm, the flow rate at 1.00 mL/min and the temperature at 40 ºC. The analytical 

column was a Lichrospher 60RP-Select B column, 250 x 4.6 mm i.d., 5 µm, preceded by 

a Lichrospher 60RP-Select B guard column (Merck GaA, Darmstadt, Germany). 

Talinolol was eluted isocratically using a mobile phase consisted of 0.025 mol/L 

triethylammonium phosphate buffer (pH 3.0) and acetonitrile (77:23).  
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Validation 

The validation parameters of linearity, specificity, sensitivity, precision, accuracy, 

recovery, and stability were determined. For each concentration, standard solutions and 

QCs were injected into the HPLC in triplicate on three different days. Calibration curves 

were obtained by plotting the mean standard/internal standard peak-area ratios versus the 

standard concentrations in Microsoft Excel® spreadsheets. The linearity of the standard 

curves was determined by least-squares linear regression method and expressed in terms 

of coefficient of determination (r2) using the Linest function. A weighing factor of 

1/Conc2 was chosen to achieve the homogeneity of variance. Specificity was determined 

by comparing the chromatogram of talinolol with that obtained from blank plasma. The 

intra- and inter-day precision and accuracy of the quantification were measured by 

replicate analyses of three different concentrations (low, medium and high QC) on the 

same day and on alternate days. The precision was based on the calculation coefficient of 

variation (CV%), and the accuracy was expressed as percent of the measured 

concentration compared to the theoretical one. The calibration model was accepted if the 

residuals (% difference of the back-calculated concentration from the nominal 

concentration) of the weighted curve were within 20% at the lower limit of quantification 

(LLOQ) and within 15% at all calibration levels. Calibration curves were rejected if more 

than 1/3 of the QCs showed a deviation from the theoretical concentration equal or 

greater than 20%. The LLOQ was established as the lowest concentration used in the 

calibration curve. 

The recovery was evaluated by adding known amounts of three standard solutions 

of talinolol to blank rat serum to get final concentrations of 10, 250 and 500 ng/mL. 

Samples were extracted under the same conditions mentioned previously. A standard 
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curve was prepared in mobile phase considering the same range of concentration of that 

used for the rat samples. The analytical results for extracted samples at three 

concentration levels were then back-calculated using the equation obtained from the 

weighted linear regression of the standard curve and compared with their nominal values 

that represent 100%.  

Stability of talinolol in rat serum was tested at room temperature and at -70 °C. 

Three QCs (low, medium, and high) were prepared by spiking the blank serum with fresh 

talinolol stock solution II (10 µg/mL) or III (1000 ng/mL). Analyses of room temperature 

samples started immediately following the preparation of the test solutions and after 6, 12 

and 24 hours. Another set of QCs in serum was prepared, stored at -70 °C and analyzed 

once a week for 3 weeks. Samples were prepared following the steps mentioned 

previously and analyzed by the validated HPLC method already described. Results were 

expressed in terms of % of drug remaining compared to the original concentration. 

On-instrument stability was verified by injecting another set of QCs (low, medium, 

and high) at the end of each run. The concentrations in these samples were compared to 

the initial injections of QCs and expressed in terms of % error. Three replicates of each 

concentration level were prepared for each test performed.  

Pharmacokinetic Analysis 

The pharmacokinetics of talinolol was evaluated by noncompartmental method 

with WinNonlin Professional Edition (version 3.1; Pharsight Corp, Mountain View, CA, 

USA). The maximum talinolol serum concentration (Cmax) and the time to reach Cmax 

(tmax) were obtained directly from the concentration-time profile curves. The AUC(0-6), 

corresponding to the area under the concentration-time profile curve from time 0 to the 
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time of the last measurable concentration (C6h), was determined by the linear trapezoidal 

method. The terminal elimination rate constant (λz) was determined by log-linear 

regression of at least the last 3 points. The terminal half-life (t1⁄2) was calculated as 

ln2/λz. The AUC from time 0 to infinity (AUC(0-∞)) was the sum of AUC(0-6) and C6h/λz.  

Statistical Analysis 

Descriptive and comparative statistics were calculated with the use of GraphPad 

Prism v.4.0 (GraphPad Software Inc, San Diego, CA, USA). Pharmacokinetic data are 

presented as mean values (n = 8) ± standard error of the mean (SEM). Comparison 

among the groups initially used one-way ANOVA followed by Tukey’s multiple 

comparison tests as post-hoc analysis. A probability of less than 0.05 (p<0.05) was 

considered to be statistically significant. Grubb’s test was applied to detect possible 

outliers (α = 0.05) and Kolmogorov-Smirnov test was used to determine if the obtained 

data were normally distributed.  

Results 

Validation of Analytical Method to Measure Talinolol in Rat Serum 

The validation parameters of the analytical method used to assess the concentration 

of talinolol in rat serum are now presented.  

Linearity 

The range of validation (5 to 1000 ng/mL) was linear with coefficients of 

correlation more than 0.995 (Table 4-2).  
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Table 4-2. Regression parameters obtained from calibration curves of talinolol in plasma 
in three different days. 

Regression parameters 
Day 1 Slope (1/Conc2) Intercept (1/Conc2) r2

Rep1 0.003708 0.011549 0.9981 
Rep2 0.002551 0.002643 0.9976 
Rep3 0.003665 0.006256 0.9977 
Day 2 Slope (1/Conc2) Intercept (1/Conc2) r2

Rep1 0.002939 0.016177 0.9982 
Rep2 0.002805 0.017454 0.9977 
Rep3 0.002749 0.023680       0.995 
Day 3 Slope (1/Conc2) Intercept (1/Conc2) r2

Rep1 0.003111 0.011471 0.9958 
Rep2 0.003152 0.011726 0.9998 
Rep3 0.003206 0.010758 0.9982 

 

Specificity 

The method provided good specificity since the chromatograms of the blank 

solution did not show any peak with similar retention time as expected for talinolol 

(Figure 4.1) 

 

Figure 4-1. Comparison of chromatograms corresponding to the talinolol (I) and the 
internal standard propranolol hydrochloride (II) after extraction from rat 
serum (A) with that obtained after extraction of a blank sample (B). 
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Sensitivity 

The LLOQ of 5 ng/mL was accepted as the lowest concentration of the calibration 

curve since their concentrations could be determined with acceptable precision (%CV < 

20), and accuracy (%error < 20). 

Precision, accuracy and recovery 

The precisions intra- and inter-day for talinolol were satisfactory with CV values 

between 1.2 and 7.6%. Similarly, the accuracy of the assay obtained with quality control 

samples containing 25, 450, and 850 ng/mL talinolol was between 96.4 and 106.8% of 

the nominal values. The mean recovery assessed at three distinct levels of concentration 

(10, 250 and 500 ng/mL) ranged from 89.8 to 103.2% of the expected values. The results 

are summarized in Table 4-3. 

Table 4-3. Intra-day (n = 3), inter-day (n = 9), and recovery (n = 3) assay parameters of 
talinolol in rat serum. Precision expressed as CV%, accuracy and recovery as 
% of the theoretical concentration. 

Intra-day CQ – 25 ng/mL CQ – 400 ng/mL CQ – 850 ng/mL 

 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 Day 1 Day 2 Day 3 

Precision    1.2    1.7     4.8     3.2     5.1     7.6     7.3     5.8     1.7 

Accuracy 96.4 97.1 102.5 106.7 104.9 100.4 103.2 104.1 105.2 

Inter-day CQ – 25 ng/mL CQ – 400 ng/mL CQ – 850 ng/mL 

Precision    3.9     5.0     5.7 

Accuracy 98.4 104.2 104.7 

Recovery CQ – 10 ng/mL CQ – 250 ng/mL CQ – 500 ng/mL 

% 103.2   89.8   91.3 

CV%     3.5    7.9    4.6 
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Stability 

Results of stability tests in rat serum are presented in Figure 4-2. Talinolol was 

stable under the tested conditions. The mean % remaining in rat serum after 24 hours at 

room temperature was 99.1 ± 3.3, 97.8 ± 1.4, and 99.1 ± 1.0 for the low, medium and 

high concentrations, respectively. After 3 weeks at -70 °C the mean % remaining was 

99.6 ± 2.9, 101.3 ± 3.7, and 98.1 ± 2.9 for the low, medium and high concentrations, 

respectively.  

No degradation of talinolol was observed in the on-instrument assay. The % error 

of all samples was < 5. 
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Figure 4-2. Stability of talinolol (low, medium, and high QCs) in rat serum within 24 

hours at room temperature (RT) (A) and during 3 weeks at -70 °C (B). Data 
represents means of three replicates and vertical bars the standard deviation of 
the means. 

Talinolol Pharmacokinetics 

 The concentration-time profiles and the pharmacokinetic parameters of talinolol are 

presented on Figure 4-3 and Table 4-3, respectively. According the Kolmogorov-Smirnov 

test the outcomes followed a normal distribution and any outlier was identified by 

Grubb’s test. No difference was observed in the pharmacokinetic profiles when talinolol 

was given with or without propylene glycol (PPG). Verapamil (VER) (4 mg/kg), a known 
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inhibitor of P-gp, produced a slightly increase in Cmax and AUC(0-∞) of talinolol by 1.4- 

and 1.7-fold, correspondingly. Different from the other treatments, where no effect was 

observed, VER delayed the absorption (tmax) of talinolol from 2 to 2.8 hours. The 

elimination half-life (t1/2) remained practically unchanged among all treatments. 

Orange juice, white GFJNS and GJFC had minor but distinct effects on talinolol 

pharmacokinetics. The GFNS provided a slight increase (1.3-fold) on Cmax and AUC(0-∞), 

while GFJC or OJ reduced or had no effect on talinolol absorption, respectively.  

Among the GFJ components, the furanocoumarin BG (128 µM) modified 

significantly the talinolol disposition, augmenting the Cmax and AUC(0-∞) by 2.4- and 1.8-

fold, respectively. In general, the flavonoids NAG (500 µM) and NAR (813 µM and 

3238 µM) had a similar effect increasing the talinolol Cmax and AUC(0-∞) by 1.5- to 1.8-

fold, respectively, compared to the control group. When the combination of BG (128 

µM) and NAR (3238 µM) was tested, the Cmax and AUC(0-∞) of talinolol were reduced to 

around 63% of those obtained in the control group. This result was opposite of that when 

both compounds were given separately. Similarly, Ruby Red GFJ (acute) decreased the 

pharmacokinetic parameters of talinolol by half when contrasted with saline and by 2.7-

fold when compared with the white GFJNS. However, a distinct result was observed after 

repeated ingestion of the same juice before talinolol administration. In this scenario, the 

Cmax of talinolol was increased by 1.6-and 3.6-fold and the AUC(0-∞) by 1.5- and 3-

fold,when compared with the control or acute administration of Ruby Red GFJ, 

respectively.  

 

 

 



107 

0 1 2 3 4 5 6
0

100

200

300

400

White GFJNS
White GFJC

Control without PPG

Time (hours)

Ta
lin

ol
ol

 (n
g/

m
L)

0 1 2 3 4 5 6
0

100

200

300

400

500

Ruby Red GFJ Acute
Ruby Red GFJ Chronic

Control without PPG

OJ

Time (hours)

Ta
lin

ol
ol

 (n
g/

m
L)

0 1 2 3 4 5 6
0

250

500

750 Control PPG

BG 32 µM

BG 128 µM

BG 128 µM + NAR 3238 µM
Verapamil (4m/kg)

Time (hours)

Ta
lin

ol
ol

 (n
g/

m
L)

A B

C D

0 1 2 3 4 5 6
0

200

400

600

Control PPG
NAR 813 µM
NAR 3238 µM
NAG 500 µM

Time (hours)

Ta
lin

ol
ol

 (n
g/

m
L)

 

Figure 4-3. Mean serum concentration-time profiles (n = 8) of talinolol in rats after a 
single dose oral dose (10 mg/kg) with: A - white GFJ normal strength (NS), or 
white GFJ concentrate (GFJC); B - Ruby Red GFJ acute or chronic treatment, 
or orange juice (OJ); C - bergamottin (BG) (32 µM or 128 µM), BG (128 µM) 
plus naringin (NAR) (3238 µM), or verapamil; D - naringenin (NAG) 500 
µM, NAR (813 µM or 3238 µM). Vertical bars represent the standard error of 
the means (SEM). 
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Table 4-4. Pharmacokinetics of talinolol in rats after a single dose oral dose (10 mg/kg) in 
saline (control) or with verapamil, white grapefruit juice concentrate (GFJC), 
white GFJ normal strength (NS), Ruby Red GFJ, naringenin (NAG) 500 µM, 
naringin (NAR) 813 and 3238 µM, bergamottin (BG) 32 and 128 µM, and a 
solution containing NAR (3238 µM) plus BG (128 µM). Data are expressed 
as mean (n=8) ± SEM. 

Treatment AUC(0-6) 
(ng.h/mL) 

AUC(0-∞) 
(ng.h/mL) Cmax (ng/mL) tmax (h) t1/2 (h) 

Control with PPG 501 (57) 512 (55) 274 (35) 2.0 0.8 (0.1) 
Control without PPG 538 (36) 558 (36) 294 (29) 1.9 (0.2) 1.0 (0.1) 
Verapamil (4mg/kg) 827 (133) 856 (132) 385 (84) 2.7 (0.2) b 1.0 (0.2) 
White GFJC 451 (64) 486 (68) 206 (30) 2.1 (0.1) 1.0 (0.2) 
WhiteGFJNS 684 (102) g 698 (102)g 337 (56) 2.1 (0.2) 0.7 (0.07) 
Ruby Red GFJ 
(acute) 249 (43) 259 (43) 121 (21) 2.2 (0.2) 0.9 (0.2) 

Ruby Red GFJ 
(chronic)* 735 (99) d 749 (98)d 442 (54) d 1.8 (0.2) 1.0 (0.1) 

OJ 530 (70) 545 (68) 279 (42) 1.9 (0.1) 1.0 (0.2) 
NAG (500 µM) 801 (78) 812 (77) 493 (66) 1.7 (0.2) 0.8 (0.1) 
NAR (813 µM) 906 (72) a 937 (70) b 482 (59) 2.1 (0.1) 1.2 (0.3) 
NAR (3238 µM) 771 (81) e 797 (83) e 430 (64) 2.0 1.0 (0.1) 
BG (32 µM) 403 (42) 429 (45) 222 (30) 2.0 1.6 (0.2) 
BG (128 µM) 866 (108) f 896 (102) af 650 (91) cf 1.8 (0.2) 1.3 (0.3) 
NAR (3238 µM) + 
BG (128 µM) 302 (17) 323 (17) 166 (12) 2.0 1.6 (0.1) 

* The juice was given twice daily during one week before drug administration. a p<0.05, 
b p<0.01, c p<0.001 when compared with the respective control; d p<0.01 when 
compared with Ruby Red GFJ (acute); e p<0.01 when compared with NAR (3238 µM) + 
BG (128 µM); f p<0.001 when compared with NAR (3238 µM) + BG (128 µM);. g 
p<0.01 when compared with Ruby Red GFJ (acute). 
 

Discussion 

For the first time in vivo studies involving the effects of pure GFJ compounds and a 

comparison of different brands and strengths of GFJ on P-gp activity is reported. Most of 

reports in the literature have focused in the interaction between GFJ and its components 

with CYP3A4 or tested the effects of only one juice on the activity of P-gp (40, 134, 137, 

214). 
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Similar as observed by other authors, the terminal half-lives of talinolol after oral 

administration in absence or presence of potential P-gp inhibitors was not affected, 

suggesting that any effect on talinolol pharmacokinetics parameters can be attributable to 

processes that occur in the gut rather than to modification of systemic clearance (134). 

Absence of significant effect of verapamil on talinolol disposition may be dose-related 

since this drug is also subjected to pre-systemic metabolism by intestinal CYP3A4 (216) 

and the augment on tmax promoted by VER may be due to its inhibitory activity on the 

gastric emptying rate (217).  

Orange juice has been described to be a potent inhibitor of P-gp in vitro, modifying 

the permeability of saquinavir (62). Additionally, Lilja and co-workers (154) have 

showed that OJ was able to reduce the Cmax and AUC of celiprolol in humans by 89% 

and 83%, respectively. According to the authors, modulation of the intestinal pH and the 

function of some transporters may be responsible for this interaction. However, we found 

that the effect of OJ on talinolol pharmacokinetics was negligible and that GFJNS 

promoted an increase on Cmax and AUC(0-∞) of talinolol, but in a lesser extent than 

previously reported (134). Differences in the concentrations of drug-interacting 

compounds in the juices, variability on P-gp expression in the intestine, presence of 

multiple binding sites on P-gp, and the interplay of distinct transporters present in the 

enterocytes may have contributed to this discrepancy of results. On the other hand, the 

decrease on Cmax and AUC(0-∞) values by GFJC compared to the normal strength may be 

accounted at least in part by the relative higher viscosity of the concentrated juice, which 

can form a physical barrier and impair the absorption of talinolol in the GI tract. 
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However, the effect observed with GFJC was not significantly different from the control 

group. 

Different effects were obtained after co-administration of talinolol with Ruby Red 

GFJ compared with GJNS, suggesting that additional constituents seem to be involved in 

the interactions, affecting preferentially the intestinal uptake rather than P-gp (128). 

Recent studies also have demonstrated a remarkable decrease of the oral bioavailability 

of fexofenadine when co-administrated with GFJ. Because this drug is a substrate for 

both P-gp and OATP, these results indicate that the juice can inhibit preferentially the 

influx transporter rather than P-gp (79, 90). 

Conversely, the continued intake of the juice significant increased the Cmax and 

AUC(0-∞) compared with the acute treatment. One hypothesis for this observation may be 

an over expression of some intestinal uptake transporter such as OATP. Contradictory 

results regarding the acute and repeated ingestion of GFJ for about one week on the 

disposition of P-gp substrates have been reported. One study using rat everted ileum sac 

suggested that co-treatment with GFJ inhibits while chronic administration activates P-gp 

(214). On the other hand, a recent human trial determined that the Cmax and AUC of 

talinolol were reduced in both cases by half indicating that this drug might also be a 

substrate for some influx transporters (137). Therefore, more information about which 

transporters are involved with the absorption of talinolol and which are subjected to 

interact with GFJ is required to better determine the mechanism and relevance of this 

interaction.  

 Regarding the flavonoids, it seems the maximum effect was reached with NAR 

(813 µM), which increased significantly the AUC(0-∞) from 512 to 937 ng . h/mL. This 
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NAR concentration is similar of that found in the GFJNS used in this study. Although the 

aglycone NAG is not present in the juice it may also contribute to the overall inhibitory 

effect of GFJ, since this flavonoid can be formed as a result of the metabolism of the 

glycoside NAR by intestinal microflora (211).  

Among the components of GFJ tested, the furanocoumarin BG (128 µM) was the 

most potent inhibitor of P-gp activity. Studies in vitro have reported this compound as a 

potent inhibitor of P-gp activity (IC50 = 40 µM) (61). Interestingly, the inhibitory effect of 

BG (128 µM) was not observed when it was combined with NAR (3238 µM). Although 

there is lack of information regarding the effect of multiple GFJ components on the 

activity of P-gp, this approach is an important tool to better understand such interactions 

allowing identify possible synergism or antagonism among GFJ components. The NAR 

to BG ratio of 25 employed in this study was the same found in the White GFJ but 

differed from that in the Ruby Red GFJ ( 38=BG
NAR ), suggesting that the relative 

concentrations of these components may also play an important role on the mechanism of 

grapefruit juice-drug interaction. Further investigations using different ratios, additional 

compounds, such as the dimers of furanocoumarins, and new combinations of GFJ 

components are necessary to clarify this issue. 

Conclusions 

In this work we validated a sensitive, accurate and precise HPLC method with 

ultraviolet detection to quantify talinolol in rat serum. We demonstrated that outcomes 

obtained during this food-drug interaction study was dependent on the type of the juice, 

duration of juice intake and the relative concentration of the potential interacting 

compounds. Although some differences were observed on talinolol disposition among all 
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treatments, the overall effect of grapefruit juice or OJ was not statistically significant. 

Even in the cases when a statistical difference was detected the increase on the 

pharmacokinetic parameters of talinolol was around 2-fold compared with the control, 

which according to Bjornsson et. al (218) is considered a weak interaction and unlikely to 

be clinically relevant. However, this study only focused on the pharmacokinetic 

interaction rather than pharmacodynamics. Hence, physicians should be aware that 

ingestion of GFJ with other drugs substrates for P-gp with a narrow therapeutic index 

may not be free of side effects, especially considering that most of the drugs available are 

also metabolized by CYP3A4. Additionally patients should always report to their 

physician or pharmacist when they decide to take any drug with GFJ or whenever they 

experience any abnormality after concomitant drug intake with GJF.  

 

 



 

CHAPTER 5 
CONCLUSIONS  

Fresh fruits, juices and vegetables are considered part of a healthy diet. Their health 

benefits have been demonstrated by many studies and are mainly due the presence of 

polyphenolic compounds which act as antioxidant preventing the formation of oxygen 

radical species, lipid oxidation, or decreasing risk of cardiovascular disease and certain 

types of cancer. However, concomitant administration of drug and food is not free of risk 

since it creates an opportunity for interactions that may change the drug disposition 

resulting in undesired effects. In fact, it is well recognized that grapefruit juice (GFJ) can 

increase the oral bioavailability of distinct classes of drug. Although the main mechanism 

of GFJ-drug interaction is currently known to involve the inhibition of the intestinal drug 

metabolizing enzyme CYP3A4, other drug-absorption pathways, such as the intestinal P-

glycoprotein (P-gp), have also been suggested to be affected by GFJ. However, the GFJ 

constituents and the clinical relevance of the interaction between GFJ and P-gp is still a 

controversial issue and may depend on the intrinsic bioavailability of the drug, on the 

expression of the intestinal CYP3A4 and P-gp among subjects, and on the amount and 

type of GFJ ingested together with the drug. Therefore, further investigations are required 

to clarify this issue.  

The study presented here demonstrated a high variability regarding the 

concentration of the potential drug-interacting compounds present in different brands and 

lots of GFJ commercialized in our community, which may be responsible for the 

inconsistent results obtained in GFJ-drug interaction trials. The flavonoid naringin was, 
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by far, the most abundant compound found in all lots and brands of GFJ analyzed 

followed by the furonocoumarins bergamottin and 6′,7′-dihydroxybergamottin. 

On the basis of the demonstrated variability and lack of information regarding the 

profile of flavonoids and furanocoumarins on the juices used for human trials, a direct 

comparison between different studies is impaired. Therefore, to minimize prevalent 

variability in GFJ-drug interaction trials, it is important to correlate measured endpoints 

to the concentrations of those grapefruit components that are considered to be relevant for 

the interaction with drugs. In future studies investigating grapefruit-drug interactions, 

concentrations of compounds with a suspected interaction should be considered. When 

possible, juices of very similar composition should be used for studies designed for direct 

comparison. In addition, for animal studies the concentrations of critical compounds may 

be adjusted by supplementation to normalize the administered juices. 

Our in vitro studies with Caco-2 cells as an intestinal barrier model and talinolol as 

a marker compound for P-gp transport suggest that among the GFJ constituents tested the 

furanocoumarins are much more potent P-gp inhibitors than the flavonoids. These 

compounds are present in the juice at high enough concentrations to significantly modify 

the activity of P-gp. Additionally, GFJ strongly inhibited the secretion of talinolol across 

the Caco-2 cells. In contrast, combination of both a flavonoid (naringin) and a 

furanocoumarin (6′,7′-dihydroxybergamottin) increased the secretion of talinolol, 

suggesting an activation of P-gp activity or inhibition of uptake transporters. It seems that 

the relative concentrations of the interacting compounds may also play an important role 

on the outcome suggesting that the overall modulation of GFJ on P-gp activity is the 

result of a more complex interaction than a simple additive effect. Therefore, further 
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studies testing simultaneously of two or more grapefruit juice constituents are required to 

elucidate this question. 

Regarding the in vivo studies, co-administration of talinolol (10mg/kg) with 

bergamottin (128 µM) or naringin (813 µM) increased significantly the AUC of the drug. 

However, the effects of GFJ and OJ were generally minor. Similar to the in vitro study, 

combination of one flavonoid (naringin) and one furanocoumarin (bergamottin) promoted 

an opposite effect suggesting an increase of the intestinal secretion of talinolol due 

activation of P-gp, or a decrease of its absorption due inhibition of some influx 

transporter.  

Albeit Caco-2 is an established model for drug absorption, differences between this 

in vitro approach and in vivo studies are common and may be expected since the in vitro 

model does not account for the metabolism of grapefruit juice and its components, gastric 

emptying time, the presence of mucus layer, and other physiological variables. 

In summary, our pharmacokinetic results suggest that the interaction of GFJ or OJ 

with intestinal P-gp is unlikely to be of clinical relevance. Studies combining the 

pharmacokinetic and pharmacodynamic profiles of drugs co-administered with GFJ will 

help to a better estimation of the magnitude and the clinical relevance of this interaction.  

 



116 

LIST OF REFERENCES 

1. P. Spiegel-Royand E.E. Goldsmith. Biology of citrus, Cambridge University 
Press, Cambridge, 1996. 

 
2. E. Nicolosi, Z.N. Deng, A. Gentile, S. La Malfa, G. Continella, and E. Tribulato. 

Citrus phylogeny and genetic origin of important species as investigated by 
molecular markers. Theor. Appl. Genet. 100:1155-1166 (2000). 

 
3. R.W. Scora, J. Kumamoto, R.K. Soost, and E.M. Nauer. Contribution to the 

origin of the grapefruit, citrus paradisi (rutaceae). Syst. Bot. 7:170-177 (1982). 
 
4. A.M. Torres, R.K. Soost, and U. Diedenhofen. Leaf isoenzymes as a genetic 

markers in citrus. Am. J. Bot. 65:869-871 (1978). 
 
5. R.W. Scora. On the history and origin of citrus. Bull. Torrey Bot. Club. 102:369-

375 (1975). 
 
6. F.J. Morton. Grapefruit. In J.F. Morton (ed.), Fruits of warm climates, Julia F. 

Morton, Miami, 1987, pp. 152-158. 
 
7. USDA. Economic resource service. 

http://www.ers.usda.gov/Briefing/FruitAndTreeNuts/fruitnutpdf/grapefruit.pdf. 
(accessed December 2005). 

 
8. N. Salah, N.J. Miller, G. Paganga, L. Tijburg, G.P. Bolwell, and C. Rice-Evans. 

Polyphenolic flavanols as scavengers of aqueous phase radicals and as chain-
breaking antioxidants. Arch. Biochem. Biophys. 322:339-346 (1995). 

 
9. P.C. Hollmanand M.B. Katan. Bioavailability and health effects of dietary 

flavonols in man. Arch. Toxicol. Suppl. 20:237-248 (1998). 
 
10. Y.F. Chu, J. Sun, X. Wu, and R.H. Liu. Antioxidant and antiproliferative 

activities of common vegetables. J. Agric. Food Chem. 50:6910-6916 (2002). 
 
11. J.A. Vinson, X. Liang, J. Proch, B.A. Hontz, J. Dancel, and N. Sandone. 

Polyphenol antioxidants in citrus juices: In vitro and in vivo studies relevant to 
heart disease. Adv. Exp. Med. Biol. 505:113-122 (2002). 

 
12. O. Benavente-Garcia, J. Castilho, A. Ortuño, and J.A. Del Rio. Uses and 

properties of citrus flavonoids. J. Agric. Food Chem. 45:4505-4515 (1997). 
 
13. J. Sun, Y.F. Chu, X. Wu, and R.H. Liu. Antioxidant and antiproliferative 

activities of common fruits. J. Agric. Food Chem. 50:7449-7454 (2002). 
 
14. L.J. Wilcox, N.M. Borradaile, and M.W. Huff. Antitheratogenic properties of 

naringenin, a citrus flavonoid. Cardiovasc. Drug Rev. 17:160-178 (1999). 

 

http://www.ers.usda.gov/Briefing/FruitAndTreeNuts/fruitnutpdf/grapefruit.pdf


117 

15. S.A. Ross, D.S. Ziska, K. Zhao, and M.A. ElSohly. Variance of common 
flavonoids by brand of grapefruit juice. Fitoterapia. 71:154-161 (2000). 

 
16. S. Kawaii, Y. Tomono, E. Katase, K. Ogawa, and M. Yano. Antiproliferative 

activity of flavonoids on several cancer cell lines 896-899. Biosci. Biotechnol. 
Biochem. 63: 896-899 (1999). 

 
17. H.R. Frydoonfar, D.R. McGrath, and A.D. Spigelman. The variable effect on 

proliferation of a colon cancer cell line by the citrus fruit flavonoid naringenin. 
Colorectal Dis. 5:149-152 (2003). 

 
18. J.A. Vinson, X. Su, L. Zubik, and P. Bose. Phenol antioxidant quantity and 

quality in foods: Fruits. J. Agric. Food Chem. 49:5315-5321 (2001). 
 
19. D. Steinberg, S. Parthasarathy, T.E. Carew, J.C. Khoo, and J.L. Witztum. Beyond 

cholesterol. Modifications of low-density lipoprotein that increase its 
atherogenicity. N. Engl. J. Med. 320:914-924 (1989). 

 
20. J.D. Folts. Potential health benefits from the flavonoids in grape products on 

vascular disease. Adv. Exp. Med. Biol. 505:95-111 (2002). 
 
21. L. Le Marchand, S.P. Murphy, J.H. Hankin, L.R. Wilkens, and L.N. Kolonel. 

Intake of flavonoids and lung cancer. J. Natl. Cancer Inst. 92:154-160 (2000). 
 
22. J.J. Cerda, F.L. Robbins, C.W. Burgin, T.G. Baumgartner, and R.W. Rice. The 

effects of grapefruit pectin on patients at risk for coronary heart disease without 
altering diet or lifestyle. Clin. Cardiol. 11:589-594 (1988). 

 
23. C.F. Daher, J. Abou-Khalil, and G.M. Baroody. Effect of acute and chronic 

grapefruit, orange, and pineapple juice intake on blood lipid profile in 
normolipidemic rat. Med. Sci. Monit . 11:BR465-472 (2005). 

 
24. S. Gorinstein, H. Leontowicz, M. Leontowicz, R. Krzeminski, M. Gralak, E. 

Delgado-Licon, A.L. Martinez Ayala, E. Katrich, and S. Trakhtenberg. Changes 
in plasma lipid and antioxidant activity in rats as a result of naringin and red 
grapefruit supplementation. J. Agric. Food Chem. 53:3223-3228 (2005). 

 
25. P. Lagiou, E. Samoli, A. Lagiou, K. Katsouyanni, J. Peterson, J. Dwyer, and D. 

Trichopoulos. Flavonoid intake in relation to lung cancer risk: Case-control study 
among women in greece. Nutr. Cancer. 49:139-143 (2004). 

 
26. M.G. Hertog, E.J. Feskens, P.C. Hollman, M.B. Katan, and D. Kromhout. Dietary 

antioxidant flavonoids and risk of coronary heart disease: The zutphen elderly 
study. Lancet. 342:1007-1011 (1993). 

 

 



118 

27. P. Knekt, J. Kumpulainen, R. Jarvinen, H. Rissanen, M. Heliovaara, A. Reunanen, 
T. Hakulinen, and A. Aromaa. Flavonoid intake and risk of chronic diseases. Am. 
J. Clin. Nutr. 76:560-568 (2002). 

 
28. D.G. Bailey, J.D. Spence, C. Munoz, and J.M. Arnold. Interaction of citrus juices 

with felodipine and nifedipine. Lancet. 337:268-269 (1991). 
 
29. T. Kantola, K.T. Kivisto, and P.J. Neuvonen. Grapefruit juice greatly increases 

serum concentrations of lovastatin and lovastatin acid. Clin. Pharmacol. Ther. 
63:397-402 (1998). 

 
30. J.J. Lilja, M. Neuvonen, and P.J. Neuvonen. Effects of regular consumption of 

grapefruit juice on the pharmacokinetics of simvastatin. Br. J. Clin. Pharmacol. 
58:56-60 (2004). 

 
31. B. Edgar, D. Bailey, R. Bergstrand, G. Johnsson, and C.G. Regardh. Acute effects 

of drinking grapefruit juice on the pharmacokinetics and dynamics of felodipine--
and its potential clinical relevance. Eur. J. Clin. Pharmacol. 42:313-317 (1992). 

 
32. T. Uno, T. Ohkubo, K. Sugawara, A. Higashiyama, S. Motomura, and T. Ishizaki. 

Effects of grapefruit juice on the stereoselective disposition of nicardipine in 
humans: Evidence for dominant presystemic elimination at the gut site. Eur. J. 
Clin. Pharmacol. 56:643-649 (2000). 

 
33. H. Takanaga, A. Ohnishi, H. Murakami, H. Matsuo, S. Higuchi, A. Urae, S. Irie, 

H. Furuie, K. Matsukuma, M. Kimura, K. Kawano, Y. Orii, T. Tanaka, and Y. 
Sawada. Relationship between time after intake of grapefruit juice and the effect 
on pharmacokinetics and pharmacodynamics of nisoldipine in healthy subjects. 
Clin. Pharmacol. Ther. 67:201-214 (2000). 

 
34. C. Goho. Oral midazolam-grapefruit juice drug interaction. Pediatr. Dent. 23:365-

366 (2001). 
 
35. M. Ozdemir, Y. Aktan, B.S. Boydag, M.I. Cingi, and A. Musmul. Interaction 

between grapefruit juice and diazepam in humans. Eur. J. Drug Metab. 
Pharmacokinet. 23:55-59 (1998). 

 
36. H.H. Kupferschmidt, K.E. Fattinger, H.R. Ha, F. Follath, and S. Krahenbuhl. 

Grapefruit juice enhances the bioavailability of the hiv protease inhibitor 
saquinavir in man. Br. J. Clin. Pharmacol. 45:355-359 (1998). 

 
37. V. Butterweck, H. Derendorf, W. Gaus, A. Nahrstedt, V. Schulz, and M. Unger. 

Pharmacokinetic herb-drug interactions: Are preventive screenings necessary and 
appropriate? Planta. Med. 70:784-791 (2004). 

 

 



119 

38. D.W. Kaufman, J.P. Kelly, L. Rosenberg, T.E. Anderson, and A.A. Mitchell. 
Recent patterns of medication use in the ambulatory adult population of the united 
states: The slone survey. Jama. 287:337-344 (2002). 

 
39. D. Baileyand G.K. Dresser. Natural products and adverse drug interactions. 

CMAJ. 170:1531-1532 (2004). 
 
40. B. Ameerand R.A. Weintraub. Drug interactions with grapefruit juice. Clin. 

Pharmacokinet. 33:103-121 (1997). 
 
41. D.G. Bailey, J.H. Kreeft, C. Munoz, D.J. Freeman, and J.R. Bend. Grapefruit 

juice-felodipine interaction: Effect of naringin and 6',7'-dihydroxybergamottin in 
humans. Clin. Pharmacol. Ther. 64:248-256 (1998). 

 
42. G.C. Kaneand J.J. Lipsky. Drug-grapefruit juice interactions. Mayo Clin. Proc. 

75:933-942 (2000). 
 
43. A. Dahanand H. Altman. Food-drug interaction: Grapefruit juice augments drug 

bioavailability--mechanism, extent and relevance. Eur. J. Clin. Nutr. 58:1-9 
(2004). 

 
44. M. Saito, M. Hirata-Koizumi, M. Matsumoto, T. Urano, and R. Hasegawa. 

Undesirable effects of citrus juice on the pharmacokinetics of drugs. Drug Safety. 
28:677-694 (2005). 

 
45. J. Lundahl, C.G. Regardh, B. Edgar, and G. Johnsson. Effects of grapefruit juice 

ingestion--pharmacokinetics and haemodynamics of intravenously and orally 
administered felodipine in healthy men. Eur. J. Clin. Pharmacol. 52:139-145 
(1997). 

 
46. B. Charbit, L. Becquemont, B. Lepere, G. Peytavin, and C. Funck-Brentano. 

Pharmacokinetic and pharmacodynamic interaction between grapefruit juice and 
halofantrine. Clin. Pharmacol. Ther. 72:514-523 (2002). 

 
47. A.M. Karch. The grapefruit challenge: The juice inhibits a crucial enzyme, with 

possibly fatal consequences. Am. J. Nurs. 104:33-35 (2004). 
 
48. D.G. Baileyand G.K. Dresser. Interactions between grapefruit juice and 

cardiovascular drugs. Am. J. Cardiovasc. Drugs. 4:281-297 (2004). 
 
49. FDA/CDER. Cder new and generic drug approvals: 1998-2004. In: Fda cder. 

http://www.fda.gov/cder/approval/index.htm, (accessed Jan 2005). 
 
50. Pfizer. Procardia® (nifedipine) capsules for oral use. In: Pfizer labs, division of 

pfizer Inc, NY, NY10017,. http://www.pfizer.com/download/uspi_procardia.pdf 
(accessed Jan 2005). 

 

 

http://www.fda.gov/cder/approval/index.htm
http://www.pfizer.com/download/uspi_procardia.pdf


120 

51. M.P. Di Marco, D.J. Edwards, I.W. Wainer, and M.P. Ducharme. The effect of 
grapefruit juice and seville orange juice on the pharmacokinetics of 
dextromethorphan: The role of gut cyp3a and p-glycoprotein. Life Sci. 71:1149-
1160 (2002). 

 
52. S.R. Penzak, E.P. Acosta, M. Turner, D.J. Edwards, Y.Y. Hon, H.D. Desai, and 

M.W. Jann. Effect of seville orange juice and grapefruit juice on indinavir 
pharmacokinetics. J. Clin. Pharmacol. 42:1165-1170 (2002). 

 
53. T.D. Bjornsson, J.T. Callaghan, H.J. Einolf, V. Fischer, L. Gan, S. Grimm, J. Kao, 

S.P. King, G. Miwa, L. Ni, G. Kumar, J. McLeod, R.S. Obach, S. Roberts, A. 
Roe, A. Shah, F. Snikeris, J.T. Sullivan, D. Tweedie, J.M. Vega, J. Walsh, and 
S.A. Wrighton. The conduct of in vitro and in vivo drug-drug interaction studies: 
A pharmaceutical research and manufacturers of america (phrma) perspective. 
Drug Metab. Dispos. 31:815-832 (2003). 

 
54. D.G. Bailey, J. Malcolm, O. Arnold, and J.D. Spence. Grapefruit juice-drug 

interactions. Br. J. Clin. Pharmacol. 46:101-110 (1998). 
 
55. J. Dykeman. Citrus paradisi: Grapefruit juice-drug interactions. Cannt. J. 12:51-

53 (2002). 
 
56. U. Fuhr. Drug interactions with grapefruit juice. Extent, probable mechanism and 

clinical relevance. Drug Saf. 18:251-272 (1998). 
 
57. S.M. Huang, S.D. Hall, P. Watkins, L.A. Love, C. Serabjit-Singh, J.M. Betz, F.A. 

Hoffman, P. Honig, P.M. Coates, J. Bull, S.T. Chen, G.L. Kearns, and M.D. 
Murray. Drug interactions with herbal products and grapefruit juice: A conference 
report. Clin. Pharmacol. Ther. 75:1-12 (2004). 

 
58. M. Berhow, B. Tisserati, K. Kanes, and C. Vandercook. Survey of phenolic 

compounds produced in citrus, United States Department of Agriculture, 
Agriculture Research Service, Washington, DC, 1998. 

 
59. A. Miniscalco, J. Lundahl, C.G. Regardh, B. Edgar, and U.G. Eriksson. Inhibition 

of dihydropyridine metabolism in rat and human liver microsomes by flavonoids 
found in grapefruit juice. J. Pharmacol. Exp. Ther. 261:1195-1199 (1992). 

 
60. P. Schmiedlin-Ren, D.J. Edwards, M.E. Fitzsimmons, K. He, K.S. Lown, P.M. 

Woster, A. Rahman, K.E. Thummel, J.M. Fisher, P.F. Hollenberg, and P.B. 
Watkins. Mechanisms of enhanced oral availability of cyp3a4 substrates by 
grapefruit constituents. Decreased enterocyte cyp3a4 concentration and 
mechanism-based inactivation by furanocoumarins. Drug Metab. Dispos. 
25:1228-1233 (1997). 

 
61. E.J. Wang, C.N. Casciano, R.P. Clement, and W.W. Johnson. Inhibition of p-

glycoprotein transport function by grapefruit juice psoralen. Pharm. Res. 18:432-
438 (2001). 

 



121 

62. Y. Honda, F. Ushigome, N. Koyabu, S. Morimoto, Y. Shoyama, T. Uchiumi, M. 
Kuwano, H. Ohtani, and Y. Sawada. Effects of grapefruit juice and orange juice 
components on p-glycoprotein- and mrp2-mediated drug efflux. Br. J. Pharmacol. 
143:856-864 (2004). 

 
63. M.F. Paine, A.B. Criss, and P.B. Watkins. Two major grapefruit juice components 

differ in time to onset of intestinal cyp3a4 inhibition. J. Pharmacol. Exp. Ther. 
312:1151-1160 (2005). 

 
64. V.A. Eagling, L. Profit, and D.J. Back. Inhibition of the cyp3a4-mediated 

metabolism and p-glycoprotein-mediated transport of the hiv-1 protease inhibitor 
saquinavir by grapefruit juice components. Br. J. Clin. Pharmacol. 48:543-552 
(1999). 

 
65. J. Sahi, E.L. Reyner, J.N. Bauman, K. Gueneva-Boucheva, J.E. Burleigh, and 

V.H. Thomas. The effect of bergamottin on diazepam plasma levels and p450 
enzymes in beagle dogs. Drug Metab. Dispos. 30:135-140 (2002). 

 
66. K. Mohriand Y. Uesawa. Effects of furanocoumarin derivatives in grapefruit juice 

on nifedipine pharmacokinetics in rats. Pharm. Res. 18:177-182 (2001). 
 
67. T.C. Goosen, D. Cillie, D.G. Bailey, C. Yu, K. He, P.F. Hollenberg, P.M. Woster, 

L. Cohen, J.A. Williams, M. Rheeders, and H.P. Dijkstra. Bergamottin 
contribution to the grapefruit juice-felodipine interaction and disposition in 
humans. Clin. Pharmacol. Ther. 76:607-617 (2004). 

 
68. D.G. Bailey, G.K. Dresser, J.H. Kreeft, C. Munoz, D.J. Freeman, and J.R. Bend. 

Grapefruit-felodipine interaction: Effect of unprocessed fruit and probable active 
ingredients. Clin. Pharmacol. Ther. 68:468-477 (2000). 

 
69. D.G. Bailey, G.K. Dresser, and J.R. Bend. Bergamottin, lime juice, and red wine 

as inhibitors of cytochrome p450 3a4 activity: Comparison with grapefruit juice. 
Clin. Pharmacol. Ther. 73:529-537 (2003). 

 
70. S.M. Kakar, M.F. Paine, P.W. Stewart, and P.B. Watkins. 6'7'-

dihydroxybergamottin contributes to the grapefruit juice effect. Clin. Pharmacol. 
Ther. 75:569-579 (2004). 

 
71. A. Ohnishi, H. Matsuo, S. Yamada, H. Takanaga, S. Morimoto, Y. Shoyama, H. 

Ohtani, and Y. Sawada. Effect of furanocoumarin derivatives in grapefruit juice 
on the uptake of vinblastine by caco-2 cells and on the activity of cytochrome 
p450 3a4. Br. J. Pharmacol. 130:1369-1377 (2000). 

 
72. H. Satoh, F. Yamashita, M. Tsujimoto, H. Murakami, N. Koyabu, H. Ohtani, and 

Y. Sawada. Citrus juices inhibit the function of human organic anion-transporting 
polypeptide oatp-b. Drug Metab. Dispos. 33:518-523 (2005). 

 



122 

73. G. Ubeaud, J. Hagenbach, S. Vandenschrieck, L. Jung, and J.C. Koffel. In vitro 
inhibition of simvastatin metabolism in rat and human liver by naringenin. Life 
Sci. 65:1403-1412 (1999). 

 
74. H. Zhang, C.W. Wong, P.F. Coville, and S. Wanwimolruk. Effect of the 

grapefruit flavonoid naringin on pharmacokinetics of quinine in rats. Drug 
Metabol. Drug Interact. 17:351-363 (2000). 

 
75. D.G. Bailey, J.M. Arnold, H.A. Strong, C. Munoz, and J.D. Spence. Effect of 

grapefruit juice and naringin on nisoldipine pharmacokinetics. Clin. Pharmacol. 
Ther. 54:589-594 (1993). 

 
76. J. Patel, B. Buddha, S. Dey, D. Pal, and A.K. Mitra. In vitro interaction of the hiv 

protease inhibitor ritonavir with herbal constituents: Changes in p-gp and cyp3a4 
activity. Am. J. Ther. 11:262-277 (2004). 

 
77. J.S. Choiand H.K. Han. The effect of quercetin on the pharmacokinetics of 

verapamil and its major metabolite, norverapamil, in rabbits. J. Pharm. 
Pharmacol. 56:1537-1542 (2004). 

 
78. H.R. Ha, J. Chen, P.M. Leuenberger, A.U. Freiburghaus, and F. Follath. In vitro 

inhibition of midazolam and quinidine metabolism by flavonoids. Eur. J. Clin. 
Pharmacol. 48:367-371 (1995). 

 
79. A.V. Kamath, M. Yao, Y. Zhang, and S. Chong. Effect of fruit juices on the oral 

bioavailability of fexofenadine in rats. J. Pharm. Sci. 94:233-239 (2005). 
 
80. G.K. Dresser, D.G. Bailey, B.F. Leake, U.I. Schwarz, P.A. Dawson, D.J. 

Freeman, and R.B. Kim. Fruit juices inhibit organic anion transporting 
polypeptide-mediated drug uptake to decrease the oral availability of 
fexofenadine. Clin. Pharmacol. Ther. 71:11-20 (2002). 

 
81. P.C. Ho, S.C. Chalcroft, P.F. Coville, and S. Wanwimolruk. Grapefruit juice has 

no effect on quinine pharmacokinetics. Eur. J. Clin. Pharmacol. 55:393-398 
(1999). 

 
82. P.C. Ho, K. Ghose, D. Saville, and S. Wanwimolruk. Effect of grapefruit juice on 

pharmacokinetics and pharmacodynamics of verapamil enantiomers in healthy 
volunteers. Eur. J. Clin. Pharmacol. 56:693-698 (2000). 

 
83. G.K. Dresser, J.D. Spence, and D.G. Bailey. Pharmacokinetic-pharmacodynamic 

consequences and clinical relevance of cytochrome p450 3a4 inhibition. Clin. 
Pharmacokinet. 38:41-57 (2000). 

 

 



123 

84. M.M. Dohertyand W.N. Charman. The mucosa of the small intestine: How 
clinically relevant as an organ of drug metabolism? Clin. Pharmacokinet. 41:235-
253 (2002). 

 
85. H.H. Kupferschmidt, H.R. Ha, W.H. Ziegler, P.J. Meier, and S. Krahenbuhl. 

Interaction between grapefruit juice and midazolam in humans. Clin. Pharmacol. 
Ther. 58:20-28 (1995). 

 
86. P. Odou, N. Ferrari, C. Barthelemy, S. Brique, M. Lhermitte, A. Vincent, C. 

Libersa, and H. Robert. Grapefruit juice-nifedipine interaction: Possible 
involvement of several mechanisms. J. Clin. Pharm. Ther. 30:153-158 (2005). 

 
87. P. Macheras, C. Reppas, and J.B. Dressman. Biopharmaceutics of orally 

administered drugs, Elis Horwood, London, 1995. 
 
88. D. Balayssac, N. Nicolas Authier, A. Cayre, and F. Coudorea. Does inhibition of 

p-glycoprotein lead to drug–drug interactions? Toxicol. Lett. 156:319-329 (2005). 
 
89. N. Petri, C. Tannergren, D. Rungstad, and H. Lennernas. Transport characteristics 

of fexofenadine in the caco-2 cell model. Pharm. Res. 21:1398-1404 (2004). 
 
90. G.K. Dresser, R.B. Kim, and D.G. Bailey. Effect of grapefruit juice volume on the 

reduction of fexofenadine bioavailability: Possible role of organic anion 
transporting polypeptides. Clin. Pharmacol. Ther. 77:170-177 (2005). 

 
91. F.P. Guengerich. Cytochrome p-450 3a4: Regulation and role in drug metabolism. 

Annu. Rev. Biochem. 39:1-17 (1999). 
 
92. M.T. Donatoand J.V. Castell. Strategies and molecular probes to investigate the 

role of cytochrome p450 in drug metabolism: Focus on in vitro studies. Clin. 
Pharmacokinet. 42:153-178 (2003). 

 
93. K.S. Lown, J.C. Kolars, K.E. Thummel, J.L. Barnett, K.L. Kunze, S.A. Wrighton, 

and P.B. Watkins. Interpatient heterogeneity in expression of cyp3a4 and cyp3a5 
in small bowel. Lack of prediction by the erythromycin breath test. Drug Metab. 
Dispos. 22:947-955 (1994). 

 
94. M.F. Paine, M. Khalighi, J.M. Fisher, D.D. Shen, K.L. Kunze, C.L. Marsh, J.D. 

Perkins, and K.E. Thummel. Characterization of interintestinal and intraintestinal 
variations in human cyp3a-dependent metabolism. J. Pharmacol. Exp. Ther. 
283:1552-1562 (1997). 

 
95. J.K. Lamba, Y.S. Lin, E.G. Schuetz, and K.E. Thummel. Genetic contribution to 

variable human cyp3a-mediated metabolism. Adv. Drug Deliv. Rev. 54:1271-1294 
(2002). 

 

 



124 

96. R.Z. Harris, G.R. Jang, and S. Tsunoda. Dietary effects on drug metabolism and 
transport. Clin. Pharmacokinet. 42:1071-1088 (2003). 

 
97. K.S. Lown, D.G. Bailey, R.J. Fontana, S.K. Janardan, C.H. Adair, L.A. Fortlage, 

M.B. Brown, W. Guo, and P.B. Watkins. Grapefruit juice increases felodipine 
oral availability in humans by decreasing intestinal cyp3a protein expression. J. 
Clin. Invest. 99:2545-2553 (1997). 

 
98. L.Q. Guo, K. Fukuda, T. Ohta, and Y. Yamazoe. Role of furanocoumarin 

derivatives on grapefruit juice-mediated inhibition of human cyp3a activity. Drug 
Metab. Dispos. 28:766-771 (2000). 

 
99. J.J. Lilja, K.T. Kivisto, and P.J. Neuvonen. Grapefruit juice increases serum 

concentrations of atorvastatin and has no effect on pravastatin. Clin. Pharmacol. 
Ther. 66:118-127 (1999). 

 
100. J.J. Lilja, K.T. Kivisto, and P.J. Neuvonen. Grapefruit juice-simvastatin 

interaction: Effect on serum concentrations of simvastatin, simvastatin acid, and 
hmg-coa reductase inhibitors. Clin. Pharmacol. Ther. 64:477-483 (1998). 

 
101. J.D. Rogers, J. Zhao, L. Liu, R.D. Amin, K.D. Gagliano, A.G. Porras, R.A. Blum, 

M.F. Wilson, M. Stepanavage, and J.M. Vega. Grapefruit juice has minimal 
effects on plasma concentrations of lovastatin-derived 3-hydroxy-3-
methylglutaryl coenzyme a reductase inhibitors. Clin. Pharmacol. Ther. 66:358-
366 (1999). 

 
102. J.U. Lundahl, C.G. Regardh, B. Edgar, and G. Johnsson. The interaction effect of 

grapefruit juice is maximal after the first glass. Eur. J. Clin. Pharmacol. 54:75-81 
(1998). 

 
103. M.F. Paine, A.B. Criss, and P.B. Watkins. Two major grapefruit juice components 

differ in intestinal cyp3a4 inhibition kinetic and binding properties. Drug Metab. 
Dispos. 32:1146-1153 (2004). 

 
104. J.J. Lilja, K.T. Kivisto, J.T. Backman, and P.J. Neuvonen. Effect of grapefruit 

juice dose on grapefruit juice-triazolam interaction: Repeated consumption 
prolongs triazolam half-life. Eur. J. Clin. Pharmacol. 56:411-415 (2000). 

 
105. W. Tassaneeyakul, L.Q. Guo, K. Fukuda, T. Ohta, and Y. Yamazoe. Inhibition 

selectivity of grapefruit juice components on human cytochromes p450. Arch. 
Biochem. Biophys. 378:356-363 (2000). 

 
106. P. Damkier, L.L. Hansen, and K. Brosen. Effect of diclofenac, disulfiram, 

itraconazole, grapefruit juice and erythromycin on the pharmacokinetics of 
quinidine. Br. J. Clin. Pharmacol. 48:829-838 (1999). 

 

 



125 

107. U. Fuhr, K. Klittich, and A.H. Staib. Inhibitory effect of grapefruit juice and its 
bitter principal, naringenin, on cyp1a2 dependent metabolism of caffeine in man. 
Br. J. Clin. Pharmacol. 35:431-436 (1993). 

 
108. J.J. Lilja, K.T. Kivisto, and P.J. Neuvonen. Duration of effect of grapefruit juice 

on the pharmacokinetics of the cyp3a4 substrate simvastatin. Clin. Pharmacol. 
Ther. 68:384-390 (2000). 

 
109. D.J. Greenblatt, L.L. von Moltke, J.S. Harmatz, G. Chen, J.L. Weemhoff, C. Jen, 

C.J. Kelley, B.W. LeDuc, and M.A. Zinny. Time course of recovery of 
cytochrome p450 3a function after single doses of grapefruit juice. Clin. 
Pharmacol. Ther. 74:121-129 (2003). 

 
110. J.H. Linand M. Yamazaki. Role of p-glycoprotein in pharmacokinetics: Clinical 

implications. Clin. Pharmacokinet. 42:59-98 (2003). 
 
111. A.H. Schinkeland J.W. Jonker. Mammalian drug efflux transporters of the atp 

binding cassette (abc) family: An overview. Adv. Drug Deliv. Rev. 55:3-29 
(2003). 

 
112. D.R. Johnson, R.A. Finch, Z.P. Lin, C.J. Zeiss, and A.C. Sartorelli. The 

pharmacological phenotype of combined multidrug-resistance mdr1a/1b- and 
mrp1-deficient mice. Cancer Res. 61:1469-1476 (2001). 

 
113. A. van Helvoort, A.J. Smith, H. Sprong, I. Fritzsche, A.H. Schinkel, P. Borst, and 

G. van Meer. Mdr1 p-glycoprotein is a lipid translocase of broad specificity, 
while mdr3 p-glycoprotein specifically translocates phosphatidylcholine. Cell. 
87:507-517 (1996). 

 
114. Y. Zhou, M.M. Gottesman, and I. Pastan. Domain exchangeability between the 

multidrug transporter (mdr1) and phosphatidylcholine flippase (mdr2). Mol. 
Pharmacol. 56:997-1004 (1999). 

 
115. M.M. Gottesmanand I. Pastan. Biochemistry of multidrug resistance mediated by 

the multidrug transporter. Annu. Rev. Biochem. 62:385-427 (1993). 
 
116. I.L. Urbatsch, G.A. Tyndall, G. Tombline, and A.E. Senior. P-glycoprotein 

catalytic mechanism: Studies of the adp-vanadate inhibited state. J. Biol. Chem. 
278:23171-23179 (2003). 

 
117. R.L. Julianoand V. Ling. A surface glycoprotein modulating drug permeability in 

chinese hamster ovary cell mutants. Biochim. Biophys. Acta. 455:152-162 (1976). 
118. F. Thiebaut, T. Tsuruo, H. Hamada, M.M. Gottesman, I. Pastan, and M.C. 

Willingham. Cellular localization of the multidrug-resistance gene product p-
glycoprotein in normal human tissues. Proc. Natl. Acad. Sci. U S A. 84:7735-7738 
(1987). 

 



126 

119. C. Cordon-Cardo, J.P. O'Brien, J. Boccia, D. Casals, J.R. Bertino, and M.R. 
Melamed. Expression of the multidrug resistance gene product (p-glycoprotein) in 
human normal and tumor tissues. J. Histochem. Cytochem. 38:1277-1287 (1990). 

 
120. A. Ayrtonand P. Morgan. Role of transport proteins in drug absorption, 

distribution and excretion. Xenobiotica. 31:469-497 (2001). 
 
121. C.F. Higginsand M.M. Gottesman. Is the multidrug transporter a flippase? Trends 

Biochem. Sci. 17:18-21 (1992). 
 
122. A.H. Schinkel. Pharmacological insights from p-glycoprotein knockout mice. Int. 

J. Clin. Pharmacol. Ther. 36:9-13 (1998). 
 
123. A. Sparreboom, J. van Asperen, U. Mayer, A.H. Schinkel, J.W. Smit, D.K. 

Meijer, P. Borst, W.J. Nooijen, J.H. Beijnen, and O. van Tellingen. Limited oral 
bioavailability and active epithelial excretion of paclitaxel (taxol) caused by p-
glycoprotein in the intestine. Proc. Natl. Acad. Sci. U. S. A. 94:2031-2035 (1997). 

 
124. K. Westphal, A. Weinbrenner, M. Zschiesche, G. Franke, M. Knoke, R. Oertel, P. 

Fritz, O. von Richter, R. Warzok, T. Hachenberg, H.M. Kauffmann, D. Schrenk, 
B. Terhaag, H.K. Kroemer, and W. Siegmund. Induction of p-glycoprotein by 
rifampin increases intestinal secretion of talinolol in human beings: A new type of 
drug/drug interaction. Clin. Pharmacol. Ther. 68:345-355 (2000). 

 
125. U. Mayer, E. Wagenaar, J.H. Beijnen, J.W. Smit, D.K.F. Meijer, J. Van Asperen, 

P. Borst, and A.H. Schinkel. Substantial excretion of digoxin via the intestinal 
mucosa and prevention of long-term digoxin accumulation in the brain by the 
mdr1a p-glycoprotein. Br. J. Pharmacol. 119:1038-1044 (1996). 

 
126. W.L. Chiou, S.M. Chung, T.C. Wu, and C. Ma. A comprehensive account on the 

role of efflux transporters in the gastrointestinal absorption of 13 commonly used 
substrate drugs in humans. Int. J. Clin. Pharmacol. Ther. 39:93-101 (2001). 

 
127. J.R. Kuntaand P.J. Sinko. Intestinal drug transporters: In vivo function and 

clinical importance. Curr. Drug Metab. 5:109-124 (2004). 
 
128. V.J. Wacher, C.Y. Wu, and L.Z. Benet. Overlapping substrate specificities and 

tissue distribution of cytochrome p450 3a and p-glycoprotein: Implications for 
drug delivery and activity in cancer chemotherapy. Mol. Carcinog. 13:129-134 
(1995). 

 
129. D.J. Edwards, F.H. Bellevue, 3rd, and P.M. Woster. Identification of 6',7'-

dihydroxybergamottin, a cytochrome p450 inhibitor, in grapefruit juice. Drug 
Metab. Dispos. 24:1287-1290 (1996). 

 

 



127 

130. D.J. Edwards, M.E. Fitzsimmons, E.G. Schuetz, K. Yasuda, M.P. Ducharme, L.H. 
Warbasse, P.M. Woster, J.D. Schuetz, and P. Watkins. 6',7'-dihydroxybergamottin 
in grapefruit juice and seville orange juice: Effects on cyclosporine disposition, 
enterocyte cyp3a4, and p-glycoprotein. Clin. Pharmacol. Ther. 65:237-244 
(1999). 

 
131. T. Ikegawa, F. Ushigome, N. Koyabu, S. Morimoto, Y. Shoyama, M. Naito, T. 

Tsuruo, H. Ohtani, and Y. Sawada. Inhibition of p-glycoprotein by orange juice 
components, polymethoxyflavones in adriamycin-resistant human myelogenous 
leukemia (k562/adm) cells. Cancer Lett. 160:21-28 (2000). 

 
132. H. Takanaga, A. Ohnishi, H. Matsuo, and Y. Sawada. Inhibition of vinblastine 

efflux mediated by p-glycoprotein by grapefruit juice components in caco-2 cells. 
Biol. Pharm. Bull. 21:1062-1066 (1998). 

 
133. L.M. Chan, A.E. Cooper, A.L. Dudley, D. Ford, and B.H. Hirst. P-glycoprotein 

potentiates cyp3a4-mediated drug disappearance during caco-2 intestinal 
secretory detoxification. J. Drug. Target. 12:405-413 (2004). 

 
134. H. Spahn-Langguthand P. Langguth. Grapefruit juice enhances intestinal 

absorption of the p-glycoprotein substrate talinolol. Eur. J. Pharm. Sci. 12:361-
367 (2001). 

 
135. J. Xu, M.L. Go, and L.Y. Lim. Modulation of digoxin transport across caco-2 cell 

monolayers by citrus fruit juices: Lime, lemon, grapefruit, and pummelo. Pharm. 
Res. 20:169-176 (2003). 

 
136. A. Soldner, U. Christians, M. Susanto, V.J. Wacher, J.A. Silverman, and L.Z. 

Benet. Grapefruit juice activates p-glycoprotein-mediated drug transport. Pharm. 
Res. 16:478-485 (1999). 

 
137. U.I. Schwarz, D. Seemann, R. Oertel, S. Miehlke, E. Kublish, M.F. Fromm, R.B. 

Kim, D.G. Bailey, and W. Kirch. Grapefruit juice ingestion significantly reduces 
talinolol bioavailability. Clin. Pharmacol. Ther. 77:291-301 (2005). 

 
138. S. Malhotra, D.G. Bailey, M.F. Paine, and P.B. Watkins. Seville orange juice-

felodipine interaction: Comparison with dilute grapefruit juice and involvement of 
furocoumarins. Clin. Pharmacol. Ther. 69:14-23 (2001). 

 
139. L. Becquemont, C. Verstuyft, R. Kerb, U. Brinkmann, M. Lebot, P. Jaillon, and 

C. Funck-Brentano. Effect of grapefruit juice on digoxin pharmacokinetics in 
humans. Clin. Pharmacol. Ther. 70:311-316 (2001). 

 
140. R.B. Parker, C.R. Yates, J.E. Soberman, and S.C. Laizure. Effects of grapefruit 

juice on intestinal p-glycoprotein: Evaluation using digoxin in humans. 
Pharmacotherapy. 23:979-987 (2003). 

 



128 

141. G.K. Dresserand D.G. Bailey. The effects of fruit juices on drug disposition: A 
new model for drug interactions. Eur. J. Clin. Invest. 33 Suppl 2:10-16 (2003). 

 
142. S. Zhou, L.Y. Lim, and B. Chowbay. Herbal modulation of p-glycoprotein. Drug 

Metab. Rev. 36:57-104 (2004). 
 
143. J.M. Phang, C.M. Poore, J. Lopaczynska, and G.C. Yeh. Flavonol-stimulated 

efflux of 7,12-dimethylbenz(a)anthracene in multidrug-resistant breast cancer 
cells. Cancer Res. 53.:5977–5981 (1993). 

 
144. M. Hermann, A. Asberg, J.L. Reubsaet, S. Sather, K.J. Berg, and H. Christensen. 

Intake of grapefruit juice alters the metabolic pattern of cyclosporin a in renal 
transplant recipients. Int. J. Clin. Pharmacol. Ther. 40:451-456 (2002). 

 
145. J. Konig, A. Seithel, U. Gradhand, and M.F. Fromm. Pharmacogenomics of 

human oatp transporters. Naunyn Schmiedebergs Arch. Pharmacol. 372:432-443 
(2006). 

 
146. B. Hagenbuchand P.J. Meier. The superfamily of organic anion transporting 

polypeptides. Biochim. Biophys. Acta. 1609:1-18 (2003). 
 
147. B. Hagenbuchand P.J. Meier. Organic anion transporting polypeptides of the oatp/ 

slc21 family: Phylogenetic classification as oatp/ slco superfamily, new 
nomenclature and molecular/functional properties. Pflugers Arch. 447:653-665 
(2004). 

 
148. T. Mikkaichi, T. Suzuki, M. Tanemoto, S. Ito, and T. Abe. The organic anion 

transporter (oatp) family. Drug Metab. Pharmacokinet. 19:171-179 (2004). 
 
149. F. Meier-Abt, Y. Mokrab, and K. Mizuguchi. Organic anion transporting 

polypeptides of the oatp/slco superfamily: Identification of new members in 
nonmammalian species, comparative modeling and a potential transport mode. J. 
Membr. Biol. (2006). 

 
150. J. Konig, Y. Cui, A.T. Nies, and D. Keppler. Localization and genomic 

organization of a new hepatocellular organic anion transporting polypeptide. J. 
Biol. Chem. 275:23161-23168 (2000). 

 
151. R.B. Kim. Organic anion-transporting polypeptide (oatp) transporter family and 

drug disposition. Eur. J. Clin. Invest. 33:1-5 (2003). 
 
152. D. Kobayashi, T. Nozawa, K. Imai, J. Nezu, A. Tsuji, and I. Tamai. Involvement 

of human organic anion transporting polypeptide oatp-b (slc21a9) in ph-
dependent transport across intestinal apical membrane. J. Pharmacol. Exp. Ther. 
306:703-708 (2003). 

 

 



129 

153. J.J. Lilja, J.T. Backman, J. Laitila, H. Luurila, and P.J. Neuvonen. Itraconazole 
increases but grapefruit juice greatly decreases plasma concentrations of 
celiprolol. Clin. Pharmacol. Ther. 73:192-198 (2003). 

 
154. J.J. Lilja, L. Juntti-Patinen, and P.J. Neuvonen. Orange juice substantially reduces 

the bioavailability of the beta-adrenergic-blocking agent celiprolol. Clin. 
Pharmacol. Ther. 75:184-190 (2004). 

 
155. J. Karlsson, S.M. Kuo, J. Ziemniak, and P. Artursson. Transport of celiprolol 

across human intestinal epithelial (caco-2) cells: Mediation of secretion by 
multiple transporters including p-glycoprotein. Br. J. Pharmacol. 110:1009-1016 
(1993). 

 
156. M. Cvetkovic, B. Leake, M.F. Fromm, G.R. Wilkinson, and R.B. Kim. Oatp and 

p-glycoprotein transporters mediate the cellular uptake and excretion of 
fexofenadine. Drug Metab. Dispos. 27:866-871 (1999). 

 
157. J. Blanchard. Formulations factors affecting drug bioavailability. Am. J. Pharm. 

150:132-151 (1978). 
 
158. C. Brossardand D. Wouessidjewe. Contrôle de dissolution de formes 

pharmaceutiques orales solides à libération ralentie. STP Pharma. 6:728-741 
(1990). 

 
159. G. Flynn, S.H. Yalkowsky, and T.J. Roseman. Mass transport phenomenon and 

models: Theoretical concepts. J. Pharm. Sci. 63:479-510 (1974). 
 
160. G.W. Clive. Gastrointestinal transit and drug absorption. In J.B. Dressmanand H. 

Lennernäs (eds.), Oral drug absorption prediction and assessment, Marcell Dekker 
Inc., New York, 2000, pp. 1-10. 

 
161. L. Knutson, F. Knutson, and T. Knutson. Permeability in the gastrointestinal tract. 

In J.B. Dressmanand H. Lennernäs (eds.), Oral drug absorption prediction and 
assessment, Marcell Dekker Inc., New York, 2000, pp. 11-16. 

 
162. A. Avdeef. Physicochemical profiling (solubility, permeability and charge state). 

Curr. Top. Med. Chem. 1:277-351 (2001). 
 
163. E. Le Ferrec, C. Chesne, P. Artusson, D. Brayden, G. Fabre, P. Gires, F. Guillou, 

M. Rousset, W. Rubas, and M.L. Scarino. In vitro models of the intestinal barrier. 
The report and recommendations of ecvam workshop 46. European centre for the 
validation of alternative methods. Altern. Lab. Anim. 29:649-668 (2001). 

 
164. J. Van Asperen, O. Van Tellingen, and J.H. Beijnen. The pharmacological role of 

p-glycoprotein in the intestinal epithelium. Pharmacol. Res. 37:429-435 (1998). 
 

 



130 

165. P. Artursson, K. Palm, and K. Luthman. Caco-2 monolayers in experimental and 
theoretical predictions of drug transport. Adv. Drug. Deliv. Rev. 46:27-43 (2001). 

 
166. N.N. Salama, N.D. Eddington, and A. Fasano. Tight junction modulation and its 

relationship to drug delivery. Adv. Drug Deliv. Rev. 58:15-28 (2006). 
 
167. H. Bohets, P. Annaert, G. Mannens, L. Van Beijsterveldt, K. Anciaux, P. 

Verboven, W. Meuldermans, and K. Lavrijsen. Strategies for absorption screening 
in drug discovery and development. Curr. Top. Med. Chem. 1:367-383 (2001). 

 
168. M. Cereijido, J. Valdés, L. Shoshani, and R.G. Contreras. Role of tight junctions 

in establish and maintaining cell polarity. Annu. Rev. Physiol. 60:161-177 (1998). 
 
169. L. Gonzalez-Mariscal, P. Nava, and S. Hernandez. Critical role of tight junctions 

in drug delivery across epithelial and endothelial cell layers. J. Membr. Biol. 
207:55-68 (2005). 

 
170. U. Fagerholm, A. Lindahl, and H. Lennernas. Regional intestinal permeability in 

rats of compounds with different physicochemical properties and transport 
mechanisms. J. Pharm. Pharmacol. 49:687-690 (1997). 

 
171. A.L. Ungell, S. Nylander, S. Bergstrand, A. Sjoberg, and H. Lennernas. 

Membrane transport of drugs in different regions of the intestinal tract of the rat. 
J. Pharm. Sci. 87:360-366 (1998). 

 
172. P. Matsson, C.A. Bergstrom, N. Nagahara, S. Tavelin, U. Norinder, and P. 

Artursson. Exploring the role of different drug transport routes in permeability 
screening. J. Med. Chem. 48:604-613 (2005). 

 
173. I.J. Hidalgo, T.J. Raub, and R.T. Borchardt. Characterization of the human colon 

carcinoma cell line (caco-2) as a model system for intestinal epithelial 
permeability. Gastroenterology. 96:736-749 (1989). 

 
174. P. Anderle, E. Niederer, W. Rubas, C. Hilgendorf, H. Spahn-Langguth, H. 

Wunderli-Allenspach, H.P. Merkle, and P. Langguth. P-glycoprotein (p-gp) 
mediated efflux in caco-2 cell monolayers: The influence of culturing conditions 
and drug exposure on p-gp expression levels. J. Pharm. Sci. 87:757-762 (1998). 

 
175. U.K. Walleand T. Walle. Taxol transport by human intestinal epithelial caco-2 

cells. Drug Metab. Dispos. 26:343-346 (1998). 
 
176. S. Neuhoff, A.L. Ungell, I. Zamora, and P. Artursson. Ph-dependent bidirectional 

transport of weakly basic drugs across caco-2 monolayers: Implications for drug-
drug interactions. Pharm. Res. 20:1141-1148 (2003). 

 

 



131 

177. F. Ingels, B. Beck, M. Oth, and P. Augustijns. Effect of simulated intestinal fluid 
on drug permeability estimation across caco-2 monolayers. Int. J. Pharm. 
274:221-232 (2004). 

 
178. K.A. Lentz, J.W. Polli, S.A. Wring, J.E. Humphreys, and J.E. Polli. Influence of 

passive permeability on apparent p-glycoprotein kinetics. Pharm. Res. 17:1456-
1460 (2000). 

 
179. M.J. Cho, D.P. Thompson, C.T. Cramer, T.J. Vidmar, and J.K. Scieszka. The 

madin darby canine kidney (mdck) epithelial cell monolayer as a model cellular 
transport barrier. Pharm. Res. 6: (1989). 

 
180. P.S. Leppertand J.A. Fix. Use of everted intestinal rings for in vitro examination 

of oral absorption potential. J. Pharm. Sci. 83:976-981 (1994). 
 
181. L. Barthe, J. Woodley, and G. Houin. Gastrointestinal absorption of drugs: 

Methods and studies. Fundam. Clin. Pharmacol. 13:154-168 (1999). 
 
182. R. Bouer, L. Barthe, C. Philibert, C. Tournaire, J. Woodley, and G. Houin. The 

roles of p-glycoprotein and intracellular metabolism in the intestinal absorption of 
methadone: In vitro studies using the rat everted intestinal sac. Fundam. Clin. 
Pharmacol. 13:494-500 (1999). 

 
183. C.Y. Yang, P.D. Chao, Y.C. Hou, S.Y. Tsai, K.C. Wen, and S.L. Hsiu. Marked 

decrease of cyclosporin bioavailability caused by coadministration of ginkgo and 
onion in rats. Food Chem. Toxicol. 44:1572-1578 (2006). 

 
184. W. Siegmund, K. Ludwig, G. Engel, M. Zschiesche, G. Franke, A. Hoffmann, B. 

Terhaag, and W. Weitschies. Variability of intestinal expression of p-glycoprotein 
in healthy volunteers as described by absorption of talinolol from four 
bioequivalent tablets. J. Pharm. Sci. 92:604-610 (2003). 

 
185. O.A. Chrustalev, M.E. Moshejko, V.G. Gerasimov, L.J. Galimskaja, E.A. 

Rjabichin, O.S. Patrunova, and N.V. Konopljanik. Talinolol in patients with 
stable angina pectoris and concomitant hypertension. J. Clin. Basic. Cardio. 
3:129-131 (2000). 

 
186. U. Wetterich, H. Spahn-Langguth, E. Mutschler, B. Terhaag, W. Rosch, and P. 

Langguth. Evidence for intestinal secretion as an additional clearance pathway of 
talinolol enantiomers: Concentration- and dose-dependent absorption in vitro and 
in vivo. Pharm. Res. 13:514-522 (1996). 

 
187. H. Spahn-Langguth, G. Baktir, A. Radschuweit, A. Okyar, B. Terhaag, P. Ader, 

A. Hanafy, and P. Langguth. P-glycoprotein transporters and the gastrointestinal 
tract: Evaluation of the potential in vivo relevance of in vitro data employing 
talinolol as model compound. Int. J. Clin. Pharmacol. Ther. 36:16-24 (1998). 

 



132 

188. T. Gramatte, R. Oertel, B. Terhaag, and W. Kirch. Direct demonstration of small 
intestinal secretion and site-dependent absorption of the beta-blocker talinolol in 
humans. Clin. Pharmacol. Ther. 59:541-549 (1996). 

 
189. T. Gramatteand R. Oertel. Intestinal secretion of intravenous talinolol is inhibited 

by luminal r-verapamil. Clin. Pharmacol. Ther. 66:239-245 (1999). 
 
190. U.I. Schwarz, T. Gramatte, J. Krappweis, A. Berndt, R. Oertel, O. von Richter, 

and W. Kirch. Unexpected effect of verapamil on oral bioavailability of the beta-
blocker talinolol in humans. Clin. Pharmacol. Ther. 65:283-290 (1999). 

 
191. R. Oerteland K. Richter. [the metabolism of the beta receptor blocker talinolol in 

humans--relationship between structure, polarity and amount excreted]. 
Pharmazie. 50:637-638 (1995). 

 
192. B. Trausch, R. Oertel, K. Richter, and T. Gramatte. Disposition and 

bioavailability of the beta 1-adrenoceptor antagonist talinolol in man. Biopharm. 
Drug Dispos. 16:403-414 (1995). 

 
193. K. Westphal, A. Weinbrenner, T. Giessmann, M. Stuhr, G. Franke, M. 

Zschiesche, R. Oertel, B. Terhaag, H.K. Kroemer, and W. Siegmund. Oral 
bioavailability of digoxin is enhanced by talinolol: Evidence for involvement of 
intestinal p-glycoprotein. Clin. Pharmacol. Ther. 68:6-12 (2000). 

 
194. G. Caron, G. Steyaert, A. Pagliara, F. Reymond, P. Crivori, P. Gaillard, P. 

Carrupt, A. Avdeef, J. Comer, K.J. Box, H.H. Girault, and B. Testa. Structure-
lipophilicity relationships of neutral and protonated beta-blockers. Helv. Chim. 
Acta. 82:1211-1221 (1999). 

 
195. W.E. Bronnerand G.R. Beecher. Extraction and measurement of prominent 

flavonoids in orange and grapefruit juice concentrates. J. Chromatogr. A. 
705:247-256 (1995). 

 
196. P.C. Ho, D.J. Saville, P.F. Coville, and S. Wanwimolruk. Content of cyp3a4 

inhibitors, naringin, naringenin and bergapten in grapefruit and grapefruit juice 
products. Pharm. Acta. Helv. 74:379-385 (2000). 

 
197. C.P. Ho, J.D. Saville, and S. Wanwimolruk. Improved high-performance liquid 

chromatographic method for the analysis of naringin in grapefruit juice without 
extraction. Pharm. Pharmacol. Commun. 4:473-476 (1998). 

 
198. J. Vialand A. Jardy. Experimental comparison of the different approaches to 

estimate lod and loq of an hplc method. Anal. Chem. 71:2672-2677 (1999). 
 

 



133 

199. T. Saita, H. Fujito, and M. Mori. Screening of furanocoumarin derivatives in 
citrus fruits by enzyme-linked immunosorbent assay. Biol. Pharm. Bull. 27:974-
977 (2004). 

 
200. K. Fukuda, L. Guo, N. Ohashi, M. Yoshikawa, and Y. Yamazoe. Amounts and 

variation in grapefruit juice of the main components causing grapefruit-drug 
interaction. J. Chromatogr. B Biomed. Sci. Appl. 741:195-203 (2000). 

 
201. D.J. Edwardsand S.M. Bernier. Naringin and naringenin are not the primary 

cyp3a inhibitors in grapefruit juice. Life Sci. 59:1025-1030 (1996). 
 
202. M. Ofer, S. Wolffram, A. Koogger, H. Spahn-Langguth, and P. Spahn-Langguth. 

Modulation of drug transport by selected flavonoids: Involvement of p-gp and 
oct? Eur. J. Pharm. Sci. 25:263-271 (2005). 

 
203. I. Erlund, E. Meririnne, G. Alfthan, and A. Aro. Plasma kinetics and urinary 

excretion of the flavanones naringenin and hesperetin in humans after ingestion of 
orange juice and grapefruit juice. J. Nutr. 131:235-241 (2001). 

 
204. S. Yamashita, T. Furubayashi, M. Kataoka, T. Sakane, H. Sezaki, and H. Tokuda. 

Optimized conditions for prediction of intestinal drug permeability using caco-2 
cells. Eur. J. Pharm. Sci. 10:195-204 (2000). 

 
205. V.W. De Castro, U.S. Mertens-Talcott, A. Rubner, V. Butterweck, and H. 

Derendorf. Variation of flavonoids and furanocoumarins in grapefruit juices: A 
potential source of variability in grapefruit juice-drug interaction studies. J. Agric. 
Food Chem. 54:249-255 (2006). 

 
206. S. Doppenschmitt, H. Spahn-Langguth, C.G. Regardh, and P. Langguth. Role of 

p-glycoprotein-mediated secretion in absorptive drug permeability: An approach 
using passive membrane permeability and affinity to p-glycoprotein. J. Pharm. 
Sci. 88:1067-1072 (1999). 

 
207. M.D. Troutmanand D.R. Thakker. Efflux ratio cannot assess p-glycoprotein-

mediated attenuation of absorptive transport: Asymmetric effect of p-glycoprotein 
on absorptive and secretory transport across caco-2 cell monolayers. Pharm. Res. 
20:1200-1209 (2003). 

 
208. K. Simonsand G. van Meer. Lipid sorting in epithelial cells. Biochem. 27:6197-

6202 (1988). 
 
209. S. Deferme, J. Van Gelder, and P. Augustijns. Inhibitory effect of fruit extracts on 

p-glycoprotein-related efflux carriers: An in-vitro screening. J. Pharm. 
Pharmacol. 54:1213-1219 (2002). 

 

 



134 

210. S. Deferme, R. Mols, W. Van Driessche, and P. Augustijns. Apricot extract 
inhibits the p-gp-mediated efflux of talinolol. J. Pharm. Sci. 91:2539-2548 
(2002). 

 
211. B. Ameer, R.A. Weintraub, J.V. Johnson, R.A. Yost, and R.L. Rouseff. Flavanone 

absorption after naringin, hesperidin, and citrus administration. Clin. Pharmacol. 
Ther. 60:34-40 (1996). 

 
212. Q. Maoand J.D. Unadkat. Role of the breast cancer resistance protein (abcg2) in 

drug transport. Aaps J. 7:E118-133 (2005). 
 
213. M.E. Taub, L. Podila, D. Ely, and I. Almeida. Functional assessment of multiple 

p-glycoprotein (p-gp) probe substrates: Influence of cell line and modulator 
concentration on p-gp activity. Drug Metab. Dispos. 33:1679-1687 (2005). 

 
214. R. Panchagnula, T. Bansal, M.V. Varma, and C.L. Kaul. Co-treatment with 

grapefruit juice inhibits while chronic administration activates intestinal p-
glycoprotein-mediated drug efflux. Pharmazie. 60:922-927 (2005). 

 
215. R. Oertel, K. Richter, B. Trausch, A. Berndt, T. Gramatte, and W. Kirch. 

Elucidation of the structure of talinolol metabolites in man. Determination of 
talinolol and hydroxylated talinolol metabolites in urine and analysis of talinolol 
in serum. J. Chromatogr. B Biomed. Appl. 660:353-363 (1994). 

 
216. H. Glaeser, S. Drescher, M. Eichelbaum, and M.F. Fromm. Influence of 

rifampicin on the expression and function of human intestinal cytochrome p450 
enzymes. Br. J. Clin. Pharmacol. 59:199-206 (2005). 

 
217. R. Brage, J. Cortijo, J. Esplugues, J.V. Esplugues, E. Marti-Bonmati, and C. 

Rodriguez. Effects of calcium channel blockers on gastric emptying and acid 
secretion of the rat in vivo. Br. J. Pharmacol. 89:627-633 (1986). 

 
218. T.D. Bjornsson, J.T. Callaghan, H.J. Einolf, V. Fischer, L. Gan, S. Grimm, J. Kao, 

S.P. King, G. Miwa, L. Ni, G. Kumar, J. McLeod, S.R. Obach, S. Roberts, A. 
Roe, A. Shah, F. Snikeris, J.T. Sullivan, D. Tweedie, J.M. Vega, J. Walsh, and 
S.A. Wrighton. The conduct of in vitro and in vivo drug-drug interaction studies: 
A phrma perspective. J. Clin. Pharmacol. 43:443-469 (2003). 

 

 

 



135 

 
BIOGRAPHICAL SKETCH 

Whocely Victor de Castro was born in July 10th, 1970, in Ipatinga, Minas Gerais, 

Brazil. He obtained his bachelor’s degree in Pharmacy in 1992 and his Master of 

Sciences degree in Pharmaceutical Sciences in 2000 from Federal University of Minas 

Gerais. While doing his Master’s, he became a substitute professor at the College of 

Pharmacy of the Federal University of Minas Gerais, teaching Biological Methods of 

Quality Control of Pharmaceutical Products and Cosmetics. During 6 years he was the 

Quality Control manager of the Ezequiel Dias Foundation, a governamental 

pharmaceutical company, in Belo Horizonte, Brazil. He started his PhD program in 

August 2002 in the Department of Pharmaceutics of the University of Florida under 

supervision of Dr. Hartmut Derendorf and Dr. Veronika Butterweck. Whocely received 

his PhD in pharmaceutics in December 2006. 

 


