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ABST RACT 
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ASSOCIATE PROFESSOR NUSARA PIYAPOLRUNGROJ, Ph.D. 

Oral route is one of the most commonly routes of drug administration. 

However, there are various factors influencing the absorption of orally administered 

drugs into systemic circulation. P-glycoprotein, an efflux transporter expressed at the 

intestinal membrane, is crucial for intestinal drug absorption. Drugs taken orally may 

have interaction with fruits or vegetables commonly consumed in normal diet. The 

objective of this study was to investigate the possibility of P-gp mediated drug 

interactions of C. hystrix. The effects of extracts and/or active compounds on P-gp 

function and protein expression were evaluated in vitro using Caco-2, LLC-PK1 and 

overexpressed human P-gp LLC-GA5-COL300. The results show that the flavedo 

extract significantly inhibited P-gp function. The furanocoumarins were isolated as 

the P-gp inhibitors with the order of inhibitory potency as follows: epoxybergamottin 

> dihydroxybergamottin > oxypeucedanin > bergamottin > oxypeucedanin hydrate. 

The mechanistic study of dihydroxybergamottin and oxypeucedanin revealed that 

both compounds reversibly inhibited P-gp function. Dihydroxybergamottin was likely 

to be P-gp inhibitor but not P-gp substrate. The IC50 values were 39.8 ± 0.8 μM and 

41.5 ± 2.1 μM from the uptake and transport studies, respectively. Interestingly, 

oxypeucedanin was possibly both substrate and reversible inhibitor of P-gp. The IC50 

values of oxypeucedanin from uptake and transport studies were 60.3 ± 1.0 μM and 

50.7 ± 5.1 μM, respectively. Both dihydroxybergamottin and oxypeucedanin could 

down-regulate the protein expression of P-gp in a concentration dependent manner. In 

summary, C. hystrix fruit and its constituent furanocoumarins could inhibit P-gp 

function and protein expression, implying that there is a potential for P-gp mediated 

drug interactions with P-gp substrate drugs. On the other hand, the P-gp inhibition 

effect could be employed as the potential bioenhancer to improve the bioavailability 

of P-gp substrate drugs. However, the in vivo study should be considered to confirm 

their effects. 
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Chapter I 
Background information and Purpose of the study 

  

 The oral route of drug administration is the most commonly used since it is 

convenient, relatively safe and economical. The orally administered drug must pass 

through the gastrointestinal epithelia to be absorbed into the systemic circulation and 

exert its biological effect. Various factors are affecting the rate and extent of 

absorption of orally administered drugs which, in turn, governed their bioavailability. 

Absorption from the GI tract is regulated by physicochemical properties of drugs such 

as lipid solubility, intestinal permeability, particle size, degradation in the 

gastrointestinal tract, physical state of the drug (solution, suspension, or solid dosage 

form) and physiological factors such as gastrointestinal pH, alteration of gut flora, 

altering motility, and transporter proteins (1). 

 Transporter proteins that are expressed in the intestine mediate the selective 

absorption and excretion of both endogenous compounds and xenobiotics. 

Transporters are generally classified into two major superfamilies, the ATP binding 

cassette (ABC) and solute carrier (SLC) transporters. They play a critical role in the 

pharmacokinetics and pharmacodynamics processes of drugs which in turn regulate 

the therapeutic and adverse effects (2). Among the ABC transporters, P-glycoprotein 

(P-gp), an efflux transporter, has been recognized as one of the important transporters 

that regulate the intestinal absorption of orally administered drugs. P-gp located at the 

apical surface of epithelial cells exports a variety of orally administered drugs, such as 

cyclosporin, into the intestinal lumen by utilizing ATP thereby serve as the intestinal 

barrier (3).  

 P-gp plays an important role in inhibiting optimal drug delivery of orally 

administered drugs since it is located at the apical surface of the intestinal cells. 

Modulation of P-gp function would affect the absorption of many P-gp substrate 

drugs (4, 5). Drugs taken orally may have interaction with herbal products, fruits or 

vegetables commonly consumed in normal diet. This may give rise to clinically 

significant pharmacokinetic interactions (6). Although the effects of fruits on P-gp 

mediated efflux have been reported, there is limited study available on certain fruits 
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that may modulate the bioavailability of drugs. This study was conducted to 

investigate the effect of C. hystrix fruits on the function of P-gp. 

 

Background information 

 

1.1 Transfer of solutes across cell membrane 

 

 A drug can be administered into the human body by various routes of 

administration. Apart from introducing directly into the systemic circulation, drug 

must pass through cell membrane in order to process absorption, distribution, 

metabolism, excretion, and subsequently to exert an action of a drug. 

 

Cell Membrane 

 

 The cell membrane is made up of phospholipid bilayer of lipid which consists 

of hydrophobic hydrocarbon chains (fatty acid) oriented inward and hydrophilic heads 

(glycerol and phosphorylated alcohol) oriented outward. Cell membrane can move 

laterally and the lipid molecules present endorsed cell membrane with fluidity, 

flexibility, organization, high electrical resistance, and relative impermeability to 

highly polar molecules. Membrane proteins embedded in the bilayer serve as 

structural anchors, receptors, ion channels, or transporters to transduce electrical or 

chemical signaling pathways and provide selective targets for drug actions (1). 

Carbohydrates are also present in the membrane as glycoproteins or glycolipids linked 

to either proteins or lipids (Figure 1) (7). 
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Figure 1. Schematic diagram of cell membrane  

 (7) 

 

Transport processes 

 

 The solute can be transported across cell membrane by the following 

mechanisms: paracellular transport and transcellular transport such as passive 

diffusion, facilitated diffusion and active transport, endocytosis and exocytosis 

(Figure 2) (2, 8, 9).  

  

 Paracellular transport 

 

 In paracellular transport, small molecules such as Na+ or Cl- can pass through 

the tight junctions between the epithelial cells of the cellular membrane according to 

their electrochemical gradient (9, 10). The extent of absorptivity through paracellular 

transport depends on the different epithelia. Generally, molecules larger than 11-15 A° 

cannot pass the cell membrane through paracellular transport. 

 

 Passive diffusion 

 

 Diffusion of solute across cell membrane according to their concentration 

gradient is called passive diffusion. The rate of diffusion depends on the magnitude of 
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the concentration gradient across the membrane, the lipid-water partition coefficient 

of the drug and membrane surface area exposed to the drug. The greater the partition 

coefficient, the higher is the concentration of drug in the membrane and the faster is 

its diffusion. After a steady state is attained, the concentration of the unbound drug is 

the same on both sides of the membrane if the drug is a non-electrolyte. For ionic 

compounds, the steady-state concentrations depend on the electrochemical gradient 

for the ion and on differences in pH across the membrane (2). Passive diffusion does 

not saturate, does not require energy and cannot be inhibited by analogues which use 

similar transport (11). Orally administered drugs that are absorbed rapidly and 

completely are transported by passive diffusion (12). 

 

 Facilitated diffusion 

 

 Facilitated diffusion is a transport of solute across cell membrane which is 

facilitated by membrane transporter. Since solute can cross the cell membrane 

according to electrochemical gradient as in the passive diffusion, no energy is 

required e.g. permeation of glucose across a muscle cell membrane mediated by the 

insulin-sensitive glucose transporter GLUT4. This type of transport is illustrated by 

selective, saturable and competitively inhibited by analogues that use the same 

transport system (2).  

 

 Active transport 

  

 Active transport is a transport of solute against their electrochemical gradient 

by utilizing energy. Active transport is characterized by movement of solute against 

electrochemical gradient, requirement of energy, selectivity, saturation at high 

concentration and competitive inhibition by co-transported compounds. Active 

transport can be divided into two types, primary and secondary active transport (2). 

 

  Primary active transport 

 

 Primary active transport is a type of membrane transport that utilizes energy 

directly from hydrolysis of ATP. ABC transporters and Na+/K+-ATPase are examples 

of primary active transport (2). They consist of ATP binding domain and a highly 
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conserved domain that exhibits ATPase activity. In mammalian, primary active 

transporter effluxes out of the solute from the cell in a unidirectional manner (9). 

 

  Secondary active transport 

 

 Secondary active transport is the transport of solute (S1) against its 

concentration gradient by utilizing energy obtained from the passage of another solute 

(S2) across cell membrane according to its concentration gradient (9) e.g. Na+-

dependent glucose transporters SGLT1 and SGLT2 move glucose across membranes 

of gastrointestinal (GI) epithelium and renal tubules by coupling glucose transport to 

downhill Na+ flux. Secondary active transporter can be classified into two groups 

according to the direction of passage of two solutes across cell membrane. If the 

transport of the two solutes (S1 and S2) across cell membrane is in the same direction, 

it is called symporters or cotransporters (2). Examples of symporters are the sodium 

dependent glucose transporter or the sodium dependent amino acid transporters. 

Whereas, transport of the two solutes (S1 and S2) in opposite direction, it is called 

antiporters e.g. Na+/Ca2+ exchanger in cardiac muscle cells or the Na+/H+ exchanger 

involved in regulation of cytosolic pH (9). 

 

 

 

 

 

 

 

 

Figure 2. Classification of membrane transport mechanisms   

(2). Light blue circles; the substrate (Size of the circles is proportional to the 

concentration of the substrate, arrows show the direction of flux). Black squares; the 

ion that supplies the driving force for transport (size is proportional to the 

concentration of the ion). Dark blue ovals; transport proteins.  
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 Endocytosis and exocytosis 

 

 Large molecular weight polypeptides such as peptide antigens move across 

cell membrane by means of endocytosis and exocytosis mechanism by utilizing 

energy (9). There are two types of endocytosis, namely phagocytosis and pinocytosis. 

In endocytosis, uptake of foreign substance, either a solid or a liquid, occur through 

the formation of endocytic vesicle. Ingestion of solid particles such as food particles, 

cell debris, dead cells, bacteria and viruses is called phagocytosis. Pinocytosis is the 

uptake of fluids along with the dissolved solutes (e.g. nutrients). Exocytosis is the 

process of elimination of cellular waste and secretion of contents into the external 

environment from the cell by forming secretory vesicles which is fused with the 

plasma membrane  (13). 

 

1.2 Membrane transporters 

 

 Transporters are membrane bound proteins varying from 40–200 kDa that are 

expressed in membranes of all organisms. They regulate the transport of essential 

nutrient, ions, cellular waste, environmental toxins and other xenobiotics into and out 

of the cells (9). The basic mechanisms of membrane transporters may be facilitated or 

active transport. Transporters are generally classified into two major superfamilies, 

the ATP binding cassette (ABC) and solute carrier (SLC) transporters. 

 

 SLC transporters 

 

 The SLC transporter family consists of 395 transporters and grouped into 52 

distinct subfamilies, including proton-dependent oligopeptide transporters (POT), 

organic anion transporters (OAT), organic cation transporters (OCT), nucleoside 

transporters (CNT), monocarboxylate transporters (MCT) and the multidrug and toxin 

extrusion proteins (MATE) (14). The SLC transporters import substrates into the cells 

except MATE transporters which efflux their substrates out of the cells (15). They can 

be classified as either facilitative diffusion transporters, which transport substrates 

according to their concentration gradient across the membrane, or secondary active 

transporters, which transport substrates against the concentration gradient across the 

membrane driven by a transport of another substrate (16). The SLC transporters 
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transport various substrates including essential nutrients and metabolites such as 

glucose, amino acids, vitamins, neurotransmitters, and inorganic/metal ions (17). 

 

 ABC transporters 

 

 The ABC transporter family consists of 48 genes and can be categorized into 

seven subfamilies ranging from ABCA (12 members), ABCB (11 members), ABCC 

(13 members), ABCD (4 members), ABCE (1 member), ABCF (3 members) and 

ABCG (5 members). The ABC transporters are primary active transporters which 

utilize energy obtained from ATP hydrolysis to transport the substrate against their 

electrochemical gradient. These transporters mediate the transport of endogenous 

compounds such as conjugated bile salts, steroid hormones, cholesterol, unconjugated 

bilirubin and exogenous compounds (18, 19). 
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1.3 P-glycoprotein 

 

 P-glycoprotein (P-gp), human multidrug resistance protein 1, is an efflux 

transporter which is encoded by multidrug resistance (MDR) 1 gene (also known as 

ABCB1) and belongs to ATP-binding cassette (ABC) transporter superfamily (3). 

 

1.3.1 Structure and substrate 

 

 P-gp is a 170 kDa membrane protein consisting of 1280 amino acids and 

composed of two homologous halves (610 amino acids each) joined by linker region 

(~ 60 amino acids). The basic structure consists of two transmembrane domains 

(TMD1 and TMD2) and two intracellular nucleotide binding domains (NBD1 and 

NBD2) (Figure 3). Transmembrane domains function as substrate binding sites and 

contain six membrane spanning (TM) segments for each domain. Nucleotide binding 

domains include Walker A, Walker B, a glutamine loop (Q-loop) and a switch motif 

which are responsible for ATP binding, hydrolysis and conformational changes (20-

23). It has been reported that there are two binding sites for ATP but hydrolysis of 

ATP occurs one by one. P-gp substrate drugs activate adenosine triphosphate 

(ATPase) activity which then hydrolyzes ATP (23). 

 

 

 

 

 

 

 

Figure 3. Structure of P-glycoprotein  

(20) 

 Study of X-ray crystal structure of mouse P-gp, which has 87% sequence 

similarity with the human P-gp described that the protein has inward facing 

conformation owing to the two halves of six TMDs. This conformation results in a 

large internal cavity, which is open to the cytoplasm and the inner leaflet of the 

membrane. TMs 4/6 and 10/12 form two portals through which hydrophobic 
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molecules can enter into the cavity directly from the inner leaflet. By this way the 

entry of the substrates from the inner membrane leaflet is allowed and entry from 

outer leaflet and extracellular is limited (18, 20).  

 

Figure 4. Catalytic cycle of P-glycoprotein drug efflux  

(22) 

  

 There are different models namely pore, flippase and hydrophobic vacuum 

cleaner model which explain the catalytic cycle of P-gp drug efflux. In the 

hydrophobic vacuum cleaner model, substrates pass through the lipid bilayer and then 

enter into the binding cavity of the P-gp. Following this the pump exports substrates 

directly to the external aqueous phase. While in the flippase model, a substrate passes 

through the inner leaflet of the membrane and subsequently enters into the drug 

binding cavity of P-gp. The pump flips substrate into the outer membrane instead of 

transporting directly to the extracellular medium. Then the substrate diffuses into the 

external phase by means of concentration gradient. The pore model is described as an 

interaction of P-gp with drugs within the boundaries of the cytosol, followed by efflux 

out of the cell via protein channels (24, 25). 

 The transport process of substrate by P-gp consists of substrate binding, 

conformational changes from inward-facing to outward-facing, binding and 

hydrolysis of ATP, dissociation of substrate and rearranging the pump to the basal 

state. When the substrate binds to the TMD from inner membrane, the dimerization of 

the NBD occurs. Binding of ATP to NBD induces conformation changes from inward 

opening to outward opening position. This outward facing conformation facilitates the 
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translocation process of substrate. Then substrates is released into the extracellular by 

the hydrolysis of ATP to ADP and phosphate.  The NBDs dissociate and return to the 

basal position to start new transport cycle (Figure 4) (20, 22, 23).  

  Physicochemical characteristics such as log P and hydrogen-bond 

donor/acceptor atoms are important for substrates to be recognized by P-gp. In 

addition, the basic nitrogen atom and two planar aromatic rings are required for the 

substrates to be exported out of the cells by P-gp (26, 27). It was later reported that 

compounds which do not have a basic protein nitrogen atom are also transported by P-

glycoprotein (27). These substrates are usually hydrophobic, amphipathic with 

molecular weight of 200-300 kDa (28). However, neutral compounds such as 

cyclosporine A and digoxin, negatively charged molecules such as atorvastatin and 

fexofenadine, and some hydrophilic drugs such as methotrexate are also substrates of 

P-gp (14). 

  

1.3.2 Distribution and function 

 

 In 1976, Juliano and Ling found that there was a cross-resistant between 

colchicine resistant chinese hamster ovary cells and other structurally and functionally 

unrelated drugs such as vancomycin, daunomycin. They found that drug resistance is 

due to the reduced permeability of drugs which was governed by the carbohydrate 

containing protein in the membrane. They termed this protein as permeability 

glycoprotein or P-glycoprotein (P-gp) (29).  

 High expression of P-gp is found on the multidrug resistant (MDR) tumour. It 

effluxes out various clinically useful anticancer drugs such as anthracyclines (e.g. 

doxorubicin), vinca alkaloids (e.g. vincristine), podophyllotoxins (e.g. etoposide) and 

taxanes (e.g. taxol) (30). Lower intracellular drug concentration results in sub-optimal 

treatment and treatment failure. P-gp is one of the barriers to successful clinical drug 

therapy (31). Cancer such as leukemias, multiple myeloma, and several pediatric 

cancers develop multidrug resistance (MDR) during the course of treatment. Patients 

with renal and colon cancer are prone to MDR even at initial treatment because there 

is intrinsic P-gp action in kidney and colon (32). 
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 Interestingly, P-gp is highly expressed in the normal tissues such as apical 

surface of epithelial cells of liver, kidney and intestine, etc. It functions as a barrier to 

the toxicity of endogenous and exogenous substances by facilitating their excretion 

(33). P-gp limits the absorption of toxic molecules by pumping out of the enterocytes 

into the lumen and facilitates the elimination of toxin and metabolites into bile in the 

hepatocyte. In kidney, P-gp mediates the transports of substrates from the blood into 

the urine. Thus, this efflux transporter plays an important role in absorption and 

elimination processes (18, 20, 28, 34). It is also expressed in the brain and limits the 

entry of substrates from the blood thus protecting the brain from toxic compounds. At 

the placenta, high level of P-gp expression is found for preventing the fetus from 

toxins. P-gp at the adrenal gland and uterine endometrium transports hormones such 

as steroid hormones. At hematopoietic progenitor cells, P-gp prevents the bone 

marrow from the toxicity of chemotherapeutic drugs. It also expresses at low level in 

skeletal muscle, skin, prostate, lungs, heart, spleen and ovary (14, 18, 20, 28, 31, 34).  

 Induction or inhibition of this transporter can result in drug interactions. Drug 

which induces P-gp can decrease the bioavailability of susceptible drug. On the other 

hand, drug which inhibits P-gp can increase the bioavailability of another drug. 

Several therapeutic drugs, natural products and pharmaceutical excipients are reported 

to inhibit and induce P-gp. The examples of P-gp inhibitors and P-gp inducers are 

summarized in table 2. 

 In summary, the location of P-gp suggests that its primary physiological role is 

to protect organs and the fetus from toxic substances. However, it can affect the 

treatment efficacy by modifying the absorption, excretion and limits the access of 

xenobiotics to the brain and the fetus (31). 
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Table 2. P-gp inhibitors and inducers  

(35, 36) 

 

Inhibitors 

Inducers 

1st generation 2nd generation 3rd generation Others 

Amiodarone, 

Quinidine, 

Verapamil, 

Felodipine, 

Nifidipine, 

Dilitiazem 

Vinblastine, 

Erythromycin, 

Clarithromycin 

Omeprazole, 

Esomeprazole, 

Pantoprazole, 

Cyclosporine A, 

Ritonavir, 

Chlorpromazine  

Dexverapamil, 

Gallopamil, 

PSC 833 

(valspodar), 

MS-209, 

Reversin 121, 

Reversin 125 

XR 9576 

(tariquidar), 

VX-710 

(biricodar),   

GF 120918 

(elacridar),   

OC 144-093, 

LY335979 

(zosuquidar), 

Mitotane  

(NSC-38721), 

Annamycin 

Natural 

product, 

Pharmaceutical 

excipients 

Rifampin, 

Phenytoin, 

reserpine, 

carbamazepine 

St. John’s wort 

Rifabutin, 

Quercetin,  

 

 

1.3.3 Role of P-gp in intestinal absorption 

 

 Oral route is one of the most common routes of drug administration because it 

is economic, relatively safe and better compliance (37). However, there are various 

factors affecting the rate and extent of absorption of orally administered drugs into 

systemic circulation. These factors can be categorized into 1) physicochemical 

properties of a drug e.g. solubility, lipophilicity, intestinal permeability, pKa, particle 

size, etc., 2) physiological factors e.g. gastrointestinal pH, gastric emptying, intestinal 
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transit time and intestinal transporters, etc., 3) formulations e.g. solution, capsule, 

tablet, suspension, etc. (14, 24, 38).  

 After oral administration, drug molecules have to pass through the intestinal 

membrane by means of passive diffusion or active transport. One of the factors that 

affects oral drug absorption is efflux transporter P-gp located at the intestinal 

membrane. P-gp exports a variety of structurally and pharmacologically unrelated 

substances. A narrow therapeutic range e.g. digoxin (39) was also reported to be 

affected by P-gp. Anticancer agent paclitaxel, which is widely used in the treatment of 

breast and ovarian cancer has poor bioavailability after oral administration. It is found 

that P-gp in the intestinal membrane pumps the drug directly into the intestinal lumen 

causing low absorption (40). P-gp mediated clinically significant drug interactions of 

various drugs including drugs with narrow therapeutic range drugs are shown in table 

3. Therefore, P-gp efflux transporter is recognized as a determining factor of oral 

bioavailability and intestinal efflux of drugs (41).   

 

Table 3. Clinically significant P-gp mediated drug-drug interactions  

(42) 

 

Interacting 

drug 
Affected drug 

Clinical pharmacokinetic impact 

(fold change) 

AUC Cmax CLR CL/ F t 1/2 

Cyclosporin Docetaxel 7.3 5.7 ND ND ND 

Cyclosporin Paclitaxel 8.5 2.0 ND ND ND 

Dronedarone Digoxin 2.3 1.7 0.5 ND ND 

Elacridar Topotecan 2.4 2.8 ND ND NS 

Erythromycin Simvastatin 6.2 3.5 ND ND NS 

Indinavir/ 

Ritonavir 
Fexofenadine 4.8 2.5 ND 0.2 0.7 

Itraconazole Digoxin 1.7 NS 0.8 ND NS 



 
20 

 

Interacting 

drug 
Affected drug 

Clinical pharmacokinetic impact 

(fold change) 

AUC Cmax CLR CL/ F t 1/2 

Itraconazole Quinidine 2.4 1.6 0.5 ND 1.6 

Lovastatin Verapamil 1.6 1.3 ND ND NS 

Quinidine Digoxin ND ND 0.7 0.6 ND 

Ranolazine Digoxin 1.6 1.5 ND ND ND 

Ritonavir Digoxin 1.9 ND 0.6 0.6 2.6 

Ritonavir Saquinavir 29.9 22.5 ND ND ND 

Valsopodar Digoxin 3.0 2.4 0.2 0.3 ND 

Verapamil (R)-Fexofenadine 2.9 2.2 ND 0.4 NS 

Verapamil (S)- Fexofenadine 2.2 2.2 ND 0.5 NS 

Verapamil Simvastatin 4.6 2.6 ND ND NS 

ND = not determined 

NS = not significant 

 

 

1.4 Drug interactions 

 

 There is an increasing frequency of people using more than one drug at a time. 

As a result unanticipated, unrecognized or mismanaged interactions can occur. Drug 

interactions can lead to have desired, reduced or unwanted effects (43). In addition to 

drug-drug interactions, concurrent ingestion of food, beverages, dietary supplements 

or alternative medicine (drug-nutrient/food/herb interactions) could also alter systemic 

exposure of drugs. Underlying disease condition can also cause drug-disease 

interactions (44). Therefore it is important to evaluate drug interactions scientifically 

to know the potential of interactions and prevent the risk concerning with drug-

interactions (45).  
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 Drug interactions can be classified into two broad categories: interactions 

altering pharmacodynamics and interactions altering pharmacokinetic mechanisms. 

There is a potential for pharmacodynamic interactions when drugs compete with each 

other at the pharmacological target and/or have similar (therapeutic) or opposite 

(adverse) pharmacodynamic effects (46). Pharmacokinetic drug interactions occur at 

absorption, distribution, metabolism and excretion processes (39). Examples of 

pharmacodynamic and pharmacokinetic interactions are shown in table 4. Recently, 

drug interaction concerning with pharmacokinetic processes has been one of the 

important reasons of drug withdrawal from the market (47). One of the major 

mechanisms of pharmacokinetic drug interactions involves inhibition or induction of 

metabolizing enzymes and/or drug transporters.  

 

Table 4. Examples of pharmacodynamic and pharmacokinetic interactions  

(39, 43, 48) 

 

Drug I Drug II Possible effects 

Pharmacodynamic interactions 

Nonsteroidal anti-

inflammatory drug 

Selective serotonin 

reuptake inhibitor 
Increased risk of bleeding 

Warfarin Aspirin 
Increased risk of gastric 

bleeding 

Nonsteroidal anti-

inflammatory drug 
Glucocorticoids 

Increased risk of gastric 

Bleeding 

ACE inhibitors Spironolactone, amiloride Hyperkalemia 

ACE inhibitors 
Nonsteroidal anti-

inflammatory drug 
Reduced effect 

Phenprocoumon Vitamin K Reduced effect 

Pharmacokinetic interactions 

Levothyroxine Antacids 
Decreased absorption of 

levothyroxine 

Warfarin Diclofenac 

Displacement of warfarin 

from its binding site and 

cause bleeding 
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Omeprazole Clopidogrel 

Decreased the antiplatelet 

activity of clopidogrel by 

inhibiting of prodrug into 

active metabolite 

Methotrexate 
Nonsteroidal anti-

inflammatory drug 

Increased toxicity by 

inhibiting methotrexate 

excretion 

  

 

 Metabolism-mediated drug interactions 

 

 Drug-metabolizing enzymes metabolize and facilitate elimination of 

xenobiotics or drugs introduced into the body. Drug metabolizing enzymes can be 

classified into phase I and phase II. Phase I metabolizing enzymes involve 

cytochrome P450 (CYP)  superfamily enzymes. Among the CYP enzymes, CYP3A4 

metabolizes about 50–60% of all clinically used drugs. This was followed by 

CYP2B6 which metabolizes about 25% of the xenobiotics. Phase II metabolizing 

enzymes consist mainly of sulfotransferases (SULT), UDP-glucuronosyltransferases 

(UGT), and glutathione transferases. Of all the organs the liver and intestine are the 

predominant sites for drug metabolizing enzymes. Orally administered drugs mostly 

encounter first-pass metabolism by enzymes located at the intestine and/or liver, 

before it reaches the systemic circulation (49, 50). As reported, the activity of the 

enzymes can be modified through inhibition or induction, when a drug is 

coadministered with the enzyme inhibitors or inducers. This may modulate the 

bioavailability of the drug leading to metabolism mediated drug interactions (51). 

  

 Transporter-mediated drug interactions 

 

 Although less well recognized than metabolizing enzymes, membrane 

transporters can have clinically relevant effect on efficacy and safety of drugs by 

modulating absorption, distribution and excretion processes (52). For orally 

administered drugs, the ABC and SLC transporters expressed in the membrane of 

enterocyte regulate the transport of endogenous (e.g. creatinine and glucose) and 

exogenous including drugs and xenobiotics (41). Because there have been clinically 

significant drug interactions reported with P-gp, breast cancer resistance protein 

https://en.wikipedia.org/wiki/Cytochrome_P450_oxidase
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(BCRP), organic anion transporting polypeptide (OATP1B1/OATP1B3), organic 

anion transporter (OAT1/OAT3), multidrug and toxin extrusion (MATE) proteins, 

organic cation transporter 2 (OCT2) transporters, FDA regulatory guidance suggests 

that interaction associated with these transporters should be studied (53).  

 Among the ABC transporters, P-gp is well characterized and plays a vital role 

in pharmacokinetic mechanisms of several clinically important drugs (42, 54). 

Because of its localization as a barrier to various organs and wide substrate spectrum, 

drug interactions can occur by modulation of this protein. This especially concerns 

with narrow therapeutic drug such as digoxin because even small variations in plasma 

concentration may modify its efficacy and/or toxicity. Therefore regulatory agencies 

including US Food and Drug Administration (FDA) and the European Medicines 

Agency (EMA) recommend to evaluate the inhibitory potential of drugs on P-gp (55). 

 

1.5 Transporter-mediated plant-drug interactions 

 

 Nowadays, the consumptions of medicinal plants have been increased. World 

Health Organization estimated that about 70% of world population currently utilized 

medicinal plants as complementary and alternative medicine (56). When patients 

taking medicines concomitantly ingested certain fruits, vegetables, herbal products, 

etc., there is a high potential for drug interactions (6). In addition, herbal products 

consist of various phytochemicals which in turn increase the risk of herb-drug 

interactions (57).  

 One of the major mechanisms responsible for herb-drug interactions is either 

induction or inhibition of membrane transporter (57). By modulating the function and 

expression of transporter, phytochemicals influence the pharmacokinetics of the drug 

by modulating absorption, distribution and excretion. These plant-drug interactions 

have been major concerns with narrow-therapeutic drugs such as anticancer agents 

(e.g. irinotecan), cardiovascular agents (e.g. digoxin), and immunosuppressants (e.g. 

cyclosporine).  
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 1.5.1 Herb-drug interactions 

 

 Efflux transporter P-gp mediated herb-drug interaction is one of the main 

clinical concerns, which reportedly involve St John’s wort, ginger, garlic, gingko, 

ginseng and many other plants (57-60). The extracts of Bacopa monniera, Schisandra 

lignans, Vernonia amygdalina, Morinda lucida Benth, Carica papaya, Mangifera 

indica singnificantly inhibited P-gp function both in vitro and rat (61-64). Bitter 

melon, soybean, dokudami and welsh onion also reported to inhibit P-gp function in 

vitro (65). 

 It was reported that plant secondary metabolites such as anthraquinone, 

emodin, carnosic acid from rosemary, polyphenols derived from Mangifera indica 

such as mangiferin, norathyriol, quercetin and naphthoquinone ester rhinacanthin-c 

inhibited P-gp activity (61, 66-68). Naringin increased antiplatelet and antithrombotic 

agent clopidogrel intestinal absorption and its oral bioavailability by inhibiting 

intestinal P-gp (38). Kim et al. reported that the absorption of phenytoin, propranolol, 

theophylline and fexofenadine was increased when given together with piperine (69). 

Capsaicin also enhanced plasma concentration of cyclosporine, a P-gp susbstrate, in 

rats (70). It has been found that quercetin inhibited digoxin efflux which increased the 

absorption of digoxin (71). Popular beverage green tea constituent, epigallocatechin-

3-gallate inhibited P-gp mediated transport of digoxin in human adenocarcinoma cell 

line (72). In 1989, it was reported that grapefruit juice can enhance the plasma 

concentration of felodipine by inhibiting P-gp (73). Grapefruit juice was also reported 

to inhibit colchicine (74), talinolol (75), and digoxin transport mediated by P-gp in in 

vitro study (14). These finding suggests that P-gp substrate drugs when taken together 

with phytochemical constituents may modify the absorption and/or plasma 

concentration of drugs. 

 Herbal products can also alter P-gp expression and modulate the 

pharmacokinetics of conventional medicine. For example; St. John’s wort decreased 

the plasma concentration of digoxin, indinavir and fexofenadine by inducing mRNA 

expression and activating pregnane X receptor which controls the transcription of 

MDR1 gene. It has been reported that plant flavonoids tangeritin and narinegin induce 

mRNA expression by stimulating the constitutive androstane receptor (CAR) and 



 
25 

 

pregnane X receptor mediated pathways (71). Contrastly, alkaloid sinapine down-

regulated MDR1 expression through suppression of fibroblast growth factor receptor 

(FGFR)4/FRS2α-ERK1/2 mediated NF-κB activation in MCF-7/dox cancer cells (76). 

Alkaloid sinomenine decreased P-gp expression by inhibiting NF-κB signaling 

pathway (77). Dioxin also significantly reduced mRNA and protein expression 

through nuclear factor κ-B (NF-κB) mechanism in Caco-2 cells (78). Ginsenoside 

20(S)-Rh2 repressed adriamycin-induced MDR1 expression by inhibiting mitogen-

activated protein kinase (MAPK)/nuclear factor (NF)-κB pathway in MCF-7/Adr cells 

(79). Anthraquinone derivative emodin inhibited the mitogen-activated protein kinase 

(MAPK)/AP-1 pathway thereby decreased P-gp expression (66).  

 Herb-drug interaction can impact on clinical outcome. Examples of herb-drug 

interactions addressed by case reports or clinical studies are listed in table 5. 

 

Table 5. P-gp mediated herb-drug interactions addressed by case reports or 

clinical studies  

(80) 

 

Herb Drug Result of interaction Possible mechanism 

 

St John’s wort 

 

Digoxin 
Decreased plasma 

digoxin concentration 
Induction of P-gp 

St John’s wort Simvastatin 
Decreased plasma 

digoxin concentration 

Induction of P-gp 

and CYP enzymes 

St John’s wort Amitriptyline 
Decreased plasma levels 

of amitriptyline 

Induction of both 

CYP2C19 and P-gp 

St John’s wort Cyclosporine 

Decreased plasma levels 

in some cases, with acute 

rejection episodes 

Induction of CYP2C19 

and P-gp 

 

 

1.5.2 Fruit-drug interactions  

 

 Grapefruits (Citrus paradise) is well-known example of fruit that interacts 

with various drugs. Other fruits such as orange, pomelo, pomegranate, cranberry, 

grape, apple are also described to have interactions with drugs. Not only juice but also 
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whole fruit, fruit pulp and fruit extracts also interact with various pharmacological 

agents. Phytochemical constituents of the fruits modify intestinal cytochrome P450 

and phase II conjugation enzymes, as well as uptake and efflux transport proteins 

(81). Clinically significant fruit-drug interactions are shown in table 6. 

 

Table 6. Clinically significant fruit-drug interactions  

(82) 

 

Fruit Drug Result of interaction Possible mechanism 

Pomegranate 

juice  

Intravenous iron 

during hemodialysis 

Attenuated oxidative 

stress and 

inflammation induced 

by intravenous iron 

Antioxidant activity  

Cranberry 

juice 

Triple therapy 

medications for H. 

pylori 

Increased eradication 

rate of H. pylori 

eradication in females 

Underlying 

mechanism unclear 

Wheat grass 

juice 

Fluorouracil, 

adriamycin and 

Cytoxan 

Reduced side effects of 

chemotherapy such as 

myelotoxicity 

Antioxidant activity 

Apple juice Fexofenadine 

Decreased in drug 

bioavailability and 

potential lower efficacy 

Inhibition of 

intestinal OATP2B1  

Grape juice Cyclosporine 

Significantly decreased  

bioavailability and 

potential risk of 

subtherapeutic 

concentrations of 

cyclosporine 

Induction of 

CYP3A4  

  

 

 Grapefruit juice drug interactions are widely recognized as compared to other 

nutrients. Grapefruit juice inhibits CYP3A4, CYP1A2, MRP2, OATP and P-

glycoprotein. A wide variety of drugs such as calcium channel antagonist, central 

nervous system modulators, HMG-CoA reductase, immunosuppressants, antivirals, 

phosphodiesterases-5 inhibitor, antihistamines, antiarrythmics and antibiotics are 

known to interact with grapefruit. The constituents in grapefruit naringin, naringenin, 
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furanokumarin, bergapten (5-methoxypsoralen) and flavonoids are responsible for 

such interactions (81).  

 Apart from grapefruit, fruit-drug interactions involving citrus fruits are also 

common. For example, tangerine stimulates CYP3A4 activity and inhibits P-gp 

resulting in interactions with nifedipine, digoxin, etc. Bitter orange inhibits CYP3A4, 

OATP-A and OATP-B and has interaction with various drugs such as vinblastine, 

fexofenadine, glibenclemide, atenolol, ciprofloxacine, cyclosporine, celiprolol, 

levofloxacin and pravastatin (81).  

 Grapefruit, pomelo and orange juice inhibited P-gp mediated transport of 

digoxin in L-MDR1 cells (83). The results from Honda et al. study showed that 6,7-

dihydroxybergamottin, bergamottin from grapefruit and tangeretin, hepatomethoxy 

flavone and nobiletin from orange juice co-inhibited the P-gp and MRP2 transporter 

(84). Limonin, isolated from Citrus jambhiri and Citrus pyriformis significantly 

augmented cytotoxicity of doxorubicin in Caco-2 and CEM/ADR5000 cell lines (85). 

Nobiletin, polymethoxylated flavone, inhibited P-gp activity without modulating 

mRNA and protein expression (86). In contrast oxypeucedanin, a common constituent 

of citrus species, inhibited P-gp activity, mRNA and protein expression in MDCK-

MDR1 cell line (87). On the other hand, bergapten increased the P-gp efflux function 

by inducing mRNA and P-gp protein expression (88).  

 Interactions of drugs with citrus species can have impact on the clinical 

outcome. Grapefruit juice increases plasma concentration of some statins and calcium 

channel blockers by inhibiting CYP3A4 and P-gp, leading to adverse effects such as 

muscle pain with some statins and severe hypotension with some calcium channel 

blockers (89). Grapefruit and Seville orange juice can increase the plasma 

concentration of dextromethorphan in healthy volunteers (90). Table 7 represents 

significant citrus-drugs interactions. 
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Table 7. Clinically significant citrus species-drug interactions  

(82) 

 

Fruit Drug Result of interaction 
Possible 

mechanism 

Grapefruit Felodipine 

Increased plasma 

concentration of 

felodipine 

Inhibition of 

CYP3A4  

Orange juice Aliskiren 
Reduced plasma 

concentration of aliskiren 

Inhibition of 

OATP2B1 

Seville orange 

juice 
Felodipine 

Increased plasma 

concentration of 

felodipine 

Inhibition of 

CYP3A4  

Pomelo pulp Cyclosporine 
Increased bioavailability 

of cyclosporine 

Inhibition of 

CYP3A and P-gp 

activity 

Lime juice 
Artemether, 

camoquine 

Increased eradication of 

acute uncomplicated 

malaria in children 

Antioxidant 

property  

Grape juice Cyclosporine 

Significantly decreased  

bioavailability of 

cyclosporine 

Induction of 

CYP3A4  

 

 

1.6 Citrus hystrix (C. hystrix) 

 

 C. hystrix, commonly known as kaffir lime or leech lime, is a citrus belonging 

to Rutaceae family. It is called makrut in Thai. In Myanmar, it is called Shauk-cho, 

Shauk-nu or Shauk-waing. It is edible plant and widely grows in south East Asia (91, 

92). It is a small evergreen tree, 3 to 6 m tall. It has shrubby aromatic and distinctive 

“double” shaped leaves. Petals are white with reddish or pink on the outside and 

consists of 4 to 5 petals with around 30 stamens (93). The fruits are subglobose to 

oblate-globose shape, with thick rind, knobby and wrinkled in nature (94). 

 C. hystrix fruit contains phytoconstituents such as vitamin C, folic acid, 

potassium, flavonoids (naringin and hesperidin), glyceroglycolipids, α-tocopherol, 

limonoids, furanocoumarins (dihydroxybergamottin, oxypeucedanin), benzenoid 

derivatives and alkaloids (95-97). Its peel contains cellulose, pectin and lignin which 

are important source of dietary fiber and functional compounds (98).  
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 It has been reported that C. hystrix fruit is widely consumed and exhibits a 

wide range of medicinal properties. The green and mature fruit is used as an 

ingredient in cooking and pickle preparation.  Traditionally, the whole fruit is used for 

treating headache, flu, fever, sore throat, bad breath and indigestion (93, 95, 99).  

 Scientifically, C. hystrix fruit is reported to have antioxidant, antimicrobial, 

anti-inflammatory and antiproliferative activities (95, 99). It was also reported that 

ethanolic extract of C. hystrix peel protected cardiac toxicity induced by doxorubicin 

in rats (100). It was reported that coumarins (bergamottin, oxypeucedanin and 5-

[(6’,7-dihydroxy-3’,7’-dimethyl-2-octenyl) oxy-]-psoralen) from the methanolic 

extract of fruits inhibited lipopolysaccharide and interferon induced nitric oxide 

generation in RAW 264.7 cells. Limonene, citronellal, sabinene and ß-pinene from 

the peel had antimicrobial activity. The isolated citrusosides A-D and furanocoumarin 

compounds from the hexane and methanolic extract of peel exhibited anti-

acetylcholinesterase activity (95). The flavonoid hesperidin from the juice showed 

antioxidant activity (101). 

 

2. Purpose of the study 

 

 There are many reports concerning with the role of citrus species on fruit-drug 

interactions. C. hystrix fruit is commonly found in Thailand and Myanmar. Many 

people consume it as an ingredient in food or a part of beverage so it might cause 

interaction with conventional medicine. It has been reported that this fruit inhibits the 

CYP3A4 and CYP2C9 activities (102). Since CYP3A4 and P-gp share substrates, 

inhibitors and inducers (103, 104), ingestion of C. hystrix fruits may modify the efflux 

transporter P-gp. However, there is no information about the effect of C. hystrix on P-

gp activity. Therefore, this study focused on P-gp mediated drug interactions of C. 

hystrix. The investigation was performed in Caco-2 cell line, and LLC-PK1 versus 

LLC-GA5-COL300. 
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 This study was conducted with the following objectives; 

1. To investigate the effects of C. hystrix fruit on P-gp function and expression. 

2. To elucidate its active compounds from C. hystrix 

The information obtained from this study may be beneficial for understanding fruit-

drug interactions. 
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Chapter 2 

Materials and methods 
 

1. Materials 

 

1.1 Apparatus and instruments 

 

1.  Centrifuge 

2.  TLC developing tank (10 cm × 10 cm), (20 cm × 20 cm) 

3.  Refrigerator, Freezer -80ºC, -20ºC and 4ºC  

4.  Glass Column (3 x 60 cm) 

5.  Silica Gel 60 (0.015-0.040 mm mesh), Merck (Germany) 

6.  TLC Plate (20 cm × 20 cm), Silica gel 60 F254 aluminium plates, Merck 

  (Germany) 

7.  PTLC (20 cm × 20 cm), Silica gel 60 F254 aluminium plates, Merck  

  (Germany) 

8.  Rotary Evaporator, Buchi, F-100/F-105 (Switzerland) 

9.  Zorbax SB-C18 column (4.6 x 150 mm, 3.5 μm), Agilent (USA) 

10.  HPLC (Agilent 1260 infinity (USA) 

11.  LC-MS (1100 series/Trap SL with ESI Source (G2440DA) (USA) 

12.  Microplate reader, Victor Nivo, PerkinElmer (USA) 

13.  Biological safety cabinet, BHA 120, Gelman Sciences Pty Ltd (Australia) 

14.  CO2 incubator 

15.  Autoclave 

16.  Hot air oven 

17.  Dry Bath Incubator (MK2000-1), Allsheng (China) 

18.  Western blotting equipment, Bio-rad (USA) 

19.  Gel documentation, Alliance Q9 Advanced, Uvitec (UK) 

20.  Polycarbonate insert of Transwell® cluster (0.45 μm pore size, Costar, 

  Cambridge, MA, USA) 
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21.  Qubit® 2.0 fluorometer, Invitrogen, Thermo Fisher Scientific  

  (USA) 

 

1.2 Chemicals and reagents 

 

1.  Acetonitrile, Methanol, Tetrahydrofuran (HPLC grade) 

 2.  Chloroform, Ethyl acetate, Formic acid, Methanol, n-Hexane, Toluene 

  (Analytical grade) 

3.  Dulbecco’s modified Eagle medium (DMEM), Gibco BRL (Grand Island, 

NY, USA) 

 4.  Medium 199 (M199), Gibco BRL (Grand Island, NY, USA) 

5.  L-glutamine, Gibco BRL (Grand Island, NY, USA) 

 6.  Non-essential amino acids, Gibco BRL (Grand Island, NY, USA) 

 7.  Penicillin (10,000 units/ml)-streptomycin (10 mg/ml), Gibco BRL (Grand 

Island, NY, USA) 

 8.  Fetal bovine serum (FBS), Gibco BRL (Grand Island, NY, USA) 

 9.  0.25% trypsin-1 mM EDTA, Gibco BRL (Grand Island, NY, USA) 

 10.  Hanks’ balanced salt solution pH 7.4 (HBSS), Gibco BRL (Grand Island, 

  NY, USA) 

 11.  Phosphate buffered Saline pH 7.4 (PBS), Gibco BRL (Grand Island, NY, 

  USA) 

 12.  0.4% trypan blue, Sigma Chemical Company (St. Louis, MO, USA) 

 13.  Calcein acetoxymethyl ester (calcein-AM), Fluka Chemie GmbH  

  (Switzerland)  

 14.  Verapamil, Sigma Chemical Company (St. Louis, MO, USA) 

 15.  Doxorubicin hydrochloride (2mg/ml), Pharmachemie BV (Netherlands) 

 16.  Cyclosporine (Sandimmune®, 50mg/ml), Novartis (Switzerland) 

 17.  Pierce ECL western blotting substrate, Thermo Fisher Scientific 

  (USA) 

 18.  Mdr-1 (D-11): sc-5510 mouse monoclonal antibody, Santacruz 

  (USA) 
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 19.  Beta Actin loading control mouse monoclonal antibody (MA5-15739), 

  Invitrogen, Thermo Fisher Scientific (USA) 

 20.  0.45 μm polyvinylidene difluoride (PVDF) membrane (Millipore 45  

  Corp., Bedford, MA) 

 21. Qubit® 2.0 fluorometer protein assay kit, Invitrogen, Thermo Fisher 

  Scientific (USA) 

 22.  Triton X-100, Fisher chemicals (UK) 

 23.  Pierce BCA protein assay kit, Thermo Fisher Scientific (USA) 

 24. BLUltra Prestained Protein Ladder, GeneDireX (USA) 

25. Polyvinylidene difluoride membrane, Amersham Pharmacia Biotech Ltd 

  (UK) 

26. Sodium dodecyl sulfate 

27. Ammonium persulphate 

28. Sodium Lauryl sulphate, Ajax Finechem Pty Ltd (Australia) 

29. Tris (hydroxymethyl) aminomethane, Merck (Germany) 

30. Glycine, Ajax Finechem Pty Ltd (Australia) 

31. 2-Mercaptoethanol 99%, Acros organics (UK) 

32. Tris-HCl, Vivantis (Malaysia) 

33. Skim milk powder, Morinaga (Japan) 

34. Glycerol 

35. Bromophenol blue dye 

36. Acrylamide 

37.  Peroxidase-labeled affinity purified antibody to mouse IgG (γ), Sera care 

KPL (USA) 

38.  Bergamottin (Apin Chemicals, Code: 06450b) 

 

1.3 Cell lines 

 

1.  Caco-2, a human colonic adenocarcinoma cell line (ATCC, sale order no. 

S0249019)  

 2.  LLC-GA5-COL300, a human P-gp overexpressed-LLC-PK1 cell line 

(Riken Cell Bank, air waybill no: 8462-5956-2849)  
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2. Methods 

 

2.1 Preparation of crude extracts from C. hystrix fruits 

 

 The C. hystrix fruits (2 kg) were purchased from a fresh market in Nakhon 

Pathom, Thailand in April, 2018. The fresh fruits were thoroughly washed with water. 

Then they were separated into four parts (flavedo, albedo, segment membrane & 

juice). Flavedo, albedo and segment membrane were dried at 50°C for 24 hr and 

grounded into powder by using blender. In the case of juice, it was concentrated by 

using rotary evaporator. 

 The extraction of crude extracts from the dried flavedo (86 g), albedo (25 g) 

and segment membrane (50 g) were done by maceration method. The dried powdered 

samples were macerated with methanol (1.5 L) at room temperature for 3 days with 

frequent agitation and the macerate was filtered. This extraction was repeated twice to 

complete the extraction process. Rotary evaporator was employed to evaporate the 

solvent from the combined filtrates and dried on water bath at 40 °C to obtain crude 

extracts. All extracts were kept at -20ºC until used. 

 Concentrated juice (5 g) was extracted with methanol for three times and the 

combined mixtures were centrifuged (2,500 x g for 30 min) to separate organic layer 

from aqueous layer. The organic layer was then evaporated by means of rotary 

evaporator and dried at 40 °C on water bath. The dried extract was kept at -20°C until 

used. 

 All the extracts were checked with thin layer chromatography (TLC) and High 

performace liquid chromatography (HPLC) to obtain the fingerprints of the extracts. 

 

2.2 Isolation of active compounds from flavedo extract of C. hystrix 

 

 The dried methanolic flavedo extract (21 g) was partitioned between ethyl 

acetate and deionized water (1:1). The ethyl acetate layer was evaporated by rotary 

evaporator to obtain greenish residue as ethyl acetate extract (9 g, 7 % of dried 

weight). Ethyl acetate extract (8 g) was loaded into the glass column (3 x 60 cm) 

which contain silica gel 60 (200 g) as stationary phase. The gradient elution of n-

hexane:ethyl acetate, starting with 10% ethyl acetate in n-hexane followed by 20% of 
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ethyl acetate and finally 80% of ethyl acetate in n-hexane was used as mobile phase. 

The fractions were continuously collected and combined according to the 

chromatographic pattern on TLC. Five fractions, E1 (145 mg), E2 (356 mg), E3 (393 

mg), E4 (432 mg) and E5 (390 mg), were obtained from the separation. All these 5 

fractions were further separated by column chromatography and preparative thin layer 

chromatography (PTLC) to obtain pure compounds. 

 Fraction E1 (145 mg) and E2 (356 mg) were further separated by column 

chromatography. Each fraction was loaded into the glass column (1 x 40 cm) 

containing silica gel 60 as stationary phase. The gradients of n-hexane:ethyl acetate 

(9:1), n-hexane:ethyl acetate (8:2) were used as mobile phase. Two major fractions, 

E11 (16 mg) and E12 (15 mg) were collected from the separation of fraction E1. 

Separation of fraction E2 provided four major fractions namely, E21 (43 mg), E22 (31 

mg), E23 (2 mg) and E24 (2 mg). Then fractions E11, E21 and E22 were further 

purified by PTLC, using n-hexane:ethyl acetate (8:2) as a mobile phase. White 

powder was attained and named as compound 1 (8 mg).  

 Fraction E3 (393 mg) was fractionated on silica gel 60 (25 g) column (1 x 40 

cm) which was eluted with toluene:ethyl acetate (10:1.5). Five major fractions, E31 

(11 mg), E32 (111 mg), E33 (13 mg), E34 (7 mg) and E35 (15 mg), were obtained. 

Purification of fraction E32 by PTLC with mobile phase composed of n-hexane:ethyl 

acetate (7:3) (x 2 migration) provided two compounds which was named as 

compound 2 (3 mg) and 3 (15 mg). 

 Fraction E5 (390 mg) was separated by on silica gel 60 column 

chromatography, utilizing the gradient elution of toluene:ethyl acetate (10:1.5), 

toluene:ethyl acetate (8:2), toluene:ethyl acetate (1:1) as mobile phase. Four major 

fractions, E51 (10 mg), E52 (29 mg), E53 (32 mg) and E54 (45 mg), were obtained.  

Fraction E51 gave a pure compound, denoted as compound 4 (10 mg). Fraction E54 

was purified by PTLC utilizing the mobile phase which was composed of 

toluene:ethyl acetate (10:1.5) (x2 migration) followed by chloroform:methanol (12:1). 

Pure compound 4 (4 mg) and 5 (4 mg) were obtained. 

 The schematic of compound isolation is shown in figure 5. All five 

compounds were further analyzed by LC-MS and 1H NMR to elucidate the structure. 
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2.3. Chromatographic and Spectroscopic analysis of the extracts and active 

compounds 

 

TLC analysis 

 

 The extract or each isolated compound was dissolved in methanol and spotted 

on TLC plate (5 cm × 7 cm). Then it was developed in the mobile phase containing 

toluene:ethyl acetate (10:1.5), toluene:ethyl acetate (10:1.5), chloroform:methanol 

(12:1). Then TLC plate was visualized under UV lamp (356 nm and 254 nm).  

 

HPLC analysis 

 

 An Agilent 1260 infinity liquid chromatography system, provided with a 

quaternary solvent delivery system, an autosampler and DAD detector, was used for 

HPLC analysis. A Zorbax SB-C18 column (4.6 x 150 mm, 3.5 μm) was utilized. 

Detection wavelength was set at 310 nm. The mobile phase was composed of solvent 

A: water-acetonitrile-tetrahydrofuran (85:10:5 v/v) and solvent B: acetonitrile-

methanol-tetrahydrofuran (65:30:5 v/v) using a gradient elution with a flow rate of 0.3 

ml/min. Gradient conditions were as follow: 5 min, 0% B, 20 min 32% B, 24 min 

32% B, 38 min 55% B, 40 min 90% B, 50 min 90% B, 60 min 0% B. The samples 

were dissolved in methanol and filtered through a 0.45 μm PVDF membrane. The 

injection volume of all samples was 5 µl. 

 

LC-MS analysis 

 

 Identification of the active compounds was carried out by LC-MS system. MS 

parameters were set as follows: ionization mode, ESI; dry Temp, 350 °C; nebulizer 30 

psi; dry Gas, 8 L/min; scan range, m/z 100-500. A Zorbax SB-C18 column (4.6 x 150 

mm, 3.5 μm) was utilized. Detection wavelength was set at 250 and 310 nm. The 

gradient of 0.05% v/v aqueous formic acid (Solvent A) and 0.05 % v/v formic acid in 

acetonitrile (Solvent B) was used as mobile phase at a flow rate of 0.4 ml/min. The 

gradient started at 0 min, 60% B; 5 min, 80% B; 10 min, 80% B; 12 min, 95% B; 17 

min, 95% B; 21 min, 60% B; 23 min, 60% B. All samples were dissolved in methanol 
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and filtered through a 0.45 μm PVDF membrane. The injection volume used was 10 

µl. 

 

 1H-NMR analysis 

 

 1H (300 MHz) NMR spectra were recorded by using Bruker Bio (300 MHz) 

NMR spectrometer with tetramethylsilane as an internal standard. Deuterated 

methanol (CD3OD) was used as operating solvent. Chemical shifts are expressed in δ 

values. This analysis was performed by a scientist at Faculty of Science, Silpakorn 

University.
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2.4 P-gp function assay 

 

 This assay was used to study the effect of extracts, fractions from column 

chromatography and isolated compounds on P-gp. Firstly, four parts of the C. hystrix 

fruit were used to study on P-gp function. The most active part was chosen to do 

separation on column chromatography. During the column chromatography all 

fractions were studied for the effects on P-gp. The fractions that showed P-gp 

inhibition activity were chosen to isolate active compounds. The isolated compounds 

were evaluated for their inhibition on P-gp function.  

 

 2.4.1 Cell Culture 

 

 The Caco-2, a human colonic adenocarcinoma cell line, was cultured in 

DMEM medium supplemented with 10% heat-inactivated FBS, 1% penicillin (10,000 

units/ml)-streptomycin (10 mg/ml), 2 mM L-glutamine, 1% non-essential amino acids 

at 37°C in a humidified atmosphere of 5% CO2.  

 The LLC-PK1, a porcine kidney epithelial cell line was routinely grown in 

M199 supplemented with 10% heat-inactivated FBS and 1% Penicillin (10,000 

units/ml)-streptomycin (10 mg/ml). The LLC-GA5-COL300, a human P-gp 

overexpressed-LLC-PK1 cell line was cultured in M199 supplemented with 10% heat-

inactivated FBS, 1% penicillin-streptomycin and 300 ng/ml colchicine, as previously 

reported (105, 106). Both of the cell lines were maintained in a humidified 5% CO2 

atmosphere at 37ºC. 

 

 2.4.2 Preparation of extracts, fractions and isolated compounds 

 

 On the day of the experiment, the extracts, fractions and isolated compounds 

were dissolved in methanol and diluted in HBSS to obtain the final methanol 

concentration not exceeding 1%. The cytotoxicities of the tested extracts, fractions or 

compounds were evaluated by checking cell morphology under a microscope and 

analyzed by trypan blue dye exclusion method and neutral red uptake assay. 
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 2.4.3 Uptake study 

 

 Caco-2 cells were seeded onto 24-well plate at a cell density of 80,000 

cells/cm2. Caco-2 cells cultured for 21 days were used for the experiment. LLC-PK1 

(120,000 cells/cm2) and LLC-GA5-COL300 (360,000 cells/cm2) were seeded onto 24-

well plate. Both cell lines were grown for 3 days for the study. The medium was 

changed every other day for all cell lines. For LLC-GA5-COL300, a fresh and 

colchicine free medium was replaced 6 hr before the experiment.  

 

Calcein-AM uptake assay 

 

 On the day of the experiment, cells were washed with HBSS and then 

preincubated in HBSS with or without the test compounds (80 μg/ml extracts, 30 

μg/ml fractions, or 10-200 μM isolated compounds) for 30 min. To start the reaction, 

a final concentraion of 1 μM calcein-AM was added and then incubated at 37°C for 

30 min. After the incubation period, the uptake solutions were removed and the cells 

were washed carefully with an ice-cold HBSS. Following this, the cells were lyzed 

with 0.1% Triton X-100 and measured the amount of calcein and protein 

concentration. HBSS containing 1% methanol was used as a vehicle control. One 

hundrad µM verapamil was used as the positive control (109). 

 The accumulated calcein in the cells was directly measured on a microplate 

reader at an excitation and emission wavelength of 485 nm and 535 nm, respectively. 

The protein concentration was measured by Qubit® fluorometer. The amount of 

calcein retained in the cells was normalized by the protein concentration. The data 

were presented as % of control. 

 % of control =   
Normalized fluorescence intensity of treated cells

Normalized fluorescence intensity of vehicle control
   × 100 

 

Doxorubicin uptake assay  

 

 The medium was removed and washed the cells with HBSS. A final 

concentration of 10 μM Doxorubicin in HBSS was coincubated with various 

concentrations of the test compounds (2-200 μM cyclosporine, 1-200 μM 6',7'-

dihydroxybergamottin, or 2-200 μM oxypeucedanin). The cells were incubated for 2 
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hr at 37°C. After the incubation period, the uptake solution was discarded and the 

cells were washed with ice-cold HBSS and were lyzed by 0.1% Triton X-100.  

 The amount of cellular doxorubicin was directly measured on a microplate 

reader at an excitation and emission wavelength of 485 and 595 nm, respectively. The 

data were presented as IC50 by plotting the relative fluorescence unit and log 

concentrations of the test compounds. 

 

 2.4.4 Transport study  

 

 LLC-PK1 and LLC-GA5-COL300 was seeded onto polycarbonate insert of 

Transwell® cluster at a density of 300,000 cells/cm2 and 800,000 cells/cm2 and grown 

for 4 days in a humidified 5% CO2 atmosphere at 37°C. The medium was changed on 

every other day. A fresh and colchicine free medium was replaced 6 hr before the 

experiment. 

 

Transport study of doxorubicin 

 

 The culture medium was removed from both sides. Cells were preincubated in 

HBSS for 30 min in the absence or presence of test compounds. To start the 

experiments, a final concentration of 10 µM doxorubicin in HBSS was added to the 

donor side and HBSS was added to the receiver side. Then the cells were incubated at 

37°C. The donor side is apical side for apical to basolateral (a-b) experiment and the 

donor side is basolateral side for basolateral to apical (b-a) experiment.  

 Samples were withdrawn from the receiver side at 4 designated time points 

(60, 75, 90, 100 min for a-b and 15, 30, 45, 60 for b-a). The amount of doxorubicin 

was analyzed by reading fluorescence at an excitation and emission wavelength of 

485 nm and 595 nm, respectively. The effective permeability coefficient (Papp, cm/s) 

is calculated according to the equation: 
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  Papp (cm/s) = 
dQ/dt

A x C0 x 60
 

 

Where dQ/dt = the rate of drug passage into the receiver side, A is the surface area of 

Transwell® inserts (cm2), and C0 is the initial concentration of doxorubicin in the 

donor side.  

 An efflux ratio is calculated from the apparent permeability coefficients as 

follows:  

  Efflux ratio = 
Papp, b-a

Papp, a-b

 

Where, Papp,b-a = effective permeability coefficient from basolateral to apical side,  

Papp,a-b = effective permeability coefficient from apical to basolateral side. 

 

Transport study of dihydroxybergamottin and oxypeucedanin 

 

 Cells were preincubated in HBSS for 30 min. To start the experiment, 

dihydroxybergamottin (20 μM) or oxypeucedanin (20 μM) in HBSS were added to 

the donor side and HBSS was added into the receiver side. Then the cells were 

incubated at 37°C.  

 Samples were withdrawn from the receiver side at 3 designated time points 

(30, 45, 60 min for a-b and 15, 25, 35 min for b-a). The compounds were quantified 

by HPLC as described in 2.3.  

 The effective permeability coefficient (Papp, cm/s) and efflux ratios are  

calculated according to the above equation.  

 

2.5 Western blotting  

 

 The LLC-PK1 (50,000 cells/cm2) and LLC-GA5-COL300 (160,000 cells/cm2) 

were seeded onto cell culture dish. The LLC-PK1 used for the study was grown for 4 

days. The LLC-GA5-COL300 cell lines were grown for 72 hr and then treated with 

the test compounds (100 μM dihydroxybergamottin and oxypeucedanin) for 24 hr.  
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 2.5.1 Cell lysis and sample preparation 

 

 Cells were placed on ice and washed with ice-cold PBS. Then the washing 

solution was aspirated. Ice-cold PBS is added to harvest the cells with a scraper. The 

cell suspension was transferred to the microcentrifuge tube and centrifuged at 2,000 

rpm for 5 min at 4°C. The supernatant was discarded and the cell pellet was 

homogenized with hot 1% SDS lysis buffer (50 mM Tris HCl; pH 7.4, 1% SDS and 1 

mM PMSF). The cell lysate was centrifuged at 10,000 rpm for 5 min at 4°C and the 

supernatant was transferred to a new tube. The protein concentration of the 

supernatant was measured by Pierce BCA protein assay kit to determine the amount 

of protein to load onto the gel. Then the supernatant was mixed with 4x Laemmli 

sample loading buffer.  

 

 2.5.2 Running the gel  

 

 Protein samples (50 μg) along with molecular weight marker were loaded onto 

SDS-polyacrylamide gel consisting of 10% resolving gel and 4% stacking gel. The 

proteins were separated by electrophoresis using Tris-glycine running buffer (25 mM 

Tris base, 192 mM glycine and 0.1 % w/v SDS) at constant 60 volt (current 11-26 

mA) for 1-2 hr. The electrophoresis was stopped when the marker band reach the 

bottom of the gel. 

 

 2.5.3 Protein blotting 

 

 The polyvinylidene difluoride (PVDF) membrane was used for protein 

blotting. The membrane was activated with methanol for 1 min and rinsed with 

transfer buffer. The protein from the gel was transferred to PVDF membrane by 

utilizing wet transfer buffer (25 mM Tris base, 192 mM glycine and 0.05 % v/v SDS) 

at constant 48 volt (current 92-115 mA) for 4 hr on ice. 
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 2.5.4 Antibody staining and Detection 

 

 Membrane was blocked in 5% skim milk in TBST for overnight at 4°C. After 

blocking, the membrane was stained with mouse anti-human P-gp monoclonal 

antibody (1:2,000) and mouse monoclonal anti-actin (1:2,000) separately for 

overnight at 4ºC. Then the membrane was washed three times with Tris-buffered 

saline with 0.1% Tween (TBST). The membrane was incubated with goat anti-mouse 

IgG secondary antibody (1:2,000) for 3 hr at room temperature. Then the membrane 

was washed three times by using TBST. Mouse monoclonal anti-actin (1:2,000) was 

used as a loading control. 

 The target protein bands were detected by developing the membrane with an 

enhanced chemiluminescence (ECL) reagents for 5 min in the dark. The protein 

intensity was calculated by a gel documentation system. 

 

Data analysis 

 

 All data are presented as the mean ± SEM of n-replicate of the separate 

experiments or otherwise stated. A p-value ≤ 0.05 was considered statistically 

significant. Kruskal-Wallis and Dunns tests were performed for all tests (GraphPad 

Software Inc, San Diego, CA). 
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Chapter 3 

Results and discussions 

 
1. Effects of C. hystrix fruit extracts on P-gp function 

 

1.1 Extraction of C. hystrix fruits 

 

 At first, the dried flavedo, albedo, segment membrane and juice of C. hystrix 

fruits were extracted with methanol. The yields of the methanolic extracts from 

flavedo, albedo, segment membrane and juice extracts were 25 %, 23 %, 40 % and 5 

% w/w respectively. Then the extracts were checked by TLC and HPLC. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6. TLC profiles of methanolic extracts obtained from C. hystrix fruits 

Mobile phase used was toluene:ethyl acetate (10:1.5) x2 migrations followed by 

chloroform:methanol (12:1). 
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Figure 7. HPLC profiles of methanolic extracts (1 mg/ml) obtained from C. 

hystrix fruits 
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 As seen in figure 6, the phytochemicals of the flavedo, albedo, segment 

membrane and juice are closely resembled. This was in agreement with HPLC 

patterns in figure 7. Both TLC and HPLC demonstrate that the flavedo, albedo, 

segment membrane and juice extracts contain similar chemical compounds but more 

phytoconstituents were found in the flavedo extract. Phytochemical constituents were 

further elucidated according to their effects on P-gp function.  

 

1.2 Calcein-AM uptake in Caco-2, LLC-PK1 and LLC-GA5-COL300 

 

 All extracts were evaluated for their effects on P-gp function utilizing calcein-

AM uptake assay in in vitro cell culture models. The inhibitory effects of C. hystrix 

fruits on P-gp function was investigated by calcein-AM uptake assay in in vitro cell 

culture models including Caco-2, LLC-PK1 and LLC-GA5-COL300. All 

concentrations of the extracts, fractions and compounds used in this study were 

examined by checking cell morphology under a microscope and analyzed by trypan 

blue dye exclusion method and neutral red uptake assay. The concentrations used in 

the study did not exhibit toxicity to the all cells. 

 Fluorescent dye-based uptake assays are increasingly used nowadays for 

evaluation of the function of transporter because it is feasible, cost effective and 

applicable to high throughput assays and allow the examination of cellular processes 

in real-time (107). Acetoxymethyl (AM) esters of calcein is a commonly used P-gp 

substrate fluorescent dye (108). Calcein-AM is a non-fluorescent substrate of P-gp. It 

is a lipophilic compound and can diffuse through the cell membrane by passive 

diffusion. It will be hydrolyzed to fluorescent calcein in the living cells by 

endogenous cytoplasmic esterases. P-gp located at the cell membrane pumps out the 

calcein-AM before it is converted to calcein (109). 

 Caco-2 is widely used for studying absorption process as an in vitro model of 

human small intestinal mucosa (110, 111). It forms polarized monolayers with well-

established tight junctions that mimics intestinal epithelial cells. Caco-2 expresses 

many efflux transporter including P-gp. This cell line is commonly utilized in 

investigation of potential transporter-mediated herb-drug interactions (112). To 

confirm the effects of the extracts on human P-gp function, the study was also 
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performed in comparison between LLC-PK1 and LLC-GA5-COL300 which is human 

MDR1 overexpressed LLC-PK1 (113, 114).  

 All extracts of C. hystrix were primarily screened for their abilities to 

modulate P-gp function in Caco-2 cells. The calcein-AM uptake in the presence of 

verapamil (111) in Caco-2 cells was evaluated to validate P-gp function of Caco-2 

cells in our laboratory. The results showed that the uptake of calcein-AM was 

significantly increased to 162 ± 7.33 % of the control in verapamil treated cells, 

indicating that the function of P-gp in Caco-2 was acceptable for further experiments. 

The flavedo, albedo, segment membrane and juice extracts noticeably increased 

calcein accumulation in Caco-2 cells by approximately 1.9, 1.4, 1.2 and 1.6 folds, 

respectively in relative to the control group. Increasing calcein accumulation in Caco-

2 cells indicated their effects on the efflux transporter possibly P-gp. As found, the 

flavedo extract exhibited the highest activity on calcein accumulation (Figure 8, a). 

 To confirm their effects on human P-gp function, the uptake assay of calcein-

AM were performed in LLC-PK1 and LLC-GA5-COL300. The accumulation of 

calcein in LLC-PK1 (6,971,576 RFU) was about 14 times higher than LLC-GA5-

COL300 (502,271 RFU), indicating that P-gp expression in LLC-GA5-COL300 was 

higher than LLC-PK1. In the presence of verapamil, the accumulation of calcein was 

increased in both cell lines. However, the accumulation was significantly enhanced by 

verapamil in LLC-GA5-COL300 (894 ± 69.5 % of the control) compared with that of 

LLC-PK1 (145 ± 5.6 % of the control). The flavedo extract remarkably increased 

calcein-AM uptake in LLC-GA5-COL300 (1967 ± 159.1 %) compared with that of 

LLC-PK1 (176 ± 12.4 %). The effect of the flavedo extract on calcein-AM uptake in 

LLC-GA5-COL300 substantiated its effect on human P-gp function. However, the 

other three parts of C. hystrix fruits did not show significant differences in the calcein-

AM uptake between the two cell lines (Figure 8 b, c). Taken together, the flavedo 

extract showed the strongest on P-gp inhibition while the albedo, segment membrane 

and juice extracts had minimal effects on P-gp. 
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Figure 8. Effects of the C. hystrix methanolic extracts (80 μg/ml) on calcein-AM 

uptake in (a) Caco-2, (b) LLC-PK1 and (c) LLC-GA5-COL300  

(N=5). The data of albedo, segment membrane and juice are presented as the 

averages from 2 cell passages (***p < 0.001, **p < 0.01). 
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2. Effects of the flavedo extract on P-gp function 

 

2.1 Concentration dependent study 

 

 To study the concentration dependence of the flavedo extract on calcein-AM 

uptake, the concentrations of 8, 40 and 80 μg/ml were used. Figure 9 (a) shows the 

concentration dependent effect on P-gp mediated calcein-AM uptake in Caco-2. In the 

presence of 8, 40 and 80 ug/ml extract, the accumulation of calcein was increased to 

1.2, 1.5 and 1.8 folds, respectively. Moreover, the investigation conducted in LLC-

PK1 and LLC-GA5-COL300 demonstrated that the calcein accumulation was 

obviously increased in a concentration dependent manner particularly in LLC-GA5-

COL300. As present in figure 9 (c) calcein-AM uptake was increased by 2.4, 11.3, 

23.8 folds in the presence of 8, 40 and 80 μg/ml of the flavedo extract.  

 According to the data from figure 8 and 9, the flavedo extract showed the 

strongest P-gp inhibition in a concentration dependent manner. As a result, further 

experiments were focused only on the flavedo extract of C. hystrix fruits. 
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Figure 9. Concentration dependent effects of the flavedo extract on calcein-AM 

uptake in Caco-2, LLC-PK1 and LLC-GA5-COL300 

 (N = 3) 

 

Caco-2

C
ontr

ol

V
er

ap
am

il

g/m
l


8 

g/m
l


40

 
g/m

l


80

 

0

50

100

150

200

C
a
lc

e
in

-A
M

 u
p

ta
k
e
 (

%
 o

f 
th

e
 c

o
n

tr
o

l)

(a) 

LLC-PK1

C
ontr

ol

V
er

ap
am

il

g/m
l


8 

g/m
l


40

 
g/m

l


80

 

0

1000

2000

3000

C
a
lc

e
in

-A
M

 u
p

ta
k
e
 (

%
o

f 
th

e
 c

o
n

tr
o

l)

(b) 

(c) 

LLC-GA5-COL300

C
ontr

ol

V
er

ap
am

il

g/m
l


8 

g/m
l


40

 
g/m

l


80

 

0

1000

2000

3000

C
a
lc

e
in

-A
M

 u
p

ta
k
e
 (

%
o

f 
th

e
 c

o
n

tr
o

l)



 
52 

 

 
 

2.2 Fractionation of the flavedo extract and their effects on calcein-AM uptake in 

Caco-2, LLC-PK1 and LLC-GA5-COL300 

 

 The flavedo extract was selected to isolate and identify the active compounds 

because it demonstrated a significant effect on P-gp function. At first, the ethyl 

acetate fraction of the flavedo extract (8 g) was further separated by column 

chromatography. Five fractions, E1 (145 mg), E2 (356 mg), E3 (393 mg), E4 (432 

mg) and E5 (390 mg), were obtained and their TLC chromatograms are shown in 

figure 10. 

 

 

 

 

 

 

 

    

 

Figure 10. TLC profiles of the fractions obtained from the column 

chromatography 

Mobile phase used was toluene:ethyl acetate (10:1.5) x2 migrations followed by 

chloroform:methanol (12:1). 

 

 All five fractions were then screened for their activities on P-gp. Calcein-AM 

uptake in Caco-2, LLC-PK1 and LLC-GA5-COL300 was evaluated. As seen in table 

8, the calcein-AM uptake was increased to 147, 173 and 169 % in the presence of 

fraction E3, E4 and E5. Fractions E1 and E2 showed almost the same calcein 

accumulation as the control group.  

 The experiments were further evaluated in LLC-PK1 and LLC-GA5-COL300. 

Fractions E3 and E5 demonstrated strong inhibition effects by increasing calcein 

accumulation to 13.6 and 14.3 folds of the control in LLC-GA5-COL300. Based on 

UV 254 nm 

  E1   E2  E3   E4  E5    E1   E2  E3  E4  E5 

UV 365 nm 
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their activities on P-gp function, fractions E3 and E5 were selected for isolation of 

active compounds. Fraction E4 evidently enhanced calcein accumulation to 8.6 folds 

of the control, however it contained various compounds according to TLC 

chromatogram indicating a low probability to isolate the pure compounds from the 

fraction. Although fraction E1 and E2 showed moderate effects, there were white 

crystal precipitated out during the column chromatography of fraction E1 which 

showed one spot on TLC indicating a pure compound named as compound 1. Similar 

Rf values of the spots on TLC chromatogram of fractions E1 and E2 convinced 

compound isolation from these fractions. In summary, isolation of compounds from 

fractions E1, E2, E3 and E5 were further performed.  

 

Table 8. Effects of the flavedo fractions on calcein-AM uptake in Caco-2, LLC-

PK1 and LLC-GA5-COL300 

 

Cell lines 

(Passage no.) 

Calcein-AM uptake (% of the control) 

Verapamil 

(100 µM) 

Fraction (30 µg/ml) 

E1 E2 E3 E4 E5 

Caco-2 

(37) 
151.3 107.4 96.5 147.7 172.7 169.5 

LLC-PK1 

(37) 
141.2 98.4 93.3 128.4 263.3 113.5 

LLC-GA5-COL300  

(30) 
948.8 163.5 291.0 1360.0 865.6 1428.8 

Data are presented as the averages of duplicate measurements from one cell passage. 

 

3. Isolation of active compounds from flavedo extract 

 

 Fractions E1, E2, E3 and E5 were further isolated by column chromatography 

for the compounds which were responsible for observed activities. Two sub-fractions 

E11 (16 mg) and E12 (15 mg) were collected from the separation of fraction E1 (145 

mg). Separation of fraction E2 (356 mg) resulted in four sub-fractions, E21 (43 mg), 

E22 (31 mg), E23 (2 mg) and E24 (2 mg). Fraction E3 (393 mg) was fractionated and 
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resulted in five sub-fractions, E31 (11 mg), E32 (111 mg), E33 (13 mg), E34 (7 mg) 

and E35 (15 mg). Separation of fraction E5 (390 mg) provided four sub-fractions, E51 

(10 mg), E52 (29 mg), E53 (32 mg) and E54 (45 mg). The sub-fractions with major 

spots on TLC chromatogram were isolated by PTLC techniques which the conditions 

used were described in Table 9. As noticed from TLC chromatogram, sub-fraction 

E51 provided one spot on chromatogram suggesting the pure compound denoted as 

compound 5. When comparing the weights of fraction used to isolate compounds and 

that of sub-fractions obtained, implying there were some compounds retained in the 

column and could not be eluted by the mobile phase. 
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Figure 11. TLC chromatogram of sub-fractions obtained from column 

chromatography of E1, E2, E3 and E5 

Mobile phase used was (a) hexane:ethyl acetate (8:2) (b) toluene:ethyl acetate 

(10:1.5) (c) toluene: ethyl acetate (10:1.5) x2 migrations followed by chloroform: 

methanol (12:1). 

 

Table 9. PTLC conditions used to isolate pure compounds 

 

Fractions 

Sub-fractions 

selected for 

compound isolation  

Mobile phase 

Isolated 

pure 

compound 

E1 E11 hexane:ethyl acetate (8:2) 1 

E2 E21, E22 hexane:ethyl acetate (8:2) 1 

E3 E32 
n-hexane:ethyl acetate 

(7:3) x 2 migrations 
2, 3 

E5 E54 

toluene:ethyl acetate 

(10:1.5) x2 migrations 

followed by chloroform : 

methanol (12:1) 

4, 5 

  

 

 The effects of the pure isolated compounds on P-gp function were screened in 

Caco-2, LLC-PK1 and LLC-GA5-COL300. During the preliminary screening study, 

compound 2 and 3 were mistaken as one compound because of overlapping of spots 

in TLC chromatogram. However, the oval shape of the spot doubted the presence of 

one pure compound so that the isolation technique was searched out and the 

 E51 E52 E53 E54      

UV 365 nm 

E51 E52 E53 E54     

UV 254 nm (c) 
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appropriate system was finally discovered as in Table 9. In Caco-2 experiment, there 

were 1.2 and 1.5 folds increased in calcein-AM uptake in the presence of compound 2 

+ 3 and 4. The results were consistent with the findings observed in LLC-PK1 and 

LLC-GA5-COL300. In the presence of compound 2 + 3 and 4 the accumulation of 

calcein was noticeably increased to 9.8 and 7.4 folds in LLC-GA5-COL300 compared 

to that of LLC-PK1. Compound 1 and 5 exhibited minimal effects on uptake of 

calcein-AM Taken together, compound 2, 3 and 4 suggested the strong inhibition 

effects on P-gp function.  Regardless of their activities, all five pure compounds were 

identified by chromatographic and spectroscopic analysis. 

 

Table 10. Preliminary screening of the compounds on P-gp function in Caco-2, 

LLC-PK1 and LLC-GA5-COL300 

  

Compounds 

(30 μg/ml) 

CAM-uptake (% of the control) in cell line (passage no.) 

Caco-2 (37, 39) LLC-PK1 (37, 38) 
LLC-GA5-COL300 

(30, 31) 

1 100.1 84.5 161.7 

2 + 3 124.5 133.8 975.0 

4 148.9 101.9 735.3 

5 107.3 97.3 180.4 

Data are presented as the averages from two cell passages. 

 

4. Identification of the active compounds and their activities on P-gp function 

 

4.1 Identification of the isolated pure compounds 

 

 Five compounds (1 - 5) were identified by various methods. The Rf values on 

TLC chromatogram of the isolated pure compound were compared with the available 

standard. The molecular weights of the compounds were analyzed by LC-MS 

technique. 1H-NMR spectral data of the compounds were compared to those of the 

published data. All five compounds are classified as furanocoumarins. The 
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information of LC-MS and 1H-NMR chromatograms of the isolated compounds is 

shown in appendix 2. 

 Compound 1 was obtained as white powder. The Rf value was 0.65 when 

hexane:ethyl acetate (8:2) was used as the mobile phase. The Rf value of compound 1 

was comparable with standard bergamottin (Apin Chemicals, Code: 06450b) as 

shown in figure 12. HPLC analysis showed the peak with retention time at 53.6 min 

resembled that of standard bergamottin. The MS chromatogram of compound 1 

showed a parent [M+H]+ ion at m/z 339, indicating the molecular weight of the 

compound. Taken together, compound 1 was identified as bergamottin. The molecular 

formula is C21H22O4, with molecular weight of 338 (115-118).  

 

 

 

 

 

 

  

 

 

 

 

Figure 12. TLC chromatogram of standard bergamottin (B) and compound 1 

 

 The TLC chromatogram of the compound 2 showed Rf value at 0.84 by 

developing TLC plate in toluene:ethyl acetate (10:1.5) followed by chloroform: 

methanol (12:1) (Figure 13). 1H-NMR pattern was as follows; 1H-NMR (CD3OD) δ 

1.25 (3H, s, 4'CH3), δ 1.27 (3 H, s, 3'CH3), δ 3.31 (3H, s, 1' CH3), δ 5.05 (1H, dd, 

1'H), δ 5.08 (1H, dd, 2'H), δ 6.30 (1H, d, 3H), δ 7.19 (1H, dd, 11H), δ 7.22 (1H, s, 

8H), δ 7.81 (1H, s, 12H), δ 8.30 (1H, d, 4H), which was comparable with the pattern 

of epoxybergamottin (119, 120). The mass spectrum of compound 2 was 

characterized by a parent [M+H]+ ion at m/z 355 which is the molecular weight of 

epoxybergamottin. In summary, compound 2 is white powder identified as 

UV 254 nm 

B   1 

UV 365 nm 

 B   1 
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epoxybergamottin, which molecular formula is C21H22O5, with molecular weight of 

354 (115, 117, 121). 

 Compound 3 is white powder and TLC chromatogram showed Rf value at 0.79 

by developing in toluene:ethyl acetate (10:1.5) followed by chloroform: methanol 

(12:1) (Figure 13). 1H-NMR pattern was comparable with oxypeucedanin reported in 

the literature (17-19). 1H-NMR pattern was as follows; 1H-NMR (CD3OD) δ 1.34 

(3H, s, 4'CH3), δ 1.39 (3 H, s, 3'CH3), δ 3.33 (3H, s, 1' OCH3), δ 4.45 (1H, dd, 1'H), δ 

4.76 (1H, dd, 2'H), δ 6.33 (1H, d, 3H), δ 7.19 (1H, dd, 11H), δ 7.24 (1H, s, 8H), δ 

7.82 (1H, d, 12H), δ 8.35 (1H, d, 4H). The chemical ionization MS of compound 3 

manifested a parent [M+H]+ ion at m/z 287 related to the molecular weight of 

oxypeucedanin. According to these results, compound 3 was identified as 

oxypeucedanin, which molecular formula is C16H14O5, with molecular weight of 286 

(115, 122).  

 

 

 

 

 

 

 

 

 

Figure 13. TLC chromatogram of compound 2 and oxypeucedanin 3 
 

 Compound 4 was collected as white powder. TLC chromatogram showed Rf 

value at 0.28 by developing in toluene:ethyl acetate (10:1.5) followed by chloroform: 

methanol (12:1). Its Rf was comparable with standard dihydroxybergamottin (Figure 

14). HPLC analysis showed the peak with retention time at 43.2 min resembled that of 

standard dihydroxybergamottin. The chemical ionization MS of compound 4 

expressed a parent [M+H]+ ion at m/z 373 which was related to the molecular weight 

of dihydroxybergamottin. Taken together, compound 4 was identified as 

  2    3 

UV 365 nm 

 2     3 

UV 254 nm 
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dihydroxybergamottin, which molecular formula is C21H24O6, with molecular weight 

of 372 (117, 118, 123).  

 

 

 

 

 

 

 

 

 

 

Figure 14. TLC chromatogram of standard dihydroxybergamottin (D) and 

compound 4 

 

 Compound 5 was obtained as white powder. TLC chromatogram showed Rf 

value at 0.24 by developing in toluene:ethyl acetate (10:1.5) followed by chloroform: 

methanol (12:1), which was comparable with standard oxypeucedanin hydrate (Figure 

14).  HPLC analysis showed the peak with retention time at 28.9 min resembled that 

of standard oxypeucedanin hydrate. The chemical ionization MS of compound 5 

demonstrated a parent [M+H]+ ion at m/z 305 which equals to the molecular weight of 

oxypeucedanin hydrate. Therefore, compound 5 was identified as oxypeucedanin 

hydrate, which molecular formula is C16H16O6, with molecular weight of 304 (115).  
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Figure 15. TLC chromatogram of standard oxypeucedanin hydrate (OH) and 

compound 5 

 

TLC chromatogram in figure 16 depicts five isolated compounds in flavedo 

extract of C.hystrix fruit. As seen in figure 17, HPLC analysis provided the retention 

time of bergamottin, epoxybergamottin, oxypeucedanin, dihydroxybergamottin and 

oxypeucedanin hydrate is 53.6, 48.8, 43.4, 42.8 and 28.9 min, respectively. Table 11 

presents the content of each furanocoumarin found in the flavedo extract of C. hystrix 

fruit calculated from HPLC analysis. Among all furanocoumarins isolated from this 

study, oxypeucedanin was the highest and bergamottin was the lowest content found 

in the flavedo extract. 
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Figure 16. TLC chromatogram of the isolated pure compounds 

Mobile phase used was toluene:ethyl acetate (10:1.5) x2 migrations followed by 

chloroform:methanol (12:1). 

                                

 

 

 

 

 

 

 

 

 

 

 

Figure 17. HPLC chromatogram of furanocoumarins found in flavedo extract of 

C. hystrix fruit 
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Table 11. The content of furanocoumarins found in the flavedo of C. hystrix fruit 

 

Compounds 
Content in flavedo extract 

(μg/mg) 

Content in dried flavedo  

(μg/mg) 

Bergamottin 8.9 2.2 

Epoxybergamottin 47.58 11.6 

Oxypeucedanin 48.26 11.8 

Dihydroxybergamottin 23.68 5.8 

Oxypeucedanin hydrate 16.22 4.0 

 

 In conclusion, five isolated compounds were elucidated as furanocoumarins 

and their structures are illustrated in Figure 18. 
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Bergamottin, C21H22O4, MW 338 

 
 

 
 

 
 

 
Epoxybergamottin, C21H22O5, MW 354 

 
 
 

 
 
 
 

 
 

 
 
 
Oxypeucedanin, C16H14O5, MW 286 

 
 

 
 

 

 
 

 
 

Dihydroxybergamottin, C21H24O6, MW 372 

 
 
 
 

 
 

 
            

 
 
 

 Oxypeucedanin hydrate, C16H16O6, MW 304 

 

Figure 18. Structures of isolated furanocoumarins from C. hystrix flavedo  

 

4.2 Effects of the isolated furanocoumarins on P-gp function 

 

 The effect of five furanocoumarins on P-gp function was performed by 

comparing calcein-AM uptake in LLC-PK1 and LLC-GA5-COL300. No statistically 

significant increase in calcein-AM uptake was observed in LLC-PK1 in the presence 

of the test furanocoumarins. However, the accumulation of calcein in LLC-GA5-

COL300 was significantly enhanced in the presence of epoxybergamottin (16.7 folds), 

dihydroxybergamottin (7.3 folds) and oxypeucedanin (4.5 folds) compared to that of 

the control (Figure 19) suggesting that these compounds could inhibit P-gp function. 
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As found, bergamottin weakly increased the uptake of calcein-AM and 

oxypeucedanin hydrate showed the weakest effect on P-gp function. 

Epoxybergamottin, dihydroxybergamottin and oxypeucedanin showed statistically 

significant effects on P-gp inhibition.  

 

 

 

 

 

 

 

 

 

 

 

Figure 19. Effects of furanocoumarins (100 µM) on calcein-AM uptake in LLC-

PK1 and LLC-GA5-COL300  

LLC-PK1 (N=2) and LLC-GA5-COL300 (N > 3, ***p < 0.001, **p < 0.01) 

 

Hence, concentration dependent effects of the epoxybergamottin, 

dihydroxybergamottin and oxypeucedanin on P-gp inhibition were further 

investigated in LLC-GA5-COL300. The concentrations of each furanocoumarin were 

varied from 10 to 200 μM. As noticed in table 12, epoxybergamottin increased 

calcein-AM uptake about 2.5-25 folds. Approximately 2-28 folds increased in the 

accumulation of calcein were observed in the presence of dihydroxybergamottin. 

Oxypeucedanin also enhabced calcein accumulation by approximately 2-20 folds.  
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 Furanocoumarins derived from citrus fruits and vegetables can act as anti-

coagulant, antiviral, antibacterial, antioxidant, anti-inflammatory, immunomodulator, 

apoptotic and anticancer agents (124). Moreover, furanocoumarins have been reported 

as efflux transporter P-gp inhibitors in vitro and in animal studies (125). 

Dihydroxybergamottin was reported to significantly increase vinblastine 

accumulation in Caco-2 and LLC-GA5-COL300 cells suggesting P-gp inhibition. 

Bergamottin also exhibited significant increase in accumulation of vinblastine in 

Caco-2 but showed less potency than dihydroxybergamottin (126). 

Dihydroxybergamottin was also shown to potentiate the vinblastine and saquinavir 

uptake indicating interaction with P-gp (84). In the present study, 

dihydroxybergamottin inhibited P-gp and its potency was higher than bergamottin, 

which are in agreement with the previous studies.  

 Castro et al. studied the effect of the components of grapefruit juice on P-gp 

mediated talinolol transport in Caco-2. They reported that epoxybergamottin was the 

most potent inhibitor of P-gp, followed by dihydroxybergamottin (127). On the other 

hand, bergamottin did not show any inhibition on P-gp mediated talinolol in Caco-2 

(127). This is in accordance with the present study that shows epoxybergamottin with 

the highest activity on P-gp inhibition, followed by dihydroxybergamottin. 

Bergamottin showed the moderate inhibition on P-gp activity. Dong et al. reported 

that oxypeucedanin significantly inhibited P-gp function in MDCK-MDR1 cells but 

did not demonstrate dose dependence (128). In contrast to this study, oxypeucedanin 

displayed P-gp inhibition in concentration dependent manner. The present study used 

LLC-GA5-COL300 while the Dong et al. study utilized MDCK-MDR1. The 

difference in the cell culture model used may lead to different results.  

 Collectively, the data suggested that all five furanocoumarins could inhibit P-

gp function. The order of inhibitory potency was epoxybergamottin, 

dihydroxybergamottin, oxypeucedanin, bergamottin and oxypeucedanin hydrate. 

Epoxybergamottin, dihydroxybergamottin and oxypeucedanin significantly enhanced 

calcein-AM uptake in the concentration dependent manner, indicating that these three 

furanocoumrins strongly inhibited P-gp efflux function.  
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5. Effects of dihydroxybergamottin and oxypeucedanin on P-gp function and 

expression 

 

 Dihydroxybergamottin and oxypeucedanin were selected to perform the 

studies on P-gp function and expression. Although epoxybergamottin exhibited strong 

inhibition effect on P-gp, the limited content of the compound made it not available 

for extensive study. 

 

5.1 Evaluation of dihydroxybergamottin and oxypeucedanin as P-gp substrate 

  

 To identify the roles of dihydroxybergamottin and oxypeucedanin as 

substrates of P-gp, bidirectional transport study suggested by USFDA regulatory 

agencies (45) was used. The study was performed in LLC-GA5-COL300 and parental 

LLC-PK1. When using transfected cell lines, the efflux ratios of the transfected cell 

line to the parental cell line were reported. The compound is classified as P-gp 

substrate when its corrected net flux ratio is equal to or higher than 2.  

 As seen in table 13, the corrected net flux ratio of dihydroxybergamotin which 

was correlated to the ratio observed in LLC-GA5-COL300 relative to the ratio 

observed in respective LLC-PK1 was 1.5 ± 0.2. The corrected net flux ratio of 

dihydroxybergamottin determined was apparently lower than the cut off value 

indicated by the USFDA. On the other hand, the corrected net flux value for 

oxypeucedanin obtained from comparing the efflux ratio of LLC-GA5-COL300 and 

that of LLC-PK1 was 3.1 ± 0.2 which clearly fulfilled the USFDA criteria, indicating 

that oxypeucedanin was likely to be P-gp substrate.  

 According to the FDA guidance,  if the efflux ratio of the test compound is 

decreased to greater than 50% of the efflux ratio in the absence of inhibitor or to a 

unity by known P-gp inhibitor, it is proven to be P-gp substrate (45). To confirm that 

the compounds were substrates of P-gp, the efflux was evaluated in the presence and 

absence of a P-gp inhibitor, cyclosporine. In the presence of cyclosporine, the efflux 

ratio of dihydroxybergamottin was reduced from 2.1 ± 0.2 to 1 ± 0.2. While the 

basolateral to apical transport of oxypeucedanin was significantly decreased in the 

presence of cyclosporine (figure 20). The efflux ratio of oxypeucedanin reduced from 
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3.7 ± 0.2 to 1.6 ± 0.03 in the presence of cyclosporine. The reduction of the efflux 

ratio of oxypeucedanin seen in the presence of cyclosporine was greater than 50 % 

which was in accordance with the guidance.  

 According to the data from the corrected efflux ratio and inhibitor effects, 

oxypeucedanin is probably substrate of P-gp while dihydroxybergamottin was 

unlikely to be substrate of P-gp. 

 

Table 13. Apparent permeability coefficients and efflux ratio of 

dihydroxybergamottin and oxypeucedanin in bidirectional transport study  

(N=3) 

 

Compounds 
Papp, a-b 

( 10-5 cm/s) 
Papp, b-a 

(10-5 cm/s) 
Efflux 

ratio 

Net flux ratio 

(corrected) 

Dihydroxybergamottin 3.7 ± 0.8 7.5 ± 1.1 2.1 ± 0.2 1.5 ± 0.2 

Oxypeucedanin 5.8 ± 2.6 20.3 ± 8.2 3.7 ± 0.2 3.1 ± 0.2 

 

 

 

 

 

 

 

 

 

 

 

Figure 20. Effect of cyclosporine (10 μM) on oxypeucedanin transport in LLC-

GA5-COL300  

(N=3, **p < 0.01)  
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5.2 Evaluation of dihydroxybergamottin and oxypeucedanin as P-gp inhibitor 

 

 The effect of dihydroxybergamottin and oxypeucedanin on P-gp inhibition 

was studied by utilizing doxorubicin uptake and transport. Doxorubicin is a widely 

used chemotherapeutic agent which is a selective P-gp substrate and useful in 

studying P-gp functionality in vitro (70, 129). This study was performed in LLC-

GA5-COL300, which is overexpressed human P-gp cell line. Cyclosporine was used 

as a positive control (130).  

 

5.2.1 Doxorubicin uptake assay 

 

This study exhibited that the increased concentration of cyclosporine resulted 

in the increase in fluorescence signal of intracellular doxorubicin caused by the 

inhibition of P-gp pump. Similarly, doxorubicin uptake in LLC-GA5-COL300 was 

enhanced when the concentrations of dihydroxybergamottin and oxypeucedanin were 

increased (Figure 21). IC50 values for P-gp activity, which correspond to EC50 values 

for increase of doxorubicin accumulation, were obtained from the plot of doxorubicin 

accumulation and compound concentrations. Cyclosporine was shown to be the most 

potent with IC50 of 2.4 ± 0.1 μM and this value is in accordance with the published 

IC50 (131). From the study, dihydroxybergamottin is about 17 times less potent than 

cyclosporine. Between two furanocoumarins tested in this assay, oxypeucedanin is 

less potent than dihydroxybergamottin. 
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Figure 21. Effects of dihydroxybergamottin and oxypeucedanin on intracellular 

accumulation of doxorubicin in LLC-GA5-COL300  

(N = 3) 

 

5.2.2 Doxorubicin transport assay 

 

 To validate the function of P-gp, the transport of doxorubicin in LLC-GA5-

COL300 compared with that of LLC-PK1 was performed. The average permeability 

coefficients of doxorubicin performed in LLC-GA5-COL300 were 1.1 x 10-5 cm/s 

from apical to basolateral and 4.6 x 10-5 cm/s from basolateral to apical (n=2), 

respectively. Transepithelial transport of doxorubicin across LLC-GA5-COL300 

showed a marked asymmetry with average net efflux value of 4.2. In LLC-PK1, Papp, a-

b for doxorubicin transport was 3.3 x 10-5 cm/s and Papp, b-a was 3.2 x 10-5 cm/s, giving 

an efflux ratio of close to unity.  Increased an efflux ratio of doxorubicin in LLC-

GA5-COL300 compared to that of LLC-PK1 demonstrated that P-gp function in LLC-

GA5-COL300 was acceptable. 

 Unidirectional (basolateral to apical) transport studies recommended by EMA 

(46) and FDA (45) regulatory guidelines were used in the experiment. The effects of 

various concentrations of dihydroxybergamottin and oxypeucedanin on P-gp function 

were investigated by measuring basolateral to apical transport of doxorubicin across 

LLC-GA5-COL300. The percentage of the control transport activity in the presence 

of each furanocoumarin was calculated by the equation as follows; 
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 % control activity = 
(Papp (+ test compound) - Papp (passive))

(Papp (vehicle control) - Papp (passive))
 ×100 

Where,  

Papp (+test compound) is the Papp of doxorubicin in LLC-GA5-COL300 in the presence of 

test compound. 

Papp (vehicle control) is the Papp of doxorubicin in LLC-GA5-COL300 in the absence of test 

compound. 

Papp (passive) is the Papp of doxorubicin in the LLC-PK1 in the absence of test compound. 

 

 The IC50 of the compounds were calculated from the concentration which 

produces 50% inhibition of vehicle control transport activity. As seen in table 14, 

doxorubicin transport in the secretory direction (basolateral to apical) in LLC-GA5-

COL300 was reduced in the presence of dihydroxybergamottin and oxypeucedanin. 

The P-gp inhibition effects was concentration dependent. The IC50 values of 

dihydroxybergamottin and oxypeucedanin are shown in table 15. As seen, the IC50 

values of dihydroxybergamottin and oxypeucedanin discovered from uptake study of 

doxorubicin are comparable with those of transport study. Dihydroxybergamottin is a 

stronger P-gp inhibitor than oxypeucedanin. 

USFDA draft guidance (45) states that if the efflux ratio of a known P-gp 

substrate is decreased with the increasing concentration of the test compound in 

unidirectional transport assay, they will probably be inhibitor of P-gp. The present 

study was in agreement with the guidance that both dihydroxybergamottin and 

oxypeucedanin apparently reduced the efflux ratio of the P-gp substrate doxorubicin. 

As mentioned in the guidance, the compound has the potential to inhibit P-gp in vivo 

when administered orally where the [I]2 / IC50  ≥ 10, where [I]2 = dose of inhibitor / 

250 ml. From the estimation, dihydroxybergamottin has the potential to inhibit P-gp 

in vivo at the dose of ≥ 37.2 mg and oxypeucedanin does at the dose of ≥ 35.8 mg. 
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Table 14. Papp, b-a values of doxorubicin and the percentage of the control 

transport activity in the absence and presence of dihydroxybergamottin and 

oxypeucedanin performed in LLC-GA5-COL300  

(N = 3) 

 

Concentration of 

furanocoumarins (μM) 
Papp, b-a (10-5 cm/s) % of the control activity 

Dihydroxybergamottin 

0 6.2 ± 0.15 100 

5 5.9 ± 0.10 94 ± 3.0 

25 4.7 ± 0.07 68 ± 2.0 

50 3.6 ± 0.03 45 ± 2.0 

100 2.6 ± 0.10 21 ± 0.7 

200 1.9 ± 0.01 6 ± 1.5 

Oxypeucedanin 

0 6.2 ± 0.15 100 

5 6.3 ± 0.01 103 ± 2.6 

25 4.8 ± 0.06 70 ± 1.5 

50 3.8 ± 0.05 49 ± 1.5 

100 2.9 ± 0.15 30 ± 5.0 

200 2.0 ± 0.03 8 ± 1.9 
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Table 15. The IC50 values of the dihydroxybergamottin and oxypeucedanin 

calculated from doxorubicin uptake and transport studies  

(N = 3) 

 

Compounds 

IC50 (μM) 

Uptake study Transport study 

Dihydroxybergamottin 39.8 ± 0.8 41.5 ± 2.1 

Oxypeucedanin 60.3 ± 1.0 50.7 ± 5.1 

 

 

5.2.3 Inhibition mechanisms  

 

The inhibition mechanism of dihydroxybergamottin and oxypeucedanin on P-

gp activity was investigated by comparing the uptake of calcein-AM in the presence 

of a furanocoumarin under various incubation conditions. The study was conducted in 

LLC-GA5-COL300 under three incubation conditions, including 1) only 

preincubation, 2) only coincubation and 3) preincubation and coincubation. As seen in 

figure 22, the preincubation condition shows the lowest effect on calcein 

accumulation. Dihydroxybergamottin and oxypeucedanin increased calcein-AM 

uptake by 1.3 folds and 1.4 folds of the control in preincubation condition. The 

accumulation of calcein increased to 4.7 folds and 3.1 folds of the control when 

dihydroxybergamottin and oxypeucedanin were coincubated with P-gp substrate 

calcein-AM in the experiment. Differences in the calcein-AM uptake can be found 

between preincubation and coincubation conditions, suggesting that inhibition of P-gp 

can be reversible after removing the compounds. The similar pattern was seen with 

verapamil which is a reversible P-gp inhibitor (132).  

On the other hand, irreversible inhibitors were reported to exhibit no 

difference between preincubation and coincubation conditions indicating P-gp 

function is permanently inhibited even after removing the inhibitors e.g. N-

ethylmaleimide, PSC 833 (132, 133). These results suggested that 
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dihydroxybergamottin and oxypeucedanin are reversible P-gp inhibitors. 

Interestingly, the highest calcein-AM uptake was noticed when both preincubation 

and coincubation were used in the study for all compounds tested.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. Effect of incubation conditions on calcein-AM uptake in LLC-GA5-

COL300 in the presence of dihydroxybergamottin and oxypeucedanin  

(N = 3), Verapamil was used as the positive control 

 

5.3 Effects of dihydroxybergamottin and oxypeucedanin on P-gp expression  

 

 The regulations of dihydroxybergamottin and oxypeucedanin on P-gp protein 

expression in LLC-GA5-COL300 were explored by utilizing western blot. The 

expression of human P-gp in LLC-GA5-COL300 was validated by comparing with 

that of LLC-PK1. P-gp was highly expressed in the LLC-GA5-COL300 cell line but 

undetectable in the parental LLC-PK1 cell line under the same condition, indicating 

that LLC-GA5-COL300 expressed human MDR1 protein as stated (Figure 23). 

Consequently, LLC-GA5-COL300 was used to investigate the effect of 

dihydroxybergamottin and oxypeucedanin on P-gp protein expression. Verapamil was 

used as a positive control in the study. As seen, 100 μM verapamil noticeably 

suppressed the P-gp protein expression of the LLC-GA5-COL300 cells (Figure 24).  
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 Dihydroxybergamottin at 25 μM and 50 μM did not significantly modulate the 

P-gp expression level, although inhibition on P-gp expression appeared to be 

approximately 20% at 50 μM dihydroxybergamottin. At 100 μM, 

dihydroxybergamottin significantly reduced the P-gp expression level to about 40 % 

(Figure 24). P-gp protein expression decreased when the concentrations of 

dihydroxybergamottin were increased, suggesting that dihydroxybergamottin could 

concentration dependently down-regulate P-gp expression in LLC-GA5-COL300. 

 Oxypeucedanin suppressed P-gp protein expression to about 72 % and 63 % of 

the control at 25 μM and 50 μM, respectively. In particular, P-gp protein expresson 

level in the presence of 100 μM oxypeucedanin significantly decreased to 57 % 

compared with that in the control (Figure 24). As seen, oxypeucedanin reduced P-gp 

expression in a concentration dependent manner. The inhibitory action of 

oxypeucedanin on P-gp protein expression was slightly stronger than 

dihydroxybergamottin. In agreement with the present study, oxypeucedanin was also 

reported to inhibit P-gp protein expression in MDCK-MDR1 cell line (128). The 

results from this study demonstrated that dihydroxybergamottin and oxypeucedanin 

could down-regulate P-gp protein expression.  

 

 

 

 

 

 

 

 

 

Figure 23. MDR1 expression in LLC-PK1 and LLC-GA5-COL300 
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Figure 24. Effects of dihydroxybergamottin and oxypeucedanin on P-gp protein 

expression in LLC-GA5-COL300 

(a) Representative P-gp expression by western blot on LLC-GA5-COL300 

treated with various concentrations of dihydroxybergamottin (DHB) and 

oxypeucedanin (OXY). (b) Quantitative data of P-gp expression (N=3, *p < 0.05) 
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Chapter 4 
Conclusion 

 
 A drug can be administered by various routes of administration. 

Among them the oral route of administration is the most common and acceptable 

route of administration. However, oral route represents the greatest number of barriers 

of drugs to be absorbed into systemic circulation. Recently, P-gp has been reported to 

modify the bioavailability of many orally administered drugs through its ability to 

efflux substrates back into the intestinal lumen (33).  

 Food can interact with orally administered drugs and can modify the 

pharmacokinetic and/or pharmacodynamics profile of drugs, some of which may be 

clinically significant. Among all food, fruits have a high potential for interacting with 

drugs since they are widely available and frequently consumed, either as whole fruits, 

meal condiments, fruit juices, flavored processed drinks or preserved snacks (134). C. 

hystrix fruit is commonly found in Thailand and Myanmar. It has been reported that 

this fruit inhibited intestinal CYP3A4 and CYP2C9 (102). However, there is no 

information about the role of C. hystrix on P-gp activity. Since the substrates, 

inhibitors, and inducers of CYP enzymes and P-gp overlapped (103, 104), the effect 

of C. hystrix fruit on the efflux transporter P-gp challenged the study. Therefore, this 

study was conducted to investigate the possibility of P-gp mediated drug interactions 

of C. hystrix. 

  The C. hystrix fruits were separated into flavedo, albedo, segment membrane 

and juice. TLC and HPLC analysis of the methanolic extracts revealed that the 

flavedo consists of more phytochemical constituents than albedo, segment membrane 

and juice. The study of these extracts on P-gp function demonstrated the highest 

inhibition of flavedo extract on human P-gp in a concentration dependent manner.  

 The flavedo extract was further separated by column chromatography and 

PTLC techniques. The active compounds were isolated based on their inhibition 

activities on human P-gp function. As found, five furanocoumarins were elucidated, 

namely, bergamottin, epoxybergamottin, oxypeucedanin, dihydroxybergamottin, and 
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oxypeucedanin hydrate. According to the result from HPLC analysis, oxypeucedanin 

was the highest and bergamottin was the lowest content found in the flavedo extract. 

 The effects of all five furanocoumarins on P-gp function were performed by 

comparing calcein-AM uptake between LLC-PK1 and LLC-GA5-COL300. 

Epoxybergamottin, dihydroxybergamottin and oxypeucedanin showed statistically 

significant effects on P-gp inhibition while bergamottin exhibited moderate, and 

oxypeucedanin hydrate demonstrated the lowest effect on P-gp function. The highest 

to lowest order of inhibitory potency was epoxybergamottin, dihydroxybergamottin, 

oxypeucedanin, bergamottin and oxypeucedanin hydrate. Moreover, 

epoxybergamottin, dihydroxybergamottin and oxypeucedanin exhibited concentration 

dependent on P-gp inhibition. 

 Two furanocoumarins, dihydroxybergamottin and oxypeucedanin, were 

selected for investigation their roles on human P-gp inhibition. The effects on P-gp 

function and protein expression were further elucidated. Firstly, evaluation of 

dihydroxybergamottin and oxypeucedanin as substrates for P-gp was performed. The 

results showed that dihydroxybergamottin is not likely to be P-gp substrate but 

oxypeucedanin could potentially be substrate of P-gp. Secondly, determination of 

dihydroxybergamottin and oxypeucedanin as P-gp inhibitors was conducted. The 

results exhibited that both dihydroxybergamottin and oxypeucedanin acted as P-gp 

inhibitors. The IC50 values of dihydroxybergamottin were 39.8 ± 0.8 μM and 41.5 ± 

2.1 μM from uptake and transport studies, respectively. The IC50 values of 

oxypeucedanin from uptake and transport studies were respectively 60.3 ± 1.0 μM 

and 50.7 ± 5.1 μM. Moreover, the inhibition mechanism of both 

dihydroxybergamottin and oxypeucedanin appeared to be reversible. Thirdly, 

investigation of dihydroxybergamottin and oxypeucedanin P-gp protein expression 

was done using western blotting. The results demonstrated that both 

dihydroxybergamottin and oxypeucedanin could down-regulate the protein expression 

of P-gp in a concentration dependent manner. As noticed, oxypeucedanin seemed to 

be a little stronger inhibitor than dihydroxybergamottin.  

 Taken together, C. hystrix fruit contains furanocoumarins that have the ability 

to inhibit P-gp function and protein expression. These results imply the possibility of 

P-gp mediated drug interaction of the fruit and the furanocoumarin, when taken with 
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P-gp substrate drugs. However, a number of researchers have recently applied the P-

gp inhibition effect of compounds as oral bioavailabilty enhancer. As found from this 

study, dihydroxybergamottin and oxypeucedanin have the potential to be 

bioavailability enhancers. Consequently, the in vivo study should be considered to 

confirm their effects. 
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Calcein-AM uptake assay 
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Appendix 2 

 

LC-MS chromatogram and 1H NMR spectrum 
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LC-MS chromatogram 

 

 

 

 

 

 

 

 

 

 

Bergamottin 

Epoxybergamottin 
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Oxypeucedanin 

Dihydroxybergamottin 

Oxypeucedanin hydrate 
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1H NMR spectrum  
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Appendix 3 

 

Reagents for western blotting 
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Reagents for western blotting 

1. 1% SDS lysis buffer 

Components Weigh out 

1 M Tris HCL, pH 8.0 50 μl 

10% Sodium lauryl sulphate 500 μl 

Ultrapurified water to 5 ml 

 

2. Laemmli sample loading buffer (4X) 

Components Weigh out 

0.5 M Tris HCL, pH 6.8 250 μl 

Sodium lauryl sulphate 0.08 g 

Glycerol 200 μl 

2-mercaptoethanol 150 μl 

Bromophenol blue dye 20 μl 

Ultrapurified water to 1 ml 

 

3. SDS-polyacrylamide gel  

Components 
10% Resolving gel 

(8 ml) 
Components 

4% Stacking gel  

(5 ml) 

Ultrapurified water 3.2 ml Ultrapurified water 3 ml 

30% Acrylamide 2.67 ml 30% Acrylamide 0.67 ml 

1.5M Tris base  

pH 8.8 
2 ml 

0.5 M Tris base  

pH 6.8 
1.25 ml 

10% SDS 80 ul 10% SDS 50 μl 

10% APS 80 ul 10% APS 50 μl 

TEMED 8 ul TEMED 5 μl 

Tris base- Tris (hydroxymethyl) aminomethane, SDS- Sodium lauryl sulphate, APS- 

Ammonium persulphate, TEMED- Tetramethylethylenediamine 
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4. Tris-glycine running buffer (10X) 

Components Molar MW Weigh out (g) 

Tris base 250 mM 121.14 30.3 

Glycine 1920 mM 75.07 144.1 

SDS 1% W/V  10 

Ultrapurified water   Add up to 1 L 

Tris base- Tris (hydroxymethyl) aminomethane, SDS- Sodium lauryl sulphate 

 To make 1X running buffer: add 100 ml of 10X running and make up to 1 L of 

ultrapurified water (pH should be 8.3). 

 

5. Wet Transfer buffer (10X) 

Components Molar MW Weigh out (g) 

Tris base 250 mM 121.14 30.3 

Glycine 1920 mM 75.07 144.1 

Ultrapurified water   Add up to 800 ml 

Tris base- Tris (hydroxymethyl) aminomethane 

 To make 1X transfer buffer: add 100 ml of 10X transfer buffer and make up to 1 L 

of ultrapurified water (pH should be 8.3). 

 Add 100% methanol and 0.05% v/v SDS to 1X wet transfer buffer freshly before 

make up to final volume. 

6. Tris-buffered saline (TBS) for washing and probing (10X) 

Components Molar MW Weigh out (g) 

Tris base 20 mM 121.14 24.23 

NaCl 150 mM 58.45 87.67 

ddH2O   Add up to 1 L 

Tris base- Tris (hydroxymethyl) aminomethane 

 To make 1X TBS buffer: add 100 ml of 10X TBS and make up to 1 L of 

ultrapurified water (pH should be 7.8). 

 To make Tris-buffered saline with 0.1% tween 20 (TBST): Add 1 ml of tween 20 

to 999 ml of 1X TBS. 

 

7. Blocking solution 

 Prepare 5% Skim milk in TBST. 
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Appendix 4 

 

Transport study 
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