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a b s t r a c t

The growing use of natural products in cardiovascular (CV) patients has been greatly

raising the concerns about potential natural producteCV drug interactions. Some of these

may lead to unexpected cardiovascular adverse effects and it is, therefore, essential to

identify or predict potential natural producteCV drug interactions, and to understand the

underlying mechanisms. Drug transporters are important determinants for the pharma-

cokinetics of drugs and alterations of drug transport has been recognized as one of the

major causes of natural productedrug interactions. In last two decades, many CV drugs

(e.g., angiotensin II receptor blockers, beta-blockers and statins) have been identified to be

substrates and inhibitors of the solute carrier (SLC) transporters and the ATP-binding

cassette (ABC) transporters, which are two major transporter superfamilies. Meanwhile,

in vitro and in vivo studies indicate that a growing number of natural products showed

cardioprotective effects (e.g., gingko biloba, danshen and their active ingredients) are also

substrates and inhibitors of drug transporters. Thus, to understand transporter-mediated

natural producteCV drug interactions is important and some transporter-mediated in-

teractions have already shown to have clinical relevance. In this review, we review the

current knowledge on the role of ABC and SLC transporters in CV therapy, as well as

transporter modulation by natural products used in CV diseases and their induced natural

producteCV drug interactions through alterations of drug transport. We hope our review

will aid in a comprehensive summary of transporter-mediated natural producteCV drug

interactions and help public and physicians understand these type of interactions.

Copyright © 2017, Food and Drug Administration, Taiwan. Published by Elsevier Taiwan

LLC. This is an open access article under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

Natural products have been widely used among patients with

cardiovascular (CV) diseases [1] and many patients often

combined natural products with CVmedications [2]. However,

accumulating clinical evidence indicates that the combination

use of natural products and conventional medicines has been

paralleled by high risk of harmful natural productedrug in-

teractions [3]. For instance, the patients given anticoagulant
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agents are at a higher risk of bleeding due to unwanted natural

productedrug interactions when co-administered with natu-

ral products, such as ginkgo and danshen [4]. Despite

increasing recognition of these types of natural productedrug

interactions, improved understanding of the underlying

mechanisms remain a pressing need for guiding the rational

use of such combinational therapies.

Transporter-mediated natural productedrug interactions

are increasingly acknowledged to play an important role in

changing drug absorption and disposition and thus determine

the efficacy and safety of drugs [5]. Generally, two transporter

superfamilies including the solute carrier (SLC) transporters

and the ATP-binding cassette (ABC) transporters are of

considerable pharmacological significance [6]. Potential

drugedrug interactions mediated by these two types of

transporters are of clinical and regulatory concern [6]. In

recent years, a large number of CV drugs have been identified

as substrates of both SLC and ABC transporters [6e8]. Altered

functions and expressions of these transporters may cause

marked changes in the pharmacokinetics of these CV drugs,

andmany cases have either documented or suspected clinical

relevance for patients with CV diseases [7,8]. In parallel, many

natural products and their active ingredients were found to

display modulatory effects on different drug transporters [5],

and some transporter-mediated natural producteCV drug

interactions have already shown to have clinical relevance.

Aside from metabolizing enzymes [9,10], it is now well

established that also modification of transport function is

involved in natural productedrug interactions.

Therefore, this paper focuses on the recent understanding

regarding transporter-mediated natural productedrug in-

teractions for the treatment of CV diseases. We first briefly

summarize the current knowledge on two major transporter

families (ABC and SLC transporters) and their role in CV

therapy. We then review transporter modulation by natural

products used in CV disease and their induced natural pro-

ductedrug interactions through affecting transporter expres-

sions and functions. Lastly, a brief summary alongwith future

perspectives for studying natural productedrug interactions

is presented.

2. Role of drug transporters in cardiovascular
therapy

There are more than 400 membrane transporters that have

been discovered until now, and generally fall into two classes

of transporter proteins: the ABC (efflux) and the SLC (generally

influx) transporters [11]. ABC and SLC transporters share a

wide distribution in the body, and mediate the influx or bidi-

rectional movement of drugs across the cell membrane. Since

the intestine, liver, and kidney are the prime organs that

determine drug absorption, distribution, and excretion, and

the heart is one of principal target organs in CV diseases, this

review focuses on the drug transporters expressed in these

organs (Fig. 1).

The role of drug transporters in CV therapy received great

interest because many CV drugs with a narrow therapeutic

range, such as antiarrhythmic and anticoagulant agents,

interacted with the drug transporters [7]. As demonstrated in

Table 1, ATP binding cassette (ABC) transporters, organic

anion transporting polypeptides (OATPs), organic anion

transporters (OATs), and organic cation transporters (OCTs)

are four major drug transporters involved in the efflux and

uptake of CV drugs.

Numerous in vitro and in vivo experiments have lead to the

identification of many of currently marketed CV drugs

including angiotensin receptor blockers, antiarrhythmics,

anticoagulants, antihypertensive agents, statins, anti-

platelets, beta-blockers, calcium channel blockers, and

endothelin receptor antagonist as P-glycoprotein (P-gp, also

known as ABCB1 or MDR1) substrates and inhibitors [7,12e14].

Most of statins including atorvastatin, lovastatin, pravastatin,

rosuvastatin, and simvastatin are substrates and inhibitors of

multidrug resistance-associated protein 2 (MRP2, also known

as ABCC2) [15]. Furthermore, MRP2-mediated transport of

enalapril, fosinopril, eprosartan, olmesartan, and valsartan

has also been shown [16e20]. In addition, five CV drugs

Fig. 1 e Major SLC and ABC transporters expressed in

human enterocytes, renal epithelial cells, hepatocytes,

heart capillary endothelial cells and cardiomyocytes.
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Table 1 e Summary of the current understanding of human transporters in cardiovascular therapy.

ABC SLC

P-gp BCRP MRP2 OAT1 OAT3 OATP1A1 OATP1B1 OATP1B3 OATP2B1 OCT1 OCT2 OCT3 MATE1 MATE2K

ACE inhibitors Captopril e e e C e e e e e e e e e e

Enalapril e e C e e C C C e e e e e e

Fosinopril e e C e e e e e e e e e e e

Quinaprilat e e e C C e e e e e e e e e

Ramipril e e e C e e e e e e e e e e

ARBs Eprosartan e e C e e e C e e e e e e e

Losartan C; e e e e e e e e e e e e e

Olmesartan C C C e C e C C e e e e e e

Telmisartan ; e e e e e e C e e e e e e

Valsartan e e C e e e C C e e e e e e

Antiarrhythmics Amiodarone ; e e e e e e e : e e e e e

Bepridil C e e e e e e e e e e e e e

Dronedarone ; e e e e e e e e e e e e e

Digoxin C e e e e e e e e e e e e e

Felodipine ; e e e e e e e e e e e e e

Propafenone ; e e e e e e e e e e e e e

Quinidine C; e e e e e e e e e e e e e

Anticoagulants Apixaban C C e e e e e e e e e e e e

Dabigatran C e e e e e e e e e e e e e

Edoxaban C▽ e e B▽ B▽ e B▽ ▽ e ▽ B▽ e e e

Rivaroxaban C C e e e e e e e e e e e e

Warfarin C; e e e e e e e e e e e e e

Antihypertensive

agents

Aliskiren C e e e e e e e e e e e e e

Celiprolol C e e e e e e e e e e e e e

Chlorothiazide e e e C C e e e e e e e e e

Reserpine ; e e e e e e e e e e e e e

Antilipemics Atorvastatin C; C C; e ; e C C C e e e e e

Lovastatin C; e C; e e e e e e e e e e e

Pravastatin ▽ C C; e ; e C e C e e e e e

Rosuvastatin e C C; e C; e C e C e e e e e

Simvastatin ; e C; ; ; e C e e e e e e e

Antiplatelets Clopidogrel C e e e e e e e e B; B e e e

Ticagrelor C; e e e e e e e e e e e e e

Timolol C e e e e e e e e e e e e e

Beta-blockers Atenolol △ e e e e e e e e C C e C C

Bisoprolol ; e e e e e e e e e ; e e e

Carvedilol C; e e e e e e e e ; ; e e e

Labetalol C e e e e e e e e e e e e e

Nadolol C; e e e e e B B e C C e C C

Propranolol C; e e e e e e e e ; ; ; e e

Talinolol C; e e e e e e e e e e e e e
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including olmesartan, apixaban, rivaroxaban, pravastatin,

and rosuvastatin were shown to be substrates for Breast

Cancer Resistance Protein (BCRP, also known as ABCG2)

[8,21e23].

Beyond ABC transporter, SLC transporters also play an

important role in CV drugs uptake. For example, OATP-

mediated transport of angiotensin converting enzyme (ACE)

inhibitors, angiotensin II receptor blockers, statins and sacu-

bitril was shown in OATP1A1-, OATP1B1-, OATP1B3-, and

OATP2B1-expressingHEK293 cells [8,16e18,24,25]. Meanwhile,

manyACE inhibitors and diureticswere found to be substrates

of OATs [26e29]. Bumetanide, furosemide, hydrochlorothia-

zide also inhibit OAT1 substantially in a cell model generated

by transfection of S2 cells with the human OAT1 gene. Several

statins are also reported to be inhibitors of OATs [30]. Recently,

the other influx transporters OCTs and multi-antimicrobial

extrusion protein (MATEs) were also identified to transport

beta blockers, atenolol and nadolol [31,32]. Several other beta

blockers including bisoprolol, carvedilol, and propranolol, as

well as calcium channel blockers including diltiazem, nifedi-

pine, and verapamil are reported to be inhibitors of OCTs

[33,34].

Although many in vitro and in vivo studies demonstrate a

comprehensive interaction between CV drugs and trans-

porters, the clinical relevance of this relationship in terms of

absorption and disposition of CV drugs still need confirma-

tion. To date, there are several clinical studies have been

conducted in human subjects to evaluate the effect of trans-

porter gene polymorphisms on the pharmacokinetics of CV

drugs. For example, the P-gp polymorphism C3435T is corre-

late with lower intestinal P-gp expression [35] and has been

shown to increase digoxin plasma levels in health volunteers

[36]. The BCRP polymorphism C421A is associated with lower

protein expression in vitro [37,38] and has also been shown to

increase exposure to atorvastatin and rosuvastatin in human

[39]. In addition, the BCRP polymorphism �24CT is related to

lower protein expression [40] and appeared to strongly in-

crease systemic exposure to telmisartan and olmesartan in

human individuals [41]. Moreover, the CV patients often

receive polymedications, and many clinical pharmacokinetic

studies have identified the transporter-related CV drugedrug

interactions. One of the most widely studied transporter-

related CV drug interactions is the interaction between

digoxin and quinidine. Since the interaction was first pub-

lished in 1978, research 20 years later demonstrated that the

effect of quinidine on plasma digoxin concentrations was the

result of quinidine-induced inhibition of P-gp in the intestine

and kidneys, resulting in greater absorption and decreased

elimination of digoxin [42]. From then on, many studies have

been conducted to evaluate the P-gp-mediated CV drugedrug

interactions (reviewed in Ref. [7]). BCRP and OATPs have also

been evaluated for their clinical significance in CV drugedrug

interactions, especially statins [8]. However, other trans-

porters such as MRPs, OCTs and OATs have not been evalu-

ated for their clinical relevance in CV drugedrug interactions.

Thus, further basic and clinical research is still needed to fully

understand the involvement of all the transporters in CV

medication and guide the safe use of these CV drugs in

patients.
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3. Modulation of transporters by natural
products used in cardiovascular diseases

The effects of natural products and the derived phytochemi-

cals on transporter expression and function have been

extensively studied in recent years (reviewed in Ref. [5]). In

this section, we highlighted some popular natural products

used in CV diseases, and their potential interactions with drug

transporters (Table 2). Eight natural products (ginseng, gingko

biloba, danshen, green tea, resveratrol, curcumin, berberine

and grapefruit juice) will be included and discussed individ-

ually below.

3.1. Ginseng

Ginseng is a well-known natural product widely used for the

treatment of CV diseases [43]. Itsmajor active components are

ginsenosides and the modulatory effects of many of ginse-

nosides on transporters have been investigated [5]. For

example, ginsenoside Rh2, compound K, protopanaxadiol

(PPD) and protopanaxatriol (PPT) showed an inhibitory effect

toward both P-gp and BCRP in Caco-2 or MCF-7/MX cell lines

[44e46]. Ginsenoside Rh2 is also a substrate of P-gp identified

in MDR1a/b knockout mice [47]. In addition to the interplay of

efflux transporters and ginsenosides, the inhibition of OATPs

by ginsenosides has also been shown [48]. Ginsenosides Rb1,

Rc, and Rd appear to be potent inhibitors of OATP1B1 and

OATP1B3 [48].

Clinical study has been conducted to determine the P-gp-

mediated ginsengedrug interaction [49]. No clinically signifi-

cant pharmacokinetic changewas observedwith concomitant

administration of Panax ginseng and P-gp substrates fex-

ofenadine [49]. One explanation for these negative in-

teractions is that fexofenadine is also a substrate of OATPs

[50,51] and ginsenosides could inhibit OATP1B1 and

OATP1B3 in addition to P-gp, thus these efflux and influx

transporters were altered by Panax ginseng in opposite di-

rections, resulting in no systemic change in fexofenadine

pharmacokinetics. Another possible explanation is that gin-

senosides have relatively low bioavailability [52], which

means that ginseng did not truly affect the activity of any of

the transporters involved in fexofenadine transport. The

clinical significance of transporter-mediated ginsengedrug

interactions remains to be further elucidated.

3.2. Gingko biloba

Leaf extracts of Ginkgo biloba (GBE) is one of the most widely

used natural products, and there is an increasing evidence of

the potential role of GBE in treating CV diseases [53]. Themain

active constituents of GBE include ginkgolides, bilobalides,

and flavonoids [53]. The individual constituents of GBE have

been studied to identify the candidate active ingredients for

transporter modulation. Quercetin, one essential flavonoid in

GBE, is potential substrate and inhibitor of efflux transporters

P-gp and BCRP, but also substrate and inhibitor of influx

transporter OATP1A2, OATP1B1 and OATP2B1 [54e57]. Similar

to quercetin, another flavonoid in GBE kaempferol also

showed an inhibitory effect on P-gp, BCRP, OATP1A2 and

OATP2B1 in vitro [54e56]. Kaempferol is also a substrate of P-gp

and BCRP, but not substrate of OATP1A2 andOATP2B1 [54e56].

In addition, ginkgolide A and B, another group of essential

ingredients in GBE can induce P-gp mRNA expression by

activated PXR in LS180 cell model [58]. Furthermore, ginkgolic

acids in GBE have also been reported to be substrates and

weak inhibitors of P-gp and BCRP [59].

Although the interactions between GBE and transporters

are limited to in vitro data, its influence on talinolol suggests

that the clinical relevance may prove significant. Long-term

ingestion of GBE increases serum talinolol levels up to 36%,

whichmay through inhibition of P-gp activity [60]. It should be

noted that GBE has been found to has no relevant effect on the

in vivo activity of the major CYP enzymes in humans and thus

has no relevant potential to cause CYP enzymes-mediated

drug interactions [61]. On the other hand, transporter-

mediated GBEedrug interactions should be considered and

remains to be elucidated.

3.3. Danshen

Danshen is one of the most versatile natural products that

have been widely used in China as well as in United States in

addition to usual medicinal therapy in treatment of CV dis-

eases [62]. Over 70 lipophilic and hydrophilic compounds have

been isolated and identified from danshen [63]. Of these,

lipophilic compounds including tanshinone I, tanshinone II A,

tanshinone II B, and cryptotanshinone and hydrophilic com-

pounds including danshensu, lithospermic acid, rosmarinic

acid, salvianolic acid A, salvianolic acid and tanshinol are

considered to be major components [64,65]. The interactions

between these major components of danshen and trans-

porters have been observed inmany independent studies [65].

Cryptotanshinone, danshensu, tanshinone I, tanshinone II A,

and tanshinone II B have been identified as P-gp substrates

in vitro and in vivo [66e70]. Cryptotanshinone, tanshinone I

and tanshinone II B also inhibit P-gp substantially in Caco-

2 cells [68,71,72]. Second, another study identified active hy-

drophilic components of danshen including lithospermic acid,

rosmarinic acid, salvianolic acid A, salvianolic acid B, and

tanshinol are potential inhibitors of OAT1 and OAT3 [65]. In

addition, cryptotanshinone and tanshinone II A can induce P-

gp mRNA expression after long term exposure in human he-

patocytes [73]. Furthermore, the in vivo effect of danshen

extract on the pharmacokinetics of fexofenadine in healthy

volunteers has also been evaluated. Repeated ingestion of

danshen extract for 10 days significantly reduced plasma

concentrations of fexofenadine (37% decrease in fexofenadine

AUC), probably by the induction of P-gp-mediated efflux in

humans [73]. However, few clinical investigations have been

conducted to determine the potential effect of danshen on

these transporters in humans, and further in vivo and clinical

investigations are warranted.

3.4. Green tea

Green tea, made from the leaves of Camellia sinensis, is the

most widely-consumed beverage worldwide and its extract is

also one of the most common natural products. The pre-

dominant constituents of green tea are polyphenols, which
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Table 2 e Summary of transporters involved in interactions with selected natural products.

ABC SLC

P-gp BCRP MRP2 OAT1 OAT3 OATP1A2 OATP1B1 OATP1B3 OATP2B1 OCT1 OCT2 MATE1 MATE2K

Ginseng 20(S)-ginsenoside Rh2 C; e e e e e e e e e e e e

Compound K ; e e e e e e e e e e e e

20(S)-protopanaxadiol (PPD) ; ; e e e e e e e e e e e

20(S)-protopanaxatriol (PPT) ; ; e e e e e e e e e e e

20(S)-ginsenoside Rg3 ; ▽ e e e e e e e e e e e

20(S)-ginsenoside Rb1 ▽ e e e e e ; ; e e e e e

20(S)-ginsenoside Rc ▽ e e e e e ; ; e e e e e

20(S)-ginsenoside Rd ▽ e e e e e ; ; e e e e e

Gingko biloba Kaempferol C; C; e e e B; B B B; B e e e

Quercetin C; C; C e e C; C; e C; C e e e

Isorhamnetin C e e e e e e e e e e e e

Ginkgolic acids I/II C; e e e e e e e e e e e

Ginkgolide A : e e e e e e e e e e e e

Ginkgolide B : e e e e e e e e e e e e

Danshen Cryptotanshinone C;: e e e e e e e e e e e e

Danshensu C e e e e e e e e e e e e

Tanshinone I C;△ e e e e e e e e e e e e

Tanshinone II A C▽: e e e e e e e e e e e e

Tanshinone II B C; e e e e e e e e e e e e

Lithospermic acid e e e ; ; e e e e e e e e

Rosmarinic acid e e e ; ; e e e e e e e e

Salvianolic acid A e e e ; ; e e e e e e e e

Salvianolic acid B e ▽ ▽ ; ; e e e e e e e e

Tanshinol e e e ; ; e ; ; e e e e e

Green tea (�)-Epicatechin-3-gallate

(ECG)

C; e C e e C; ; C ; e ; e e

(�)-Epigallocatechin gallate

(EGCG)

; e C e e C; ; C; ; ; ; ; ;

(�)-Catechin gallate (CG) ; e e e e e e e e e e e e

(�)-Epicatechin (EC) ▽ e C e e e e e ; e e e e

Grapes/Red wine Resveratrol ; e ; ; ; e e e e e e e e

Turemic Curcumin ; ; e C; C e C; C; C e e e e

Goldenseal/

Goldthread

Berberine C; e e e e e e C e ; ; C e

Grapefruit juice 60,70-Epoxybergamottin ; e e e e e e e e e e e e

60,70-Dihydroxybergamottin ; e e e e e e e e e e e e

Naringenin ; e e e e e e e e e e e e

Naringin ; e e e e ; e e e e e e e

C Substrate; B non-substrate; ; Inhibitor; ▽ non-inhibitor; : Inducer; △ non-inducer; e No study.

Data of the table were adapted from papers [5,44e52,54e60,65e73,75e82,85e87,90e96,100e105,111,112].
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are reported to have diverse effects on CV health [74]. Thus,

the potential concomitant use of green tea and CV drugs is

thought to be increasing. The main polyphenols (�)-epi-

catechin (EC), (�)-epicatechin-3-gallate (ECG), (�)-epi-

gallocatechin-3-gallate (EGCG), catechin gallate (CG) except

(�)-epigallocatechin (EGC) in green tea have been found to

interact with both ABC and SLC transporters [75e82]. First,

ECG, EGCG, and CG are reported to be inhibitors of P-gp [75,76],

and ECG is also a P-gp substrate [77]. It should be noted that

the inhibition of P-gp transport by these polyphenols was

found to be a reversible process. Second, MRP2-mediated

transport of ECG, EGCG, and EC has also been identified in

Caco-2 cells [77e79]. Third, EGCG also inhibit many influx

transporters including OATP1A1, OATP1B1, OATP1B3,

OATP2B1 OCT1, OCT2, MATE1, and MATE2K in vitro [80e82].

Meanwhile, OATP1A1, OATP1B1, OATP2B1, and OCT2 were

also identified to be inhibited by ECG in vitro [81,82]. Interest-

ingly, ECG and EGCG were not only found to be inhibitors but

also substrates of OATPs. Both of them are transported by

OATP1A2 and OATP1B3 [76,77].

Although several in vitro studies demonstrate an interac-

tion between green tea polyphenols and P-gp transporters, the

clinical relevance of the interaction between green tea poly-

phenols and P-gp substrates has not been fully documented

and remains to be elucidated. In contrast, the effect of green

tea on the disposition of OATP substrates has been evaluated

in humans. Repeated consumption of green tea with excep-

tionally high polyphenols content showed an OATP inhibitory

effect in healthy human subjects [83]. However, the green tea

used in this clinical trial study contains an exceptionally high

total polyphenols, which is two to five times higher than that

of typical bottled green tea [84]. The OATP-mediated green

teaedrug interaction has the potential to be clinically impor-

tant. Future studies need to measure the actual green tea

consumption for assessing the potential risks associated with

the combined use of green tea and selected medications.

3.5. Resveratrol

Resveratrol is a natural polyphenol found in grapes and red

wine. It is commonly believed to play a potential protective

role against CV diseases. Since an increasing variety of

resveratrol natural supplements is widely used, the topic of

potential resveratroledrug interactions is of great interest.

Transporter interactions with resveratrol have been observed

in several in vitro and in vivo studies. In one study, resveratrol

was reported to potently inhibit P-gp, MRP2, and OAT1/OAT3

in vitro and in vivo, and enhanced methotrexate absorption in

intestine and decreased methotrexate renal elimination [85].

Another study also reported that resveratrol significantly

enhanced the exposure of P-gp substrate fexofenadine in rats

likely through the inhibition of intestinal P-gp [86]. However,

dose-dependent resveratrol stimulation of P-gp mediated

efflux of saquinavir in MDCKII-MDR1 cells was also observed

in a later study [87]. The interactions of resveratrol with

transporters are still not fully elucidated. Furthermore, few

clinical study was conducted to determine transporter-

mediated resveratroledrug interaction. Whether the modu-

lation effects of resveratrol on transporter functions is clini-

cally relevant warrants further investigation.

3.6. Curcumin

Curcumin, the active component of turmeric, is a well-known

natural product with a surprisingly wide range of beneficial

properties, including anti-inflammatory, antioxidant, che-

mopreventive and chemotherapeutic activity [88]. Further-

more, there are newly discovered pharmacological activities

for curcumin in CV diseases [89]. The potential clinical appli-

cation of curcumin leads to essential assessments regarding

its drug interactions. Transporter-mediated interactions with

curcumin have been investigated. Curcumin was firstly re-

ported to dose-dependently inhibit P-gp activity in primary rat

hepatocytes [90]. Similarly, curcumin also inhibit P-gp activity

in Caco-2 and KB-V1 cells [91,92]. Interestingly, curcumin was

also found to decrease the expression of P-gp in KB-V1 cells

[93]. Further, curcumin strongly inhibited BCRP in vitro and

in vivo [94]. In addition to the interplay of ABC transporters,

curcumin as well as its metabolites, curcumin-O-glucuronide

and curcumin-O-sulfate, are also found to be substrates and

inhibitors of OATPs and OATs, particularly OATP1B1 and

OATP1B3 [95,96]. However, there is only one clinical trial

which proved the involvement of transporter in curcu-

mineconventional drug interaction [97]. The transporter-

mediated curcuminedrug interactions are largely unknown

in clinic. Well-designed clinical studies in healthy volunteers

as the first step and in patients as the second step are essential

to provide adequate evidence needed to demonstrate the

curcuminedrug interactions in humans.

3.7. Berberine

Berberine is an alkaloid isolated frommedicinal plants such as

Goldenseal and Chinese Goldthread. Although this natural

product was traditionally used for various infectious disorders

for a long time [98], the beneficial effects in metabolic and CV

diseases have been shown in many preclinical and clinical

studies during past decades [99]. Therefore, berberine is a

promising complementary agent for the treatment of CV dis-

eases. The potential of a combined use berberine and CV drugs

raise an interest in its drug interactions. P-gp has been identi-

fied as a major transporter responsible for the efflux of

berberine in Caco-2 cells [100,101]. OATP1B3 and MATE1 have

also been identified as influx transporters for the uptake of

berberine in vitro and in vivo [102,103]. In addition, it also has

been reported that berberine acts as inhibitor of P-gp, OCT 1

and OCT2 in vitro and in vivo [104,105]. However, there were few

clinical reports about transporter-mediated berberineedrug

interactions. The berberineedrug interactions in humans need

to be further investigated.

3.8. Grapefruit juice

Grapefruit Juice is rich in flavonoids, which have been

consumed widely as a preventive measure against CV dis-

eases. However, grapefruit juice is known to cause serious

interactions with many CV drugs, such as statins, beta-

blockers and calcium channel blockers [106e108]. In most

cases, the drugs on which grapefruit juice had a significant

effect were undergoes extensive first-pass metabolism by in-

testinal CYP3A4 [109,110]. Furanocoumarins have been
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demonstrated to be the main ingredients in grapefruit juice to

inhibit CYP3A4. In addition, transporter-mediated grapefruit

juiceedrug interactions have also been reported. Four com-

pounds 60,70-dihydroxybergamottin, 60,70-epoxybergamottin,

naringin, and naringenin present in grapefruit juice were

shown to be able to inhibit the P-gp activity in Caco-2 cells

[111]. Naringin also inhibit OATP1A2 in a cell model generated

by transfection of HeLa cells with the human OATP1A2 cDNA

[112]. In addition to preclinical investigations, several clinical

studies were conducted to determine the transporter-

mediated grapefruit juice and drug interactions [113e116].

One clinical study reported that the interaction between

grapefruit juice and digoxin, a well-known P-gp substrate

undergoing little metabolism was modest [114]. One potential

explanation for this negative result is the high oral bioavail-

ability of digoxin, which makes the interpretation difficult.

Another study found that the exposure of talinolol, another

non-metabolized P-gp substrate, was doubled in the presence

of grapefruit juice, which likely through the inhibition of in-

testinal P-gp activity [115]. In contrast, grapefruit juice was

later found to be able to decrease the plasma concentrations

of talinolol in human [116]. As these phenomena cannot be

explained by the known inhibitory effect of grapefruit juice on

P-gp, the researchers conducting these studies suggested that

constituents in grapefruit juice preferentially inhibited an

intestinal uptake process rather than P-gp. Indeed, OATP1A2

was identified as a key intestinal uptake transporter for the

grapefruit juiceefexofenadine interaction in another clinical

study [117]. However, the expression of OATP1A2 in the in-

testine has been debated in the literature because some

studies reported no OATP1A2 detection, whereas other groups

identified relatively low SLC1A2 mRNA expression in the

intestine [118,119]. The contribution of OATP1A2 to in vivo

OATP-mediated grapefruit juiceedrug interactions remains

further investigation.

4. Transporter-mediated interaction of
natural products with cardiovascular drugs in
human

Transporter-mediated interactions between natural products

and CV drugs have been reported in several clinical studies

[60,83,97,116,120,121] (Table 3). The inhibition of P-gp and

OATPs by natural products occurs more often, and shows

clinical significance. Curcumin has been widely explored for

its inhibitory effect on P-gp. Concomitant use of curcumin

with P-gp substrate talinolol, caused an increased plasma

level and a reduced elimination of talinolol [97]. Gingko biloba

also showed a P-gp inhibitory effect in healthy human sub-

jects. Consecutive oral administration of Gingko biloba

(360 mg/day) to healthy subjects for 14 days resulted in sig-

nificant increase of plasma level of talinolol [60]. In contrast,

natural productedrug interaction study with another P-gp

substrate digoxin and Gingko biloba (80 mg three times daily

for one week) did not result in any pharmacokinetic changes

of digoxin [122]. It should be emphasized that the two studies

discussed above utilized a dosage regimen of Gingko biloba in

their interaction assessment. Also, note that different content

of the active ingredients in Gingko biloba and different P-gp

substrates used might also contribute to these contradictory

results. In addition, quercetin, one of the most important

components in Ginkgo biloba, has been shown to inhibit in-

testinal P-gp-mediated drug efflux, but quercetin co-

Table 3 e Summary of transporter-mediated natural producteCV drug interactions in human.

Natural products CV drugs Effects Transporters Reference(s)

Curcumin

500 mg capsule (Amazon, USA):

1000 mg QD for 14 days

Talinolol

100 mg QD

Cmax and AUC of talinolol [

CLoral/F Y

Inhibition of P-gp [97]

Gingko biloba

Standardized G. biloba extract: Single dose,

120 mg QD; multiple doses, 120 mg TID for

14 days

Talinolol

100 mg QD

Cmax and AUC of talinolol [ Inhibition of P-gp [60]

Quercetin

500 mg capsules (Mecoline B.V., Winschoten,

Netherlands): Single dose,1500 mg QD;

multiple doses, 500 mg TID on Day 1-6;

1500 mg QD on Day 7

Talinolol

100 mg QD

Cmax and AUC of talinolol Y Inhibition of OATP2B1 [120]

Grapefruit juice

Commercial grapefruit juice (ParadisoeSucco

di pompelmo, Cologne, Germany; 100% pure

at a normal strength): Single dose,300 mL

daily; multiple doses, 900 mg daily for

6 days

Talinolol

50 mg QD

Cmax and AUC of talinolol Y Inhibition of OATP [116]

Green tea

Commercial green tea beverage (Healthya;

Kao, Tokyo, Japan): 700 mL daily for 7 days

Nadolol

30 mg QD

Cmax and AUC of nadolol Y Inhibition of OATP1A2 [83]

EGCG

Teavigo™, 94% pure crystalline EGCG: Single

dose,300 mg QD; multiple doses, 300 mg QD

for 10 days

Rosuvastatin

20 mg QD

Cmax and AUC of

rosuvastatin Y

Inhibition of intestinal

OATP2B1 or OATP1A2

[121]
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administration provoked a tendency to reduced talinolol

bioavailability which was unexpected with respect to the

in vitro P-gp inhibitory effects of quercetin [120]. The re-

searchers conducting these studies anticipated that these in-

teractions might be mediated by a new mechanism involving

inhibition of OATPs. Similarly, grapefruit juice was also found

to be able to decrease the plasma concentrations of talinolol

and this interaction was attributed to the inhibitory effect of

grapefruit Juice on OATPs, not the known inhibition of P-gp

[116]. Moreover, green tea and its major ingredient EGCG have

also been found to decrease the plasma level of nadolol and

rosuvastatin through inhibition of OATPs, respectively

[83,121]. Thus, the clinical significance of natural producteCV

drug interactions mediated by P-gp and OATPs has been

demonstrated in these clinical studies. However, there is

limited clinical information on natural producteCV drug in-

teractions mediated by other transporters, including BCRP,

MRPs, OATs, OCTs and MATEs. The potential effect of natural

products on these transporters in humans has not been

established, and further clinical investigations are warranted.

5. Conclusion and future perspectives

The use of natural products is prevalent among CV patients

who are taking prescription medications. It can be, therefore,

speculated that with the combination use of natural products

and conventional medicines, the risk of natural productedrug

interactions increases. The natural productedrug interactions

are especially relevant when CV drugs with a narrow thera-

peutic index, such as digoxin and warfarin, are co-

administered with natural products that can potentially

reduce pharmacologic effects. It is important to understand

the potential mechanisms about these natural productedrug

interactions. Aside from drugmetabolizing enzymes, it is now

greatly acknowledged that also modification of transport

function is involved in these natural productedrug in-

teractions. Therefore, both preclinical and clinical reports on

the roles of transporters in CV therapy, natural product

modulation of transporters and its induced natural producte

CV drug interactions summarized in this review. The in-

teractions of major transporters including efflux transporters

such as P-gp, MRPs and BCRP, and uptake transporters such as

OATs, OATPs, OCTs and MATEs with both CV drugs and nat-

ural products have been extensively studied in preclinical

models and clinical trials. However, only a few direct evalu-

ations have been performed to identify transporter-mediated

natural producteCV drug interactions, which mainly focus on

P-gp and OATPs. Therefore, more evaluations should be per-

formed to understand the potential natural producteCV drug

interactions associated with the interactions of other

transporters.

Ideally, all potential natural productedrug interactions can

be evaluated by clinical study, which gives direct evidence for

understanding natural productedrug interactions with the

goal to prevent adverse natural productedrug interactions.

However, current food and drug laws allow natural products

to be marketed as dietary supplements not subject to the

same regulations required for prescription drugs. Thus, indi-

vidual natural products from different manufacturers may

not have same purity, efficacy, and safety, and even not

contain the same amount of active ingredients listed on the

label. Furthermore, the absorption, distribution, renal excre-

tion, and/or hepatic elimination of active ingredients from

natural products in human is often unknown. Althoughmany

interactions or potential interactions were suggested by

in vitro or animal studies, successful extrapolations of in vitro

and animal studies and accurate prediction of natural pro-

ductedrug interactions remain challenging. The FDA guid-

ance on drugedrug interactions should be applied to study

natural productedrug interactions. Using in vitro assays,

decision-tree models to determine whether major ingredients

from natural products are substrates or inhibitors of trans-

porters andwhen a subsequent in vivo clinical study is needed.

Researchers are also highly recommended to provide the

detail information about the amount of active ingredients and

pharmacokinetics of major bioactive components from nat-

ural products, which will help understand in vivo clinical

natural productedrug interaction results.

In spite of lacking systematically assessed potential in-

teractions between natural products and CV drugs, potentially

seriousconsequencesmightbeavoidedbycarefullymonitor and

early identify possible natural productedrug interactions. Thus,

clinicians are encouraged to carefully question patients about

their use of natural products, and also have a sound knowledge

base about transporter-mediated natural producteCV drug in-

teractions. Especially, they must take proper caution and

perform close monitoring for possible natural producteCV drug

interactions when using natural products that may bear

mechanism-based P-gp inhibitors. To minimize natural pro-

ducteCVdrug interactions involving transporters, it is necessary

to choose safe natural products and drug combinations, adjust

drug dosages appropriately and conduct therapeutic drug

monitoring for drugs with narrow therapeutic indices.
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