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Abstract
Natural products, also referred to as dietary supplements, complementary and alternative medicines, and health or food sup-
plements are widely used by people living with cancer. These products are predominantly self-selected and taken concurrently 
with cancer treatments with the intention of improving quality of life, immune function and reducing cancer symptoms and 
treatment side effects. Concerns have been raised that concurrent use may lead to interactions resulting in adverse effects and 
unintended treatment outcomes. This review provides an overview of the mechanisms by which these interactions can occur 
and the current evidence about specific clinically important natural product–drug interactions. Clinical studies investigating 
pharmacokinetic interactions provide evidence that negative treatment outcomes may occur when Hypericum perforatum, 
Grapefruit, Schisandra sphenanthera, Curcuma longa or Hydrastis canadensis are taken concurrently with common can-
cer treatments. Conversely, pharmacodynamic interactions between Hangeshashinto (TJ-14) and some cancer treatments 
have been shown to reduce the side effects of diarrhoea and oral mucositis. In summary, research in this area is limited and 
requires further investigation.
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Introduction

The National Center for Complementary and Integrative 
Health (NCCIH) currently classify products containing 
herbs, vitamins and minerals, prebiotics and probiotics as 
‘natural products (NPs)’ [1]. NP use is prevalent through-
out the world, including by people living with cancer. A 
cross-sectional study (n = 128) revealed people living with 
cancer used NPs more than people with acute and chronic 
non-malignant diseases, and only 50% had disclosed their 
NP use to their physicians [2]. An Australian study reported 
that 65% (n = 381) of people living with cancer had uti-
lised at least one form of complementary and alternative 

medicine [3]. Patients perceived benefits associated with NP 
use include improved quality of life, reduced symptoms and 
side effects, and improved immune function [3].

A significant percentage of people living with cancer 
do take NPs and anti-cancer drugs concurrently [4, 5] with 
almost 35% of people with advanced cancer enrolled into 
phase I chemotherapy trials (n = 212) reporting concurrent 
use [4]. Another US study estimated 30% (n = 820) of cancer 
patients had used one or more CAM during active cancer 
treatment [5]. Such prevalent concurrent use of NPs with 
anti-cancer treatments raises questions and concerns about 
the potential for interactions that alter the efficacy and safety 
profiles of cancer treatments. This narrative review aims 
to describe a selection of clinically important interactions 
between NPs commonly used in the community and anti-
cancer drugs, including (1) cytotoxic drugs with a relatively 
narrow therapeutic index and (2) small molecule targeted 
therapy (kinase inhibitors), which are administered daily 
over a longer treatment period.

 * Joanna E. Harnett 
 joanna.harnett@sydney.edu.au

1 Sydney Pharmacy School, Faculty of Medicine and Health, 
The University of Sydney, Sydney, NSW 2006, Australia

2 Division of Pharmacotherapy and Experimental 
Therapeutics, UNC Eshelman School of Pharmacy, 
University of North Carolina, Chapel Hill, NC 27599, USA

3 Clinical and Health Sciences, University of South Australia, 
Adelaide, SA 5001, Australia

http://crossmark.crossref.org/dialog/?doi=10.1007/s00280-023-04504-z&domain=pdf
http://orcid.org/0000-0001-9904-2144


104 Cancer Chemotherapy and Pharmacology (2023) 91:103–119

1 3

The evidence base for drug–herb and drug–
nutrient interactions

One of the challenges in translating the evidence about 
interactions between specific NPs (herbs and nutrients) 
and chemotherapeutic medicines is the wide variation in 
NP formulations and doses used in studies; and variations 
in the NP formulations available and accessed by the pub-
lic [6]. The issue with product variation is highlighted by 
an Australian study that identified substantial variations 
between formulations and doses of commonly purchased 
garlic products [6]. This study also highlighted the com-
mon practise of “evidence-borrowing”—using the same 
evidence to support the use of a herbal medicine across a 
range of formulations and doses, despite important varia-
tion and important differences in the clinical pharmacol-
ogy of these herbal products [7]. Further, batch-to-batch 
variations in the phytochemical profiles of plant-based 
products, including herbal medicines, can occur depend-
ing on cultivation and manufacturing practises such as the 
part of plant used, geographical origin, climate, develop-
mental stage of plant, season/harvesting time, processing 
and storage [8]. An isolated herbal constituent used in an 
interaction study is likely to produce different results to 
that of single herb containing multiple phytoconstituents 
in regards to drug bioavailability, cumulative or additive 
pharmacological effects [9]. Physiological characteristics 
and interacting factors that may explain variability in the 
extent of interactions between NPs and anti-cancer drugs 
are outlined in Fig. 1.

The hierarchy of evidence is also another important fac-
tor in translating research results into clinically relevant 
information to guide decision making in healthcare. Whilst 
there are many in vitro and animal studies investigating 
interactions in the literature, higher quality of evidence 
from well-designed controlled clinical trials are more gen-
eralisable to people living with cancer [10]. The limitation 
of in vitro studies using isolated human tissues is omit-
ting important information about the bioavailability and 
metabolism of phytoconstituents in NPs. The differences 
between species and their metabolism of drugs and phy-
tochemicals need to be carefully considered and limits the 
clinical relevance of using animal models for evaluation of 
NP–drug interactions.

Mechanism of interactions

The main mechanisms of drug interactions, including those 
between NP and anti-cancer drugs, are classified as phar-
macokinetic, pharmacodynamic and physiochemical [11]. 
Pharmacokinetic interactions result in the alteration of drug 
absorption, distribution, metabolism or elimination [11]. 
The mechanism of pharmacokinetic interactions includes 
reversible and irreversible inhibition and induction of drug-
metabolising enzymes and drug transporters [11]. Pharma-
codynamic interactions are the result of pharmacological 
effects of the affected drugs being altered by the concur-
rent intake of a NP [11]. Pharmacodynamic interactions can 
be classified as synergistic, additive or antagonistic [11]. 
Physiochemical drug interactions occur when the combina-
tion of two drugs (including NPs) are incompatible. Such 

Fig. 1  Potential sources of 
inter-individual variability in 
the extent of natural prod-
uct–drug interactions. Freely 
available medical illustrations 
from the Servier Medical Art 
(SMART, https:// smart. servi er. 
com) and default illustrations 
within the Microsoft 365 were 
used to create the figure. DME 
drug-metabolising enzyme, NP 
natural product

https://smart.servier.com
https://smart.servier.com
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interactions result in the alteration of the physical properties 
of the drug including its solubility and/or stability which 
ultimately affect bioavailability of drugs [12]. Most physi-
ochemical interactions are evaluated by in vitro experiments, 
are largely predictable, and are not commonly evaluated or 
reported in clinical studies.

This review has focussed on the literature reporting phar-
macokinetic and pharmacodynamic interactions with the 
major focus being on the evidence obtained from clinical 
studies exploring drug–NP interactions reported in people 
living with cancer. Several key mechanisms underlying the 
effect of phytoconstituents in NPs on pharmacokinetics of 
anti-cancer drugs have been proposed, as summarised in 
Fig. 2.

Pharmacokinetic interactions

Drug-metabolising enzymes play an important role in drug 
activation and degradation. They are classified into phase I 
and II enzymes [13]. Phase I enzymes such as cytochrome 
P450 (CYP) expressed in the liver, small intestine, kidney 
and lung are responsible for activation and detoxification 
of a range of anti-cancer agents [13]. Phase II enzymes 
including uridine 5′-diphospho-glucuronosyltransferases 
(UGT), glutathione S-transferases (GST), sulfotransferases 
(SULT) and N-acetyltransferases catalyse the conjugation 

of hydrophilic functional groups to increase water solubility 
and enhance elimination [13]. Induction of drug-metabo-
lising enzymes by NPs may lead to sub-therapeutic drug 
concentrations, and hence higher risk for therapeutic failure, 
except for prodrugs where the active metabolite is formed 
through the affected pathway. Conversely, inhibitory effect 
of NPs on the metabolising enzymes primarily responsible 
for elimination of the affected drugs may lead to suprath-
erapeutic drug concentrations, and potentially increases the 
risk for drug-related adverse effects or toxicity [13]. These 
interactions are of particular concern for cytotoxic drugs 
with relatively narrow therapeutic index. The adverse effects 
of relatively novel targeted therapies differ from those of 
cytotoxic anti-cancer drugs with respect to frequency and 
types, due to a more selective mechanism of action [14]. 
Nevertheless, since targeted therapies are mostly adminis-
tered orally daily over a long period of treatment, prevention 
and management of NP–drug interactions with this class of 
drugs are of importance to improve patients’ quality of life 
and reduce treatment discontinuation or nonadherence.

NP–drug interactions may also arise from modulation 
of protein level and activity of drug transporters by phyto-
chemicals present in the NP. Drug transporters are respon-
sible for the delivery of drugs into various tissues and are 
often a key determinant of the pharmacokinetics of a drug 
[15]. Drug transporters are expressed in tissues including 
the intestinal epithelial cells, kidney, hepatocytes, and brain 

Fig. 2  A schematic representation of the proposed mechanisms 
underlying pharmacokinetic-based natural product–drug interactions. 
The illustrations were taken from the Servier Medical Art (SMART, 

https:// smart. servi er. com). DME drug-metabolising enzyme, MBI 
mechanism-based inhibition, NR nuclear receptor, PHC phytochemi-
cal, rev ihb reversible inhibition, RM reactive metabolite

https://smart.servier.com
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capillary endothelial cells [15]. The most extensively studied 
drug transporter is P-glycoprotein or ABCB1, an adenosine 
triphosphate (ATP)-binding cassette (ABC) efflux trans-
porter [16]. ABCB1 regulates the uptake of drugs from the 
intestinal lumen into enterocytes, from blood circulation into 
the brain, and enhances the elimination of drugs via hepatic 
and renal excretion [16]. Overexpression of ABCB1 in can-
cer cells could potentially result in multi-drug resistance 
tumours [16]. A substantial number of anti-cancer agents are 
substrates for ABC transporters, including anthracyclines, 
vinca alkaloids, topoisomerase I inhibitors, docetaxel, pacli-
taxel, tamoxifen and imatinib [17]. Induction or inhibition of 
drug transporters such as ABCB1 could potentially alter the 
pharmacokinetics of anti-cancer agents [16]. Inhibition of 
organic anion transporting polypeptide (OATP), e.g. hepatic 
OATP1B1 and intestinal OATP2B1, by constituents of NPs 
(including NPs found in juices) has also been proposed as a 
plausible mechanism underlying the interactions with drug 
substrates of the transporters [18, 19]. However, the clini-
cal importance of OATP-mediated interactions between NPs 
and anti-cancer drugs is still largely unexplored. Whilst clin-
ically relevant induction of the ABC efflux transporters by 
phytochemicals (Fig. 2) has been recognised, e.g. induction 
of P-glycoprotein by hyperforin contained in St John’s wort 
extract [20], available clinical evidence and in vitro data has 
been conflicting as to whether influx transporters (OATP) 
are inducible by drugs or plant-derived compounds [21].

Inhibition and induction of drug-metabolising enzymes 
and/or transporters represent mechanistically distinct pro-
cesses [22], as outlined in Fig. 2. Induction of drug-metab-
olising enzymes and transporters is an indirect process 
involving binding and stimulation of nuclear receptors (e.g. 
pregnane X receptor [PXR]) [23] that regulate the expres-
sion of genes encoding the corresponding proteins. Drug 
interactions with inducers typically require several days to 
reach maximum effect, depending on the turnover rates of 
the corresponding enzymes or transporters, but may per-
sist beyond cessation of the consumption of the perpetra-
tor NPs [22]. Unlike the induction mechanism, reversible 
inhibition of metabolising enzymes and transporters is 
typically of rapid onset upon exposure to the perpetrator 
NP constituent(s). Nevertheless, the extent of NP–drug 
interactions due to reversible inhibition may be higher 
following multiple doses of the perpetrator NPs as phyto-
chemicals responsible for the interactions accumulate in the 
body, attaining significant steady-state concentrations. The 
extent of interactions related to reversible inhibition may 
also depend on the interval between the administration of 
NPs and anti-cancer drugs. For example, delaying the inges-
tion of co-administered NPs until after the absorption of 
oral anti-cancer drugs being complete or almost complete 
(also known as dose staggering) [24] may help minimise the 
extent of undesirable NP–drug interactions.

Several phytochemicals (e.g. furanocoumarins con-
tained in grapefruit juice) [25] have also demonstrated an 
irreversible time-dependent inhibitory property toward 
CYP enzymes, also known as mechanism-based inhibition. 
Interactions with mechanism-based inhibitors arise when 
the affected enzyme is responsible for the metabolic conver-
sion of the perpetrator compounds into reactive metabolites 
which can then irreversibly bind and inactivate the enzyme 
[26]. Hence, biosynthesis of new enzyme is required for 
recovery of in vivo activity of the affected enzymes [22]. 
Mechanism-based inhibition is typically observed follow-
ing multiple dose administration of the NPs and may persist 
even after the systemic concentration of the perpetrator phy-
tochemicals is relatively low [27].

Several functional groups commonly found in the perpe-
trator compounds have been associated with higher liability 
to drug interactions through mechanism-based inhibition. 
One notable example of the so-called ‘structural alerts’ is 
the methylenedioxyphenyl functional group which is present 
in several Schisandra lignans and goldenseal alkaloids [28]. 
Both NPs have been associated with in vitro mechanism-
based inhibition of CYP3A enzymes [29, 30] with evidence 
for clinically significant drug interactions, as highlighted in 
the next section.

Genetic polymorphism in the modulated enzymes or 
transporters may confound the magnitude of interactions 
with NPs. The general trend is that individuals carrying a 
functional wild-type allele, otherwise known as extensive 
metaboliser or transporter phenotype, are more susceptible 
to and subject to a greater extent of inhibition of the cor-
responding CYP enzyme or drug transporter compared to 
that of poor metabolisers or poor transporter phenotype. 
However, the effect of genotypes on the extent of NP–drug 
interactions has not yet been well characterised as that of 
drug–drug–gene interactions [31]. The effect of apple 
juice on OATP2B1-mediated absorption of fexofenadine 
was more prominent in individuals carrying the SLCO2B1 
c.1457C > T functional wild-type allele compared to carriers 
of at least one variant allele, with ratio of systemic exposure 
of the drug (relative to drinking water) of 0.15 and 0.27, 
respectively [32]. Similarly, the in vivo effect of constitu-
ents of orange juice on systemic exposure of montelukast, 
a drug substrate of OATP2B1, was dependent on SLCO2B1 
(c.935G > A) genotype [33]. Interestingly, oral co-admin-
istration of garlic (600 mg daily for 13 days) appeared to 
decrease the systemic clearance of docetaxel in patients of 
African American ancestry who were CYP3A5 expressor 
(genotyped as CYP3A5*1/*1), but not of Caucasian patients 
carrying the CYP3A5*3/*3 variant allele (non-expressor) 
[34]. However, it is important to note that this study was not 
sufficiently powered to clearly discern the effect of CYP3A5 
genotype from inter-individual variability on the extent of 
interactions due to the low number of subjects. The interplay 
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between genetic polymorphism and NP–drug interactions in 
cancer treatment merits further evaluation.

Clinically significant pharmacokinetic 
interactions

Hypericum perforatum (St John’s wort)

An estimated 10–25% people with cancer experience major 
depressive disorder or depressive symptoms [35]. St John’s 
wort extract is a NP commonly self-selected or prescribed in 
some countries for the management of symptoms of anxiety 
and depression [36]. One of the key bioactive constituents 
of St John’s wort, hyperforin is a well-known CYP3A4 and 
ABCB1 inducer [37]. Therefore, concurrent use of St John’s 
wort and anti-cancer agents that are substrates of CYP3A4 
and/or ABCB1 can result in a clinically significant phar-
macokinetic interaction and unwanted therapeutic outcome 
[37].

Irinotecan

Clinically significant interactions between St. John’s wort 
and irinotecan have been reported [38]. Irinotecan is a topoi-
somerase I inhibitor [39]. It is metabolised into its active 
metabolite SN-38 by carboxylesterase [39]. Irinotecan is 
metabolised by CYP3A4 to form 7-ethyl-10-[4-N-(5-amin-
opentanoic acid)-1-piperidino]-carbonyl-oxycamptothecin 
(APC), an inactive metabolite [39]. The concurrent use of 
900 mg of St John’s wort per day, with intravenously infused 
irinotecan 350 mg/m2 once every 3 weeks was shown to sig-
nificantly reduce plasma levels of SN-38 by 42% and reduce 
the myelosuppressive activity of irinotecan [38]. The authors 
hypothesised that the interaction was likely due to the 
CYP3A4 inducing activity of St John’s wort that increased 
the conversion of irinotecan to APC and other metabolites 
that compensate for the elimination pathway through the 
formation of SN-38 [38]. Another plausible explanation for 
substantial decreases in SN-38 AUC and  Cmax following pre-
treatment with St John’s wort extract was the induction of 
intestinal UGT1A1 by hyperforin [23]. SN-38 glucuronide 
undergoes biliary secretion and may be converted back to 
unconjugated SN-38 with the help of ß-glucuronidase pro-
duced by the normal intestinal microbiota [40]. The increase 
in intestinal glucuronidation of SN-38 due to co-administra-
tion with St John’s wort extract may reduce the amount of 
intact SN-38 available for subsequent absorption (enterohe-
patic recirculation), and hence decrease the systemic expo-
sure to SN-38. It is worth mentioning that the ratio of plasma 
SN-38 glucuronide to SN-38 seemed to be unaffected by the 
interaction [38]. However, changes in systemic concentra-
tion of SN-38 glucuronide may not always be reflective of 

the corresponding changes in local intestinal concentration, 
particularly when the interaction (UGT1A1 induction) was 
confined to that in enterocytes.

Imatinib

Several studies have highlighted that St John’s wort could 
significantly affect the pharmacokinetics of imatinib, an 
oral tyrosine kinase inhibitor, in healthy adults [41, 42]. 
Imatinib is extensively metabolised by CYP3A4 into an 
N-demethylated piperazine derivative, and is a substrate 
of P-glycoprotein [43]. Smith et al. evaluated the effect St 
John’s wort on imatinib pharmacokinetics in an open-label 
crossover study [41]. The co-administration of 900 mg St 
John’s wort extract with 400 mg imatinib mesylate daily 
was associated with a significant reduction in imatinib area 
under the concentration–time curve (AUC 0–∞), peak plasma 
concentration  (Cmax) and half-life by 32%, 29%, and 21%, 
respectively [41]. This result suggests that St John’s wort 
reduces absorption and increases the elimination rate of 
imatinib [41].

Similarly, Frye et al. investigated the potential effect of St 
John’s wort on pharmacokinetics of imatinib and N-desme-
thyl-imatinib [42]. The concurrent use of 900 mg St John’s 
wort extract and 400 mg imatinib resulted in a 30% reduction 
in imatinib AUC 0–∞ and a corresponding 43% increase in 
imatinib apparent clearance [42]. Imatinib  Cmax and half-
life were reduced, whilst the  Cmax of the imatinib metabo-
lite, N-desmethyl-imatinib, was increased by 13% [42]. The 
authors suggested that the overall decrease in imatinib sys-
temic exposure was likely due to increased first pass elimi-
nation of imatinib and formation clearance of N-desmethyl-
imatinib related to induction of CYP3A4 and P-glycoprotein 
by St John’s wort extract [42].

Docetaxel

Docetaxel, a taxane antineoplastic agent, has also been 
reported to interact with St John’s wort [44]. Docetaxel 
is extensively metabolised and inactivated by CYP3A4 
[44]. Goey et  al. investigated the pharmacokinetic data 
of co-administering St John’s wort and docetaxel in can-
cer patients [45]. The open-label crossover study reported 
intravenously administering 135 mg docetaxel to ten cancer 
patients as part of a 21-day cycle [45]. St John’s wort at a 
dose of 300 mg, standardised to 0.36–0.84 mg hypericin and 
9–19 mg hyperforin, was orally administrated three times 
daily between two cycles at day 7–21 [45]. The mean AUC 
0–∞ of docetaxel was significantly lower after pre-treatment 
with St John’s wort extract, whilst docetaxel clearance was 
significantly increased [45]. Clinically, the overall inci-
dence of docetaxel-related adverse effects was lowered with 
concurrent use of St John’s wort [45]. The interaction was 
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attributed to CYP3A4 induction by hyperforin in St John’s 
wort, resulting in increased docetaxel metabolism.

Grapefruit juice

Grapefruit juice contains phytochemicals that can influence 
CYP3A-mediated metabolism, with clinical evidence of 
interactions with a range of medications [46]. The bioactive 
compound of grapefruit juice, naringin, has been identified 
as the likely perpetrator of the interactions via a mechanism-
based inhibition of CYP3A4 [46]. Anti-cancer agents such 
as kinase inhibitors, sirolimus and etoposide are known to 
interact with grapefruit juice [47–50]. The inhibition of 
CYP3A enzymes may substantially reduce the first pass 
metabolism of drugs, particularly those with high hepatic 
extraction ratio, thereby increasing systemic exposure and 
potential toxicity of the drugs.

Tyrosine kinase inhibitors (nilotinib, sunitinib and imatinib)

Nilotinib, sunitinib and imatinib are tyrosine kinase inhibi-
tors metabolised and inactivated by CYP3A4. In an open-
label randomised crossover study with healthy participants 
(n = 21), the concurrent intake of 400 mg nilotinib with 
240 mL double-strength grapefruit juice daily was associ-
ated with a higher nilotinib  Cmax by 60% and AUC by 29% 
compared to treatment with nilotinib alone [48].

Kimura et al. 2010 conducted a prospective study evalu-
ating the potential interaction between grapefruit juice and 
imatinib in four patients with chronic myeloid leukaemia 
[47]. The intake of 400 mg imatinib and 250 mL grape-
fruit juice daily was not associated with any statistically 
significant changes in pharmacokinetics of imatinib [47]. 
A proposed explanation was due to a lower dose grapefruit 
juice used which was insufficient to inhibit hepatic CYP3A4 
[47]. In a separate study, a lower dose of grapefruit juice 
was shown to preferentially inhibit intestinal CYP3A4, 
whilst a higher dose was shown to inhibit both intestinal and 
hepatic CYP3A4 [51]. Since the bioavailability of imatinib 
is almost 100%, inhibition of intestinal CYP3A4 would 
not significantly affect the absorption of imatinib [43]. It is 
unclear if high-dose grapefruit juice would affect imatinib 
pharmacokinetics.

Sirolimus

Sirolimus, also known rapamycin, is a mammalian target 
of rapamycin (mTOR) inhibitor, which has antiprolifera-
tive and immunosuppressive properties [52]. Sirolimus is 
used as an immunosuppressant for prophylaxis of rejec-
tion after renal transplant [52]. Sirolimus has an estimated 
bioavailability of 15%, and is extensively metabolised by 
intestinal and hepatic CYP3A4 enzyme [52]. Cohen EEW 

et al. analysed the sirolimus pharmacokinetic profile in can-
cer patients taking sirolimus alone (n = 40) and in a group 
(n = 41) who were given sirolimus and grapefruit juice [49]. 
Participants in sirolimus alone group took 1 mg/mL siroli-
mus oral solution once weekly in a dose escalation manner 
to achieve sirolimus blood AUC of 3810 ng h/mL, equivalent 
to 25 mg temsirolimus [49]. In the combination group, in 
which the same sirolimus regimen was used, grapefruit juice 
was initiated in week 2 at a dose of 240 mL once daily [49]. 
The minimum duration of trial is 8 weeks [49]. The study 
revealed that grapefruit juice significantly increased blood 
concentration of sirolimus by 350% [49]. Alone, an oral dose 
of 90 mg sirolimus was needed to achieve a target AUC of 
3,810 ng.h/mL, whilst 25 mg sirolimus was required in the 
combination group [49].

Etoposide

Etoposide, a topoisomerase II inhibitor, is metabolised 
by CYP3A4 via O-demethylation [53]. Etoposide is often 
administered intravenously, but the oral bioavailability is 
estimated to be 50%, varying between individuals from 25 
to 75% [54]. A study investigated the effect of co-admin-
istration of grapefruit juice on etoposide bioavailability in 
six patients with small cell lung cancer [50]. Participants 
were randomised to be sequentially treated with either 1-h 
intravenous 50 mg etoposide, 50 mg oral etoposide or 50 mg 
oral etoposide with 100 mL grapefruit juice pre-treatment 
[50]. The pre-treatment of grapefruit juice unexpectedly 
reduced etoposide bioavailability by 26.2% [50]. The under-
lying mechanism of interaction was not clear, but may partly 
be explained by inhibitory activity of phytochemical(s) in 
grapefruit juice (most likely two major flavonoids, naringin 
and hesperidin) [19] on the OATP2B1 transporter in the 
apical (brush border) membrane of enterocytes. Etoposide 
has been reported to be a substrate of both OATP1B1 and 
OATP2B1 [55], and hence inhibition of intestinal OATP2B1 
due to co-administration with grapefruit juice may decrease 
the absorption of etoposide through enterocytes and lower 
its systemic exposure.

Schisandra sphenanthera

Schisandra sphenanthera is a popular traditional Chinese 
medicine used for the management of hepatitis, Alzheimer’s 
disease, renal transplantation, osteoporosis and insomnia 
[56]. Meanwhile, other closely related species, Schisandra 
chinensis can be found in many Western countries [57]. The 
ethanolic extract of Schisandra sphenanthera is commer-
cially available and known as Wuzhi tablet. Compounds 
(lignans) isolated from Schisandra sphenanthera have dem-
onstrated anti-inflammatory, immunomodulatory and anti-
cancer properties [56]. Previous in vitro studies highlighted 
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Schisandra lignans as substrates, inhibitors and inducers of 
CYP3A enzymes [57], although the predominant net clinical 
outcome following a chronic exposure to Schisandra sphen-
anthera extract appears to be CYP3A inhibition.

Sirolimus

Li et al. investigated the combination of Schisandra sphen-
anthera extract and sirolimus in 18 healthy individuals 
[58]. Participants were administered with 2 mg sirolimus 
(or rapamycin), before and after a 13-day pre-treatment with 
Schisandra sphenanthera extract at a daily dose equivalent 
to 67.5 mg deoxyschizandrin [58]. The results showed a sta-
tistically significant increase in sirolimus AUC 0–∞,  Cmax and 
 tmax by 106.8%, 96.3% and 26.7%, respectively [58]. The 
apparent clearance of sirolimus was reduced by 38% when 
co-administered with Schisandra sphenanthera extract [58]. 
This suggests that dose adjustment of sirolimus may need to 
be considered if co-administration with Schisandra sphen-
anthera extract is desirable.

Tacrolimus

Similar to sirolimus, tacrolimus is an immunosuppressant 
that acts by inhibition of calcineurin and thereby inhibits T 
lymphocyte activation [59]. Tacrolimus is indicated for pre-
vention of organ transplant rejection including kidney, heart, 
lung and pancreas [59]. As a drug with a narrow therapeutic 
index and a substrate of CYP3A, compounds that interact 
with tacrolimus could pose important clinical implications 
[59]. There is clinical evidence demonstrating the potential 
of Schisandra sphenanthera extract in increasing tacrolimus 
plasma concentrations [60–62].

Teng et al. explored the potential interaction between 
Schisandra sphenanthera capsules standardised to 11.3 mg 
of deoxyschizandrin and tacrolimus in 40 healthy volunteers 
[60]. Participants were administered with 2 mg tacrolimus 
followed by either 0, 1, 2, 6 or 8 capsules of Schisandra 
sphenanthera [60]. The results showed a dose-dependent 
increase in plasma tacrolimus associated with increasing 
Schisandra sphenanthera dose [60]. Relative to the control 
group,  Cmax of tacrolimus was significantly increased by 
117%, 167%, 135% and 128% in 1, 2, 6 and 8 capsule of 
Schisandra sphenanthera, respectively, with a correspond-
ing decrease in clearance [60]. The  tmax was also found to 
be delayed by 71% and 108% at doses of 6 and 8 capsules of 
Schisandra sphenanthera, respectively [60]. Xin et al. con-
ducted a similar study evaluating the interaction between 
tacrolimus and Schisandra sphenanthera [61]. Twelve 
healthy volunteers were administered with single dose of 
2 mg tacrolimus before and after 13 days of Schisandra 
sphenanthera exposure, at a dose of three capsules (stand-
ardised with 11.3 mg deoxyschizandrin per capsule) twice 

daily [61]. Co-administration of Schisandra sphenanthera 
significantly increased tacrolimus AUC,  Cmax and  tmax by 
164%, 227.1% and 36.8%, respectively [61]. Another retro-
spective study analysed safety and efficacy of co-adminis-
tration of tacrolimus and Schisandra sphenanthera in 194 
Chinese renal transplant recipients [62]. The trough concen-
tration over dosage was found to be significantly higher in 
Wuzhi group (n = 77) at timepoint 0, 1, 3, 9 and 12 months 
[62] relative to a control group (n = 177). No significant 
difference in liver and renal function tests was identified 
between groups [62].

Overall, these results indicate that Schisandra sphenan-
thera can significantly impact plasma concentration of tac-
rolimus and sirolimus. The clinical application of this inter-
action has been proposed as an opportunity for tacrolimus 
dose sparing and therefore a reduction in associated costs 
[63]. However, the extrapolation of this interaction should 
be interpreted with caution.

Curcuma longa (turmeric)

Curcumin in combination with piperine

Curcumin is a polyphenol constituent extracted from the 
rhizome of Curcuma longa, also known as turmeric [64]. 
Curcumin possesses anti-inflammatory, antioxidant and 
immunomodulatory properties [64]. Its anti-cancer activity 
has also been demonstrated in a range of cancers includ-
ing breast, lung, haematological, gastric, colorectal, pan-
creatic and hepatic cancer [64]. Due to low solubility, poor 
intestinal permeability and extensive first pass metabolism, 
curcumin has a low bioavailability [65]. Compounds such 
as piperine are often added to curcumin formulations to 
enhance bioavailability [65]. Curcumin has been shown to 
inhibit drug-metabolising enzymes, such as CYP3A4 [65].

Tamoxifen Tamoxifen is a selective oestrogen receptor 
modulator used for the treatment and prevention of breast 
cancer recurrence [66]. Tamoxifen is metabolised sequen-
tially by a combination CYP2D6 and CYP3A4 into the 
active metabolite endoxifen [66]. Endoxifen is inactivated 
via phase II metabolism by UGT and SULT [66]. The con-
current use of tamoxifen and curcumin with or without pip-
erine was evaluated by Hussaarts et al. [67]. The randomised 
cross-over study recruited 16 patients with breast cancer 
who were taking 20–30 mg tamoxifen daily [67]. The study 
evaluated both tamoxifen and endoxifen pharmacokinetics 
in patients taking tamoxifen alone; tamoxifen with curcumin 
1200 mg three times daily; or tamoxifen with both curcumin 
1200 mg and 10 mg piperine three times daily [67]. Relative 
to tamoxifen monotherapy, patients treated with tamoxifen 
and curcumin had a lower tamoxifen AUC 0–24 h and trough 
concentration  (Ctrough) by 8% and 7.1%, respectively [67]. 
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The corresponding AUC 0–24 h and  Ctrough of endoxifen was 
reduced by 7.7 and 5.6%, respectively [67]. Patients who 
had a combination treatment of tamoxifen, curcumin and 
piperine, displayed further reduction of tamoxifen AUC 
0–24  h and  Ctrough by 12.8% and 12.2%, respectively [67]. 
The endoxifen AUC 0–24 h and  Ctrough was also decreased by 
12.4% and 12.4%, respectively [67]. In this study, extensive 
CYP2D6 metabolisers were observed to be more suscepti-
ble to the drug interaction [67].

Hydrastis canadensis (goldenseal)

Goldenseal (Hydrastis canadensis) is a herbaceous plant, 
native to North America [68]. It is traditionally used for the 
management of a variety of conditions including cancer [68].

CYP3A substrate Although clinical studies reporting an 
interaction between anti-cancer agent and goldenseal are not 
available, there is evidence that goldenseal inhibits CYP3A 
enzyme activity [69, 70]. The CYP enzyme inhibitory activ-
ity of 2700 mg daily goldenseal root extract was evaluated 
by Gurley et al. in 12 healthy volunteers [69]. Midazolam 
and debrisoquine were used as probe drugs to evaluate the 
activity (phenotype) of CYP3A and CYP2D6 enzyme, 
respectively [69]. The results showed a 28-day supplementa-
tion of goldenseal had reduced CYP3A and CYP2D6 activ-
ity by 40% [69]. Similar results were demonstrated in an 
open-label randomised clinical study in 16 healthy partici-
pants [70]. Concomitant administration of goldenseal root 
extract at a dose of 1323 mg three times daily for 14 days 
led to a significant alteration in midazolam pharmacokinetic 
parameters, including increased AUC 0–∞, half-life,  Cmax 
and reduced apparent clearance, consistent with inhibition 
of intestinal and hepatic CYP3A enzymes [70].

Despite the lack of direct clinical evidence evaluating 
interaction between goldenseal and anti-cancer agents, the 
current data may be extrapolated to other CYP3A substrate 
anti-cancer agents including kinase inhibitors. Until further 
evidence becomes available, co-administration of goldenseal 
and CYP3A substrate should be avoided.

Clinically significant pharmacodynamic 
interactions

The anti-cancer properties of a range of NPs and phytochem-
icals have been evaluated in in vitro and xenograft models. 
However, strong clinical evidence to support the use of NPs 
for the management of cancer is lacking. In line with that, 
clinical data addressing the pharmacodynamic interactions 
of NPs and anti-cancer agents are scarce. Hence, this review 

will focus on the pharmacodynamic-based interactions that 
modulate the adverse effect of anti-cancer drugs, such as 
chemotherapy-induced diarrhoea.

Hangeshashinto (TJ‑14)

Hangeshashinto, also known as TJ-14, is a traditional 
Japanese medicine composed of extracts from seven herbs 
including Pinellia tuber, Scutellariae radix, Glycyrrhizae 
radix, Ziziphi fructus, Ginseng radix, Zingiberis processum 
rhizoma and Coptidis rhizome [71]. It is used for the man-
agement of gastrointestinal conditions such as gastroenteritis 
[71]. Several clinical studies have evaluated the effects of 
TJ-14 in alleviating anti-cancer agent-induced oral mucosi-
tis, enteritis and diarrhoea [71–76].

Afatinib

Ichiki et al. assessed the prophylactic effect of TJ-14 on 
afatinib-induced diarrhoea and oral mucositis in 29 non-
small cell lung cancer patients [72]. Participants were 
administered 7.5 g daily TJ-14 (gargled and swallowed) and 
40 mg afatinib daily for 4 weeks [72]. Incidence of afatinib-
associated all-grade diarrhoea was 68.9% and ≥ grade 3 
diarrhoea was 3.4%. This incidence was lower than that 
previously reported in phase III clinical trials of afatinib 
monotherapy, where the all-grade diarrhoea was 88.3 to 
95%, whilst ≥ grade 3 diarrhoea was 5.4–14.4% [77, 78]. 
The authors suggested that this encouraging result may sup-
port the potential use of TJ-14 as a prophylactic treatment 
for afatinib-induced diarrhoea [72].

Irinotecan

A randomised comparative trial investigated the potential 
beneficial effect of TJ-14 in the management of irinotecan-
induced diarrhoea [73]. Patients with advanced non-small 
cell lung cancer receiving irinotecan and cisplatin (n = 41) 
were administered TJ-14 7.5 g daily 3 days prior to chemo-
therapy and continued for 21 days [73]. The TJ-14 group had 
showed a significant lowered diarrhoea grades and incidence 
of grade 3 and 4 diarrhoea, relative to a control group [73]. 
No difference was identified in the frequency and duration 
of diarrhoea between control and TJ-14 group [73].

FOLFOX, FOLFIRI and XELOX chemotherapy regimen The 
same dose of 7.5 mg daily TJ-14 was evaluated in a dou-
ble-bind randomised phase II trial in 93 colorectal cancer 
patients using either of the three regimen: (1) folinic acid, 
fluorouracil and oxaliplatin (FOLFOX), (2) folinic acid, 
fluorouracil and irinotecan (FOLFIRI), or (3) capecit-
abine and oxaliplatin (XELOX) [74]. Participants were 
instructed to use TJ-14 on the first day of chemotherapy 
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and continued for 14 days [74]. TJ-14 treatment was found 
to lower the risk of ≥ grade 2 oral mucositis incidence by 
15% and was associated with a statistically significant 
reduction of ≥ 2 oral mucositis duration [74].

Fluoropyrimidine‑based chemotherapy for gastric cancer

The efficacy of TJ-14 in chemotherapy-induced mucositis 
in gastric cancer patient population was evaluated by Aoy-
ama et al. [75]. Participants (n = 91) in this randomised 
double-blind placebo-controlled phase II trial received 
chemotherapy including tegafur, 5-chloro-2-4-dihy-
droxypyridine and oxonic acid (S-1) monotherapy or S-1 
plus cisplatin or S-1 plus paclitaxel or paclitaxel mono-
therapy or S-1 plus docetaxel or docetaxel monotherapy or 
irinotecan plus cisplatin or irinotecan monotherapy [75]. 
TJ-14 7.5 g daily was administered from the first day to 
final day of treatment for a total period of 2–6 weeks, 
depending on the chemotherapy protocol [75]. No sta-
tistically significant difference was found in incidence 
of ≥ grade 2 oral mucositis between the placebo and the 
TJ-14 treatment group [75]. The researchers concluded 
that the lack of efficacy of TJ-14 was likely due to dose 
reduction of chemotherapy between cycles [75]. How-
ever, a trend was observed in oral mucositis risk reduction 
by TJ-14 amongst patients who developed grade 1 oral 
mucositis during the screening cycle [75].

Fluoropyrimidine‑based chemotherapy for gastric 
and colorectal cancer

Nishikawa et al. evaluated the efficacy of TJ-14 in the pre-
vention and/or treatment of chemotherapy-induced oral 
mucositis in gastric and colorectal cancer based on the data 
from phase II randomised clinical trials by Matsuda et al. 
and Aoyama et al. [74–76]. Analysis of the pooled data of 
181 patients receiving 7.5 g daily TJ-14 with chemotherapy 
for 4–6 weeks did not lead to a statistically significant dif-
ference in the incidence of ≥ grade 2 oral mucositis between 
treatment and placebo group [76]. However, treatment with 
TJ-14 was associated with a significant reduction in duration 
of severe ≥ grade 2 oral mucositis [76]. The median time 
to remission of ≥ grade 2 to < grade 1 oral mucositis was 
8 days in TJ-14 treatment group, compared to 15 days in the 
placebo group [76].

In summary, TJ-14 has a potential beneficial interaction 
with anti-cancer agent in the management of chemotherapy-
induced gastrointestinal disturbance. However, more exten-
sive clinical data are required to support the use of TJ-14 as 
adjunct therapy to help manage the gastrointestinal adverse 
effects of anti-cancer drugs.

Panax ginseng, Panax quinquefolium 
and Eleutherococcus senticosus, (ginseng)

Ginseng is a herb belonging to the Araliaceae family [79]. 
The main ginseng species used medicinally are Panax gin-
seng also known as Korean ginseng, Panax quinquefolium 
also known as American ginseng, and Eleutherococcus sen-
ticosus, also known as Siberian ginseng [79]. Korean and 
American ginseng are commonly used for the management 
of cancer-related fatigue. Anti-cancer treatments are a com-
mon cause of cancer-related fatigue [80]. The co-adminis-
tration of ginseng and anti-cancer agent may pose a potential 
pharmacodynamic interaction.

Panax quinquefolius (American ginseng)

A double-blind randomised controlled trial (n = 364) evalu-
ated the efficacy and toxicity of 2,000 mg American ginseng 
daily for cancer-related fatigue [81]. Using Multidimen-
sional Fatigue Symptom Inventory-Short Form (MFSI-SF), 
a statistically significant improvement in the fatigue score of 
the ginseng group (n = 138, score change = 20) compared to 
placebo group (n = 133, scores change = 10.3) after 8 weeks 
was observed [81]. In a stratified analysis, participants who 
were concurrently receiving both ginseng and conventional 
cancer treatment (conventional cancer treatment n = 83; 
tamoxifen n = 23; aromatase inhibitor n = 27; antiandrogen 
n = 2) demonstrated a statistically significant improvement 
in fatigue score at both week 4 and 8 compared to placebo 
group (n = 83) [81].

Panax ginseng (Korean ginseng)

Jiang et al. investigated the concomitant use of fermented 
Korean red ginseng extract in non-small cell lung cancer 
patients [82]. Thirty-four patients had received gemcit-
abine with cisplatin and fermented Korean red ginseng at 
3000 mg daily, whilst twenty-six patients received only the 
chemotherapy drugs for 60 days [82]. The study highlighted 
a significant positive improvement in fatigue scores, cancer-
related symptoms, psychological status, physical conditions, 
quality of life and chemotherapy-induced adverse effect in 
treatment group compared to those receiving chemother-
apy alone [82]. However, no significant changes in tumour 
markers including carcinoembryonic antigen, neuron-spe-
cific enolase and cytokeratin-19 fragments were identified 
between treatment and chemotherapy alone group.

To date, there are unclear and insufficient clinical data 
to support the safety and efficacy of both American and 
Korean ginseng for the management of cancer-related 
fatigue. Due to limited clinical studies and the heterogene-
ity of the used anti-cancer agents, cancer types and ginseng 
formulation, it was not straightforward to clearly identify 
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pharmacodynamic-based interactions between ginseng and 
anti-cancer drugs.

PHY906

PHY906 is a natural product comprising Scutellaria bai-
calensis, Glycyrrhiza uralensis, Paeonia lactiflora, and 
Ziziphus jujuba, a combination of which has been known 
in the traditional Chinese medicine for their putative 
effects in alleviating nausea and diarrhoea [83]. The anti-
diarrhoeal effect of PHY906 was evaluated in 17 patients 
with advanced colorectal cancer receiving treatment with 
irinotecan (125 mg/m2), leucovorin (20 mg/m2) and fluo-
rouracil (500 mg/m2) weekly on a 4-week on and 2-week 
off regimen over a 6-week cycle. Concurrent administration 
with PHY906 (1.2–2.4 g of the extract daily) for a median 
duration of 16 days appeared to reduce the overall incidence 
of grade 3 or 4 diarrhoea and the corresponding use of lop-
eramide, with no effect on pharmacokinetics [84]. This 
potential beneficial effect in ameliorating the chemotherapy-
induced diarrhoea was assumed to be due to the attenuation 
of intestinal inflammation and stimulation of recovery of 
the damaged mucosal intestinal cells [83]. PHY906 given 
at an 800-mg twice daily dosing regimen also seemed to 
improve the safety profile of capecitabine, an oral prodrug 
of fluorouracil, in patients with hepatocellular carcinoma 
(HCC) [85]. However, no direct comparison with the chemo-
therapy regimen alone was possible due to the lack of pla-
cebo control group in this study. Interestingly, an orphan 
drug designation was granted to PHY906 by the US Food 
and Drug Administration (FDA) in 2018 for the therapeutic 
indication of HCC. This has led to a number of ongoing 
clinical trials that further explore the inclusion of PHY906 
in HCC therapy regimens, e.g. in combination with sorafenib 
or capecitabine, with the purported aim to help manage the 
chemotherapy-induced gastrointestinal toxicity [85].

Wheat grass juice

Wheat grass juice is derived from the mature sprouts of 
wheat seeds (Triticum aestivum), with putative antioxidant 
properties related to a high content of flavonoids and phe-
nolic compounds [86]. A placebo-controlled pilot study 
evaluated the combination of wheat grass juice with the FAC 
regimen (fluorouracil 500 mg/m2, adriamycin or doxoru-
bicin 50 mg/m2, and cyclophosphamide 500 mg/m2 admin-
istered once every 3 weeks) in women with breast cancer 
(30 patients each for the control and combination treatment 
group) [87]. Daily ingestion of wheat grass juice (60 mL per 
day) during the first three cycles of the chemotherapy regi-
men significantly reduced the incidence of grade 3 or 4 leu-
kopaenia compared to the control arm (17 vs. 43%), whilst 
no significant difference in the incidence of neutropaenia 

was observed. Interestingly, the need for supportive therapy 
with granulocyte colony stimulating factor (G-CSF) was also 
substantially lower in patients receiving the juice compared 
to the control FAC group [87]. The response rate to the anti-
cancer regimen and time-to-tumour progression were also 
evaluated with and without co-administration of wheat grass 
juice, with a median follow-up duration of 23 months. These 
responses were reported as not being significantly affected 
by the juice. Despite the encouraging ameliorative effect of 
wheat grass juice on treatment-related haematological toxic-
ity, further clinical evaluation with a larger number of cancer 
patients is desirable (Table 1).

Studies reporting anti-cancer drug–natural product inter-
actions with no clinical relevance are summarised in Table 2.

Conclusion

This review provides an overview of pharmacokinetic and 
pharmacodynamic interaction mechanisms and clinically 
important interactions between NPs and anti-cancer drugs. 
To date, clinical studies investigating pharmacokinetic inter-
actions provide evidence that negative treatment outcomes 
may occur when Hypericum perforatum, grapefruit juice, 
Schisandra sphenanthera, Curcuma longa, or Hydrastis 
canadensis are taken concurrently with common cancer 
drugs. Conversely, pharmacodynamic interactions between 
Hangeshashinto (TJ-14) and some cancer drugs have been 
found to reduce the side effects of diarrhoea and oral 
mucositis. Overall research in this area is limited. Further 
clinical studies investigating potential interactions involving 
NP commonly used by people living with cancer are critical 
to understanding the scope and relevance of any benefits or 
harms within a clinical setting.
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