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Abstract: Cytochrome P450 3A4 (CYP3A4), one of the most important members of the

cytochrome P450 subfamily, is a crucial catalyst in the metabolism of numerous drugs. As it

catalyzes numerous processes for drug activation or inactivation, the pharmacological activities

and clinical outcomes of anticancer drugs metabolized by CYP3A4 are highly dependent on the

enzyme's activity and expression. Due to the complexity of tumor microenvironments and various

influencing factors observed in human in vitro models and clinical studies, the pharmacokinetics of

most anticancer drugs are influenced by the extent of induction or inhibition of CYP3A4-mediated

metabolism, and these details are not fully recognized and highlighted. Therefore, this interindividual

variability due to genetic and nongenetic factors, together with the narrow therapeutic index of

most anticancer drugs, contributes to their unique set of exposures and responses, which have

important implications for achieving the expected efficacy and minimizing adverse events of

chemotherapy for cancer in individuals. To elucidate the mechanisms of CYP3A4-mediated

activation/inactivation of anticancer drugs associated with personalized therapy, this review

focuses on the underlying determinants that contribute to differences in CYP3A4 metabolic

activity and provides a comprehensive and valuable overview of the significance of these factors,

which differs from current considerations for dosing regimens in cancer therapy. We also discuss

knowledge gaps, challenges and opportunities to explore optimal dosing regimens for drug

metabolic activation/inactivation in individual patients, with particular emphasis on pooling and

analyzing clinical information that affects CYP3A4 activity.
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Significance statement: This review focuses on anticancer drugs that are activated/deactivated by

CYP3A4 and highlights outstanding factors affecting the interindividual variability of CYP3A4 activity in

order to gain a detailed understanding of CYP3A4-mediated drug metabolism mechanisms. A systematic

analysis of available information on the underlying genetic and non-genetic determinants leading to

variation in CYP3A4 metabolic activity to predict therapeutic response to drug exposure, maximize

efficacy and avoid unpredictable adverse events has clinical implications for the identification and

development of CYP3A4-targeted cancer therapeutics.

Introduction

Currently, chemotherapy remains a common and powerful tool to eliminate malignant cells.

However, the efficacy of anticancer drugs is compromised by the frequent emergence of adverse

effects, which may result in therapeutic failure (Bins et al., 2019; Oyaga-Iriarte et al., 2019).

Metabolism, one of the critical aspects of pharmacokinetics, can alter the chemical structure of

drugs and facilitate their elimination through various drug metabolizing enzymes (DMEs) in vivo.

This process is indispensable in the determination of an optimum window between the drug

therapeutic potential and its safety parameters (Purnapatre et al., 2008). It is important to note

that the human cytochrome P450 3A (CYP3A) subfamily of cytochrome P450 enzymes (CYPs),

which is part of the hemoglobin superfamily, is directly engaged in the phase I metabolic

reactions (i.e., oxidation, reduction and hydrolysis) of compounds in vivo. CYP3A4, in particular,

is a vital isoform of the CYP3 A subfamily identified as being involved in the metabolism of more

than half of therapeutic drugs. It is predominantly expressed in the liver and intestine (two major
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organs for drug oxidation and elimination), accounting for approximately 30% of total hepatic

CYP protein and 80% of total small intestinal CYP content (Paine et al., 2006; Wang et al., 2008).

A variety of approved anticancer drugs with different chemical structures can be metabolized by

CYP3A4 based on the differences in action mechanism and molecular characteristics, including

antiestrogens-tamoxifen and exemestane (Desta et al., 2004; Kamdem et al., 2011), nitrogen

mustards-cyclophosphamide and ifosfamide (Huang et al., 2000; Schmidt et al., 2004),

taxanes-paclitaxel, docetaxel (Hirth et al., 2000; Martinez et al., 2002); topoisomerase

inhibitors-irinotecan, etoposide, and teniposide (Santos et al., 2000; de Graan et al., 2013); vinca

alkaloids-vincristine, vinblastine, vindesine, and vinorelbine (Kajita et al., 2000); and tyrosine

kinase inhibitors (TKIs), such as imatinib, gefitinib, sunitinib, and sorafenib (Towles et al., 2016;

Waulkersdorfer et al., 2016; Amaya et al., 2018; Huang et al., 2020; Thomson et al., 2021). Drug

efficacy and adverse effects are relevant to changes in the metabolic behavior of the parent

compound and plasma or tissue concentrations of its active/inactive metabolites. Generally, the

metabolism of CYP3A4 involved in numerous anticancer drugs leads to two pharmacokinetics

(drug exposure) and pharmacodynamics (efficacy/toxicity) outcomes. One is the conversion of

prodrugs into active or more active metabolites, which may result in higher potency or toxicity;

these prodrugs are substances with little or no activity against the desired pharmacological target

(e.g., cyclophosphamide, ifosfamide, etoposide, teniposide, tamoxifen and some TKIs). The other

biotransformation pathway is deactivated by CYP3A4 into its inactive form, such as taxanes,

irinotecan, and a few TKIs (see Table 1). Consequently, the pharmacological activity and toxicity

of both the parent drug and its metabolite(s) largely depend on the effect of CYP3A4. For

instance, if the parent compound is a prodrug, inhibition or induction of metabolism may result in
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a decrease or increase in therapeutic efficacy and adverse events. Conversely, if the parent

chemical is more active than its metabolite, inhibition or induction of metabolism increases or

decreases the exposure to the drug and its therapeutic and/or harmful effects.

The interindividual variability in CYP3A4 expression and activity are very high in the liver

(>100-fold) and extrahepatic tissues (Zanger and Schwab, 2013), which is likely dictated by a

multitude of factors, including genetic variation and enzyme inhibition or induction due to

different patient characteristics (e.g., age, sex), concomitant diseases (e.g., hepatic or renal

dysfunction), and inflammation that often accompany tumors; therefore, drug dosage adjustments

are frequently required (Kivisto et al., 1995; Kolwankar et al., 2007; Klampfer, 2011; Ahmed et

al., 2016; Yamamoto et al., 2018; Al-Zoughbi and Hoefler, 2020). Moreover, considering that

cancer patients are commonly prescribed multiple medications, it is essential to evaluate the

effects of co-administered CYP3A4 inducers or inhibitors on drug pharmacokinetics and

metabolism, as altered metabolic behaviors are closely related to drug exposure, multiple-drug

resistance, and unpredictable risk for developing adverse events (Haddad et al., 2007; Tanaka et

al., 2011; Filppula et al., 2012). The actual pharmacological and toxic effects of anticancer

medications that patients experience are quite unpredictable due to the narrow therapeutic index

of the majority of anticancer drugs and the considerable interindividual data variation

(Wulkersdorfer et al., 2016; Zhou et al., 2022). Previous reviews have summarized drug-drug

interactions (DDIs) mediated by anticancer drugs as CYP3A4 substrates or modulators during

cancer therapy, which have increased clinicians' awareness of risk, but have not listed and

analyzed the factors that contribute to interindividual variability of CYP3A4 and how clinicians
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should assess patients' CYP3A4 activity based on these factors to adjust dosage (Tian et al.,

2014).

Despite recent advancements in the characterization of CYP3A4 expression, function, and

regulation in cancer, definitive recommendations on dose adjustments for the individual patient

by taking into account alterations in CYP3A4 activity remain scarce. To our knowledge, the

regulatory mechanisms of CYP3A4 in complex tumor environments, as well as changes in

CYP3A4 activity, are directly related to specific anticancer drug exposure and pharmacological

outcomes, which are important for selecting individualized treatment regimens (Fig. 1). In light

of this, this review focuses on anticancer drugs primarily metabolized by CYP3A4 in clinical

settings and highlights the prominent factors of the variability in CYP3A4-activated/deactivated

anticancer drugs to gain a detailed understanding of the alteration profile of CYP3A4 and predict

therapeutic response to drug exposure. In addition, understanding the CYP3A4-mediated drug

metabolizing mechanisms will have clinical implications for the identification and development

of CYP3A4-targeted cancer therapeutics with the goals of maximizing efficacy and avoiding

unpredictable adverse events.

CYP3A4 metabolically deactivated anticancer drugs

Taxanes. Taxanes exhibit an anticancer effect by stimulating tubulin polymerization and

suppressing depolymerization. CYP3 A4 plays an essential role in the metabolism of taxanes. Both

paclitaxel and docetaxel are chemical structural analogs with O-tetracyclic structures at positions

4 and 5 that can be metabolized by CYP3A4, which lowers their bioavailability. A minority of

paclitaxel is deactivated in vivo by the conversion of CYP3A4 to 3’-p-hydroxypaclitaxel and 6a,

3’-p-dihydroxypaclitaxel, and the remaining paclitaxel is metabolized by CYP2CS8. Docetaxel is
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metabolized by CYP3A4 to inactive hydroxylated derivatives. Patients with low CYP3A4 activity

are at risk of reduced clearance, resulting in increased toxicity of paclitaxel and docetaxel (Shou

et al., 1998; Hirth et al., 2000; de Graan et al., 2013; Nieuweboer et al., 2015).

Topoisomerase inhibitors. Anticancer drugs targeting topoisomerases I and II have been

clinically approved, and several topoisomerase inhibitors in the market to treat or at least slow the

progression of cancer have proven to be extremely effective (Dehshahri et al., 2020). Irinotecan, a

selective topoisomerase I inhibitor, has been extensively used for more than two decades to treat a

range of solid tumors globally, and it remains an essential anticancer drug for many patients

(Bailly, 2019). This prodrug generally undergoes two metabolic pathways: the primary metabolic

pathway that is currently known is to convert it into an active metabolite SN-38, which is

100~1000 times more active than the parent compound, through carboxylesterase in vivo to exert

its anticancer effect. Another metabolic pathway requires conversion by hepatic CYP3A4 into

two inactive carbonyloxycamptothecin metabolites, APC and NPC, of which NPC can be almost

completely hydrolyzed to SN-38 by carboxylesterase, and CYP3A4 indirectly influences the

concentration of the active metabolite SN-38. Therefore, when CYP3 A4 activity is restrained, the

generation of the inactive oxidative products APC and NPC is decreased, while the production of

the active metabolite SN-38 is increased, and the therapeutic impact is boosted. In contrast, the

elevation of CYP3A4 activity evoked a significant reduction in the pathway for the production of

SN-38 in irinotecan-treated patients. In the absence of irinotecan dose adjustment, elevated

CYP3A4 activity will place the individual at undesirable risk (Santos et al., 2000; Mathijssen et

al., 2002).
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Vinca alkaloids. Vinca alkaloids, as natural or semisynthetic chemicals, are clinically pivotal

antimicrotubule chemotherapeutic agents, such as vincristine, vinblastine, vindesine, and vinorelbine,

which have had extensive clinical applications in the treatment of a wide range of cancers over the last

several decades (Risinger et al., 2009). The liver provides the primary route for the metabolism of these

drugs, and their high interindividual variability in pharmacokinetic properties has been linked to

CYP3A4-mediated metabolism (Zhou-Pan et al., 1993; Zhou et al., 1993; Kajita et al., 2000; Yao et al.,

2000). In vitro data from human liver microsomes (HLM) verified the involvement of CYP3A4 in the

biotransformation of vindesine (a vinblastine alkaloid derived from vinblastine), suggesting that this

deacetylvinblastine amide can also be converted into a major metabolite (M) (Zhou et al., 1993). Similar to

other vinca alkaloids, vincristine undergoes substantial hepatic elimination in humans. CYP3A4 facilitates

the metabolism of vincristine, and CYP3A4 inducers increase the systemic clearance of vincristine in

patients with brain tumors (Villikka et al., 1999).

TKls. TKIs, a class of small molecule anticancer drugs that target membrane-bound receptors and

cytoplasmic tyrosine kinases, can cross the cell membrane to hinder the phosphorylation of tyrosine

residues in cancer cells, thereby blocking the transmission of downstream signaling pathways in cells,

inhibiting the growth and metastasis of cancer cells and having a negligible effect on normal cells. Since

the first TKI drug imatinib was approved for marketing in 2001, more than sixty drugs have been

successfully approved by the Food and Drug Administration (FDA) to date, and oncology therapeutics have

embraced TKIs as important therapeutic drugs. CYP3A4 is the major metabolic enzyme implicated in the

metabolism of almost all TKIs, including the clinically representative TKIs imatinib, erlotinib, gefitinib,

asciminib, etc. (Ghassabian et al., 2012; Scheers et al., 2015; Towles et al., 2016; Deeks et al., 2022). A

series of TKIs can be deactivated by CYP3A4 into less or inactive metabolite(s).
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The metabolism of sorafenib occurs primarily in the liver, and CYP3A4 is the prominent enzyme

mediating its metabolism (Keating and Santoro, 2009). It is oxidized selectively by human

CYP3A4-mediated oxidation pathways to the principal N-oxide and N-hydroxymethyl metabolites

(Ghassabian et al., 2012). Sorafenib N-oxide, which accounts for 17% of circulating analytes in plasma, is

the major metabolite of CYP3A4 and has less pharmacological activity. Additional metabolites of CYP3A4

are N-methylhydroxylation acylation, N-oxidation plus N-methylhydroxylation, N-demethylation and

N-oxidation plus N-demethylation methylation. It has been observed that coadministration of felodipine

can inhibit the activity of CYP3A4 and increase the plasma concentration of sorafenib in patients with

hepatocellular carcinoma (HCC) (Gomo et al., 2011). In addition, the CYP3A4 inducer prednisolone

facilitated sorafenib metabolism (Noda et al., 2013). Consequently, variations in CYP3A4 activity may

influence the metabolism of sorafenib and the susceptibility of these malignancies, thereby considerably

altering its therapeutic efficiency and toxicity.

In addition to sorafenib, hepatic CYP3A4 is also implicated in imatinib N-demethylation. During this

metabolic process, imatinib forms a metabolite with the same intrinsic affinity and longer half-life but less

pharmacological activity (N-desmethylimatinib, CGP74588) (Manley et al., 2013). According to

pharmacokinetics studies, the CYP3A4 inhibitor ketoconazole considerably affected the bioavailability of

imatinib and its primary metabolite, N-desmethylimatinib, as well as its absorption and metabolic rate.

Grape seed and green tea extracts reduce CYP3A4 activity, decreasing imatinib and N-desmethylimatinib

exposure and increasing clearance in a dose-dependent manner (Darweesh et al., 2020).

Likewise, nilotinib is metabolized in the liver predominantly through CYP3A4-mediated oxidation and

hydroxylation pathways, and its hydroxymethylphenyl and nitroxide metabolites are poorly active as

BCR-ABLI inhibitors. A drug interaction study of nilotinib in combination with a strong CYP3A4 inducer

10
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(rifampicin) or inhibitor (ketoconazole) in healthy subjects indicated that nilotinib exposure decreased [64%

decrease in maximum plasma concentration (Cpax), 80% decrease in area under the curve (AUC)] or

increased (3-fold increase in AUC), requiring adjustment dosage of nilotinib (Tanaka et al., 2011).

The biotransformation of gefitinib is primarily metabolized by CYP3A4, including

morpholineepoxidation and oxidative defluorination, to form two hydroxyaniline metabolites in humans.

The predominant plasma metabolite is O-desmethyl gefitinib. It inhibited EGFR-stimulated cell

proliferation 14 times less effectively than gefitinib (McKillop et al., 2005). Coadministration of gefitinib

with a CYP3A4 inducer (rifampicin) or inhibitor (itraconazole) in healthy male volunteers showed that

rifampicin decreased gefitinib plasma levels, while itraconazole increased gefitinib plasma levels

(Swaisland et al., 2005).

Dasatinib is extensively metabolized by CYP3A4 into five major metabolites in humans, including

para-hydroxylation and C5-methyl hydroxylation of the chloromethylbenzene ring and partial dealkylation

of the hydroxyethyl group. The active metabolite formed by CYP3A4 has similar potency to dasatinib,

although it only contributes approximately 5% of the AUC of dasatinib, and it has a weak pharmacological

effect (Li et al., 2009a).

CYP3A4 metabolically activated anticancer drugs

Cyclophosphamide and Ifosfamide. Cyclophosphamide and ifosfamide are the most broadly used

alkylating agent antineoplastic prodrugs for the treatment of various malignancies, including solid and

hematological malignancies. Cyclophosphamide needs to be catalyzed by hepatic CYPs (including

CYP2B6, CYP3A4/3A5 and CYP2C9) to exhibit cytotoxic activity in vivo, and its main activation of the

metabolic pathway therefore depends on the catalysis of CYP3A4 to form the active metabolite

4-hydroxycyclophosphamide (4-OHCP) (accounting for 70% to 80%). Cyclophosphamide undergoes

11
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dechloroethylation, predominantly catalyzed by CYP3A4, to form the inactive metabolite

2-chloroethylcyclophosphamide and an equimolar byproduct chloroacetaldehyde (Huang et al., 2000). This

minor metabolic pathway accounts for approximately 19% of the total metabolic clearance of

cyclophosphamide. In addition, 4-OHCP can undergo secondary metabolism by CYP3A4 to form inactive

4-ketocyclophosphamide (Jounaidi et al., 1998; Patterson and Murray, 2002). Treatment with CYP3A4

inhibitors could produce a metabolic inhibitory effect, and cyclophosphamide produced nephrotoxic and

neurotoxic chloroacetaldehyde exposure, thereby reducing the side effects caused by cyclophosphamide

metabolism to chloroacetaldehyde (Yang et al., 2018). Ifosfamide is metabolized by CYP3A4 to generate

active 4-hydroxy derivatives to exert its cytotoxic effect (Huang et al., 2000). Factors that affect CYP3A4

activity, however, can disturb the balance between activation (4-hydroxylation) and inactivation

(N-dichloroethylation) of the two metabolic pathways, leading to changes in the pharmacokinetics and

pharmacodynamics of such drugs. By activating hypoxia-inducible factor-1 activity in DAOY

medulloblastoma cells, its expression was suppressed, and the prevention of the conversion of

cyclophosphamide and ifosfamide to their active forms reduced the cytotoxicities (Valencia-Cervantes et al.,

2019).

Tamoxifen. Tamoxifen, a prodrug with relatively low affinity for the estrogen receptor, has been

approved by the FDA for the treatment and prevention of breast and ovarian cancer. CYP3A4 is

the main enzyme subtype that metabolizes tamoxifen, and its metabolites endoxifen and

4-hydroxytamoxifen have a high affinity for estrogen receptors. Both metabolites are 30 to 100

times stronger than tamoxifen in antiestrogenic activity. Moreover, these metabolites suppress

estrogen-dependent cell proliferation and gene expression more effectively than tamoxifen (Desta

et al., 2004). Since the plasma concentration of endoxifen far exceeds that of 4-hydroxytamoxifen,

12
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endoxifen is considered to be the most important active metabolite due to its efficacy. In breast

cancer patients (all of which are extensive metabolizers) treated with tamoxifen, when moderate or strong

CYP3A4 inhibitors (e.g., amiodarone, ciprofloxacin, clarithromycin, diltiazem, fluconazole, fusidic acid)

were concomitantly used, endoxifen levels were observed to be significantly lower than in patients not

receiving concomitant inhibitors (Puszkiel et al., 2019a).

Natural compounds. Novel derivatives of the antineoplastic agents vinblastine and vincristine are derived

from the Madagascar vinca plant, and these vinca alkaloids have improved therapeutic properties. Previous

studies have confirmed that CYP3A4 is involved in the metabolism of vinblastine and vinorelbine

(Zhou-Pan et al., 1993; Yao et al., 2000; de Graeve et al., 2008). According to in vitro results obtained from

HLM and recombinant CHO cells, CYP3A4-mediated metabolism converts vinblastine to a major

metabolite (desacetyl vinblastine), and this compound is more biologically active than the parent drug

(Zhou-Pan et al., 1993; Yao et al., 2000). Vinorelbine is a semisynthetic compound, CYP3A4 is the

predominant enzyme involved in its biotransformation in humans, 4-O-deacetyl vinorelbine has been

demonstrated to be the main active metabolite, and its antitumor activity is similar to vinorelbine (Kajita et

al., 2000; de Graeve et al., 2008). Another antineoplastic natural product, epipodophyllotoxin, is a

lignan extracted from the roots and rhizomes of Podophyllum species. Over the years, its

semisynthetic chemotherapeutic derivatives etoposide and teniposide have already been applied

for cancer therapy and were shown to have high clinical importance. CYP3A4 also plays a critical

role in the metabolism of these two DNA topoisomerase II inhibitors, which undergo

O-demethylation to produce catechol (Relling et al., 1994; Zhuo et al., 2004).

TKIs. CYP3A4 can convert some TKIs into their active metabolites (see Table 1). In vivo, sunitinib is

largely metabolized by CYP3A4 to create the principal active metabolite N-desethyl sunitinib, which has

13

20z ‘€z |udy UOSeUINOr 13dSY e BI0sfeuIno fipdsepuwip Woly papeojumod


http://dmd.aspetjournals.org/

DMD Fast Forward. Published on February 2, 2023 as DOI: 10.1124/dmd.122.001131
This article has not been copyedited and formatted. The final version may differ from this version.

anticancer activity comparable to that of sunitinib. Therefore, the anticancer activity of sunitinib is achieved

by the parent drug in combination with the active metabolite (Amaya et al., 2018). Quantitative reactive

phenotyping experiments demonstrated a relatively important contribution of the hepatic CYP3A4 enzyme

correlated with the metabolic activation of lapatinib, which is O-dealkylated and subsequently oxidized to a

reactive and potentially hazardous quinoneimine (Towles et al., 2016; Bissada et al., 2019). Interindividual

variability in CYP3A4 activity likely influences exposure to the reactive metabolite quinoneimine. This

reactive metabolite was associated with hepatotoxicity and may covalently modify the CYP3A4 apoprotein

and/or heme moiety, potentially leading to inactivation mediated by the CYP3A4 metabolic mechanism

(Teng et al., 2010; Takakusa et al., 2011). CYP3A4 inducers (dexamethasone and rifampin) increased

lapatinib’s cytotoxicity in HepaRG cells, which was strongly related to increased reactive metabolite

generation (Hardy et al., 2014). Furthermore, debenzylated lapatinib was more cytotoxic to HepaRG cells

than the parent agent (Hardy et al., 2014). In breast cancer patients, concomitant use of a CYP3A4 inducer

(dexamethasone) and lapatinib increased the risk of lapatinib-induced hepatotoxicity compared with

lapatinib alone (Teo et al., 2012). Accordingly, an integral part of successful individualized therapy is to

optimize lapatinib exposure based on metabolic mechanisms without adverse toxicity.

Activity and expression of CYP3A4 in tumor tissues

In addition to being expressed in the liver, CYP3A4 is expressed in a variety of extrahepatic

tissues, including malignant tissues. Since the toxicity of a given agent is closely linked to its

metabolic fate in the target tissue, the profile of CYP3A4 in target tumor tissue potentially has a

significant impact on the in situ metabolism of anticancer drugs mediated by this enzyme

(Kapucuoglu et al., 2003; Schmidt et al., 2004; van Eijk et al., 2019). Each tumor tissue possesses

a unique characteristic of CYPs that, by and large, determines the sensitivity to a given drug,
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therefore leading to a tumor tissue-selective therapeutic response to drug exposure (Ding and

Kaminsky, 2003). For instance, CYP3A4 protein is expressed in approximately 20% to 55% of

breast cancer tissue, in which CYP3A4 mediates the metabolic mechanism of chemotherapeutic

drugs (Schmidt et al., 2004). The expression level of CYP3A4 in breast cancer tissue is directly

correlated with clinical outcomes in patients treated with docetaxel (Miyoshi et al., 2002).

Patients with high CYP3A4 mRNA levels in breast cancer tissue were significantly less

chemosensitive to docetaxel treatment than patients with low CYP3A4 mRNA levels (Miyoshi et

al., 2002). Furthermore, clinical data showed that low CYP3A4 expression in primary breast

cancer lesions had significantly better response and clinical benefit rates to docetaxel treatment,

indicating that assessing the expression of CYP3A4 in breast cancer tissue is an effective method

for predicting tumor response to docetaxel treatment (Sakurai et al., 2011). According to the

results of the aforementioned studies, the high levels of CYP3A4 mRNA in tumor tissues could

accelerate the metabolism of docetaxel, hence limiting its efficacy or potentially contributing to

resistance.

Moreover, tissue-specific expression and activity of CYP3A4 differ from those found in normal

or paracancerous tissues, influencing the local activation or inactivation of intratumoral drugs. A

prospective ColoCare study showed that CYP3 A4 expression was significantly downregulated in

colorectal tumors relative to normal mucosa tissues (Beyerle et al., 2020). The presence of

CYP3A activity in colorectal cancer cells could also influence tumor sensitivity to paclitaxel, and

inhibition of CYP3A4 in colorectal cancer patients treated with paclitaxel significantly decreased

intratumoral paclitaxel inactivation (Martinez et al., 2002). Similarly, CYP3A4 is expressed both

in normal prostate tissue and prostate cancer tissue. Reduced CYP3A4 expression in prostate
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cancer cells relative to normal prostatic tissue may result in differing therapeutic responses to

taxanes (Mitsiades et al., 2012). Likewise, both mRNA and protein expression of CYP3A4 were

decreased in the tumor tissue of HCC patients compared with nontumor liver tissues. This may be

caused by special metabolic reorganization and changes in the in vivo environment (Flannery et

al., 2020). As a result, CYP3A4 inhibition in tumor tissues of HCC patients was linked to a

marked decrease in CYP3A4-mediated drug metabolism. For example, due to a remarkable

decrease in CYP3A4 expression, sorafenib metabolism was significantly reduced in the HLM and

tumor tissue of HCC patients (Ye et al., 2014; Hsieh et al., 2020). It should be noted that CYP3 A4

expression levels may vary depending on the stage of tumor development. Unfortunately, the

factors that contribute to the difference in CYP3A4 expression levels between tumor and normal

tissues remain largely unknown.

Factors influencing CYP3A4 activity and expression in personalized cancer therapy

Impact of physiological conditions on CYP3A4-activated/deactivated anticancer drugs. With respect to

nongenetic factors, a series of studies have reported a sex difference in CYP3A4 activity. It has been

confirmed that CYP3A4 activity is higher in women than in men by analyzing plasma

4B-hydroxycholesterol (an endogenous CYP3A marker) in subjects from different populations (Diczfalusy

et al., 2011). The protein and mRNA levels as well as the activity of CYP3A4 in HLMs and hepatocytes

were higher in females than in males (Liu et al., 2021). Conversely, studies in HLM from diabetes and

nonalcoholic fatty liver disease donors suggested an insignificant sex difference in CYP3A4 activity and

protein expression (Jamwal et al., 2018). As a result, the effects of sex on CYP3A4 metabolic activity

under various conditions need to be further elucidated.
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There are significant age differences in the activity and expression of CYPs due to age and age-related

factors (e.g., height, weight, body surface area, body fat, serum albumin, total body water), which

potentially affect intrinsic drug metabolism and disposition (Maagdenberg et al., 2018; Liu et al., 2021). In

children aged from 1 to 18 years, the activity of CYP3A4 per gram of liver decreased slightly with age, as

measured by a physiological population pharmacokinetic modeling method, indicating that the activity of

CYP3A4 is affected by age (Brussee et al., 2018). However, no age-related differences in CYP3A4 activity

were observed when comparing samples in HLMs and hepatocytes from the 20- to 60-year-old age group

with the over 60-year-old age group (Parkinson et al., 2004; Jamwal et al., 2018).

Although information on the physiological conditions for CYP3A4-mediated metabolism appears to

be easily obtained for guiding clinicians in selecting appropriate dose adjustments, in the majority of

studies, the effect of sex and age on CYP3A4 metabolic activity remains to be verified in a subpopulation

of specific cancers, which may have implications for cancer therapy. In most cases, the fact that cancer

patients usually have other diseases and confounding factors makes it difficult to obtain specific data on the

CYP3A4 profile of these patients.

Impact of tumor-associated inflammation on CYP3A4 and drug responses. For decades, inflammation

has been considered a pivotal factor for interindividual variability of CYP3A4 metabolism, which should

be taken into account in drug development and clinical practice to avoid undesired drug responses and

toxicities (Lenoir et al., 2021). Within the tumor microenvironment, elevated plasma concentrations of the

acute-phase reactant C-reactive protein (CRP) and proinflammatory cytokines, particularly interleukin 6

(IL-6), were proven to play important roles in the occurrence and development of a variety of malignancies

(e.g., tumor cell proliferation, invasion, progression and metastasis) (Heikkild et al., 2008; Allin and

Nordestgaard, 2011; Taniguchi and Karin, 2014). Convincing evidence has revealed that the effects of
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tumor-derived CRP and IL-6 are closely associated with reduced mRNA and protein synthesis of hepatic

CYP3A4 and attenuated enzymatic activity in tumors derived from different patients, directly leading to

decelerated CYP3A4-mediated metabolism and enhanced toxicity to docetaxel and vinorelbine (Rivory et

al., 2002; Charles et al., 2006; Kacevska et al., 2008). Consistent with clinical observations, the repressed

transcriptional level of the CYP3A4 gene was greatly associated with increased production of these

inflammatory markers in human primary hepatocytes and different animal models of extrahepatic cancer

xenografts, and the concentration-inhibition relationship between IL-6 and CYP3A4 appears to be the

strongest among the proinflammatory cytokines and CYP isozymes (Charles et al., 2006; Aitken and

Morgan, 2007). These observations indicate that the inhibitory effect of proinflammatory cytokines on

CYP3A4 expression and activity is recognized as a common feature of tumor-derived inflammatory

responses, which thus impairs the biotransformation of a wide range of (pro) drugs that are metabolized

through the CYP3A4 enzyme (Kacevska et al., 2008). A physiologically based pharmacokinetic model was

recently developed to quantify the effect of inflammatory responses on CYP3A4 activity to predict the

pharmacokinetic behavior of its substrates based on systemic CRP (Simon et al., 2021). Mechanistically,

previous work revealed that a network signal pathway of transcription factors, including the nuclear

receptor-mediated regulatory pathways, nuclear factor-kappaB (NF-«kB) signaling pathways, and several

other liver-enriched transcription factors, was responsible for tumor-derived proinflammatory cytokines and

likely to be involved in inflammation-altered CYP3A4 repression (Goodwin et al., 1999; Goodwin et al.,

2002; Charles et al., 2006; Zhou et al., 2006; Martinez-Jiménez et al., 2007). Recent studies suggest that the

pentose phosphate pathway contributes to IL-6-mediated CYP3A decrease and that miR-155 and other

miRNAs cause coordinated CYP3A4 downregulation in the context of inflammation (Kugler et al., 2020;

Liu et al., 2020).
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Furthermore, obesity is a low-grade chronic inflammatory condition that has been linked to

tumor-promoting effects (Olefsky and Glass, 2010; Iyengar et al., 2016). It has been reported that CYP3A4

activity and protein expression is suppressed in vitro and in obese humans (Kotlyar and Carson, 1999; van

Rongen et al., 2018). Taken together, these studies imply that tumor-mediated inflammation has the

potential to affect CYP3A4-mediated drug responses and toxicities. Thus, it is biologically and

therapeutically important to pay close attention to the critical relationship between tumor-related

inflammation and CYP3A4 activity and expression, as well as to conduct intervention studies to improve

the pharmacokinetics and efficacy of these chemotherapeutic drugs.

Impact of hepatic or renal impairment on CYP3A4 and drug responses. Hepatic and renal function are

considered to be major determinants of drug exposure (Krens et al., 2019). Unfortunately, renal impairment

and hepatic impairment in cancer patients are common comorbidities either because of the disease itself or

as a result of previous toxic anticancer regimens.

The liver is known to be the primary organ involved in the metabolism and disposal of the vast

majority of drugs. Because the activity of CYPs in the liver has a significant impact on the

pharmacokinetics and therapeutic effects of the majority of anticancer drugs, when the main organs are

damaged, homeostasis is disrupted, and the expression and activity of hepatic CYPs may change. In most

cases, the release of circulating proinflammatory cytokines caused by infection or inflammation, for

example, can result in altered intrahepatic and extrahepatic CYP expression and decreased CYP activities.

Accordingly, liver dysfunction is associated with decreased CYP3A4 activity (Kolwankar et al., 2007). The

catalytic activity and protein expression of CYP3A4 were significantly lower than those in healthy

individuals quantified by using proteomic methods and HLM, which may alter drug clearance, thereby

influencing the efficacy and safety of CYP3A4-metabolized drug treatments (Jamwal et al., 2018).
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Moreover, CYP3A4 activity in the liver decreased with increased fat content, and protein content decreased

with increased severity of steatosis in humans (Kolwankar et al., 2007). The etiology (noncholestatic vs.

cholestatic) and severity of liver disease are closely related to decreased CYP3A4 activity, and the

decreased CYP3A4 activity contributes to an impaired ability of the liver to eliminate therapeutic drugs

metabolized by CYP3A4 among patients with hepatic cirrhosis, which potentially affects subsequent

therapy response (Furlan et al., 1999; Chalasani et al., 2001; Yang et al., 2003). Prior pharmacokinetics

studies have demonstrated that the metabolic clearance of CYP3A4 substrates (lignocaine, quinidine,

midazolam, etc.) in patients with liver cirrhosis is significantly reduced (Stanek et al., 1997; Orlando et al.,

2003; Vuppalanchi et al., 2013). In HCC patients with a certain degree of liver damage, the altered

pharmacokinetics of sorafenib and bosutinib resulted in an unpredictable inhibition-plasma concentration

relationship between CYP3A4 and drug exposure in vivo (Fucile et al., 2015; Abbas and Hsyu, 2016).

In addition to hepatic impairment, care should also be given to the activity and expression of CYP3A4

in renal impairment. It is estimated that approximately 55% of cancer patients have a glomerular filtration

rate below 90 mL/min, and approximately 15% have a glomerular filtration rate below 60 mL/min

(Launay-Vacher et al., 2007). In patients with chronic kidney disease (CKD), the activity and/or expression

of DMEs may be downregulated or directly inhibited by accumulated toxins, and drug metabolic clearance

may be altered, which may lead to increased drug exposure at normally administered doses. Renal

impairment reduces not only renal clearance but also hepatic clearance of CYP3A4 substrates. CYP3A4

activity is significantly attenuated in patients with severe CKD, which could have a substantial impact on

drug therapy. Therefore, for patients with moderate to severe renal impairment, it is necessary to adjust the

dose through therapeutic drug monitoring (TDM) to ensure that patients with CKD receive the

maximum benefit from drug treatments while minimizing potential toxicity (Yamamoto et al., 2018). For
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patients with mild renal or hepatic impairment, asciminib and dabrafenib are generally well tolerated, and

no dose adjustment or special monitoring is required (Puszkiel et al., 2019b; Hoch et al., 2021).

Additionally, the effects of uremic toxins on CYP3A4 activity were diminished in end-stage renal disease

patients on maintenance hemodialysis, whereas there was no discernible effect on the pharmacokinetics of

CYP3A4-metabolized drugs. However, caution is recommended when administering and performing

appropriate TDM (Pai et al., 2019).

Concomitant drugs involving inhibition or induction of CYP3A4-activated/deactivated anticancer drugs.

In most cases, cancer patients receive combination chemotherapy along with other drugs (such as

antiemetics) as needed, which might induce or inhibit CYP3A4 activity, thereby altering the

metabolic balance of activation and inactivation of some anticancer drugs. The risk of clinical

safety issues is high under these conditions. Therefore, care should be taken to avoid potential

DDIs of anticancer drugs, which may modulate the activity of this metabolic pathway in the liver

and extrahepatic tissues. Comedication with CYP3A4 inducers might enhance the activity of this

enzyme and promote the activation/inactivation of CYP3A4-metabolized anticancer drugs,

possibly resulting in enhanced/reduced efficacy and toxicity. Conversely, inhibitors and

substrates of CYP3A4 may interfere with the activation/inactivation of these drugs (Kivisto et al.,

1995). For example, the CYP3A4 inducer St. John's wort (SJW) could increase docetaxel

metabolism, and the effect of SJTW on the pharmacokinetics of irinotecan was stronger than that of

docetaxel (Komoroski et al., 2005). The co-administered SJW in patients treated with irinotecan

reduced the concentration of active metabolites in plasma and affected the efficacy (Mathijssen et

al., 2002). Therefore, it is theoretically possible that patients with CYP3A4-metabolized drug treatments

would experience increased drug toxicities when co-administration of CYP3A4 inhibitors. However, a
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retrospective study did not indicate an increase in irinotecan-induced toxicity when co-administered with

clarithromycin (a CYP3A4 inhibitor) in patients with colorectal cancer (Makihara et al., 2017), possibly

due to uridine diphosphate glucuronosyltransferase isoform 1Al, organic anion transporter 1B1, genetic

variation factors such as irinotecan-induced wide interindividual variability in drug response and toxicity

(Riera et al., 2018). More detailed studies on individualized dose adjustment for cancer patients in clinical

practice may be accomplished by developing a combined population pharmacokinetic model of irinotecan

and its metabolites to prevent adverse effects caused by excessive drug/metabolite accumulation

(Oyaga-Iriarte et al., 2019).

The pharmacokinetic consequences of TKIs are frequently affected by comedication with known

CYP3A4 inducers or inhibitors in clinical practice (Teo et al., 2015). Co-administration of erlotinib with a

CYP3A4 inhibitor (ketoconazole) significantly increased erlotinib exposure, but pre- or contemporaneous

treatment with a powerful CYP3A4 inducer (rifampicin) decreased erlotinib exposure (Rakhit et al., 2008;

Hamilton et al., 2014). Hence, dosage adjustment of erlotinib may be necessary when CYP3A4 inducers

and inhibitors are concomitantly used. It has been reported that the anti-acute myeloid leukemia mediated

by different TKIs (sorafenib, quizatinib, and gilletitinib) in bone marrow mesenchymal stem cells is

affected by CYP3A4 activity. Inhibition of CYP3A4 activity by clarithromycin reduced the resistance of

bone marrow mesenchymal stem cells to TKIs (Chang et al., 2019). Possible interactions between imatinib

and CYP3A4 inhibitors or inducers may result in alterations in the plasma concentration of imatinib and

co-administered drugs. Two open-label, fixed-sequence studies showed that co-administration of imatinib

with SJW in healthy adult volunteers significantly affected the pharmacokinetics of imatinib (reduced

imatinib exposure by 30% ~ 40% and increased oral clearance by 44%), which may compromise imatinib’s

clinical efficacy (Frye et al., 2004; Smith et al., 2004). Aprepitant (a moderate CYP3A4 inhibitor), a drug
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that prevents chemotherapy-induced nausea and vomiting, largely increased the AUC and C.x (99% and

53%, respectively) following a single dose of bosutinib in healthy volunteers (Hsyu et al., 2017). Another

study showed that sorafenib increased plasma concentration in HCC patients by inhibiting CYP3A4 in

combination with felodipine (Gomo et al., 2011), and combined with prednisolone reduced the plasma

concentration by inducing CYP3A4 (Noda et al., 2013). In addition, enhanced exposure to sunitinib or

pazopanib was detected in patients co-administered with CYP3A4 inhibitors (amlodipine, amiodarone,

diltiazem), hence increasing the risk of adverse events (Azam et al., 2020).

Increased attention should be given to CYP3A4-metabolized anticancer drugs with narrow therapeutic

indices that are also CYP3A4 inhibitors and/or inducers in the clinic (see Table 2). For instance, tamoxifen

and its active metabolites desmethyltamoxifen and 4-hydroxytamoxifen inhibit CYP3A4 enzyme-mediated

metabolic activity; therefore, tamoxifen and its metabolites may cause DDIs by inhibiting the metabolic

activity of CYP3A4, particularly when used in combination with other CYP3A4-metabolized substrates

(Bekaii-Saab et al., 2004). In addition, some TKIs, such as imatinib, dasatinib, and gefitinib, have different

degrees of inhibitory effects on CYP3A4 activity (Teo et al, 2015). These TKIs may result in

pathway-dependent inhibition of paclitaxel hydroxylation by reducing the ratio of paclitaxel metabolites,

and such differential metabolism has been linked to paclitaxel-induced neurotoxicity in cancer patients

(Wang et al., 2014). Imatinib has a moderate inhibitory effect on CYP3A4 activity and can competitively

inhibit the metabolism of CYP3A4 substrates (Filppula et al., 2012). Dasatinib is a weak time-dependent

inhibitor of CYP3A4, which is also subject to DDIs with CYP3A4 inhibitors or inducers. In clinical DDI

studies, when co-administered with a potent CYP3A4 inhibitor (ketoconazole) in patients with advanced

solid tumors, its exposure increased nearly 5-fold, and the terminal half-life was reached within 3.3 h~8.7 h

(Johnson et al., 2010). Concomitant apatinib administration resulted in significant increases in systemic
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exposure to nifedipine (CYP3A4 substrate) (Zhu et al., 2020), and it greatly hindered the metabolism of

gefitinib in vitro and in vivo (Wang et al., 2021).

These available pharmacokinetic-pharmacodynamic DDI data suggest that co-administered inducers

or inhibitors of CYP3A4 may have a considerable impact on drug exposure and overall clinical outcomes.

Especially for anticancer medicines with low therapeutic indices and steep dose—response curves, even

small alterations in the pharmacokinetic profile might significantly affect the clinical effectiveness of drugs.

Due to the increased risk of toxicity, any metabolic interactions resulting from concurrent therapy with

CYP3A4 inhibitors or inducers should be recognized and avoided as soon as possible. If necessary, the

daily dose must be lowered (Teo et al., 2012; Noda et al., 2013; Azam et al., 2020).

Impact of genetic polymorphisms on CYP3A4 and drug responses in cancer therapy. The presence of

single nucleotide polymorphisms (SNPs) is another predominant factor in CYP3A4 expression

and activity, causing sharp variations in drug susceptibility and leading to differences in

CYP3A4-dependent drug response, pharmacological activity, toxicity and clearance among

individuals and ethnicities (Ozdemir et al., 2000; Rahmioglu et al., 2011). According to an

investigation of nucleotide diversity and spectrum, CYP3A4 is predominantly selectively

distributed among Africans, Caucasians and Chinese (Chen et al., 2009; Hu et al., 2017). The

current Human CYP Allele Nomenclature Database shows that 15 distinct CYP3A4 allelic

variations can modify its function (https://www.pharmvar.org/gene/CYP3A4). Variations in

CYP3A4 expression and activity can be elicited by some CYP3A4 SNPs, hence affecting the

metabolism of CYP3A4 substrate drugs (summarized in Table 3) and the clinical and

pharmacokinetic consequences of CYP3A4 gene variants. The predominant CYP3A4 genotype is

the wild type (CYP3A4*1/*1). Multiple SNP mutations are associated with alterations in the
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expression and activity of the CYP3A4 gene, resulting in substantial racial disparities. Among

these alleles, the mutation frequency of CYP3A4*1G (g.20230G>A, rs2242480) in intron 10 of

the noncoding region of CYP3A4 is high in Chinese, Asian Caucasian and African individuals

(Du et al., 2007). This allele acts as an enhancer and promoter to increase the activity of CYP3A4,

enhancing the metabolic capacity (Du et al., 2007). Another gene, CYP3A4*1B (rs2740574A>G), has

considerable regional differences in distribution, and the allele frequency in the gene's promoter region is

relatively prominent and less distributed in Asians, while it is more distributed in Africans. To date, the

reported results of pharmacokinetics and drug exposure-safety association studies of CYP3A4*1B gene

variants have been inconsistent, and it remains controversial whether CYP3A4*1B exhibits altered

enzymatic transcription rates and activity (Spurdle et al., 2002; Atasilp et al., 2020; Torres Espindola et al.,

2020). In non-African populations, CYP3A4*1B mutation moderately increased CYP3A4 expression and

activity (Schirmer et al., 2006), whereas this genetic variant had no profound effect on the

pharmacokinetics and drug toxicity of erlotinib and its major metabolite OSI-420 in young children with

brain tumors (Reddick et al., 2019). Similarly, the CYP3A4*1B allele was marginally correlated with

high-grade toxicity in erlotinib-treated patients. Individuals with higher CYP3A4 expression (G/G and A/G)

were less likely to develop rash (Rudin et al., 2008).

Some frequent allelic variations (e.g., CYP3A4*18 and *16 alleles) can alter catalytic activities

depending on different substrate characteristics in vitro and in vivo, leading to interindividual

differences in the pharmacokinetics and pharmacodynamics of these drugs. CYP3A4*18

(rs169068 T>C) results in a shift from leucine to proline at codon 293 due to a variant allele in

exon 10 (Leu293Pro). Three genotypes exist: wild type (T/T), heterozygous mutant (T/C), and

homozygous mutant (C/C) (Hu et al., 2005). CYP3A4*18 is primarily distributed among East
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Asians, such as Chinese, Japanese, Koreans, and Malaysians, but not in Caucasians. The existence

of CYP3A4*18 SNP loci was associated with an increase in the level of CYP3A4 activity

(Fukushima-Uesaka et al., 2004), which could lead to a significant reduction in systemic plasma

exposure of CYP3A4 substrates (Zeng et al., 2009). However, no correlation was observed

between the increased toxicity of docetaxel and CYP3A4*18 in patients. Similarly, a recent study

suggested that the CYP3A4*18 allele is not significantly associated with irinotecan-induced

severe neutropenia (Atasilp et al., 2020). Likewise, another study found no significant connection

between CYP3A4*18 variation and imatinib mesylate response in Malaysian patients with

chronic myeloid leukemia (Maddin et al., 2016). CYP3A4*16 has been commonly observed in

Japanese, Korean and Mexican populations (Lamba et al., 2002; Ruzilawati et al., 2007; Chen et

al., 2011; Hu et al., 2017). For paclitaxel and irinotecan, CYP3A4*16 showed a considerable reduction

in enzymatic activity (more than 60%) toward paclitaxel and irinotecan compared to the wild type, while

CYP3A4*18 exhibited a moderate reduction in its catalytic activity (by 34% ~ 52%) (Maekawa et al.,

2010). In a clinical study of 235 Japanese cancer patients treated with paclitaxel, a significant reduction

(20%) in paclitaxel metabolite 3-p-hydroxypaclitaxel/paclitaxel exposure was observed in heterozygous

CYP3A4*16 carriers compared to wild-type CYP3A4*1/*1 carriers, suggesting a lower metabolic activity

of CYP3A4*16 (Nakajima et al., 2006). In contrast, the catalytic activity of CYP3A4*16 toward docetaxel

was retained, indicating that this allele has no substantial impact on docetaxel metabolism in vivo

(Maekawa et al., 2010).

Several variant alleles are associated with reduced hepatic CYP3A4 gene transcription, and attenuation

of enzymatic activity therefore reduces drug clearance and increases the risk of paclitaxel-induced grade 3

neurotoxicity (de Graan et al.,, 2013; Hannachi et al., 2020). For example, CYP3A4%*20 allele
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(rs67666821) is a rare variant in which enzyme activity is absent. It is found in 1.2% of the

Spanish population while harboring a low frequency in most Asian, European, and African

populations (0.22%, 0.06%, and 0.26%, respectively) (Apellaniz-Ruiz et al., 2015a). This allelic

variant is characterized by the insertion of an adenine residue (c.1461 1462insA), which carries a

premature stop codon (p. P488Tfs*494) and thus synthesizing a truncated and inactive protein

(Westlind-Johnsson et al., 2006). Similar to CYP3A4*20, the CYP3A4*22 variant allele (rs35599367

C>T) is a frequently investigated allele variant of CYP3A4 that is mainly due to a downregulation of

CYP3A4 mRNA expression and activity both in vivo and in vitro, with an incidence of 0.083 in Caucasians

and 0.043 in Asian and African populations (Elens et al., 2011). A population-pharmacokinetic model was

recently developed to investigate pazopanib systemic exposure; its clearance rate in CYP3A4*22 mutant

patients was significantly lower (35%) than that in wild-type patients, and the incidence of severe toxicity

in patients was increased, requiring dose adjustment according to CYP3A4*22 status (Bins et al., 2019). A

multivariate analysis indicated that the clearance of another TKI, sunitinib, was reduced by 22.5% in 114

patients with metastatic renal cell carcinoma or gastrointestinal stromal tumors who had the CYP3A4*22

genotype compared to the clearance in CYP3A4%22/*22 participants (Diekstra et al., 2014). Similarly,

erlotinib clearance was reduced in people carrying the CYP3A4*22 allele, and CYP3A4*22 heterozygotes

were associated with severe early onset myelosuppression in patients with sunitinib-induced renal cell

carcinoma (Patel et al., 2018). A pharmacokinetic-pharmacogenetic evaluation showed that the

CYP3A4*22 genotype was closely related to the metabolism and efficacy of tamoxifen in 730 breast cancer

patients who received tamoxifen adjuvant therapy, resulting in increased plasma concentrations of

endoxifen (Puszkiel et al., 2019a).
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In addition, some low-frequency/rare alleles (e.g., CYP3A4*2, CYP3A4*4,*5, *6, *§, *11, *12,

*13, *17 and *26 alleles) have been reported to be linked to reduced enzymatic activity (Hsieh et

al., 2001; Garcia-Martin et al., 2002; Lamba et al., 2002; Chen et al., 2011; Werk and Cascorbi,

2014). Few studies have investigated the impact of such genetic variants on the pharmacokinetic

consequences of anticancer drugs specifically metabolized by CYP3A4. There are no changes

between the wild-type gene and other gene variants in the levels of expression and enzyme

activity, such as CYP3A4*3,*7, *9 and *10 (Dai et al., 2001; Eiselt et al., 2001).

On the whole, the high frequency of these genetic variants may alter enzyme activity in the context of

genotype-phenotype association. The genotype or actual phenotype of different populations and substrate

drug-dependent characteristics should be elucidated before treatment to predict drug response and toxic

effects. Prior pharmacogenetic testing may assist individualize clinical treatment and improve the

benefit/risk ratio of pharmaceuticals.

Current Challenges, Knowledge Gaps, and Future Perspectives

CYP3A4 is involved in the metabolism of numerous anticancer drugs, and several CYP3A4-metabolized

drugs also act as inhibitors or inducers of this enzyme. The pharmacological activity of both the parent drug

and its metabolite(s) depend on the activity of CYP3A4. Due to the large interindividual variation in

CYP3A4 activity and narrow therapeutic window of most anticancer drugs, understanding the factors (e.g.,

age, gender, concomitant disease, inflammation, concomitant drugs, and genetic variation) that affect

CYP3A4 activation/inactivation of anticancer drugs based on metabolic mechanisms is of great

significance for tailoring pharmacotherapy to improve therapeutic efficacy and minimize adverse drug

effects. Liver or renal impairment can reduce the expression and activity of CYP3A4 to vary degrees.

Tumor-derived inflammatory responses are associated with repression of CYP3A4 expression and activity.
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Particular caution should be recommended for co-administration of CYP3A4 substrates with its inhibitors

and inducers, especially for individuals with a low therapeutic index, as induction or inhibition of CYP3A4

activity may lead to changes in drug response, systemic exposure, and efficacy. Moreover, mutants at

various SNP locations can change CYP3A4 catalytic activity and gene expression, which, in turn, directly

lead to differences in drug exposure and response. Besides, the metabolic activity of CYP3A4 in tumor

sites is different from that in normal or adjacent tissues owing to the special living environment of tumor

tissues, which inevitably affects local drug response and efficacy/toxicity.

However, several knowledge gaps for comprehensive evaluation of CYP3A4-activated/deactivated

anticancer drugs were identified. Current standard of care involves consideration of P450 polymorphisms,

DDIs, etc. Almost no information is available on how the synergy of these contributing factors to CYP3A4

activity and expression in personalized cancer therapy. For a comprehensive and reliable assessment of a

patient's CYP3A4 activity, not only information on the patient's body surface area, genetic variants, and

DDI needs to be obtained, but other factors (e.g., age, sex, concomitant disease, inflammation,

tissue-specific expression and activity of CYP3A4) should also be considered as quantitative indicators for

predicting drug concentration-response relationships to aid in dose adjustment, which are distinct from

current considerations for dosing regimens in cancer therapy. Another knowledge gap is the lack of

information on the relationship between the metabolic characteristics of CYP3A4 and effective

concentrations of different substrates in tumor tissues. The influences of the structural diversity of different

CYP3A4-metabolized substrates and varying protein-binding properties on CYP3A4 catalytic activity

should be considered. Generally, the use of TDM approaches to estimate drug concentration is primarily

dependent on the drug partition in whole blood. Another issue arises whether the active metabolites can

reach effective concentrations in the tumor cells if bioactivation occurs predominantly in the liver. As a
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result of the physicochemical properties of the compound or poor vascularization of the tumor, delivery of

the drug or active metabolite into the tumor is possibly inadequate, and their plasma concentration may not

reflect the actual concentration of tumor tissue. Therefore, determining the local concentration of drugs in

tumor cells is warranted. Unfortunately, since few studies have investigated and quantified the

concentrations of these anti-cancer drugs metabolized by CYP3A4 in the tumor versus in blood, specific

data are scarcely available on tumor and blood concentrations of these anticancer drugs.

To address the aforementioned knowledge gaps, a population pharmacokinetic (PK)/pharmacodynamic

(PD) model can be developed to serve as a tool to characterize the relationship between anticancer drug

concentration (dose)-response, incorporating various individual factors including ethnicity, age, gender,

concomitant disease, genetic polymorphisms and concomitant treatment into personalized therapy. On the

one hand, a complete simulation model will include many aspects such as baseline response, concentration

(dose)-response, temporal response, variability, covariate response, disease progression, sample number

and compliance aspects. On the other hand, hundreds of individual patients’ data collected by clinicians and

a series of different clinical trial designs and covariates can be used to develop and further optimize a

PK/PD model. Lastly, a well-defined model and simulations may predict trial outcomes based on detailed

clinical information, which is useful in achieving personalized treatment. For anticancer drugs that depend

on CYP3A4 activation or inactivation, in-depth quantitative assessment is critical to further develop such

model to accurately evaluate CYP3A4-mediated metabolism. Detection and analysis of differences in drug

concentrations in different tissue and blood samples is a prerequisite for corroborating the model. If

possible, direct testing of CYP3A4 activity and function, may be more promising to achieve personalized

therapy.
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For example, the use of endogenous biomarkers to assess CYP3A4 activity can closely reflect drug

exposure or efficacy/toxicity in individual patients. It was published that both urinary 6p-hyroxycortisol to

cortisol ratio and plasma 4p-hydroxycholesterol showed a good dynamic response range upon strong

CYP3A4 induction with rifampicin (Dutreix et al., 2014). Additionally, plasma 4f3-hydroxycholesterol to

cholesterol ratio was comparable to midazolam clearance as a marker of CYP3A4 induction by rifampicin

(Bjorkhem-Bergman et al., 2013). These evaluation methods may be a reliable way to monitor CYP3A4

activity in the patients. It is important to note that appropriate biological samples should be selected. The

majority of substances in the body are excreted in urine, which is more concentrated and easy to collect.

However, there may be differences in metabolic pathways between individuals, as well as differences in

renal clearance rates. The concentrations of endogenous biomarkers are relatively stable in plasma, but

some substances may be too low due to rapid metabolism. Therefore, depending on the purpose of the trial,

a quick, easy and accurate method can be chosen to determine CYP3A4 activity in biological samples.

There are interindividual variations in the concentrations of endogenous probes, and it is recommended that

baseline values be collected and measured in clinical studies to eliminate the effect of individual differences

on the evaluation of CYP3A4 activity. Currently, few markers are available for accurate evaluation of

CYP3A4 activity, and individual differences and half-life need to be further explored. Hence, the challenge

in the field is the lack of well-designed clinical trials of anticancer drugs and appropriate numbers of

subjects. Clinical trials should focus on the effect of CYP3A4 activity on drug activation/inactivation based

on drug exposure and response, and specific clinical data on multiple metabolic and non-metabolic

determinants associated with exposure parameters should be included in the inclusion and exclusion criteria

for subjects, which will provide reliable clinical data to support the development and validation of
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anticancer drug concentration—response relationship prediction models and may be a future area of focus

for investment.

Furthermore, novel drug formulations, such as nanocarrier-based drug delivery systems, have been

designed to encapsulate CYP3A4 inhibitor-encapsulated poly (lactic-co-glycolic acid) (PLGA)

nanoparticles to target hepatocytes by utilizing the mechanism of liver clearance of nanocarriers. The

anticancer effect of docetaxel was significantly enhanced by preinjection of PLGA nanoparticles with

hepatocyte targeting and CYP3A4 inhibition. This targeted strategy minimizes toxicity to normal cells and

enables increased delivery of active drug to tumor cells while reducing the dosage of docetaxel (Paolini et

al., 2017). Apparently, whether the activity of CYP3A4 needs to be inhibited or enhanced by targeted

prodrug delivery systems depends on different types of cancer, as well as the profile of

CYP3A4-metabolized drugs. Hence, anticancer prodrugs can be designed for various purposes by

enhancing or inhibiting the activity of CYP3A4 in target tissues, such as improving pharmacokinetics,

reducing side effects or specifically recognizing tumor tissues or cells, and implementing individualized

treatment regimens for patients (Fig. 2). Currently, the practical translation of metabolically based

drug-delivery optimization will be challenged to develop novel therapeutic strategies.

Conclusions

The evaluation of clinical consequences should be based on information available on the relationship

between exposure and efficacy/safety. This article discusses the effects of interindividual variability in

CYP3A4 expression and activity on anticancer drugs from the two aspects of metabolic activation and

inactivation, and various confounding factors affecting the expression and activity of CYP3A4 in cancer

patients are highlighted, such as age, sex, concomitant disease, inflammation, concomitant drugs, and

genetic variation. Data on these factors are indispensable for a comprehensive evaluation of
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CYP3A4-activated/deactivated drugs in personalized cancer therapy. Therefore, future research should

prospectively identify the added value of individualized drug treatment based on the aforementioned

genetic, physiological and pathological factors, rather than only rough estimates based on the cancer

patient's body surface area and existing dosing guidelines. If possible, a validated anticancer drug

concentration—response relationship model based on relevant exposure parameters should be developed for

evaluation of the clinical significance of interindividual variability in CYP3A4 activity and translation into

treatment recommendations.
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Legends for Figures

Fig. 1. Schematic diagram of the main factors affecting the activity, expression and function of CYP3A4

in the regulation of CYP3A4-mediated drug metabolism in tumor tissue. 7 indicates increase; | indicates

decrease

Fig. 2. Design of targeted prodrugs based on the expression and activity of CYP3A4 in tumor tissues. The

inhibitory or enhanced expression and activity of CYP3A4 in tumor tissues depends on different types of

cancer, and targeted anticancer prodrugs that can specifically recognize tumor tissues are designed to

achieve optimal therapeutic concentrations. The drug exposure and efficacy of these prodrugs and their
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active metabolites depend on the oxidative and reductive metabolism of CYP3A4.
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Table 1 Overview of the significant effects of CYP3A4-mediated metabolism on the activity of anticancer drugs and their metabolites

Action type Anticancer drug Metabolite and activity Phase Ref.
CYP3A4-activated Cyclophosphamide Active 4- hydroxycyclophosphamide Approved (Huang et al., 2000)
Ifosfamide Active 4-hydroxy derivatives Approved (Huang et al., 2000)
Etoposide Etoposide catechol Approved (Relling et al., 1994)
Teniposide Teniposide catechol derivative Approved (Relling et al., 1994)
Tamoxifen Active endoxifen and 4-hydroxytamoxifen (>30-100-fold) Approved (Desta et al., 2004)
Vinblastine More biologically active desacetyl vinblastine Approved (Zhou-Pan et al., 1993)
Vinorelbine Active 4-O-deacetyl vinorelbine Approved (Kajita et al., 2000)
AQ4N Active AQ4 Phase 1 trial (Albertella et al., 2008)
Sunitinib Active N-desethylsunitinib Approved (Amaya et al., 2018)
(Towles et al., 2016; Bissada
Lapatinib Active quinone-imine Approved
etal., 2019)
Dabrafenib Active carboxy-dabrafenib Approved (Puszkiel et al., 2019b)
Acalabrutinib Active acalabrutinib M27 metabolite (ACP-5862) Approved (Zhou et al., 2019)
Similar active M-2 (N-oxide) and M-5 (N-oxide and
Regorafenib Approved (Mross et al., 2012)
N-desmethyl)
Neratinib Active O-depicoline neratinib Approved (Mullard, 2018)
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Erlotinib
Gefitinib

Osimertinib

06-Benzylguanine

Methoxymorpholinyl
doxorubicin (MMDX;
nemorubicin)
Cytosine-1-B-D-
arabinofuranoside

Monophosphate

Ellipticine

Icotinib
Crizotinib
Alectinib

Entrectinib

CYP3A4-deactivated Paclitaxel

Active O-desmethyl-erlotinib (OSI-420)
Active quinone-imine
Active AZ7550 and AZ5104
06-benzyl-8-oxoguanine (an equally active, yet

longer-lived metabolite)

Active PNU-159682 (>100-fold)

Active hydroxylated derivative (>28-120-fold)

Active 13-hydroxy- and 12-hydroxyellipticine

Oxidative metabolites M3 and M5
PF-06260182
M4
Similar active metabolite M5

Inactive 3’-p-hydroxypaclitaxel and 6a,

Approved
Approved

Approved

Phase 3 trial

Phase 2 trial

Preclinical

trial

Preclinical
trial
Phase 4 trial
Approved
Approved
Approved

Approved

(Reddick et al., 2019)
(Li et al., 2009b)

(Dickinson et al., 2016)

(Ewesuedo and Dolan, 2000)

(Quintieri et al., 2005)

(Boyer et al., 2006)

(Stiborova et al., 2012)

(Huang et al., 2020)
(Huang et al., 2020)
(Huang et al., 2020)
(Huang et al., 2020)

(Martinez et al., 2002)
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Docetaxel
Irinotecan
Thiotepa
Doxorubicin

Exemestane

Vincristine

Vindesine

Imatinib

Nilotinib

Dasatinib

Sorafenib

Ibrutinib

3’-p-dihydroxypaclitaxel
Inactive hydroxy-docetaxel
Inactive APC and NPC
Inactive tepa
Inactive doxorubicinol deoxyaglycone
6-hydroxymethylexemestane
Inactive dihydro-hydroxycatharanthine vincristine
derivative
Unidentified
Less active N-demethylated piperazine derivative
Less active oxidation and hydroxylation metabolites
(<14-fold)

Inactive hydroxylation at the para-position of the
chloromethylphenyl ring (major metabolite),
hydroxylation of the C5-methyl of the chloromethylphenyl
ring, and N-dealkylation of the hydroxyethyl moiety
Less active pyridostigmine

Less active dihydrodiol metabolite (PCI-45227)

Approved
Approved
Approved
Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved

Approved

(Sim et al., 2018)
(Santos et al., 2000)
(Jacobson et al., 2002)
(Kivistd et al., 1995)

(Kamdem et al., 2011)

(Villikka et al., 1999)

(Zhou et al., 1993)

(Filppula et al., 2012)

(Tanaka et al., 2011)

(Li et al., 2009a)

(Keating and Santoro, 2009)

(Scheers et al., 2015)
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Vandetanib

Vemurafenib

Bosutinib

Cabozantinib
Zanubrutinib

Lenvatinib

Pyrotinib

Avapritinib
Brigatinib
Lorlatinib

Larotrectinib
Axitinib
Pazopanib

Pralsetinib

Less active N-desmethyl-vandetanib
Inactive OH-vemurafenib
Less active oxydechlorinated bosutinib (M2) and
N-desmethylated bosutinib (M5)
Less active N-oxide metabolite (EXEL-1644)
Unidentified
O-desmethyl lenvatinib
O-depicolyl pyrotinib, O-depicolyl and pyrrolidine lactam
pyrotinib, and pyrrolidine lactam pyrotinib
Oxidative metabolite M499
Less active AP26123
Oxidative cleavage metabolite, M8
O-linked glucuronide metabolite
Axitinib sulfoxide (M12)
10 to 20-fold less active pazopanib M24

Unidentified

Approved

Approved

Approved

Approved
Approved

Approved

Phase 3 trial

Approved
Approved
Approved
Approved
Approved
Approved

Approved

(Indra et al., 2019)

(Goldinger et al., 2015)

(Abbas and Hsyu, 2016)

(Lacy et al., 2015)
(Syed, 2020)

(Ozeki et al., 2019)

(Xu et al., 2021)

(Huang et al., 2020)
(Huang et al., 2020)
(Huang et al., 2020)
(Thomson et al., 2021)
(Huang et al., 2020)
(Thomson et al., 2021)

(Huang et al., 2020)

Data source: www.fda.gov, www.drugs.com, and www.clinicaltrials.gov.
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Table 2 Representative CYP3A4-metabolized drugs are also CYP3A4 inhibitors and/or inducers in the

clinic
CYP3A4
Anticancer drug CYP3A inducers Approved dose Toxicity data
inhibitors
Cyclophosphamide* No YES 500~1000 mg/m*>  LDsy = 40 mg/kg (Dog, iv)
Ifosfamide* YES YES 1.2~2.5g/m" LDso = 140 mg/kg (Rat, ip)
Etoposide* YES YES 60~150 mg/m*>  LDs = 37 mg/kg (Rabbit, iv)
Teniposide* YES NO 30~100 mg/m’ LDsy=29.57 mg/kg (Mouse, iv)
Tamoxifen* YES YES 20 mg~40mg/d  LDsy= 4,100 mg/kg (Rat, oral)
Paclitaxel* NO YES 135~175 mg/m2 LDso=32.53 mg/kg (Rat, ip)
Docetaxel* YES NO 60~ 100 mg/m” LDso = 2.5 mg/kg (Dog, iv)
Doxorubicin* YES NO 60~75mg/m’ LDsyp=10. 7 mg/kg (Rat, ip)
Irinotecan* YES NO 125~350 mg/m2 LDs, = 40 mg/kg (Dog, iv)
Vinblastine* YES YES 150~250 pg/kg LDso =2 mg/kg (Rat, ip)
TDLO = 79.8 mg/kg/1w,
Imatinib* YES NO 400~800 mg/d
intermittent (Human, oral)
Sunitinib* YES NO 25~75 mg/d MTD = 50 mg/d (Human, oral)
TDLO =1,198.4 ml/kg/8w,
Lapatinib YES NO 750~1250 mg/d
intermittent (Human, oral)
Dabrafenib* YES YES 100~300 mg/d LDsy >1000 mg/kg (Rat, oral)
Acalabrutinib* YES NO 100~400 mg/d No data available
MTD = 82 mg/m*/qd (Human,
Regorafenib* YES NO 80~160 mg/d
oral)
Nilotinib* YES NO 400~800 mg/d LDsy > 2,000 mg/kg (Rat, oral)
TDLO = 9.8 mg/kg/8d,
Erlotinib* YES NO 100~150 mg/d

intermittent (Human, oral)
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Dasatinib*

Gefitinib

Sorafenib*

Vemurafenib*
Bosutinib*
Osimertinib*
Asciminib
Lenvatinib
Ceritinib*

Pazopanib

Crizotinib*

Lorlatinib

Pralsetinib

YES

YES

YES

NO

YES

YES

YES

YES

YES

YES

YES

YES

YES

NO

NO

NO

YES

NO

YES

NO

YES

NO

NO

NO

YES

YES

100~180 mg/d

250~500 mg/d

400~800 mg/d

960~1920 mg/d

300~500 mg/d

40~80 mg/d
80~400 mg/d

8~12 mg/d
150~450 mg/d

200~800 mg/d

250~500 mg/d

50~100 mg/d

100~400 mg/d

LDs, = 100 mg/kg (Rat, oral)
TDLO = 3.6 mg/kg (Human,
oral)
LDs > 2,000 mg/kg (Rat, oral)
LDso > 2,500 mg/kg (Rat, oral)
TDLO = 525 ml/kg/21d,
intermittent (Mouse, oral)
LDso = 14,500 mg/kg (Rat, oral)
No data available
MTD = 25 mg/d (Human, oral)
MTD = 750 mg/d (Human, oral)
MTD = 600 mg/d (Human, oral)
MTD = 165 mg/m*/bid (Human,
oral)
No data available

MTD = 400 mg/d (Human, oral)

Information from the DrugBank database (https://go.drugbank.com/drugs) and ChemlIDplus

(https://chem.nlm.nih.gov/chemidplus/). These inducers and inhibitors may interact with any CYP3A4

substrate and lead to an increased risk of adverse events. Anticancer drugs with a narrow therapeutic range

metabolized by CYP3A4 are marked with an asterisk based on information retrieved from the DrugBank

database. LDsg: lethal dose, 50%; MTD, maximum tolerated dose; ip, intraperitoneal; iv, intravenous;

TDLO: lowest dose resulting in a toxic effect.
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Table 3 Clinical and pharmacokinetic consequences of CYP3A4 gene variants

Number of
Substrate Cancer type CYP3A4 allele Clinical consequences Ref.
patients
5-year survival rate better than CYP3A expressers (in
Paclitaxel 261 Ovarian cancer CYP3A4*22 (Assis et al., 2013)
combination with CYP3AS5 genotype)
Various Increased risk of developing severe neurotoxicity in
Paclitaxel 261 CYP3A4*22 (de Graan et al., 2013)
cancers female carriers
Breast cancer
Paclitaxel A trend of association with paclitaxel and
125 and a few other CYP3A4*22 (Demurtas et al., 2021)
nab-paclitaxel nab-paclitaxel-induced toxicity
cancers
NSCLC and a
Reduced 3'-p-hydroxylation of paclitaxel and increased
Paclitaxel 235 few other CYP3A4*16 (Nakajima et al., 2006)
levels of 6 alpha-hydroxypaclitaxel
cancers
Breast and (Apellaniz-Ruiz et al.,
Paclitaxel 228 CYP3A4*20 Increased risk of paclitaxel-induced neuropathy
ovarian cancer 2015b)
Irinotecan 308 mCRC CYP3A4*20 No association with irinotecan-induced toxicity (Riera et al., 2018)
Lung, colon Decreased metabolism of irinotecan to APC, and total
Irinotecan 177 CYP3A4*16 (Sai et al., 2008)
and other clearance of irinotecan or toxicities (severe diarrhea and
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Sunitinib

Sunitinib

Sunitinib

Pazopanib

Docetaxel

Vemurafenib

Tamoxifen

Tamoxifen

114

92

287

94

150

97

132

196

cancers
Esophagus,
ovary and a
few other
cancers

Renal cancer

mRCC

Advanced or
metastatic solid
tumors

Breast cancer

Melanoma

Breast cancer

Breast cancer

CYP3A4*22

CYP3A4*22

CYP3A4

154646437 A-allele

CYP3A4*22

CYP3A4*22

CYP3A4*22

CYP3A4*22

CYP3A4*22

neutropenia) was not significant

Decreased clearance in CYP3A4 *1/*22, increased
(Diekstra et al., 2014)
clearance in CYP3A4 *22/*¥22

A high clearance in CYP3A4%*22 on sunitinib (Narjoz et al., 2015)

An increased risk for hypertension (Diekstra et al., 2017)

A substantial lower pazopanib clearance in CYP3A4*22

heterozygotes (35% lower clearance), potentially makes (Bins et al., 2019)

them more susceptible to (severe) toxicity.

Increased risk for grade 3/4 adverse events (Sim et al., 2018)
Increased risk for several severe Vemurafenib-related

toxicities, such as grade 3-4 nausea, grade 1-4
(Goey et al., 2019)
hyperbilirubinemia and cutaneous squamous cell
carcinoma
Increased endoxifen concentration

(Baxter et al., 2014)

Significant predictor of endoxifen concentration (Teft et al., 2013)
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Tamoxifen

Exemestane

Imatinib

Lenvatinib

Imatinib

Bosutinib

Ifosfamide

Erlotinib

730

246

82

40

68

30

131

80

Breast cancer

Breast cancer

CML

Thyroid cancer

GIST

CML

Soft tissue
sarcoma, CNS
tumor and other

solid tumor

Lung, head and
neck, and

ovarian cancer

CYP3A4*22

CYP3A4*22

CYP3A4*18

CYP3A4*1G

CYP3A4*1G

CYP3A4*1G

CYP3A4*1B

CYP3A4*1B

Increased plasma concentration of endoxifen (Puszkiel et al., 2019a)

A 54% increase in steady-state exemestane concentration (Hertz et al., 2017)

The pharmacokinetics and clinical response of imatinib
(Seong et al., 2013)
were not affected

Lower mean steady-state dose-adjusted plasma trough
(Ozeki et al., 2019)
concentrations

Decreased imatinib mesylate plasma levels in Chinese
(Liu et al., 2017)
gastrointestinal stromal tumor patients

No significant differences in the steady-state plasma
(Abumiya et al., 2018)
trough concentrations of bosutinib

Increased the risk of severe leukopenia and neutropenia,
(Torres Espindola et al.,

and this toxicity has also been found to be associated with
2020)
poor prognosis

CYP3A4*1B (G/G and A/G) was marginally associated
with lower AUC and trough levels of erlotinib than that
(Rudin et al., 2008)

in a dominant model of the A allele (possibly higher

CYP3A4 expression), and the odds of high-grade toxicity
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Cyclophosphamide 350 Breast cancer

Cyclophosphamide 85 Breast cancer

Breast cancer
Thiotepa 124 and germ cell

cancer

CYP3A4*1B

CYP3A4*1B

CYP3A4*1B

decreased
Significantly worse disease-free survival than those who
(Gor et al., 2010)
were wild-type *1A/*1A
Higher AUC of parent cyclophosphamide and
(Petros et al., 2005)
significantly worse overall survival
Reduced clearance, which resulted in increased exposure

to thiotepa of 26% and decreased exposure to tepa of 27% (Ekhart et al., 2009)

in homozygous patients.

Abbreviations: CML, chronic myeloid leukemia; CNS, central nervous system; CRC colorectal carcinoma; GIST, gastrointestinal stromal tumor; MTC, medullary

thyroid cancer; mCRC, metastatic colorectal cancer; mRCC, metastatic renal cell carcinoma; NSCLC, non-small cell lung cancer.
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