
Clinically relevant concentrations of anticancer drugs: A guide 
for nonclinical studies

Dane R. Liston and Myrtle Davis
National Cancer Institute, Division of Cancer Treatment and Diagnosis, Developmental 
Therapeutics Program, Toxicology and Pharmacology Branch

Abstract

Approved and marketed drugs are frequently studied in nonclinical models to evaluate the 

potential application to additional disease indications or to gain insight about molecular 

mechanisms of action. A survey of the literature reveals that nonclinical experimental designs (in 
vitro or in vivo) often include evaluation of drug concentrations or doses that are much higher than 

what can be achieved in patients (i.e., above the maximally tolerated dose or much higher than the 

clinically relevant exposures). The results obtained with these high concentrations may be 

particularly helpful in elucidating off-target effects and toxicities, but it is critical to have a dose-

response curve that includes the minimally effective or clinically effective concentration for 

comparison. We have reviewed the clinical literature and drug product labels for all small 

molecules and biological agents approved by the U.S. Food and Drug Administration (FDA) for 

use in oncology in order to identify and compile the available pharmacokinetic parameters. The 

data summarized here can serve as a guide for selection of in vitro concentrations and in vivo 
plasma exposures for evaluation of drug effects in nonclinical studies. Inclusion of drug 

concentrations or exposures that are relevant to those observed in clinical practice can improve 

translation of nonclinical mechanism of action findings into potentially relevant clinical effects.
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Introduction

Nonclinical studies are important foundations for modern drug discovery. Beyond initial 

discovery, nonclinical investigations with approved drugs are frequently conducted to 

explore possibilities for expanded use and additional disease indications. In this situation, 

nonclinical experiments can take advantage of existing pharmacokinetic and toxicity 

findings, along with related exposure data, to design studies to test drugs at concentrations in 

Correspondence: Dane R. Liston, Ph.D., Toxicology and Pharmacology Branch, Developmental Therapeutics Program, Division of 
Cancer Treatment and Diagnosis, The National Cancer Institute, National Institutes of Health, 9609 Medical Center Drive, Room 
4W124, Bethesda, MD 20892, dane.liston@nih.gov, 240-276-5942. 

The authors declare no potential conflicts of interest.

The content of this publication does not necessarily reflect the views or policies of the Department of Health and Human Services, nor 
does mention of trade names, commercial products, or organizations imply endorsement by the U.S. Government.

HHS Public Access
Author manuscript
Clin Cancer Res. Author manuscript; available in PMC 2018 July 15.

Published in final edited form as:
Clin Cancer Res. 2017 July 15; 23(14): 3489–3498. doi:10.1158/1078-0432.CCR-16-3083.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



vitro or in vivo that are relevant to observed clinical exposures. In so doing, concentrations 

known to be achievable and efficacious in patients can be included in the design of novel 

nonclinical studies. In a recent commentary, Smith and Houghton (1) cited several examples 

of reported activities of anti-cancer agents that were derived from in vitro studies that used 

concentrations far greater than those that could be realistically achieved in a clinical setting. 

In some cases, these drug concentrations were several orders of magnitude greater than 

concentrations needed to inhibit the desired targets of the drug. The use of such high 

concentrations increases the possibility that the effects observed are due to off-target 

activities that are not relevant when the drug is provided at therapeutic concentrations in 

clinical practice, and efforts to translate conclusions drawn from these studies may be 

unsuccessful. Therefore, awareness of the relationship between concentrations tested 

nonclinically and what is achievable in a clinical context can greatly assist the interpretation 

and translation of such studies.

As an aid to guide dose and concentration selection, we provide herein a comprehensive 

compilation of human plasma exposures for drugs approved by the U.S. FDA for use in 

oncology. We sought to identify the maximum plasma concentration at the highest single 

dose recommended in the Drug Product Label to be used as a guide to derive a range of drug 

concentrations to include in nonclinical studies. We have focused on therapies that have 

direct effects on tumor growth or cancer cell viability. Adjunct or strictly palliative therapies 

such as analgesics and anti-emetics were excluded, although these are widely used for 

supportive care during cancer treatment. We also excluded diagnostics, imaging agents and 

radiological therapies. Several drugs that are not approved specifically for use in cancer but 

are increasingly being reported in experimental settings (e.g., metformin, celecoxib) have 

been included where possible.

Methods

A comprehensive list of agents approved for use as anticancer therapies in the U.S. was 

assembled from several sources. The National Cancer Institute (NCI) maintains a list of 

approved drugs with drug information summaries (2) ; this list includes most individual 

agents plus many commonly used drug combinations in oncology. A list of single agents 

derived from this source was cross-checked against lists of oncology therapies compiled by 

MediLexicon (3) and Centerwatch (4), two databases which allow searching of FDA-

approved drugs by therapeutic area (oncology). The resulting combined list was triaged to 

remove strictly palliative agents, such as analgesics and anti-emetics. Combination drug 

therapies were removed from the list, since each component within the combinations was 

included as the individual drug. Biological agents were parsed into a separate list. Within 

biological agents, vaccines were not included. All compounds on the final list were verified 

for approval status at fda.gov, and drug product labels were downloaded from FDA (5) or 

DailyMed (6), a service provided by the National Library of Medicine.

Human pharmacokinetic (PK) data were identified by examination of the drug product label, 

the original literature or conference abstracts, with priority given to the clinical 

pharmacology section within the drug product label. The intent was to determine the 

exposure defined by maximum plasma concentration (Cmax) and the integrated area under 
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the plasma concentration-time curve (AUC) associated with the highest recommended dose 

of the drug. If the information in the label was not sufficiently explicit or detailed to derive 

exposures associated with discrete dosing levels, the original publications describing the PK 

data were identified using Thompson-Reuters Integrity® (7) and PubMed. These sources 

were reviewed and a single reference was selected for each compound based on 1) the use of 

a dose equivalent to the highest dose recommended in the label and 2) the availability of the 

key parameters of Cmax and AUC, typically calculated from time zero to infinity. Whenever 

possible, studies reporting Cmax and AUC following a single administration at the highest 

dose recommended in the product label were chosen for review. When these data were not 

found, the study reporting a dose as close as possible to the highest recommended dose was 

selected.

Results

Our survey identified 145 unique small molecule drugs approved to treat cancer, of which 10 

are prodrugs. Table 1 provides a summary of the human PK parameters for all 135 unique 

small molecule drugs and 5 alternative formulations approved for use in oncology 

indications in the U.S, excluding prodrugs. Table 2 includes all 10 drugs delivered as 

prodrugs, where the chief pharmacological activity is provided by an active metabolite. The 

40 unique biological agents that have been approved for oncology are summarized in Table 

3. We noted 16 additional drugs that are not currently approved for cancer indications but 

have been reported in clinical trials for various cancers; these have been included in Table 4.

Each table is sorted alphabetically by the unique generic name. Also provided is one 

proprietary (brand) name; some drugs are sold under multiple brands, particularly outside of 

the U.S. market. The dose and route of administration from which the PK data are derived is 

shown, which is typically the highest dose recommended in the label. For drugs 

administered IV, the duration of injection is included. The maximum plasma concentration 

(Cmax) is usually reported as ng/ml, from which we calculated micromolar concentration 

units. Also collected are the time of maximum plasma concentration (Tmax) and the plasma 

half-life (T1/2). The area under the plasma concentration-time curve (AUC) is shown, 

following conversion to a consistent unit of ng•hr/ml. The raw values and units for Cmax 

and AUC as reported in the cited reference are included in the Supplementary Tables. The 

fraction bound to plasma protein is also included, as this is an important parameter to 

consider when translating from in vivo settings to in vitro systems with varied protein 

composition.

A few agents included in Table 1 have been discontinued, and some older agents are no 

longer listed in the FDA “Orange Book” (8). Although these agents are no longer marketed 

in the U.S., they may be used experimentally, particularly in drug combination studies, so 

the PK data for these drugs have been included.

Several agents are intentionally administered as a prodrug that is converted in vivo into the 

active drug; these are summarized in Table 2. In these cases, the metabolite carries the 

predominant pharmacological activity, so the levels of these metabolites following 

recommended doses of the parent have been reported. For abiraterone acetate, fludarabine 
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phosphate and lomustine, the levels of the parent prodrug were below the limit of 

quantitation in vivo, so only the levels of the active metabolite are shown. Three drugs are 

precursors of the cytotoxic pyrimidine, 5-fluorouracil: floxuridine, capecitabine and tegafur. 

Each of these is converted to 5-FU in the liver and other tissues. Because plasma 5-FU levels 

following floxuridine may be as high as the parent, it was considered a prodrug and included 

in Table 2. Two compounds (dacarbazine and temozolomide) are precursors of the same 

active species, N-demethyldacarbazine (MTIC). Dacarbazine is converted intracellularly to 

MTIC through cytochrome P450 oxidation (9), with little accumulation of the active 

metabolite in plasma, so only exposure of the parent is shown in Table 1. However, 

temozolomide is rapidly converted non-enzymatically to MTIC at physiological pH, 

resulting in readily detectable plasma exposure of the active metabolite, so MTIC levels 

following temozolomide administration are included in Table 2. In one instance, 

mechlorethamine, the parent molecule undergoes such rapid chemical transformation that 

plasma levels of the parent drug were difficult to measure reliably, and a Cmax could not be 

determined.

Table 3 presents a summary of the human PK parameters reported for all 40 biological 

therapeutics approved for cancer indications in the U.S, excluding vaccines and 

radiologicals. The table is sorted alphabetically by unique generic name, followed by 

proprietary brand name. As in Table 1, the dose and route of administration are given, 

followed by the Cmax provided as micromoles/liter and the integrated area under the plasma 

concentration-time curve (AUC). The time of maximum plasma concentration (Tmax) and 

the plasma half-life (T1/2) are also shown, where reported, as well as the duration of 

injection for drugs administered IV.

The 16 drugs included in Table 4 are approved for other indications, but are not specifically 

approved for use in cancer, although finasteride, dutasteride and alfuzosin have been 

approved to treat benign prostatic hyperplasia. All of these agents are currently undergoing 

clinical trials for cancer indications, thus the PK data will be useful to researchers and have 

been included.

An expanded Table is available for download in the supplemental materials which combines 

all small molecules in Tables 1, 2 and 4 merged into a single, sortable spreadsheet 

(Supplemental Table 1). A separate file containing the biological agents from Table 3 is also 

provided (Supplemental Table 2). These are Excel files that include full references for the 

primary sources of the PK values and the official Drug Product Labels. Annotations of the 

molecular target (if known), the Cmax and AUC in raw units as reported in the reference, the 

plasma clearance (Cl) and volume of distribution (Vd) are included as available. The year of 

initial approval in the U.S. is shown, along with the indication approved for use in the U.S.

The Cmax values reported here represent the peak exposures observed at the highest 

clinically recommended doses delivered as a single administration (except where noted). In 

the clinic, most agents are typically given by repeated administration which may lead to 

accumulation, so some agents may achieve higher exposures at steady-state. With IV 

administration, the Cmax is typically reported at the end of the infusion, but is sometimes 

reported as C0, a calculated concentration extrapolated from the plasma concentration-time 
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curve to time zero. The Cmax following IV administration is highly dependent on the 

duration of the injection, so the recommended injection duration is provided in the tables for 

reference. The Cmax and AUC values are presented as total plasma exposure (bound and 

unbound) of the parent molecule only, without consideration of the presence of active 

metabolites. It is important to note that the Cmax and AUC values presented here are average 

values, and interindividual variability can be quite large due to genetic polymorphisms in 

clearance and other factors (e.g., Mercaptopurine).

A few alternative formulations of equivalent active ingredients have been included in this 

compilation. For example, the nanoparticle formulation of paclitaxel (nab-paclitaxel; 

Abraxane®) has recently been approved, and allows shorter infusion times and higher doses 

to be delivered compared to paclitaxel (Taxol®). A suspension formulation of 

mercaptopurine (Purixan®), which offers greater dosing flexibility than the original tablet, 

was approved in 2014. Liposomal formulations of doxorubicin (Doxil®), irinotecan 

(Onivyde®) and vincristine sulfate (Marqibo®) have been approved. These formulations 

have distinct PK properties compared to the original dosage forms, so have been included in 

Table 1.

Three biological agents are available both as the native compound and as polyethylene 

glycol (PEG) conjugates: asparaginase (pegaspargase; Oncaspar®), filgrastim 

(pegfilgrastim; Neulasta®) and interferon alpha-2b (peginterferon; Sylantron®, 

PEGintron®). Pegylation retains the biological activity, but alters the molecular form of the 

drug; it is not processed in vivo to release the parent biological agent, so these are not 

prodrugs. Hence, these were regarded as independent species distinct from the parent 

compound, and have been included separately in Table 3. Three biological agents are 

antibody-drug conjugates (ADC), with cytotoxic agents covalently bound to an antibody 

(ado-tratuzumab emtansine, bretuximab vedotin, gemtuzumab ozogamicin). In these cases, 

the plasma levels of the free cytotoxic agents are also included in Table 3.

The plasma Cmax and AUC were considered to be the key pharmacokinetic parameters to 

enable translation of clinical drug exposure to a nonclinical study application. The Cmax data 

were found for all but 2 of the 145 unique small molecule drugs or their active metabolites 

listed in Tables 1 and 2; the AUC was not found for 21 of these. Two agents (Ingenol and 

Mechlorethamine) were reported as Below the Limit of Quantitation (BLOQ). Additional 

pharmacokinetic parameters (including half-life, Tmax, clearance, volume of distribution) 

were included when available, but not all of these parameters were reported for every agent. 

For the biological agents, Cmax was found for all 40 unique drugs listed in Table 3 and AUC 

was found for 27 of these.

Plasma protein binding of small molecule drugs varies widely across agents (and 

occasionally between species) and can have significant impact on plasma free drug 

concentrations. This can be an important factor when designing nonclinical studies to 

examine drug mechanisms, particularly for in vitro studies, so plasma protein binding data 

have been included for all but 14 of the small molecule drugs in Tables 1, 2 and 4. Protein 

binding of biological agents was not considered.

Liston and Davis Page 5

Clin Cancer Res. Author manuscript; available in PMC 2018 July 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Discussion

Translational medicine can be aided greatly by the establishment of pharmacokinetic-

pharmacodynamic (PK/PD) relationships in nonclinical models (10–13). A fundamental 

aspect of translational studies is the determination of the concentrations of drug that are 

likely to be observed in clinical use. Attempts to translate doses or plasma exposures from 

nonclinical models to humans most often utilize allometric scaling (14,15), in vivo PK 

(16,17) or PK/PD and physiologically-based pharmacokinetic (PBPK) models to bridge 

doses from animal studies to humans (13,18,19). Very few studies have incorporated a 

“reverse translation” of clinical exposure data to aid design of studies in nonclinical 

oncology models. When testing approved oncology drugs in nonclinical studies to explore 

expanded cancer indications, awareness of clinically achievable exposure can facilitate study 

design. Similarly, when attempting to repurpose approved agents from their original 

indications to use in oncology (e.g., metformin, celecoxib, sirolimus), it is valuable to have 

an appreciation of clinically relevant exposures to assist translation to nonclinical models. 

For in vivo studies, these human exposures can be used to help determine the appropriate 

doses to use in model species, either by allometric scaling or empirical measurement. 

Allometric scaling is frequently based on body surface area, although this practice has 

limitations (20). However, direct comparison of plasma exposure associated with a measured 

clinical activity in humans (a clinical pharmacodynamic response) to an exposure observed 

in nonclinical models which used doses and routes of administration that differ from clinical 

use can assist the interpretation of pharmacodynamic results in the animal model. In this 

regard, Spilker et al. (21) have recently proposed a rigorous strategy by which human PK 

parameters can be utilized in conjunction with mouse PK studies to determine the doses and 

routes of administration that can most closely mimic the clinically relevant exposures in the 

animal model.

The plasma Cmax is highly dependent on route of administration, formulation and physical 

properties of the drug. It provides an indication of the highest concentration that the subject 

is exposed to during therapy, and the Cmax may be considered as an upper limit for drug 

concentration during in vitro studies or the highest plasma exposure for in vivo studies to 

minimize off-target effects. During in vitro studies, it is often possible to increase the drug 

concentration to levels far in excess of what could be achieved in vivo. However, testing 

targeted agents at concentrations ten or one hundred times greater than the IC50 or Ki for the 

molecular target increases the possibility of introducing off-target activities unrelated to the 

clinical benefit (1), or from on-target activity (enzyme inhibition, receptor occupancy) that is 

not realistically achievable in the clinic. Either of these situations can lead to a 

misinterpretation of responses in nonclinical studies. Furthermore, the Cmax is maintained 

only transiently for most compounds, and sustained levels well below Cmax may be 

sufficient to achieve therapeutic efficacy. In cases where a pharmacodynamic response is 

tightly linked to exposure, it may be important to maintain a minimum plasma concentration 

to sustain inhibition of the target (e.g., receptor occupancy, enzyme inhibition) above a 

certain threshold. In other cases, particularly when the drug interacts with the target 

irreversibly (e.g., several alkylating agents; afatinib), the duration of the pharmacodynamic 

effect (target binding) is uncoupled from the plasma PK and can be much longer than the 
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plasma half-life of the drug (22), so the Cmax may be more directly related to efficacy than 

AUC.

Differences in free drug levels due to protein binding can be critical for translation of 

clinical exposures to nonclinical models, particularly during in vitro studies. For small-

molecule drugs, plasma drug analysis is typically performed following organic extraction of 

samples, and the reported values represent total plasma concentration (free + protein bound) 

rather than free (unbound) drug. Since the free (unbound) drug is generally the species that 

interacts with the molecular target, reduction in free drug levels due to protein binding can 

dramatically alter the concentration of drug available for interaction with the target during in 
vitro studies (i.e., cell culture or biochemical assays). Discrepancies between free drug 

concentrations in vitro in cell culture media containing 5–10% bovine serum and in vivo 
(e.g., human plasma) will be dependent on the degree of protein binding for each drug and 

the binding capacity of the added protein/serum.

Species differences in plasma protein binding may warrant consideration when designing 

translational studies, as some drugs show clinically significant species differences in plasma 

protein binding. For example, at clinically relevant concentrations, vismodegib is primarily 

bound to α-1-acid glycoprotein (AAG), with a much lower affinity for albumin (23). 

Quantitative assays of protein binding revealed an approximately 100-fold difference in 

binding Kd between rat and human AAG, which resulted in significant PK differences 

between species. In general, any species differences in binding affinity to the target should 

also be factored into the calculation of the concentrations deemed to be equivalent to human 

clinical exposure.

Plasma AUC is another key parameter to consider in planning nonclinical studies, 

particularly when comparing exposures between species or routes of administration. The 

AUC is the integration of plasma drug exposure over time, and as such takes into account 

bioavailability, different absorption rates (e.g., IV vs oral) and elimination rates. This 

provides a more complete picture of drug exposure than Cmax, which represents exposure at 

only the Tmax. While AUC can be useful to compare exposure following different routes of 

administration or formulations, it is particularly useful to translate the exposure achieved in 

humans to that seen in animal models. Modifying the dose or route in animals to mimic 

more closely the AUC observed in the clinic, using a protocol such as suggested by Spilker 

et al. (21), may provide a more relevant drug exposure in the model and help to avoid high 

exposures which would not be tolerated in humans or that may lead to off-target activities of 

the drug.

In cases where active metabolites contribute significantly to efficacy, the concentration of 

those metabolites in plasma may need to be monitored to capture the exposure responsible 

for the full pharmacological activity of the administered product. One example of this is 

tamoxifen. Through the action of two cytochrome P450 oxidases (CYP2D6 and CYP3A4/5), 

three metabolites are produced with affinities for the estrogen receptor that are similar to or 

more potent than the parent molecule (24–27). In patients, these metabolites may be 

responsible for much of the pharmacodynamic action of the drug (24,25). It has been shown 

that mice can produce these metabolites (28), but levels and metabolite profile vary with 
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dose. However, these metabolites may not be produced in all in vitro systems under test 

(e.g., cell culture, biochemical assays), so activity due to parent alone may not reflect the full 

potential in vivo activity of the drug. In addition, polymorphisms in cytochrome P450 

enzymes responsible for activation (or degradation) can influence the plasma concentrations 

of parent and metabolites. Hence, when testing tamoxifen in nonclinical models, levels of 

parent and these active metabolites should be considered. As can be seen from this example, 

the interpretation of results is complex in nonclinical models where active metabolites of the 

parent have the potential to contribute significantly to the pharmacological action.

Several alkylating agents undergo activation to the reactive species in vivo and this 

activation should be considered when designing nonclinical studies. Activation of these 

agents is described in the Drug Product Labels. The platinum-containing drugs (carboplatin, 

cisplatin and oxaliplatin) are subject to aquation in water, which will occur in most in vitro 
and in vivo systems to generate the active agents. Temozolomide undergoes rapid non-

enzymatic hydrolysis to MTIC, which is present at about 3% of parent levels in plasma. 

Similar to temozolomide, busulfan undergoes non-enzymatic hydrolysis in aqueous media to 

become activated, releasing methanesulfonate groups. Three alkylating agents are activated 

by cytochrome P450 enzymes (altretamine, cyclophosphamide, ifosfamide). For the agents 

requiring enzymatic activation, evaluation in nonclinical models (in vitro and in vivo) should 

ensure that the appropriate P450 enzymes are present within the system to allow full activity 

to be manifest. Three drugs (aminolevulinic acid, methoxysalen and porfimir) require 

photoactivation, which yields free radicals or derivatives that form covalent bonds with 

nucleic acids and proteins, in order to generate cytoxicity.

The most common routes of administration for oncology drugs in the clinic are oral and IV. 

In animal studies, particularly in rodents, the IP route is often preferred. Following IP 

injection, many small molecule drugs are absorbed by capillaries within the visceral 

peritoneum, which collect into the mesenteric and omental veins and drain into the hepatic 

portal vein. Drugs absorbed through this route will be subject to first-pass hepatic 

metabolism, similar to orally administered drugs (29). For certain high molecular weight 

drugs, such as biologics, and some lipophilic small molecules, absorption into the lymphatic 

drainage predominates, thereby avoiding first-pass hepatic clearance (30). Some biological 

agents are subject to target-mediated clearance, in addition to the the hepatic and renal 

clearance mechanisms more typical with small molecule drugs. The formulation of drugs 

(vehicle and excipients) can have a significant effect on the rate and extent of absorption 

following either IP or oral delivery. In animal studies, oral drugs are often delivered as 

suspensions. While suspensions are generally tolerated for oral administration, drugs 

delivered IP should be fully solubilized. All of these factors can influence Cmax and AUC, so 

should be considered during the design and interpretation of nonclinical studies.

Our goal in this compilation is to provide a convenient data resource of PK estimates for 

clinically relevant plasma exposures (Cmax and AUC) for all single agents marketed for 

oncology indications in the U.S. We chose the highest dose recommended in the label 

delivered as a single administration (except where noted), the intent being to provide a 

benchmark for achievable and relevant human exposures. The therapeutic effects of many of 

the agents are likely due to repeated administration of these doses using a variety of 
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schedules which may lead to accumulation, so some agents may achieve higher exposures at 

steady-state. Consideration of these clinically achievable exposures in conjunction with 

animal studies to characterize the PK in the model species, such as described by Spilker et 

al. (21) and including dose-response curves, will ultimately improve the translation of 

pharmacological activity in the model back to the clinic. We expect the greatest utility of this 

report will be a source from which an upper boundary on the clinically achievable plasma 

concentrations of anti-cancer agents can be readily applied to in vitro studies. Admittedly, 

there are limitations and caveats associated with any attempt to reduce something as 

complex as efficacy and human pharmacokinetics down to a single approach, and successful 

application of these clinical exposure values will also require a thorough understanding of 

the underlying biology of the target and disease processes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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