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Abstract
The lack of effective chemotherapeutic agents for the treatment of brain tumors is a serious unmet medical need. This can 
be attributed, in part, to inadequate delivery through the blood-brain barrier (BBB) and the tumor-cell barrier, both of which 
have active efflux transporters that can restrict the transport of many potentially effective agents for both primary and meta-
static brain tumors. This review briefly summarizes the components and function of the normal BBB with respect to drug 
penetration into the brain and the alterations in the BBB due to brain tumor that could influence drug delivery. Depending on 
what is rate-limiting a compound’s distribution, the limited permeability across the BBB and the subsequent delivery into the 
tumor cell can be greatly influenced by efflux transporters and these are discussed in some detail. Given these complexities, 
it is necessary to quantify the extent of brain distribution of the active (unbound) drug to compare across compounds and to 
inform potential for use against brain tumors. In this regard, the metric, Kp,uu, a brain-to-plasma unbound partition coef-
ficient, is examined and its current use is discussed. However, the extent of active drug delivery is not the only determinant 
of effective therapy. In addition to Kp,uu, drug potency is an important parameter that should be considered alongside drug 
delivery in drug discovery and development processes. In other words, to answer the question - How much is enough? - one 
must consider how much can be delivered with how much needs to be delivered.
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Introduction

Brain and other central nervous system (CNS) cancers have 
high mortality rates in adults, and are the leading cause of 
death among cancer patients younger than 20 years [1]. 
Glioblastoma and meningioma are the most common malig-
nant and benign CNS tumors, accounting for over half of 
the cases (50.1 % and 55.4 %, respectively) [2]. Glioblas-
toma (GBM) is a highly aggressive and infiltrative primary 

malignant brain tumor with a 5-year survival rate of 6.9 % 
[2]. Secondary, or metastatic brain tumors, where tumor cells 
originate outside the CNS before traveling to the brain, such 
as metastatic lung cancer, breast cancer and melanoma, are 
a significant concern in the management of cancer patients 
and occur more frequently than primary brain tumors.

Currently, there are limited therapeutic options for tumors 
in the brain and the standard-of-care for patients with newly 
diagnosed GBM is maximal surgical resection followed by 
concurrent radiation with cytotoxic temozolomide (TMZ) 
for 6 weeks, and then adjuvant TMZ chemotherapy for 6 
months [3]. In addition to standard-of-care treatment, other 
therapeutic agents, such as carmustine, a cytotoxic in the 
form of implanted  Gliadel® wafers, bevacizumab, an antian-
giogenic agent, and lomustine, a cytotoxic agent, are also 
approved by the FDA for recurrent GBM. Despite advance-
ments in therapy for peripheral, non-CNS tumors, the treat-
ment options for brain metastases have not kept pace with 
those advancements, in part related to the challenge of drug 
delivery across the blood-brain barrier (BBB). Nevertheless, 
treatments such as surgery, systemic therapy (chemotherapy, 

Dedicated to Professor David E. Smith on his retirement after more than 
40 years of groundbreaking scholarship at the University of Michigan.

 * William F. Elmquist 
 elmqu011@umn.edu

1 Brain Barriers Research Center, Department 
of Pharmaceutics, College of Pharmacy, University 
of Minnesota, Minneapolis, MN, USA

2 Department of Radiation Oncology, Mayo Clinic, Rochester, 
MN, USA

http://crossmark.crossref.org/dialog/?doi=10.1007/s11095-023-03574-1&domain=pdf
http://orcid.org/0000-0002-7478-3429


2732 Pharmaceutical Research (2023) 40:2731–2746

1 3

immunotherapy, targeted agent therapy), stereotactic radio-
surgery, and whole brain irradiation exist and need further 
refinement for the special circumstances of delivery and effi-
cacy in the brain [4, 5].

Molecular-targeted chemotherapy is a critical component 
of brain tumor treatment [6]. However, despite enormous 
progress in the discovery of molecular targets and poten-
tial drug candidates for those targets, the success rate of 
targeted therapeutic agents for brain tumors is quite low. 
One clear reason for this low translation rate is limited 
drug delivery across the BBB, that has been observed in 
the failures of the dasatinib and Depatux-M. Dasatinib is a 
multitargeted tyrosine kinase inhibitor that has been evalu-
ated in several phase II clinical trials for patients with GBM 
as monotherapy or in combination with other treatments 
(NCT00423735, NCT00892177, and NCT00869401). 
Unfortunately, dasatinib failed to demonstrate efficacy in 
GBM patients, possibly due to insufficient drug penetration 
into brain [7]. Preclinical studies have discovered that active 
efflux transport at the BBB limits delivery of dasatinib into 
brain [8, 9] and dasatinib significantly prolonged survival in 
glioma-bearing mice when efflux transport was genetically 
deleted [10]. Depatux-M (ABT-414), the EGFR-targeted 
antibody-drug conjugate (ADC) depatuxizumab mafodotin, 
showed encouraging results in preclinical and phase I and 
II clinical studies in combination with TMZ to treat GBM 
[11–13]. However, the results from an extensive phase III 
trial (NCT02573324) showed that the addition of Depatux-
M to the standard treatment did not improve overall sur-
vival in GBM patients [14]. One potential explanation for 
this negative result is limited penetration of the BBB by 
Depatux-M, and heterogeneous distribution of Depatux-
M into tumor tissues [14, 15]. One important, yet simple, 
lesson to learn from the failure of these two molecular-
targeted therapeutic agents is that in order to achieve an 
efficacious treatment outcome, enough drug exposure at 
the site of action to elicit an antitumor effect is required, 
in other words, potential effective drug candidates should 
have enough BBB penetration to reach tumors in the brain. 
However, before rushing to look for drug candidates with 
“higher” penetration across the BBB, we need to answer a 
question – how much is “enough”?

This review will examine the effect of the BBB on drug 
delivery in healthy and brain tumor conditions, especially 
from the perspective of efflux transporters. While it is rec-
ognized that there are additional barriers in the CNS, such 
as the blood-CSF barrier [16–18], and the arachnoid bar-
rier [19, 20], the current review focuses on the influence of 
the BBB. Following the discussion about the BBB, a brief 
overview on the quantification of the delivery of molecu-
lar-targeted brain tumor therapeutic agents to brain will be 
offered. The review will conclude with a perspective on the 
current, possibly misguided, practices in drug development 

for CNS targets, especially brain tumors, and future direc-
tions for improving drug discovery and development for the 
treatment of brain tumors.

Blood‑brain Barrier: An Obstacle for Drug 
Delivery to the Brain

The BBB plays an indispensable role in preserving brain 
homeostasis and protecting the CNS from endogenous harm-
ful substances and xenobiotics. The BBB is comprised of 
specialized endothelial cells (ECs) and functional barriers 
and the ECs are surrounded and supported by pericytes, 
astrocyte endfeet, and the basal lamina (Fig. 1) [21]. These 
cells, together with other essential cell types such as micro-
glia and neurons, form the neurovascular unit (NVU) [22].

Adjacent ECs in the BBB are connected by junctional 
complexes, limiting paracellular transport. Substance 
exchange is further regulated by transport proteins expressed 
at the luminal and abluminal sides of the ECs. Junctional 
complexes are physical barriers at the BBB that separate 
brain tissue space from the systemic blood stream, limit-
ing paracellular diffusion of substances from blood to brain 
parenchyma. Tight junctions (TJs) and adherens junctions 
(AJs) are two primary classes of junctional complexes, 
where AJs assist the formation of TJs, and the interaction 
between their components is critical to the function of the 
dynamic junctions [23]. TJs are a size- and charge-selective 
semipermeable barrier, primarily consisting of three classes 
of transmembrane proteins: claudins, occludins, and junc-
tion adhesion molecules, and also membrane-associated 
cytoplasmic proteins such as zonula occludens and cingulin 
that connect transmembrane proteins to actin [23–25]. These 
transmembrane proteins in ECs bind with the same type of 
proteins expressed on adjacent ECs (homophilic oligomeri-
zation) to form the seal of TJs, the lack of which can result 
in the loss of integrity of the BBB [23–25]. Similarly, AJs 
are formed through the homophilic interaction between the 
transmembrane proteins cadherin in neighboring brain ECs, 
contributing to ECs survival, blood vessel assembly, and TJs 
formation [23].

The sophisticated junctional complexes between ECs 
restrict paracellular transport across the BBB to prevent 
a majority of harmful substances from entering the brain; 
however, some lipophilic molecules can diffuse across the 
BBB using the transcellular pathway. Therefore, transporters 
expressed on the ECs are essential to selectively control sub-
stance permeability. These transporters include influx, for 
hydrophilic nutrients, and efflux, for lipophilic compounds, 
active transport systems. Influx transporters, such as cationic 
amino acid transporter 1 (CAT1) and glucose transporter 1 
(GLUT1), localized on the luminal and/or abluminal sides 
of the ECs, supply nutrients and other essential molecules 
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to the brain [26]. In contrast, efflux transporters, as the bio-
chemical barriers of the BBB, transfer substrates out of the 
brain, either from brain parenchyma to ECs and/or from ECs 
to blood (Fig. 1). More detailed discussions on efflux trans-
porters will be provided later in this review.

Junctional complexes and efflux transporters at the BBB 
strictly control substance entrance to protect the brain, how-
ever, at the same time, it also presents a significant obstacle 
for therapeutic agents entering the brain to treat brain dis-
eases, such as brain tumors. A majority of small molecule 
anticancer agents enter the brain parenchyma by passive dif-
fusion across brain ECs membranes driven by a concentration 
gradient. However, this passive diffusion can be hindered by 
the biochemical barriers of the BBB, namely, active efflux 
transporters including P-glycoprotein (P-gp), breast cancer 
resistance protein (BCRP), and multidrug-resistance proteins 
(MRPs). These efflux proteins are of great concern when 
using efflux substrates as a therapeutic for brain tumors [27]. 
In order to improve drug delivery to the brain, many strate-
gies have been investigated in both preclinical and clinical 
studies, including CNS-targeted delivery strategies using 
such methods as focused ultrasound, osmotic opening, con-
vection-enhanced delivery, trojan-horse carriers, and molecu-
lar modifications that enhance drug permeability [28, 29].

Changes in the Blood‑brain Barrier Induced 
by Brain Tumors

The integrity and function of the BBB are altered under 
disease conditions, e.g., brain tumors. Brain tumor vascula-
ture is different from that in healthy brain tissue. Increased 
nutrition and oxygen demand during tumorigenesis induces 
angiogenesis through stimulating the expression of pro-
angiogenic growth factors, including vascular endothelial 
growth factor (VEGF), epidermal growth factor (EGF), and 
platelet-derived growth factor (PDGF), resulting in a dense 
microvasculature in the tumor [30, 31]. However, because 
of deregulated angiogenic factors and hypoxic environment 
in tumor, the tumor microvasculature is often disordered and 
functionally immature with blood vessels of variable lumen 
diameters, changes in perfusion, and higher permeability, 
known as pathological angiogenesis [30].

The integrity of the BBB in regions of primary and 
metastatic brain tumors may be heterogeneously altered 
due to spatial differences in expression of TJs proteins like 
claudin-5, claudin-3 and occludin, breakdown of the basal 
lamina, aberrant pericyte coverage, and loss of astrocytic 
endfeet. These changes, taken as a whole, lead to what is 
often termed the blood-tumor barrier (BTB) (Fig. 1) [32]. 

Fig. 1  Structure of the blood-brain barrier (BBB) in the normal brain and the blood-tumor barrier (BTB) in brain tumor regions. Note: Figure 
was created with BioRender.com.
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The permeability of the BTB is generally higher than that 
of the BBB, and the causative mechanisms have been 
explored; including increased  desmin+ subpopulation of 
pericytes, decreased  CD13+ subpopulation of pericytes, 
and decreased laminin α2 in astrocytic basal lamina [33], 
upregulated expression of aquaporin-4 (AQP4) that facilitate 
the flow of edema fluid in edematous brain tumors [34], and 
increased secretion of cytokines and chemokines like IL-6, 
CC-chemokine ligand 2 from sphingosine 1-phosphate recep-
tor 3 (S1PR3) that is overexpressed in brain metastases [35].

The breakdown of the BBB is a well appreciated feature 
of many brain tumors. In clinic, conventional magnetic reso-
nance imaging (MRI) remains the standard-of-care imag-
ing method for brain tumor visualization [36]. Furthermore, 
contrast-enhanced MRI through intravenous administration 
of small hydrophilic gadolinium-based contrast agents could 
increase tissue contrast (increased T1 signal intensity) based 
on a leaky BBB in the brain tumor condition, where contrast 
agents leaking out of the blood vessels into the surround-
ing interstitial tissues, resulting in image enhancement of 
tumor regions (Fig. 2) [1, 37]. However, given the selectiv-
ity and sensitivity of this imaging method, the capacity of 
contrast-enhanced T1-weighted MRI to show the full extent 
of the tumor, differentiate tumor from nonspecific tissues, 
and determine tumor progression after treatment, is limited, 
so other alternative imaging methods, e.g., positron-emis-
sion-tomography (PET), are emerging to improve the iden-
tification of brain tumors [38, 39]. What’s more, advanced 
imaging techniques like diffusion-weighted imaging (DWI), 
susceptibility-weighted imaging (SWI), perfusion-weighted 
imaging (PWI) and MR spectroscopy (MRS) enable evalu-
ation of tumor microenvironment, depiction of internal 
vascular architecture, and assessment of tumor metabolic 
profiles [36].

It is critical to recognize that regions delineated by con-
trast-enhancement do not fully capture the tumor mass [40]. 
While contrast-enhancement is indicative of a more leaky 
BBB, changes of BBB permeability in brain tumors are het-
erogeneous (Fig. 3). Lockman et al. determined the perme-
ability of the BBB in brain metastases of breast cancer, and 
found that BBB permeability is compromised in most of 
tumor lesions varying in magnitude both within and between 
metastases [41]. The inter-tumor heterogeneity of BBB 
disruption across brain tumor subtypes results in a limited 

Fig. 2.  Magnetic resonance 
imaging (MRI) imaging of 
a patient with GBM bur-
den (from reference [37]). 
Sequential imaging with (A) 
contrast-enhanced T1-weighted 
MRI, (B) T2-weighted fluid 
attenuation inversion recovery 
(FLAIR).

Fig. 3.  Heterogeneous BBB permeability and corresponding drug 
distribution in brain with tumors.  Note: Figure was created with 
BioRender.com
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response to clinical and preclinical studies. Erlotinib and 
gefitinib, EGFR inhibitors with significant in vitro potency, 
showed modest efficacy against non-small cell lung can-
cer brain metastases. However, both drugs failed to extend 
survival of GBM patients, which could be potentially due 
to different BBB disruption in GBM as compared to brain 
metastases, or different expression of efflux transporters in 
diverse tumor types and associated capillary ECs [42–44]. 
Depatux-M, an EGFR targeted ADC, was evaluated in two 
patient-derived xenograft (PDX) GBM models that had dif-
ferent extravasation of fibrinogen, a large blood-borne pro-
tein, and expression of claudin-5 in brain tumor capillaries, 
indicating different BBB permeability, and had significantly 
different efficacy [15] with the ADC most efficacious when 
the BBB was more “leaky”. As a clear example of how 
the BBB disruption by a tumor is highly heterogeneous, 
even between subtypes of a tumor type, the Phoenix group 
showed that tumor-associated vasculature in different pediat-
ric brain tumor subtypes of medulloblastoma was disrupted 
to a greater extent in WNT-medulloblastoma subtypes, while 
is relatively intact and functional in SHH-medulloblastoma 
[45]. Moreover, it has been reported that mouse models of 
diffuse midline glioma (DMG) exhibit a more normal BBB 
than pediatric high-grade gliomas (pHGG) [45, 46].

Despite the heterogeneous changes of the BBB perme-
ability within and between tumor lesions by the mechanisms 
described above, overall, brain tumors retain a sufficiently 
intact BBB in different spatial regions to prevent drug deliv-
ery, leading to the failure of therapy [37, 41]. Tumor regions 
can be effectively treated only when adequate drug is deliv-
ered to the target tumor cells. Recently, an increasing body 
of evidence has been published demonstrating that the lack 
of efficacy in brain tumors could be attributed to heterogene-
ous drug distribution resulting from variable BBB perme-
ability. Lapatinib showed only partial efficacy against breast 
cancer brain metastases in preclinical and clinical studies, 
that could be explained by the results of quantitative drug 
measurement in the tumor tissue, that is, lapatinib concen-
trations vary among brain metastases due to heterogeneous 
permeability, even though on average higher than surround-
ing normal brain tissues [47]. Talele et al. have observed 
heterogeneous spatial distribution of berzosertib, pepos-
ertib, and AZD1390 in orthotopic GBM models, where 
the drugs distributed more in intracranial tumor core than 
the rim, followed by that in surrounding normal brain tis-
sues [48–50]. Similar observations of heterogeneous spatial 
distribution in orthotopic tumors are also reported for ispi-
nesib, AB095-MMAF and Depatux-M [15, 51]. However, 
depending on the mechanisms leading to distribution of a 
drug, the rank order of delivery is also variable (Fig. 3). 
For example, in contrast with the above mentioned com-
pounds, E6201, a novel mitogen-activated protein/extracel-
lular signal-regulated kinase (MEK) inhibitor, has excellent 

brain penetration, and showed higher drug distribution in 
the normal brain regions than in the tumor regions, in intrac-
ranial melanoma brain metastases mouse models [52, 53]. 
Recent advances in quantitative imaging techniques such 
as combination of matrix-assisted laser desorption ioniza-
tion mass spectrometry imaging (MALDI-MSI) facilitate 
increased spatial resolution and have been used to assess 
spatial distribution of drugs targeted to other pathological 
conditions in the brain [54]. This powerful tool can provide 
critical insights about heterogeneity in BBB breakdown and 
in spatially variable drug distribution.

Efflux Transporters Limit Drug Delivery 
to Brain Tumors

Major Efflux Transporters in Brain – Abc and Slc 
Transporters

As discussed above, the efflux transport systems at the BBB 
protects the brain from the influence of harmful substances 
in the systemic circulation, but also prevents the anticancer 
therapeutic agents in the blood from entering the brain and 
reaching the site of action, i.e., the brain tumor lesion. Mul-
tiple transporters, not only expressed on the ECs at the BBB 
but also on the tumor cells, are involved in this selective 
delivery process, and this section will provide an overview 
on some dominant transporters that are involved in drug 
delivery to brain tumors.

ATP-binding cassette (ABC) transporters actively transport 
their substrates against a concentration gradient by energy pro-
vided by ATP. P-glycoprotein (P-gp, ABCB1) is the first ABC 
transporter that was initially identified in drug-resistant Chi-
nese hamster ovary cell membranes. The “P” was designated 
for its influence on drug permeability [55]. The function of 
P-gp in brain tumor treatment has been demonstrated to result 
in multidrug resistance in tumor cells [56] and prevention of 
anticancer drugs penetration from blood to the brain across the 
brain capillary ECs [57, 58]. P-gp was detected in ECs of brain 
capillaries in 1989 [56] and its localization was determined on 
the luminal side of the ECs at the BBB by immunohistochemi-
cal staining [57–59]. Some studies also reported that P-gp is 
expressed in astrocytes and the abluminal side of ECs [60–62], 
however this has been subject to some controversy. Never-
theless, it is commonly believed that P-gp is predominantly 
expressed on the luminal endothelial membrane at the BBB. 
Besides the ECs, P-gp has also been reported to be expressed 
on the epithelial cells in choroid plexus [19, 63].

The multidrug resistance-associated protein (MRPs, 
ABCC) family has multiple members, of which MRP1 was 
the first ABC transporter involved in multidrug resistance 
identified in a multidrug-resistant human lung cancer cell 
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line [64, 65]. In spite of some overlap in the drug resist-
ance profile with P-gp, MRP1 has preference to transport 
a broad range of lipophilic anionic anticancer drugs [65]. 
In addition to MRP1, several other MRP homologues have 
been identified in brain capillary ECs at the BBB, such as 
MRP3, MRP4, MRP5 and MRP6, where MRP1 and MRP5 
are predominantly localized on the luminal ECs membrane, 
and MRP4 has similar distribution on both luminal and ablu-
minal sides at the BBB [66, 67]. MRP7, MRP8, and MRP9 
have been also discovered to express in the brain, but details 
have not been reported [65]. Recently, MRP2 has been found 
in the human ECs of the BBB [19].

After the discovery of P-gp and MRPs, breast cancer 
resistance protein (BCRP, ABCG2) was identified in a 
human breast cancer subline that exhibits multidrug resist-
ance in the absence of P-gp and MRP1 overexpression [68]. 
BCRP is primarily expressed on the luminal side on the ECs 
at the BBB, exhibiting efflux function for drug transport 
from the ECs back into the blood stream [69–71]. Many 
molecular-targeted therapeutic small molecules are dual 
substrates of both P-gp and BCRP. These two crucial efflux 
transporters at the BBB have been shown to cooperate in 
limiting drug delivery into the brain: when either P-gp or 
BCRP is absent, the other transporter would functionally 
compensate for drug efflux. This compensation does not 
occur through changes in protein expression [72]; if both 
transporters are absent, brain penetration of dual substrates 
would be significantly improved [49, 53, 73–77].

In addition to the active efflux by ABC transporters, sol-
ute carrier (SLC) transporter-mediated translocation can also 
contribute to the efflux of therapeutic agents from brain to 
blood. The organic anion transporter 3 (OAT3, SLC22A8), 
expressed on the abluminal side of brain capillary ECs mem-
branes, has been demonstrated to participate in the efflux 
of organic anions such as benzylpenicillin and para-ami-
nohippuric acid (PAH) [78, 79]. The organic anion trans-
porting polypeptide 2 (OATP2), located on both luminal 
and abluminal sides of ECs at the BBB, is a bidirectional 
transporter, that is involved in the transport of 17β-estradiol-
d-17β-glucuronide (E217βG) and dehydroepiandrosterone 
sulfate (DHEAS) out of the brain in rat models [80–82].

Expression of Efflux Systems in Normal Brain 
and Brain Tumors

Identification of efflux transporters and corresponding 
substrate profiles will help to understand the mechanisms 
of drug delivery to the brain, and will be beneficial to 
drug design, development, and application. A quantifi-
cation of transporter expression at the BBB can provide 
guidance for translational drug development and preci-
sion medicine (Table I). Agarwal et al. has quantified the 
expressions of P-gp and Bcrp in mouse brain capillary 

ECs and found that the expression level of P-gp is approx-
imately 4.6-fold and 7.5-fold higher than that of Bcrp 
and Mrp4, respectively [72]. Kubo et al. reported Bcrp 
as a luminal-dominant transporter in porcine brain cap-
illaries through proteomic analysis by using P-gp as a 
luminal marker [83]. In human brain microvessels, P-gp 
and BCRP are dominant ABC transporters, and BCRP 
protein expression is higher than that of P-gp (almost two 
fold), while MRP4 has much less expression [84, 85]. 
Interspecies difference of efflux transporters expression 
has been observed in different groups. The expression of 
BCRP is slightly higher in the human than in rodent BBB 
with less than a 2-fold difference, whereas a much higher 
expression of P-gp is observed in rats and mice compared 
to humans [85–87]. Bao et al. reported a 6.5-fold higher 
P-gp expression in rats (22.09 vs. 3.38, fmol/µg protein) 
and a 2.5-fold higher in mice (8.57 vs. 3.38) than that in 
humans [87]. Uchida et al. demonstrated that the absolute 
expression of P-gp in rats is 14.3 fmol/µg protein while in 
humans is 3.91 fmol/µg protein [86]; in mice is 14.1 fmol/
ug protein compared to 6.06 fmol/ug protein in humans 
[85]. The expression of efflux transporters also differs 
between brain and spinal cord, the two primary organs in 
the CNS. Uchida et al. have observed lower expression 
levels of P-gp and BCRP in spinal cord capillaries than 
brain capillaries in humans [86]. However, the expression 
of P-gp and BCRP seen in human CNS tissue regions are 
similar, including frontal cortex, temporal cortex, white 
matter and thoracic spinal cord [86].

Efflux transporters expressed on brain capillary ECs are 
a significant barrier to restrict brain penetration of their 
substrates. The BBB can be altered under pathological 
conditions, presenting as the BTB in brain tumors, in part 
through the changes of the efflux transporters. The BTB 
shares efflux transporter types with the BBB but differs 
in expression profile. Compared with normal brain, the 
expression levels of efflux transporters in brain tumors are 
more complex, and different labs have different or even 
contradictive opinions (Table I). Bao et al. demonstrated 
significantly lower protein expression P-gp and BCRP in 
glioblastoma microvessels compared to microvessels iso-
lated from human normal brain [87], while Schaffenrath 
et al. detected downregulated gene expression of P-gp, 
upregulated genes of MRP3 and MRP5, and no change 
in BCRP, in GBM vasculature [88]. The alteration of 
efflux transporters also depends on the type of the brain 
tumors, for which Schaffenrath et al. found upregulated 
MRP1 and MRP3, downregulated MRP4, and no change 
in P-gp and BCRP in adenocarcinoma brain metastasis, 
suggesting a different direction of gene regulation in the 
vasculature [88]. Chaves et al. observed no statistically 
different expression levels of P-gp, Bcrp and Mrp1 in 
normal rat brain compared with diffuse intrinsic pontine 
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glioma-bearing brain [89]. However, Aronica et al. showed 
increased BCRP expression in brain tumor tissues, includ-
ing GBMs [71]. Therefore, in the general milieu of brain 
tumors, the efflux transporters expression should be evalu-
ated case by case. In addition to the transporters at the 
BTB, efflux transporters expressed on tumor cells act as 
the  2nd barrier that can restrict adequate anticancer thera-
peutic agents from reaching the site of action, i.e., brain 
tumor cells (Fig. 4). Besides the cell lines in which these 
efflux transporters were identified, P-gp, BCRP and MRPs 
have been reported to express on a variety of glioma cells 
and positively correlated with the pathological grade or 
drug resistance of glioma in several studies [90–92]. Also, 
the expression of efflux transporters is associated with the 
process of tumor proliferation [93].

Can Clinical Inhibition of Efflux Improve Drug 
Delivery to Brain Tumors?

It has been widely shown that efflux transporters in brain 
tumors can limit the drug delivery of anticancer therapeutic 
agents, and thus several strategies have been developed to 
improve the drug delivery of efflux substrates to the brain. 
Pharmacological inhibition of efflux transporters presents 
a potential approach to overcome efflux barriers. However, 
the clinical usage of efflux transporter inhibitors lacks suc-
cess due to a number of reasons: 1) complexity of adjuvant 
therapy, 2) possible CNS toxicity of other agents [94], 3) 
systemic toxicity of chemotherapy, 4) need inhibitor to reach 
the  2nd barrier on tumor cells if it exists, 5) selectivity of the 
inhibitor (matching the affinity for inhibition with that for 

Table I  Protein Expression of Efflux Transporters in Healthy Rodent Brain and Human Brain, and in Human with GBM

N.D., not detected; BLQ, below the limit of quantification
a From isolated brain capillary endothelial - Agarwal et al. (mean ± SEM) [72]; b From freshly isolated brain microvessels - Shawahna et al. 
(mean ± SD) [84]; c From brain microvessels - Uchida et al. (mean ± SD) [85]; d From isolated microvessels - Bao et al. (median (mean ± SD) 
[87]; e From isolated capillaries from minced tissue - Uchida et al. (mean ± SD for human brain; mean ± SEM for rat brain) [86]; f From iso-
lated endothelial cells - Schaffenrath et al. (compared with normal cortex) [88]

Efflux transporter Protein expression (fmol/µg protein)

Mouse brain (strain) Rat brain Human brain Human GBM

P-gp (ABCB1) 16.3 ± 0.8 (FVB)a 21.95 (19.63 - 25.93) (Fischer 
344; cortex)d

3.98 ± 0.88 (cortex)b 0.14 (BLQ - 2.87)d

14.1 ± 2.1 (ddy; cerebellum)c 22.22 (17.16 - 29.73) (Fischer 
344; non-cortex)d

6.06 ± 1.69 (cortex)c ↓f

8.57 (BLQ - 12.82) (Balb/c)d 14.3 ± 0.4 (cerebrum)e 3.38 (1.00 - 7.42) (cortex)d

3.91 ± 1.38 (frontal cortex)e

2.72 ± 1.04 (temporal and pari-
etal cortex)e

2.10 ± 1.54 (white matter)e

BCRP (ABCG2) 3.53 ± 0.21 (FVB)a 4.59 (2.50 - 4.91) (Fischer 344; 
cortex)d

6.15 ± 1.41 (cortex)b 1.69 (BLQ - 12.11)d

4.41 ± 0.69 (ddy; cerebellum)c 5.57 (BLQ - 7.43) (Fischer 344; 
non-cortex)d

8.14 ± 2.26 (cortex)c no  changef

3.84 (0.29 - 9.16) (Balb/c)d 6.24 ± 0.06 (cerebrum)e 6.21 (2.23 - 16.53) (cortex)d

3.39 ± 0.74 (frontal cortex)e

2.31 ± 0.70 (temporal and pari-
etal cortex)e

1.84 ± 0.96 (white matter)e

MRP1 (ABCC1) N.D.a 0.818 ± 0.125 (cerebrum)e BLQc, e no  changef

MRP2 (ABCC2) N.D.a BLQc

MRP3 (ABCC3) N.D.a BLQc ↑f

MRP4 (ABCC4) 2.18 ± 0.13 (FVB)a BLQd 0.31 ± 0.11 (cortex)b BLQd

1.59 ± 0.22 (ddy; cerebellum)c 1.63 ± 0.03 (cerebrum)e 0.195 ± 0.069 (cortex)c no  changef

BLQd BLQd, e

MRP5 (ABCC5) N.D.a BLQc ↑f

MRP6 (ABCC6) N.D.a BLQc

MRP7 (ABCC9) N.D.a BLQc no  changef

MRP9 (ABCC12) BLQc



2738 Pharmaceutical Research (2023) 40:2731–2746

1 3

efflux for multiple transporters). Nevertheless, some patents 
have been filed for the combination of efflux transport inhibi-
tors with chemotherapeutic agents (U.S. Pat. No. 6703400, 
20090170880, 20140235631). A more feasible strategy for 
development is using medicinal chemistry approaches to 
engineer molecules with decreased affinity for efflux. Other 

strategies, such as modification of the BBB, targeted drug 
delivery, and bypassing the BBB, have been developed to 
overcome efflux and improve drug delivery to the brain [28, 
29].

Kp,uu – A Useful Parameter to Assess Drug 
Delivery to the Brain

Efficient discovery and development of drugs for brain 
tumors requires two important properties to be evaluated: 1) 
drug potency, and 2) drug exposure at the active site (tumor) 
in the brain. Among them, drug exposure, dependent on the 
concentration and time course of drug in the tumor, is often 
quantified by the brain-to-plasma partition coefficient (Kp), 
the ratio of the area under the (conentration) curve (AUC) 
of brain concentration normalized to the AUC of the plasma 
concentration, or the ratio of the brain concentration to the 
plasma concentration at steady-state (Fig. 5). This concept 
has been elaborated by contemplating free drug hypothesis 
that only unbound molecules will cross the BBB, and the 
tumor cell membrane, and exert a pharmacological effect 
at the target sites. Indeed, the driving force for the brain 

Fig. 4  Two layers of efflux transporter system in brain tumors. Note:  
Figure was created with BioRender.com.

Fig. 5  A schematic illustra-
tion of multiple equilibrium 
processes that determine the 
relative drug exposure to the 
brain, i.e., the Kp and Kp,uu. 
Note:  Figure was created with 
BioRender.com.
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distribution of therapeutic agents after systemic adminis-
tration is the unbound concentration in plasma (or blood), 
rather than the total concentration which is the sum of the 
bound and unbound drug concentrations (Fig. 5) [95–97]. 
Moreover, given that the target concentration is determined 
by in vitro efficacy studies, where only unbound drug inter-
acts with therapeutic targets, the potential for in vivo efficacy 
should be based on the free drug concentrations at the target 
sites. In this sense, Kp,uu, instead of Kp, has been adopted 
to help describe the relative exposure of pharmacologically 
available unbound drug in the brain.

Conceptually, the Kp,uu can be described as the AUC 
ratio of free drug concentration in the brain to that in plasma 
or the ratio of free drug concentration of brain to that of 
plasma at steady-state. In practice, the Kp,uu values can be 
determined by the free drug concentrations in plasma and 
brain interstitial fluid at the steady state with microdialy-
sis sampling technique or by incorporating drug unbound 
fractions in plasma and in brain to Kp (Fig. 5) [95]. Drug 
unbound fractions in plasma and brain are often different, 
therefore, the Kp,uu values could be lower or higher than 
Kp values, depending on the extent of binding to plasma and 
brain components. For example, the MEK inhibitor E6201 
has a lower unbound fraction in the brain (0.14%) than in 
plasma (2.6%), leading to a 19-fold lower Kp,uu compared 
to Kp (Kp=2.66 vs. Kp,uu=0.14) [53]. Other drugs shown 
in Table II, such as berzosertib, ponatinib, and AZD3759, 
also suggest that drug delivery to the brain could be overes-
timated or underestimated if it is evaluated without regard 
to unbound drug concentrations. Inaccurate quantification 
of drug delivery can lead to a puzzling correlation between 
drug exposure and efficacy, potentially misleading dur-
ing candidate drug screening. Currently, Kp,uu has been 
regarded as a “game changing parameter” in the pharmaceu-
tical industry and is widely accepted in the decision making 
process in the selection of candidates for further develop-
ment and prediction of an effective therapeutic dose [98].

In the following section of this review, Kp,uu will be 
employed as a drug delivery parameter in the design of brain 
tumor treatments, and a more specific discussion will be 
provided regarding the correlation between drug potency, 
exposure and efficacy of molecular-targeted anti-cancer 
agents for brain tumor treatments in the drug discovery and 
development process.

Molecular‑Targeted Anti‑cancer Agents 
for Brain Tumor Treatment

The development of molecular-targeted therapeutic agents 
for brain tumors is evolving as a result of the emerging dis-
covery and understanding of critical molecular targets in 
the progression of tumors, i.e., proliferation, survival, and 

apoptosis. However, a majority of anticancer agents have 
failed in providing effective therapy for brain tumors in pre-
clinical and/or clinical studies, in part due to the hindrance 
of the BBB to drug delivery. Table II shows the “potential” 
for brain delivery, i.e., Kp,uu, of some molecular-targeted 
agents that have been investigated for brain tumors, and the 
corresponding efflux transporter liability. A closer look at 
the efficacy, or lack thereof, of these molecular-targeted 
agents provides us with clues about the relationship between 
drug delivery and efficacy, and helps us to further answer 
the critical question – “how much is enough”, as illustrated 
in Fig. 6.

DNA alkylating agents, a well-studied group of antican-
cer drugs that constitute many frontline chemotherapeutic 
agents, inflict cytotoxic DNA damage through transfer-
ring alkyl groups on nucleobases during DNA replication 
[112]. Temozolomide (TMZ) is a DNA methylation agent, 
approved by FDA for treating GBM patients in 2005, and is 
currently the sole chemotherapeutic agent in the standard-
of-care for newly diagnosed GBM. Because of its favorable 
physicochemical properties – small size (MW = 194.15 g/
mol) and hydrophilic/lipophilic balance (logP = -1.153), 
TMZ penetrates the BBB relatively well, at least well 
“enough” to improve the median survival of GBM patients 
by 2.5 months (14.6 vs. 12.1 months) compared to the pla-
cebo treatment [113]. The van Tellingen group investigated 
the BBB penetration of TMZ in wild-type and efflux trans-
porter (P-gp and BCRP) deficient mouse models, and found 
that both genetic deletion and pharmacological inhibition of 
P-gp and BCRP could modestly increase the brain penetra-
tion of TMZ [99]. The Kp value of TMZ after single intrave-
nous administration of 50 mg/kg in wild-type mice was 0.56 
(AUC 0-7h ratio), and the Kp increased to 0.89 when P-gp and 
BCRP were genetically knocked out (Table II) [99]. The 
drug potency of TMZ in glioma cells, measured by median 
IC50 ranging from 123.9 μM ~ 438.3 μM in various glioma 
cell lines, quantitatively is not as high as other agents listed 
in the Table III [114]. Therefore, in the case of TMZ, the 
noted clinical efficacy can be attributed, in part, to its pen-
etration across the BBB, placing the compound in quadrant 
2 (Q2) in Fig. 6.

A series of DNA repair pathways are activated when 
DNA is damaged after exposure to genotoxic stress such 
as ionizing radiation and/or chemotherapeutic agents (e.g., 
TMZ), and are collectively referred to as the DNA damage 
response (DDR). The DDR process constitutes various pro-
teins to detect DNA damage, transduce the signal of DNA 
damage, and promote DNA repair. This repair protects tumor 
cells against death from DNA damage, hence, functional 
DDR in tumor cells provides a mechanism for radiation- and 
chemotherapy- resistance [118]. Inhibition of DDR regu-
lator proteins such as ataxia telangiectasia mutated kinase 
(ATM), ataxia telangiectasia and Rad3 related protein kinase 
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(ATR), poly (ADP-ribose) polymerases (PARP), and DNA-
dependent protein kinase (DNA-PK), in combination with 
radiation and/or chemotherapeutic agents, has great potential 
to improve the tumor treatment efficacy [118, 119].

The brain delivery of inhibitors of the above DDR 
pathways constitute excellent examples of the various 
efflux mechanisms that can influence the brain penetra-
tion and therefore, the therapeutic efficacy. Berzosertib is 
a potent and selective inhibitor of the ATR kinase that is 
activated by single-stranded DNA breaks [73]. The effec-
tive concentration of berzosertib in vitro in GBM cells 
ranges from 100 to 300 nM when in combination with 

TMZ, demonstrating a potent synergy [73]. However, due 
to limited brain delivery restricted by P-gp and BCRP, 
and higher binding to brain tissue (Table  II), berzos-
ertib did not improve the efficacy of TMZ in orthotopic 
GBM models [73]. Pamiparib, a selective PARP inhibi-
tor, represents a different situation when considering the 
delivery-potency-efficacy triad. Pamiparib is effective in 
tumors harboring homologous recombination deficiency 
and tumor suppressor protein BRCA mutations, with an 
EC50 ranging from 30 to 300 μM in combination with 
TMZ in various GBM cell lines, demonstrating a moderate 
TMZ-sensitivity [102]. Importantly, given this potency, 

Table II  Brain Distribution and Efflux Transporter Liability of some Molecular-targeted Therapeutic Agents for the Treatment of Brain Tumors

* yielded by PET data; #substrate of P-gp and/or BCRP; NR, not reported
Kp: drug partition coefficient in the brain; fu,plasma: drug unbound fraction in plasma; fu,brain: drug unbound fraction in brain; Kp,uu: 
unbound drug partition coefficient in the brain

Molecular target Compound Species Kp fu,plasma fu,brain Kp,uu P-gp substrate BCRP substrate Ref.

DNA alkylation TMZ mouse 0.56 NR NR NR Yes Yes [99]
ATR Berzosertib mouse 0.64 0.081 0.0014 0.011 Yes Yes [73]
ATM AZD1390 mouse 0.29 0.203 0.075 0.1 Yes No [100]
ATM AZD1390 mouse NR NR NR 0.04 Yes or  no# Yes or  no# [50]
ATM AZD1390 Cynomolgus 

monkey
5.8* 0.175 0.01 0.33 NR NR [50]

ATM WSD-0628 mouse NR 0.0285 0.0269 0.3 No No [101]
DNA-PK Peposertib mouse 0.09 0.114 0.041 0.03 Yes Yes [49]
PARP Pamiparib rat 0.18 NR NR 0.158 No No [102]
p53/MDM2 SAR405838 mouse 0.0275 0.00059 0.00015 0.007 Yes No [103]
p53/MDM2 BI-907828 mouse 0.009 0.0015 0.0003 0.002 Yes No [104]
EGFR AEE788 mouse 0.066 0.068 0.029 0.029 Yes or  no# Yes or  no# [105]
EGFR Afatinib mouse 0.254 0.08 0.014 0.046 Yes Yes [105]
EGFR AZD3759 mouse 1.7 0.058 0.101 2.96 No No [105]
EGFR Dacomitinib mouse 0.612 0.008 0.007 0.493 Yes or  no# Yes or  no# [105]
EGFR Erlotinib mouse 0.062 0.045 0.096 0.134 Yes Yes [105]
EGFR Gefitinib mouse 0.358 0.041 0.012 0.103 Yes Yes [105]
EGFR Osimertinib mouse 0.988 0.005 0.001 0.289 Yes Yes [105]
EGFR Vandetanib mouse 0.635 0.055 0.012 0.138 Yes Yes [105]
PDGFR-α Ponatinib mouse 0.82 0.0023 0.0003 0.11 Yes Yes [106]
PI3K GNE-317 mouse 1.1 NR NR 0.398 NR NR [107]
PI3K Pictilisib mouse 0.0127 NR NR 0.0035 Yes Yes [107]
PI3K GDC-0084 mouse 1.37 0.29 0.067 0.41 No No [108]
panRAF CCT196969 mouse 0.006 0.001 0.005 0.03 Yes or  no# Yes or  no# [109]
panRAF LY3009120 mouse 0.05 0.0182 0.0093 0.02 Yes or  no# Yes or  no# [109]
panRAF MLN2480 mouse 0.2 0.0421 0.0098 0.05 Yes or  no# Yes or  no# [109]
MEK E6201 mouse 2.66 0.026 0.0014 0.14 No No [75]
MEK Trametinib mouse 0.15 0.0021 0.0021 0.15 Yes or  no# Yes or  no# [75]
MEK Cobimetinib mouse 0.32 0.014 0.0012 0.027 Yes or  no# Yes or  no# [75]
KIF11 Ispinesib mouse 0.23 0.06 0.005 0.02 Yes Yes
Aurora A kinase Alisertib mouse 0.03 0.042 0.063 0.0044 Yes No [110]
CDK4/6 Abemaciclib mouse 1.2 0.054 0.0079 0.17 Yes Yes [111]
CDK4/6 Palbociclib mouse 0.1 0.23 0.02 0.01 Yes Yes [111]
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pamiparib exhibits a Kp,uu of 0.158 in rats, implying a 
possible “enough” with respect to BBB penetration (deliv-
ery), which is reflected by a significant extension in sur-
vival (efficacy) after combination treatment of pamiparib 
and TMZ in small cell lung cancer brain metastasis models 
(H209 TMZ-resistant) [102]. In Fig. 6, pamiparib locates 
in Q1 in H209 TMZ-resistant models, however, when it is 
combined with TMZ to treat H209 wild type brain metas-
tases it has significantly decreased drug potency, causing 
a shift to Q4 in Fig. 6 in spite of equivalent delivery [102].

When DNA double-strand breaks occur, activated ATM 
plays a central role in DDR to arrest the cell cycle and 
activate downstream checkpoint kinases for recognizing 
DNA lesions and initiating DNA repair prior to DNA 
replication [119]. WSD-0628, an ATM kinase inhibitor, 
potentially sensitizes tumor cells to radiation, and has dem-
onstrated remarkable cytotoxicity at 10-30 nM in GBM 
and melanoma brain metastasis PDX models [101]. WSD-
0628 was shown to have little or no P-gp/BCRP substrate 
liability in in vitro studies, and has a relatively high Kp,uu 
of 0.3 in mice [101]. Therefore, the significant survival 
benefits from the combination of WSD-0628 with radia-
tion in orthotopic GBM models can be attributed to both 
the remarkable radio-sensitizing potency and robust drug 
delivery to the brain (Kp,uu). These attributes make it 
locate in Q1 of Fig. 6, showing great potential for transla-
tion to clinical trials. Another ATM inhibitor, AZD1390, 
is also a potent radio-sensitizer, shows different BBB pen-
etration ability in different species [50, 100]. Durant et al. 
reported that AZD1390 is brain-penetrant with a higher 

Kp,uu of 0.33 in cynomolgus monkey brain according to 
the positron emission tomography (PET) imaging results 
[100]. However, Talele et al. demonstrated that brain dis-
tribution of AZD1390 in the mouse is primarily restricted 
by P-gp efflux, resulting a Kp,uu of 0.10 in mouse brain 
[50], which is also observed in Durant’s study that Kp,uu 
of AZD1390 in mouse is 0.04 and increased to 0.77 when 
co-administration with elacridar, a dual inhibitor of both 
P-gp and BCRP [100]. This BBB penetration difference 
between species may be caused by different expression of 
P-gp in mouse and cynomolgus monkey, different binding 
properties of AZD1390 among species, and also possibly 
from technical differences between different quantification 
methods (i.e., PET combined with modeling for cynomol-
gus monkey, and calculations of directly measured AUC 
ratios for rodents) of brain penetration.

Tumor suppressor protein p53, a multifunctional tran-
scription factor that can be activated by DDR regulators, 
e.g., ATM, Chk2, and ATR, plays a central role in the 
downstream response to DNA damage through stimulat-
ing the transcription of essential genes that are involved in 
DNA repair, cell-cycle arrest, angiogenesis, senescence, 
and apoptosis [120]. Murine double minute 2 (MDM2) 
is an important negative regulator of p53 to stabilize the 
function of p53 [120]. The inhibition of MDM2 to restore 
the function of p53 offers an opportunity for the treat-
ment of brain tumors. SAR405838 is a highly selective 
MDM2 inhibitor that has shown significant in vitro potency 
in GBM PDX models (Table III). Consistent with the in 
vitro efficacy, SAR405838 significantly suppressed the 
tumor growth of GBM108 PDX heterotopic (flank) mod-
els, however, the identical dosing regimen did not show 
efficacy in GBM108 PDX orthotopic models due to poor 
penetration of SAR405838 across the BBB (Table  II) 
[103, 115]. SAR405838 is actively transported by P-gp 
out of the brain with a Kp,uu as low as 0.007. In con-
trast, BI-907828, another, even more highly potent MDM2 
inhibitor, even though with a similarly poor brain penetra-
tion (Kp,uu=0.002), demonstrated a profound efficacy in 
GBM108 PDX orthotopic models [104]. This remarkably 
different efficacy of SAR405838 and BI-907828 can be 
explained by the comparatively high potency of BI-907828 
– a free IC50 of 12 pM in the GBM108 PDX models 
(Table III). In another words, even though the drug delivery 
of BI-907828 into brain is extremely limited (0.2%), the 
small amount of BI-907828 that enters brain is enough to 
suppress the molecular target and subsequently show sig-
nificant in vivo efficacy. According to the delivery and 
potency properties, BI-907828 is sorted into Q3 because 
of its higher potency to inhibit MDM2, while SAR405838 
is sorted into Q4. Instead of simply tuning up drug potency 
through optimizing compound structure for target selectiv-
ity, enhancing drug delivery across the BBB might offer an 

Fig. 6  Classification of molecular targeted therapeutic agents for brain 
tumors with respect to the contribution of drug delivery and potency to 
efficacy. Note:  Figure was created with BioRender.com.
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additional approach to improve efficacy. This could also be 
achieved by the development of targeted delivery system 
or device-assisted modification of the BBB. As a proof of 
concept for improving delivery in preclinical models, the 
in vivo orthotopic efficacy of SAR405838 was significantly 
enhanced in GBM108-VEGFA tumors, in which the intact-
ness of the BBB was genetically disrupted [115], shifting 
SAR405838 from Q4 to Q2.

In addition to DNA alkylating agents and DDR inhibi-
tors, there are additional molecular-targeted agents listed 
in Table II and III that have been shown to interfere with 
other important tumor progression processes, such as angio-
genesis inhibitors [105, 106], PI3K–AKT–mTOR pathway 
inhibitors [107, 108], RAS–RAF–MEK–ERK signaling 
pathway inhibitors [75, 109], mitotic spindle-targeting 
agents [110, 116, 117], and cell cycle regulator inhibitors 
[111]. The drugs listed in these two tables show the relative 
magnitudes of both efflux (Table II) and potency (Table III), 
leading to an appreciation of how both characteristics are 
critical in drug development.

Conclusion and Perspective

Efflux transporters at the BBB and BTB are critical obsta-
cles for drug delivery to their intracellular targets, and have 
undoubtedly contributed to many failures of translation to the 
clinic for brain tumor therapy. In this review, we explored this 
lack of efficacy from the perspective of limited drug delivery 
by the BBB, especially the impact of active efflux transport-
ers at the BBB and BTB in the disease condition of brain 
tumors. The Kp,uu of anticancer agents for brain tumors that 
have shown efficacy in preclinical studies varies from 0.002 
to 0.3 (Table II). This range, across two orders of magnitude, 
emphasizes the question that was posed at the beginning of 
this review: how much is enough? In another words, is there 
a numerical cutoff value for Kp,uu for potentially effective 
treatment of brain tumors? The short answer is NO.

An efficient drug development process for CNS diseases 
must determine the extent of drug exposure to the brain or 
other CNS tissues. Compounds with poor brain penetra-
tion are often precluded from further investigation and 

Table III  Drug Potency of some Molecular-targeted Therapeutic Agents for the Treatment of Brain Tumors

Molecular target Compound Potency Tumor type Cell lines Ref.

DNA alkylation TMZ IC50=220 μM GBM patient-derived cell line [114]
DNA alkylation TMZ IC50=230.0 μM in U87 cells GBM U87 [114]
ATR Berzosertib effective range: 100–300 nM in 

combination with TMZ
GBM U87, U251, GBM22 [73]

ATM WSD-0628 effective range: 10-30 nM in 
combination with radiation

GBM, melanoma brain metas-
tasis, SV-40 transformed 
astrocyte line

U251, M12, SVG-A [101]

DNA-PK Peposertib effective range: ≥ 300 nM in 
combination with radiaton

melanoma brain metastases M12 [49]

PARP Pamiparib EC50 range: 32-300 μM in com-
bination with TMZ

GBM SNB-19, SF-295, T98G, SF-539, 
U-118MG, U251, LN-229, 
U87-MG

[102]

p53/MDM2 SAR405838 effective concentration: ≥ 100 
nM

GBM GBM108 [115]

p53/MDM2 BI-907828 IC50=0.53, 5.33, 0.86 nM; free 
IC50=0.012, 0.119, 0.019 nM

GBM GBM108, GBM10, GBM14 [104]

PDGFR-α Ponatinib IC50=1.08 μM; free IC50=0.032 
μM

GBM GBM6 [106]

panRAF CCT196969 IC50=0.19, 0.53, 1.58 μM; free 
IC50=0.04, 0.11, 0.33 μM

melanoma brain metastases M12, M27, M15 [109]

panRAF LY3009120 IC50=2, 1, 3 nM; free IC50=0.6, 
0.3, 0.8 nM

melanoma brain metastases M12, M27, M16 [109]

panRAF MLN2480 IC50=3.59, 3.83, 7.71 μM; free 
IC50=1.22, 1.3, 2.62 μM

melanoma brain metastases M12, M27, M17 [109]

MEK E6201 IC50=43.7 nM; free IC50=1.14 
nM

melanoma SK-MEL-28 [75]

KIF11 Ispinesib EC50=0.5-14.4 nM GBM GBM1A
Aurora A kinase Alisertib IC50=1-100 μM diffuse midline glioma MC-PED8, MC-PED17, SF9427 [116]
Aurora A kinase Alisertib IC50=30-95 nM GBM GBM6, GBM10, GBM12, 

GBM39
[117]
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development. However, this practice can be misleading. 
High throughput requirements may make the simplicity of a 
threshold for delivery attractive, however, in reality we need 
to consider potency at the same time. Both drug potency 
and delivery are essential to effective drug treatment. An 
ideal therapeutic agent for a brain tumor should have “good” 
potency to a specific molecular target and “enough” delivery 
to the site of action. However, a therapeutic agent has the 
potential to be effective in vivo if it is potent enough and/
or penetrable enough to the brain, even though one or the 
other property is not so satisfying. Therefore, determining 
the relationship between drug potency, delivery, and efficacy 
in the treatment of brain tumors has important implications 
for drug discovery and development. Figure 6 provides a 
dynamic understanding that drug potency and delivery are 
both important and should be considered in unison during 
drug discovery and development.
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