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Introduction
The blood-brain barrier (BBB) has long been the rate-limiting 
step for successful translation of central nervous system (CNS)-
targeted drugs for a variety of neurological-based pathologies. 
CNS diseases range from psychiatric disorders to neuroin-
flammatory and neurodegenerative diseases, and primary and 
metastatic brain cancer. The BBB serves to protect the brain 
by maintaining CNS homeostasis and keeping toxic materials 
out of this privileged compartment. Achieving effective drug 
concentrations within the CNS depends on multiple factors, 
including the bioavailability of the drug for CNS delivery, 
brain penetrability of the drug, the extent to which the agent 
is actively transported out of the brain compartment, and its 

volume of distribution in the brain parenchyma at the desired 
site of action.

From a medicinal chemistry perspective, the ability to 
design drugs capable of crossing the BBB and eliciting the 
desirable biological response is a formidable challenge. The 
normal barrier itself is essentially impenetrable to large mac-
romolecules such as peptides and immunoglobulin (IgG) 
antibody proteins,1 whereas less than 2% of all US Food 
and Drug Agency (FDA)-approved small-molecule drugs 
cross the intact BBB to varying degrees. The limited success 
in CNS drug delivery is disconcerting considering a recent 
World Health Organization (WHO) report detailing that 
brain disorders affect nearly one billion people worldwide.2  
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Although this report specifically excludes psychiatric 
disorders, a recent report highlights that more than 450 mil-
lion people suffer from mental illnesses.3 This represents an 
enormous societal burden in terms of human suffering and 
economic cost. Hence, there is a great need to develop novel 
disease-targeted neurotherapeutics optimized for brain drug 
delivery as well as repurpose/redesign existing drugs, origi-
nally discarded for insufficient brain delivery, to improve their 
brain delivery profile.

This review seeks to characterize the physical, enzymatic, 
and transport barriers created by the BBB and how these bar-
riers are altered by disease. Examples and strategies for over-
coming the BBB with small-molecule CNS-acting drugs 
are presented, as well as the physiochemical and structural 
attributes to consider in designing effective neurotherapeutics 
are presented. Finally, noninvasive imaging is presented as 
a translational tool for guiding and quantifying the optimal 
delivery of CNS-targeted agents to improve our knowledge 
and management of neurological disorders.

Components of the BBB
Structural barrier. Before examining what properties 

of molecules cause them to permeate the BBB, a working 
knowledge of the structural, enzymatic, and transport barrier 
itself is necessary. The BBB is composed of a network of blood 
vessels that form a physical and chemical barrier between the 
brain parenchyma and systemic circulation. The surface of 
a polarized cell facing the lumen is referred to as the apical 
membrane; the side facing the brain parenchyma is called 
the abluminal/basolateral side. The primary physical barrier 
of this neurovascular unit is the monolayer of brain capillary 
endothelial cells (BCECs) (Fig.  1A). BCECs lack fenestrae 
for rapid exchange of molecules between tissues and vessels, 
have limited pinocytotic vesicles to minimize uptake of extra-
cellular substances for transcellular transport, and are charac-
terized by high-resistance tight junctions (TJs) that severely 
restrict paracellular permeability (Fig. 1B).4 Occludin, clau-
dins, and junctional adhesion molecules (JAM)-A are key 
transmembrane components of the TJ complex. Accessory 
proteins, such as zonula occludens (ZO)-1 and ZO-2, anchor 
the junctional proteins to the BCEC cytoskeleton.5,6 The inte-
grin class of adhesion molecules is responsible for tethering 
and stabilizing the abluminal side of the BBB endothelial 
monolayer to the mechanical support offered by the extracel-
lular basal lamina matrix.7,8

Pericytes cover 20–30% of the capillary surface and serve 
to stabilize and monitor vessel wall stability through the basal 
lamina supporting the BCECs.7,8 The last major cell type 
comprising the BBB is astrocytes, whose feet wrap around 
.99% of BBB endothelium.8,9 Astrocytes are responsible for 
maintaining homeostasis through water transport, free radical 
scavenging, nutrient uptake/excretion, and ion buffering, for 
example.10 They also serve as scaffolds, guiding neurons to their 
proper place during development and direct vessels of the BBB. 

Under normal physiological conditions, these components of 
the BBB together form a distinct physical barrier that tightly 
controls blood-borne molecules access to the brain.

Enzymatic barrier. For those compounds bypassing the 
structural barrier, there exists an enzymatic barrier at the BBB 
that metabolizes drugs and nutrients to further restrict the 
transfer or retention of materials across the BBB. This enzy-
matic surveillance system includes phase-I (eg, γ-glutamyl 
transpeptidase (γ-GTP),11 alkaline phosphatase,12 cytochrome 
p450,13 and aromatic acid decarboxylase14) and phase-II  
(eg, glutathione S-transferase (GST)15 and epoxide hydro-
lase/UDP-glucuronosyl-transferase16) metabolizing enzymes 
which modify drugs to make them substrates for efflux pumps 
that are further described below. These enzymes also convert 
numerous compounds to inactive metabolites. Arachidonic 
acid, testosterone, progesterone, and the tricyclic antidepres-
sant desipramine are just a few substrates of cytochrome p450 
that once metabolized, become inactive.17 These enzymes 
are highly expressed in cerebral vessels and are often polar-
ized between the luminal and abluminal membrane surface 
of BCECs, where they typically co-localize to a large extent 
with drug efflux pumps.

Efflux barrier. Evading drug efflux mechanisms in the 
BBB to maintain relevant drug concentrations in the brain 
is another tremendous challenge in CNS drug delivery. Sev-
eral different energy-dependent efflux transporters are pres-
ent in the BBB, both on the luminal and abluminal sides 
of BCECs, functioning as clearance systems for metabolites 
and catabolites produced in the brain. The BBB efflux pumps 
are transmembrane P-glycoprotein (P-gp) and multidrug 
resistance-associated protein (MRP) 1–5, both classified 
as ATP-binding cassette (ABC) transporters that use ATP 
hydrolysis to translocate substrates across their concentra-
tion gradient. These transporters recognize a wide diversity 
of xenobiotics with some degrees of overlap. Various com-
pounds, as listed in Table  1, have been shown to inhibit 
efflux transporter expression and thus can significantly alter 
drug concentration in the brain.18–20

P-gp is encoded in humans by the multidrug resistance 
gene MDR1 and it is the primary drug efflux mechanism 
of the BBB. The P-gp transporter is promiscuous in that it 
transports many structurally diverse classes of drugs out of 
the brain (Table 1). Its expression is localized to the luminal 
(apical) membrane of the BBB.21 The functional significance 
of P-gp was highlighted in Mdr1a(−/−) knockout mice; having  
complete absence of P-gp in BCEC these mice displayed 
100-fold greater sensitivity to the neurotoxic effects of the 
antiparasitic ivermectin.22 As recently reviewed, in addi-
tion to genetic modulation, pharmacological inhibition of 
P-gp-mediated transport significantly increases brain drug 
levels in mouse models and in non-human primates compared 
to control groups up to ∼150-fold.20 The immunosuppressant 
cyclosporine A (CsA) inhibits P-gp transport to increase 
CNS delivery of the selective serotonin reuptake inhibitor 
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(SSRI) escitalopram and augments anti-depressant effects 
in rodents.23,24 Vascular endothelial growth factor (VEGF) 
and interleukin (IL)-6 are two endogenous compounds 
that downregulate P-gp expression, with the response to 
IL-6 likely being part of the brain’s innate neuroprotec-
tive response to an inflammatory insult.25,26 Tumor necrosis 
factor (TNF)-α and IL-1β are endogenous inflammatory 
cytokines shown to upregulate P-gp activity and increase 
drug efflux across the BBB.26 Drug exposure is thought to 
cause overexpression of P-gp by both selection of resistant 

cells and induction of P-gp expression at the level of the 
MDR1 promoter.27,28

The role of the breast cancer resistance protein (BCRP, 
ABCG2) in drug efflux at the BBB is still not clearly under-
stood and has been reviewed elsewhere.29 However, recent 
discoveries highlight that dual Mdr1a/b(−/−)Bcrp1(−/−) knock-
down in mice or simultaneous P-gp and BCRP inhibition with 
Elacridar results in dramatic brain uptake levels of Dasatinib, 
a tyrosine kinase inhibitor used to treat Gleevec-resistant 
chronic myelogenous leukemia (CML).30 Studies like these 

A

B C

BRAIN

Basement
membrane

Neuron

Apical plasma
membrane

Apical plasma
membrane

Abluminal plasma
membrane

P-gp
ATP

ATP

ATPATPATP

ATP

ADP+Pi

ADP+Pi ADP+Pi ADP+Pi

ADP+Pi ADP+Pi

MRP2

MRP1

ii iv vi

MRP3 MRP5

MRP4
TJ

Occludin

ZO-1

ZO-1
ZO-1

Claudin
JAM

ZO-1

ZO-1

ZO-1

ZO-1

7H6

BCEC

BCEC

AF-6
Actin

Actin

Cingulin

Astrocyte
foot process

Pericyte
BCEC

VESSEL
LUMEN

VESSEL LUMEN VESSEL LUMEN

BLOOD

BLOOD

TO BRAIN

BRAIN

BRAIN PARENCHYMA

Microglia

TJ

i iii v

Figure 1. The barriers to drug delivery across the BBB. The brain is composed of an extensive vascular network, and the BBB is at the interface between 
the systemic circulation and the brain parenchyma to control access of drugs to the brain by multiple means. (A) The neurovascular unit (NVU) of the BBB 
consists of BCEC monolayer surrounding the vascular lumen of the extensive vascular network of the brain. The endothelium, with its highly resistant TJs, 
is surrounded by a basement membrane and is further supported by pericytes, astrocytes, neurons, and microglia. (B) Expansion of the TJ of the NVU 
shows the various proteins in the molecular complex involved in creating the physically impenetrable barrier of the TJ. Intercellular proteins (occludin, 
claudin, JAM) are anchored to the BCEC cytoplasm by anchoring proteins (eg, ZO-1, ZO-2) and actin cytoskeleton. Figure adapted from Hawkins et al.25 
(C) Further expansion of the BCEC shows the relative location of drug efflux pumps located on the BBB. MRP1, MRP3, MRP5, and MRP6 are all located 
on the abluminal plasma membrane of BCEC and serve to transport materials from within the brain to within BCECs. P-gp, MRP2, and MRP-4 are all 
located on the apical plasma membrane and serve to transport drugs and conjugates of the BCECs and into the systemic circulation. All efflux pumps 
require ATP to transport substrates against their concentration gradient and have unique substrates/inhibitors. Table 1 shows the specific inhibitors 
denoted by (i)–(vi) in panel C.
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demonstrate the complexity of the BBB and how P-gp works 
in concert with other transporter types to form an effective 
barrier to alter the BBB permeability of small-molecule drugs.

MRPs 1–5 are differentially expressed on the luminal 
and/or abluminal side of the BBB and are also found on 
astrocytes and microglia.10 Similar to P-gp, MRP inhibition 
has been shown to increase drug levels in the brain. Each 
MRP has its own substrate selectivity and localization on 
the BBB. MRP1, expressed on the basolateral side of the 
BCEC, transports organic anionic compounds. Drugs con-
jugated to acidic ligands such as glucoronate or sulfate are  
preferred MRP1  substrates. MRP1 is also one of the  
glutathione-S-conjugate pumps, able to transport glutathione 
(GSH)-drug conjugates out of the cell. MRP2 and MRP3 
have similar substrate overlap with MRP1; however, they 
are expressed on the luminal and basolateral side of BCECs, 
respectively. MRP4 and MRP5 both efflux nucleoside ana-
logs such as anti-HIV drugs and chemotherapeutics. How-
ever, both have different sets of inhibitors, and MRP5 has 
a smaller set of substrates.10,31 There are no definitive rules 
to designing molecular structures that are not substrates for 
efflux transporter expulsion which makes preventing efflux 
transporter recognition very challenging. And, while modu-
lating transporter function has the potential to increase drug 
concentrations in the brain and enhance neuroprotective 
effects, increased brain drug levels can also result in signifi-
cant CNS toxicity.

Altered BBB Function in Neurological Disease
The BBB is traditionally viewed simply as a barrier to treat-
ment, ie, getting drugs into the brain and keeping them there. 
In truth, the BBB also plays an important role in the pathology 
and progression of a broad spectrum of CNS disorders. 
While the BBB maintains CNS homeostasis and preserves 
ever-important neuronal viability, pathological conditions, 
ranging for systemic inflammation to neurotrauma, can alter 
the physically restrictive functions of the BBB to allow drug 
entry into the brain by the paracellular route (Fig.  2 iv).8,32 
These molecules can also include potentially CNS-neurotoxic 
plasma constituents, which can affect injury progression, cause 
neuronal injury, and loss of CNS functions.33,34 Disruption in 
BBB integrity and concomitant increase in BBB permeability 
can be due to exposure of BBB to pro-inflammatory cytokines 
TNF-α and IL-1β, which induces expression of matrix metal-
loproteases (MMPs).35 Upregulation and activation of MMPs 
degrade endothelium basement membranes, disrupting BBB 
stability.36 Pro-inflammatory cytokines can induce JAM-A 
shedding from BCECs,37 although this does not necessarily 
correlate with a loss in BBB function alone.38 CNS tumors 
associated with angiogenesis can also disrupt the interaction 
between astrocytes and BCECs and destabilize the BBB to 
enhance permeability.39,40

In Alzheimer’s Disease (AD), the deposition of neuro-
toxic aggregates of β-amyloid peptide (Aβ) and neurofibrillary 

tangles of hyperphosphorylated Tau protein are postulated to 
precipitate loss of neuronal synapses, and ultimately neuronal 
cell death, and widespread brain damage.41,42 Aβ peptide is 
transported bidirectionally across the BBB using different 
transport mechanisms. Blood-to-brain influx is mediated by 
the receptor for advanced glycation end products (RAGE), 
whereas low-density lipoprotein receptor-related protein-1 
(LRP-1)43 and P-gp mediate brain-to-blood transport.44 In 
AD, decreased P-gp expression at the BBB is associated with 
disease progression due to impaired efflux of Aβ.45 In this sce-
nario, P-gp inducers could be beneficial to pump out CNS-
derived Aβ to control the toxic effect of Aβ, including altering 
the permeability of BBB TJ.46 Tau proteins also disrupt the 
BBB through cytokine release from activated microglia.46,47

Loss of BBB integrity in epilepsy is speculated to be a 
causal mechanism of this well-characterized CNS disorder; 
BBB disruption would permit detrimental serum proteins 
into the brain, altering available nutrients, inducing astrocyte 
changes, causing increasing neuronal activity, and causing 
synaptic remodeling culminating in an epileptic episode.48,49 
P-gp and MRP pumps are overexpressed, resulting in antiepi-
leptic agents being readily expelled from the brain.50

Parkinson’s disease (PD) is another neurodegenerative 
disease of the CNS where death of dopaminergic neurons in 
the midbrain underlies motor symptoms. PD is characterized 
by decreased TJ protein expression and decreased P-gp func-
tionality, which is a potential route for neurotoxin entry into 
the brain.48,51 Similar to AD, decreased P-gp efflux function 
could likely underlie the accumulation of the protein alpha-
synuclein into Lewy body inclusions found in neurons of PD 
patients. l-DOPA (l-3,4-dihydroxyphenylalanine) is a pre-
cursor of the neurotransmitter dopamine, which itself does 
not cross the BBB. Thus, l-DOPA is used as a prodrug for 
dopamine replacement therapy in PD. As described in a sub-
sequent section, l-DOPA is a small molecule that crosses the 
BBB via the neutral amino acid transporter where it is con-
verted to dopamine and relieves the dopamine-related symp-
toms in PD. There are many tractable CNS disease targets to 
which novel small-molecule drugs can be directed toward. It is 
also worthwhile to consider that the BBB itself, in its compro-
mised state as seen in many brain diseases, is an underappreci-
ated target for therapeutic “BBB normalization” strategies.

Brain Uptake Mechanisms
Certain physiochemical and molecular properties dramati-
cally affect a drugs entry into the brain. To improve the 
brain penetration of small molecules, numerous chemistry- 
and biology-based drug delivery strategies have been 
developed and explored (Fig. 2). These strategies fall into 
three main categories: (1) optimizing physicochemical 
properties to facilitate passive paracellular and transcel-
lular diffusion, (2) utilizing endogenous protein carrier-
mediated transport (CMT) mechanisms expressed on the 
BBB, and (3) employing BBB disruption strategies to allow 
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paracellular drug transport. The subsequent section will 
explore approaches for small-molecule brain drug delivery 
across an intact BBB.

Passive diffusion. Most small-molecule CNS drugs 
reach the brain via passive diffusion across the BBB. As 
concluded by Lipinski, and supported by experimental and 
computational Quantitative Structure Activity Relationship 
(QSAR) approaches, a few key physiochemical parameters 
require consideration to predict BBB permeability by passive 
diffusion.52 Lipinski’s “rule of five” relates BBB permeability 
to molecular weight, lipophilicity, polar surface area, hydro-
gen bonding, and charge.

Molecular weight. CNS active drugs have significantly 
lower molecular weight cutoffs compared with other systemic 
therapeutics. Small molecules with molecular mass under 
400 Da to 500 Da undergo significant free diffusion through 
the BBB.53,54 Albeit, BBB permeability decreases 100-fold 
going from 200  Da to 450  Da. Space-filling models of the 
phospholipid bilayer of the plasma membrane reveal that 
transient pores formed by kinks in their unsaturated fatty 
acid tails can be filled by small molecules with a limited size 
range.55,56 This observation aligns with the notion that free 

diffusion across the BBB is more a function of molecular 
volume57 than molecular weight per se.

Lipophilicity. For small molecules in particular, lipo-
philicity, as measured by log P, can be an excellent indicator 
of BBB permeability. To cross the hydrophobic phospholipid 
bilayer of a cell membrane by passive diffusion, a molecule 
must be lipophilic. Hydrophilic substances do not possess 
the ability to penetrate such membranes. Initial thought was 
that the higher the log P, the higher the BBB permeability.54  
However, given that log P values range for most drugs 
between −0.05 and 6.0,58 the ideal range for BBB perme-
ability has been found to be 1.5–2.5.53 The classic example 
of increased BBB permeability by increasing log P is that 
comparing morphine, codeine, and heroin. As shown in  
Figure 3A, converting the 3-hydroxy moiety of morphine (log 
P 0.99) to a methoxy to give codeine, the log P is increased 
to 1.2. Heroin is produced by acetylation of both the 3- and 
6-hydroxy groups of morphine. This results in a log P value 
of 2.3 for heroin, resulting in a .100 fold higher lipophilicity 
than morphine. This increased lipophilicity results in 100 
times more rat brain uptake for 14C-labeled heroin compared 
to 14C-morphine using BBB-impermeable 3H-mannitol as 
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a reference control (Fig. 3B).59 While measuring the partition 
coefficient of a drug between n-octanol and water phases is 
the long-standing approach to determining log P as an exper-
imental predictor of lipophilicity, there are currently a variety 
of readily available computational procedures that have been 
developed for log P prediction.60

Polar surface area, charge, hydrogen bonding, and 
molecular flexibility. Although log P is a reliable indicator 
of permeability, other chemical properties of small molecules 
greatly influence BBB permeability. Generally, molecules with 
a large polar surface area do not readily diffuse through the 
BBB, with the upper limit estimated between 60 and 90 Å2.58,60 
For example, isosteric replacement of an aromatic methine 
group in the tetracyclic psychoactive mianserin ((±)-2-methyl-
1,2,3,4,10,14b-hexahydrodibenzo[c,f]pyrazino[1,2-a]azepine) 
with an sp2 nitrogen atom in mirtazapine (ie, 6-aza-mianserin) 
increases the polar surface area and decreases the lipophilicity 
resulting in a decreased ratio of mirtazapine concentration in 
the brain relative to its concentration in blood (Fig. 4).61

In addition to polar surface area, molecules with 
significant electrostatic charge will not passively diffuse across 
the BBB. The net movement of a compound with the same 
anionic charge as the hydrophobic BCEC membrane is ther-
modynamically unfavorable, due to mutual repulsion of nega-
tive electrostatic charge. Interestingly, lipophilic compounds 
containing a tertiary nitrogen have been shown to have 
increased BBB permeation,62 revealing that at physiological 
pH, a slight positive charge allows passive diffusion.

Predictions about BBB permeability can also be made by 
examination of the hydrogen bonding capacity of the drug with 
water. An increasing number of hydrogen bonds (H-bonds) 
negatively impacts passive diffusion across the BBB, with ,5 
H-bond donors and ,10 H-bond acceptors being acceptable 
for a CNS drug candidate.60 Drugs with total H-bond accep-
tors .10 have minimal BBB transport. The greater the drug 
solvation in water, the more hydrophilic the drug, resulting 
in less interaction with the lipophilic cell membrane and thus 
limited drug transport by passive diffusion. The addition of 
functional groups to mask hydrogen bonding has been explored 
as a prodrug approach. This is in part exemplified with mor-
phine, codeine, and heroin, where masking the polar hydroxyl 
moiety (an H-bond donor) of morphine with H-bond acceptor 
groups such as methoxy (codeine) or acetyl groups (morphine) 
dramatically increases brain uptake (Fig. 3A).

Molecular flexibility, as quantified by the number of 
rotatable single bonds not involved in a ring structure or con-
nected to a non-terminal heavy atom, is now a widely used 
filter for predicting BBB permeability. Compared with other 
drug classes, CNS drugs have significantly fewer rotatable 
bonds (five or less) suggesting that the conformational range 
for BBB permeability is limited.63 An extended conformation 
could roll up into a spherical and rather bulky shape. In other 
words, owing to its geometry, a molecule could potentially 
permeate the BBB to a lesser extent than its molecular weight 
would indicate. Thus, the number of rotatable bonds could be 
more reflective of potential conformation changes in molecu-
lar shape, ie, an increase in drug bulkiness. More research is 
needed to establish more general and quantitative measure-
ments of molecular flexibility.

Pharmacokinetic rule. The rule of five is a good starting 
point for determining a molecule’s ability to cross the BBB by 
passive diffusion. However, for any drug or candidate to achieve 
optimum therapeutic efficacy, it must possess a high degree of 
potency and selectivity for interactions with its molecular target 
as well as an ability to attain target tissue concentrations that 
are above a certain threshold. Regardless of the route of drug 
administration, drug absorption, distribution, metabolism, 
and excretion (ADME) processes play a pivotal role in defin-
ing the bioavailability of the drug for brain uptake, and thus 
its therapeutic efficacy. Hence, altering the structure of a small 
molecule to optimize physiochemical properties for enhanced 
BBB permeability cannot be done without considering the 
consequences on ADME properties of the drug.
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Figure 3. (A) Chemical structures of morphine, codeine, and heroin 
with their respective log P. (B) Relative rat brain uptake index (BUI) of 
14C-morphine, 14C-codeine, and 14C-heroin in rats following a single brain 
passage after carotid injection. The greater uptake of codeine and heroin 
relative to morphine can be explained on the basis of their greater lipid 
solubility (as reflected by log P) relative to morphine. 3H-mannitol was 
used as a reference ligand for its poor BBB permeability. For each mean 
and standard deviation, n = 6.59
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In many cases, increasing the lipophilicity of a drug via 
the prodrug approach to enhance brain uptake have no dra-
matic effects on CNS concentrations. As the drug or prod-
rug enters the blood, it interacts with blood components such 
as serum proteins and distributes to all tissue compartments 
in the body. Since the brain receives only 15% of the blood 
flow on first pass during each cardiac cycle, a drug has equal 
likelihood of penetrating the lipophilic cell membranes in all 
other tissue compartments. Hence, plasma concentration of 
the drug decreases because of enhanced serum protein binding 
and increased distribution to peripheral tissues. This is illus-
trated with lipidization of the chemotherapeutic chlorambucil 
to its more lipophilic prodrug.9 Despite increased brain-to-
plasma ratios, chlorambucil prodrugs do not demonstrate 
superior anticancer activity in disease models when compared 
with equimolar parent chlorambucil administration, due to 
increased distribution in peripheral tissues.

Any small molecule that preferentially binds to serum 
proteins in the blood effectively increases their size and will 
not cross the BBB.60 Serum proteins have net negative charge, 
and the 67 kDa human serum albumin (HSA) is by far the 
most abundant with a reference range of 3.5–5.5  g/dL64  
and therefore the most important to consider. HSA has 
been shown to bind in excess of 70% of all drugs via its two 
binding domains, warfarin site I, and indole/benzodiazepine 
site II. Drug binding to HSA is difficult to predict and often 

only estimated via modeling.65,66 And, while this binding is 
reversible, it significantly limits the amount of free drug avail-
able for transport to the brain, because it exceeds the size 
limitation for the BBB when bound to HSA. Metabolism of a 
drug by serum enzymes can further limit free drug concentra-
tions available for brain delivery.

Carrier-mediated transport. Despite being the most 
common way to enter the brain, passive diffusion is not the 
only means for small molecules to enter the brain. Endo
genous protein-mediated transport processes are potential 
portals of entry to the brain for circulating drugs. CMT sys-
tems facilitate the passive diffusion (ie, energy independent) 
of small-molecule hexoses, amino acids, nucleoside, vitamins, 
and hormones, and operate on the order of milliseconds.67,68 
In contrast, receptor-mediated transcytosis (RMT) mediates 
the BBB transport of circulating peptides and plasma proteins, 
such as transferrin and insulin, via energy-dependent endocy-
totic mechanisms that occur on the order of minutes.

More than 20 carrier-mediated transporter proteins have 
been identified on the luminal or abluminal side of BCECs. 
Transmembrane domains of transporter proteins form pores 
across the membrane bilayer and are characterized by their 
substrate affinity, selectivity, stereoselectivity, and saturability. 
Brain permeability of a molecule across a transporter is often 
described kinetically as the BBB permeability surface (PS) area 
product, or the Vmax/Km ratio.69–71 Maximal transport capacity 
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is indicated by Vmax, whereas Km is the substrate affinity for the 
transporter. In general, as substrate affinity to the transporter 
increases, transport capacity decreases. Estimates of maximal 
PS are shown in Table 2 for representative substrates of key 
BBB nutrient transporters.72 Targeting carriers with suffi-
ciently high transport capacity and low affinity has long been 
an attractive strategy for controlling the delivery and retention 
of drugs in the brain. To maximize small-molecular delivery 
by this route, drugs and prodrugs are designed as structural 
analogs of endogenous substrates for a specific carrier system 
for efficient binding and transport across the BBB.73

Possibly, the most well-studied transporter on the BBB is 
the hexose uniporter Glut1, which constitutes more than 90% 
of all the BBB glucose transporters. Glut1 is highly expressed 
on the luminal and abluminal sides of BCECs of the BBB 
(6 × 106 molecules per brain endothelial cell), and selectively 
transports the sugar nutrients d-glucose, 2-deoxy-d-glucose, 
mannose, and galactose, but not l-glucose, with their sol-
ute gradient.68 Combined with its high expression and high 
capacity for CMT at the BBB, Glut1 has become an attrac-
tive target for prodrug delivery. However, the BBB transport 
of glucose–drug conjugates is significantly restricted due to 
prodrug size and loss of Glut1 affinity.74 Limited examples for 
this approach exist, and they include Glut1-mediated trans-
port of chlorambucil-glucose conjugates across the BBB for 
treatment of chronic lymphocytic leukemia.75 Further studies 
have revealed “guidelines” for what prodrugs will retain affin-
ity for Glut1 when attached to glucose: (i) hydrophilic drugs 
may be conjugated to the hydroxyl group at the C-6 position of 
d-glucose and be transported by Glut1, (ii) the attached drug 
must be small and linked through a biodegradable bond, but 
stable enough to make it to cross the BBB.76 The limitations 
on prodrug delivery through Glut1 have made drug design 
difficult, and in the best case it only applies to a small subset 
of molecules. All of these factors combine to leave the clinical 
relevance of Glut1 for drug delivery up for debate.

The large neutral amino acid carrier LAT1, expressed 
both on the luminal and abluminal membrane of BCECs, 
is another heavily studied transporter system. LAT1 is fairly 
stereospecific to l-amino acids and can also efficiently shuttle 
substrates that contain relatively large and lipophilic substitu-
ents on the α-carbon (eg, l-phenylalanine).77 The most notable 
LAT1 substrate of pharmacological significance for the past 
30 years is the prodrug l-DOPA for dopamine replacement 
therapy in PD. Interestingly, while 95% of l-DOPA is decar-
boxylated to dopamine in the peripheral tissues following sys-
temic administration, the ,1% orally dosed l-DOPA brain 
uptake is sufficient for therapeutic benefit.78 Other exam-
ples include α-methyl DOPA for hypertension treatment, 
and the chemotherapeutic melphalan.58 Even the γ-amino 
acid anti-epileptic gabapentin can cross the BBB via LAT1 
because its cyclic structure mimics that of an α-amino acid. A 
recent report describing the LAT1-mediated rat brain uptake 
of ketoprofen, an l-lysine conjugate, anti-inflammatory drug, 

which itself is impenetrable, further exemplifies the prodrug 
approach for CNS drug delivery.79

Other carrier systems employed for drug delivery include 
the equilibrative nucleoside transporter (ENT) 1. This lower 
capacity transporter mediates the brain uptake of drugs that 
are both pyrimidine and purine nucleoside analogs, such as 
the cancer therapeutic gemcitabine and the antiviral agent rib-
avirin, respectively,80 as well as the cellular proliferation PET 
imaging agent 18F-FLT (18F-3′-fluoro-3′-deoxythymidine).81 
Future drug development must consider purine analogs that 
are resistant to adenosine deaminase metabolism, which pres-
ents a significant enzymatic barrier at the BBB.

Monocarboxylate transporter (MCT) 1 exhibits broad 
specificity for short-chain monocarboxylates and is respon-
sible for the brain uptake of circulating lactate, short-chain 
fatty acids (eg, pyruvate), and ketone bodies that can serve as 
an alternative energy source (eg, acetoacetic acid).82 The anti-
convulsant drug, valproic acid, also recently approved by the 
FDA for treating age-related memory loss, is purported to be 
taken up by the brain via MCT1.83

Other CMT systems are being explored for small-
molecule delivery, as drugs and prodrugs. However, challenges  
to exploiting this approach include targeting transporters 
without diminishing affinity, and staying within size limi-
tations. Furthermore, for transporters with lower to mid 
transporter capacity, potential inhibition of drug uptake 
by high plasma levels of endogenous substrates needs to be 
considered. Stability to enzymatic degradation at the BBB 
interface, as seen with some nucleoside analogs, can be a 
barrier to achieving therapeutic levels of drug in the brain. 
Finally, as discussed above, efflux mechanisms for these and 
other drugs must be considered.

Noninvasive Imaging of Drug Delivery to the Brain
Although a number of analytical methods and in silico tech-
niques have been used to predict the potential for brain drug 
delivery, many questions remain, such as exactly how much 
drug can cross the BBB? And, where is it located within the 
brain? Many methods have been developed for quantifying 
these parameters,84,85 including radioactive biodistribution 
and PK studies,53,86 brain microdialysis,87,88 and quantita-
tive autoradiography in small animal models.89 A recent 
review highlights the use of model organisms, such as the 
fruit fly (Drosophila melanogaster) and zebrafish (Danio rerio), 
as a high-throughput screening approach for assessing BBB 
permeability at reduced cost.90 Although useful in preclini-
cal studies, these are highly invasive or terminal procedures 
in models that are not necessarily clinically translatable for 
understanding and quantifying drug delivery to the CNS 
in humans.

Real-time and noninvasive imaging techniques such as 
magnetic resonance imaging (MRI), positron emission tomo
graphy (PET), and single photon emission computed tomogra-
phy (SPECT) have achieved significant gains in drug discovery 
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and brain drug targeting, particularly in pharmacokinetic 
modeling, receptor occupancy studies, and quantification of 
therapeutic response. MRI exploits the magnetic properties of 
atomic nuclei to induce and detect radiant energy, typically from 
irradiated protons in water. The clinical value of MRI depends 
not only on the strength of signals received, but also on how 
quickly they relax to their base energy level. The relaxation 
properties (T1 and T2) of excited nuclei can be influenced by 
water concentration in soft tissue and by pathological changes 
in tissue. Ligands conjugated to paramagnetic materials like 
gadolinium (Gd3+)-chelates (T1 contrast agent) or iron oxides 

(T2 contrast agent) are often used as MRI contrast agents. 
This atomic information images with high spatial resolution 
(sub-millimeter), temporal resolution, and excellent soft tissue 
contrast. Traditional contrast-enhanced MRI is often used to 
measure BBB permeability,48 and targeted probes can be used 
to directly measure brain delivery in some instances.91 While 
MRI boasts high sub-millimeter spatial resolution due to 
excellent soft tissue contrast, it can suffer from poor detection 
sensitivity (10−3 to 10−9 M), which would be a challenge in try-
ing to quantify drug delivery of contrast agents with already 
limited brain uptake.

Table 2. Key BBB transporters that facilitate drug diffusion into the brain. Chemical structures of ligands of pharmacological significance, with 
permeability parameters indicated for representative substrates.72

Transporter Substrate Ligand Substitutions Permeability Parametersa

R1 R2 R3 R4 Km (mM) Vmax (nmol/min/g) PS (102 mL/min/g)

Glut1 D-Glucosea

2-Deoxy-D-glucose
Mannose
Galactose

OH
H
H
OH

H
H
OH
H

H
H
H
OH

11000 ± 1400 1420 ± 140 13

LAT1 Phenylalaninea 26 ± 6 22 ± 4 85

L-DOPA

Melphalan

Gabapentin

ENT1 Adenosinea OH H OH 25 ± 3 0.75 ± 0.08 3

Ribavarin OH H OH

Gemcitabine F F OH

FLT H H F

MCT1 Lactatic acida 1800 ± 600 91 ± 35 5

Pyruvic acid

Acetoacetic acid

Valproic acid

Note: arepresentative substrate.
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The nuclear imaging modalities, PET and SPECT, have 
exquisite sensitivity which is especially useful for detecting 
radiolabeled probes in nanomolar to picomolar (10−9 to 10−12 M)  
concentrations in the brain, for example. PET detects coin-
cident 511 keV gamma rays produced from the annihilation 
event of an electron with a positron emitted from a radiola-
beled PET probe. SPECT relies on directly detecting low-
energy gamma rays emitted by the radiopharmaceutical. The 
challenge with classical short-lived PET isotopes (eg, 11C, 
t1/2  =  20.3  minutes; 18F, t1/2  =  110  minutes) is the need for 
an on-site or nearby cyclotron for isotope production and effi-
cient radiochemistry. However, the increasing availability of 
nonstandard radioisotopes with longer half-lives (eg, 64Cu, 
t1/2 = 12.7 hours; 89Zr, t1/2 = 3.25 days; 124I, t1/2 = 4.2 days) 
expands the utility of PET imaging for those ligands that have 
a protracted pharmacokinetic profile. Many SPECT isotopes 
are used routinely in the clinic (eg, 99 mTc, t1/2 = 6 hours; 123I, 
t1/2 = 13.2 hours; 111In, t1/2 = 2.8 days). While both modalities 
posses’ extremely high sensitivity relative to MRI, PET has 
two to three orders of magnitude higher sensitivity and faster 
temporal resolution compared with SPECT.92 Improvements 
in nuclear imaging technology have brought their spatial reso-
lution to around 4 mm, which can be sufficient for mapping 
tracer distribution in the brain and can be further improved 
when co-registered with MRI brain scans for anatomical or 
functional information.93

A wide variety of CNS-targeted imaging probes for 
SPECT or PET are available for preclinical and clinical 
assessments of BBB permeability, neurotransmitter recep-
tor, and transporter targeting as diagnostic biomarkers of 
neuropathophysiology.93,94 These imaging modalities have 
also proven to be a tremendous tool in examining the kinet-
ics of small-molecule brain uptake. 11C-Verapamil, a P-gP 
substrate, has been used for PET imaging of human response 
to P-gP inhibition with cyclosporine.95 18F-florbetapir, which 
freely diffuses across the BBB, is a recently FDA-approved 
PET imaging agent that binds Aβ-plaques and can be used 

as a noninvasive predicative biomarker of plaque burden in 
AD in various regions of the brain.47 With no effective thera-
peutic approved for AD, Aβ-plaque-targeted PET agents 
are being used in hopes of measuring changes in plaque 
burden in response to therapy. As shown in Figure 5, most 
MRI and PET imaging studies in brain tumor patients is 
limited to detecting anatomic features in addition to a small 
subset of functional and biological processes, such as tumor 
enhancement/BBB permeability (Fig. 5A), glucose metabo-
lism (Fig. 5B), and amino acid metabolism (Fig. 5C, 5D). In 
a similar vein, molecularly targeted small-molecule ligands, 
developed as diagnostics or therapeutics, can be radiola-
beled and administered in vivo to confirm and quantify the 
specificity of brain uptake values in targeted regions of the 
brain. Should a radioligand to a specific molecular target in 
the brain be available, nonlabeled ligands can be adminis-
tered in vivo to study how well the drug can displace radio-
ligand binding. A recent description of this approach is for 
the evaluation of a second-generation antipsychotic drug 
Lurasidone in non-human primates.96 PET imaging pre- and 
post-drug administration confirms drug occupancy of D2 and 
5-HT2 A receptors with 11C-raclopride and 11C-R-(+)-α-(2,3-
dimethoxyphenyl)-1-[2-(4-fluorophenylethyl)]-4-piperidine-
methanol, respectively.

On combining complementary imaging modalities 
into one system, as with the recently developed PET/MRI 
systems, MRI-derived measures of both anatomy and func-
tion correlated with SPECT or PET-derived quantitation 
of disease-specific molecular processes can inform dif-
ferent phases of the drug discovery process. This includes 
validating the mechanism and specificity of drug action in 
various animal models, quantifying neuropharmacokinetics 
and neuropharmacodynamics across species, screening 
and selecting subjects for clinical trials, and monitoring 
the clinical response to drug treatment via predictive bio-
marker imaging. In the era of personalized medicine and 
image-guided therapy, it is clear that as a translational tool, 

A T1 post contrast MRI 18F-FDG PET 11C-MET PET 18F-FACBC PETB C D

Figure 5. MRI and PET brain scans in a patient with primary CNS lymphoma (red arrowhead). (A) Postcontrast MRI shows tumor enhancement indicative 
of BBB disruption. (B) 18F-FDG shows high glucose metabolism throughout the gray matter with focally increased uptake in sites of disease. (C) The 
natural amino acid 11C-MET also shows the high amino acid metabolism in the disease by PET. (D) 18F-FACBC is a synthetic l-amino acid analog showing 
high amino acid metabolism in the disease and very low background utilization in normal brain parenchyma as compared to 11C-MET. Images courtesy of 
Department of Radiology, Memorial Sloan-Kettering Cancer Center. Figure adapted from Chacko et al.1

Abbreviations: FACBC: 1-Amino-3-fluorocyclobutane-1-carboxylic acid; FDG: fluorodeoxyglucose; MET: l-methionine.
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real-time noninvasive imaging technologies can facilitate 
and perhaps shorten the time between CNS drug discovery 
and clinical approval.

Conclusions
Our understanding of the BBB has advanced considerably in 
recent years, and now the BBB is appreciated as not just a 
physical cellular barrier, but an actively regulated regulatory 
interface, with transport, secretory, and enzymatic activi-
ties. This review has described how small molecules cross the 
BBB, what properties affect diffusion and how natural active 
transport process can be harnessed, all of which permit devel-
opment of more permeable and effective small molecules. 
However, the BBB has been proven to be difficult for scientists 
and clinicians to circumvent, as shown by the limited treat-
ment options and poor outcomes of individuals suffering from 
CNS disorders. Ultimately, the overall goal of future CNS 
research needs to expand beyond the current drug formulary 
of mostly small, lipophilic molecules. Exploiting pathways to 
deliver small molecules via protein-facilitated routes or small 
molecule-antibody conjugates for RMT will allow BBB per-
meation of a greater range of pharmaceuticals. Nanocarrier 
systems are another exciting route for systemic brain delivery 
owing to their high drug loading capacity, and ability to load 
diverse agents, from small hydrophilic drugs to larger gene 
vectors, enzymes, and peptides.97,98 This latter approach may 
allow for the repurposing of many CNS-active agents that 
could not pass through initial ADME testing. Alternatives 
to focusing on the drug delivery system are to modulate the 
permeability of the BBB transiently to enhance paracellular 
delivery of small and large materials into the brain or to evalu-
ate alternative routes of drug administration. Intracarotid, 
intranasal, intraretinal, and intracerebral delivery of drugs are 
all explored with interesting results. With a cross-disciplinary 
approach, integrating biologists, medicinal chemists, molecu-
lar modelers, pharmaceutical scientists, bioengineers, and 
imaging scientists, the field can move toward a more informed 
and rational approach to optimizing drug design for delivery 
to the CNS.
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