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Purpose. To determine the roles of blood-brain barrier (BBB) transport and plasma protein binding in
brain uptake of nonsteroidal anti-inflammatory drugs (NSAIDs)—ibuprofen, flurbiprofen, and
indomethacin.

Methods. Brain uptake was measured using in situ rat brain perfusion technique.

Results. [*C]Ibuprofen, [PH]flurbiprofen, and [**C]indomethacin were rapidly taken up into the brain in
the absence of plasma protein with BBB permeability—surface area products (PS,) to free drug of (2.63 +
0.11) x 1072, (1.60 + 0.08) x 1072 and (0.64 £ 0.05) x 10 2mL s ! g~! (n = 9-11), respectively. BBB
[**Clibuprofen uptake was inhibited by unlabeled ibuprofen (K, = 0.85 £ 0.02 mM, Viax = 13.5 + 0.4
nmol s~ ! g™ !) and indomethacin, but not by pyruvate, probenecid, digoxin, or valproate. No evidence
was found for saturable BBB uptake of [*H]flurbiprofen or ['*Clindomethacin. Initial brain uptake for
all three NSAIDs was reduced by the addition of albumin to the perfusion buffer. The magnitude of the
brain uptake reduction correlated with the NSAID free fraction in the perfusate.

Conclusions. Free ibuprofen, flurbiprofen, and indomethacin rapidly cross the BBB, with ibuprofen
exhibiting a saturable component of transport. Plasma protein binding limits brain NSAID uptake by

reducing the free fraction of NSAID in the circulation.
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INTRODUCTION

Considerable evidence exists that supports a neuro-
protective role for nonsteroidal anti-inflammatory drugs
(NSAIDs) in Alzheimer’s disease (AD) and other neurode-
generative disorders. Epidemiologic studies have consistently
linked long-term NSAID use with a reduced risk for AD (1).
In vitro, NSAIDs inhibit B-amyloid (AB) aggregation, de-
crease AP formation, and limit microglial and astrocytic
activation (2). In vivo, long-term high-dose NSAID admin-
istration to Tg2576 transgenic AD mice is associated with
reduced AP plaques and cerebral APy, levels (3,4). Both
cyclooxygenase (COX)-dependent and -independent mecha-
nisms have been linked to these actions. However, NSAID
concentrations required for some COX-independent path-
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ways (20-150 uM) markedly exceed brain NSAID concen-
trations obtained in vivo at normal doses (0.4-3 uM) (2—-4).

Most NSAIDs that exhibit good activity against AD
models, such as ibuprofen, flurbiprofen, and indomethacin,
distribute poorly to the brain. For ibuprofen, the vascular-
corrected brain concentration at steady state is only 1-2% of
that of the total plasma concentration (5). Similar low values
have been reported for flurbiprofen, ketoprofen, and nap-
roxen (4). Cerebrospinal fluid (CSF) distribution is also
minimal (<1-5% of plasma) for many NSAIDs (6,7).
Together, these results suggest that some barrier exists that
limits brain uptake of acidic NSAIDs.

Brain delivery for many agents is restricted by the
blood-brain barrier (BBB), which is formed by tight junc-
tions between brain endothelial cells (8,9). These junctions
block paracellular transfer and force most agents to cross the
BBB ceither by lipophilic transcellular diffusion or by
specialized carrier- or receptor-mediated transport mecha-
nisms. Most NSAIDs are lipophilic (log Doy —1 to +2) and
thus might be expected to cross the BBB readily by passive
diffusion (10). However, the majority of NSAIDs circulate in
plasma as organic anions (>99% charged), such that the small
neutral (un-ionized) fraction may prove limiting to brain
uptake. Furthermore, the BBB expresses a large number of
organic anion transporters (11) that are capable of restricting
brain uptake for a broad array of solutes. A number of these
transporters are known to interact with NSAIDs either as
substrates or inhibitors (12,13). Moreover, many NSAIDs
bind with high affinity to serum albumin, thus reducing the
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free fraction in the circulation to <5% (14). In several tissues,
drug uptake markedly exceeds that predicted by the plasma
free drug concentration and mass action exchange between
free and bound pools as plasma transits the capillary from the
arterial to the venous end (15). Thus, the contribution of
plasma protein binding to brain NSAID availability remains
to be determined experimentally.

In the present study, we examined the roles of BBB
permeability, saturable transport, and plasma protein binding
in the initial passage of NSAIDs into the brain. Three
nonselective NSAIDs, ibuprofen, flurbiprofen, and indo-
methacin, which have been linked to central nervous system
(CNS) AD protection in vitro and in vivo, were studied.
Brain NSAID uptake was measured using the in sifu rat brain
perfusion technique (16), which allows ready control of
perfusion fluid composition (e.g., concentrations of drug,
plasma protein, and transport inhibitors) and accurately
measures brain uptake over a 10* range.

METHODS
Chemicals

R.S-[carboxyl-"*C]Ibuprofen (55 mCi mmol "), PH(G)]
flurbiprofen (400 mCi mmol '), [N-methyl-*H]diazepam (85
Ci mmol 1), [methoxy-"*Clinulin (3.75 mCi g '), and
[methoxy->H]minulin (2.25 mCi g~ ') were purchased from
American Radiolabeled Chemicals Inc. (St. Louis, MO,
USA). ["*C]Diazepam (56 mCi mmol !) was obtained from
Amersham Biosciences (Piscataway, NJ, USA). [2-'*C]
Indomethacin (20 mCi mmol™!) was procured from
PerkinElmer Life Sciences (Boston, MA, USA). NSAID
radiochemical purity was confirmed by reverse-phase high-
performance liquid chromatography (HPLC) using a C18
column and acetonitrile/1% aqueous acetic acid mobile
phase. Unlabeled ibuprofen, indomethacin, flurbiprofen,
digoxin, probenecid, pyruvic acid, valproate, and bovine
albumin (fraction V, A3059, y-globulin free) were
purchased from Sigma-Aldrich (St. Louis, MO, USA).

Brain Perfusion Method

Brain NSAID uptake was measured using the in situ rat
brain perfusion technique (16,17). Adult male rats (Sprague—
Dawley strain, 250-350 g) obtained from Charles River
Laboratories (Wilmington, MA, USA) were anesthetized
with sodium pentobarbital (Nembutal, 40 mg kg ' ip.,
Abbott Laboratories, North Chicago, IL, USA). The neck
region was shaved, and a ventral midline incision was made
in the skin. The left common carotid artery was gently
exposed and catheterized with PE-60 tubing filled with
heparinized 0.9% NaCl (100 U mL™"). The left external
carotid artery was ligated with surgical silk, but the
pterygopalatine artery was left open (17). Body temperature
was maintained at 37°C using a heating pad linked to a YSI
Indicating Controller (Yellow Springs Instruments, Yellow
Springs, OH, USA). The catheter was attached to a four-way
stop-cock connected to a dual-syringe Harvard infusion
pump (Harvard Bioscience, South Natick, MA, USA). Both
syringes of the infusion pump were filled with bicarbonate-
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buffered physiologic saline containing 128 mM NaCl, 24 mM
NaHCO;, 4.2 mM KCl, 2.4 mM NaH,PO,, 1.5 mM CaCl,, 0.9
mM MgSO,, and 9 mM D-glucose (17). The perfusion fluid
was oxygenated with 95% O,-5% CO; and maintained at
37°C using a heating coil. In some experiments, unlabeled
NSAID (1-20 mM), transport competitor (e.g., probenecid,
digoxin, pyruvate, or valproate), or albumin (0.027, 0.27, or
2.7 g per 100 mL) was added to the perfusate. The perfusion
fluid in the second syringe was identical to the first with the
exception that it contained *H- or '*C-labeled NSAID
(0.01-0.8 pCi mL™"), diazepam, or inulin. Radiolabeled
diazepam was used to measure cerebral perfusion fluid flow
rate, whereas brain vascular volume was quantitated using
labeled inulin (16,17). Most experiments were of dual-label
type (*H/'*C), with one tracer used for NSAID and the other
for either vascular volume or flow. Perfusate tracer con-
centrations were chosen to maintain tissue *H/'*C dis-
integrations per minute (dpm) ratios of >3:1 for accurate
counting statistics.

To start the perfusion, the heart was severed (2-3 s), and
then tracer-free fluid was infused into the common carotid
artery for 30 s at a rate of 5 or 20 mL min~"'. After 30 s of
tracer-free perfusion, the perfusion fluid was switched using
the four-way valve to matching fluid containing radiolabeled
NSAID and either the flow or vascular volume marker. After
10-30 s of tracer perfusion, the animal was decapitated and
the pump was turned off. The left brain was dissected into
different regions and the samples were weighed. In addition,
duplicate samples of perfusion fluid were obtained. Samples
were digested overnight at 55°C in 1 mL of Solvable tissue
solubilizer (Packard, Meriden, CT, USA). The following
morning, 10 mL Scintisafe™ 30% scintillation cocktail
(Fischer Scientific, Fair Lawn, NJ, USA) was added and the
samples were assayed for radioactivity by dual-label liquid
scintillation counting (LSC; Beckman LS 6500, Fullerton,
CA, USA). Counts per minute were converted to dpm after
appropriate correction for background, quench, spillover,
and efficiency.

Plasma Protein Binding

The unbound fraction of radiolabeled NSAID in perfu-
sion fluid was measured by ultrafiltration and equilibrium
dialysis. Ultrafiltration was performed using a Microcon
centrifugal filter device (10-kDa MW cutoff, Amicon Bio-
seperations, Bedford, MA, USA). Briefly, perfusate fluid
collected immediately at the end of perfusion (0.5 mL) was
placed in an ultrafiltration tube and spun at 4000 rpm at 37°C
for 7 min under 95% O, and 5% CO,. Conditions were set so
that the temperature was maintained at 37°C and only
10-15% of perfusion fluid sample was filtered. Tracer
NSAID concentration in the initial fluid as well as filtrate
and retentate was measured using LSC. Matching protein-
free perfusion samples were also run to correct for binding of
drug to filter membrane.

Equilibrium dialysis was performed at 37°C using acrylic
equilibrium dialysis cells (1 mL) with a dialysis membrane
MW cutoff of 6 kDa (Bel-Art Products, Pequannock, NJ,
USA). The equilibration time for free drug (~4 h) was
determined for each agent tested. At the end of the dialysis
period, samples were collected from both chambers (protein
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containing and protein free) and concentrations were deter-
mined by LSC.

Distribution Coefficient

The octanol-water distribution coefficient (Do 7.4) Was
measured using the shake flask technique. Briefly, radio-
labeled NSAID was dissolved in 0.5 mL phosphate buffer
(0.1 M, pH 7.4) to which an equal volume of water-saturated
n-octanol was added. The mixture was vortexed for 1 min
and then allowed to separate into two phases. Aliquots were
sampled from each phase and analyzed via LSC for tracer
NSAID concentration.

Calculations

Unidirectional transfer constants (Kj,) for initial brain
uptake of [“Clibuprofen, [*H]flurbiprofen, and ['*C]
indomethacin were calculated as previously described (16,18):

Kin:(QrUt - VV X C:‘ut)/T X Crol (1)

where Q¥ is the measured quantity of radiolabeled NSAID in
the brain (vascular and extravascular) at the end of the
perfusion (disintegrations per minute per gram), V, is the
cerebral vascular volume measured using radiolabeled inulin
(milliliters per gram), C%, is the total perfusate con-centration
of radiolabeled NSAID (disintegrations per minute per
milliliter), and T is the net perfusion time. In Eq. (1), Qi
was corrected for residual vascular tracer (V,Cfy) to obtain
the quantity of labeled NSAID tracer that was predicted to
have crossed the BBB (Q%; = Q% — V, x C¥,). Equation (1)
assumes that uptake is linear with time and that metabolic loss
is negligible. Linearity was confirmed by examining the initial
time course (0-30 s) of NSAID uptake into brain. V, was
calculated as the brain-to-perfusion fluid ratio of labeled
inulin (16).

For a number of solutes that do not bind appreciably to
plasma proteins, K;, has been shown to depend on cerebral
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perfusion fluid flow (F, milliliters per second per gram) and
the apparent BBB permeability—surface area product (PS,)
as given by the Kety-Crone-Renkin equation (18):
Ky = F(1 — e PS0/F) )
For solutes that bind reversibly and rapidly to plasma
proteins, Eq. (2) has been adapted as follows, assuming that
bound and free drug are in equilibrium at all points in the
fluid as it transits the cerebral capillary (19):
Kin = F(1 — e T PSu/F) 3)
where f, is the free fraction of drug in the saline perfusion
fluid or plasma.
PS, was determined for each NSAID from measured
Ky, F, and f, by rearranging Egs. (2) and (3) as

PS,

= —F/fuln (1 — Kin/F) (4)
where F was determined from brain uptake of [*H]diazepam
or ["*C]diazepam in the absence of albumin (16).

The concentration dependence of ibuprofen uptake into
the brain was analyzed with a model containing a saturable

and a nonsaturable component as,

PS, = (5 )
where V.« and K, respectively, are the maximal transport
rate (nanomoles per second per gram) and half saturation
constant (millimolar) of the saturable component and K is
the coefficient of nonsaturable transfer (milliliters per second
per gram).

max/(Km + Ctot) + Kd

Statistics

All the values are means = SEM unless otherwise noted.
One-way analysis of variance (ANOVA) was used to
determine statistical significance with either Dunnet’s or
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Fig. 1. Time profile of brain (A) ["*Clibuprofen (#), (B) [*H]flurbiprofen (<), and (C)
["“Clindomethacin (O) uptake during perfusion with protein-free saline. Data represent mean + SEM
(n = 3-5) values of average brain samples collected after brain perfusion. Measured brain NSAID
radioactivity (disintegrations per minute per gram) was corrected for residual vascular tracer by
subtracting the product of the inulin vascular volume (milliliters per gram) and perfusate NSAID
concentration (disintegrations per minute per milliliter). Brain space (mL/g) is defined as Qi /Ci,.
Perfusate NSAID concentration equaled 0.54, 0.15, and 2.5 uM for [**Clibuprofen, [*H]flurbiprofen, and

[“Clindomethacin, respectively.
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Tukey’s post hoc test for multiple comparisons (Prism 4,
GraphPad Software, San Diego, CA, USA). Regression
analysis was also performed using Prism.

RESULTS

Time Course of Brain Uptake of NSAIDs
from Protein-Free Saline

Figure 1 illustrates the time course of [“*CJibuprofen,
[H]flurbiprofen, and ['*Clindomethacin uptake into the
brain (i.e., left cerebral hemisphere) at tracer concentration
during perfusion with protein-free bicarbonate-buffered
saline (20 mL min~' infusion rate). Uptake was linear for
each NSAID from 10 to 30 s with a y-axis intercept that did
not differ significantly (p>0.05) from zero after vascular
correction using labeled inulin. Best-fit BBB Kj, obtained
from linear regression equaled (2.31+0.07)x 1072 (1.41+
0.08) x 1072, and (0.60+0.02) x 10 >mLs ! g !, respectively,
for [**CJibuprofen, [*H]flurbiprofen, and [**CJindomethacin.
Based upon these data, a 30-s uptake time was used in all sub-
sequent experiments. Brain V, equaled (0.66 = 0.04) x 10™2 mL
¢! with inulin, comparable to values in previous reports (16).

Regional Brain Uptake of NSAIDs

Dissection of the perfused left cerebral hemisphere into
eight separate areas demonstrated minimal regional differ-
ences in BBB drug transport (Fig. 2). Calculated BBB PS,, in
different brain regions varied by only 10-30% among regions
with the highest values in the frontal and parietal cerebral
cortex and the lowest values in the hippocampus or midbrain
colliculus. F followed a similar pattern but was significantly
lower (40-60%) in the cerebellum, which gets most of its
flow from the basilar artery and is not perfused well with the
carotid artery in situ brain perfusion technique (16,17).
Therefore, the cerebellum was not included in subsequent
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Fig. 3. Relationship of BBB log PS, vs. log Dy.7.4 for [**Clibuprofen
(#), PH]flurbiprofen (A), and [**CJindomethacin (®) in comparison
with those of established values of permeating compounds (&) (18).
Values represent means for at least three determinations.

analyses, and data were presented as a pooled left cerebral
hemisphere value excluding cerebellum.

Rapid Uptake of Free NSAIDs from Saline

BBB PS,, calculated from F and Kj, at the 20-mL min "
infusion rate using Eq. (2), equaled (2.63+0.10) x 1072
(ibuprofen), (1.60+0.12) x 1072 (flurbiprofen), and (0.64+
0.05)x 107> mL s~ ' g~! (indomethacin). Experiments dem-
onstrated that BBB PS,, differed by <8% (p>0.05) between
carotid artery infusion rates of 5 and 20 mL min~!, which
provided cerebral perfusion fluid flows (F) of (2.8 £ 0.2) x
10?mLs ‘g ' (n=11)and (9.8+0.8) x 10 >mLs 'g!
(n =9), respectively. Given that F at the S-mL min ' infusion
rate more closely matches normal cerebral blood flow
[(1.6-33) x 1072 mL s~' g~'; (16)], the 5-mL min "
infusion rate was used in most subsequent experiments.
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Fig. 2. Regional BBB PS, (milliliters per second per gram) for uptake of (A) ['“Clibuprofen, (B) [*H]flurbiprofen, and (C)
['“Clindomethacin. Values represent mean + SEM (1 = 9-11); p > 0.05 (one-way ANOVA and then Tukey’s multiple comparison test for
regional PS) Frontal, frontal cerebral cortex; Parietal, parietal cerebral cortex; Occipital, occipital cerebral cortex; Thal/Hypothal, thalamus/

hypothalamus; and Coll, colliculi.
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Figure 3 illustrates the plot of BBB log PS, vs. log
D74 for the three NSAIDs expressed relative to estab-
lished markers of BBB PS, (18). Consistent with the high
NSAID PS, values, the log PS, values for the three NSAIDs
fall in the upper right-hand corner of the graph. The NSAID
log PS,, values are ~2 log units greater than those associated
with low BBB permeability (log PS, < —4) and suggest that
the free NSAIDs rapidly cross the BBB at physiologic pH.
The measured NSAID log PS, values, however, fell slightly
under those predicted by the measured log D74 and the
empirical relation obtained for the BBB permeability
markers (Fig. 3). The difference was ~1 log unit low for
ibuprofen and flurbiprofen and 2 log units low for indometh-
acin. Measured log Do 74 equaled 1.09 £ 0.05 (ibuprofen),
0.92 £ 07 (flurbiprofen), and 1.17 £ 0.06 (indomethacin).

Brain Uptake in the Presence
of Inhibitory Transport Substrates

To evaluate the relative contribution of carrier-mediated
transport to brain NSAID uptake, BBB PS, to each tracer
NSAID was determined in the presence of elevated concen-
trations of matching unlabeled NSAID (Fig. 4). Brain
[“*Clibuprofen PS, fell by 60% (p < 0.01) as perfusate
unlabeled ibuprofen concentration was raised to 20 mM,
demonstrating self-saturation. Best-fit kinetic parameters
using a model with one Michaelis-Menten saturable and
one nonsaturable component equaled Vy,x = 13.5 £ 0.4 nmol
s 'e™! Ky =085+ 0.02 mM, and K4 = (9.36 + 0.05) x 1077
mLs ! g™t (#* = 0.9998) for ibuprofen transport across BBB.
Addition of anion transport competitors, such as 100 uM
digoxin, 10 mM probenecid, 20 mM valproate, or 20 mM
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Table I. Effect of Inhibitors on Cerebral Perfusion Fluid Flow
and Brain Vascular Volume

Flow Vascular space
Inhibitors (mLs™'g™! x 1072 (mL g™' x 107?)

Control 2.83 £0.40 0.53 £0.07
Ibuprofen 1 mM N.D. 0.43 +0.13
Ibuprofen 10 mM N.D. 0.51 £0.11
Ibuprofen 20 mM 2.16 +0.18 0.79 + 0.08
Pyruvate 20 mM 2.70 + 0.35 N.D.

Indomethacin 10 mM 234 +£0.12 0.48 + 0.13
Probenecid 10 mM N.D. 0.63 £ 0.08
Digoxin 100 uM 2.57 £0.12 N.D.

Valproate 20 mM 2.55 +0.58 N.D.

Each value represents the mean + SEM (n = 3-9). Flow and vascular
space values were measured in the presence of inhibitors (Infusion
rate: 5 mL min~!). No groups differed significantly from control by
ANOVA (p<0.05) and Dunnet’s post hoc test.

N.D., not determined.

pyruvate, did not significantly lower BBB [“*Clibuprofen
PS,. However, 10 mM indomethacin reduced brain
['“CJibuprofen uptake by 42% (p < 0.05), suggesting that
brain ibuprofen uptake was mediated in part by a saturable
system that was inhibited by indomethacin.

In contrast, brain uptake of [*H]flurbiprofen and
["*Clindomethacin showed no evidence for self-saturation
over the concentrations tested and did not show cross-
inhibition with 20 mM ibuprofen (Fig. 4). Thus, the carrier
system may be selective for ibuprofen. No regional difference
was observed in PS, response in the self-saturation and
competitor experiments, such that the pooled brain hemi-
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Fig. 4. Concentration dependence and effect of unlabeled transport substrates/inhibitors. (A) [**C]Ibuprofen, (B) [*H]flurbiprofen, and
(C) [**Clindomethacin. Control represents uptake of radiolabeled NSAID in the absence of unlabeled compound. Values represent mean +
SEM (n = 3-5). Infusion rate = 5 mL min~!. *Differs significantly from matching control (p < 0.05 by one-way ANOVA and Dunnett’s
multiple comparison). The highest concentration of unlabeled flurbiprofen tested due to solubility limitations was 1 mM.
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Fig. 5. Effect of BSA (0.027-2.7%) on brain Kiy, perfusate f,, and BBB PS, to ['*CJibuprofen (tracer
concentration). (A) K, measured (O) and predicted (a). (B) Free fraction measured (O) and pre-
dicted (a). (C) BBB PS, calculated from the measured K, corrected for F and f, using Eq. (4). Values
represent mean + SEM (n = 3-5). Infusion rate = 5 mL min_ . All K, and f, values measured in the
presence of albumin differed significantly (p < 0.01) from matching controls (no albumin). Predicted
in vivo K;, and f, were calculated with Egs. (3) and (4) respectively, using corresponding measured

values of F, PS, (no albumin) and f, for K, and F, PS, (no albumin) and Kj, for f,.

sphere value represented the pattern for all sampled brain
regions.

Because the NSAIDs and transport inhibitors at elevat-
ed concentrations may alter brain vascular responsivity or
BBB integrity, brain F and V, were also measured in these
experiments. Table I summarizes the obtained values. F and
V, did not differ significantly from control for any of the
groups, suggesting that BBB integrity and F were maintained
throughout the experiments.

Influence of Plasma Protein Binding
on Brain Uptake of NSAIDs

All three NSAIDs that were examined bind highly to
albumin. Therefore, the influence of plasma protein binding
on brain uptake K;, and PS, was also assessed. Figure 5
illustrates the effect of 0.027, 0.27, or 2.7% bovine serum
albumin (BSA) on brain uptake Kj, of ['*CJibuprofen.
Perfusate albumin levels roughly matched 1, 10, and 100%
of those in serum, as the normal rat plasma level of albumin
is 25-3.0 mg dL™" (%) (20). For these experiments, F

[3H]Flurbiprofen

equaled (2.4 £0.2) x 10> mL s ' g~ (n = 9) and matched
that in the normal rat (21). As shown in Fig. 5, unidirectional
Ki, for ["*Clibuprofen decreased sharply by >20-fold with
increasing albumin concentration. Comparable reductions
were noted in perfusate ['*CJibuprofen f,. Albumin did not
affect calculated BBB ["*Clibuprofen PS, (p>0.05). Mea-
sured ['*Clibuprofen K;, in the presence of albumin matched
that predicted from perfusate f, and F and the separate PS,
measured in the absence of protein (+ 10%). A comparable
pattern was seen for [*H] flurbiprofen (Fig. 6) and
[**Clindomethacin (Fig. 7). The influence of plasma protein
binding was pronounced, decreasing brain uptake of
[**CJibuprofen and [H] flurbiprofen at the 2.7 and 0.27%
albumin concentration by >95 and 92%, respectively. Thus,
in addition to BBB transport, plasma protein binding
critically influences BBB NSAID Kj,.

DISCUSSION

The present study demonstrates that the NSAIDs
ibuprofen, flurbiprofen, and indomethacin readily cross the
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Fig. 6. Effect of BSA (0.027-2.7%) on brain K;,, perfusate f,, and BBB PS, to [°H]flurbiprofen (tracer
concentration). (A) Kj, measured (O) and predicted (a). (B) Free fraction measured (O) and predicted
(4). (C) BBB PS, calculated from the measured Kj, corrected for F and f, using Eq. (4). Values represent
mean + SEM (n = 3-5). Infusion rate = 5 mL min~'. All K;, and f, values measured in the presence of
albumin differed significantly (p < 0.01) from matching controls (no albumin). Predicted in vivo
K;, and f, calculated as outlined in legend of Fig. 5.
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Fig. 7. Effect of BSA (0.027-2.7%) on brain Kj,, perfusate f,, and BBB PS, to ["*Clindomethacin
(tracer concentration). (A) K;, measured (O) and predicted (a). (B) Free fraction measured (O) and
predicted (a). (C) BBB PS, calculated from the measured K, corrected for F and f, using Eq. (4).
Values represent mean + SEM (n = 3-5). Infusion rate = 5 mL min_'. All K;, and f, values measured
in the presence of albumin differed significantly (p < 0.01) from matching controls (no albumin).
Predicted in vivo K;, and f, calculated as outlined in legend of Fig. 5.

BBB with cerebrovascular PS, values approaching or ex-
ceeding that of rapidly penetrating solutes, such as [*H]water
and ["Clantipyrine (18,21). No evidence was found for
saturable brain uptake of flurbiprofen and indomethacin
over the concentration range tested. In contrast, BBB
ibuprofen transport was in part saturable with a K, of 0.85
mM, a Viax of 13.5 nmol s ! gfl, and a Ky 0f 9.3 x 10> mL
s~ ! g~!. Brain ibuprofen uptake was inhibited by indometh-
acin but not by pyruvate, probenecid, valproate, or digoxin.
This suggests that at least part of BBB ibuprofen uptake is
carrier mediated. Furthermore, plasma protein binding was
found to have a dramatic effect on brain uptake for all three
NSAIDs. Measured NSAID Kj, followed that predicted using
the modified Kety-Crone-Renkin equation with no signifi-
cant change in PS,,. The results suggest that brain distribution
of ibuprofen, flurbiprofen, and indometh-acin is limited in part
by plasma protein binding, which reduces the plasma free
fraction in vivo by >90%.

BBB drug penetration has long been known to be
strongly influenced by solute lipophilicity (16,21). In addi-
tion, the presence of charge (22), ionization, and hydrogen
bonding have also been shown to have significant effects (10).
Ibuprofen, flurbiprofen, and indomethacin are fairly lipophil-
ic and thus might be expected to show good brain uptake.
Most NSAIDs meet the five simple rules of thumb outlined
by Clark (8) for good probability of entering brain. As shown
in this study, their BBB PS, for brain NSAID uptake is
actually quite high and approximates that predicted by the
log Dyt 7.4- The fact that the values fall slightly below those
predicted for passive diffusion may hint at an active efflux
process. In support of this, Fukuda et al. (23) reported that
probenecid increased brain-to-plasma concentration ratio of
two NSAIDs, diclofenac and mefenamic acid, suggesting an
active efflux process. The dislocation between steady-state
brain—plasma concentration ratios for NSAIDs (0.01-0.08)
and their appreciable BBB PS, values, as reported here,
highlights the fact that multiple parameters impact drug
uptake and distribution into the brain beyond simple BBB
permeability. For these NSAIDs, something additional is
going on that appreciably limits brain NSAID distribution

in vivo. This can include active efflux transport, poor brain
distribution volume, rapid brain drug metabolism, and/or
plasma protein binding.

NSAIDs are known to interact with a number of
transport carriers (12,24,25). The demonstration of a satura-
ble component of [**C]ibuprofen uptake into the brain with a
K, of 0.85 mM suggests that one or more carriers may
facilitate ibuprofen influx into the brain at the BBB. Brain
capillaries have been shown to express a number of
transporters that accept organic anions (11). The fact that
brain [**Clibuprofen uptake was not inhibited by pyruvate,
probenecid, or digoxin casts doubt on the contributions of
BBB monocarboxylate transporter 1 (MCT1) (pyruvate),
organic anion transporter 3 (OAT3) (probenecid), organic
anion transporting polypeptides (oatp) la4, 1a5, or l1cl
(probenecid and/or digoxin), and multidrug resistance
protein (MRP), 4, or 5 (probenecid) (24,26). Ibuprofen and
salicylic acid have been shown to inhibit MCT1 (27,28).
However, it is possible that ibuprofen is too large to be an
appreciable substrate for that transporter. OAT3 and
members of the MRP family transport solutes out of the
brain, and therefore their contributions to saturable influx
would be expected to be small. Several members of the oatp
family mediate bidirectional transport of organic solutes at
the BBB (11). Ibuprofen and indomethacin inhibit rat oatp2
with K; values of ~1.3 and 0.17 mM, respectively (12).
However, the absence of BBB ['“Clibuprofen uptake
inhibition by either digoxin or probenecid, which are known
inhibitors of oatp 1a4 (11), and the fact that indomethacin
had a weaker inhibitory effect on brain ["*Clibuprofen
uptake than ibuprofen, contrary to their oatp la4 K; values,
argue against the role of oatp la4 in brain [**CJibuprofen
influx. Similarly, probenecid has been shown to inhibit oatp
1a5 and 1cl (29,30). The fact that 20 mM valproate did not
significantly reduce brain ['*Clibuprofen PS, suggests that
the saturable ibuprofen carrier is not mediated by the BBB
valproate transporter (31). Thus, brain ibuprofen uptake may
be mediated by an as yet unidentified BBB carrier, or it may
be that multiple transport mechanisms contribute and
determinations at single concentrations with a few inhibitors
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are not adequate to unravel the roles of influx and efflux
components. In contrast, neither [*H]flurbiprofen nor
["*Clindomethacin exhibited clear evidence of a saturable
component over the range tested.

Most acidic NSAIDs bind tightly to plasma albumin
(Sudlow site II), decreasing the available free fraction in
plasma for brain uptake (20). Conventionally, free drug has
been thought to be the driving force for the drug uptake into
tissues. However, many studies have found that in the
presence of plasma protein, the net exchangeable fraction of
drug in the brain capillaries markedly exceeds that measured
in vitro even when correction for exchange between bound
and free drug (Eq. 3) is incorporated (15,32). Our results
suggest that brain influx for ibuprofen, flurbiprofen, and
indomethacin correlated well with the measured free drug
fraction with no evidence for a significant contribution of
induced or enhanced dissociation. Upon addition of albumin
to the perfusion fluid, brain NSAID uptake Kj, fell in
accordance to the decrease in measured free fraction. This
result is consistent with studies showing good agreement
between plasma unbound concentration and CSF or brain
drug concentrations (33).

Plasma protein binding plays a major role in restricting
brain uptake of NSAIDs, reducing K;, by more than 10-fold
from PS,. Prior to this study, this concept had not been
clearly elucidated. In fact, in several initial studies of CSF
and brain NSAID uptake, plasma protein binding was noted
to have a minor role (7,34) and the BBB permeability of
NSAIDs was reported to be quite low (35,36). Many studies
have concluded that CNS uptake of most nonselective
NSAIDs is quite limited. However, the exact mechanisms
limiting CNS NSAID uptake were unclear. Given the role that
plasma protein plays in unidirectional brain NSAID uptake, it
may be possible to transiently increase brain NSAID delivery
via administration of a plasma protein binding inhibitor, as
proposed by Haradahira et al. (37) for a radioligand.
However, such an approach would not be expected to
appreciably change brain exposure with long-term adminis-
tration.

There is a widespread interest in NSAIDs regarding the
role of COX in CNS disorders. Many traditional acidic
NSAIDs show poor delivery to brain based on low brain-to-
plasma ratios and plasma protein binding. In contrast, several
neutral NSAIDs, including acetaminophen, antipyrine, and
the newer COX-2 inhibitors, show markedly improved CNS
distribution. The newer neuroprotective effects recently
ascribed to a subset of nonselective NSAIDs, including
ibuprofen, indomethacin, and flurbiprofen, and not seen with
better penetrating COX-2 or nonselective analogs, suggest
that improved brain delivery may be of interest for these
poorly distributing NSAIDs to enhance CNS activity and
reduce peripheral toxicity (2,4,5). Brain drug delivery in AD
is complicated by a number of alterations in the BBB and
CSF system leading to decrease in CSF production rate,
enhanced CSF volume, and altered expression and function
of transporters (38,39). Our results suggest that at least one
NSAID, ibuprofen, may be taken up into the brain by a
saturable carrier that is sensitive to indomethacin. Design of
NSAIDs with less plasma protein binding, less efflux
transport, enhanced cellular uptake, and greater free drug
distribution to brain may aid in CNS efficacy.
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