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Rat Studies
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Abstract

Using positron emission tomography (PET), 11C-verapamil as the P-gp substrate and cyclosporine
A (CsA) as the P-gp inhibitor, we showed that the magnitude of P-gp-based drug interactions at
the human blood-brain barrier (BBB) is modest. However, such interactions at clinically relevant
CsA blood concentrations may be greater for substrates where P-gp plays an even larger role
(fractional contribution of P-gp, f; > 0.97) in preventing the CNS entry of the drug (e.g.
nelfinavir). Since we have shown that the rat is an excellent predictor of the verapamil-CsA
interaction at the human BBB, we determined the magnitude of drug interaction at the rat BBB
between nelfinavir and CsA. Under isoflurane anesthesia, male Sprague Dawley rats were co-
administered IV infusions of nelfinavir and escalating doses of CsA to achieve pseudo steady-state
plasma/blood and brain concentrations of both drugs (blood CsA ranged 0-264.9 uM, n=3-6/
group). The percent increase in the brain:blood nelfinavir concentration ratio (determined by
LC/MS) was described by the Hill equation with Eqpax 6481%, ECsp 12.3 UM, and -y 1.6. Then,
using these data, as well as in vitro data in LLCPK1 cells expressing the human P-gp, we
predicted that CsA (at clinically relevant blood concentration of 1.5 uM) will increase the
distribution of nelfinavir into the human brain by 236%. Collectively, our data suggest that
clinically significant P-gp based drug interactions at the human BBB are possible for P-gp
substrates highly excluded from the brain (f; > 0.97) and should be investigated using non-invasive
approaches (e.g. PET).
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INTRODUCTION

The blood brain barrier (BBB) poses a significant barrier to entry of drugs into the brain. An
important component of this barrier is P-glycoprotein (P-gp), an ABC efflux pump that is
expressed at the luminal membrane of the brain endothelial cellsl. Numerous studies in
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small animals (e.g. mice or rat), either through ablation of the gene encoding P-gp
(mdrla/b(=/-)) or chemical inhibition of P-gp have demonstrated the importance of P-gp in
preventing the entry of drugs into the brain. For example, the brain distribution of verapamil,
nelfinavir or loperamide is increased by 800%, 3400% and 1200% respectively in
mdrla/b(-/-) vs. wild-type micel: 2 3. When P-gp is chemically inhibited, in the mouse or
the rat, the increase in brain distribution of these drugs is very similar; 900%, 3600% or
1500% increase in the presence vs. absence of the inhibitor? 4: 3,

Based on the above data, there are significant concerns (including in the drug development
process) about large and clinically significant drug interactions at the human BBB. These
concerns were somewhat allayed when the results from our 11C-verapamil-cyclopsorineA
(CsA\) study were published®: 7. Using [11C]-verapamil as a model P-gp substrate, at 3 uM
steady-state blood concentration, CsA (a P-gp inhibitor) increased the distribution of 11C-
verapamil into the human brain by a modest ~80%°%: 7. While such a magnitude of drug
interaction at the human BBB could be significant for a narrow therapeutic window drug, it
would be insignificant for the vast majority of drugs targeted to the CNS. Thus, these data
pose another key question. Is the magnitude of drug interaction observed with 11C-
verapamil-CsA predictive of all possible P-gp based drug interaction at the human BBB?
Obviously such extrapolation based on only one P-gp substrate-inhibitor combination is
scientifically not justified. This is especially true for P-gp because it demonstrates
allosterism and multiple binding sites8: 9 10: 11,12, 13 ‘Moreover, even in the absence of
allosterism, if the P-gp drug substrate has a greater affinity for P-gp than verapamil and P-gp
plays a larger role in preventing its entry into the CNS (e.g. nelfinavir), the extent of its drug
interaction at the BBB with CsA would be expected to be even greater than that observed
with verapamil3. Using the analogy of f,, (fraction of drug metabolized through a metabolic
pathway), we refer to such substrates as those with large f;. f;, represents the fractional
contribution of a particular pathway, be it transport or diffusion of drug distribution into or
out of a tissue. When f; by P-gp at the BBB is greater than 0.97, even partial inhibition of P-
gp (most probable in the clinic) will likely result in a significant drug interaction. Based on
concerns of such drug interactions and exclusion from the brain, the pharmaceutical industry
currently avoids development of CNS drugs that are P-gp substrates. Since conducting
studies to determine drug interaction at the human BBB is challenging and requires non-
invasive techniques such as imaging, predicting the theoretical outer boundary of P-gp based
drug interactions at the human BBB would be enormously helpful in the drug development
process. To predict this boundary, here we postulate that the largest such drug interaction
will occur with a P-gp substrate that has an f; > 0.97. The value of 0.97 was chosen for the
simple reason that none of the approved drugs on the market are extremely potent inhibitors
of P-gp at their unbound therapeutic plasma concentrations. Thus, in order for them to
produce clinically significant drug interaction at the human BBB (e.g. with CsA), the f; of a
P-gp substrate will have to be >0.97) (see Discussion for details). On surveying the
literature, nelfinavir appears to be such a drug. Nelfinavir has one of the largest increase in
brain:blood concentration ratio in mdrla/b(-/-) vs. wild-type mice (3400% increase, versus
900% for verapamil)3: 3. Consistent with this observation, in non-human primates, we
observed a 14500% increase in the brain distribution of nelfinavir in the presence of the
selective and potent P-gp inhibitor, LY33597914,
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We have previously demonstrated that the rat is an excellent animal model to predict the
verapamil-CsA and loperamide-CsA drug interactions at the human BBBS: 15: 16: 17:18)
Therefore, to predict the theoretical outer boundary of P-gp based drug interactions at the
human BBB, we determined the magnitude of nelfinavir-CsA interaction at the rat BBB.
Then, using these data and those from an in vitro LLCPK1-MDR1 cell assay, we predicted
the maximum magnitude of nelfinavir-CsA interaction at the human BBB at clinically
relevant blood CsA concentration. In addition, we provide a theoretical framework and
provide guidelines of when and how to predict clinical significant drug interaction at the
human BBB.

METHODS

Materials

Animals

[3H]-(+/-) Nelfinavir mesylate (3 Ci/mmol, [3H]-NFV) was purchased from American
Radiolabeled Chemicals (St Louis, MO). Cyclosporine A (Sandimune, 50 mg/mL) was
purchased from Abbott Lab, Chicago, IL. Nelfinavir mesylate (NFV, formulated as 50
mg/mL in 650 mg Cremophore® EL and 32.9% ethanol by volume) was kind gift from
Pfizer Inc.. All other reagents were of the highest grade available from commercial sources.

Male Sprague Dawley rats (8—-10 wks, ~300g) were purchased from Taconic Farms.
(Hudson, NY) and housed in a temperature and humidity controlled room with a 12-h light/
dark cycle, with free access to food and water. The experimental protocol was approved by
the Institutional Animal Care and Use Committee of the University of Washington. All
experimental procedures were conducted according to the Guide for the Care and Use of
Laboratory Animals (Institute of Laboratory Animal Resources, Commission on Life
Sciences, National Research Council, Washington, DC, 1996).

Experimental protocol

Under isoflurane anesthesia (5% induction, 1-1.5% maintenance at 1.0 L/min), each animal
was cannulated in both the left or right femoral artery and vein. Anesthesia was maintained
throughout the experiment. The anesthesia plane and the condition of the animal were
evaluated by routine tail/toe pinching test, respiration rate, and the palpebral reflex test. CsA
(or vehicle) (0, 3.0, 4.5, 6.5, 9.0, 13.0, 16.2, 19.5 or 43.8 mg/kg in 0.1mL) and NFV (1
mg/kg in 0.1 mL) were administered as an i.v. bolus, followed by a constant rate i.v.
infusion of CsA plus NFV (0, 5.4, 9.0, 13.0, 18.0, 25.2, 32.4, 39.0 or 86.6 mg/kg/h CsA plus
1.2 mg NFV/kg/h at the rate of 0.5mL/h) via the femoral vein to achieve pseudo steady-state
blood CsA concentration of 0, 2.7 (3.3), 4.2 (5.0), 6.0 (7.2), 8.3 (10), 12.0 (14.4), 15.0
(18.0), 18 (21.7), 39.9 (48) uM, (ug/mL) respectively. CsA blood samples (~0.5 mL) were
collected in heparanized tubes via the femoral artery at 0 (pre-CsA), 30, 60, 80, 100, and 120
min. Hematocrit in each blood sample (~50 L) was determined immediately following each
blood draw. Immediately following the 120 min blood draw, the animal was sacrificed by
decapitation and the brain harvested. This time point was chosen based on reported NFV
pharmacokinetic study in rats19 20: 21 22: 23 g1ong with our pilot study in rats. Collectively,
the literature and our pilot study results indicated that such duration was adequate for NFV
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to reach pseudoequilibrium between the brain and plasma. Blood CsA concentrations were
determined by LC/MS (Laboratory of Medicine at UWMC), while the brain, and plasma
samples were stored at —20°C until analysis for NFV concentration by LC/MS.

Plasma and brain tissue analysis

Cell Culture

Brain sample (0.4- 0.7 g) was homogenized, with PBS (100 puL PBS per 100 mg brain). The
brain/PBS homogenates (100 pL) were then processed and analyzed by LC/MS as described
below. The plasma and brain homogenate (100 pL) samples were precipitated with 1:1
acetonitrile containing 500 ng/mL of saquinavir (internal standard), followed by
centrifugation at 20,800 g. The supernatant was then injected (5- 35 pl) onto an Agilent
XDB-C18 reverse phase column (2.1 x 50 mm, 5 um, with Agilent XDB-C18 guard column,
2.1 x 12.5 mm, 5 um; Agilent Technologies, Santa Clara, CA) eluted at 0.25 mL/min with a
gradient mobile phase consisting of mobile phase A, 0.1% acetic acid in water, and mobile
phase B, 1:1 of methanol: acetonitrile). The gradient was adjusted linearly as follows: 60%
AJ40% B for the first 0.5 min, 10% A/90% B from 0.5 to 2.5 min, maintained at 10%
A/90% B from 2.5 to 3.5 min, 60% A/40% B from 3.5 min to 3.75 min, and maintained at
this composition from 3.75 to 8.0 min. The mass spectrometer was operated in atmospheric
pressure-ionization-electro-spray (API-ES) mode (spray chamber: gas temp 350°C, Vcap (+)
3500 V). Calibrators (1953 — 2 ng/ml) in plasma and quality control samples in plasma
(1560, 98, 24, 8 ng/ml) and in brain homogenates (1560, 98, 24, 8 ng/ml) were analyzed in
the same run. The limit of detection for nelfinavir in our tissue and plasma samples for this
assay was 1 ng/g or 1 ng/mL respectively.

When pseudo steady-state blood (CsA) or plasma (NFV) concentrations of CsA or NFV
were achieved, the average of these concentrations was computed and used. When CsA or
NFV blood or plasma concentrations were not at pseudo steady-state, the average of the
concentrations at the two last points were used. The brain: plasma ratio of NFV was adjusted
for vascular contamination. We previously found that the brain vascular volume in the rat is
26.3 + 10 pL/g®. The blood: plasma ratio for NFV is 0.87724. Using these values as well as
the hematocrit values determined in our study, we estimated the vascular content of NFV in
each brain sample. Then, the brain NFV concentration for each animal was corrected for the
corresponding contamination from the vascular NFV content: braincorrected NFV (NQ/Q) =
brain ncorrected NFV (ng/g) — plasma NFV (ng/1000uL) x vascular volume (uL/g) x 0.877.
Using nonlinear regression (WinNonlin®; Pharsight Corporation), the Hill equation was
fitted to the percent increase in the brain: plasma ratio of NFV as a function of blood CsA
concentration. Unless otherwise stated, data are presented as mean + S.D. Analysis of
variance, followed by Student’s t-test was used to determine the statistical significance of
difference (p < 0.05) between experimental groups.

LLCPK1 cells transfected with MDR11® were grown in complete media consisting of RPMI
1640 medium supplemented with 10% (v/v) fetal calf serum and 1% (v/v) anitibiotic-
antimycotic and grown at 37°C in the presence of 5% CO».
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[3H]-NFV Accumulation Assay

LLCPK1-transfected cells were plated at a density of 1x10° cells/well (ImL/well, 1x106
cells/mL) on a 24-well plate, incubated at 37°C, 5% CO» overnight. For the accumulation of
[3H]-NFV, the cells were washed with PBS followed by incubation (in quadruplicate) for 3
hin 1 mL serum free media at 37°C incubator in the presence of 5% CO, containing 30
nCi/mL (0.012 nM) [3H]-NFV, 0.2% dimethyl sulfoxide (DMSO) and varying concentration
of CsA (0, 0.3, 1.0, 3.0 and 13.3 uM). After washing with 2 mL PBS, the cells in each well
were lysed with 600 uL 1N NaOH, follow by addition of 600 uL. 1N HCL to neutralize the
solution. The intracellular accumulation of [3H]-NFV in each well (1000 pL of the lysate)
was counted using scintillation counter. Protein content of each well was quantified by BCA
assay and the intracellular accumulation of [3H]-NFV in each well was normalized for
protein content.

The percent change in intracellular [3H]-NFV at each CsA concentration was expressed
relative to that observed in the absence of the CsA. Using nonlinear regression
(WinNonlin®; Pharsight Corporation), the Hill equation was fitted to the percent change in
intracellular [3H]-NFV as a function of increasing CsA concentration. The mean ECs of
each CsA was determined from 3 or more independent experiments. Unless otherwise
stated, data are presented as mean + S.D.

RESULTS

In vivo Study

Except at the higher CsA infusion rates, the targeted pseudo steady-state blood CsA
concentrations were achieved prior to the experimental end point (120 min). These
concentrations were 3.0 £ 0.2 (n=3), 4.0 £ 0.5 (n=3), 6.7 £ 0.8 (n=3), 11.9 + 1.3 (n=4), 20.3
+ 1.2 (n=3), 33.1 £ 4.7 (n=5), 96.3 = 37.5 (n=3), and 264.9 £ 58.9 (n=3) uM CsA at infusion
rate of 5.4, 9.0, 13.0, 18.0, 25.2, 32.4, 39.0 and 86.6 mg/kg/h, respectively (Fig. 1). The
higher than targeted blood CsA concentrations achieved at the higher CsA infusion rates
(32, 39 and 86.6 mg/kg/hr) were most likely due to nonlinearity in the pharmacokinetics of
CsA.

Targeted pseudo steady-state plasma NFV concentration were also achieved and maintained
during the duration of the experiment (Fig. 2A). The presence of CsA did not significantly
affect the pseudo steady-state plasma NFV concentration (Student’s t-test) at the
experimental end point (120 min) (Fig. 2B).

In the absence of CsA, the NFV brain:plasma concentration was low (0.044 + 0.01, n=6).
This ratio decreased dramatically to 0.014 £+ 0.01 (n=6) when corrected for vascular
contamination. With increasing CsA blood concentration, the corrected NFV brain:plasma
concentration ratio increased significantly to 0.097 £+ 0.04 (n=3), 0.167 + 0.02 (n=3), 0.255
+ 0.06 (n=3), 0.389 + 0.12 (n=4), 0.638 + 0.08 (n=3), 0.804 + 0.07 (n=5), 0.769 + 0.23
(n=3), and 0.899 + 0.16 (n=3) for blood CsA concentration of 3.0, 4.0, 6.7, 11.9, 20.3, 33.1,
96.4 and 264.9 pM, respectively. The percent increase in the brain:plasma NFV
concentration ratio, expressed relative to that in the control group (absence of CsA),
increased as the blood CsA concentration increased (Fig. 3). The Hill equation (Fig. 3) was
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fitted to these data using nonlinear regression (uniform weighting) and yielded the following
estimates (% CV of the estimate): Epax 6481% (5.9%), ECsg 12.3 pM (13.5%), and y 1.6
(16.5%).

Impact of vascular contamination on estimation of brain:plasma ratio of P-gp substrates

We conducted simulations to explore the impact of vascular content correction (as described
above for NFV) on the brain:plasma concentration of P-gp substrates (Fig 4). First, we
computed the percent difference in brain:plasma drug concentration ratio at maximal P-gp
inhibition when this value is corrected vs. uncorrected for vascular content. Then, we plotted
this value, in 3D, with respect to brain: plasma of the drug in the absence (i.e. at baseline)
and presence of maximal P-gp inhibition, both corrected for vascular content (Y and X axis
respectively). As expected, the impact of this correction was largest for drugs that had high
fi(p_gp) Value (i.e. low brain penetration) at baseline.

In vitro Study

Based on three independent in vitro LLCPK1-MDR1 accumulation assays (Fig. 5 shows a
representative experiment), the in vitro Epay, ECsp, and -y of CsA was determined to be 205
+10%, 1.3 £ 0.5 pM, and 1.4 + 0.4, respectively.

Prediction of in vivo NFV-CsA drug interaction at the human BBB based on the rat and in
vitro cell culture study

As described beforel®, the above in vitro data were scaled using the in vivo data in the rat to
predict the magnitude of P-gp NFV-CsA interaction at the human BBB at clinically relevant
and supratherapeutic CSA blood concentrations. At supratherapeutic CSA blood
concentration (achieved in our prior human PET study, 2.8 uM), we predicted a 555%
increase in the NFV brain: plasma concentration ratio. This is significantly greater than the
modest 75 and 79% increase we observed in the rat and human brain when verapamil was
used as a substrate®: 16, At therapeutic CsA blood concentration (1.5 uM), we predicted a
241% increase in the NFV brain:plasma concentration ratio. These predicted values were
comparable to the 589% (2.8 uM) and 236% (1.5 puM) increase in NFV human brain:plasma
concentration ratio when the predictions were based on the rat study alone (Fig. 3).

Impact of fyp_gp) 0N magnitude of P-gp inhibition

To illustrate the impact of fyp_gp) on P-gp inhibition at the BBB, we simulated and plotted
the percent increase in brain:plasma drug concentration ratio for drugs with different fyp_qp)
values in the absence and presence of P-gp inhibition (Fig 6A). P-gp inhibition was varied
from that expected at clinical CsA blood concentrations (3.3% P-gp inhibition) to when P-gp
was completely inhibited. The derivation of equations used to conduct these simulations
have been published elsewhere2: 26: 27: 28 and the final equations used are shown on Fig.
6B. These equations are predicated on the assumption that nonspecific binding of NFV to
brain tissue is non-saturable. As expected, as fyp.gp) increased, P-gp inhibition (including at
clinical CsA blood concentration) drastically increased the percent increase in brain: plasma
ratio of the drug. In addition, when a drug was efficiently excluded from the brain by P-gp
(low brain penetration; fyp.gp) > 0.97), if vascular content correction was not made, the
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increase in brain: plasma ratio of the P-gp substrate, on complete inhibition of P-gp, was
considerably underestimated. To further illustrate the impact of P-gp inhibition on brain
drug penetration, we plotted the latter with respect to percent P-gp inhibition (Fig. 6B).
Reminiscent of the impact of f,, (fraction of drug metabolized by a single pathway) on
metabolic drug interactions, the % increase in brain: plasma ratio was profound for fyp_gp) >
0.9 when P-gp inhibition was greater than 90%. Furthermore, for P-gp drug substrates with
fi(p-gp) > 0.95, the increase in brain: plasma concentration ratio of the P-gp substrate, on
complete inhibition of P-gp, was considerably underestimated (e.g. NFV), when this value
was not corrected for vascular content.

DISCUSSION

f;, represents the fractional contribution of a particular mechanism, be it transport or
diffusion of a drug in the distribution into or out of a tissue. This term is useful for all
transporter-mediated drug interactions. For example, if f; via an influx transporter (e.g.
OATP) is responsible for = 0.9 of the entry of a drug into the liver, complete inhibition of
this transporter will result in at least 10-fold increase in the systemic concentration of the
drug provided the influx transporter (in the liver) is the sole route of elimination of the drug.
Likewise, when f; by P-gp efflux at the BBB is = 0.97 for preventing the entry of the drug
into the brain, even partial inhibition of P-gp (e.g. at clinical relevant CsA doses) will likely
result in a significant drug interaction at the BBB. Since nelfinavir represents such a drug
(fip-gp) ~ 0.98; see below), it can be used as model P-gp drug to investigate the maximum
potential of P-gp based drug interactions at the rat BBB and, by extrapolation from these rat
studies and in vitro studies in LLCPK-MDR1 cells, the maximum potential of P-gp based
drug interaction at the human BBB. This manuscript presents results from such studies.

Unlike verapamil, correction of brain nelfinavir concentration for vascular content
substantially changed the brain: plasma concentration ratio of NFV from 0.044 without
correction to 0.014 with correction. This notable difference was due to the brain
concentrations of nelfinavir being much lower than the corresponding plasma concentrations
due to greater P-gp mediated efflux of nelfinavir and the high percentage of NFV bound to
plasma proteins. In rodents, the percent of NFV bound to plasma proteins is 99.9% while
that for verapamil is 89% (0.1% and 11% unbound, respectively,29. For low brain
penetrating P-gp substrate drugs (where the uncorrected brain: plasma ratio in the absence of
P-gp inhibition is low), on inhibition of P-gp, the % increase in brain: plasma ratio can
change drastically when corrected for vascular content (Fig. 4). When such correction is not
made (as if often the case), the contribution of P-gp with the distribution of the P-gp
substrate drug into the brain will be considerably underestimated. As in the case of NFV in
this study, at 246.9 UM CsA blood concentration, we reported a 2110% increase in NFV
brain: blood ratio without vascular content correction versus 6420% increase when the
correction was made (Fig. 4).

As P-gp activity was inhibited by increasing blood CsA concentration, the NFV brain:
plasma ratios, after vascular-content correction (0.90 + 0.16) became similar to the
uncorrected value (0.93 + 0.16). Using the vascular-content corrected NFV brain: plasma
ratio of 0.014 and 0.90 for without and with maximum P-gp inhibition, the fraction of P-gp
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contribution (fyp.gp)) in preventing NFV brain distribution was estimated to be 0.984 ((0.9 -
0.014)/0.9). When the brain:plasma ratio was not corrected for vascular content (as is if
often the case), the fyp_gp) Was considerably underestimated to be 0.95 (((0.93 — 0.044)/
0.93), Fig. 6A). In contrast to NFV, the difference between vascular content corrected and
uncorrected fyp_gp) for verapamil is quite small (0.962 and 0.960 for corrected and
uncorrected fyp_gp), respectively; blood to plasma partition coefficient of verapamil is 0.75—
0.966: 16:30) and thus correction of brain verapamil concentration for vascular content is not
necessary. As fyp_gp) increases to >0.97, when the difference between vascular content
corrected and uncorrected fyp_gp) is 0.03 or greater, then the % increase in brain: plasma
ratio of the drug, on inhibiting P-gp, increases dramatically (Fig. 6A). Such relationship of
exposure to inhibition of efflux has been examined previously at the level of liver and the
term f, was introduced as the fraction of total clearance mediated by the transporter
involved?8, This phenomenon is comparable to the dependence of the magnitude of drug
interaction on fy,, (fraction of a dose metabolized via a pathway). As f,, approaches unity, the
magnitude of change in AUC of a drug can be profound when this pathway is significantly
inhibited25: 26: 27 To illustrate this point, a similar plot can be constructed for percent
increase in brain: plasma ratio due to P-gp inhibition using fyp_gp), and percent P-gp
inhibition (Fig 6B). However, this plot can also be used for any transporter-based drug
interactions.

We have previously shown that at the same blood concentrations of CsA as those achieved
in humans (2.8 and 5.6 uM), P-gp inhibition at the rat and human BBB is quantitatively
similar (75% vs.79% increase in total verapamil-radioactivity uptake into the brain of rats
and humans at 2.8 pM CsA blood concentration, respectively®: 16 and 588% vs.522%
increase in total loperamide-radioactivity uptake into the brain of rats and humans at 5.6 uM
CsA blood concentration, respectivelyl’: 18, Based on these data we concluded that the rat is
an excellent predictor of P-gp based interactions at the human BBB (our in vitro data
support this assertion — see below). At CsA blood concentration of 2.8 UM, the percent
increase in nelfinavir rat brain: plasma concentration ratio was estimated to be 598%. This is
significantly greater than the modest 75% increase observed when verapamil was used as a
substrate. Based on the rat data as well as the in vitro cell culture data, we predict a similar
555% increase in the concentration of NFV in human brain in the presence of 2.8 uM CsA.
At clinically relevant blood concentration of CsA (1.5 uM), we predict a 241% increase in
the distribution of NFV into the human brain.

The above data suggest that the magnitude of P-gp based drug interactions at the BBB, for
P-gp substrates with narrow therapeutic window and significantly excluded from the brain
(fip-gp) > 0.97), can be clinically significant and much greater than that observed for
verapamil-CsA interaction, even at therapeutically relevant CsA blood concentration. This
prediction will need to be tested in humans (with either PET-labeled NFV or another PET-
labeled high affinity P-gp substrate). With 2.33-fold lower P-gp expression in human versus
mice3L, one could postulate that P-gp substrate drugs may be less well excluded from the
human vs. the rodent brain (lower f; via the P-gp pathway in humans). Consequently, this
large magnitude of interactions observed in rodents may be reduced in humans. Even so,
evidence in the literature suggest that the magnitude of P-gp drug interaction at the human
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BBB can indeed be much greater than that observed with [11C]-verapamil-CsA. For
example, using tariquidar (XR9576), a potent third generation investigational P-gp
inhibitor32, and [11C]-N-desmethyl-loperamide ([11C]dLop,33) as the P-gp substrate, Kreisl
et al., showed that tariquidar (6 mg/kg) could increase the distribution of [11C]dLop into the
human brain by as much as 300%34. Based on animal data, the fi(p-gp) for dLop appears to
be a lower than that for NFV. In the P-gp-knock-out mice the brain: blood concentration
ratio of NFV, dLop and verapamil, is 3400%, 1600% and 800% higher than the wild-type
mice? 3: 35, Therefore, it is reasonable to propose that if tariquidar were to be co-
administered with a drug like NFV, that the magnitude of interaction at the human BBB
would be even greater than 300%. While a change of this magnitude in brain distribution of
a drug would be of concern for inadvertent drug interactions, these data also suggest that P-
gp inhibitors could be effectively used to increase the efficacy of drugs that are excluded
from the CNS. For example, patients with primary brain tumor and brain metastasis have
poor response to chemotherapy primarily due to impermeability of the BBB to cytotoxic
agents. As shown in nude mice implanted with intracerebral human glioblastoma,
overcoming the P-gp BBB by co-administration of the second generation P-gp inhibitor,
PSC833, with paclitaxel, results in significant reduction in the brain tumor volume when
compared to paclitaxel alone36.

In development of a new molecular entity (NME) that is an excellent P-gp substrate/
inhibitor, there is often a concern that it may produce P-gp-based inhibitory drug
interactions at the human BBB or will be subject to such interactions. Based on the data
presented here, to estimate the maximum liability of the NME to produce such interactions,
we propose that NFV be used as a model substrate and the NME as an inhibitor at plasma
concentrations likely to be achieved in humans. To address the reverse question, that is the
maximum P-gp based drug interactions at the human BBB that the NME will be subjected to
(e.g. when co-administered with CsA, one of the most potent P-gp inhibitor on the market)
we propose that the fyp_gp) Of the new molecular entity be determined in rodents where P-gp
has been genetically or chemically knocked-out. Based on this fyp_gp), the maximum
possible drug interaction at the human BBB of the NME with clinically relevant CsA blood
concentrations (1.5 uM) can be estimated (Fig 6A).

In this study, when NFV was used as the P-gp substrate (NFV is not a substrate of
BCRP,37), the ECsq of CsA to inhibit P-gp at the rat BBB was significantly greater (12.3 +
1.7 uM) than that observed when verapamil or loperamide was used as a substrate (7.2 +
0.5uM and 7.1 + 0.6uM, respectively); the Hill coefficient when nelfinavir was used as a
substrate (1.6 = 0.3) was significantly lower than when verapamil or loperamide was used as
a substrate (3.8 + 0.9 and 3.7 + 1.1, respectively). Collectively, these data suggest that even
when the same inhibitor (CsA) is used, its interaction with nelfinavir, verapamil or
loperamide for P-gp transport appears to differ. Such differences allude to possible
differences in the binding sites of verapamil and nelfinavir and perhaps allosteric behavior
of P-gp but we cannot discount other mechanisms. Such allosteric behavior could result in
much greater interaction at the BBB for one pair of inhibitor-substrate pair as opposed to
another pair. The above data make it imperative that additional studies of drug interactions
at the human BBB be conducted using 11C-verapamil as a substrate and inhibitors other than
CsA, or using CsA as the inhibitor and different 11C-compounds as the P-gp substrates.
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For this NFV study, the in vitro ECgq of CsA from the LLCPK1-MDR1 cell line (1.3 £ 0.5
UM) was consistent with the in vivo unbound ECsgq (0.9 £ 0.1 pM) at the rat BBB (unbound
ECgq value was computed using the reported CsA fraction unbound of 7% in the rat
(Bernareggi and Rowland, 1991)). This is consistent with the finding in our prior in vitro- in
vivo correlation study using verapamil-CsA, and loperamide-CsA as the P-gp substrate pair
(invitro ECgq of 0.6 £ 0.3 pM vs. in vivo unbound ECsg of 0.47 = 0.004 uM at the rat
BBB® and in vitro ECsg of 0.78 + 0.04 uM vs. in vivo unbound ECsg of 0.50 + 0.04 uM at
the rat BBB (38,18, respectively). The present data provide further support to the notion that
inhibition of P-gp at the rat BBB is consistent with that observed with human P-gp
expressed in LLCPK1-MDR1 cell line.

In conclusion, our drug interaction data in the rat suggest that P-gp based drug interactions
at the human BBB can be clinically significant for P-gp substrates with a narrow therapeutic
window that are highly excluded from the CNS by P-gp (fyp-gp) > 0.97). This is in
agreement with the analysis of Kalvass et al3°. Studies with PET-labeled NFV or another
high affinity P-gp substrate are needed to test this prediction. In addition, there is remarkable
invitro (LLCPK1-MDRL1 cells) to in vivo (rat) correlation of the potency of CsA to inhibit
P-gp. Studies with additional substrates and inhibitors are needed to confirm that the rat,
together with invitro studies in LLCPK1-MDRL1 cells, can predict the magnitude of P-gp
drug interactions at the human BBB. In the meantime, to estimate the maximum liability for
P-gp-based drug interactions that a NME will produce (perpetrator), we propose that rodent
studies be conducted with NFV as the substrate (with vascular content correction) and the
NME as an inhibitor. To estimate the maximum liability for P-gp based drug interactions
that a NME will be subjected to (victim), we propose that the fyp_gp) of the NME be
determined in rodents where P-gp has been genetically ablated or completely inhibited with
selective P-gp inhibitors.
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Fig 1.

Except at the higher CsA infusion rates (inset), the expected pseudo steady-state blood CsA
concentrations were achieved by 60 min after an i.v. loading dose of CsA followed by an i.v.

infusion of CsA.
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Fig 2.
Tagrget NFV plasma concentrations achieved pseudo steady-state by 30 minutes as
exemplified by rats that simultaneously received three different rates of CsA infusion; data
from all CsA infusion rates are not shown to enhance visual clarity (A). In addition, these
target steady-state concentrations (average at 120 min.) were not significantly affected by
the presence of CsA (B).
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Fig 3.

ng]th increasing CsA blood concentration, the percent increase in the brain:plasma NFV
concentration ratio, expressed relative to that in the control group (absence of CsA),
increased as the blood CsA concentration increased. The Hill equation was fitted to these
data using nonlinear regression (uniform weighting) and yielded the following estimates (%
CV of the estimate): Eyax 6481% (5.9%), ECs5q 12.3 uM (13.5%), and -y 1.6 (16.5%). Inset
magnifies the lower CsA blood concentration range. At the CsA blood concentration
achieved in our prior human PET study (2.8 pM), the fitted model predicted a 589% increase
in the NFV brain: plasma concentration ratio (solid square). At therapeutic CsA blood
concentration (1.5 uM), the model predicted a 236% increase in the NFV brain: plasma
concentration ratio (solid diamond).
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Si?nulations show the effects of vascular content correction on the % magnitude of maximal
P-gp inhibition (corrected versus uncorrected for vascular content contamination). With low
brain penetrating P-gp substrates such as NFV (low brain: plasma ratio in the absence of P-
gp inhibition), the increase in brain: plasma ratio of the P-gp substrate drug will be
considerably underestimated when vascular content correction is not made. As in the case of
NFV in this study, at 246.9 uM CsA blood concentration, we reported a 2110% increase in
NFV brain: blood ratio without vascular content correction versus 6420% increase when
correction is made (differences of 4320%). In contrast, for moderate or high brain
penetrating P-gp substrate drugs such as cetirizine (C)*°, docetaxel (D)*!, fluphenazine
(F)*2, or verapamil (V)6, on inhibiting P-gp, the % increase in brain: plasma ratio of the
drug is relatively unaffected by vascular content correction.
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Ingthe LLCPK1-MDR1 cells, the accumulation of intracellular [2H]-NFV increased with
increasing CsA concentration. Figure and data shown are based on a representative
experiment. In this experiment, increase was described by the Hill equation with an Epax=
187% (2.7%), EC50=1.56 pM (9.9%), and y=1.7 (14%). The values in parenthesis are
percent CV of the estimates.
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(A) Simulations showing projected maximum % increase in brain: plasma concentration
ratio (with and without vascular content correction) when P-gp activity is inhibited versus
the fraction of P-gp contribution in the exclusion of the drug from the brain (fyp_gp))
(obtained from studies in rat and mice). As the latter increases, complete inhibition of P-gp
can drastically increase the % increase in brain: plasma ratio of the drug (e.g. nelfinavir, N,
loperamide, L, verapamil, V — obtained from studies in rats16: 18), The % increase in this
ratio is much less for drugs where the contribution of P-gp is lesser (fyp.gp) < 97%, €.g.

Mol Pharm. Author manuscript; available in PMC 2015 February 03.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Hsiao and Unadkat

Page 21

cetirizine, C, docetaxel, D — obtained from studies in mice, fluphenazine, F — obtained from
studies in rats) (40 41 42) (Inset). In addition, when a drug is efficiently excluded from the
brain by P-gp (low brain penetration; fyp_qp) > 0.97) and the drug is highly bound to plasma
proteins (where the difference between fyp._gp) corrected (solid circle) and uncorrected (open
circle) is 0.03 or greater, e.g. nelfinavir), if vascular content correction is not made the
increase in brain: plasma ratio of the P-gp substrate, on complete inhibition of P-gp, may be
considerably underestimated. Simulations also showed projected maximum % increase in
brain: plasma concentration ratio for a new molecular entity (NME) at 1.5 uM blood CsA
concentration, when P-gp activity is inhibited by 3.3% (based on CsA ECgg of 12.3 pM and
v of 1.6 from present study) versus the fraction of P-gp contribution in the exclusion of the
NME from the brain (fyp_gp)). (B) Using fyp_gp), and % P-gp inhibition data from (A), plots
of % increase in brain: plasma ratio due to P-gp inhibition can be constructed that are
comparable to the dependence of the magnitude of drug interaction on f, (fraction of a dose
metabolized via a pathway)?> 26: 27. As fy(p.q5) approaches unity, the % increase in brain:
plasma ratio due to P-gp inhibition can be profound when fyp_gp) is significantly inhibited.
Furthermore, for P-gp drug substrate with uncorrected fyp_gp) > 0.95 and difference of
fi(p_gp) Uncorrected and corrected is 0.03 or greater, the increase in brain: plasma ratio of the
P-gp substrate, on complete inhibition of P-gp, may be considerably underestimated (e.g.
NFV).
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