ACS Chemical

Neuroscience

pubs.acs.org/chemneuro

Water-Soluble MMP-9 Inhibitor Prodrug Generates Active
Metabolites That Cross the Blood—Brain Barrier

Wei Song, Zhlhong Peng, Ma)or Gooylt MarkA Suckow, Valerie A. Schroeder, William R. Wolter,*
Mijoon Lee, Masajiro Ike]lrl, Jiankun Cul, Zezong Gu, and Mayland Chang*’

"Department of Chemistry and Biochemistry, University of Notre Dame, Notre Dame, Indiana 46556, United States

*Freimann Life Sciences Center and Department of Biological Sciences, University of Notre Dame, Notre Dame, Indiana 46556,

United States

§Department of Pathology, University of Missouri School of Medicine, Columbia, Missouri 65212, United States

© Supporting Information

ABSTRACT: MMP-9 plays a detrimental role in the
pathology of several neurological diseases and, thus, represents
an important target for intervention. The water-soluble
prodrug ND-478 is hydrolyzed to the active MMP-9 inhibitor
ND-322, which in turn is N-acetylated to the even more
potent metabolite ND-364. We used a sensitive bioanalytical
method based on ultraperformance liquid chromatography
with multiple-reaction monitoring detection to measure levels
of ND-478, ND-322, and ND-364 in plasma and brain after
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administration of ND-478 and the metabolites. ND-478 did not cross the blood—brain barrier, as was expected; however the
active metabolites ND-322 and ND-364 distributed to the brain. The active compound after administration of either ND-478 or
ND-322 is likely ND-364. ND-322 is N-acetylated in both brain and liver, but it is so metabolized preferentially in liver. Since N-
acetyltransferases involved in the metabolism of ND-322 to ND-364 are polymorphic, direct administration of the N-acetylated
ND-364 would achieve the requisite therapeutic levels in the brain.
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atrix metalloproteinases (MMPs) are a family of 26 zinc-

dependent proteinases that function in restructuring of
the extracellular matrix. These enzymes play a role in the
structural development and maintenance of the nervous
system." MMPs also play detrimental roles in the pathogenesis
of nervous system diseases. In particular, MMP-9 has a
deleterious role in traumatic brain injury,” stroke,® spinal cord
injury,* Alzheimer’s disease,” and multiple sclerosis.” MMP-9
has been shown to degrade the basement membrane and tight
junction, resulting in breakdown of the blood—brain barrier
(BBB) via the apolipoprotein E—cyclophilin A—nuclear factor-
kB (NF-kB) pathway.” Once the BBB is damaged, inflamma-
tory cells and fluid enter the brain, resulting in edema and
apoptosis. In addition, MMP-9 activates transforming growth
factor # (TGFJ3), which promotes neuronal apoptosis.” While
acute broad-spectrum MMP inhibition reduces infarct volume,
delayed MMP inhibition is not neuroprotective,” suggesting
that MMPs may play beneficial roles and mediate remodeling
during stroke recovery. Thus, inhibition of MMP-9 provides a
therapeutic strategy for intervention in many neurological
disorders.

Our laboratories have worked over the years on the syntheses
and evaluation of selective gelatinase (MMP-2 and MMP-9)
inhibitors. The prototype inhibitor SB-3CT (1, Figure 1)
shows efficacy in animal models of stroke,"""*? subarachnoid
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Figure 1. Structures and K, values for MMP-9 of SB-3CT (1), the
prodrug ND-478 (2), and its active metabolites ND-322 (3) and ND-
364 (4).

hemorrhage,'*'* and spinal cord injury.">'® Extended treat-

ment with SB-3CT after embolic ischemia was neuro-
protective,"> suggesting that MMP-9 was not involved in the
repair phase after ischemia. SB-3CT readily crosses the BBB."”

However, the compound is poorly water- soluble'® and cannot
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be administered intravenously, the preferred route of
administration for the treatment of acute neurological
conditions. Moreover, SB-3CT is metabolized by oxidation at
the para-position of the terminal phenyl ring to a more potent
inhibitor and by oxidation at the a-position to the sulfonyl to
form the inactive sulfinic acid."” We blocked metabolism at the
para-position and used a prodrug strategy to achieve >5000-
fold increased solubility.”® The prodrug (ND-478, 2, Figure 1)
is quantitatively hydrolyzed in human blood to the potent
gelatinase inhibitor ND-322 (3), which is further metabolized
to the N-acetylated ND-364 (4), an even more potent
gelatinase inhibitor.”® While SB-3CT, ND-322, and ND-364
inhibit both MMP-2 and MMP-9, MMP-2 does not contribute
to tissue damage after stroke.”!

In the present report, we investigated whether ND-478 and
its active metabolites ND-322 and ND-364 cross the BBB and
compared the brain levels of ND-322 and ND-364 generated
from the prodrug to those after administration of the
metabolites themselves.

N-Acetyltransferases (NAT) catalyze the transfer of an acetyl
group from acetyl-CoA to an amine group and are polymorphic
drug-metabolizing enzymes, causing variation in drug metab-
olism among various individuals. * Since significant NAT
activity is found extrahepatically,” including in the brain, we
also investigated the metabolism of ND-322 and ND-364 in
brain and liver S9.

After a 30-min intravenous (iv) infusion of ND-478, ND-478
was rapidly hydrolyzed to ND-322, which in turn was
metabolized to ND-364. ND-478 was given iv because this is
the intended route of administration in humans. Systemic
exposures (as measured by AUC,_,,) were 166, 429, and 16.5
uM-min for ND-478, ND-322, and ND-364, respectively
(Table 1), indicating that the major compound in circulation

Table 1. Pharmacokinetic Parameters of ND-478, ND-322,
and ND-364 after a 30-min iv Infusion of ND-478 to Mice

ND-478 ND-322 ND-364
parameter brain plasma  brain  plasma brain plasma
AUC, 1. b 163 476 21 780 147
AUC,_.* b 166 ¢ $29 784 165
t1/20 (min) 27 29 8 86 15.0
/2 (min) 68 c 110 67 147
brain,yc/plasmayye c 0.0113 5.31

“AUC in pmol'min/mg for brain and in gM-min for plasma. “Not
quantifiable. “Not calculated; low levels did not allow calculation of
terminal half-life and AUC,,_.

was ND-322. ND-478 was not observed in brain (Figure 2a).
Levels of ND-322 were significantly lower in brain than in
plasma, reaching a maximum at the end of the infusion (0.301
pmol/mg tissue, equivalent to 0.301 yM, assuming a density of
1 g/mlL, Table S1 in the Supporting Information) and were not
quantifiable at 20 min after the end of infusion (Figure 2b).
Brain AUC,_j,, of ND-322 was 4.76 pmol-min/mg and
accounted for 1% of the systemic exposure in plasma. Brain
levels of ND-322 were below the K; for MMP-9 of 0.870 uM at
all times. In contrast, levels of ND-364 were significantly higher
in brain than in plasma (Figure 2c). Brain levels of ND-364
were 2.17 pmol/mg at the end of the infusion and decreased to
0.0368 + 0.00601 pmol/mg at 45 min. Levels of ND-364 in
brain were higher than the K; for MMP-9 of 0.130 yM for 30
min. However, both ND-322 and ND-364 are slow-binding

1169

b 207 - Plasma
= 151 * Brain
o
g- 101
a 157 =5
0.
-20 20 60 100 140
c 20 Time (min)
. 101 15
% -
~ <
b4 o 10
a A
S a
= 5 Z 5
0-
-20 20 60 100 140
Time (min)
G T 1 T L}
-20 20 60 100 140
Time (min)

Figure 2. Brain and plasma concentration—time curves of (a) ND-478,
(b) ND-322, and (c) ND-364 after a 30-min iv infusion of ND-478 to
mice. Concentrations are given in pmol/mg tissue for brain and in gM
for plasma.

inhibitors;**** that is, when they inhibit the target enzyme, the

reversal of the process is difficult. Brain AUC_, for ND-364
was 78.0 pmol'min/mg, with a ratio of brain to plasma
AUC,_y, of 5.31. The data indicate that both ND-322 and ND-
364 cross the BBB, but that the active species after an iv
infusion of ND-478 is likely to be ND-364.

Subsequently, we investigated the pharmacokinetics and
brain distribution after a single subcutaneous (sc) dose of ND-
322 or ND-364 to mice. We used the sc route of administration
because eflicacy studies in a mouse model of traumatic brain
injury are conducted after administration of an iv infusion of
ND-478, followed by sc doses of ND-322 or ND-364, since
MMP-9 levels are upregulated for up to 1 week after controlled
cortical impact in mice.” Due to the technical challenge of
multiple-dose iv administration, we administer ND-478 as an iv
infusion, followed by multiple sc doses of ND-322. After dosing
of ND-322, concentrations of ND-322 in brain were lower than
in plasma (Figure 3a and Table S2 in the Supporting
Information). AUC_j,; was 49.2 pmol'min/mg in brain and
377 pM:min in plasma, for a brain to plasma AUC ratio of
0.131, indicating that ND-322 crosses the BBB. Levels of ND-
322 in brain were below the K, for MMP-9 of 0.870 M. In
contrast, levels of ND-364 after a dose of ND-322 were higher
in brain than in plasma (Figure 3a, inset), with AUCy_p 2.5-
fold higher (Table 2). The brain to plasma AUC ratio was 2.47
and showed that ND-364 crossed the BBB. Levels of ND-364
in brain were above the K; for MMP-9 of 0.130 uM up to 4 h
(Table S2 in the Supporting Information). Thus, the active
compound after dosing of ND-322 is ND-364.

After a dose of ND-364, levels of ND-364 were 3-fold higher
in plasma than in brain (Figure 3b). AUC,_,, was 123
pmol-min/mg and 317 uM-min in brain and plasma,
respectively (Table 2). The brain to plasma AUC ratio was
0.388. Concentrations of ND-364 were at all times above the K|
for MMP-9 of 0.130 yM.

We next investigated the pharmacokinetics and brain
distribution of ND-364 after single intraperitoneal (ip) dose
administration, because efficacy studies with SB-3CT used this
route of administration (Table 3). ND-364 was rapidly
absorbed, reaching a maximum concentration of 15.5 + 4.3
pmol/mg in brain at 10 min (Figure 3c and Table S3 in the
Supporting Information), which was 10-fold higher than after
sc administration. The brain to plasma AUC ratio was 0.682,
indicating that ND-364 crossed the BBB. The brain to plasma
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Figure 3. Brain and plasma concentration—time curves after (a) single
sc dose administration of ND-322, (b) single sc dose administration of
ND-364, and (c) single ip dose administration of ND-364 to mice.
Doses of ND-322 and ND-364 were equimolar. Concentrations are
given in pmol/mg tissue for brain and in #M for plasma.

AUC ratio of ND-364 after administration of ND-364 was
lower than that after administration of ND-478 or ND-322.
This could be due to hydrolysis of ND-478 to ND-322 and
distribution of ND-322 to the brain where ND-322 could be N-
acetylated to ND-364. Concentrations of ND-364 were above
the K; for MMP-9 of 0.130 uM for 45 min. The results pointed
to higher brain levels after ip administration and more sustained
brain concentrations after sc administration. Thus, we
recommend initial ip dosing, followed by sc doses for efficacy
studies in animals requiring multiple-dose administration. Brain
AUC,_,, of ND-364 was 199 pmol/mg, 1.6-fold higher than
that of SB-3CT."” The higher systemic exposure and potency

Table 3. Pharmacokinetic Parameters after Single ip Dose
Administration of ND-364 to Mice

ND-364 ND-364 ND-322 ND-322
parameter brain plasma brain plasma
AUCy 1, 197 289 495 329
AUC,_.* 199 311 b b
t1/5p (min) 573 112 12.6 b
braingge/ 0.682 0.150
plasma, e

“AUC in pmol'min/mg for brain and in gM-min for plasma. "Not
calculated; low levels did not allow calculation of terminal half-life and
AUClast—oo'

(K, for MMP-9 of 0.130 uM for ND-364 and 0.400 uM for SB-
3CT) indicate that ND-364 is superior to SB-3CT.

These studies indicate that after administration of ND-478 or
ND-322, the active species is likely the N-acetylated metabolite
ND-364. The question arose as to whether ND-322 is
metabolized in the liver to ND-364, which then distributes to
the brain or ND-322 distributes to the brain and is then
metabolized to ND-364. To address this question, we
investigated the kinetics of formation of ND-322 and ND-
364 in brain and liver S9 (Figure 4).
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Figure 4. Formation rates in liver and brain of (a) ND-364 from ND-
322 and (b) ND-322 from ND-364. Mean + SD, n = 3.

N-Acetylation of ND-322 in brain was characterized by a K
of 9.0 + 2.3 uM and V,,,, of 021 + 0.02 pmol/(min-mg),
resulting in CL,,, of 23.3 mL/(min-mg) (Table 4). Both the K,

int

Table 2. Pharmacokinetic Parameters of ND-322 and ND-364 after Single sc Dose Administration to Mice

after administration of ND-322

after administration of ND-364

parameter ND-322 brain ND-322 plasma ND-364 brain
AUC) 1. 492 377 64.1
AUC,_* 115 379 93.1
12 (min) 9.8 219 193
1/, (min) 385 244 154
brain,yc/plasmayyc 0.131 2.47

ND-364 plasma

ND-322 brain  ND-322 plasma ND-364 brain ND-364 plasma

26.0 b 16.6 123 317

28.0 b c 135 321

24.0 S54.1 46.5 52.9

94.9 58.2 62.4 42.5
0.388

“AUC in pmol-min/mg for brain and in #M-min for plasma. *Not quantifiable. “Not calculated; low levels did not allow calculation of terminal half-

life and AUC .
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Table 4. Kinetic Parameters for the Metabolism of ND-322
and ND-364 in Brain and Liver

turnover Vo (umol/ CL,, (mL/
product  tissue K, (uM) (min'mg protein)) (min-mg protein))
ND-364 brain 9.0 £23 0.21 £ 0.02 23.3

liver 34 +09 0.08 + 0.004 23.5
ND-322°  brain 119 + 54 037 £ 0.05 3.1

liver 210 + 41 0.81 + 0.06 3.9

“Incubation of ND-322 in mouse brain and liver S9 in the presence of
acetyl-CoA. PIncubation of ND-364 in mouse brain and liver
microsomes. “CL;,, calculated as the ratio of V,, to K.

and V,_, values for the formation of ND-364 in liver were
approximately 3-fold lower than those measured in brain, giving
a CL;, of 23.5 mL/(min-mg). The results indicate that while
ND-322 is N-acetylated in both brain and liver, its turnover in
the liver reaches saturation more readily. Hence, the turnover
takes place preferentially in the liver, notwithstanding the
corresponding lower V., value. As the results of Table 4 reveal,
the back transformation of ND-364 to ND-322 also takes place
both in the liver and brain. However, the K, values observed
for ND-364 for this transformation in both tissues are so high
(>110 uM) that this reaction cannot reasonably occur at
concentrations that we are able to measure in the tissues. As for
the N-acetylation of ND-322, we are aware that there are two
enzymes that could potentially perform this reaction in both
humans and mice, referred to as NAT1 and NAT?2. Since the
kinetics with mouse S9 were uncomplicated, the implication is
that either NAT1 or NAT?2 exclusively performed this reaction.
Alternatively, if both enzymes did, then they exhibited similar
catalytic competencies in this transformation, hence the
uncomplicated kinetics.

Because it would appear that the active species after
administration of ND-478 or ND-322 is ND-364, the
polymorphism of NAT could have an important role in
whether therapeutic levels in the brain would be achieved. Both
human NAT isoenzymes, NAT1 and NAT2, are polymorphic.
The frequencies of the NAT1 and NAT2 fast acetylator
genotype are 16—25% and 19—27% in European Caucasians,
17—21% and 25% in American Caucasians, 42—43% and 36—
42% in African Americans, 42% and 68% in Japanese, and 42%
and 53% in Taiwanese, respectively.”> Since slow acetylators
might not metabolize ND-478 or ND-322 effectively, treatment
with the N-acetylated ND-364 as the preferred choice would
achieve the requisite therapeutic levels in the brain. Hence, this
study not only has explored the pharmacokinetics and brain
distribution in mice of the present series of thiirane inhibitors, it
also discloses what the likely therapeutic agent is and that it is
delivered to the brain readily. The slow-binding selective
gelatinase inhibitor ND-364 holds considerable promise in
treatment of gelatinase-dependent neurological ailments.

B METHODS

Syntheses of ND-478, ND-322, ND-364, and Internal
Standard. ND-478, ND-322, ND-364, and the internal standard §
were synthesized as described previously.”*** ND-478 was dissolved in
clinical grade saline (Baxter Healthcare Corporation, Deerfield, IL,
USA) to a final concentration of 1.25 mg/mL. ND-322 was dissolved
in 80% PEG-200/20% water at a concentration of 6.25 mg/mL. ND-
364 was prepared at a concentration of 7.0 mg/mL in 25% DMSO/
65% PEG-200/10% water. The internal standard § was dissolved in
acetonitrile. The dosing solutions were sterilized by filtration through
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an Acrodisc syringe filter (Pall Life Sciences, Ann Arbor, MI, USA, 0.2
um, 13 mm diameter, PTFE membrane).

3 0
5

Animals. Mice (C57B1/6], 6—8-weeks old, 17—20 g body weight
for females and 22—25 g for males, n = 3 per time point) were
obtained from The Jackson Laboratory (Bar Harbor, ME, USA). All
procedures were approved by the Institutional Animal Care and Use
Committee at the University of Notre Dame and the University of
Missouri—Columbia. Mice were provided with Teklad 2019 Extruded
Rodent Diet (Harlan, Madison, WI, USA) and water ad libitum.
Animals were maintained in polycarbonate shoebox cages with
hardwood bedding in a room under a 12:12 h light/dark cycle and
at 72 + 2 °F.

Intravenous Infusion of ND-478. ND-478 was administered to
mice (n = 3 per time point) as a continuous infusion using a digital
programmable syringe pump (F200 model, Chemyx Inc., Houston,
TX) via the femoral vein over a period of 30 min, for a total dose of
12.5 mg/kg. Terminal blood samples were collected at —185, 0, 10, 20,
30, 45, 60, and 120 min by cardiac puncture using heparin as
anticoagulant. Blood samples were immediately centrifuged to collect
plasma. Whole brain samples were harvested after transcardiac
perfusion with saline and immediately frozen in dry ice and stored
at —80 °C until analysis.

Subcutaneous Administration of ND-322 and ND-364.
Female mice (n = 3 per time point per compound) were administered
a single subcutaneous (sc) 100-uL dose of ND-322 at 25 mg/kg or
ND-364 at 28 mg/kg. Terminal blood samples were collected in
heparin through the posterior vena cava at 10, 20, 30, 45, 60, 120, 180,
and 240 min. Whole brain samples were harvested after transcardiac
perfusion with saline, weighed, and immediately flash frozen in liquid
nitrogen and stored at —80 °C until analysis. Blood samples were
stored on ice and centrifuged to collect plasma.

Intraperitoneal Administration of ND-364. Female mice (n = 3
per time point) were given a single intraperitoneal (ip) 100-uL dose of
ND-364 at 28 mg/kg. Terminal blood and brain samples were
collected as described above at 5, 10, 20, 30, 45, 60, 120, 180, and 240
min.

Sample Analysis. A 50-uL aliquot of plasma was mixed with 100
uL of internal standard in acetonitrile to a final concentration of 5 M.
The sample was centrifuged at 20 000g for 15 min. Brain samples were
weighed and homogenized for S min in one volume of cold
acetonitrile, containing an internal standard, using a bullet blender
(Next Advance, Inc., Averill Park, NY, USA). The homogenates were
centrifuged twice at 20 000g for 20 min at 4 °C. The supernatants from
plasma and brain samples were collected and analyzed by reversed-
phase ultraperformance liquid chromatography (UPLC)/(+)-electro-
spray ionization (ESI)—multiple-reaction monitoring (MRM). Cali-
bration curves were prepared by fortification of blank mouse plasma
and brain with ND-478, ND-322, and ND-364 at concentrations up to
50 uM. Quantification was performed using peak area ratios relative to
the internal standard and linear regression parameters calculated from
the calibration curve standards.

Quality Control Samples and Extraction Efficiency. Quality
control (QC) samples were prepared daily for three days at three
levels (low, medium, and high) in plasma and brain. The preparation
of QC samples was the same as described in the Sample Analysis
section. Blank brain and plasma were spiked with standard ND-322 or
ND-364 at final concentrations corresponding to low QC of 0.10 M
in plasma or 0.10 pmol/mg in brain, medium QC of 8 uM in plasma
or 8 pmol/mg in brain, and high QC of 50 #M in plasma or 50 pmol/
mg in brain (Tables S4, S5, and S6 in the Supporting Information).
Calibration curves were prepared daily. Quantification was performed
as described above. The extraction efficiency of ND-322 and ND-364
was determined by comparison of peak area ratios (relative to the
internal standard) of the extracted compounds with unextracted
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authentic standards at three QC levels in plasma and brain (Table S7
in the Supporting Information).

Liquid Chromatography/Mass Spectrometry. A Waters
Acquity UPLC system (Waters Corporation, Milford, MA, USA)
equipped with a binary solvent manager, an autosampler, a column
heater, and a photodiode array detector was used. Mass spectrometric
experiments were performed on a Waters TQD tandem quadrupole
detector (Milford, MA, USA) with MassLynx MS software. Samples
were analyzed in the positive ESI mode with MRM of the transitions
478 — 112 for ND-478, 322 — 18S for ND-322, 364 — 184 for ND-
364, and 300 — 93 for the internal standard. Conditions were as
follows: capillary voltage 3.2 kV, cone voltage 25 V, extractor voltage 3
V, RF lens voltage 0.1 V, desolvation nitrogen gas flow rate 650 L/h,
cone nitrogen gas flow rate SO L/h, source temperature 147 °C, and
desolvation temperature 350 °C. Samples were analyzed on an Acquity
BEH Shield RP C18 column (1.7 gm, 2.1 mm i.d. X 100 mm, Waters).
Samples were eluted at 0.4 mL/min with an 8-min linear gradient from
70% A/30% B to 10% A/90% B, then 2-min linear gradient to 70% A/
30% B (A = 0.1% formic acid in water; B = 0.1% formic acid in
acetonitrile).

Pharmacokinetic Parameters. The area under the mean
concentration—time curve up to the last quantifiable sampling time
(AUCy_j) was calculated by the trapezoidal rule using the
pharmacokinetic software PK Solutions (Version 2.0, Summit
Research Services, Montrose, CO, USA). AUC,_,, was calculated as
AUC,_,« + (Cou/k), where C, is the concentration at the last
quantifiable sampling time and k is the elimination rate constant. Half-
lives (t,/, and t,/,5) were determined from the linear segments of the
initial or terminal linear portion of the concentration—time data by
linear regression, where the slope of the line is the rate constant k and
ti2e = In 2/k.

Determination of Kinetic Parameters for the Metabolism of
ND-322 and ND-364 in Mouse Liver and Brain. Mice (female
CS57BL/6], 6—8-weeks old, n = 10) were used for collection of liver
and brain. Tissues were placed in ice-cold PBS (100 mM, pH 7.4) and
homogenized on ice using a Dounce homogenizer (Corning,
Campbell, NY). The homogenates were centrifuged at 9000g for 15
min at 4 °C to obtain liver and brain $9.2%%¢

ND-364 was incubated with brain (1 mg/mL) or liver (0.6—0.8
mg/mL) S9 in 100 mM PBS, pH 7.4, containing S mM MgCl, and 1
mM NADPH for 20 min (liver) or 40 min (brain) at 37 °C.
Incubations with ND-322 were carried out similarly, except acetyl-
coenzyme A sodium salt (final concentration 1 mM) was added and
the incubation time was 20 min in both liver and brain. ND-322 was
tested at concentrations of 0.05, 0.1, 0.5, 1, S, 10, 20, 50, and 100 xM.
Concentrations of ND-364 were 0.1, 0.5, 1, 5, 10, 50, 100, 200, 400,
and 1000 yM. Analyses were performed in duplicate.

Michaelis—Menten kinetic parameters (K, and V,,) were
calculated by nonlinear regression using Prism V.S (GraphPad, La
Jolla, CA, USA) and the following formula: v = (V,,,S)/ (K, + S),
where v is the reaction velocity and S is the substrate concentration.
CL;,, was calculated as the ratio of V, to K, and is expressed in
pumol/(mg protein-min).

B ASSOCIATED CONTENT

© Supporting Information

Tables S1, S2, and S3 showing the concentrations in brain and
plasma, Tables S4 and S5 giving the interday accuracy,
precision, and relative error of ND-322 and ND-364 in spiked
plasma and brain samples, respectively, Table S6 reporting the
intraday accuracy, precision, and relative error; and Table S7
summarizing the extraction efficiency. This information is
available free of charge via the Internet at http://pubs.acs.org.
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