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Abstract

Background and Objectives The combination of cromolyn

and ibuprofen is being investigated as a treatment for early

Alzheimer’s disease (AD). This study investigated the

pharmacokinetics, safety, and tolerability of cromolyn and

ibuprofen co-administration in healthy elderly adult

volunteers.

Methods In this open-labeled study, 26 subjects, aged

55–75 years, received co-administration of inhaled cro-

molyn (single dose 17.1 mg; double dose 34.2 mg total)

and oral ibuprofen (single dose 10 mg; double dose 20 mg

total). Blood sampling was performed for 6 h after co-ad-

ministration in all subjects; cerebrospinal fluid (CSF) was

collected in three to four subjects per cohort for 4 h fol-

lowing co-administration. Safety parameters, including

adverse events (AEs), were monitored throughout the

study.

Results For cromolyn, the mean (±SD) maximum

observed concentration (Cmax) in plasma was 46.69 ±

32.97 and 96.75 ± 46.22 ng/ml after single- and double-

dose inhalation, respectively [time to Cmax (tmax) *22 min

for each; terminal elimination half-life (t�) *1.8 h for

each]. For ibuprofen, the plasma Cmax was 1090.98 ±

474.64 ng/ml and 2062.96 ± 655.13 ng/ml after single-

and double-dose oral administration, respectively (tmax

*1.6–1.8 h; t� *1.9 h for each). For cromolyn, the CSF

Cmax was 0.24 ± 0.08 ng/ml at 3.72 ± 0.70 h after single-

dose administration and 0.34 ± 0.17 ng/ml at 3.45 ±

0.95 h after double-dose administration, and for ibuprofen,

the CSF Cmax was 3.94 ± 1.29 ng/ml at 2.55 ± 0.96 h after

single-dose administration and 8.93 ± 3.29 ng/ml at 3.15

± 1.05 h after double-dose administration. Three (12%)

subjects reported mild or moderate AEs which were unli-

kely to be related to study drug.

Conclusions The combination of cromolyn and ibuprofen

was safe and well tolerated. The concentrations of cro-

molyn and ibuprofen observed in the CSF are considered

sufficient to titrate the estimated daily amyloid production

and the associated inflammatory response in patients with

AD.

Key Points

The combination of cromolyn and ibuprofen is being

investigated as a treatment for early Alzheimer’s

disease (AD).

This study investigated the pharmacokinetics, safety,

and tolerability of cromolyn and ibuprofen co-

administration in healthy elderly adult volunteers.

In the evaluated study population, the combination of

cromolyn and ibuprofen was safe and well tolerated.

The concentrations of cromolyn and ibuprofen

observed in the cerebrospinal fluid are considered

sufficient to titrate the estimated daily amyloid

production and the associated inflammatory response

in patients with AD.
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1 Introduction

Alzheimer’s disease (AD) is an irreversible, progressive

brain disease with an average course of 8–20 years. The

disease results in cognitive and functional impairment,

which may affect memory, thinking skills, orientation,

personality, and, in its most severe form, the ability to carry

on the most basic tasks of daily life. It has been estimated

that 5.4 million Americans have AD, with approximately

one in nine persons over 65 years and approximately one-

third of persons 85 years and older having the disease [1].

The pathogenesis of AD is believed to include two

primary neuropathologies: (a) extracellular protein plaques

principally composed of amyloid-beta (Ab) peptides, also

known as amyloid plaques; and (b) intracellular tangles of

fibrils composed of tau protein found inside of neurons,

also known as tau tangles [2–4]. The advent and spread of

neurotoxic oligomeric aggregates of Ab is widely regarded

as the key trigger leading to neuronal damage, which then

leads to the accumulation of intracellular tau tangles, and

finally to neuronal cell death in AD pathogenesis. The

cascade of Ab oligomer-mediated neuronal intoxication is

exacerbated by another AD trigger, namely chronic local

inflammatory responses in the brain [5]. AD has a chronic

neuro-inflammatory component that is characterized by the

presence of abundant microglial cells associated with

amyloid plaque [6, 7]. These cyclo-oxygenase (COX1/

COX2)-expressing microglia, which phagocytose amyloid

oligomers, become activated to secrete pro-inflammatory

cytokines [5, 8, 9]. This neuro-inflammatory response,

besides promoting local vascular leakage through the

blood-brain barrier [10], has been implicated in driving

further production of aberrant Ab peptides 40/42 via

modulation of gamma-secretase activity [11, 12] and to be

detrimental to hippocampal neurogenesis in the adult brain

[13]. Thus, neuro-inflammation, in combination with

amyloid oligomer-mediated neuronal intoxication, creates

a cycle that results in progressive neural dysfunction and

neuronal cell death spreading throughout the brain in

subjects with AD.

Cromolyn, which has been approved for use since the

1970s for the treatment of asthma and allergic rhinitis, has

been shown to bind to and to inhibit Ab peptide

oligomerization at nanomolar concentrations in vivo

[14, 15]. Inhalation of cromolyn is clinically shown to be

the most effective administration route for systemic

bioavailability of cromolyn [16, 17]. Studies have shown

that with high inspiratory rates, the inhaled cromolyn is

delivered efficiently to the human lung, with 10–15% of

the inhaled drug-delivered dose absorbed into the blood-

stream [16, 18].

Evidence to date suggests that long-term dosing with

non-steroidal anti-inflammatory drugs (NSAIDs) can

reduce AD risk in the elderly, including delayed disease

onset, reduced symptomatic severity, and slowed cognitive

decline [7, 19, 20]. Three mechanisms have been proposed

to explain how NSAIDs inhibit the processes that con-

tribute to AD progression: (a) inhibition of COX activity,

thereby reducing or preventing microglial activation and

cytokine production in the brain, (b) reduction of amyloid

deposition, and (c) blockade of COX-mediated pros-

taglandin E2 responses in synapses [7, 11, 13, 21–24]. It

has been suggested that NSAID therapy might be most

efficacious in the early stages of the disease, and that

NSAIDs such as indomethacin and ibuprofen, which pre-

sumably lower AB-42 peptide levels, might serve as the

optimal clinical candidates [7, 13].

Given the pathogenesis of AD and the clinical evidence

to date regarding cromolyn and ibuprofen, the combination

of inhaled cromolyn and oral ibuprofen is currently being

investigated as a treatment for early AD [25]. Thus, the

primary objective of this study was to investigate the

pharmacokinetics of combined cromolyn and ibuprofen

administration, in plasma and cerebrospinal fluid (CSF), in

healthy elderly volunteers. The secondary objective was to

evaluate the safety and tolerability of cromolyn and

ibuprofen, following co-administration.

2 Methods

2.1 Subjects

Men and women, age 55–75 years, with a body mass index

(BMI) of 18–30 kg/m2, and in good general health, were

eligible for enrollment in this study. The evaluated subject

age range was selected in order to be comparable to the age

range of the ongoing Phase III study [25]. Women of

reproductive potential were excluded if they had a positive

pregnancy test (urine or serum) or if they were pregnant or

lactating. Potential subjects were excluded if they were:

current smokers or ex-smokers with a remote history

([100 packs/year), symptomatic for viral infection in the

last 14 days prior to dosing, had signs of active pulmonary

infection or other pulmonary inflammatory conditions in

the last 14 days, were currently taking medications known

to be CYP2C9 inducers (i.e., carbamazepine and rifampi-

cin), had a history of clinically significant respiratory dis-

orders and chronic respiratory disease with impaired

respiratory effort or difficulty taking inhaled drugs [e.g.,

chronic obstructive pulmonary disease (COPD), emphy-

sema]. Potential subjects were also excluded if they had a
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forced expiratory volume in 1 s/forced vital capacity

(FEV1/FVC) \60% or FEV1\70% of predicted value or

FVC\70% of predicted value in order to rule out subjects

with moderate to severe respiratory obstruction. Subjects

were also excluded if they were currently taking, or had

taken, cromolyn within the past 30 days, if they had current

NSAID use (including products containing ibuprofen while

on study), and if they had allergy or hypersensitivity to

cromolyn or ibuprofen. All subjects provided written

informed consent prior to enrollment.

2.2 Study Design

This was a Phase I, open-labeled study with a crossover

design in which 26 (24 planned) healthy elderly volunteers

were randomized to treatment regimen A–B or treatment

regimen B–A in four cohorts [1a (A–B), 1b (B–A), 2a (B–

A) and 2b (A–B); see Fig. 1]. Dose regimen A consisted of

a single inhaled dose (17.1 mg) of cromolyn (Pharmateri-

als, Inc., Reading, UK) via a dry powder inhaler (DPI;

Plastiape Spa, Osnago, Italy) plus a single oral dose

(10 mg) of ibuprofen (Corealis Pharma, Laval, QC,

Canada). Dose regimen B consisted of two inhaled doses of

cromolyn (34.2 mg total), less than 2 min apart, plus two

oral doses of ibuprofen (20 mg total). Ibuprofen tablets

were administered with a total of 8 oz of water immedi-

ately following cromolyn inhalation. Dosing of group 1

(cohort 1a and 1b) was completed prior to the start of

dosing of group 2 (cohort 2a and 2b).

2.3 Analytical Methods and Pharmacokinetic

Assessments

Plasma concentrations of cromolyn and ibuprofen were

followed for 6 h after each co-administration in all sub-

jects; CSF was collected via lumbar puncture on a volun-

tary basis in three to four subjects (three planned) per

cohort for up to 4 h following co-administration. Each

subject came to the study site for a screening visit up to 30

days prior to the first dose (Day 1). On Day –1, eligible

subjects were admitted to the clinical unit for inhaler

training and safety and baseline check-ups. On Day 1 and

Day 2, subjects were administered cromolyn and ibuprofen

as randomized, and pharmacokinetics sampling in plasma

(Day 1 and Day 2) and CSF (Day 1 only) was performed

(see Fig. 1).

Following drug administration on Day 1 and Day 2,

plasma samples were collected for all subjects at the fol-

lowing time points 0, 5, 10, 15, and 30 min, and 1, 2, 4, and

6 h. Following drug administration on Day 1, CSF samples

were collected for a sub-group of 12 subjects at the fol-

lowing time points 0, 5, and 30 min, and 2 and 4 h. All

plasma and CSF samples were to be drawn within ±10% of

the scheduled time. The timing of pharmacokinetic plasma

and CSF samples took priority over all other scheduled

study activities except for dosing. Plasma and CSF samples

were analyzed in accordance with good laboratory practice

(GLP) using validated bioanalytical methods [high per-

formance liquid chromatography tandem mass spectrome-

try (HPLC/MS/MS)] by KCAS Bioanalytical and

Biomarker Services (Shawnee, KS, USA) (see Supple-

mental Table 1). The lower limit of quantification (LLOQ)

for each analyte in plasma and CSF was as follows: cro-

molyn, plasma = 10 ng/ml, cromolyn, CSF = 0.1 ng/ml;

ibuprofen, plasma = 25 ng/ml, ibuprofen, CSF = 0.3 ng/ml.

Pharmacokinetic parameters were determined with non-

compartmental analysis (NCA) using Phoenix� WinNon-

lin� (Certara Inc.) version 6.3.0.395 by CTC Clinical Trial

Consultants AB. Pharmacokinetic parameters included the

area under the plasma concentration-time curve (AUC)

from time 0 to infinity and from time 0 to the last mea-

sureable concentration (AUC? and AUClast, respectively),

calculated according to the linear trapezoidal method, the

maximum observed concentration (Cmax), the terminal

elimination half-life (t�), and the time to maximum

observed concentration (tmax).

2.4 Safety Assessments

Adverse events (AEs) were monitored throughout the

study, from Day –1 through 30 days after the last admin-

istration of study treatment. AEs were considered to be any

symptom, sign, illness, or experience that developed orFig. 1 Study flow chart. ECG electrocardiogram, h hour, min minute
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worsened in severity during the course of the study. A

serious adverse event (SAE) was considered to be any AE

that was: fatal, life-threatening, required or prolonged

hospital stay, resulted in persistent or significant disability

or incapacity, was a congenital anomaly or birth defect, or

was an important medical event. AEs were coded using the

Medical Dictionary for Drug Regulatory Activities (Med-

DRA) Version 18.0E and rated by the investigator to be of

mild, moderate, or severe intensity and unrelated, possibly

related, or related to study drug. Electrocardiograms

(ECGs) were performed at screening and on Day –1. A

physical examination was conducted and vital signs were

collected each study day. Clinical laboratory parameters,

including clinical chemistry, hematology, and urinalysis

were evaluated at screening, Day 1, and Day 2 (see Fig. 1).

2.5 Statistical Analysis

The safety population consisted of all subjects who were

assigned treatment and were administered at least once

with the study drug (the all-treated population). The pri-

mary subject population for all pharmacokinetic analyses

was the protocol-compliant population. This population

was defined as all subjects who were randomized and

received treatment with evaluable pharmacokinetic

parameter data and no major protocol deviations with an

impact on pharmacokinetic data. All statistical analyses

were performed using SAS� (Version 9.4, SAS Institute

Inc., Cary, NC, USA) by PCG Clinical Services AB. For

pharmacokinetic analyses, pre-dose concentrations below

the LLOQ (BLLOQ) were set to 0 at time = 0 as default by

the WinNonlin program; pre-dose concentrations above

LLOQ were set to 0 at time = 0 if the value was less than

5% of the Cmax value.

3 Results

3.1 Demographics and Baseline Characteristics

A total of 29 subjects were enrolled in the study and 26

(89.7%) were treated. Three randomized subjects did not

receive study drug due to problems establishing the lumbar

puncture. Two of the treated subjects (Subject 01–01 in

cohort 1b and Subject 01–18 in cohort 2b) were replaced;

one due to catheter clogging during CSF sampling (Subject

01–01) and one due to receiving the incorrect treatment

sequence (Subject 01–18). All treated subjects, including

the subjects who were replaced, completed the study. All

26 treated subjects were included in the all-treated popu-

lation for safety analyses and 25 subjects were included in

the protocol-compliant population for the pharmacokinetic

analyses. Subject 01–01 was excluded from the protocol-

compliant population based on unavailable post-dose CSF

sampling due to catheter clogging; Subject 01–18 was

included in the protocol-compliant population based on

actual treatment given. A total of 13 subjects were included

in the protocol-compliant population for CSF pharma-

cokinetic analyses.

The protocol-compliant population included 11 males

and 14 females, with a mean age of 63.4 years (range

55–75 years) and a mean BMI of 27.0 kg/m2 (range

21.3–29.8 kg/m2). All subjects but one were White of

Hispanic or Latino origin and all subjects had an FEV1/

FVC ratio above 70% (range 70.7–85.1%), indicating

normal lung function. Overall, the demographic charac-

teristics were comparable between cohorts.

3.2 Pharmacokinetics

3.2.1 Cromolyn Plasma Pharmacokinetics

The mean plasma concentration-time profiles after single

and double doses of cromolyn are shown in Fig. 2 and

Supplemental Table 2; the pharmacokinetic parameters for

cromolyn in plasma are provided in Table 1. Cromolyn

was rapidly absorbed following both single- and double-

dose inhalation to reach an average maximum plasma

concentration of 40.53 ng/ml at 10 min after single-dose

inhalation and 88.18 ng/ml at 15 min after double-dose

inhalation (Fig. 2 and Supplemental Table 2).

Upon inhalation of cromolyn single dose, the cromolyn

plasma concentration reached a mean (±SD) Cmax of 46.69

± 32.97 ng/ml at 22.8 ± 16.6 min. The apparent t� of cro-

molyn in plasma was 1.75 ± 0.85 h indicating a relatively

moderate clearance (Table 1). Upon inhalation of cromolyn

double dose, cromolyn reached a Cmax of 96.75 ± 46.22 ng/

ml at 22.2 ± 19.4 min. The apparent t� of cromolyn in

plasma for the double dose was 1.91 ± 0.70 h, indicating

similar moderate clearance from the plasma as following

single-dose administration (Table 1). The AUC0–?

increased with the dose increase from 195.71 ± 97.33 ng�h/

ml following single-dose inhalation to 284.55 ± 91.29 ng�h/

ml following double-dose inhalation. Similarly, the AUClast

increased with the dose increase from 74.43± 53.89 ng�h/ml

following single-dose inhalation to 198.19 ± 93.15 ng�h/ml

following double-dose inhalation (Table 1).

3.2.2 Ibuprofen Plasma Pharmacokinetics

The mean plasma concentration-time profiles after single

and double doses of ibuprofen are shown in Fig. 3 and

Supplemental Table 3; the pharmacokinetic parameters for

ibuprofen in plasma are provided in Table 2. For
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ibuprofen, the mean maximum plasma concentrations of

670.83 and 1442.50 ng/ml were reached 2 h after single-

and double-dose administration, respectively (Fig. 3 and

Supplemental Table 3).

Oral administration of the single dose of ibuprofen

resulted in a plasma Cmax of 1,090.98 ± 474.64 ng/ml at

1.59 ± 1.43 h. The apparent t� in plasma was 1.93 ±

0.32 h, indicating moderate clearance from the plasma

(Table 2). Oral administration of the ibuprofen double dose

resulted in a Cmax of 2062.96 ± 655.13 ng/ml at 1.82 ±

1.27 h. The apparent t� in plasma was 1.88 ± 0.33 h,

indicating moderate clearance from the plasma (Table 2).

The AUC? increased with the dose increase from 3464.31

± 443.56 ng�h/ml for a single dose to 6823.60 ±

1164.69 ng�h/ml for a double dose. The AUClast increased

with the dose increase from 2737.92 ± 972.59 ng�h/ml

following a single dose to 5522.21 ± 1233.99 ng�h/ml

following double-dose administration (Table 2).

3.2.3 Cerebrospinal Fluid Pharmacokinetics

The pharmacokinetic parameters for cromolyn and

ibuprofen in CSF following single- and double-dose

administration are listed in Table 3; the mean CSF con-

centrations for cromolyn and ibuprofen are shown in

Supplemental Tables 4 and 5, respectively. The mean

Fig. 2 Mean (±SD) plasma

concentration-time curves for

(a) single-dose (17.1 mg)

cromolyn and (b) double-dose

(34.2 mg) cromolyn following

inhalation. h hour
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cromolyn Cmax in the CSF during the observed time

interval was 0.24 ± 0.08 ng/ml at 3.72 ± 0.70 h following

single-dose inhalation and 0.34 ± 0.17 ng/ml at 3.45 ±

0.95 h following double dose inhalation (Table 3). The

ibuprofen Cmax in CSF during the observed time interval

was 3.94 ± 1.29 ng/ml at 2.55 ± 0.96 h after single-dose

administration and 8.93 ± 3.29 ng/ml at 3.15 ± 1.05 h

after double-dose administration. The observation period

(0–4 h) for the CSF samples was too short to allow

determination of the terminal half-life. For subjects with

both plasma and CSF samples, the AUCCSF/AUCplasma

ratios indicated that, for single-dose cromolyn, the CSF

penetration was 0.15% of plasma at 2 h (n = 6) and 0.43%

at 4 h (n = 5). For double-dose cromolyn, the corre-

sponding values were 0.12% at 2 h (n = 7) and 0.33% at 4 h

(n = 6). For single-dose ibuprofen, the CSF penetration was

0.20% of plasma at 2 h (n = 3) and 0.35% at 4 h (n = 3); for

double-dose ibuprofen, the CSF penetration was 0.25% at

2 h (n = 7) and 0.39% at 4 h (n = 7).

3.3 Safety Assessments

Three (12%) subjects reported a total of six AEs. There

were no serious AEs (SAEs), no AEs leading to with-

drawal, and no AEs leading to death. The six reported AEs

included nervous system disorders [n = 3 (sciatica, head-

ache, and nerve compression)], gastrointestinal disorders

[n = 2 (abdominal pain and diarrhea)] and reproductive

system and breast disorder [n = 1 (testicular swelling)].

All AEs were assessed as unlikely to be related to study

drug. Three events were of mild intensity and three were of

moderate intensity. There were no trends or differences

between treatment groups in terms of reported AEs. No

clinically significant abnormal findings were identified

during any physical examination and there were no clini-

cally significant changes in mean vital sign values over

time and no clinically significant abnormal vital signs.

There were no apparent trends or changes in laboratory

parameters over time in any treatment group and all indi-

vidual out-of-range values were assessed as not clinically

significant by the investigator.

4 Discussion

The co-administration of inhaled cromolyn and oral

ibuprofen was safe and well tolerated in the healthy elderly

population evaluated in this study. For the study, cromolyn

was administered via inhalation due its relatively poor oral

absorption properties [16, 17], while ibuprofen was

administered via oral tablets. The study drug dosage regi-

mens employed in this study were selected in order to

match the dosage regimens currently being evaluated in a

large Phase III study [25]. Consistent with prior reports,

cromolyn was rapidly absorbed in plasma following

inhalation, with tmax values of approximately 22 min for

both single- (17.1 mg) and double- (34.2 mg) dose

administration. The apparent cromolyn half-life observed

in the current study (1.75 h for single dose and 1.91 h for

double dose) was also similar to previously reported values

(1.2–4.4 h; [18]). The mean AUC? increased with the dose

increase, from 195.71 ± 97.33 ng�h/ml following single-

dose inhalation to 284.55 ± 91.29 ng�h/ml following

double-dose inhalation.

Table 1 Plasma pharmacokinetic parameters for cromolyn

Condition/parameter AUClast (ng�h/ml) AUC? (ng�h/ml) t� (h) tmax (h) Cmax (ng/ml)

Single dose (17.1 mg), n 25 3 13 25 25

Mean (SD) 74.43 (53.892) 195.71 (97.330) 1.75 (0.847) 0.38 (0.276) 46.69 (32.965)

%CV 72.40 49.73 48.38 71.69 70.61

Geometric mean 60.08 176.92 1.56 0.31 38.48

Median 63.38 206.92 1.56 0.25 36.20

Range 17.5–238.3 93.3–287.0 0.6–3.7 0.1–1.0 14.0–133.0

Double dose (34.2 mg), n 24 13 21 24 24

Mean (SD) 198.19 (93.147) 284.55 (91.290) 1.91 (0.695) 0.37 (0.323) 96.75 (46.217)

%CV 47.00 32.08 36.40 87.49 47.77

Geometric mean 177.49 271.31 1.79 0.26 87.90

Median 177.56 262.31 1.80 0.23 76.50

Range 59.4–397.7 154.8–443.3 0.7–3.8 0.1–1.0 36.1–236.0

AUClast area under the concentration-time curve from time 0 to last measureable concentration, AUC? area under the concentration-time curve

from time 0 to infinity, h hour, max maximum, min minimum, SD standard deviation, %CV coefficient of variation (100 9 SD/mean)
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To our knowledge, the pharmacokinetics of cromolyn in

the CSF have not been previously reported. In the healthy

elderly subjects of this study, cromolyn CSF concentrations

increased over the course of the 4-h duration of the lumbar

puncture for most subjects following single- and double-

dose administration to reach an average Cmax during the

observed time interval of 0.24 and 0.34 ng/ml, corre-

sponding to cromolyn concentrations of 0.47 and 0.66 nM,

respectively. Importantly, this projected level of cromolyn

in the brain (0.24–0.34 ng/ml 9 1500 ml brain volume =

360–510 ng of total cromolyn), is approximately 20–30

times the amount needed to titrate the estimated daily

amyloid plaque production (17.7 ng) in patients with AD

[12]. These data indicate that inhaled cromolyn is trans-

ported via the deep lung to the blood and then to the CSF.

Analysis of the AUCCSF/AUCplasma ratios indicated that the

CSF penetration of cromolyn was approximately

0.12–0.15% of plasma at 2 h and 0.33–0.43% at 4 h. While

a full pharmacokinetic profile in the CSF could not be

obtained due to limitations of the duration of the lumbar

puncture, it is possible that the cromolyn concentrations in

the CSF reached higher levels than indicated from the

available data collected.

Fig. 3 Mean (±SD) plasma

concentration-time curves for

(a) single-dose (10 mg)

ibuprofen and (b) double-dose

(20 mg) ibuprofen following

oral administration. h hour
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The plasma pharmacokinetics of oral ibuprofen are well

characterized [26], though prior studies have employed

significantly higher doses (i.e., 200–400 mg) than those

used in this study (10 or 20 mg). Across a wide range of

studies, the Cmax for oral ibuprofen has been reported to be

approximately 20–40 mg/l following oral administration of

200–400 mg, with rapid absorption and peak plasma con-

centrations observed within 1.5–3 h post-administration

[26]. In this study, the observed plasma pharmacokinetics

for ibuprofen were consistent with prior studies, with mean

Cmax values of approximately 1091 ng/ml (1 mg/l) and

2063 ng/ml (2 mg/l) following administration of 10 and 20

mg, respectively, with associated mean tmax values of 1.6

and 1.8 h. Also consistent with prior studies, the apparent

ibuprofen half-life in plasma was approximately 1.9 h

following both single- and double-dose administration,

indicating moderate plasma clearance. Similarly, the mean

AUC? for ibuprofen reported here (3464 ng�h/ml (3.5

mg�h/l) and 6824 ng�h/ml (6.8 mg�h/l) for 10 mg and 20

mg, respectively, are consistent with prior studies, which

indicate mean AUC values of approximately 100 mg�h/l

following 400-mg oral administration [26].

Relatively few studies have reported on the pharma-

cokinetics of ibuprofen in the CSF [27–29]. Following the

oral administration of 800 mg of racemic ibuprofen, Ban-

nwarth et al. reported CSF Cmax values of 168 and 315 lg/l

for the (R)-enantiomer and the (S)-enantiomer, respec-

tively, for a total ibuprofen Cmax of 483 lg/L [27]. In a

pediatric population, Kokki et al. reported a CSF Cmax of

541 lg/L at 30 min after the intravenous administration of

10 mg/kg ibuprofen [28]. In the current study, oral

administration of 10 mg or 20 mg of ibuprofen resulted in

CSF Cmax levels during the observed time interval of

approximately 4 and 9 lg/L (corresponding to 19 nM and

43 nM), respectively. In the Bannwarth study, ibuprofen

was undetectable in the CSF 30 min after oral adminis-

tration [27], and in the current study, most subjects did not

have quantifiable levels of ibuprofen in the CSF until the

2-h analysis time point. Analysis of the AUCCSF/AUCplasma

ratio for subjects with available data indicated that the CSF

penetration of ibuprofen was approximately 0.20–0.25% of

plasma at 2 h and 0.35–0.39% of plasma at 4 h. While

differences in study design, ibuprofen dosing, and phar-

macokinetic sample timing make direct comparisons across

studies difficult, Bannwarth et al. reported AUCCSF/

AUCplasma ratios of 0.9–1.5%, while Har-Even et al.

reported a CCSF/Cplasma ratio of 1.1–0.7% in pediatric

patients following oral administration of 10 mg/kg

ibuprofen [29]. In the current study, the concentration of

ibuprofen in the CSF increased up to the 4 h duration of the

lumbar puncture. As with cromolyn, a full pharmacokinetic

profile in the CSF could not be obtained due to limitations

of the duration of the lumbar puncture.

4.1 Limitations

As noted above, the protocol-specified 4-h duration of the

lumbar puncture was insufficient to obtain a full pharma-

cokinetic profile for either cromolyn or ibuprofen in the

CSF. For the plasma pharmacokinetics analyses, the addi-

tion of more sampling times during both the absorption and

elimination phases may have allowed for a more complete

characterization of the plasma concentration-time profiles

for both cromolyn and ibuprofen. The inter-subject

Table 2 Plasma pharmacokinetic parameters for ibuprofen

Condition/parameter AUClast (ng�h/ml) AUC? (ng�h/ml) t1/2 (h) tmax (h) Cmax (ng/ml)

Single dose (10 mg), n 22 9 11 22 22

Mean (SD) 2737.92 (972.585) 3464.31 (443.563) 1.93 (0.318) 1.59 (1.432) 1090.98 (474.637)

%CV 35.52 12.80 16.49 90.07 43.51

Geometric mean 1875.32 3434.90 1.90 1.11 895.34

Median 3008.39 3576.50 1.89 0.98 1060.00

Range 1.1–4345.0 2410.3–3903.8 1.5–2.5 0.2–6.0 25.5–1970.0

Double dose (20 mg), n 24 9 9 24 24

Mean (SD) 5522.21 (1233.985) 6823.60 (1164.690) 1.88 (0.330) 1.82 (1.266) 2062.96 (655.129)

%CV 22.35 17.07 17.58 69.53 31.76

Geometric mean 5372.40 6744.22 1.85 1.51 1949.20

Median 5638.90 6421.46 1.85 1.98 2010.00

Range 2877.7–7597.8 5821.5–9217.3 1.4–2.3 0.5–6.0 651.0–3400.0

AUClast area under the concentration-time curve from time 0 to last measureable concentration, AUC? area under the concentration-time curve

from time 0 to infinity, h hour, max maximum, min minimum, SD standard deviation, %CV coefficient of variation (100 9 SD/mean)
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variability was perhaps larger than expected for both cro-

molyn and ibuprofen. While all subjects received the same

inhaler training and performed the same standardized cro-

molyn inhalation procedure, it is possible that slight dif-

ferences in inhalation technique or unidentified differences

in lung function across subjects affected the delivery of

cromolyn to the lung. For ibuprofen, the observed inter-

subject variability was largely driven by a single subject

whose pharmacokinetic parameters for single-dose

ibuprofen, especially Cmax and Tmax, were substantially

reduced as compared to other subjects. No dosing irregu-

larities were reported for this subject, and the rea-

son(s) behind these aberrant values are unknown. In

addition, the study used a relatively low ibuprofen dose (10

or 20 mg), which has not been previously evaluated, thus

limiting comparison to prior studies with respect to inter-

subject variability. Changes to the study population to

include/exclude subjects with differing degrees of respira-

tory obstruction might be expected to affect the observed

pharmacokinetics of inhaled cromolyn.

5 Conclusions

The observed plasma concentrations and half-life of cro-

molyn and ibuprofen following single- and double-dose

administration were consistent with values reported previ-

ously. The levels of cromolyn and ibuprofen observed in

the CSF are estimated to be sufficient to titrate the esti-

mated daily 17.7 ng of amyloid production and the asso-

ciated inflammatory response. The co-administration of

cromolyn and ibuprofen was well tolerated by the healthy

elderly subjects in the study.
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Condition/parameter AUC0.0833

(ng�h/ml)

AUC0.5

(ng�h/ml)

AUC2.0

(ng�h/ml)

AUC4.0

(ng�h/ml)

tmax

(h)

Cmax

(ng/ml)

Cromolyn single dose (17.1 mg), n 6 6 6 6 6 6

Mean (SD) 0.00 (0.000) 0.00 (0.000) 0.114 (0.042) 0.499 (0.168) 3.717 (0.702) 0.236 (0.078)

%CV 37.18 33.72 18.89 33.21

Geometric mean 0.108 0.477 3.646 0.225

Median 0.00 0.00 0.095 0.431 4.000 0.232

Range 0.0–0.0 0.0–0.0 0.077–0.170 0.359–0.737 2.283–4.017 0.147–0.359

Cromolyn double dose (34.2 mg), n 7 7 7 7 7 7

Mean (SD) 0.003 (0.006) 0.049 (0.084) 0.327 (0.342) 0.910 (0.641) 3.450 (0.951) 0.335 (0.170)

%CV 198.42 172.04 104.46 70.40 27.56 50.96

Geometric mean 0.010 0.169 0.209 0.742 3.312 0.297

Median 0.000 0.000 0.129 0.625 4.000 0.326

Range 0.000–0.017 0.000–0.188 0.086–0.844 0.384–1.916 2.033–4.033 0.159–0.608

Ibuprofen single dose (10 mg), n 4 4 4 4 4 4

Mean (SD) 0.005 (0.010) 0.095 (0.141) 3.195 (1.348) 10.283 (3.381) 2.554 (0.962) 3.940 (1.292)

%CV 200.00 148.24 42.18 32.88 37.67 32.78

Geometric mean 0.021 0.007 2.967 9.817 2.441 3.757

Median 0.000 0.041 3.150 10.593 2.125 4.140

Range 0.000–0.021 0.000–0.300 1.633–4.848 5.978–13.971 1.983–3.983 2.250–5.230

Ibuprofen double dose (20 mg), n 7 7 7 7 7 7

Mean (SD) 0.000 (0.000) 0.134 (0.254) 5.529 (4.367) 20.347 (11.397) 3.148 (1.053) 8.933 (3.292)

%CV 212.74 189.77 79.00 56.01 33.46 36.85

Geometric mean 0.000 0.021 1.434 17.496 2.982 8.438

Median 0.000 0.075 4.288 19.038 3.983 9.200

Range 0.000–0.001 0.000–0.704 0.000–14.017 5.240–42.337 1.983–4.017 5.240–15.000

AUCX area under the concentration-time curve at X hours, CSF cerebrospinal fluid, max maximum, min minimum, SD standard devia-

tion, %CV coefficient of variation (100 9 SD/mean)
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