1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Clin Pharmacol. Author manuscript; available in PMC 2019 February 01.

-, HHS Public Access
«

Published in final edited form as:
J Clin Pharmacol. 2018 February ; 58(2): 158-167. doi:10.1002/jcph.1008.

Repeated-dose Oral N-acetylcysteine in Parkinson Disease:
Pharmacokinetics and Effect on Brain Glutathione and Oxidative
Stress

Lisa D. Coles, Ph.D.", Paul J. Tuite, M.D.t, Gullin Oz, Ph.D.#, Usha R. Mishra, M.S.”, Reena V.
Kartha, Ph.D.", Kathleen M. Sullivan, B.S.", James C. Cloyd, Pharm.D.”, and Melissa
Terpstra, Ph.D.*

"Center for Orphan Drug Research, Department of Experimental & Clinical Pharmacology,
College of Pharmacy, University of Minnesota, 2001 6! Street SE, Minneapolis, MN 55455

TDepartment of Neurology, Medical School, University of Minnesota, MMC 295; 420 Delaware ST
SE Minneapolis, MN 55455

*Center for Magnetic Resonance Research (CMRR), Department of Radiology, Medical School,
University of Minnesota, 2021 6" Street SE, Minneapolis, MN 55455

Abstract

Parkinson disease (PD) is associated with oxidative stress and decreased nigral glutathione (GSH)
suggesting that therapies that boost GSH may have a disease-modifying effect. Intravenous
administration of a high dose of N-acetylcysteine (NAC), a well-known antioxidant and GSH
precursor, increases blood and brain GSH in individuals with PD, Gaucher disease, and healthy
controls. To characterize the pharmacokinetics of repeated high oral doses of NAC and their effect
on brain and blood oxidative stress measures, we conducted an open-label, prospective 4-week
study of oral NAC in individuals with PD (n=5) and healthy controls (n=3). Brain GSH was
measured in the occipital cortex using 1H-MRS at 3- and 7-tesla before and after 28 days of 6000
mg NAC/day. Blood was collected prior to dosing and at predetermined collection times before
and after the last dose to assess NAC, cysteine, GSH, catalase, malondialdehyde (MDA) and 4-
hydroxynonenal (4-HNE) concentrations and reduced-to-oxidized GSH ratio (GSH/GSSG).
Symptomatic adverse events were reported by three of the five subjects with PD. NAC plasma
concentration-time profiles were described by a first-order absorption, one-compartment
pharmacokinetic model. While peripheral antioxidant measures (catalase and GSH/GSSG)
increased significantly relative to baseline, indicators of oxidative damage, i.e., measures of lipid
peroxidation (4-HNE and MDA) were unchanged. There were no significant increases in brain
GSH, which may be related to low oral NAC bioavailability and small fractional GSH/GSSG
blood responses. Additional studies are needed to further characterize side effects and explore the
differential effects of NAC on measures of antioxidant defense and oxidative damage.
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Introduction

Methods

Parkinson Disease (PD) affects over one million Americans and is expected to double in
prevalence worldwide by 2030.1 Currently, there is no disease-modifying treatment
available. Multiple factors including oxidative stress, mitochondrial impairment, lysosomal
or proteasomal dysfunction, and glutathione (GSH) depletion are thought to contribute to the
pathogenesis of PD.2-8 Decreased nigral GSH levels in post-mortem brains have been
reported.2 The reduction in GSH or alteration in GSH redox status may occur early in PD
progression and could be a result of oxidative stress.* GSH, the most abundant low-
molecular-weight thiol, is a necessary constituent of cells that provides antioxidant and
electrophile defenses, and acts as a redox buffer.® GSH/glutathione disulfide (GSSG) is the
major redox couple in human cells and blood GSH and/or GSH/GSSG are depleted in
neurodegenerative disorders such as PD where oxidative stress is suspected.10-13 Thus,
therapies that boost GSH may have a disease-modifying effect on PD.

N-acetylcysteine (NAC), a well-known antioxidant, is a prescription product for treating
cystic fibrosis and acetaminophen overdose and is also widely available as a dietary
supplement. Its reported mechanisms of action include direct free radical scavenging and
antioxidant effects, as well as serving as a precursor to cysteine (Cys), the rate-limiting
amino acid needed for GSH synthesis. Long-term oral administration of NAC in a PD mouse
model substantially reduced neuronal loss, oxidative stress, and motor abnormalities.14:15
Recently, a combination 1VV/oral NAC therapy was reported to decrease symptoms in
individuals with PD.16

We previously showed that a single intravenous dose of NAC increased blood and brain
(cortical) GSH levels in individuals with PD, Gaucher disease, and healthy controls.1’
However, intravenous dosing is not practical for long-term use. Thus, the objective of this
study was to characterize NAC pharmacokinetics in individuals with PD and healthy
controls and evaluate its effect on blood and brain glutathione following repeated oral
dosing. Secondary aims were to measure tolerability and clinical outcomes using the Unified
Parkinson’s Disease Rating Scale (UPDRS), to evaluate NAC’s effect on other systemic
measures of oxidative stress (catalase, malondialdehyde (MDA) and 4-hydroxynonenal (4-
HNE)), and to determine if brain GSH concentrations measured using 3 T magnetic
resonance spectroscopy (MRS) were comparable to those obtained at 7 T, which would
allow use of the MRS technology on a widely available 3 T platform in future work.

This open-label, prospective, 4-week study of high-dose oral NAC was approved by the
Minnesota Human Research Protection Program, the Food and Drug Administration (IND
#123269) and was listed on ClinicalTrials.gov: NCT# NCT02212678. The procedures

J Clin Pharmacol. Author manuscript; available in PMC 2019 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Coles et al.

Page 3

followed were in accordance with the Minnesota Human Research Protection Program, the
Food and Drug Administration, and the World Medical Association Declaration of Helsinki.
All participants gave written, informed consent before enrollment. Individuals with PD and
healthy controls were recruited from the University of Minnesota’s Movement Disorders
Center and from flyers. All participants were on stable medication regimens for at least 1
month before enrollment. The use of antioxidant supplements, including coenzyme Q-10
and vitamin E, was not allowed within 3 weeks of enrollment. Individuals with a history of
asthma or bronchospasm were excluded from the study.

Baseline Measurements

NAC Dosing

Age, ethnicity, sex, disease duration, weight, smoking status, use of alcohol and illicit drugs,
UPDRS scores (I-111), Hoehn and Yahr staging, medications, supplements, and vital signs
were recorded at baseline. Each subject had magnetic resonance spectroscopy scans at 3 T
and 7 T to measure brain GSH. Blood was collected to measure NAC, Cys, GSH, GSH/
GSSG, catalase, MDA and 4-HNE.

Recent controlled, clinical trials used NAC doses of 1200 to 8000 mg/day given from 4
weeks to 6 months with no reported major safety concerns. For example, 8000 mg/kg/day
NAC was given for 8 weeks to individuals with HIV.2 Another study gave NAC for 4 weeks
at a dose of 2700 mg NAC/day in children which corresponds to an adult dose of ~6300 mg/
day.” Both of these studies reported changes in blood GSH concentrations’:9. Thus, based on
these clinical reports, we chose a dose near the upper end of the doing range and a 4 week
treatment duration which would likely identify a pharmacological effect while minimizing
risks to subjects.

600 mg N-acetylcysteine capsules were purchased from Swanson Health Products, Fargo,
ND. Verification of content and purity was provided. Each subject was provided NAC
capsules and instructed to take two oral doses (3000 mg) of NAC daily (6000 mg/day), one
in the morning and one in the evening. Compliance and adverse events were assessed
weekly via a telephone survey. Subjects also completed a medication diary, which was
reviewed during the final study visit.

Post-NAC measurements

After 28 days, subjects returned for the final study visit. Blood was collected upon arrival,
neurological examination was completed and UPDRS scores were recorded. Subjects then
received the final dose of NAC and blood was collected approximately at 30, 60, 120, 180,
240, 300, and 360 min thereafter. Approximately 2 hours after the final dose, brain GSH
levels were measured using 7 T MRS followed by 3 T MRS. All post-NAC scans were
started within 2 hours of the pre-dose scan start time per individual with most post-NAC
scans completed within 30 minutes of the pre-NAC scan completion time.

MRS methodology

Brain MR scans were performed at 7 T using a 90-cm horizontal bore magnet (Siemens
MAGNETOM) and a quadrature surface coil, and at 3 T using a 92-cm horizontal bore
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magnet (Siemens Trio) and a 32 channel phased-array Siemens head coil as described
previously.18:19 Images were acquired with a MPRAGE sequence and used for selection of
the volume-of-interest (VVOI). All first- and second-order shims were adjusted using
FASTMAP with echo-planar imaging readout.20 Spectra were acquired from the occipital
cortex (22 x 22 x 22 mm3) with a modified semi-LASER sequence (echo time TE = 26 ms
for 7 T, 28 ms for 3 T, repetition time TR = 5 s).21 Unsuppressed water spectra acquired
from the same VVOI were used to remove residual eddy current effects and as a quantification
reference. Single-shot data were saved during acquisition; individual FIDs were frequency
and phase corrected prior to summation. Metabolites were quantified using LCModel?2 as
previously described821 with the following metabolites in the basis set: alanine (Ala),
aspartate (Asp), ascorbate (Asc), glycerophosphocholine (GPC), phosphocholine (PCho),
creatine (Cr), phosphocreatine (PCr), y-aminobutyric acid (GABA), glucose (Glc),
glutamine (GlIn), glutamate (Glu), GSH, myo-Inositol (Ins), lactate (Lac), N-acetylaspartate
(NAA), N-acetylaspartylglutamate (NAAG), phosphoethanolamine (PE), scy//o-inositol
(sIns) and taurine (Tau). The metabolite model spectra were generated based on previously
reported chemical shifts and coupling constants.23 Macromolecule spectra were acquired at
both fields from the occipital cortex using an inversion recovery sequence (TR = 2 seconds
and inversion time = 0.68 secondsat 7 T, TR=2.5sand TI =0.75s at 3 T). Only
metabolites that were fitted with average Cramér-Rao lower bounds (estimated error of the
metabolite quantification) equal or less than 20% are reported. Whenever resonances were
not sufficiently resolved (correlation coefficient r < —0.7 in most spectra), metabolite
concentrations were reported as sums, i.e., tCr = Cr + PCr, tCho = GPC + PCho. Similarly,
Glc+Tau was reported since Glc did not pass the CRLB inclusion criterion and these
metabolites tend to correlate. Concentrations were not corrected for cerebrospinal fluid
contribution to the VVOI.

Measurement of NAC, Cys, GSH, and GSH/GSSG

Reduced-to-oxidized GSH ratio (GSH/GSSG) was measured in whole blood using high
performance liquid chromatography (HPLC) coupled to a mass spectrometer (MS) as
previously reported.1” Total (both protein bound and unbound) concentrations of NAC, Cys
and GSH were measured in plasma using a validated HPLC-MS assay. For the analysis of
plasma samples, calibration standards were prepared, which consisted of six standards that
combined Cys (range of 1-100 pg/mL), GSH (range of 0.5-100 pg/mL), and NAC (range of
1-1000 pg/mL). Plasma quality control (QC) standards (n=3) were prepared prior to analysis
using diluted plasma (1:1 with 20mM ammonium formate buffer) and solubilized Cys, NAC,
and GSH in buffer. QC standards were frozen at —20°C until day of analysis. Volumes for
sample processing were as follows: 250 pL plasma, 50 uL internal standard, 100 uL 0.05
mg/mL dithioerythritol (DTE), 100 pL buffer, and 50 pL calibration standard (if
appropriate). The internal standard concentration was 20ug/mL for deuterated GSH, Cys and
NAC. A “blank” plasma sample containing only 250 uL diluted plasma was included for
subtraction of background. All calibration standards were analyzed in triplicate. QC
standards were analyzed in quadruplicate.

All samples were incubated in a water bath shaker for 30 min at 37°C and 85 rpm.
Following incubation, 2 mL of methanol was added to each tube to precipitate the protein.
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All samples were centrifuged at 2000 rpm for 10 min. The organic layer was conserved and
evaporated at 37°C by gaseous nitrogen (15 psi) using a TurboVap® LV Concentration
Evaporator. Sample contents were reconstituted in 300 pL of buffer and filtered through
Acrodisc® nylon syringe filters into HPLC vials for analysis.

Plasma, red blood cell, and whole blood samples were analyzed by a Hewlett-Packard 1100
series (Agilent Technologies, Santa Clara, CA) HPLC with a quadrupole mass spectrometer.
Briefly, analytes were separated using a Zorbax Eclipse (Agilent Technologies) XDB C18
column (150 x 3.0 mm, 3.5 particle size) with a mobile phase consisting of 20 mM
ammonium formate buffer (pH 3.5) and acetonitrile (Sigma; 98:2 vol/val). Analytes were
detected in negative ion mode with quantitation ions at m/z 120, m/z 162 and m/z 306 for
Cys, NAC, and GSH, respectively. The deuterated forms of Cys, NAC, and GSH were used
as internal standards and quantified at m/z 122, m/z 165, and m/z 309, respectively. The flow
rate was 0.35 mL/min, and the run time was 10 min.

Calibration curves were constructed for each analyte in plasma and blood using peak area
response ratios of analyte to internal standard and known concentration. Concentrations of
NAC, Cys, and GSH were calculated from the appropriate calibration curve. The lower limit
of quantitation (LLOQ) was 1 pg/mL for NAC and Cys and 0.5 pg/mL for GSH

Measurement of catalase, MDA, and 4-HNE

Catalase enzyme activity was measured in red blood cell lysate using a Catalase Assay kit
(Cayman Chemical, Ann Arbor, MI) as per manufacturer’s instructions. Lipid peroxidation
markers, MDA and 4NHE were measured in plasma using a TBARS (TCA method) assay
kit (Cayman Chemical, Ann Arbor, MI) and an OxiSelect™ HNE Adduct Competitive
ELISA Kit (Cell Biolabs, Inc., San Diego, CA), respectively as per manufacturer’s protocol.

Pharmacokinetic and Statistical Analysis

Descriptive statistics were calculated for all concentration data. The Wilcoxon signed rank
test was used to assess differences in blood GSH/GSSG, brain GSH, catalase, 4-HNE, and
MDA before and after NAC dosing. The rank test, although not as commonly used, is a non-
parametric test that is likely more appropriate given the small number of subjects in this
study.

Non-compartmental analysis was used to estimate each subject’s pharmacokinetic parameter
values for total NAC, Cys, and blood GSH (Phoenix WinNonlin 6.3, Pharsight Corp., NC,
USA). Steady-state was assumed based on an expected half-life of between 2 and 6 hours
(hrs).24:25 Maximum concentration (Cmax), time at which maximum concentration is
observed (Tmax), minimum concentration (Cmin), and area under the time-concentration
curve (AUC) from time 0 to 6 hrs were reported for NAC, Cys, and blood GSH. In addition,
terminal phase half-life (1) was reported for NAC. Descriptive statistics were used to
summarize the PK parameter estimates for the PD and control groups separately and
combined.

NAC concentration-time profiles for all subjects were simultaneously analyzed using
population pharmacokinetic models (Phoenix NLME (version 1.2, Pharsight Corp., NC,
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USA). Given that NAC has a reported half-life of 2—6 hrs and the subjects had received NAC
for 28 days prior to the final dose used for PK, steady-state conditions were assumed. One-
and two- compartment pharmacokinetic models were evaluated. First-order absorption with
a rate constant Ka was included in all models. The first-order conditional estimation method
was used. Study group (PD or controls) was evaluated as covariate. The best fit model was
determined by successful minimization, the objective function value, visual observation of
goodness of fit plots (for example, predicted vs. observed concentration, residual vs. time,
residual vs. concentration), and precision of model parameters. Additive, proportional, and
combined error models were explored.

Demographic and Clinical Data

Five individuals (3 female, 2 male) with mild-moderate (Hoehn and Yahr stage 2) PD and 3
control subjects (1 female, 2 male) were enrolled in this study and given NAC (Table 1).
Four individuals with PD and three healthy controls completed the study. The UPDRS pre-
NAC scores in patients with PD ranged from 20-42, with a mean of 32.6 (Figure 1). The
UPDRS post-NAC scores in PD subjects ranged from 23-48, with a mean score of 36.6. The
UPDRS pre-NAC scores in healthy controls ranged from 3—-4, with a mean of 3.6 (Figure 1).
The UPDRS post NAC scores in healthy controls ranged from 4-7 with a mean score of 5.6.
All subjects with PD were on at least one anti-parkinsonian medication (Table 2).

Adverse events (AEs) were noted in 3 of the 5 individuals with PD and 1 of 3 healthy
controls. Mild indigestion was reported in all 4 of these individuals which persisted for the
entire 4 weeks they were on NAC. In addition, increased drooling and mild to moderate
increases in tremor were noted in three patients including one individual who withdrew from
the study after 5 days of dosing due to increased tremor. Another patient who remained in
the study developed freezing of gait, which resolved at the end of the study after NAC
discontinuation. For all 3 patients with AEs, symptoms returned to baseline within 3 days to
2 weeks after NAC discontinuation. Following oral NAC, UPDRS scores increased in 4 of 5
individuals with PD (Figure 1). The individuals with the greatest increases in UPDRS were
also those that had increased parkinsonian symptoms.

NAC, Cys, and GSH pharmacokinetics—The total NAC, GSH, and Cys
concentration-time profiles acquired on the last day of dosing are illustrated in Figure 2.
Non-compartmental analysis was used to determine Cmax, Cmin, Tmax, AUC (0-6), and
ty/o for each subject individually and summarized in Table 3 by group. Maximum
concentrations of NAC and Cys were attained between 30 and 90 minutes with Cys
exposures greater than those of the parent drug. While NAC and Cys concentrations were
significantly elevated from baseline, plasma GSH remained very low and essentially
unchanged during the 6 hours of monitoring. The decline in NAC concentrations appears to
be log-linear (mono-exponential) with an elimination half-life ranging from 2—8 hours.

NAC population PK modeling—The NAC concentration-time profiles were best fit by a

first order absorption, one-compartment PK model. Population and individual predicted
versus observed concentration plots are shown in Figure 3. Population estimates of Ka, CL,
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and V are provided in Table 4. Because the profiles for those with PD and healthy controls
were similar, PK model parameters were estimated for both groups together. The addition of
study group as a covariate did not further explain variability in clearance or volume, so study
group was not included in the final model (objective function of 189 with covariate versus
190 without covariate). The precision values of the model parameters were adequate (CV <
40%). Inter-individual variability was estimated for clearance and volume of distribution
using an exponential model. A proportional error model best described the residual
unexplained variability of 18%.

Systemic measures of oxidative stress—Blood catalase and GSH/GSSG, measures
of anti-oxidant capacity, significantly increased after NAC dosing (p <0.05, Wilcoxon rank
test pre vs. post, Figure 4). Catalase concentrations ranged from 7837 to 23531 puM prior to
dosing and 12906 to 41662 uM post-NAC. The average percent increase was 109% and
215% for the healthy and PD groups, respectively. GSH/GSSG ratios ranged from 3.1 to
13.1 prior to dosing and from 5.87 to 26.9 post-NAC. While the baseline ratios were similar
for both groups, the average percent increases were 18% and 231% for the healthy and PD
groups, respectively. While there was a significant increase from baseline to prior to the final
dose, concentrations were relatively stable throughout the dose interval (data not shown). In
addition, there was good agreement between the catalase and GSH/GSSG measures for all
subjects with one exception. HCO01 had increased catalase but decreased GSH/GSSG.
Contrary to catalase and redox, 28 day NAC dosing did not result in significant changes in
the measures of lipid peroxidation, 4-HNE and MDA (Figure 4). 4-HNE in particular was
highly variable among individuals with a 17-fold difference in baseline values. 4-HNE
concentrations ranged from 0.36 to 6.14 pug/mL prior to dosing and 0.13 to 11.7 pg/mL post-
NAC. The average percent change was an increase of 6% for the healthy and 3% for the PD
groups. Similarly, MDA levels did not change significantly with NAC therapy. MDA
concentrations ranged from 0.3 to 1.1 uM prior to dosing and 0.45-1.0 pM post-NAC. The
average percent changes were increases of 68% and 20% for the healthy and PD groups,
respectively.

Brain MRS Measurements—Oral NAC had no statistically significant effect on brain
GSH concentrations; although a trend to increase was observed post NAC (Figure 5). The
percent change in brain GSH using 7 T MRS was ~6% (p=0.3) and ~10% using 3 T MRS
(p=0.06). In general, there was agreement (RZ = 0.78) between 3 T and 7 T GSH
concentrations (Figure 5). The only change observed in the other neurochemicals was an
increase in GABA at the p=0.04 level (Figure 6). One of the subjects did not completea 3 T
scan.

Discussion

NAC’s primary mechanism of action is hypothesized to be through its deacetylated product
Cys, which is the rate-limiting substrate for GSH synthesis. A 4-week, high oral NAC dose
regimen resulted in significant increases in Cys, and the blood antioxidant measures: GSH/
GSSG and catalase. However, it did not reduce the measures of oxidative damage in the
blood: 4HNE and MDA. Additionally, NAC did not increase GSH brain concentrations.
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Finally, this study showed that some people with PD had worsening of their Parkinsonian
symptoms with high doses of NAC that resolved with discontinuation of therapy.

The NAC PK parameter estimates were consistent with published literature26:27 and there
were no discernable differences between patients with PD and healthy individuals. However,
the limited number of subjects did not allow for robust comparisons. We showed that NAC
exposure following oral dosing is much lower than after IV dosing®, which is consistent
with previous reports of low oral bioavailability (~4-10%) and high first pass
metabolism.24:28 The low oral NAC exposure may explain the lack of a significant increase
in brain GSH that was observed in this study. This is in contrast to a previously reported
~30% increase in brain GSH when a single NAC dose was administered intravenously.1’
The low oral NAC exposure may also explain the difference in blood GSH/GSSG outcomes
between oral and IV dosing. Oral NAC significantly increased GSH/GSSG in blood by
almost 2-fold, but this was much smaller than the increase seen with IV dosing (>100-fold).
It is well documented that a primary role of NAC when administered orally is to act as a
precursor to Cys, which is used in GSH synthesis. The results of our study are consistent
with this mechanism in that increases in Cys concentration closely followed that of NAC.
However, these substantial increases in plasma Cys did not translate into increased brain
GSH suggesting that oral NAC may modulate brain GSH through other mechanisms.

One limitation of this study is that the sample size may not have been large enough to detect
significant increases in brain GSH. The sensitivity of the 7 T approach to detect differences
in GSH concentration for small sample sizes such as used in this study has been reported to
be approximately 20%.38 Therefore it is possible that a brain response to oral NAC was
below the detection threshold. However, the trend of increased brain GSH measured using
the 7 T was in agreement with measurements using 3 T MRS, i.e. 10% (p = 0.06). This
finding is noteworthy as agreement between GSH concentrations measured at3 Tand 7 T
has been previously difficult to show due to limited distribution in subjects’ brain GSH
concentrations. It is also possible that with further validation2® and possibly with appropriate
management of multi-site issues39-31, brain GSH concentration response to NAC could be
monitored using 3 T MRS, which is more widely available than 7 T MRS. An ancillary
finding was a significant increase in GABA concentrations following 4 weeks NAC dosing.
This change in GABA will need to be replicated in a larger study to determine if itis a
robust finding and if there is a relationship between GABA any other laboratory or clinical
features of subjects.

Oxidative stress has been implicated in the pathology of PD.32 While reactive oxidant
species are necessary to maintain cellular homeostasis, oxidative stress either via an
overabundance of reactive oxidant species or a decrease in antioxidant capacity can lead to
cellular damage. We have shown that high dose oral NAC can increase peripheral
antioxidant measures. In agreement with our observations, there are several reports of
increased antioxidant GSH/GSSG ratios with oral NAC therapy.33-3% In our study, despite
the observed increase in antioxidant capacity (GSH/GSSG and catalase), oral NAC did not
appreciably alter peripheral measures of oxidative damage (4-HNE and MDA). However,
given that these measures were not elevated in patients, we might not expect to see a
modulating effect. The lack of effect on systemic oxidative damage may also be due to an
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inadequate duration of NAC therapy or suboptimal dosing. It is possible that the doses in our
study are too high resulting in reductive stress.38 A better understanding of NACs role in
modulating these measures after oral dosing is required to address this concern. Another
important consideration is whether 4-HNE and MDA represent valid oxidative damage
biomarkers in PD as there have been limited studies demonstrating their validity in
neurological diseases. Prabhu et al, have shown that MDA is decreased with NAC during
ischemic reperfusion, suggesting that this marker is sensitive to acute changes in free radical
production.3” Animal models have shown decreases in HNE after 7 days of anti-oxidant
therapy, again suggesting that the effects are fairly rapid.38

In general, high dose (6000mg/day) oral NAC was well tolerated in healthy individuals with
only minor indigestion noted. However, symptomatic adverse events were reported in 3 of 5
subjects with PD. These side effects were mild to moderate and reversible; resolving within
a few days or weeks of stopping NAC. It is possible that the adverse events are dose-
dependent, as investigators using a lower dose (1200mg NAC/day) did not observe
worsening of parkinsonian symptoms, but instead patients who took 1200 mg/day in
combination with IV weekly dosing reported symptomatic improvement.16 A major
difference between our study and that conducted by Monti et al. was that the later study used
weekly IV doses in combination with relatively low oral daily doses. There is evidence that
NAC’s actions differ based on the route of administration and thus, 1V dosing may produce a
different result that an oral regimen(ref). Katz et al also administered high oral doses of
NAC to patients with PD for two days without any reports of adverse events.3% In our study,
patients typically reported increased drooling around day 2 or 3 with increased tremor 1 or 2
days later. There was also a slight worsening in clinical parameters in patients as measured
by UPDRS scores. It is possible that a drug-drug interaction may have contributed to the
worsening of parkinsonian symptoms in our cohort. The two subjects with the most
significant increases in tremor were also on amantadine, which is an N-methyl-D-aspartate
glutamate receptor antagonist. A plausible explanation is that NAC, through increased brain
Cys concentrations, modulates glutamate transport. The net effect of this putative interaction
would be increased extracellular glutamate which has an adverse effect on symptom
control.40 Alternatively, NAC may alter the pharmacokinetics of amantadine (or other PD
medications, Table 2). This could occur through interactions of enzyme systems or
transporters of the intestinal or blood-brain barrier (BBB). However, a search of literature
failed to reveal any reports showing that NAC effects BBB transport or the pharmacokinetics
of anti-parkinsonian medications. A larger trial is needed to determine if these findings are
reproducible and if they can be attributed to NAC.

Limitations of this study included the small number of individuals, the sensitivity of the
brain MRS quantification approach, and the short study duration. This study adds to the
mixture of patient responses to NAC that have been reported using various doses and
suggests that the oral 6000mg/day dose, due to the risk of AEs, may need to be avoided. It
remains unknown whether boosting antioxidant mechanisms will have a beneficial effect on
PD or alter disease progression. Given the numerous failed studies using antioxidant
therapies, mitigation of oxidative damage may need to focus on prevention of generation of
free radicals through strategies such as stabilization of mitochondrial function.*! Further
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inquiry into this matter may require cellular and animal models as well as human studies to
better understand these concepts.

In summary, we did not detect any changes in brain chemistry. Future studies of NAC in PD
would require much larger sample sizes likely necessitating multiple sites and must take into
consideration the route of administration, dosage regimen, duration of therapy, and selection
of an optimal biomarker and methods for monitoring.Further, a rigorous data and safety
monitoring plan should be part of any study design, so that adverse effects can be quickly
identified and managed. With the considerations above in mind, well-controlled clinical
trials may yet determine if NAC is beneficial in the treatment of PD.
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Table 4

Compartmental pharmacokinetic parameter estimates for total NAC following a single dose (3000 mg) of
NAC at steady-state

| Param.Estimatel RSE% | 1\Y | RSE%
Dose (mg/kg) | | | |
Ka (hrd) 0.79 33 a a
VIF (L) 269 30 40% 49
CL/F (Lthr) 66.6 6.5 2% | 67
RUV 18% | 20 (CV%) | |

a: unable to estimate due to high shrinkage (>40%)

Ka: absorption rate constant, V: volume of distribution, F: oral bioavailability, CL: steady-state clearance, RUV: random unexplained variability,
RSE: relative standard error, 11V: inter-individual variability
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