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Abstract

The prevalence of non-suicidal self-injury (NSSI) is high in adolescents and young adults.
However, there is a paucity of evidence-based treatments to address this clinical problem. An
open-label, pilot study in the target population showed that treatment with oral N-acetylcysteine
(NAC), a widely available dietary supplement, was associated with reduction in NSSI frequency.
In preparation for a biologically informed design of an efficacy trial, a critical preliminary step is
to clarify NAC’s biological signatures, or measures of the mechanisms underlying its clinical
effects. Toward that end, we propose a 2-stage project to investigate NAC’s biological signatures
(changes in glutathione (GSH) and/or glutamate (Glu)) in women with NSSI. The first stage; a
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double-blind randomized placebo-controlled study will focus on identifying the optimal dose to
achieve meaningful change in GSH and Glu during short-term (4 weeks) NAC treatment in 36
women aged 16—24 years with NSSI. Go/No-go criteria to determine if the study will progress to
the second stage include pre-specified changes in brain and blood measures of GSH. Changes in
the brain GSH are measured through magnetic resonance spectroscopy (MRS). The dose for the
stage 2 will be selected based on the biological changes and the tolerability observed in the stage
1. The stage 2 will seek to replicate the biological signature findings in an 8-week trial in a new
patient cohort, and examine the relationships among biological signatures, NAC pharmacokinetics
and clinical response. This 2-stage project is unique as it unifies clinical psychiatric
measurements, quantitative MRS and pharmacological approaches in the first placebo-controlled
clinical trial of NAC in young women with NSSI.

Trial registration: The stage 1 trial protocol has been registered on https://clinicaltrials.gov/
with ClinicalTrials.gov ID “NCT04005053” (Registered on 02 July 2019. Available from: https://
clinicaltrials.gov/ct2/show/NCT04005053).
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INTRODUCTION

Non-suicidal self-injury (NSSI) is defined as the intentional act of damaging one’s own body
tissues without the intent of suicide [1]. The age of onset of NSSI typically coincides with
adolescence [2], an important period for brain development [3]. Adolescent NSSI has an
international prevalence of 18% [4]. NSSI is associated with long-term consequences
including persistent psychopathology and future suicide attempts [5-7]. The current
treatment of choice is dialectic behavioral therapy [8], an intensive psychotherapy
intervention that takes about one year to deliver and represents a scarce resource in most
communities. There is no FDA-approved drug for the treatment of NSSI and given the
current challenges in managing this disorder, a pharmacological intervention may add a
significant value. With the enhanced neuroplasticity inherent to developmental periods, a
pharmacologically informed treatment for adolescent NSSI could have lasting health
benefits.

N-acetylcysteine (NAC), a nutritional supplement and a prescription drug for indications
including acetaminophen overdose and lung diseases, has recently been studied as a
potential treatment for patients with various neuropsychiatric disorders [9]. A key biological
mechanism that may underlie NAC’s positive impact on mental health is its capacity to
increase glutathione (GSH), the primary antioxidant in the brain, providing a neuroprotective
effect against the toxicities associated with stress [9,10]. Oxidative stress mechanisms have
been implicated in affective disorders [11]. In adolescents, NSSI behavior typically
represents an attempt to self-regulate extreme levels of negative affect [12]. Adolescents
with NSSI frequently report a history of severe adverse experiences [13,14] which
themselves are known to have lasting adverse impacts on the central nervous system (CNS)
including neuronal damage [15-18]. Despite the relevance of oxidative stress mechanisms to
NSSI, no research to date has formally tested treatments targeting this system in adolescents
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with NSSI using appropriate methodology to confirm this potential biological signature.
Since NSSI is a maladaptive, habitual behavior, it has conceptual overlap with other
disorders along the impulsive/compulsive spectrum such as addiction, hair-pulling, and skin-
picking. Previous studies have demonstrated that NAC may alleviate these problems [19-
21]. Dysregulation within the glutamate (Glu) system has been implicated in these habit-
based disorders [22]. NAC’s primary metabolite cysteine (CYS) gets converted to cystine,
which then enters glial cells in exchange for Glu via the Glu-cystine antiporter. A potential
biological signature for NAC is its modulation of the Glu-cystine antiporter, downregulating
excessive Glu transmission and associated excitotoxicity [23].

While multiple placebo-controlled clinical trials have shown that oral NAC, typically at
modest doses in the range of 1200 mg—3000 mg/day, produces significant clinical
improvement in several psychiatric disorders [9], mixed findings and gaps in knowledge
have prevented the translation to clinical practice. Until recently, studies examining the
effects of NAC on mental health or behavioral outcomes have generally not included
explorations of pharmacokinetics (PK) and empirical pharmacodynamic (PD) responses
representing a missed opportunity to explain mixed findings with respect to clinical efficacy.
Therefore, previous failures in finding a significant effect of NAC on the improvement of
neuropsychiatric outcomes may have stemmed from sub-optimal NAC levels in the blood
and CNS. We still lack knowledge about the key neurometabolite changes that underlie
NAC’s positive effects in NSSI. Newer studies, including our study, however; have included
pharmacological aspects in addition to the clinical psychiatric evaluations to fill this gap
[24,25]. Based on existing knowledge, there are at least two candidate biomarkers or
biological signatures of NAC action: (1) increasing brain concentrations of GSH, the brain’s
primary antioxidant, and (2) modulating Glu, serving to reduce stress-induced excitotoxicity.
Both of these mechanisms are relevant to NSSI in that affected adolescents report that their
NSSI episodes are triggered by past and repeated stressors. In this population it is likely that
chronic stress takes a toll on the brain via oxidative stress and excitotoxic mechanisms [26].
Therefore, the potential of NAC to alleviate stress-induced oxidative damage and Glu-
mediated neurotoxicity, can be beneficial in treating adolescents with NSSI. Research from
our group has previously demonstrated a trend toward increased GSH levels as measured by
magnetic resonance spectroscopy (MRS) following oral and IV NAC in adults with other
diseases likely affected by oxidative stress [27,28]. Others have shown that single-dose NAC
can lead to reduction in Glu levels in the anterior cingulate cortex (ACC) in adults with
cocaine use disorder [29]. A double-bind, randomized, placebo-controlled study of oral NAC
in patients with early psychosis investigated if brain GSH, blood cell GSH and GSH
peroxidase activity could serve as biomarkers to guide the NAC treatment. Negative or
positive symptoms and neurocognition in terms of cognitive speed served as clinical
outcome measures. That study reported an increase in GSH levels in the medial prefrontal
cortex, indicating target engagement [30]. There are many psychiatric studies that have
investigated clinical, peripheral and cortical effects of NAC which are either completed or
ongoing. Several of these studies have quantitatively explored blood or cortical GSH levels
[24,25,31], some have included other peripheral measures of oxidative stress [24,25,32] and
inflammation [24,32]. However, these candidate NAC mechanisms have not yet been studied
in youth with NSSI.
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In a previous open-label study, our group reported that adolescent girls showed a decrease in
NSSI frequency after 8 weeks of oral NAC [33]. Additionally, we documented the feasibility
of employing neuroimaging as an assessment tool in the context of the open-label NAC trial
[33]. Interpretation of this clinical trial, however, is limited owing to the lack of placebo
control group and the open label nature of the study. Important questions such as the
mechanism of NAC action relevant to NSSI still remain to be answered. Next steps in
investigating NAC as a potential treatment will require a clear understanding of NAC’s
biological targets and dose-response or exposure-response relationships.

In the proposed study, we aim to address aforementioned knowledge gaps. The study is
funded by National Center for Complementary and Integrative Health (NCCIH) through a
two-step R61/R33 mechanism to investigate NAC’s biological signatures in adolescent
NSSI. The first stage (R61) will focus on identifying the optimal dose of NAC to achieve
meaningful change in GSH and Glu in the ACC as measured by MRS during short-term (4-
week) treatment. For MRS assessment of neurochemical concentrations, we focus on the
ACC, which is a key brain region implicated in emotion regulation and behavioral control.
In addition, we will measure anatomical and functional characteristics of the brain using
magnetic resonance imaging (MRI) and resting-state functional MRI (rs-fMRI). Although
NSSI affects both genders, to reduce heterogeneity (e.g., due to sex differences in brain
development) in a relatively small sample, this study focuses on adolescent females, as they
have a relatively higher prevalence of NSSI [34,35].

Specific go/no go criteria have been established to determine whether the study will
transition to the next stage (stage 2 i.e., R33). The dose for the stage 2 will be selected based
on the biological changes and the tolerability observed in the stage 1. The stage 2 will seek
to replicate the biological signature findings in an independent cohort using chronic (8-
week) dosing and will examine the relationships among biological signatures, NAC PK, and
clinical response.

Both stages R61 and R33 will be randomized placebo-controlled clinical trials examining
the impact of the study drug on mental health outcomes. Assessments will include mental
health questionnaires, PK measurement, the use of ultrahigh-field 7 tesla (7T) magnetic
resonance (MR) technology which allows for reliable measurements of brain Glu and GSH
with MRS, and a multimodal approach that also includes assessments of oxidative stress.

HYPOTHESIS AND SPECIFIC AIMS
Aim 1 (Stage 1, R61)

Measure effects on brain GSH, Glu and blood GSH redox ratio (GSH/GSSG) in 36
adolescent and young adult women with NSSI following a four-week regimen of oral NAC
5400 mg/day (7= 12), NAC 3600 mg/day (= 12) or placebo (PBO) (n= 12).

Hypothesis 1a.—NAC but not PBO will produce dose-dependent improvements in blood
GSH/GSSG and in cortical GSH concentrations, and dose-dependent decreases in cortical
Glu concentrations.
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Hypothesis 1b.—Greater blood/plasma levels of NAC and its metabolites will correlate
with greater changes in biological signatures (e.g., greater increases in brain GSH, blood
GSH/GSSG, but greater decreases in brain Glu).

Aim 2 (Stage 2, R33)
Measure change in biological signatures and NSSI frequency in a new sample of 60

adolescent and young adult women with NSSI during an 8-week course of NAC (7= 30)
versus PBO (= 30) (dose selected based on the stage 1 results).

Hypothesis 2a.—Biological signatures as demonstrated in the stage 1 will be replicated in
the context of the longer treatment course.

Hypothesis 2b.—Decrease in NSSI frequency will correlate with changes in biological
signatures.

Hypothesis 2c.—Both extent of change in biological signatures and reduction in NSSI
events will correlate with NAC/metabolite exposure.

INNOVATION

Several innovative features of this 2-stage R61/R33 study underscore its promise for moving
the field forward. First, to our knowledge, this is the first study to test NAC versus PBO in
youth with NSSI. At present, there are no medications available known to alleviate this
highly problematic behavior in youth. Thus, the work takes an initial step to address a
significant gap. Second, the focus of this initial study is in establishing target engagement by
NAC of proposed biological signatures (oxidative stress and on glutamate systems),
including a multiple dosing strategy and PK analyses to allow examination of dose-response
effects with respect to biological signatures. This multi-modal, target engagement approach
in a 2-stage study allows for the examination of biological mechanisms (especially focusing
on the CNS) in the context of a clinical trial, representing a critical step forward. Third, the
use of state-of-the-art MRS acquisition using 7T MR, and a highly optimized protocol that is
capable of collecting high-quality MRS data represents a key innovation that will allow us to
reliably quantify Glu (separate from glutamine, something that is challenging on standard 3T
systems) and GSH.

MATERIALS AND METHODS

Stage 1 (R61)

Study design—This is a randomized, double-blind, placebo-controlled study with two
NAC doses to test whether a meaningful change in measurable biomarkers can be achieved
following a 4-week course of NAC treatment. As there is no standard of care established for
the treatment of NSSI, we aim to compare the effects of NAC against PBO. We are
recruiting 36 girls and women aged 16—24 years who are assigned to one of 3 groups: low-
dose NAC (3600 mg/day), high-dose NAC (5400 mg/day), or PBO (1:1:1). Because this is a
small study, a baseline adaptive randomization procedure called minimization (rather than
stratification) is used to provide balance across the treatment groups for each of 4 potentially
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confounding baseline factors: age (<20 vs 20+ years), Beck Depression Inventory score
(BDI) (<29 vs 29+), NSSI frequency (<1/week vs 1+/week), and current psychotropic
medication use (yes vs no). This design will allow us to confirm acute biological changes,
select the optimal dose for achieving these effects that can be studied further in the next
stage (stage 2), and examine dose/concentration-response relationships with respect to
biological markers and PK.

Duration—Total study duration: 4 weeks of treatment.

Setting—This is a single-site study taking place at the University of Minnesota (UMN)
psychiatric clinic. Clinical assessments will be conducted through the Psychiatry
Department by a team of clinicians and clinical trainees. Neuroimaging procedures will be
conducted at the Center for Magnetic Resonance Research (CMRR) while blood processing
and analysis of NAC, NAC metabolites and other related biomarkers will be conducted at the
Center for Orphan Drug Research (CODR), both at the UMN.

Recruitment—RParticipants are recruited through UMN Department of Psychiatry and
Behavioral Sciences research registry, as well as the UMN campus and broader community
through clinical referrals, flyers and social media marketing.

Inclusion criteria—Participants must meet all of the following inclusion criteria in order
to participate in this study:

1 Female of 16-24 years of age;

2 At least 1 NSSI episode in the 2 months prior to the initiation of the study;
3. At least 5 past episodes of NSSI with significant tissue damage;
4

Psychotropic medications need to be dose-stable for at least 1 month prior to
initiation of the study;

5. Ability to understand the study procedures and have willingness at the time of
consent to comply with them for the entire length of the study;

6. Depending on the age of the potential participant, either the participant or their
parent/guardian (if the participant is a minor) must provide informed consent.
Additionally, assent will be obtained and documented from all potential
participants of age 16 or 17 years who meet the criteria and are willing to
participate.

Exclusion criteria

1 Males;
2. Any current serious medical illness as defined by medical history;
a. Current substance use disorder (except tobacco use disorder);

b. Primary psychotic disorder (e.g., schizophrenia, schizoaffective
disorder, schizophreniform disorder);
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C. Neurodevelopmental disorder such as intellectual disability or autism;
3. Having taken NAC or GSH on a regular basis in the past 6 months;

4, Currently pregnant or breastfeeding, planning to become pregnant, or unwilling
to use contraception throughout the study;

5. Allergy/sensitivity to NAC;

6. Inability or unwillingness of individual or legal guardian /parent to give written
informed consent.

Additional exclusion criteria related to MR scanning:

1 Any magnetic resonance scanning contraindication (e.g., metal plates, braces,
implanted devices, claustrophobia).

Sample size calculation—The sample size (7= 12 per group) was selected based on the
variability estimates from a previous oral NAC pilot study in adults with Parkinson’s disease
(n=>5) and healthy controls (7= 3) [27]. Groups of at least 11 each will have 80% power to
show a significant (alpha = 0.0167, Bonferroni corrected for 3 pairwise comparisons) effect
of NAC across 3 groups on the primary outcome of brain GSH concentration assuming the
variability in this study would be comparable to the pilot study (detectable mean group
difference in pre-dose to post-dose percent change of 2.95%, expected mean group
difference ~4.83%). We plan to enroll up to 45 participants with the expectation of up to
20% attrition due to participant withdrawal.

Interventions—Multiple PBO-controlled clinical trials have shown that oral NAC,
typically at modest doses such as 1200 mg-3000 mg/day, produces significant behavioral
changes in several psychiatric disorders [9]. However, since NAC pharmacology and
pharmacokinetics are complex, neural mechanisms underlying these behavioral effects are
still unclear. NAC pharmacokinetics differ substantially depending on the route of
administration: while 1V doses produce high NAC levels, much of the oral NAC gets
metabolized to CYS before reaching systemic circulation, producing lower plasma NAC
levels. Further, questions remain about NAC’s central versus peripheral effects. A few
clinical studies have demonstrated peripheral measures of antioxidant change on treatment
with oral NAC [27,36] but to date there is a paucity of evidence demonstrating that oral
NAC leads to significant antioxidant effects in the human CNS. In a small study of patients
with Parkinson’s or Gaucher’s disease, our group showed that a single dose of IV NAC led
to acute increases in GSH redox ratio in blood (200 fold) and in cortical GSH concentrations
(30-50%) as measured by MRS [28]. However, following a 28-day course of high-dose oral
NAC (6000 mg/day), antioxidant effects in blood and brain were more modest (6% increase
in brain GSH, 2-fold increase in blood GSH redox ratio [GSH/GSSG]) [27]. It is
conceivable that a higher NAC dose may be needed to achieve the peripheral and cortical
biological changes given low bioavailability of oral NAC, and thus we decided against
selecting rather modest NAC doses.

The SW854 NAC product is provided to the M Health Fairview Investigational Drug Service
(IDS) pharmacy at the UMN by the manufacturer, Swanson Health Products (ND, USA).
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SW854 is a gelatin 0-size capsule containing 600 mg NAC. Placebo is manufactured by IDS
and matches exactly in appearance with SW854 to achieve blinding. The study medication is
dispensed by the IDS in the form of 2 divided daily doses. All participants take 5 capsules of
the study medication in the morning and 4 capsules in evening to maintain the blind. The
aim of the study is to achieve steady state levels of NAC and its downstream metabolites in
order to trigger and sustain the expected biological changes. The dosing interval was
selected based on the elimination half-life of NAC which has been reported to be about 6 h
[27], and our prior experience documenting favorable patient adherence to twice daily oral
NAC dosing [27,33].

Study procedures, participant timeline—The stage 1 (R61) study protocol was
approved by the Institutional Review Board (IRB) at the UMN and by an external IRB
(Advarra IRB), per the clinical research requirements outlined by UMN for the Department
of Psychiatry and Behavioral Sciences. In this study there are a total of 4 visits. For 2 of
these, patients have the option to complete them through video conferencing. In addition to
these visits, there are 2 instances where the participants will electronically complete
questionnaires on their own. Eligibility is confirmed by a telephonic screening after which
consent is recorded at visit 1. Figure 1 represents the participant timeline. Table 1 details
several clinical assessments collected throughout the study.

Outcomes
Primary outcome
1 GSH concentration in ACC
This measurement will be collected at pre-treatment and post-treatment scanning visits (visit

2 and visit 4 respectively).

Secondary outcomes
1. GSH/GSSG in blood collected at visits 2 and 4

2 Glu concentrations in ACC voxel collected at visits 2 and 4

3 Tolerability of NAC as measured using a side effects checklist
4, PK analysis of NAC and its metabolites, CYS and GSH
5

Antioxidant protein levels (catalase and heme oxygenase-1 (HO-1)) collected at

visits 2 and 4

6. Gamma-aminobutyric acid (GABA) concentrations in the ACC measured at
visits 2 and 4

7. Functional connectivity between amygdala and insula, data collected at visits 2
and 4

Clinical assessments

Assessment of general psychopathology and demogr aphic information: To describe our
sample and to determine eligibility, we will screen for the presence of DSM-5 psychiatric
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diagnoses [37]. We will conduct a clinical interview with the participant using the MINI
scale [38]. Clinicians formulate the diagnosis of substance use disorder combining all
clinical information. Recreational substance use is highly pervasive in this age group and is
not exclusionary. Furthermore, participants with a diagnosis of substance use disorder may
be included in the study if they have had at least 3 months of sobriety. The WASI-II (1Q)
[39] will be used to estimate intellectual functioning. The Edinburgh Handedness Inventory
[40] will be used to determine handedness. We will monitor the groups’ similarity with
respect to socioeconomic status using the Hollingshead Four Factor Index of Social Status
[41] after collecting demographic information with a self-report form. We will also collect
past antidepressant medication trials with an Anti-Depressant Medication form, other
psychotropic medications with Any Psychotropic Medications form and treatment history
with Treatment History form, all via the Research Electronic Data Capture (REDCap)
software. The CTQ [42] includes 6 questions about past trauma and 7 about recent trauma.
Depression severity will be measured using the BDI-11 [43] and the PHQ-9 [44]. We will
also administer the medication side effects checklist to assess baseline symptom overlap
with responses to this checklist at later stages of the study.

Assessment of NSSI and Suicidality: We will use the SITBI [45] to record NSSI history
(age of onset, total past episodes, episode frequency, reasons for NSSI, thoughts about NSSI,
and other information) and use the ISAS-Lifetime to assess the functions and frequency of
behaviors of NSSI [46]. We will use the ABUSI scale to assess urges to engage in NSSI. We
will use the BSS [47] to assess current suicidal ideation, including active suicidal desire,
specific suicide plans, and passive suicidal desire. To retrospectively assess mood before,
during and after NSSI events we will use the DSHQ-M. The DTS will be used to assess
emotional distress tolerance [48]. We will use the one-question Cash Choice Task as a delay
discounting measure to further assess executive functioning [49].

MR scan related safety assessments—A urine toxicology screen, urine pregnancy
test, and an MR safety screen will be performed at visit 2 and visit 4 before the participant
undergoes MR scanning. If a pregnancy test is positive, the participant will not undergo an
MR scan and will be removed from the study due to meeting exclusion criteria. If the
toxicology screen is positive, results will be noted on the MR case report form and the
participant will continue the MR scan. Participants who do not pass the MR safety screen
will not receive an MR scan and will be allowed to remain in the study. Results of pregnancy
and urine toxicology tests will not be shared with parents/guardians of any participants.

MR scanning: All brain scanning will be completed at the CMRR on an actively shielded
7T whole body Siemens MAGNETOM scanner (Siemens Medical Solutions, Erlangen,
Germany) using a commercial radiofrequency (RF) head coil of single channel transmit and
32-channel receive (1Tx/32Rx) produced by Nova Medical (Wilmington, MA, USA). A
dielectric pad (180 x 100 x 5.5 mm?3) made of barium titanate (BaTiO3, CAS#12047-27-7)
in D,O will be placed on the forehead of subjects in order to boost RF signal transmit in the
frontal region of the brain.
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Spectroscopy acquisition and analysisto obtain GSH, GABA and Glu

concentrations: Proton spectra will be acquired from the ACC (24 x 30 x 12 mm?3) using
the semi-LASER pulse sequence (TR/TE = 5000/26 ms) [50,51]. Acquisition methods and
evaluation of the cerebrospinal fluid (CSF) contribution to the ACC voxel will be performed
as described by Terpstra et al. 2016 [52] and Van de Bank et al. 2015 [53].

Anatomical imaging: T1-weighted whole brain images will be acquired using 3D MPRAGE
sequence (TR/TI/TE = 2890/1500/2.42 ms) at 1.0 x 1.0 x 1.0 mm3 resolution. Proton
density images will be acquired at 1.0 x 1.0 x 1.0 mm? resolution using 3D MPRAGE
sequence (TR/TE = 1410/2.42 ms). Tissue segmentation will be performed on the collected
images in order to estimate fractional CSF within the MRS volume-of-interest (VOI) [54]. In
addition, the anatomical data will be processed using the Human Connectome Project (HCP)
analysis pipeline for segmentation of brain regions.

Based on consensus recommendations [55], only the spectra with associated water reference
linewidths of less than 19Hz will be included in the analysis. MATLAB-based MRspa
software [56] will be used to perform phase, frequency and eddy-current corrections of
channel-combined single-shot spectra before averaging. Averaged MR spectra will be
quantified using LCModel with a simulated basis dataset [52] and water scaling option
[57,58]. The density-matrix simulated basis set will include aspartate (Asp), glutamine
(GIn), glucose (Glc), myo-inositol (Ins), phosphoethanolamine (PE), phosphocholine
(PCho), glycerylphosphorylcholine (GPC), creatine (Cr), phosphocreatine (PCr), lactate
(Lac), N-acetylaspartate (NAA), N-acetylaspartylglutamate (NAAG) and taurine (Tau), in
addition to GABA, Glu and GSH. Brain GSH, Glu and GABA values will be considered for
the subsequent analysis only if the across-subject mean of the Cramer-Rao lower bound
(CRLB) for each metabolite is equal to or less than 20%.

The MR scanning will start about 30min post dose on the Day 28 (visit 4) and last until
about 90min post-dose. Our group has previously reported that the maximum blood
concentration of NAC following an oral dose is achieved in ~1.5 h [27]. We needed to
balance brain measures and blood measures around this time window to quantitatively
capture the maximum likely change in the biological signatures as measured in the brain and
the blood.

Resting-state functional imaging acquisition and analysisto obtain secondary outcome
amygdala-insula resting-state functional connectivity: Resting-state functional data will
be acquired using the HCP multiband echo planar imaging sequence for 7T [59,60]. Whole
brain T2*-weighted functional volumes (TR/TE = 1000/22.2 ms) will be obtained at 1.6 x
1.6 x 1.6 mm3 resolution. Participants will be instructed to keep eyes open while viewing a
fixation cross (2 runs at 6 min each). The duration and the choice of fixation cross as the
resting condition are selected to optimize reliability [61,62]. Whole-brain functional
connectivity maps of the amygdala will be obtained for each person at each time point using
methods described previously [63,64].

Biological/pharmacological assessments—A single blood sample will be collected
at visit 2 for baseline measurements of antioxidant proteins (HO-1, catalase) and glutathione
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redox status. On visit 4 a pre-dose blood sample will be collected followed by a series of
blood samples to characterize NAC and metabolite PK. Following our standard lab
procedure, blood will be collected in tubes containing K3EDTA, limiting hemolysis during
collection. Plasma and red blood cells will be separated and frozen until analysis. GSH/
GSSG and total GSH will be measured in red blood cells using high performance liquid
chromatography coupled to a tandem mass spectrometer (HPLC-MS/MS) as previously
reported [28,65]. Total (reduced + oxidized) concentrations of NAC and CYS will be
measured in plasma using a validated HPLC-MS/MS assay. Plasma HO-1 levels will be
determined using HO-1 human ELISA kit (Enzo Life Sciences, Farmingdale, NY) as
reported previously [65]. Catalase enzyme activity will be measured in red blood cell lysate
using Catalase Assay kit (Cayman Chemical, Ann Arbor, MI) as per manufacturer’s
instructions.

According to the original plan, on visit 4 a total of 5 blood samples will be collected
immediately following the last dose of NAC up to 6 hours post dose. However, as part of
measures taken to accommaodate the current need to minimize indoor time spent by the
participant in our research facility, an abbreviated blood sample collection scheme will be
adopted, that will collect a total of 3 blood samples i.e., one pre-dose, one immediately after
dose and one blood sample after the participant finishes their MR scan, cutting down on the
visit time. Once the pandemic concerns have passed, we will employ the original sampling
scheme, following the review and approval of these changes from the regulatory bodies
overseeing this study.

Data analysis

Primary objective: The within-person percent change in the proposed primary biological
signature, brain GSH, will be quantified by fitting a generalized linear model with brain
GSH as the dependent variable with group (NAC high dose versus NAC low dose versus
placebo) as the predictor variable of interest. Since we apply a minimization procedure to
ensure that groups are similar on key demographic and baseline clinical variables, we will
not include covariates. Should the primary outcome values be highly skewed, we will use
non-parametric tests to compare groups. To account for multiple comparisons, Tukey’s
procedure will be used. To assess the robustness of our conclusions about the primary
outcome to participants whose medical profile changes during the course of active treatment
in our study, we will conduct sensitivity analyses.

Secondary objectives: To explore additional potential biosignatures, we will fit generalized
linear models with each of the additional outcomes (brain Glu, blood GSH/GSSG,
antioxidant protein levels, GABA concentrations, amygdala-insula functional connectivity)
as dependent variables, with group (NAC high dose versus NAC low dose versus placebo) as
the predictor variable of interest without including covariates. These secondary analyses will
use Holm’s step-down Bonferroni type | error correction to adjust for both multiple
comparisons among groups and multiple testing across the several secondary outcomes.

NAC PK, NAC and GSH concentration-time data will initially be analyzed by non-
compartmental methods. WinNonLin Phoenix (Pharsight®) will be used to calculate the
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partial NAC area under the curve (AUC_0-2 h) using the linear trapezoidal rule and
maximum concentration (Cmax). The AUC_0-2h and Cmax for GSH will also be calculated.
Descriptive statistics of the PK parameters will be determined. Additionally, the
concentration-time data will be analyzed by compartmental methods (Phoenix, Certara).
Response markers will be analyzed using established pharmaco-statistical methods designed
to detect relationships among these measures and exposure to NAC and/or GSH. Non-linear
mixed effects modeling may also be used to develop population-based PK and PK/PD
models (NONMEM v. 7.3 or Phoenix NLME, Certara). This approach will allow us to
develop a covariate model that includes subject-specific variables (e.g., age, concomitant
medications and clinical measures of disease) that demonstrate a significant influence on the
PK and/or PD parameters. Drug concentrations and other PK variables will be correlated
with degree of change in biological signatures. Changes in blood GSH concentrations as
measured in the blood sample collected at the visit 2 and trough or pre-dose blood sample
collected at visit 4, will be examined using repeated measures statistical analysis (e.g.,
repeated measures ANOVA or Friedman’s test for repeated measures). Correlations in brain
and blood GSH concentrations will be evaluated using linear regression.

To address the secondary objective of describing the tolerability of oral NAC at the proposed
study doses, rates of side effects and other adverse events will be quantified and compared
between groups using Poisson, survival, or other rate-based models as appropriate for each
event type.

Go/No-Go Criteria for Transition from stage 1 to stage 2—Advancement to the
stage 2 project will require at least one of the sub-criteria within bullet 1, along with bullets
2, 3, and 4, to hold:

1. Demonstration of change in the proposed biological signatures (GSH and Glu) as
defined by:

a. Increased GSH: NAC has the capacity to serve as an antioxidant by
increasing GSH, and this is of critical relevance to NSSI. We will
examine GSH increase in brain and blood, as follows:

i. GSH concentration in the ACC: We will require a 5% increase
in GSH concentrations, as measured by MRS. This change is
similar to that observed in healthy controls following 4 weeks
of oral NAC (6000 mg/day) [11] and is lower in magnitude
than the change observed in patients with Parkinson’s disease
and in healthy controls following a single dose of IV NAC 150
mg/kg [12].

ii. GSH/GSSG in blood: We will require at least a 100% increase
in GSH/GSSG levels. This change will be similar to what we
observed in healthy controls following 4 weeks of NAC and is
about half of what we observed in patients with Parkinson
following 4 weeks of oral NAC 6000 mg/day [11].
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b. Glu modulation: NAC has the capacity for modulating the Glu-cysteine
antiporter and thereby effectively alleviating excessive glutamatergic
neurotransmission and this mechanism is of critical relevance to NSS.

i. Glu concentration in the ACC: To move forward, we will
require an 8% decrease in Glu. This change would be similar
in magnitude to that seen in patients with cocaine dependence
following a single administration of 2400 mg oral NAC [13].

2. Sufficient plasma NAC levels observed in subjects that had been given the dose
and showing change in biological signatures as defined above.

3. Evidence that NAC (at the dose meeting Go/No-go criteria for biological
signatures described above) is safe (free of severe adverse events) and tolerable
(as measured by the side effects form) in adolescents with NSSI.

4, Demonstrated feasibility of recruiting and retaining adolescents with NSSI into a
randomized clinical trial, and ability to meet target enrollment according to the
proposed timeline.

Stage 2 (R33)

Overview—The stage 2 will seek to replicate our previous findings of NAC versus PBO
(dose selected based on stage 1 results) in a longer (8-week) trial with a new sample of
adolescents with NSSI. The stage 2 will also measure the correlations among clinical
improvement, change in biological signatures and NAC PK.

Sample definition, recruitment strategy, screening, clinical assessment, randomization and
blinding will be identical to the stage 1. In addition, methods for MR data acquisition and
analysis, blood sample collection/processing/analyses will be identical to the stage 1, except
that the final MR scan and the PK studies will be conducted on the final day of the 8-week
trial.

Study drug administration and frequency of biological assessments—
Following informed consent, baseline clinical assessment and (if eligible) randomization,
participants will be invited to the CMRR for a baseline visit. Upon arrival, participants will
complete a urine toxicology screen and an MRI safety screen, followed by neuroimaging
procedures as described for the stage 1. After the baseline scan, participants will be provided
with a one-week supply of study drug. All participants will take the same number of
identical appearing study medication which will be divided into two daily doses. (NAC dose
will be based on the results of the PK-PD analyses done in the stage 1 of the project).
Participants will return for clinical assessment visits on days 7, 14, 28 and 42, adherence
will be measured through pill count at in-person visits They will meet with the study
clinician for a brief medical visit which will involve assessment of side effects, measurement
of vital signs, and gathering their general experiences. Participants will complete a modified
SITBI to report number of NSSI episodes and urges since last visit and will rate severity of
depression using the BDI. They will then receive a supply of study drug to last them until
their next appointment. On day 56, participants will be invited to the CMRR for an 8-hour
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visit. Participants will present their medication boxes for adherence determination. We will
place an 1V catheter to take a baseline blood sample to measure trough NAC and CY'S

levels, as well as oxidative stress measurements. Then, participants will take the final dose of
the study medication. We will conduct sparse sampling to assess steady-state
pharmacokinetics with 6 total blood samples over 6 hours. Repeat neuroimaging will begin
60 min after the final dose and will last 60 min. Following their second scan participants will
be interviewed to assess medication side effects using a checklist, and depression symptoms
using the modified SITBI and BDI-II.

Primary outcome measures

1 The biological signature(s) from the stage 1 study which met milestone criteria.
2. NSSI frequency.
3. Tolerability of NAC over 8 weeks.

Secondary outcome measures

1 Biological signatures will be selected based on the results of the stage 1.

2. NSSI urges.

Pharmacokinetic analysis—The PK models developed to describe the stage 1 data will
be refined to adequately describe the stage 2 data.

Statistical analyses

Hypothesis 2a.: NAC (vs. PBO)-related changes in biological signatures as demonstrated in
the stage 1 will be replicated in the context of the longer treatment course. As in the stage 1,
we will quantify the percent change in key proposed biological signatures: brain GSH, brain
Glu, and blood GSH/GSSG. To test the hypothesis, we will fit general linear models
individually for each of brain Glu, brain GSH and blood GSH/GSSG as dependent variables,
with group (NAC versus PBO) as the predictor variable. Similar exploratory analyses will be
conducted using the secondary outcomes: amygdala-insula resting state functional
connectivity, HO-1.

Hypothesis 2b.: Decrease in NSSI frequency will correlate with changes in biological
signatures. Linear models or generalized linear models will be conducted with NSSI change
(for frequency: NSSI frequency week 8 divided by NSSI cutting frequency baseline, with a
log link; for urges: total ABUSI scores week 8 minus total ABUSI scores baseline) as
dependent variables, and the following predictors: biological signature changes (separate
analyses for each: ACC GSH change, ACC Glu change, blood GSH/GSSG change), group
(NAC versus PBO), and group-by- biological signature interaction. Our primary hypothesis
is on the group-specific association of biomarker change with NSSI change. We will also
adjust for important demographic and baseline clinical variables (age, Tanner stage, 1Q,
socio-economic status, baseline depression severity (BDI-11 scores), presence of concurrent
psychotropic medication, presence of concurrent psychotherapy, trauma history).
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Hypothesis 2c.: Both extent of change in biological signatures and reduction in NSSI events
will correlate with NAC/metabolite exposure. We will explore the association of NAC levels
with changes in biological signatures, among those randomized to the NAC group.
Specifically, we will use linear or generalized linear regression models to evaluate change in
biological signatures and examine whether those with higher NAC levels had larger changes.
For these analyses we will adjust for the baseline measures of the biological signatures and
baseline NSSI frequency (in addition to other variables listed above).

Power: At this time, we do not have the variability estimates for biological measurements in
the target population to conduct a definitive power analysis that would drive our sample size
calculation. We are expecting to require a larger sample not for the replication of the
biological effects, but because aim 2 involves measuring a correlation between biological
change and a decrease in NSSI.

DISCUSSION

NSSI is a serious and relatively common mental health problem in adolescents, and it is
associated with huge personal and societal costs that include increased risk of suicide
attempts, death by suicide, hospitalization and disability. To build upon the results reported
in our open label, pilot study pointing toward the promise of NAC in alleviating self-
injurious behavior, the 2-stage R61/R33 study takes on a neurobiological approach to
identify and confirm the probable biological signatures of NAC. In particular, based on the
current state of knowledge including our prior work, we are pursuing the hypothesis that key
biological changes underlying NAC’s potential efficacy include increasing brain GSH
concentrations (enhancing antioxidant effects) and modulating Glu (decreasing stress-
induced excitotoxicity). The goal of the stage 1 is to determine these changes (target
engagement) and if observed, the next stage i.e., stage 2 is designed to determine if there is a
correlation between these changes and clinical improvement (reduction in NSSI frequency).

The proposed oral doses for the stage 1 were selected based on the ease of dosing and
incorporating available knowledge on the safe and effective doses of oral NAC reported in
the published literature. Our open label, pilot study showed that adolescents with NSSI
tolerated oral NAC 3600 mg/day and showed a clinical benefit (reduction in NSSI
frequency) after eight weeks [14]. Coles et al recently showed that adults with Parkinson
Disease and healthy adults generally tolerated oral NAC 6000 mg/day, with mild to
moderate, reversible gastrointestinal adverse effects and showed changes in blood GSH/
GSSG [11]. The dose finding stage in this stage 1 study utilizes 3600 mg/day as the low
dose and 5400 mg/day as the high dose to identify the optimum dose that is both effective
and safe. With the PK information collected in the stage 1 we will examine if there is a
relationship between NAC or metabolite exposure and biological signatures. If such
relationships are identified, we will be able to use the PK and PD (biological signatures) to
construct dose and/or concentration-response models and subsequently perform simulations
that will allow us to refine the dosing regimens in the stage 2.

The stage 1 is designed to examine biological changes as opposed to clinical changes. We
expect that biological changes due to NAC will be evident prior to clinical change. We are
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not expecting to observe a significant clinical effect in the short duration of the stage 1,
which is why the stage 1 does not include a post-treatment follow-up period. The short
treatment duration is designed to reduce subject burden for this early phase where we are
focused on the initial test to show change in biological signatures and selecting optimal dose
to engage those signatures. On the other hand, we opted against a single-dose strategy, in
favor of a 4-week treatment period, to capture measurable changes associated with repeated
dosing. The PK and PD characterizations are planned at the end of the protocol, designed to
assess drug concentrations once a steady state has been reached, providing enough time to
bring about the anticipated biological changes.

We chose a short-echo time (short-TE) MRS protocol, as opposed to edited MRS, to enable
simultaneous quantification of all metabolites-of-interest, Glu, GABA and GSH. We are
confident in our ability to detect GSH with a short-TE MRS protocol, as prior work has
successfully demonstrated the feasibility of detecting biologically relevant changes in GSH
using short-TE MRS at 7T [66]. Furthermore, measurement of GSH concentrations in the
cerebral cortex using the same semi-LASER protocol has excellent test-retest reproducibility
at 7T (coefficients of variance <10%) [52], a critical consideration in our trial design where
baseline levels will be compared to post-treatment values. We will also be using automatic
VOI prescription using AutoAlign [67] in order to minimize VOI positioning variability
between the two sessions.

Some alterations were made to the protocol in the context of the COVID-19 pandemic, in
order to balance the need to reduce risks of exposure to the virus with the need to preserve
key aspects of the protocol to maintain study integrity and achieve the goals of the study.
These modifications were approved by the UMN IRB and the Advarra IRB. During the
global COVID-19 pandemic, participants will complete COVID-19 screening prior to all in-
person visits. These visits follow pandemic related safety precautions including use of a face
mask and social distancing to the extent that can be accommodated given the study
procedures. Given that the originally planned duration of visit 4 (~8 h) may introduce risk to
participants due to extended time indoors within a shared research facility, we are using an
abbreviated PK sampling protocol during the pandemic that collects only half the number of
blood PK samples, reducing the visit time by about half (~4 h). This compromised approach
still gives us meaningful PK information with the help of pharmacometrics tools to guide
dose selection for the next stage. The study PI will make the determination of reverting to
the original PK sampling plan for visit 4 once it is safe to do so based on the guidance from
the University and the resultant protocol modifications will be reviewed and approved by the
IRBs prior to the implementation.

There are some limitations of this design. First, the sample size, especially in the stage 1, is
relatively small. The study is powered to detect a significant difference between the 3 groups
in the stage 1 on the primary outcome of brain GSH, based on our prior data from NAC/
brain GSH studies. However, it is possible that variability in the novel study population
differs from that of our prior studies, introducing the risk of being underpowered with a
small sample. Second, negative findings in the stage 1 may be attributed to selecting the
incorrect dose. We considered including a larger dose-finding component to this study (more
than two dose groups). We decided against this approach because it would add significant
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cost, complexity and subject burden in the early stage of the research. We therefore selected
the two doses we deemed most optimal: high enough to feasibly achieve adequate NAC
levels that would cause sufficient biological change, and low enough to be tolerable and
therefore prevent early drop-out, based on the available evidence as summarized above.
Further, given the known variability in NAC PK, our study design will allow us to examine
the relationship between NAC or metabolite exposure and biological signatures. This will
allow us to refine the dosing regimens in the stage 2. Third, due to the high burden of study
activities (e.g., two MR scans, multiple interviews and questionnaires, multiple blood
draws), there is a risk of participant drop-out. This pilot study will provide important
feasibility data for future larger studies which will inform selection and frequency of
measures to include in the design.

With the key innovations such as the use of multi-modal examination of the impact of NAC
dosing on the proposed biological signatures and the investigation of the relationship
between NAC PK and biological signatures in the clinical population we hope that R61/R33
study will be a critical step forward.

CONCLUSIONS

The 2-stage R33/R61 mechanism builds in the opportunity to adapt the study design and the
outcomes for the subsequent stage of the study based on the accumulating evidence,
ensuring milestone-driven, optimized clinical inquiry. These efforts can potentially result in
availability of an economic, safe and effective pharmacological agent for treatment of
patients with NSSI.

ACKNOWLEDGEMENTS

The authors acknowledge Swanson Health Products (ND, USA) for providing the drug product (SW854) used in
the first stage of the study free of charge. We acknowledge the time and effort of Kathryn France, RN in helping
with blood sample collection and support by the Office of the Vice President for Research, Research Infrastructure
Investment grant that funds her effort.

FUNDING

This study was supported by funds from the National Center for Complementary and Integrative Health (NCCIH)
(1R61AT009995-01). The Center for Magnetic Resonance Research is supported by the National Institute of
Biomedical Imaging and Bioengineering (NIBIB) grant P41 EB027061 and the National Institute of Neurological
Disorders and Stroke (NINDS) Institutional Center Cores for Advanced Neuroimaging award P30 NS076408. The
REDcap for data collection and management is supported by the National Institutes of Health’s National Center for
Advancing Translational Sciences (NCATS), grant UL1TR002494. The content is solely the responsibility of the
authors and does not necessarily represent the official views of the funding agencies.

REFERENCES

1. Winchel RM, Stanley M. Self-injurious behavior: a review of the behavior and biology of self-
mutilation. Am J Psychiatry. 1991 3;148(3):306—17. [PubMed: 1847025]

2. Muehlenkamp JJ, Xhunga N, Brausch AM. Self-injury age of onset: a risk factor for NSSI severity
and suicidal behavior. Arch Suicide Res. 2019 12;23(4):551-63. [PubMed: 29952739]

3. Giedd JN, Blumenthal J, Jeffries NO, Castellanos FX, Liu H, Zijdenbos A, et al. Brain development
during childhood and adolescence: a longitudinal MRI study. Nat Neurosci. 1999;2(10):861-3.
[PubMed: 10491603]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2021 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahasrabudhe et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

Page 18

. Muehlenkamp JJ, Claes L, Havertape L, Plener PL. International prevalence of adolescent non-

suicidal self-injury and deliberate self-harm. Child Adolesc Psychiatry Ment Health. 2012 3
30;6:10. [PubMed: 22462815]

. Horwitz AG, Czyz EK, King CA. Predicting future suicide attempts among adolescent and emerging

adult psychiatric emergency patients. J Clin Child Adolesc Psychol. 2015;44(5):751-61. [PubMed:
24871489]

.Tang J, YuY,Wu Y, Du Y, Ma Y, Zhu H, et al. Association between non-suicidal self-injuries and

suicide attempts in Chinese adolescents and college students: a cross-section study. PLoS One. 2011
4 8;6(4):e17977. [PubMed: 21494656]

. Victor SE, Klonsky ED. Correlates of suicide attempts among self-injurers: a meta-analysis. Clin

Psychol Rev. 2014 6;34(4):282-97. [PubMed: 24742496]

. Clarke S, Allerhand LA, Berk MS. Recent advances in understanding and managing self-harm in

adolescents. F1000Res. 2019;8:F1000 Faculty Rev-1794.

. Berk M, Malhi GS, Gray LJ, Dean OM. The promise of N-acetylcysteine in neuropsychiatry. Trends

Pharmacol Sci. 2013 3;34(3):167-77. [PubMed: 23369637]
Ng F, Berk M, Dean O, Bush Al. Oxidative stress in psychiatric disorders: evidence base and
therapeutic implications. Int J Neuropsychopharmacol. 2008 9;11(6):851-76. [PubMed:
18205981]
Siwek M, Sowa-Ku¢ma M, Dudek D, Styczen K, Szewczyk B, Kotarska K, et al. Oxidative stress
markers in affective disorders. Pharmacol Rep. 2013;65(6):1558-71. [PubMed: 24553004]
Klonsky ED. The functions of deliberate self-injury: a review of the evidence. Clin Psychol Rev.
2007 3;27(2):226-39. [PubMed: 17014942]
Swannell S, Martin G, Page A, Hasking P, Hazell P, Taylor A, et al. Child maltreatment,
subsequent non-suicidal self-injury and the mediating roles of dissociation, alexithymia and self-
blame. Child Abuse Negl. 2012 8;36(7-8):572-84. [PubMed: 22858062]
Jacobson CM, Gould M. The epidemiology and phenomenology of non-suicidal self-injurious
behavior among adolescents: a critical review of the literature. Arch Suicide Res. 2007;11(2):129-
47. [PubMed: 17453692]

McEwen BS. Early life influences on life-long patterns of behavior and health. Ment Retard Dev
Disabil Res Rev. 2003;9(3):149-54. [PubMed: 12953293]

McEwen BS, Nasca C, Gray JD. Stress Effects on Neuronal Structure: Hippocampus, Amygdala,
and Prefrontal Cortex. Neuropsychopharmacology. 2016 1;41(1):3-23. [PubMed: 26076834]

Goldwater DS, Pavlides C, Hunter RG, Bloss EB, Hof PR, McEwen BS, et al. Structural and
functional alterations to rat medial prefrontal cortex following chronic restraint stress and recovery.
Neuroscience. 2009 12 1;164(2):798-808. [PubMed: 19723561]

Lupien SJ, McEwen BS, Gunnar MR, Heim C. Effects of stress throughout the lifespan on the
brain, behaviour and cognition. Nat Rev Neurosci. 2009 6;10(6):434-45. [PubMed: 19401723]

Rothbart R, Amos T, Siegfried N, Ipser JC, Fineberg N, Chamberlain SR, et al. Pharmacotherapy
for trichotillomania. Cochrane Database Syst Rev. 2013 11 8;(11):CD007662.

McClure EA, Gipson CD, Malcolm RJ, Kalivas PW, Gray KM. Potential role of N-acetylcysteine
in the management of substance use disorders. CNS Drugs. 2014 2;28(2):95-106. [PubMed:
24442756]

Grant JE, Chamberlain SR, Redden SA, Leppink EW, Odlaug BL, Kim SW. N-Acetylcysteine in
the treatment of Excoriation disorder: a randomized clinical trial. JAMA Psychiatry. 2016 5
1;73(5):490-6. [PubMed: 27007062]

Kalivas PW, Volkow ND. New medications for drug addiction hiding in glutamatergic
neuroplasticity. Mol Psychiatry. 2011 10;16(10):974-86. [PubMed: 21519339]

Moran MM, McFarland K, Melendez RI, Kalivas PW, Seamans JK. Cystine/glutamate exchange
regulates metabotropic glutamate receptor presynaptic inhibition of excitatory transmission and
vulnerability to cocaine seeking. J Neurosci. 2005 7 6;25(27):6389-93. [PubMed: 16000629]
Cotton SM, Berk M, Watson A, Wood S, Allott K, Bartholomeusz CF, et al. ENACT: a protocol for
a randomised placebo-controlled trial investigating the efficacy and mechanisms of action of
adjunctive N-acetylcysteine for first-episode psychosis. Trials. 2019 12;20(1):1-14. [PubMed:
30606236]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2021 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahasrabudhe et al.

Page 19

25. Rossell SL, Francis PS, Galletly C, Harris A, Siskind D, Berk M, et al. N - acetylcysteine (NAC) in
schizophrenia resistant to clozapine: a double blind randomised placebo controlled trial targeting
negative symptoms. BMC Psychiatry. 2016 12;16(1):1-9. [PubMed: 26739960]

26. Finnell JE, Wood SK. Putative inflammatory sensitive mechanisms underlying risk or resilience to
social stress. Front Behav Neurosci. 2018;12:240. [PubMed: 30416436]

27. Coles LD, Tuite PJ, Oz G, Mishra UR, Kartha RV, Sullivan KM, et al. Repeated-dose oral N-
acetylcysteine in Parkinson disease: pharmacokinetics and effect on brain glutathione and
oxidative stress. J Clin Pharmacol. 2018 2;58(2):158-67. [PubMed: 28940353]

28. Holmay MJ, Terpstra M, Coles LD, Mishra U, Ahlskog M, Oz G, et al. N-Acetylcysteine boosts
brain and blood glutathione in Gaucher and Parkinson diseases. Clin Neuropharmacol. 2013
8;36(4):103-6. [PubMed: 23860343]

29. Schmaal L, Veltman DJ, Nederveen A, van den Brink W, Goudriaan AE. N-acetylcysteine
normalizes glutamate levels in cocaine-dependent patients: a randomized crossover magnetic
resonance spectroscopy study. Neuropsychopharmacology. 2012 8;37(9):2143-52. [PubMed:
22549117]

30. Conus P, Seidman LJ, Fournier M, Xin L, Cleusix M, Baumann PS, et al. N-acetylcysteine in a
double-blind randomized placebo-controlled trial: toward biomarker-guided treatment in early
psychosis. Schizophr Bull. 2018 2 15;44(2):317-27. [PubMed: 29462456]

31. Matsuzawa D, Obata T, Shirayama Y, Nonaka H, Kanazawa Y, Yoshitome E, et al. Negative
correlation between brain glutathione level and negative symptoms in Schizophrenia: A 3T 1H-
MRS study. PLoS One. 2008 4 9;3(4):e1944. [PubMed: 18398470]

32. Yang C, Bosker FJ, Li J, Schoevers RA. N-acetylcysteine as add-on to antidepressant medication in
therapy refractory major depressive disorder patients with increased inflammatory activity: study
protocol of a double-blind randomized placebo-controlled trial. BMC Psychiatry. 2018 9
4;18(1):279. [PubMed: 30176835]

33. Cullen KR, Klimes-Dougan B, Westlund Schreiner M, Carstedt P, Marka N, Nelson K, et al. N-
acetylcysteine for nonsuicidal self-injurious behavior in adolescents: an open-label pilot study. J
Child Adolesc Psychopharmacol. 2018;28(2):136—44. [PubMed: 29053023]

34. Bresin K, Schoenleber M. Gender differences in the prevalence of nonsuicidal self-injury: a meta-
analysis. Clin Psychol Rev. 2015 6;38:55-64. [PubMed: 25795294]

35. Sornberger MJ, Heath NL, Toste JR, McLouth R. Nonsuicidal self-injury and gender: patterns of
prevalence, methods, and locations among adolescents. Suicide Life Threat Behav. 2012
6;42(3):266-78. [PubMed: 22435988]

36. Wink LK, Adams R, Wang Z, Klaunig JE, Plawecki MH, Posey DJ, et al. A randomized placebo-
controlled pilot study of N-acetylcysteine in youth with autism spectrum disorder. Mol Autism.
2016;7:26. [PubMed: 27103982]

37. American Psychiatric Association. Diagnostic and statistical manual of mental disorders. 5th ed.
Washington (DC, US): American Psychiatric Association; 2013.

38. Sheehan D, Lecrubier Y, Harnett Sheehan K, Janavs J, Weiller E, Keskiner A, et al. The validity of
the Mini International Neuropsychiatric Interview (MINI) according to the SCID-P and its
reliability. European Psychiatry. 1997 1 1;12(5):232-41.

39. Wechsler D Wechsler Abbreviated Scale of Intelligence. 2nd ed. San Antonio (TX, US): Pearson;
2011.

40. Oldfield RC. The assessment and analysis of handedness: The Edinburgh inventory.
Neuropsychologia. 1971 3;9(1):97-113. [PubMed: 5146491]

41. Hollingshead AB. The four-factor index of social status. New Haven (CT, US): Yale University;
1975.

42. Bernstein DP, Fink L. Childhood trauma questionnaire: A retrospective self-report manual.
Orlando (FL, US): Psychological Corporation; 1998.

43. Osman A, Kopper BA, Barrios F, Gutierrez PM, Bagge CL. Reliability and validity of the Beck
Depression Inventory-11 with adolescent psychiatric inpatients. Psychol Assess. 2004;16(2):120-
32. [PubMed: 15222808]

44. Kroenke K, Spitzer RL, Williams JB. The PHQ-9: Validity of a brief depression severity measure. J
Gen Intern Med. 2001 9;16(9):606—13. [PubMed: 11556941]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2021 May 24.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Sahasrabudhe et al.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Page 20

Nock MK, Holmberg EB, Photos VI, Michael BD. Self-injurious thoughts and behaviors interview:
development, reliability, and validity in an adolescent sample. Psychol Assess. 2007;19(3):309-17.
[PubMed: 17845122]

Klonsky ED, Glenn CR. Assessing the functions of non-suicidal self-injury: psychometric
properties of the Inventory Of Statements About Self-Injury (ISAS). J Psychopathol Behav Assess.
2009 9;31(3):215-9. [PubMed: 29269992]

Beck AT, Kovacs M, Weissman A. Assessment of suicidal intention: the scale for suicide ideation.
J Consult Clin Psychol. 1979 4;47(2):343-52. [PubMed: 469082]

Simons JS, Gaher RM. The Distress Tolerance Scale: development and validation of a self-report
measure. Motiv Emot. 2005 6 1;29(2):83-102.

Waulfert E, Block JA, Santa Ana E, Rodriguez ML, Colsman M. Delay of gratification: impulsive
choices and problem behaviors in early and late adolescence. J Pers. 2002 8;70(4):533-52.
[PubMed: 12095190]

Deelchand DK, Berrington A, Noeske R, Joers JM, Arani A, Gillen J, et al. Across-vendor
standardization of semi-LASER for single-voxel MRS at 3T. NMR Biomed. 2021 5;34(5):e4218.
[PubMed: 31854045]

Oz G, TkaC I. Short-echo, single-shot, full-intensity proton magnetic resonance spectroscopy for
neurochemical profiling at 4 T: validation in the cerebellum and brainstem. Magn Reson Med.
2011 4;65(4):901-10. [PubMed: 21413056]

Terpstra M, Cheong I, Lyu T, Deelchand DK, Emir UE, Bednafik P, et al. Test-retest
reproducibility of neurochemical profiles with short-echo, single-voxel MR spectroscopy at 3T and
7T. Magn Reson Med. 2016;76(4):1083-91. [PubMed: 26502373]

van de Bank BL, Emir UE, Boer VO, van Asten JJA, Maas MC, Wijnen JP, et al. Multi-center
reproducibility of neurochemical profiles in the human brain at 7 T. NMR Biomed. 2015
3;28(3):306-16. [PubMed: 25581510]

Ashburner J, Friston K. Multimodal image coregistration and partitioning—a unified framework.
Neuroimage. 1997 10;6(3):209-17. [PubMed: 9344825]

Oz G, Deelchand DK, Wijnen JP, Mlynérik V, Xin L, Mekle R, et al. Advanced single voxel 1H
magnetic resonance spectroscopy techniques in humans: Experts’ consensus recommendations.
NMR Biomed. 2021;34(5):e4236.

Deelchand DK. MRspa: Magnetic Resonance signal processing and analysis. Available from:
https://www.cmrr.umn.edu/downloads/mrspa/. Accessed 2020 Apr 28.

Provencher SW. Estimation of metabolite concentrations from localized in vivo proton NMR
spectra. Magn Reson Med. 1993 12;30(6):672-9. [PubMed: 8139448]

Deelchand DK, Adanyeguh IM, Emir UE, Nguyen T-M, Valabregue R, Henry P-G, et al. Two-site
reproducibility of cerebellar and brainstem neurochemical profiles with short-echo, single-voxel
MRS at 3T. Magn Reson Med. 2015 5;73(5):1718-25. [PubMed: 24948590]

T VU A, Jamison K, Glasser MF, Smith SM, Coalson T, Moeller S, et al. Tradeoffs in pushing the
spatial resolution of fMRI for the 7T Human Connectome Project. Neuroimage. 2017;154:23-32.
[PubMed: 27894889]

Van Essen DC, Ugurbil K, Auerbach E, Barch D, Behrens TEJ, Bucholz R, et al. The human
connectome project: a data acquisition perspective. Neuroimage. 2012 10 1;62(4):2222-31.
[PubMed: 22366334]

Birn RM, Molloy EK, Patriat R, Parker T, Meier TB, Kirk GR, et al. The effect of scan length on
the reliability of resting-state fMRI connectivity estimates. Neurolmage. 2013 12 1;83:550-8.
[PubMed: 23747458]

Patriat R, Molloy EK, Meier TB, Kirk GR, Nair VA, Meyerand ME, et al. The effect of resting
condition on resting-state fMRI reliability and consistency: a comparison between resting with
eyes open, closed, and fixated. Neuroimage. 2013 9;78:463-73. [PubMed: 23597935]

Cullen KR, Westlund MK, Klimes-Dougan B, Mueller BA, Houri A, Eberly LE, et al. Abnormal
amygdala resting-state functional connectivity in adolescent depression. JAMA Psychiatry. 2014
10 1;71(10):1138-47. [PubMed: 25133665]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2021 May 24.


https://www.cmrr.umn.edu/downloads/mrspa/

1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Sahasrabudhe et al.

64.

65.

66.

67.

Page 21

Westlund Schreiner M, Klimes-Dougan B, Mueller BA, Eberly LE, Reigstad KM, Carstedt PA, et
al. Multi-modal neuroimaging of adolescents with non-suicidal self-injury: Amygdala functional
connectivity. J Affect Disord. 2017 15;221:47-55. [PubMed: 28628767]

Kartha RV, Zhou J, Basso L, Schréder H, Orchard PJ, Cloyd J. Mechanisms of antioxidant
induction with high-dose N-acetylcysteine in childhood cerebral Adrenoleukodystrophy. CNS
Drugs. 2015 12;29(12):1041-7. [PubMed: 26670322]

Deelchand DK, Marjanska M, Hodges JS, Terpstra M. Sensitivity and specificity of human brain
glutathione concentrations measured using short-TE (1)H MRS at 7 T. NMR Biomed. 2016
5;29(5):600-6. [PubMed: 26900755]

Dou W, Speck O, Benner T, Kaufmann J, Li M, Zhong K, et al. Automatic voxel positioning for
MRS at 7 T. MAGMA. 2015 6;28(3):259-70. [PubMed: 25408107]

J Psychiatr Brain Sci. Author manuscript; available in PMC 2021 May 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Sahasrabudhe et al.

Figure 1.

Phone screen

Visit 1 (Day 0)*

Informed consent
Pre-treatment clinical assessment
Medical history and demographics collected

If eligible

Randomization (double blind)

L 2

High dose NAC
(5400mg/day)

Low dose NAC PBO
(3600mg/day)

Visit 2 (Day 1)

Baseline MR scan

Blood sample

Clinical assessments

J

32 days’ supply of assigned study medication, participant
instructed on dosing schedule, made aware of adherence
tracking methods

Visit 3 (Day 14)*

Ongoing medication and changes noted, medication side effect

checklist

4

Clinical assessments

Visit 4 (Day 28)

Ongoing medication and changes noted, medication side
effect checklist

g

Clinical assessments

1 pre-dose
and several
PK samples

collected

Time (Omin)

l Last dose of study drug taken in clinic I

ey Time (30min post-dose)*

Final MR scan (between 30-90min post dose ) I

Time (90min post-dose)*

Any remaining medication, medication diary if any collected by the study coordinator,
Completion of the study, participants are compensated for their participation
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Study outline and participant timeline for the stage 1 (R61). *Visit 1 and 3 can be in-person

or through video conference. # Times are representative.
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Table 1.

Schedule of events and assessments.

Page 23

M easure/Activity/Event

Day O
Visit 1*

Day 1
Visit 2

Day 7

Dayl14
Visit 3°

Day
21

Day 28
Visit 4

Informed Consent Form (HIPAA/Consent/Assent)

Mini International Neuropsychiatric Interview (MINI)

Wechsler Abbreviated Scale for Intelligence-II
(WASI-I1)

Edinburgh Handedness Inventory

Demographics Form

Childhood Trauma Questionnaire (CTQ)

Antidepressant Medications

Any Psychotropic Medications

Treatment History

Inventory of Statements About Self-Injury-Lifetime (ISAS-
Lifetime)

Distress Tolerance Scale (DTS)

Beck Scale for Suicidal Ideation (BSS)

Patient Health Questionnaire (PHQ-9)

Ongoing Medication Use and Changes: Initial Visit

Ongoing Medication Use and Changes: Subsequent Visit

Alexian Brothers Urge to Self-Injure (ABUSI)

Beck Depression Inventory (BDI-I1)

Self-Injurious Thoughts and Behaviors Interview (SITBI)

Inventory of Statements About Self-Injury- Since Last Visit (ISAS-
SLV)

Deliberate Self-Harm Questionnaire, Part I11 Mood (DSHQ-M)

Cash Choice Task

Medication Side Effect Checklist

Magnetic Resonance (MR) Safety Screen, Urine Toxicology
Screen, Pregnancy Test

MRI, MRS, rs-fMRI, Blood Sample (biomarkers)

Serial blood samples (PK)

*
Visits 1 and 3 can be in-person or through video conference.
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