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Abstract

Background Childhood cerebral adrenoleukodystrophy
(CCALD), a progressive demyelinating disease affecting
school-aged boys, causes death within a few years.
Oxidative stress is an important contributing factor. N-
acetylcysteine (NAC; 280 mg/kg/day) added as adjunctive
therapy to reduced-intensity hematopoietic cell transplan-
tation (HCT) improves survival in advanced cases. How-
ever, the mechanisms underlying the benefits of NAC are
unclear.

Objective The aim of this study was to understand the
mechanism of action of NAC in the setting of HCT in
CCALD.
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Methods Immunoassays were carried out to determine
changes in heme oxygenase-1 (HO-1) and ferritin expres-
sion in plasma samples collected from boys with CCALD
at three different timepoints during the course of trans-
plantation. In addition, the induction of HO-1 was also
confirmed in normal fibroblasts following incubation with
10-100 pmol/L NAC for 4 h.

Results  Following NAC therapy we observed an increase
in expression of the antioxidants HO-1 (~4-fold) and its
effector ferritin (~ 160-fold) in patient samples as com-
pared with baseline. We also observed that NAC exposure
significantly increased HO-1 expression in fibroblasts.
Conclusion Our data suggest that HO-1 is a possible
target protein of NAC and a mediator of its cytoprotective
effects in these patients.

Key Points

Childhood cerebral adrenoleukodystrophy is an
X-linked disorder causing progressive, debilitating
effects on the central nervous system leading to
death within a few years.

N-Acetylcysteine (NAC) administered intravenously
as adjunctive therapy to reduced-intensity
hematopoietic cell transplantation improves survival
in advanced cases.

We report heme oxygenase-1, a cytoprotective
protein, as a potential mediator contributing to the
mechanism of action of NAC in
adrenoleukodystrophy.
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1 Introduction

Childhood cerebral adrenoleukodystrophy (CCALD) is a
disorder that affects young boys between the ages of 4 and
10 years [1]. This manifestation of adrenoleukodystrophy
(ALD), an X-linked disease, is a neuroinflammatory,
demyelinating condition that is rapidly progressive, and is
generally fatal within a few years after symptom onset.
Oxidative stress has been shown to be increased in ALD,
and presumably occurs due to the accumulation of very
long-chain fatty acids (VLCFAs) as a result of defects in
the peroxisomal membrane transporter protein, ABCDI1
[2-6]. Saturated VLCFA, such as hexacosanoic acid
(C26:0), accumulates in the brain and adrenal tissues of
patients and is diagnostic for ALD [7].

There is no known effective therapy for late-stage
CCALD, although hematopoietic cell transplantation
(HCT) is offered at some centers [8—12]. HCT halts disease
progression in early-stage CCALD and extends life, but
requires intensive chemotherapy to ablate the bone mar-
row. This procedure has been associated with rapid
advancement of disease during transplantation, often
leading to death as a result of rapid progression. Our group
investigated the use of high-dose intravenous N-acetyl-
cysteine (NAC) as adjunctive therapy in association with a
reduced-intensity preparative regimen to reduce oxidative
damage and improve outcomes with HCT. This resulted in
a statistically significant increase in 5-year survival [13,
14], although the underlying mechanism of NAC action is
not understood. NAC is a thiol-containing antioxidant that
scavenges free radicals, chelates metal ions, facilitates
glutathione (GSH) biosynthesis, and regulates tissue-pro-
tective genes and proteins that reduce damage inflicted by
reactive oxygen species (ROS) [15]. Antioxidants includ-
ing NAC have been shown to confer cellular protection in
in vitro and in vivo ALD models [4, 16-19]. In this study
we examined whether NAC administered to ALD patients
increases the expression of endogenous cytoprotective
proteins such as heme oxygenase-1 (HO-1) and its down-
stream effector ferritin.

2 Methods
2.1 Study Population

Boys (n = 17) with a diagnosis of CCALD undergoing
HCT at the University of Minnesota (Minneapolis, MN,
USA) from 2009 to 2012 were enrolled in a study titled
“Treatment of High Risk, Inherited Lysosomal and
Peroxisomal Disorders by Reduced Intensity Hematopoi-
etic Stem Cell Transplantation” (ClinicalTrials.gov
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identifier NCT00383448 [20]). The main objective of this
open-label clinical trial was to test a novel transplant reg-
imen for patients with advanced or high-risk, inherited,
life-threatening leukodystrophies. Consecutive eligible
patients were enrolled and are reported. A control patient
with a different diagnosis (mucopolysaccharidosis type VI)
was also transplanted on this high-risk protocol due to
having received and rejected a prior transplant and received
the identical chemotherapy regimen but without NAC. All
protocols were approved by the University Institutional
Review Board. Informed consent was obtained from all
individual participants included in the study.

Patients included in this analysis were diagnosed with
advanced radiographic disease (Loes score >10) and
received NAC (Acetadote®; Cumberland Pharmaceuticals
Inc., Nashville, TN, USA) as adjuvant therapy (70 mg/kg
intravenously every 6 h from day —11 to day —8 prior to
HCT, and days +1 to 4100 post-HCT). The median age of
ALD patients in this study was 8.2 years (range
4.4-14.5 years). The median weight of ALD patients at
HCT was 24.4 kg (range 17.3-41.5 kg). The HCT regimen
also included alemtuzumab, clofarabine, melphalan, total
body irradiation, mycophenylate mofetil, and cyclosporine
(ciclosporin) (Fig. 1) [13].

Baseline plasma samples were collected from patients
prior to NAC therapy (day —12, Pre-NAC). Samples were
also collected at three different timepoints following NAC
therapy (day -8, Post-NACI1; day +7, Post-NAC2; day
+21, Post-NAC3), as shown in Fig. 1. These samples were
collected 1 h after NAC infusion. A few samples were not
collected in some of the patients.

2.2 Determination of Plasma Heme Oxygenase-1
(HO-1) and Ferritin Levels

Plasma HO-1 levels were determined using enzyme-linked
immunosorbent assay (ELISA) method (HO-1 [human]
ELISA kit, Enzo Life Sciences, Farmingdale, NY, USA)
per the manufacturer’s protocol with the following modi-
fications to improve linearity: plasma samples were diluted
twofold using sample diluent (ADI-80-1587, Enzo Life
Sciences) prior to the assay; and normal human plasma
(Biological Specialty Corporation, Colmar, PA, USA)
spiked with 10 ng/mL HO-1 was used to performed assay
validation to establish linearity and reproducibility prior to
sample analysis.

Plasma ferritin levels were determined using ELISA
method (H-ferritin [human] ELISA kit, Abnova, Taiwan)
per the manufacturer’s protocol. Pre-NAC and Post-NAC1
samples were diluted fivefold while Post-NAC2 and Post-
NAC3 samples were diluted 20-fold. After color develop-
ment, the assay plates were read using a Synergy 2
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Fig. 1 A schematic representation of the transplant preparative
regimen and the timepoints of sample acquisition. N-Acetylcysteine
was administered intravenously for 4 days (from day —11 to day -8)
prior to hematopoietic cell transplantation, and day +1 to 4100 post-
hematopoietic cell transplantation. Plasma samples were drawn at day

microplate reader (Biotek, Winooski, VT, USA) and the
data processed using the four-parameter algorithm pro-
vided in the GenS Data Analysis Software (Biotek).

2.3 Cell Culture Conditions

Approximately 10* primary human non-transformed
fibroblast cells (derived from control and CCALD subjects
following consent) were seeded on 24-well plates (Corn-
ing®, Corning, NY, USA) in Dulbecco’s Modified Eagle’s
Medium (DMEM) containing glucose supplemented with
10 % fetal bovine serum and 1 % antibacterials. Cells were
incubated overnight in a 37 °C incubator with 5 % carbon
dioxide. Cells were exposed to 10-100 pmol/L of NAC
(Sigma-Aldrich, St Louis, MO, USA) for 4 h. HO-1 mes-
senger RNA (mRNA) expression was quantified using real-
time polymerase chain reaction (PCR) and protein
expression by ELISA (HO-1 [human] ELISA kit, Enzo
Life Sciences). Total protein levels were quantified using
Bradford protein assay (Bio-Rad, Hercules, CA, USA)
according to the manufacturer’s protocol. The amount of
intracellular ROS was quantified using fluorescence-acti-
vated cell sorting (FACS) using fluorescent CM-H,.
DCFDA probes (details can be found in the Electronic
Supplementary Material).

2.4 Statistical Analysis

Results are expressed as means & standard deviation. One-
way ANOVA and Dunnett’s test were used for multiple
comparisons. Student’s 7 test was used to compare between
two groups. A p value <0.05 was considered significant.

<=

Post-NAC2
(+7 day)

<=

Post-NAC3
(+21 day)

—12 (Pre-NAC), day —8 (Post-NAC1), day +7 (Post-NAC2), and day
+21 (Post-NAC3). CSA cyclosporine, HCT hematopoietic cell
transplantation, MMF mycophenylate mofetil, NAC N-acetylcysteine,
TBI total body irradiation

3 Results

3.1 N-Acetylcysteine (NAC) Increases Plasma
Concentrations of HO-1 and Ferritin in Patients
with Childhood Cerebral Adrenoleukodystrophy

We examined the levels of HO-1 in plasma obtained from
17 boys with CCALD who underwent HCT along with
NAC therapy. Comparison of baseline (pre-NAC) sam-
ples with those collected following NAC infusion
revealed sustained increases in HO-1 expression up to
21 days following HCT. The average Pre-NAC, Post-
NACI, Post-NAC2, and Post-NAC3 plasma HO-1 levels
were 2.7 + 0.3,8.6 £ 09,94 £ 1.9, and 10.3 £ 0.8 ng/
mL, respectively (ANOVA p < 0.0001; Fig. 2a). In order
to eliminate the interference of the HCT preparative
regimen, we also compared Pre-NAC and Post-NACI
samples that were collected prior to the regimen. HO-1
expression was observed to increase significantly fol-
lowing 4 days of NAC administration (¢ test p < 0.0001;
Fig. 2a inset).

Increased HO-1 activity can result in the increase of the
downstream antioxidative protein, ferritin. Therefore, we
examined ferritin levels in these samples. Ferritin levels
significantly increased following NAC therapy and HCT.
The average plasma levels of ferritin for Pre-NAC, Post-
NACI1, Post-NAC2, and Post-NAC3 were 33.0 £+ 8.6,
135.4 £ 21.7, 2305.0 £ 578.9, and 5557.0 & 1181.0 ng/
mL, respectively (ANOVA p < 0.0001; Fig. 2b). Com-
parison of Pre-NAC and Post-NAC1 samples also showed
a significant increase in ferritin levels following 4 days of
NAC therapy (¢ test p < 0.001; Fig. 2b inset). Notably,
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Fig. 2 Increase in plasma heme oxygenase-1 and ferritin levels after
N-acetylcysteine administration. Compared with baseline, heme
oxygenase-1 (a) and ferritin (b) levels increased significantly
throughout the hematopoietic cell transplantation process
(n = 10-17 subjects); ANOVA p < 0.0001 for both a and b. The
mean values for each group are represented by lines; one-way
ANOVA was used to compare heme oxygenase-1 and ferritin levels
for all sampling timepoints. The inset shows the increase in plasma
heme oxygenase-1 (a) and ferritin (b) levels (n = 11 subjects)

there was significant correlation between plasma levels of
HO-1 and ferritin. In the 11 patients with paired plasma
samples collected prior to and after NAC treatment, the
Pearson’s correlation coefficient » was found to be 0.74
(p < 0.0001; Fig. 2c).

3.2 NAC Increases HO-1 messenger RNA
and Protein Levels in Human Fibroblasts

In an attempt to exclude confounding factors related to the
HCT preparative regimen, we investigated the influence of
NAC on HO-1 expression in vitro. Incubation of human
control fibroblasts with increasing concentrations of NAC
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following 4 days of N-acetylcysteine administration prior to
hematopoietic cell transplantation compared with Pre-NAC samples.
A paired ¢ test was used for data analysis. (c¢) Correlation between
plasma heme oxygenase-1 and ferritin levels in Pre-NAC and Post-
NACI samples (n = 11 subjects). Pearson’s correlation r is equal to
0.74 (p <0.0001). HO-1 heme oxygenase-1, Pre-NAC plasma
samples drawn at day —12, Post-NACI plasma samples drawn at
day -8, Post-NAC2 plasma samples drawn at day +7, Post-NAC3
plasma samples drawn at day +21

revealed significant increase in HO-1 levels over baseline
(ANOVA p < 0.01 for both mRNA and protein; Fig. 3).
However, CCALD fibroblasts showed higher baseline HO-
1 levels than control, and did not show further significant
changes in HO-1 expression with NAC exposure (Elec-
tronic Supplementary Material figure 1). Analysis of the
intracellular ROS levels revealed that at baseline, CCALD
fibroblasts have significantly higher ROS (>15-fold) than
control fibroblasts (p < 0.001; Electronic Supplementary
Material figure 2). Moreover, unlike control fibroblasts,
which showed a NAC concentration-dependent increase in
ROS levels, CCALD fibroblasts showed only minimal
changes in ROS with NAC exposure.
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Fig. 3 Increased heme oxygenase-1 expression (messenger RNA and
protein levels) in the normal human fibroblast cell line following N-
acetylcysteine treatment (n = 3). ANOVA followed by a Dunnett’s
test was used to compare the treatments of different concentrations of
N-acetylcysteine with control. HO-1 heme oxygenase-1, mRNA
messenger RNA, NAC N-acetylcysteine, **p < 0.01

4 Discussion

In this study, we demonstrate for the first time the induc-
tion of HO-1 and ferritin in boys with CCALD following
intravenous administration of high-dose NAC in conjunc-
tion with HCT. The plasma HO-1 concentration is mea-
sured clinically as a surrogate biomarker of disease [21—
23], but the pharmacological induction of HO-1 is not well-
documented. Bharucha et al. [24], in a first-in-human
study, reported the activation of HO-1 following hemin
administration in healthy volunteers. In our study, we
observed an increase in plasma HO-1 levels following
NAC administration prior to HCT, which was maintained
at high levels during HCT with continuous NAC infusion.
However, during the HCT preparative regimen (day —11 to
day -8), patients received both NAC and alemtuzumab.
Thus, the influence of alemtuzumab on plasma HO-1
cannot be ruled out, although to the best of our knowledge
there are no reports showing relationship between HO-1
and alemtuzumab. Importantly, our in vitro data demon-
strate the direct relationship between NAC and HO-1
expression, without involvement of free radicals, suggest-
ing substantial contribution of NAC to the activation of
HO-1 signaling. Moreover, analysis of day —12 and day —8
samples from one patient who underwent the same HCT
preparative regimen but without NAC prior to HCT did not
show HO-1 induction (data not shown).

NAC is believed to increase intracellular GSH, a potent
endogenous antioxidant. Through its de-acetylation, NAC
provides the rate-limiting substrate cysteine for GSH syn-
thesis [25]. However, recent stable isotope-labeled studies
from our group suggest that NAC is not a direct precursor

of GSH [26]. This is consistent with a previous study that
demonstrated that NAC can release protein-bound cysteine,
suggesting that it may act indirectly to increase cysteine in
the plasma [27]. The unbound plasma cysteine is then
available for transportation into cells, enhancing GSH
synthesis, or to be eliminated from the body. Here we
demonstrate that in addition to increased biosynthesis of
GSH, the cytoprotective action of NAC is mediated by the
induction of tissue-protective proteins. The induction of
HO-1 could potentially be beneficial for patients under-
going HCT. Preclinical studies have shown that HO-1
induction in liver/bowel tissues improved overall survival
and reduced acute graft-versus-host disease rates in mouse
bone marrow transplantation models [28, 29]. Further HO-
1 was found to be important for tolerance induction during
transplantation, thereby reducing the need for ongoing
immunosuppression [30]. A recent study has also demon-
strated the beneficial effects of HCT on oxidative stress in
ALD [31].

In our study, we observed consistent high levels of HO-1
throughout the entire post-NAC period. This implies that
the induced HO-1 levels reached steady state after the first
few days of therapy. This suggests one of two scenarios:
either (i) the induction of HO-1 by NAC reached steady
state after the first few days of therapy; or (ii) the turnover
rate of HO-1 protein is such that we were not able to
observe any apparent increase in HO-1 between the two
timepoints following HCT. Excessive HO-1 induction is
harmful and has been associated with tissue iron seques-
tration and mitochondrial insufficiency in vitro [32],
highlighting that modulation of HO-1 levels is crucial for
mitigating oxidative stress. Our observation of stable HO-1
induction by NAC may therefore be beneficial, although
the optimal level is not clear. Prior to HCT, ferritin levels
increased in proportion to increases in HO-1 following
NAC administration, which indicates consistent induction
of both HO-1 and ferritin by NAC. However, following
HCT, ferritin increased almost exponentially, which is in
line with the observation that ferritin can be induced by
bone marrow transplantation [33]. Ferritin can also be an
acute-phase reactant, and in a setting of transplantation
some or all of the elevation could be related to this. Further
experiments involving patients who undergo transplanta-
tion without NAC in their regimen are necessary in order to
delineate the effect of NAC on ferritin in the context of
HCT.

5 Conclusion
Our results offer evidence that among NAC’s mechanisms

of antioxidant activity is the induction of HO-1, a possible
target protein of NAC and mediator of its cytoprotective
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effects in patients with CCALD. Further studies that con-
trol for age and other confounding chemotherapeutic
agents are needed to confirm this finding.

Author contributions Designed the experiments: RVK, JZ, LB,
HS, PJO, JC. Performed the experiments: JZ, RVK, LB. Analyzed the
data: JZ, RVK, LB, HS. Contributed essential reagents/tools: PJO, JC,
HS. Wrote the paper: RVK, JZ, LB, HS, PJO, JC.

Compliance with Ethical Standards

Funding The study was funded by a University of Minnesota
Academic Health Center Faculty Development Grant to JC and PJO.

Conflict of interest RVK, JZ, LB, HS, PJO, and JC declare that
they have no conflicts of interest.

Ethical approval All procedures performed in studies involving
human participants were in accordance with the ethical standards of
the institutional and/or national research committee and with the 1964
Helsinki declaration and its later amendments or comparable ethical
standards.

References

1. Santosh Rai PV, Suresh BV, Bhat IG, Sekhar M, Chakraborti S.
Childhood adrenoleukodystrophy—classic and variant—review
of clinical manifestations and magnetic resonance imaging.
J Pediatr Neurosci. 2013;8(3):192-7. doi:10.4103/1817-1745.
123661.

2. Vargas CR, Wajner M, Sirtori LR, Goulart L, Chiochetta M,
Coelho D, et al. Evidence that oxidative stress is increased in
patients with X-linked adrenoleukodystrophy. Biochim Biophys
Acta. 2004;1688(1):26-32. doi:10.1016/j.bbadis.2003.10.004.

3. Powers JM, Pei Z, Heinzer AK, Deering R, Moser AB, Moser
HW, et al. Adreno-leukodystrophy: oxidative stress of mice and
men. J Neuropathol Exp Neurol. 2005;64(12):1067-79. doi:10.
1097/01.jnen.0000190064.28559.a4.

4. Deon M, Marchetti DP, Donida B, Wajner M, Vargas C.
Oxidative stress in patients with X-linked adrenoleukodystrophy.
Cell Mol Neurobiol. 2015. doi:10.1007/s10571-015-0234-2
(Epub 2015 Jul 14).

5. Petrillo S, Piemonte F, Pastore A, Tozzi G, Aiello C, Pujol A,
et al. Glutathione imbalance in patients with X-linked
adrenoleukodystrophy. Mol Genet Metab. 2013;109(4):366-70.
doi: 10.1016/j.ymgme.2013.05.009.

6. Lopez-Erauskin J, Galino J, Bianchi P, Fourcade S, Andreu AL,
Ferrer I, et al. Oxidative stress modulates mitochondrial failure
and cyclophilin D function in X-linked adrenoleukodystrophy.
Brain. 2012;135(Pt 12):3584-98. doi:10.1093/brain/aws292.

7. Igarashi M, Schaumburg HH, Powers J, Kishmoto Y, Kolodny E,
Suzuki K. Fatty acid abnormality in adrenoleukodystrophy.
J Neurochem. 1976;26(4):851-60.

8. Kapelushnik J, Varadi G, Nagler A. Matched unrelated human
umbilical cord blood transplantation for X-linked adrenoleukodys-
trophy. J Pediatr Hematol Oncol. 1998;20(3):257-9.

9. Suzuki Y, Isogai K, Teramoto T, Tashita H, Shimozawa N,
Nishimura M, et al. Bone marrow transplantation for the treat-
ment of X-linked adrenoleukodystrophy. J Inherit Metab Dis.
2000;23(5):453-8.

A\ Adis

10.

11.

12.

13.

14.

15.

16.

18.

19.

20.

21.

22.

23.

Resnick IB, Abdul Hai A, Shapira MY, Bitan M, Hershkovitz E,
Schwartz A, et al. Treatment of X-linked childhood cerebral
adrenoleukodystrophy by the use of an allogeneic stem cell
transplantation with reduced intensity conditioning regimen. Clin
Transplant. 2005;19(6):840-7. doi:10.1111/j.1399-0012.2005.
00411.x.

Ringden O, Remberger M, Svahn BM, Barkholt L, Mattsson J,
Aschan J, et al. Allogeneic hematopoietic stem cell transplanta-
tion for inherited disorders: experience in a single center.
Transplantation. 2006;81(5):718-25. doi:10.1097/01.tp.
0000181457.43146.36.

Beam D, Poe MD, Provenzale JM, Szabolcs P, Martin PL, Prasad
V, et al. Outcomes of unrelated umbilical cord blood transplan-
tation for X-linked adrenoleukodystrophy. Biol Blood Marrow
Transplant. 2007;13(6):665—74. doi:10.1016/j.bbmt.2007.01.082.
Miller WP, Rothman SM, Nascene D, Kivisto T, DeFor TE,
Ziegler RS, et al. Outcomes after allogeneic hematopoietic cell
transplantation for childhood cerebral adrenoleukodystrophy: the
largest single-institution cohort report. Blood. 2011;118(7):1971-
8. doi:10.1182/blood-2011-01-329235.

Tolar J, Orchard PJ, Bjoraker KJ, Ziegler RS, Shapiro EG,
Charnas L. N-Acetyl-L-cysteine improves outcome of advanced
cerebral adrenoleukodystrophy. Bone Marrow Transplant.
2007;39(4):211-5. doi:10.1038/sj.bmt.1705571.

Zafarullah M, Li WQ, Sylvester J, Ahmad M. Molecular mech-
anisms of N-acetylcysteine actions. Cell Mol Life Sci.
2003;60(1):6-20.

Marchetti DP, Donida B, da Rosa HT, Manini PR, Moura DJ,
Saffi J, et al. Protective effect of antioxidants on DNA damage in
leukocytes from X-linked adrenoleukodystrophy patients. Int J
Dev Neurosci. 2015;43:8-15. doi:10.1016/j.ijdevneu.2015.03.
004.

. Galino J, Ruiz M, Fourcade S, Schluter A, Lopez-Erauskin J,

Guilera C, et al. Oxidative damage compromises energy meta-
bolism in the axonal degeneration mouse model of
X-adrenoleukodystrophy. Antioxid Redox Signal. 2011;15(8):
2095-107. doi:10.1089/ars.2010.3877.

Lopez-Erauskin J, Fourcade S, Galino J, Ruiz M, Schluter A,
Naudi A, et al. Antioxidants halt axonal degeneration in a mouse
model of X-adrenoleukodystrophy. Ann Neurol.
2011;70(1):84-92. doi:10.1002/ana.22363.

Fourcade S, Lopez-Erauskin J, Galino J, Duval C, Naudi A, Jove
M, et al. Early oxidative damage underlying neurodegeneration in
X-adrenoleukodystrophy. Hum Mol Genet.
2008;17(12):1762-73. doi:10.1093/hmg/ddn085.

Masonic Cancer Center, University of Minnesota. Treatment of
high risk, inherited lysosomal and peroxisomal disorders by
reduced intensity hematopoietic stem cell transplantation [Clini-
calTrials.gov identifier NCT00383448]. US National Institutes of
Health, ClinicalTrials.gov. https://www.clinicaltrials.gov. Acces-
sed 25 Nov 2015.

Bao W, Rong S, Zhang M, Yu X, Zhao Y, Xiao X, et al. Plasma
heme oxygenase-1 concentration in relation to impaired glucose
regulation in a non-diabetic Chinese population. PLoS One.
2012;7(3):¢32223. doi:10.1371/journal.pone.0032223.

Billings IF, Yu C, Byrne JG, Petracek MR, Pretorius M. Heme
oxygenase-1 and acute kidney injury following cardiac surgery.
Cardiorenal Med. 2014;4(1):12-21. doi:10.1159/000357871.
Mateo I, Infante J, Sanchez-Juan P, Garcia-Gorostiaga I, Rodri-
guez-Rodriguez E, Vazquez-Higuera JL, et al. Serum heme
oxygenase-1 levels are increased in Parkinson’s disease but not in
Alzheimer’s disease. Acta Neurol Scand. 2010;121(2):136-8.
doi:10.1111/j.1600-0404.2009.01261 .x.

. Bharucha AE, Kulkarni A, Choi KM, Camilleri M, Lempke M,

Brunn GJ, et al. First-inchuman study demonstrating


http://dx.doi.org/10.4103/1817-1745.123661
http://dx.doi.org/10.4103/1817-1745.123661
http://dx.doi.org/10.1016/j.bbadis.2003.10.004
http://dx.doi.org/10.1097/01.jnen.0000190064.28559.a4
http://dx.doi.org/10.1097/01.jnen.0000190064.28559.a4
http://dx.doi.org/10.1007/s10571-015-0234-2
http://dx.doi.org/10.1016/j.ymgme.2013.05.009
http://dx.doi.org/10.1093/brain/aws292
http://dx.doi.org/10.1111/j.1399-0012.2005.00411.x
http://dx.doi.org/10.1111/j.1399-0012.2005.00411.x
http://dx.doi.org/10.1097/01.tp.0000181457.43146.36
http://dx.doi.org/10.1097/01.tp.0000181457.43146.36
http://dx.doi.org/10.1016/j.bbmt.2007.01.082
http://dx.doi.org/10.1182/blood-2011-01-329235
http://dx.doi.org/10.1038/sj.bmt.1705571
http://dx.doi.org/10.1016/j.ijdevneu.2015.03.004
http://dx.doi.org/10.1016/j.ijdevneu.2015.03.004
http://dx.doi.org/10.1089/ars.2010.3877
http://dx.doi.org/10.1002/ana.22363
http://dx.doi.org/10.1093/hmg/ddn085
https://www.clinicaltrials.gov
http://dx.doi.org/10.1371/journal.pone.0032223
http://dx.doi.org/10.1159/000357871
http://dx.doi.org/10.1111/j.1600-0404.2009.01261.x

HO-1 Induction by NAC Therapy in CCALD Boys

1047

25.

26.

217.

28.

pharmacological activation of heme oxygenase-1 in humans. Clin
Pharmacol Ther. 2010;87(2):187-90. doi:10.1038/clpt.2009.221.
Atkuri KR, Mantovani JJ, Herzenberg LA. N-Acetylcysteine—a
safe antidote for cysteine/glutathione deficiency. Curr Opin
Pharmacol. 2007;7(4):355-9. doi:10.1016/j.coph.2007.04.005.
Zhou J, Coles LD, Kartha RV, Nash N, Mishra U, Lund TC, et al.
Intravenous administration of stable-labeled N-acetylcysteine
demonstrates an indirect mechanism for boosting glutathione and
improving redox status. J Pharm Sci. 2015;104(8):2619-26.
doi:10.1002/jps.24482.

Radtke KK, Coles LD, Mishra U, Orchard PJ, Holmay M, Cloyd
JC. Interaction of N-acetylcysteine and cysteine in human
plasma. J Pharm Sci. 2012;101(12):4653-9. doi:10.1002/jps.
23325.

Ewing P, Hildebrandt GC, Planke S, Andreesen R, Holler E,
Gerbitz A. Cobalt protoporphyrine IX-mediated heme oxygenase-
I induction alters the inflammatory cytokine response, but not
antigen presentation after experimental allogeneic bone marrow
transplantation. Int J Mol Med. 2007;20(3):301-8.

29.

30.

31.

32.

33.

Gerbitz A, Ewing P, Wilke A, Schubert T, Eissner G, Dietl B,
et al. Induction of heme oxygenase-1 before conditioning results
in improved survival and reduced graft-versus-host disease after
experimental allogeneic bone marrow transplantation. Biol Blood
Marrow Transplant. 2004;10(7):461-72. doi:10.1016/j.bbmt.
2004.04.001.

Bach FH. Heme oxygenase-1 and transplantation tolerance. Hum
Immunol. 2006;67(6):430-2. doi:10.1016/j.humimm.2006.03.
006.

Rockenbach FJ, Deon M, Marchese DP, Manfredini V, Mescka
C, Ribas GS, et al. The effect of bone marrow transplantation on
oxidative stress in X-linked adrenoleukodystrophy. Mol Genet
Metab. 2012;106(2):231-6. doi:10.1016/j.ymgme.2012.03.019.
Schipper HM, Gupta A, Szarek WA. Suppression of glial HO-1
activity as a potential neurotherapeutic intervention in AD. Curr
Alzheimer Res. 2009;6(5):424-30. doi:10.2174/156720509789
207985.

Or R, Matzner Y, Konijn AM. Serum ferritin in patients under-
going bone marrow transplantation. Cancer. 1987;60(5):1127-31.

A\ Adis


http://dx.doi.org/10.1038/clpt.2009.221
http://dx.doi.org/10.1016/j.coph.2007.04.005
http://dx.doi.org/10.1002/jps.24482
http://dx.doi.org/10.1002/jps.23325
http://dx.doi.org/10.1002/jps.23325
http://dx.doi.org/10.1016/j.bbmt.2004.04.001
http://dx.doi.org/10.1016/j.bbmt.2004.04.001
http://dx.doi.org/10.1016/j.humimm.2006.03.006
http://dx.doi.org/10.1016/j.humimm.2006.03.006
http://dx.doi.org/10.1016/j.ymgme.2012.03.019
http://dx.doi.org/10.2174/156720509789207985
http://dx.doi.org/10.2174/156720509789207985

	Mechanisms of Antioxidant Induction with High-Dose N-Acetylcysteine in Childhood Cerebral Adrenoleukodystrophy
	Abstract
	Background
	Objective
	Methods
	Results
	Conclusion

	Introduction
	Methods
	Study Population
	Determination of Plasma Heme Oxygenase-1 (HO-1) and Ferritin Levels
	Cell Culture Conditions
	Statistical Analysis

	Results
	N-Acetylcysteine (NAC) Increases Plasma Concentrations of HO-1 and Ferritin in Patients with Childhood Cerebral Adrenoleukodystrophy
	NAC Increases HO-1 messenger RNA and Protein Levels in Human Fibroblasts

	Discussion
	Conclusion
	References




