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Abstract

Oxidative stress has been demonstrated to
play a central role in the pathophysiology
of sickle cell disease (SCD). The aim of this
study was to assess the effects of the oral
antioxidant N-acetylcysteine (NAC) on the
thiol redox balance in SCD patients. As
cysteine (Cys) is the major thiol reservoir in
the plasma, this is the main indicator of the
plasma redox state and thereby a marker of

oxidative stress.

Plasma samples were used from 2 prior pro-
spective studies, evaluating the effect of oral
NAC in SCD: 1) an open label, uncontrolled,
pilot study consisting of 6 weeks of NAC
1,200 -2,400mg/day, and 6 weeks follow-up;
and 2) a randomized, placebo-controlled
trial (RCT) consisting of 6 months of NAC
1,200mg /day. By means of mass-spectrome-
try, we assessed the following markers of the
thiol redox balance: total and free (reduced)
NAG, total and free (reduced) Cys, and pro-
tein bound (oxidized) Cys.

In both studies, oral NAC significantly
increased levels of free and total NAC and
free Cys, and decreased levels of protein
bound Cys. In contrast with the pilot study,
total Cys levels were not affected in the
RCT. At baseline, the thiol markers were
independently associated with the num-
ber of hospital admissions, age, genotype,
endothelial and coagulation activation, and

advanced glycation end products.
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In conclusion, this study provides evidence
that improvement of the thiol redox balance
may be an important therapeutic target in
SCD, improving other pathophysiological
processes of the disease, and potentially even

reducing the number of hospital admissions.



Introduction

The pathophysiology of SCD is based on the
polymerization of sickle hemoglobin upon
deoxygenation, leading to microvascular
vaso-occlusion. This results in a cascade of
pathological events, including inflammation,
endothelial activation and hypercoagulabili-
ty, ultimately leading to progressive vascular

deregulation and ischemic tissue damage.’

Oxidative stress has been demonstrated to
play a central role in this pathophysiology.
High rates of reactive oxidants are produced
in SCD due to factors such as hemolysis,
ischemia-reperfusion injury and chronic
inflammation."® Clinically, increased levels
of advanced glycation end products (AGEs)
have been observed in SCD.*® Levels of the
main endogenous, intracellular antioxi-
dant glutathione (GSH) are significantly
decreased in SCD compared to controls.* It
is hypothesized that these high levels of oxi-
dative stress sustain a positive feedback loop,
further aggravating the pathophysiology and

clinical symptoms of the disease.?®

The increased availability of reactive oxi-
dants in SCD can inflict direct macromo-
lecular damage to molecules in the vicinity,
damaging lipids, proteins and DNA.2 In
addition, these oxidants can disrupt cell
signaling and physiological regulation, by
oxidizing reactive thiol residues on pro-
teins.” In the extracellular milieu, cysteine
is the main thiol reservoir and redox buffer.

Upon reacting with oxidants, cysteine will

form disulfide bonds with other thiols (thi-
ol-disulfide exchange reactions). Disulfide
bonds of cysteine residues in protein are
important contributors to the structure of
proteins. Thereby, pro-oxidative changes in
the redox state (oxidative stress) can also af-
fect the functional activity of proteins.® For
example, the thiol redox balance has been
demonstrated to modulate cell adhesion,
cell proliferation and resistance to apopto-
sis.?"2 Intracellularly, glutathione (GHS) is
the main thiol redox buffer, maintaining a

relatively reduced state within the cell.
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To assess the level of oxidative stress in vivo,

both free, unbound cysteine (Cys) and the
oxidized forms disulfide cystine (CySS) and
mixed protein bound Cys disulfide can be
quantified in the plasma. In a pro-oxidative
state, relatively low levels of free Cys and high

levels of oxidized, disulfide Cys can be ob-

served. In addition, total levels of Cys can be
measured and generally consists of a small
fraction of free Cys, and for the large part
these oxidized forms."™ Clinically, increased
levels of these markers of oxidative stress
have been associated with aging, smoking, a
high cholesterol, vascular disease, and even

mortality in coronary artery disease.'>?

As levels of oxidative stress are high in SCD,
antioxidants may be of significant therapeu-
tic potential in SCD.*2"22 The antioxidant
N-acetylcysteine (NAC) has been suggested

as potential treatment for many diseases
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associated with oxidative stress, includ-

ing diabetes, neurological disorders and
cancers.?® NAC is an important precursor of
cysteine, which is the rate limiting substrate
for GSH synthesis, and can thereby exert
antioxidant effects by optimizing GSH
availability, mainly intracellularly.® Yet, due
to its free thiol group, NAC in itself can

also act extracellularly, as a reducing agent
to break protein disulfide bonds, or even
scavenge reactive oxidants itself.?*?® In SCD,
NAC has demonstrated to exert a range of
beneficial effects, reducing markers of red
blood cell membrane damage, hemolysis
and oxidative stress.?"?2” A recent pilot
with high-dose intravenous NAC infusion

in SCD demonstrated increases in total and
free Cys, and a reduction in protein bound
disulfide Cys.?® Moreover, a decrease in large
Von Willebrand Factor multimers, platelet
activation, RBC fragments and dense cells
was observed.?® Yet, little is still known on
the effects of oral administration of NAC on

the thiol redox balance in SCD.

Recently, we have performed a phase 3,
randomized clinical trial (the NAC trial)
with the primary aim to assess the effect
of oral NAC, 1,200mg per day, on daily
life pain in patients with SCD.?® Important
secondary aims of this study were to assess
plasma levels of NAC in the trial popula-
tion, to evaluate the effects of oral NAC
on the thiol redox balance as marker of

oxidative stress, and to assess the effects of
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NAC on other pathophysiological markers.
Moreover, we used baseline measurements
of this trial to explore correlations between
the thiol redox balance and other clinical
and pathophysiological markers of SCD.
Lastly, we also used additional samples
from a previous uncontrolled, pilot study
with NAC, 1,200 to 2,400mg per day, to
further explore the effects of oral NAC on

the thiol redox balance.?!

We here present the results of these addi-

tional analyses.



Methods

Study design, population and procedures
For the current study, we used blood
samples from 2 prior prospective studies,
evaluating the effect of oral NAC in SCD: 1)
an open label, uncontrolled, pilot study?";
and 2) a randomized, placebo-controlled
trial (RCT; the NAC trial)?°. The methods
of both these studies have extensively been

described previously.?"2°

In short, the uncontrolled pilot study was a
single center study, involving consecutive,
adult patients (age 218 years) with HbSS or
HbSp’-thalassemia. Patients on hydroxyurea
(HU) were not eligible for participation in
this study. At the start of the study, they were
randomized to either 1,200 or 2,400mg of
NAC per day for 6 weeks, followed by another
6 weeks of follow-up after NAC cessation.
Both during treatment (visits 0-3) and in the
post-treatment follow-up period (visits 4-6)

blood samples were drawn once every 2 weeks.

The randomized, placebo-controlled trial
was an international, multicenter trial in the
Netherlands, Belgium and the United King-
dom. Patients were eligible for participation if
they were 12 years or older, had either HbSS,
HbSC, or HbSf3*- or HbSf*-thalassemia, and
a history of 21 vaso-occlusive crisis (VOC) per
year over the 3 years prior to enrolment. Pa-
tients using HU were eligible to participate.
Patients were randomly assigned to receive
either oral tablets of NAC 1,200mg per day

or placebo for a total duration of 6 months.

Blood samples were drawn at baseline (T0),

after 3 months (T3) and at end of study (T6).

Both studies were approved by national

regulatory authorities and the local ethics
committees or institutional review boards.
Studies were conducted in agreement with

the Helsinki declaration.

Study parameters

In samples from both the pilot study?' and
the RCT#, we assessed the following mark-
ers of the thiol redox balance: the concen-

tration of total and free, unbound NAC, the
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concentration of total and free Cys and the

concentration of protein bound, disulfide
Cys. Total Cys includes both reduced, free
Cys and all disulfide bound Cys (e.g. in
CySS, protein bound Cys, GSH-bound Cys).

All other analyses were performed on the

RCT population only.?® Based on total NAC
plasma levels, we defined two subsets of
adherent patients of the RCT; 1) patients on
NAC with total NAC levels 20.7pM at either
T3 or T6 (reliable range of detection); 2) pa-
tients on NAC with total NAC levels 26.6pM
(75% quartile of T3 and T6 values) at either
T3 or T6. In these subsets we performed an
additional, explorative analysis of the prima-
ry trial outcomes, comparing the event rate
ratios per patient year between the placebo
and NAC arm of the rate of SCD-related
pain days, the rate of days with VOC, the rate
of admission days for VOC and the rate of
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hospitalizations for VOC. These subsets were
derived from the modified intention-to-treat
population, as described previously?*, reflect-
ing patients with a minimal completed study
observation time of 110 days within the total

study follow-up of 6 months.

In addition, experimental laboratory mea-
surements were performed in the samples
of the randomized, placebo-controlled trial.
All enrolled patients with available blood
samples were included in these analyses.
The following advanced glycation end prod-
ucts (AGEs) were measured, as downstream
markers of oxidative damage: Ne-(car-
boxymethyl)lysine (CML), Ne-(carboxyethyl)
lysine (CEL) and methylglyoxal-derived
hydroimidazolone 1 (MG-H1). Moreover, we
measured pathophysiological markers for
hemolysis (reticulocytes, lactate dehydro-
genase [LDH], total bilirubin), endothelial
activation (soluble vascular cell adhesion
molecule 1 [sVCAM-1], soluble P-selectin
[sP-selectin], Von Willebrand factor antigen
[VWF:ag]), inflammation (leukocytes, C-re-
active protein [CRP], pentraxin-3 [PTX3],
nucleosomes), coagulation activation (pro-
thrombin activation fragment F1-2 [F1+2],
thrombin-antithrombin complex [TAT])
and neutrophil activation (elastase al-anti-

trypsin complexes [HNE-al-AT]).

Laboratory analysis
Markers of the thiol redox balance were

measured using (ultraperformance) liquid
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chromatography-tandem mass spectrometry
(LC-MS/MS). Citrate plasma samples were
diluted with phosphate buffer, pH 6.5, and
mixed with isotopically labeled internal
standards (IS*). To assess batch-to-batch
variation, we included a quality control
(QQC) sample of plasmav with each analysis.
All free thiols in each sample were alkylated
with N-ethylmaleimide (NEM), followed

by extraction with methanol (final concen-
tration of 80% methanol [vol/vol]) and
analysis by LC-MS/MS. To quantify total
supernatant concentration of small-molec-
ular Cys (stCys), supernatants were dried,
reduced with dithiothreitol (DTT), alkylated
with NEM, and then analyzed by LC-MS/
MS. To quantify total concentrations of thi-
ols (tCys), including protein bound thiols,
samples were first reduced with DTT, fol-
lowed by NEM alkylation before methanol
extraction. Protein bound Cys was calculat-

ed by subtracting stCys from tCys.

PTX3%°, HNE-a1-AT®*"*? and nucleosomes®?33
were measured by ELISA, as described

previously.

F1+2 and TAT, and sP-selectin and sVGCAM
were measured with ELISA using standard
kits (respectively Siemens Healthcare Di-
agnostics and R&D systems). Measurement
of VWF:ag was performed by ELISA using
commercial antibodies (Dako). Heme was
measured using a colorimetric assay (Quan-

tichrom heme kit, BioAssay Systems). AGEs



were measured using (ultraperformance)
liquid chromatography-tandem mass spec-
trometry, as described previously.** Markers
for endothelial activation and coagulation ac-
tivation were analyzed in citrate plasma. All

other markers were assessed in EDTA plasma.

Statistical analysis

Continuous variables are presented as
means with standard deviations (SD) or
medians with interquartile ranges (IQR).
Differences between groups were assessed
by an unpaired t-test or a Mann-Whitney-U
test respectively. Categorical data are
presented as proportions (%) with Fisher’s
exact tests to determine differences between
groups. To assess differences over time in
the laboratory markers between the NAC
and placebo group of the RCT population,
we compared the mean change between the
treatment arms at time point T3 and T6
with baseline values by use of a Mann-Whit-
ney-U test. Changes of laboratory markers
within patients were assessed using a paired
Wilcoxon signed rank test.

In the adherent subsets of the RCT pop-
ulation, based on total NAC levels, we
compared the event rates of the clinical
outcomes per treatment arm, as expressed
in event rate ratios, by means of a Pois-

son regression analysis, correcting for the
covariate stratification factor HU use at
baseline, and for the total study observation
time by means of an offset variable.

To explore associations between markers

of oxidative stress and both clinical and
pathophysiological markers of SCD, we per-
formed univariate and multivariate linear
regression analysis. Free Cys, protein bound
Cys and total Cys were used as independent
determinants. As the variable free Cys was
non-normally distributed, these data were
natural log transformed. All variables with a
P<.10 in univariate analysis were entered into
the multivariate model. P-values <.05 were

considered to indicate statistical significance

Part Il
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Results

Baseline characteristics

In the uncontrolled pilot study, 11 patients
were included (10 HbSS, 1 HbSB’; median
age 23 [range 20-47], 5 female), of which

1 patient withdrew after 3 weeks.?! Five
patients were randomized to the 1,200mg
group, and 5 were randomized to the
2,400mg group. Yet, one patient in the
2,400mg dose switched to 1,200mg on the
second day of treatment, due to gastro-intes-
tinal complaints.?' Baseline levels (median
[IQR]) of free Cys, protein bound Cys and
total Cys were respectively 2.5 pM (2.1-3.7),
259 pM (215-284) and 313 pM (288-349).

In the RCT, a total of 96 patients were
randomized with 48 assigned to the placebo
group and 48 to the NAC group.?° The two
treatment arms of the total RCT popula-

tion were comparable in demographic and
clinical baseline characteristics (table 1). In
addition, levels of free Cys, total Cys and pro-
tein-bound Cys were comparable at baseline.
Within the total RCT population, baseline
comparison of genotype subgroups (HbSS/
HbSB’vs HbSC/HbSB*) demonstrated sig-
nificantly higher levels of leukocytes, reticulo-
cytes, LDH and total bilirubin, and lower lev-
els of hemoglobin, in the HbSS/HbS[" group

Table 1. Baseline characteristics of the total RCT study population, per treatment arm (N=96)

Characteristic Placebo arm NAC arm
N=48 N=48
Age in years — mean *SD 28 +9 29 9
Female sex — no. (%) 30 (63) 20 (42)
Hemoglobin genotype — no. (%)
HbSS / HbSR° 33 (69) 31 (65)
HbSC / HbSB* 15 (31) 17 (35)
Use of hydroxycarbamide — no. (%) 18 (38) 19 (40)
BMI (kg/m?)— mean *SD 22 +4 22 4
Current smoking — no. (%) 6 (13) 7 (15)
Hematological parameters — mean £SD
Hemoglobin in g/dI 9.7 1.7 10.0 +1.9
Leucocyte count in x10°/L 8.1 +3.4 8.0 +3.3
Reticulocyte count in x10%/L 222 +123 212 +111
Lactate dehydrogenase in U/L 387 +181 373 +131
Total bilirubin in mg/dL 2.6 +2.2 2.0 +1.1
Oxidative stress — median (IQR)
Free Cys in yM 4.0 (3.3-5.5) 41 (3.0-5.4)
Protein bound Cys in uM 215 (196-246) 210  (185-241)
Total Cys in uM 297  (252-325) 278  (252-325)

SD, standard deviation; IQR, interquartile range
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Figure 1. Baseline comparison of free Cys, protein bound Cys and total Cys between genotype subgroups
of the RCT population (A) and between subgroups of hydroxyurea use within the HbSS/HbS[3° group (B).

(supplemental table S1). Moreover, levels of
protein bound Cys and total Cys were sig-
nificantly higher in the HbSS/HbSf° group
compared to the HbSC/HbSf* group (figure
1, respectively P=0.003 and P=0.009). Within
the HbSS/HDbS[0 group (N=64), comparison
of patients without and with HU demonstrat-
ed significantly lower levels of protein bound
Cys and total Cys in the HU treated group
(respectively P=0.017 and P=0.011). Levels

of free Cys were comparable among the 2
genotype groups and among patients with or

without HU within the HbSS/HbSf° group.

Effects of oral NAC on oxidative stress in
the uncontrolled, pilot study population
Figure 2 reflects the pilot study population,
and demonstrates the change over time in
levels of free and total NAC, free and total

Cys, and protein bound Cys per patient.

Part Il

After 6 weeks of daily, oral NAC admin-
istration, both free and total NAC, and
free Cys are significantly higher compared
to baseline values (respectively P=0.028,
P=0.005 and P=0.005). Protein bound Cys

and total Cys levels are significantly lower

after 6 weeks of treatment (respectively
P=0.005 and P=0.005). Six weeks after
cessation of treatment, both free and total
NAC levels, and total Cys levels returned

to baseline values. Yet, levels of free Cys re-
mained significantly higher, while the levels
of protein bound Cys remained significantly
lower compared to baseline levels (respec-
tively P=0.028 and P=0.013). As patient P05
appeared to have detectable free and total
NAC levels six weeks after cessation of treat-
ment, while after 6 weeks of NAC treatment
values are not detectable, there may have

been a mix-up of samples of this specific pa-
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Figure 2. Levels of free and total NAC, free and total Cys, and protein bound Cys per patient,
in the uncontrolled pilot study.

First 6 weeks patients are on treatment (either 1,200mg [undashed] or 2,400mg NAC per day
[dashed]), the last 6 weeks patients are off treatment. P-values are based on a paired comparison
of time point 6 weeks with baseline, both dosage groups combined.
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Figure 3. Median levels with interquartile ranges of free and total NAC, free and total Cys,
and protein bound Cys, per treatment arm in the RCT population.

P-values reflect the difference in mean change at time point T3 and T6 from baseline between the
placebo and the NAC arm. Median levels of free NAC were zero in both treatment arms due to the
large variability in free NAC levels between patients. Yet, a significant increase can be observed in
various individual patients in the NAC arm, indicated by the interquartile ranges (see also figure 4).
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Figure 4. Levels per patient of free and total NAC, free and total Cys, and protein bound Cys, in NAC
patients only (N=29) of the RCT population.
P-values reflect the paired comparison of time point T3 and T6 with baseline values, within NAC patients.

tient. When excluding this patient from the
analyses, the difference in free Cys between
six weeks after cessation and baseline was
not significant anymore (P=.051). All other
findings were consistent in this subgroup

analysis.
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Effects of oral NAC on oxidative stress in
the RCT population

Figure 3 and 4 reflect the RCT population,
and demonstrate the change over time in
levels of free and total NAC, free and total

Cys, and protein bound Cys. In figure 3,



medians with interquartile ranges are shown
per treatment arm and time point. We have
here compared the mean change from
baseline at time point T3 and T6 between
the two treatment arms. The mean change
from baseline in free and total NAC differed
significantly between the two treatment
arms, for both time point T3 and T6 (P<.001
for all 4 comparisons). The mean change in
free Cys differed significantly for time point
T6 compared to baseline (P=.027). The oth-
er parameters, protein bound Cys and total
Cys, did not differ in mean change between

the treatment arms compared to baseline.

Figure 4 demonstrates the individual values
per patient over time, limited to NAC pa-
tients only. A paired analysis was performed
here, comparing values at time point T3 and
T6 with baseline values within NAC patients.
Significant increases were observed in free
and total NAC at time points T3 and T6 (free
NAC respectively P=.001 and P=.001; total
NAC respectively P<.001 and P<.001), and in
free Cys at time point T6 (P=.014). Moreover,
asignificant decrease was observed in protein
bound Cys at T6 (P=.041). No changes were

observed over time in total cysteine levels.

Interestingly, of the 35 patients in the NAC
treatment arm that had blood samples avail-
able at time point T3 and/or T6, 9 patients
(26%) had total NAC levels that were below
the reliable range of detection (<0.7pM) in

all their available samples.

In supplemental figure S1 we assessed the
effects of oral NAC on our markers of oxida-
tive stress in the subset of NAC patients with
optimal total NAC levels (N=13), defined as
total NAC levels 26.6pM (75% quartile of
T3 and T6 values) at either T3 or T6. We
observed significant increases in free and
total NAC at time points T3 and T6 (free
NAC respectively P=.001 and P=.002; total
NAC respectively P=.012 and P=.005), and a
trend of increase in free Cys at time point
T6 (P=.087). Moreover, a significant de-
crease was observed in protein bound cys at

T6 (P=.046). No changes were observed over
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time in total cysteine levels.

Association of total NAC levels with markers
of oxidative stress in the RCT population

In figure 5 we assessed the correlation
between the total NAC concentration in the

plasma and the corresponding free NAC,

free and total Cys, and protein bound Cys
concentrations by means of linear regres-
sion. The analysis was limited to patients in
the NAC arm only, and to time points after
start of treatment: time point T3 (N=34) and
T6 (N=31). Strong correlations were ob-
served between the total NAC concentration,
and free NAC and free Cys levels at both
time points T3 and T6 (respectively free NAC
R?=0.93, P<.0001 and R?=0.93, P<.0001; free
Cys R?=0.14, P=.028 and R?=0.16, P=.024). A
negative correlation was observed between
total NAC and protein bound Cys at time
point T6 (R?=0.18, P=.017).
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Figure 5. Univariate correlations between total NAC and corresponding free NAC, free and total Cys,
and protein bound Cys concentrations, at time point T3 and T6.

The analysis was limited to patients in the NAC arm only, and to the time points after start of treatment: time
point T3 (N=34) and T6 (N=31).



Explorative analysis of clinical outcomes
in the RCT population

Based on total NAC plasma levels, we
defined two subsets of adherent patients

of the RCT; 1) patients on NAC with total
NAC levels 20.7uM at T3 or T6; 2) patients
on NAC with total NAC levels 26.6uM at
T3 or T6. In these subsets we did not ob-
serve any differences in the event rates per
patient year, as expressed in event rate ra-
tios, between the placebo and NAC arm for
the following outcomes: the rate of SCD-re-
lated pain days, the rate of days with VOC,
the rate of admission days for VOC or the
rate of hospitalizations for VOC (supple-

mental table S2).

Moreover, we did not observe any effects

of NAC on the mean change from baseline
between the placebo and NAC arm in the
experimental laboratory markers (hemoglo-
bin, MCV, leukocyte, platelet, erythrocyte
and reticulocyte count, LDH, total biliru-
bin, CRP, heme, PTX-3, nucleosomes, HNE-
AT, sVCAM, sP-selectin, VWF:ag, F1+2, TAT
and AGEs [CML, CEL, MG-H1]). This was
consistent in both the total study population
(N=96, supplemental table S3), in the adher-
ent subset with total NAC levels >0.7pM at
T3 or T6 (data not shown) and in the adher-
ent subset with total NAC levels 26.6pM at
T3 or T6 (supplemental table S4).

Baseline correlations between oxidative stress,
clinical and pathophysiological markers

In univariate analysis, adjusted for genotype
and use of HU, higher levels of free Cys
(less oxidative stress) were associated with
higher MCV, TAT and CML levels, and a
lower sP-selectin level (supplemental table
S5). In a multivariate model, these markers
were independently associated with free Cys.
In addition, higher levels of free Cys were
also independently associated with a lower
number of hospital admissions in the 3

years prior to randomization.

Higher levels of protein bound Cys (more ox-
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idative stress) were associated with older age,
the HbSS/HbSf? genotype, no use of HU, a
higher BMI, and higher levels of sP-selectin,
VWF:ag and CML. Of these, only the associ-
ation of HbSS/HbS’ genotype and VWF:ag

remained independently associated with

protein bound Cys in multivariate analysis.

Higher levels of total Cys (more oxidative
stress) were associated with older age, the
HbSS/HbS" genotype, no use of HU, a
higher BMI, and higher levels of VWF:ag,
F1+2 and CML. Of these, the association of
older age, the HbSS/HbSf" genotype, and
higher levels of VWF:ag, F1+2 and CML re-
mained independently associated with total

Cys in multivariate analysis.
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Discussion

In this study, we have assessed the effects of
oral NAC administration on the thiol redox
balance in patients with SCD. As cysteine is
the main thiol reservoir in the plasma, this is
an important indicator of the plasma redox
state and thereby a marker of oxidative
stress. In addition, we have explored baseline
correlations of various thiol redox markers
with both clinical and pathophysiological
characteristics in our patient population.

In the uncontrolled pilot study?', oral NAC
with a dose of 1,200 to 2,400mg per day, sig-
nificantly increased plasma levels of free and
total NAC and free Cys, while significantly
reducing levels of oxidized, protein bound
and total Cys. Six weeks after discontinua-
tion of treatment, levels of protein bound
Cys were still significantly lower compared to
baseline. Analysis of plasma samples from a
large, placebo-controlled RCT with 1,200mg
of NAC per day® demonstrated similar
results. Yet, the effects of oral NAC in this
study were somewhat less apparent and NAC
did not affect levels of total Cys here. Over-
all, these findings indicate that oral NAC
reduces oxidative stress in patients with SCD.
Moreover, we have also demonstrated that
the thiol markers of oxidative stress at
baseline were independently associated

with clinical characteristics, including the
number of hospital admissions, age and
genotype, pathophysiological markers for
endothelial and coagulation activation (VW-
F:ag, F1+2 and sP-selectin), and downstream

parameters of oxidative stress (CML). These
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findings emphasize the role of oxidative
stress in SCD, with both pathophysiological

as well as clinical relevance.

This is the first study assessing the effects of
oral NAC on the thiol plasma redox balance
in patients with SCD. Yet, there have been
few pilot studies that evaluated intravenous
NAC infusion in SCD with dosages up to 10
to 20 times as high as in the current oral
studies.?*?%3 Similar effects of NAC on the
thiol redox markers were observed during
infusion. Yet, intravenous high-dose adminis-
tration has significantly more potent effects
compared to oral NAGC, strongly increasing
levels of free Cys and decreasing levels of
protein bound Cys. In contrast with our oral
studies, levels of total Cys increased marked-
ly after infusion. Most likely, changes in total
Cys after intravenous NAC administration
largely reflect the immense quantity of free
Cys that is acutely released upon deacetyla-
tion of NAC in the plasma, while changes in
total Cys in our oral studies mostly reflect
the oxidized, disulfide bound proportion

of Cys.” After oral NAC administration,
decreases in total Cys are therefore more in-
dicative of reduced levels of oxidative stress.
Additionally, these studies also assessed the
intracellular thiol redox balance, and ob-
served increased levels of both reduced and
oxidized glutathione in whole blood after
NAC infusion, also indicative of a reduction
in oxidative stress. This was also previously

observed in our pilot study samples.?’



Beyond improving the thiol redox balance,
high-dose NAC infusion was demonstrated
to have various other beneficial effects on
pathophysiological markers of SCD, decreas-
ing RBC fragments, dense cells, and the

size of large VWF multimers, and inhibiting
platelet activation and formation of plate-
let-monocyte complexes.®® Previously pub-
lished data of the uncontrolled pilot study
demonstrated decreases in erythrocyte phos-
phatidylserine exposure, and plasma levels of
AGEs and cell-free hemoglobin after 6 weeks
of oral NAC.?' Yet, in our RCT population, we
were not able to detect any improvements in
experimental laboratory markers in the NAC
arm as compared to the placebo arm. More-
over, we did not observe any beneficial effect
of oral NAC on the clinical outcomes of this
trial, such as the rate of days with SCD-relat-
ed pain, VOC or hospital admission.
Importantly, the measured levels of free

and total NAC in the NAC arm of the RCT
population confirm our previous observa-
tion based on tablet counts, that adherence
to the study medication was not optimal.?®
Over a fourth of the patients on NAC had
total NAC levels that were below the reliable
range of detection (<0.7uM) in all their
available samples at the time points of 3 and
6 months. Yet, explorative analyses limited to
patients with adequate total NAC levels, still
showed limited effects of NAC on the thiol
redox balance and no effect on other patho-
physiological markers of SCD or any of the

clinical outcomes of this study. This would

suggest that the dosage of NAC used in this
study was too low to elicit any clinical ben-
eficial effects in our SCD study population.
In the uncontrolled pilot study, patients with
a daily dose of 2,400mg did appear to have

a more potent improvement in their thiol
redox balance, as compared to the patients

using 1,200mg per day.

Importantly, we did observe that the level
of free Cys at baseline was independently
associated with the number of hospital
admissions for VOC in the 3 years prior to

randomization. This might suggest that sus-
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tained improvement of the level of free Cys

could actually reduce the number of hospital
admissions for VOC in SCD. These findings
are supported by observational evidence
that oxidative stress during VOC is signifi-
cantly increased compared to steady state.

Moreover, the level of free Cys was also

positively associated with the MCV. Possibly,
better availability of free Cys can prevent
oxidative damage to the cell membrane,
and thereby prevent red blood cell dehydra-
tion in SCD.*"*® The thiol redox balance
also correlated with markers of endothelial
activation and coagulation activation; free
Cys correlated negatively with sP-selectin,
while protein bound and total Cys correlat-
ed positively with VWF:ag, and total Cys
correlated with F1+2. These findings indicate
that oxidative stress may contribute directly
to the pathophysiology of SCD, increasing

endothelial and coagulation activation.
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This is in line with previous studies, linking
oxidative stress to the pathophysiology and
disease severity of SCD.#%35:36.39-41 However,
whether inhibition of oxidative stress will
directly affect any of these parameters needs
to be confirmed in a prospective trial.
Lastly, we also observed that older age and
the HbSS/HbS° genotype were inde-
pendently associated with a more pro-ox-
idative state. Age is a well-known determi-
nant of oxidative stress in other disease
models.*?“? [n addition, the HbSS/HbSR’
genotype has also previously been linked to
higher levels of oxidative stress, as compared

to the HbSC/HbSp* genotype.®

Strength of this study was the combination
of data from two separate prospective trials,
assessing the effects of oral NAC in SCD in
varying dosages. Limitations to this study
include the fact that we were not able to
control the time between ingestion of study
medication and blood sampling. As the half-
life of NAC after ingestion is relatively short

)44

(approximately 6.25 hours)** this may have
led to larger variation in the measured plas-
ma levels in our studies.*® Yet, itis expected
that twice daily administration of NAC for a
prolonged period of time would allow the de-
tection of increased, plasma levels of free and
total NAC, and free Cys on average. Moreover,
decreased NAC levels do not directly imply a
loss of its antioxidant effects, as NAC is rapid-

ly metabolized into other thiols with reducing

potential in the plasma.*® The sustained re-
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duction in levels of protein bound Cys in the
pilot study, six weeks after treatment discon-
tinuation, would suggest a prolonged effect of

oral NAC on the thiol plasma redox balance.

In conclusion, oral treatment with NAC sig-
nificantly improved the thiol plasma redox
balance in patients with SCD. This emphasiz-
es the role of NAC as an extracellular reduc-
ing agent of protein disulfide bonds, beyond
acting as a substrate for glutathione synthesis
or as a direct scavenger of reactive oxygen
species.? We were unable to demonstrate
any direct effects of oral NAC on both patho-
physiological as well as clinical outcomes in
the RCT, most likely due to poor adherence
and a too low dosage of NAC. Yet, a higher
extracellular oxidant burden at baseline was
independently associated with endothelial
and coagulation activation, and with the
number of hospital admissions. Thereby, we
provide indirect evidence that improvement
of the thiol redox balance may be an import-
ant therapeutic target in SCD, improving
other pathophysiological processes of the
disease, and potentially even reducing the
number of hospital admissions. Hence, the
use of NAC and other thiol antioxidants in
SCD deserves further investigation. Oral
administration of NAC may be limited due to
the associated side effects of higher doses.?*
Encouragingly, the therapeutic potential of
intravenous administration of NAC during
VOC in SCD is currently being investigated
(NCT01800526).
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Supplemental tables

Table S1. Baseline comparison between genotype subgroups of the RCT study population (N=96)

0 .
Characteristic HbSNS=II;:SB HbS:il;:SB P
Age in years — mean *SD 27 +9 31 +9 .055
Female sex — no. (%) 36 (56) 14 (44) .283
Use of hydroxycarbamide — no. (%) 33 (52) 4 (13) <.001
BMI (kg/m?)—mean £SD 22 +4 24 +3 .002
Current smoking — no. (%) 7 (11) 6 (19) .348
Hematological parameters — mean +SD
Hb in g/dl 9.0 +1.5 11.5 +1.0 <.001
Leucocyte count in x10%/L 9.2 +3.1 5.9 +2.4 <.001
Reticulocyte count in x10%/L 261 117 131 151 <.001
LDH in U/L 451 +148 254 74 <.001
Total bilirubin in mg/dL 2.9 +1.9 1.4 +0.9 <.001
Oxidative stress — median (IQR)
Free Cys in uM 4.1 (3.0-6.1) 4.0 (3.4-4.7) .462
Protein bound Cys in uyM 219  (198-252) 199  (176-222) .009
Total Cys in uM 299  (267-340) 270  (248-302) .003

SD, standard deviation; IQR, interquartile range

Table S2. Primary and secondary efficacy end points of the RCT, in two subsets of adherent patients

based on total NAC levels

Endpoint Total NAC 20.7uM at T3 or T6 Total NAC 26.6uM at T3 or T6
(NAC, N=22) (NAC, N=11)
Event rate ratios (95%Cl) * P Event rate ratios (95%Cl) * P
Pain days 0.96 (0.51-1.82) .909 1.00 (0.45-2.24) .999
Days with VOC 0.98 (0.49-1.98) .964 1.13 (0.43-2.95) .800
Admission days 1.23 (0.31-4.89) .769 1.77 (0.35-8.97) .493
No. of admissions 0.72 (0.29-1.78) 479 0.65 (0.17-2.47) .528

Subsets were derived from the modified intention-to-treat population with at least 2110 study observation days avail-
able (N=67), including all placebo patients (N=40) and a selection of adherent NAC patients based on total NAC
concentrations during the study: 1) Total NAC levels 20.7uM (detection limit) at either T3 or T6; 2) Total NAC levels
26.6uM (75% quartile of T3 and T6 values) at either T3 or T6.
VOC, vaso-occlusive crisis; Cl, confidence interval

* Placebo arm is the reference group. Adjusted for the covariate HU use at baseline.
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Supplemental figures
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Figure S1. Median levels with interquartile ranges of free and total NAC, free and total Cys,
and protein bound Cys, in an adherent subset of NAC patients in the RCT population (N=13).
Subset was derived from the total RCT population (N=98), including a selection of adherent NAC pa-
tients based on total NAC levels 26.6uM (75% quartile of T3 and T6 values) at either T3 or T6. P-values
reflect the paired comparison of time point T3 and T6 with baseline values, within NAC patients.





