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Abstract

N-Acetyl-L-cysteine (NAC) is an endogenous cysteine metabolite. The drug is widely used in chronic obstructive pulmonary
disease (COPD) and as antidote in acetaminophen (paracetamol) intoxication. Currently, the utility of NAC is investigated in
rheumatoid arthritis (RA), which is generally considered associated with inflammation and oxidative stress. Besides clinical
laboratory parameters, the effects of NAC are evaluated by measuring in plasma or serum nitrite, nitrate or their sum (NOx)
as measures of nitric oxide (NO) synthesis. Malondialdehyde (MDA) and relatives such as 4-hydroxy-nonenal and 15(S)-
8-iso-prostaglandin F,, serve as measures of oxidative stress, notably lipid peroxidation. In this work, we review recent
clinico-pharmacological studies on NAC in rheumatoid arthritis. We discuss analytical, pre-analytical and clinical issues
and their potential impact on the studies outcome. Major issues include analytical inaccuracy due to interfering endogenous
substances and artefactual formation of MDA and relatives during storage in long-term studies. Differences in the placebo
and NAC groups at baseline with respect to these biomarkers are also a serious concern. Modern applied sciences are based
on data generated using commercially available instrumental physico-chemical and immunological technologies and assays.
The publication process of scientific work rarely undergoes rigorous peer review of the analytical approaches used in the
study in terms of accuracy/trueness. There is pressing need of considering previously reported reference concentration ranges
and intervals as well as specific critical issues such as artefactual formation of particular biomarkers during sample storage.
The latter especially applies to surrogate biomarkers of oxidative stress, notably MDA and relatives. Reported data on NO,
MDA and clinical parameters, including C-reactive protein, interleukins and tumour necrosis factor «, are contradictory in
the literature. Furthermore, reported studies do not allow any valid conclusion about utility of NAC in RA. Administration
of NAC patients with rheumatoid arthritis is not recommended in current European and American guidelines.
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Introduction

N-Acetyl-L-cysteine is an endogenous metabolite of
L-cysteine metabolism, i.e., N-acetylation mainly in the
kidney. The plasma concentration of endogenous NAC in
healthy humans is about 100 nM (Liu et al. 2010). NAC is
one of the most widely used drugs worldwide with many
areas of pharmacological applications. Adverse effects are
mostly gastro-intestinal symptoms but appear rarely. The
pharmacological effects of NAC are primarily based on
the reactivity of its sulfhydryl (SH) group (pKaCOOH, 3.24;
pK,3M, 9.5) against various functionalities (Borgstrom et al.
1986; Holdiness 1991; Tenorio et al. 2021). NAC is mainly
used as a mucolytic drug in chronic respiratory diseases
such as chronic obstructive pulmonary disease (COPD)
to decrease viscosity by reducing disulphide (S—S) groups
in proteins (Calverley et al. 2021). NAC is also used as an
antidote of acetaminophen (paracetamol) intoxication to
supply L-cysteine (Cys) by enzymatic N-deacetylation.
Cys is an essential precursor required in the biosynthesis
of glutathione (GSH), which in turn is required in the GSH
S-transferase detoxification of the toxic acetaminophen inter-
mediate N-acetyl-p-benzoquinone imine (NAPQI).

As a mucolytic, NAC is orally administered at standard
doses of 600 mg per day and reaches circulating maximum
concentrations of about 15 pM after 40 min and urinary
excretion rates of about 27 umol/12 h (Borgstrom et al.
1986). Oral administration of a single 600 mg NAC effer-
vescent tablet to five healthy young volunteers (10 mg/kg)
increased the mean plasma NAC concentration from about
0.17 uM (limit of quantitation) to 4.6 uM after 60 min,
which then decreased to 2.5 pM after 30 min (Tsikas et al.
1998). The corresponding concentrations of Cys were
10.0 uM, 18.6 uM, 17.4 uM, indicating Cys as a major NAC
metabolite of pharmacological NAC (Tsikas et al. 1998). For
intravenous application, such as in paracetamol poisoning,
considerably higher amounts of NAC are used because of
the need to detoxify large amounts of toxic acetaminophen
metabolites, notably NAPQI. Intravenous administration of
600 mg (3.7 mmol) NAC resulted in plasma concentrations
of about 300 uM with a mean elimination half-life of 2.3 h
(Borgstrom et al. 1986). Even at high oral doses (>600 mg/
day), NAC is considered pharmacologically safe (Calverley
et al. 2021; Kobroob et al. 2021). The oral bioavailability of
NAC is very low (6—-10%) in humans (Borgstrom et al. 1986;
Holdiness 1991; Tendrio et al. 2021). Chemical esterifica-
tion of NAC to its ethyl ester (NACET), a highly lipophilic
and freely permeable substance, improves its pharmacoki-
netic and pharmacodynamic properties, including oral bio-
availability in the rat, reactivity towards disulphide groups
and supply of Cys and H,S (Giustarini et al. 2012; Tsikas
et al. 2018a).
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Oral NAC in rheumatic diseases in humans

The role of NAC in rheumatic diseases has been only spo-
radically explored. There are few publications on clinical
NAC use in theumatoid arthritis (RA). In an open trial on
seven patients with refractory RA, no beneficial effects were
observed after up to 12 months of treatment with oral NAC
(600-1200 mg/d) (Jonsson et al. 1986). In RA, the utility
of oral NAC (2 %2000 mg/day for 1 week) was tested in
gold toxicity (Vreugdenhil and Swaak 1990). NAC was pro-
posed to have useful therapeutic potential in RA patients
with limited interstitial lung disease (Kelly and Saravanan
2008). More recently, NAC is increasingly investigated as
a pharmacological strategy in the activation of the meta-
bolic control of the immune system in rtheumatic diseases
in humans (Perl 2017). NAC has been used in a clinico-
pharmacological study to treat patients with systemic lupus
erythematosus (SLE) (Lai et al. 2012), a chronic inflam-
matory disease. Patients had lower GSH concentrations in
peripheral blood lymphocytes (PBL) than healthy controls.
Upon NAC administration, GSH concentrations increased in
PBL, but not in blood. Administration of high doses of NAC
(2.4 g/day and 4.8 g/day, but not 1.2 g/day) improved dis-
ease activity, presumably by regulating mammalian target of
rapamycin (mTOR) by NAC-derived GSH (Lai et al. 2012;
Wyman and Perl 2020). NAC also stimulates protein synthe-
sis in enterocytes independently of glutathione synthesis (Yi
et al. 2016). An indication was observed that oral adminis-
tration of NAC (2 x 600 mg/d for 12 weeks) to RA patients
improved their subjective health status (Batooei et al. 2018).
The authors suggested NAC as an adjuvant therapy. Yet, in
a nationwide cohort study in Taiwan, patients who took oral
NAC were found to have increased risk of knee osteoarthritis
(Yeh et al. 2020). In patients with RA, NAC administration
(2x 600 mg/d for 8 weeks) was found to exert beneficial
effects in clinical characteristics of RA (Jamali et al. 2021).
In the current European (Smolen et al. 2020) and American
(Fraenkel et al. 2021) guidelines on the treatment of RA, the
additional treatment with NAC has not been recommended.

In recent clinico-pharmacological studies on NAC (Zhang
et al. 2018; Hashemi et al. 2019; Esalatmanesh et al. 2022),
clinical laboratory measurements were accompanied with
measurements of biochemical parameters to study poten-
tial underlying mechanisms. Measured parameters included
nitrite and nitrate as indicators of nitric oxide (NO) synthesis
and malondialdehyde (MDA) as an indicator of oxidative
stress (lipid peroxidation). These studies are discussed in
more detail with respect to NO and MDA in the next section.

In this article, we will not focus on clinical chemistry
laboratory parameters related to inflammation and oxida-
tive stress such as C-reactive protein (CRP), IL-6 and TNF-
a. Yet, we should mention that reported results in human
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studies are contradictory. Zhang and colleagues reported
decrease in TNF-« in the NAC group (Zhang et al. 2018).
Hashemi and colleagues reported no differences between
NAC and placebo groups with respect to CRP, IL-6 and
TNF-a (Hashemi et al. 2019). Esalatmanesh and colleagues
reported no differences between the NAC and placebo
groups with respect to hs-CRP (Esalatmanesh et al. 2022).

Measurement of NO and MDA in human
rheumatic diseases

NO and oxidative stress are assumed to be involved in rheu-
matic diseases (Jang and Murrell 1998). In this context and
in addition to specific biochemical indicators of inflamma-
tion, the NO metabolites nitrite and nitrate may be under
certain conditions useful measures of systemic whole-body
NO synthesis (Siit6 et al. 1995; Baylis and Vallance 1998;
Tsikas 2005, 2015). Circulating and urinary MDA usually
serve as a measure of systemic and whole-body oxidative
stress, notably lipid peroxidation (Tsikas 2017).

Nitrite, nitrate, and the sum of nitrite and nitrate (NOXx)
are often measured by commercially available spectropho-
tometric ELISA Kits, which are based on the Griess reaction
after enzymatic reduction of nitrate (Tsikas 2007). MDA
and other longer aldehydes and lipid peroxides are com-
monly measured by spectrophotometric assays as the thio-
barbituric acid reactive substances (TBARS) (Tsikas 2017).
Spectrophotometric Griess- and TBARS-based are subject
of numerous interferences and artefacts, which may compro-
mise severely the analytical quality and the study outcome
(Tsikas 2007, 2017). Potential artefacts in TBARS meas-
urement in studies using exogenous antioxidants have also
been reported (Lin and Jamieson 1994). Interferences may
be of particular importance in placebo-control studies, as
placebo formulations do not contain NAC that could poten-
tially interfere. Such analytical concerns and concentrations
reported in previous studies for healthy subjects, i.e., refer-
ences values and intervals, have either not been adequately
considered or even ignored.

Administration of NAC in clinical studies
measuring NO metabolites and MDA

In a randomized controlled trial, patients with community-
acquired pneumonia were additionally treated with NAC
(Zhang et al. 2018). In the study, the NAC and non-NAC
groups were found to have very close baseline MDA plasma
concentrations of (3.20+1.43 uM versus 3.14 +1.66 uM,
P=0.689). Seven days after oral intake of NAC (2 x 600 mg/
day) by the patients of the NAC group resulted in plasma
MDA concentrations of 2.01 +0.74 uM. The respective

MDA plasma concentration in the non-NAC group after
seven days was 2.71 +1.17 puM. The close comparability of
the baseline MDA plasma concentrations in the NAC and
non-NAC groups argues for a reduction of the oxidative
stress/lipid peroxidation upon NAC treatment of the patients
with community-acquired pneumonia (Zhang et al. 2018).
The MDA plasma concentration decreased in both groups
of the study after seven days storage of the plasma samples
at — 80 °C until analysis. This may suggest that the age
difference of the plasma samples of seven days may have
influenced the extent of artefactual formation of MDA due
to sample storage. Artefactual MDA formation is expected
to be higher in the baseline samples compared to the plasma
samples obtained after seven days when baseline and treat-
ment samples are analyzed together at the end of studies (see
below). This study has not reported results on NO synthesis
(Zhang et al. 2018).

In a pilot placebo-controlled study, oral administration of
NAC (2 x 600 mg/day for 12 weeks) in addition to the basic
therapy to Iranian RA patients resulted in lower serum NO
and MDA concentrations in the NAC group (n=23) com-
pared to the placebo group (n=19) (Hashemi et al. 2019). In
the study, serum NO was measured as nitrite + nitrate (i.e.,
the sum of nitrite and nitrate) using a commercially avail-
able ELISA assay, whereas serum MDA was measured using
a spectrophotometric TBARS-based assay. This assay was
performed as reported by another group for lipid peroxides
in animal tissues yet not in serum or plasma (Ohkawa et al.
1979). NOx concentrations were lower in both groups after
12 weeks. Based on serum MDA measurements the authors
concluded that oral NAC can significantly reduce (by 16%)
several oxidative stress parameters in RA (Hashemi et al.
2019). Yet, the reported units for concentrations of serum
NOx (about 5 mmol/ml) and serum MDA (about 500 mmol/
ml) question the outcome of the study (Hashemi et al. 2019).
The correct MDA and NOx serum concentrations would be
rather of the order of 5 uM each.

In a randomized, double-blind, placebo-controlled trial,
Iranian RA patients were treated with NAC in addition to the
basic therapy (Esalatmanesh et al. 2022). Patients received
for 12 weeks either NAC (2 X 600 mg/day, n=234) or placebo
(n=36) twice a day. Several parameters including MDA and
NOx were measured in serum samples at baseline and after
12 weeks.

The serum MDA concentration in the placebo group of
the study was reported to be (mean+SD) 2.21 +1.11 pM at
baseline and 2.21 +0.98 uM after 12 weeks, indicating no
change over time in the placebo group (P=0.615) (Esalat-
manesh et al. 2022). The serum MDA concentration in the
NAC group was reported to be (mean+SD) 4.24 +1.78 uM
at baseline, but only 1.49 +1.59 uM after 12 weeks, indicat-
ing a strong decrease (65%) of oxidative stress upon NAC
treatment (P <0.001). These serum MDA concentrations are
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within the wide-ranges reported in the literature for healthy
and ill subjects using various methodologies, including
assays based on TBAR and gas chromatography—mass spec-
trometry (GC-MS) (Giustarini et al. 2009; Tsikas 2017).
The comparison of the baseline MDA concentrations did not
reveal statistical significance between the placebo and NAC
groups, although the baseline MDA values were almost two
times higher in the NAC than in the placebo group (Esalat-
manesh et al. 2022).

The serum NO, concentration in the placebo group of
the study (Esalatmanesh et al. 2022) was reported to be
[mean + standard deviation (SD)] 2.77 + 1.66 uM at base-
line and 2.78 +1.79 uM after 12 weeks, indicating no
change of the placebo treatment (P =0.303). The serum
NO, concentration in the NAC group was reported to be
(mean+SD) 5.28 +2.36 uM at baseline and 1.14 +1.47 uM
after 12 weeks, indicating a strong decrease (about 80%)
of systemic NO synthesis upon NAC treatment (P <0.001).
The comparison of the baseline NO, concentrations revealed
statistical significance between the placebo and NAC groups,
with the baseline NO, values being almost two times higher
in the NAC group (Esalatmanesh et al. 2022). Furthermore,
the serum concentrations of NO, reported for both groups
of the study (Esalatmanesh et al. 2022) are very low when
compared to the majority of reported values (Tsikas 2005,
2008) and in a general Iranian population (Ghasemi et al.
2008). Mean serum NOx concentrations of about 25 uM
were reported in a general Iranian population of apparently
healthy young and elderly subjects (age range 21-86 years)
with very slight differences between men and women (Gha-
semi et al. 2008). Specifically, serum NOx concentrations
were (95% interval) 11.5-76.4 uM in men and 10.1-65.6 uM
in women) as measured by a non-commercially available
Griess assay, that includes reduction of nitrate to nitrite by
vanadium (III) chloride (Ghasemi et al. 2010). Thus, ref-
erence serum NO, concentrations in adult Iranian popula-
tions and in other populations are much higher (Tsikas 2005,
2007, 2008) than those reported for the Iranian patients
(Hashemi et al. 2019; Esalatmanesh et al. 2022). These
groups used the same commercially available colorimetric
assay, which seems to lack satisfactory analytical reliability
including assay range and sensitivity. Thus, after deproteini-
zation and neutralization of serum samples, the serum NO,
concentrations measured in the NAC group after 12 weeks
are of the order of 1.1+ 1.5 uM and even below the sensi-
tivity reported by the manufacturer (https://zellbio.eu/?s=
nitrite). The manufacturer indicates that protein removal is
required by ultrafiltration, yet this material is not included
in the assay kit. Omitting this step is very likely to compro-
mise the measurement of NOx in serum and plasma (Tsikas
2007).

In patients (n=28) with rheumatic diseases including
RA, we measured by GC-MS lower (by 28%) serum nitrate
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concentrations than in healthy controls (19.8 vs. 27.4 uM,
P=0.014), indicating lower systemic NO synthesis in RA
(Pham et al. 2009). The urinary excretion of nitrite and
nitrate did not differ between RA patients and healthy con-
trol groups, indicating comparable whole-body NO synthe-
sis in RA patients and healthy controls (Kayacelebi et al.
2014). The serum NOx concentrations reported by Hashemi
et al. 2019 and Esalatmanesh et al. 2022 using the same
commercially available assay kits are much lower than the
concentrations reported by many other groups in healthy
and ill subjects (Tsikas 2005, 2007, 2008) including Iranian
people (Ghasemi et al. 2008, 2010). In patients with chronic
inflammatory rheumatic diseases including RA higher nitrite
concentrations are found in synovial fluid as compared to
serum (Farrell et al. 1992; Pham et al. 2009). This may indi-
cate that nitrite in synovial fluid is better suitable than in
serum or plasma in rheumatic diseases.

Pre-analytical, non-analytical
and study-design considerations
of NO and MDA

Reportedly, there are remarkable discrepancies between
studies with respect to reported serum/plasma nitrite, nitrate
and NOx concentrations measured in the NAC and placebo
groups at baseline and after treatment compared to those
measured in healthy humans. This is especially the case
when spectrophotometric assays based on the Griess reac-
tion are used. Such assays often suffer from methodological
problems, which have been discussed elsewhere in detail
(Tsikas 2007, 2008, 2017).

An important, yet rarely considered pre-analytical issue
in MDA analysis, especially in the context of long-term clin-
ico-pharmacological studies, is that of the time regarding
sample collection, storage and analysis. Non-consideration
of this pre-analytical issue is likely to compromise severely
the outcome of the study, even in placebo-controlled long-
term clinico-pharmacological studies (Tsikas 2017).

The pre-analytical issue of sample storage may be a
general concern when artefactual formation of analytes in
biological samples occurs. This is especially the case for
MDA in lipid-rich samples such as plasma, serum and tis-
sue. Remarkable artefactual formation of MDA in plasma
samples has been reported more than four decades ago (Lee
1980). The utility of plasma MDA as a measure of in vivo
lipid peroxidation has been even questioned for this reason
more than three decades ago (Hackett et al. 1988).

We have previously observed in a placebo, double-blind
clinico-pharmacological study that plasma MDA concentra-
tions were lower in the placebo and verum (drug) groups in
patients with cardiovascular disease at the end of the study
compared to baseline (Tsikas et al. 2016; Tsikas 2017).
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Results revealed that storage of plasma samples (at — 80 °C)
leads to lower MDA concentrations in the plasma samples
that were collected at the end of the study as compared to
those collected at the beginning of the study (Fig. 1). Similar
results were also obtained for 4-hydroxy-nonenal and the
F,-isoprostane 15(S)-8-iso-prostaglandin F,,, two related
biomarkers of oxidative stress (Tsikas 2017). There were
no statistically significant differences in the groups with
respect to MDA, 4-hydroxy-nonenal and 15(S)-8-iso-pros-
taglandin F,, concentrations measured in concomitantly col-
lected urine samples. Therefore, the higher plasma MDA
concentrations measured at baseline are most likely due to
artefactual formation of MDA in the plasma samples dur-
ing the sample storage period, which was at least 12 weeks
longer compared to those collected at the end of the study
(Tsikas 2017).

Fig. 1 A Plasma MDA concen-
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In the framework of clinico-pharmacological studies,
we implemented quality control (QC) systems for endog-
enous analytes including NO metabolites (Tsikas 2008),
MDA and 15(5)-8-iso-prostaglandin F,, (Tsikas and Suchy
2016). We used such a system to investigate the artefactual
formation of MDA and 15(S)-8-iso-prostaglandin F,, in
human plasma. An example is shown in Fig. 2 for total
(i.e., free and esterified) 15(S)-8-iso-prostaglandin F,,
in pooled human plasma. It is obvious that 15(S)-8-iso-
prostaglandin F, is artificially formed during storage in
— 80 °C. It is also obvious that artefactual formation of
15(S)-8-iso-prostaglandin F, is very variable and seems
to be a saturable process. 15(5)-8-iso-Prostaglandin F, is
one of theoretically 64 prostaglandin F, (PGF,) isomers.
In human plasma, the concentration of PGF, increased
50-fold after storage the plasma sample at -20 °C when
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Fig.2 Time course of the concentration of total 15(S)-8-iso-prosta-
glandin F,  (free acid and esterified to lipids) in aliquoted (1 ml) and
at — 80 °C stored human plasma samples serving as the quality con-
trol (QC) sample over 153 days. 15(S)-8-iso-prostaglandin F,, was
determined by GC-MS/MS after immunoaffinity chromatography
(IAC) column extraction and derivatization (Tsikas and Suchy 2016).

compared to the fresh unfrozen plasma sample (Morrow
et al. 1990).

Such QC systems are useful to determine the accuracy
and precision by which endogenous substances are measured
in biological samples at the time points of analysis (Tsikas
2008). Yet, they are not useful to correct for artefactual for-
mation of analytes that possess the potential for artefactual
formation during long storage periods, such as MDA and
15(8)-8-iso-prostaglandin F,,. Because of the potential of
abundant artefactual formation, reporting detailed protocols
including times and periods of sample collection, condi-
tions of sample storage and final analysis ensures scientific
visibility.

In long-term clinico-pharmacological studies, it is advis-
able first to determine baseline values of main biochemical
parameters such as MDA, and to start the treatment only
when there are no statistical differences between the groups
with respect to MDA. Age- and gender-matching in placebo
and verum groups may not suffice for successful clinico-
pharmacological studies. An alternative could be the meas-
urement of MDA in urine (Guichardant et al. 1994; Tsikas
2017). Yet, in contrast to 15(5)-8-iso-prostaglandin F,, uri-
nary MDA is rarely measured in clinical trials.

It is worth mentioning that human platelets are a major
source of MDA, which can be inhibited by acetylsalicylic
acid (aspirin) in parallel to thromboxane. In vitro, both
cyclooxygenase I (COX-I) and cyclooxygenase II (COX-II)

@ Springer
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Time (d)

n=2 for day 1, day 10, day 18, and day 74; n=3 for day 86; n=5
for day 96; n=1 each for days 149, 151 and 153, thus simulating a
long-term clinical study. Unpaired ¢ test was performed between three
groups in the periods 1 to 18 days, 74-96 days, and 149-160 days,
as indicated by the frames. Numbers on the top are mean + standard
error of the mean. d day

are producers of MDA, indicating that MDA is an enzymatic
metabolite of arachidonic acid, which can be modulated by
thiols including GSH, NAC and cysteine (Tsikas et al. 2012;
Tsikas 2017). Platelets are associated with RA. MDA pro-
duction is considered an index of platelet arachidonic acid
metabolism. MDA concentrations measured in plasma of
RA were found to be in normal range (Colli et al. 1982).
Extra-cellular thiols such as Cys, NAC and GSH can modu-
late platelet function including platelet aggregation (Tsikas
2021). A prerequisite for pharmacological NAC to exert
effects on platelets in vitro is its bioconversion GSH (Gibson
et al. 2009), yet at concentrations that cannot be reached by
regular oral doses of NAC.

Another important issue when measuring nitrite and
nitrate in urine is acute drug-induced changes (Siit6 et al.
1995). Single oral administration of NAC (600 mg) to
healthy subjects resulted in temporary elevation of the uri-
nary excretion of nitrate and nitrite (Tsikas et al. 2014). This
observation suggests that NAC administration may inhibit
renal carbonic anhydrase dependent reabsorption of nitrate
and nitrite, thus simulating enhanced NO synthesis (Tsikas
et al. 2018b).

In addition to the issues discussed above, it is notable that
many expectations of effects of antioxidants and vitamins in
clinico-pharmacological studies are rarely fulfilled (Giustar-
ini et al. 2009). A reason for this could be that expectations
are largely based on results observed in in vitro experiments
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mostly using supra-pharmacological/physiological concen-
trations that cannot be reached in vivo upon oral administra-
tion (Giustarini et al. 2009). This is likely to be the case in
NAC, because the very low bioavailability of orally taken
NAC does not allow reach mM-concentrations that are
often used in experimental studies (e.g., Anfossi et al. 2001;
Kanai et al. 2020). Even intravenous injection of 600 mg
(3676 umol) to healthy subjects does not result in plasma
NAC concentrations higher than 300 uM, which decline with
a half-life of about 2 h (Borgstrom et al. 1986).

Conclusions and perspectives

A general phenomenon in the scientific literature are the
remarkable differences in serum, plasma and urine concen-
trations of endogenous biochemical parameters (biomark-
ers) which are used as measures of health state, disease
activity and effects of drugs. In patients with RA treated
with NAC, investigated biomarkers are nitrite, nitrate and
their sum (NO,) as measures of NO synthesis and MDA as
a measure of oxidative stress, specifically lipid peroxida-
tion. Large differences between studies make reliable com-
parison difficult, may question the outcome of studies, the
efficacy of the pharmacological treatment, and the elucida-
tion of mechanisms that may underlie the drug’s action. An
important factor in long-term studies is the different age of
lipid-rich samples, such as plasma and serum, at the time of
analysis. Longer stored samples, for example those collected
at baseline, may be an abundant source of severe analyti-
cal error for biomarkers such as MDA, 4-hydroxy-nonenal,
15(S)-8-iso-prostaglandin F,, and relatives. This is because
they are readily produced artefactually in considerable, hard
to control extent during sample storage at frozen state, i.e.,
presumably independent of the drug’s action. Processing
QC samples is a useful monitoring, but it is not suitable
in quantitative analyses for correction of measurements for
artefactual formation. Other strategies and protocols may be
more efficient, such as more sophisticated study design and
time for sample analysis.

As a matter-of-fact, measured concentrations of endog-
enous analytes are considered reliable independent of the
laboratory, its analytical features and expertise. Nitrite,
nitrate and MDA belong to those analytes, but the spec-
trum of analytes is certainly very wide. This practice is often
facilitated by the commercial availability of “ready-to-use”
assays. Not least importantly, the unavoidable biological var-
iability is by nature a strong multiplier. Analytical measures
obtained by uncritical use of commercially available assays
are freely included in statistical analyses, and are used to
draw conclusions and propose potential underlying mecha-
nisms. Yet, considerable discrepancies between researcher
groups with respect to particular biomarkers such as nitrite,

nitrate and MDA generate uncertainty and doubts. Without
question, NAC and its major metabolites Cys and GSH are
antioxidants as they share the same SH functionality. Yet,
the effects of orally administered NAC and its metabolites
must not necessarily significantly add to increases in endog-
enous intra-cellular (e.g., GSH) and extra-cellular (e.g., Cys)
stores. Taken these issues together, the final result of this
practice is a kind of unwritten yet risky agreement that all
published data are eventually reliable.

The adequacy of NAC in the treatment of RA when evalu-
ated using surrogate biomarkers such as nitrite, nitrate and
MDA warrants further clinico-pharmacological studies.
Few available reports do not permit dependable evaluation,
to a major part because of the use of doubtful analytical
approaches. Often, the standard pharmacological treat-
ment of patients with RA who participate in the study is not
adequately reported, neither is a clinical outcome (such as
DAS28) mentioned. Possible interactions of adverse drug
effects of the standard RA therapy with the metabolism of
NAC, MDA and NO should be considered. Also, the clinical
effects of NAC should be measured, to compare the patients’
disease activity to the results of the blood analysis. Stud-
ies need to be well-designed and performed using carefully
tested, reliable analytical methods for the measurement of
nitrate, nitrite and MDA. Scientists need to consider previ-
ous knowledge of pre-analytical, analytical and non-analyt-
ical problems. Scientists need also to consider references
values in particular populations. The publication process of
scientific work generally needs to include peer review of
the analytical approaches used in the studies. Measurement
of MDA and other biomarkers of oxidative stress in urine
is possible and may be a serious alternative to plasma and
serum, because urine is poor in lipids and the potential of
artefactual formation is negligible. Should large trials reveal
that NO synthesis is lower in human RA than in healthy
subjects and would oral NAC administration decrease NO
synthesis, pharmacological NAC at high doses would be
possibly contra-indicated in rheumatic diseases such as
osteoarthritis. Current European and American guidelines
do not include administration of NAC in addition to basic
pharmacotherapy to patients with RA.
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