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 Abstract  

 

Background: N-acetylcysteine (NAC) has been in clinical practice for several decades. It has been 

used as a mucolytic agent and for the treatment of numerous disorders including paracetamol 

indotoxication, doxorubicin cardiotoxicity, ischemia-reperfusion cardiac injury, acute respiratory 

distress syndrome, bronchitis, chemotherapy-induced toxicity, HIV/AIDS, heavy metal toxicity and 

psychiatric disorders.  

Scope of Review: The mechanisms underlying the therapeutic and clinical applications of NAC are 

complex and still unclear. The present review is focused on the chemistry of NAC and its 

interactions and functions at the organ, tissue and cellular levels in an attempt to bridge the gap 

between its recognized biological activities and chemistry.  

Major Conclusions: The antioxidative activity of NAC as of other thiols can be attributed to its 

fast reactions with 
·
OH, 

·
NO2, CO3

·–
 and thiyl radicals as well as to restitution of impaired targets in 

vital cellular components. NAC reacts relatively slowly with superoxide, hydrogen-peroxide and 

peroxynitrite, which cast some doubt on the importance of these reactions under physiological 

conditions. The uniqueness of NAC is most probably due to efficient reduction of disulfide bonds in 

proteins thus altering their structures and disrupting their ligand bonding, competition with larger 

reducing molecules in sterically less accessible spaces, and serving as a precursor of cysteine for 

GSH synthesis.  

General Significance: The outlined reactions only partially explain the diverse biological effects of 

NAC, and further studies are required for determining its ability to cross the cell membrane and the 

blood-brain barrier as well as elucidating its reactions with components of cells signaling pathways. 

 

 

Key Words: NAC, antioxidant, GSH precursor, redox potential, disulfide bond, cell-permeability 
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Abbreviations: BBB, blood-brain barrier; CD, cluster of differentiation; CO3
·–

, carbon trioxide ion 

radical; ERK, extracellular signal regulated kinase; GSH, glutathione; HNO, nitroxyl; HOCl, 

hypocholorous acid; HOSCN, hypothiocyanous acid; Ig, immunoglobulin; I-B, inhibitor of 

nuclear factor kappa B; IKK, Inhibitor of nuclear factor kappa B kinase; IL, interleukin; INF-, 

interferon; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; mTOR ,mammalian target of 

rapamycin; NAC, N-acetylcysteine;
·
N3, azide radical; NAPQI, N-acetyl-p-benzoquinone imine; NF-

B, nuclear factor kappa B; NO, nitric oxide; 
·
NO2, nitrogen dioxide radical; O2

·– 
, superoxide ion 

radical; 
·
OH, hydroxyl radical;  PMN, polymorphonuclear leukocytes; RNS, reactive nitrogen 

species; ROS, reactive oxygen species; , thiyl radical; 
–
, thiolate; RSH, thiol; RSOH, sulfenic 

acid; SOD, superoxide dismutase; TNF, tumor necrosis factor  
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1. INTRODUCTION 

N-acetylcysteine (also known as N-acetyl cysteine, N-acetyl-L-cysteine or NAC) has been 

in clinical practice for several decades. NAC has been used as a mucolytic agent and for the 

treatment of numerous disorders such as acetaminophen (paracetamol) intoxication, doxorubicin-

induced cardiotoxicity, stable angina pectoris, ischemia-reperfusion cardiac injury, acute respiratory 

distress syndrome, bronchitis, chemotherapy-induced toxicity, HIV/AIDS, radio-contrast-induced 

nephropathy, heavy metal toxicity and psychiatric disorders including schizophrenia, bipolar 

disorder and addiction ([1-12] for reviews).  

NAC, the acetylated precursor of the amino acid L-cysteine, is pharmaceutically available 

either intravenously, orally, or by inhalation. NAC has relatively low toxicity and is associated with 

mild side effects such as nausea, vomiting, rhinorreah, pruritus and tachycardia [4]. The terminal 

half-life of NAC after a single intravenous administration is 5.6 hours where 30% of the drug is 

cleared by renal excretion [13]. The relatively low bioavailability of NAC (below 5% [13-15]) is 

thought to be associated with its N-deacetylation in the intestinal mucosa and first pass metabolism 

in the liver. The plasma is a rather pro-oxidizing milieu and, therefore, redox exchange reactions 

between NAC, cystine and cysteine proteins in the plasma produce NAC-cysteine, NAC-NAC and 

cysteine [16, 17]. The latter can cross the epithelial cell membrane and sustain the synthesis of 

glutathione (GSH), which is the ubiquitous source of the thiol pool in the body and an important 

antioxidant involved in numerous physiological processes [18-20]. These include detoxification of 

electrophilic xenobiotics, modulation of redox regulated signal transduction, regulation of immune 

response, prostaglandin and leukotriene metabolism, antioxidant defense, neurotransmitter signaling 

and modulation of cell proliferation ([19] for a review). The synthesis of GSH is tightly regulated at 

various levels and is kept at the mM concentration range [21]. Hence, the notion that the 

physiologic functions and therapeutic effects of NAC are largely associated with maintaining the 

levels of intracellular GSH is reasonable, and it is often difficult to discern the direct effect of NAC 

from those related to GSH.  
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The present review is focused on the chemistry of NAC and its interactions and functions at 

the organ, tissue and cellular levels in an attempt to bridge the gap between its chemical features 

and recognized biological activities. For simplicity and practicality the various proposed 

mechanisms underlying NAC effects, which are presented here in their respective context, are not 

necessarily mutually exclusive but might operate concurrently.  

 

2. The chemistry of NAC  

NAC is a derivative of cysteine with an acetyl group attached to its nitrogen atom and like most 

thiols (RSH) can be oxidized by a large variety of radicals and also serve as a nucleophile (electron 

pair donor). The reactivity of thiolate anions (RS
–
) towards nitrogen dioxide (

·
NO2), carbon trioxide 

ion (CO3
·–
),  azide (

·
N3) or superoxide exceeds that of RSH with the exception of hydroxyl radical 

(
·
OH), which efficiently abstracts H-atom from RSH [22]. RS

–
 reactivity towards non-radical 

oxidants, such as hydrogen peroxide (H2O2) [23], peroxynitrite [24-26] and hypochloric acid 

(HOCl) [27, 28] also exceeds that of RSH. RS
–
 reactions may proceed via one-electron oxidation or 

two-electron oxidation to generate as the initial products thiyl radical (RS ) (e.g., reaction 1) or 

sulfenic acid (RSOH) (e.g., reaction 2), respectively.  

 

RS
–
 + CO3

–
  RS  + CO3

2–
                                                               (1) 

                         H
+
 

RS
–
 + H2O2   RSOH + H2O                                                      (2) 

 

One-electron oxidation of thiols yields the respective thiyl radicals (E
o
(RS

·
/RS

–
) = 0.8 V [29]), 

which readily oxidize other biomolecules or participate in a chain reaction yielding superoxide 

(reactions 3 and 4) and/or forming the respective peroxyl radical (reaction 5), which can oxidize 

further RS
–
 (reaction 6). 

 

RS RS
–
  RSSR

–
                                                                  (3) 
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RSSR
–
 + O2  RSSR + O2

–
                                                        (4) 

RS O2  RSOO                                                                             (5) 

                          H
+
 

RSOO  + RS
– 
 RSOOH RS                                              (6) 

 

The two-electron oxidation of RS
– 

yields sulfenic acid, which produces the thiol-disulfide via 

reaction 7. 

  

RSOH + RS
– 
 RSSR OH

– 
                                                  (7) 

 

The nucleophilic addition of thiols (Michael addition) also proceeds through RS
–
 as demonstrated 

for the reaction of NAC with N-acyldopamine quinone  (reaction 8) [30].  

+  RS
-

(8)

  H
+O

O

H
N

O

HO

HO

H
N

O

SR  

Hence, the effective rate constants of thiols with various substrates at physiological pH increase 

with the decrease in their respective pKa(-SH) values. The pKa of NAC is relatively high (9.51 

(Ionic strength (I) = 1 M), 9.87 (I = 0.02 M) [31, 32] compared to other common thiols such as 

GSH (8.7 [33]), cysteine (8.18 (I = 0.1 M [33]) and cysteamine (8.3 (I = 0.2 M [34]), and therefore 

its reactivity towards most oxidants and electrophiles is lower than that of other thiols.  

The rate constants of the reactions of NAC with various substrates under different 

experimental conditions, which have been determined using various techniques, and are 

summarized in Table 1. NAC reacts rapidly with OH, NO2, CO3
–
 and thiyl radicals, which 

eventually lead to the formation of O2
–
. NAC reacts also with nitroxyl (HNO), the reduced and 

protonated form of nitric oxide (NO) (pKa(HNO) = 11.4 [46, 47]), which has been demonstrated as 

a unique species with potentially important pharmacological activities [48, 49]. The reactivity of 
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thiols towards HNO is relatively high [41], and the reaction proceeds via addition of RSH to HNO 

(reaction 9).  

 

RSH + HNO
 
 RSNHOH                                                        (9) 

 

The adduct can react with another RSH to generate the thiol-disulfide and hydroxylamine (reaction 

10) or it can form a sulfinamide via the formation of a sulfiminium intermediate (eq. 11) [50]. 

 

RSNHOH + RSH
 
 RSSR NH2OH                                             (10) 

RSNHOH 
 
    RS(O)NH2                                                (11) 

 

There is no direct reaction between thiols and NO [51-54], and nitrosation of thiols by NO takes 

place via the intermediates formed during autoxidation of NO (reactions 12 – 14).  

 

2 NO + O2
 
 2 NO2                                                                    (12) 

NO2 + NO N2O3
                                                                                

           (13) 

N2O3 + H2O
 
 2 NO2

– 
+ 2H

+
                                                   (14) 

 

The nitrosation is initiated by NO2 (reaction 15) followed by the fast reaction of RS with NO 

(reaction 16) [55].  

 

NO2 + RS
– 
 NO2

–
 + RS                                                       (15) 

RS  + NO
 
 RSNO                                                                  (16) 

 

If NO competes efficiently with RS
–
 for NO2, nitrosation may take place via reaction 17 since N2O3 

is capable of nitrosating directly the thiols [54]. 
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RS
–
 + N2O3

 
 RSNO + NO2

–
                                                      (17) 

 

The rate constant of  NAC reaction with peroxynitrite has been determined to be 415 M
-1

s
-1

 at pH 

7.4 and 37
o
C [26], and relatively high concentrations of NAC are required (> 1 mM) to successfully 

compete with the self-decomposition of peroxynitrite (1/2 = 1.9 s
 
at pH 7.4 and 37

o
C [56]), which 

produces OH and Furthermore, peroxynitrite readily reacts with CO2 (k = 5.8 x 

10
4
 M

-1
s

-1
 at pH 7.4 and 37

o
C [58]) to generate NO2 and CO3

–
 . Since the concentration of CO2 

under physiological conditions is relatively high (1 – 2 mM), NAC cannot compete with CO2 for 

peroxynitrite at concentrations below 0.1 M.  

The toxicity of most quinones is attributed to their reduction to the corresponding 

semiquinone radicals, which are readily oxidized by oxygen forming O2
–
 and/or to their reaction 

with GSH leading to GSH depletion [59]. Hence, the effect of NAC on the detoxification of 

paraquat (methyl viologen) [60-62], doxorubicin [63-65] and acetaminophen [66, 67] might be 

attributed to NAC addition to doxorubicin and N-acetyl-p-benzoquinone imine (NAPQI) thus 

replacing GSH, to the reduction of the various semiquinone radicals to their corresponding 

hydroquinones and/or to an enhancement of GSH synthesis. The experimental results with 

doxorubicin and acetaminophen are in agreement with the suggestion that NAC helps to maintain 

GSH intracellular levels [65-67], although NAC was also shown to reduce in vivo the semi-

iminoquinone back to acetaminophen [66], and to decrease paraquat-induced yield of O2
·–

 [62]. 

Recently, the rate constant of NAPQI reaction with NAC was estimated to be 9-folds higher than 

that with GSH (Table 1) where NAPQI is reduced back to acetaminophen and the thiol is oxidized 

to RSSR [44]. Thus, it has been concluded that NAPQI participates in a catalytic reaction with GSH 

and NAC, and that addition of these thiols to NAPQI does not take place [44]. 

Thiol/disulfide interchange takes place spontaneously and may also be catalyzed by thiol 

transferase (e.g., eqs 18 and 19) [68].  
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RSH + P

S

S

P

SH

S SH

P

SH

S SH

RSH + P

SH

SH

 + RSSR

(18)

 (19)

 

 

The distribution of intracellular thiols among their thiol, disulfide and mixed disulfide forms 

depends, among other factors, on the redox potential of the RSH/RSSR pair at the intracellular pH. 

The observation that there is a linear correlation between the thiolate basicities (logKa) and the 

redox potential of the RSH/RSSR pairs [69] implies that NAC is a stronger reducing agent than 

GSH, cysteine and cysteamine, e.g., the redox potential of NAC thiol/disulfide pair is higher by 63 

mV and 106 mV than those of GSH/GSSG and cysteine/cystine redox pairs, respectively [32]. The 

adjacent N-acetyl and carboxylate groups (instead of the respective −NH3
+
 and −CONH− moieties 

in GSH and peptides) both stabilize the high electron density and the concomitant high basicity and 

strong reducing power of the thiolate site in NAC.  Hence, NAC can reduce disulfide bonds in 

proteins thus disrupting their ligand bonding and altering their structures. The latter can rationalize 

the mucolytic activity of NAC, which can reduce the disulfide bonds in cross-linked mucous 

proteins. Other examples associated with protein modification induced by NAC include: decrease in 

the angiotensin II receptor binding in vascular smooth muscle cells [70]; blocking tumor necrosis 

factor (TNF)-induced signaling by lowering the cytokine affinity to the receptor [71]; reducing 

ligand binding capacity of betaglycan [72]; increasing c-Src cysteine reduced thiol content in cells, 

which primed the shift of the enzyme from the membrane into perinuclear endolysosomes [73]; 

modifying the redox state of functional membrane proteins with exofacial SH critical for their 

activity [74]. The thiolate basicity in GSH is approximately the same as that of typical thiolates in 

peptides and proteins. Consequently, a strong disulfide-reducing and concomitant mucolytic activity 
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of glutathione is not anticipated. Interestingly, some of the reducing processes take place also with 

GSH itself [74, 75].  

NAC is a metal binding compound, as is the case with other thiols, having two potential 

coordination sites at the thiol and carboxyl groups where the latter is deprotonated at neutral pH. 

NAC is capable of binding transition metal ions, such as Cu(II) and Fe(III) [76], and heavy metal 

ions such as Cd(II) [77], Hg(II) [78] and Pb(II) [79] primarily through its thiol side chain. Thus, by 

chelating toxic metal ions NAC forms complex structures, which are readily excreted from the body 

removing them from intracellular or extracellular spaces. For example, NAC enhances the renal 

excretion of Cr(IV) and Pb(IV) in rats exposed to potassium dichromate and lead tetraacetate [80]; 

attenuates copper overload-induced oxidative injury in brain of rat [81]; decreases the concentration 

of Hg(II), which induced renal damage [82]; protects against Cd(II)-induced damage in rat liver 

cells [83]. On the other hand, NAC/Cu(II) significantly alters growth and induces apoptosis in 

human cancer lines whereas NAC/Fe(III) and NAC/Zn(II) do not [76]. 

 

2.1. NAC as an antioxidant 

Reactive oxygen species (ROS), which oxidize lipids, proteins and DNA causing cellular 

damage and subsequent cell death, have been implicated in the pathophysiology of many disorders 

including neurodegenerative diseases. Endogenous antioxidant defense mechanisms include 

scavenging of ROS and reactive nitrogen species (RNS) or their precursors, binding of redox-active 

metal ions involved in the catalysis of ROS and RNS generation, and up-regulation of endogenous 

antioxidant defenses. Additionally, exogenous antioxidants could be very effective in diminishing 

the cumulative effects of oxidative stress.  

Does NAC operate as an efficient antioxidant? NAC reacts neither with O2 nor with NO. 

The rate constants of the reactions of NAC with O2
–
, H2O2 and peroxynitrite are relatively low 

(Table 1), which make the importance of these reactions under physiological conditions doubtful. In 

contrast, NAC readily reacts with highly oxidizing radicals such as OH, NO2 and CO3
–
 and can 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

11 

also bind redox-active metal ions. Thiols can also afford radio-protection through the donation of 

reducing equivalents, i.e., the carbon-centered radicals formed on DNA backbone or proteins by 

OH attack can be restituted via hydrogen donation from RSH (sometimes called “repair reaction”). 

Such process is most likely effective under hypoxic conditions where thiols compete with oxygen 

for the carbon-centered radicals. While GSH is not a major intracellular radio-protector under 

normoxia [84], other thiols or reducing systems may be useful in the radiation response [85]. 

Interestingly, NAC does not protect against ionizing radiation-induced cell killing [85-88], possibly 

due to poor cell permeability (see Section 2.2.).  

 

2.2. Does NAC cross cell membrane and blood-brain barrier (BBB)? 

The therapeutic use of antioxidants depends also on their ability to cross the cell membrane 

and those designed as neuroprotective treatment in acute or chronic neurological disorders should 

readily cross the BBB. Figure 1 shows some of the characteristics of the BBB including the 

endothelial cell membrane. Cellular membranes are only permeable to lipid-soluble molecules, but 

allow selective intra-cellular passage of water and other substances via numerous channels and 

transporters. 

Having a -COOH group (pKa = 3.31 [32]) and a –SH group (pKa = 9.87 [32]), NAC at pH 

7.4 is negatively charged (Fig. 2). Its neutral, membrane permeating form, constitutes as little as 

0.001% of the total NAC. Indeed, the partition coefficient of NAC in heptane/0.1 M phosphate 

buffer (pH 7.4) is P = 4 x 10
-4

 (logP = -3.4) [89], and its distribution coefficient in octanol/0.1 M 

phosphate buffer (pH 7.4) is D = 4 x 10
-6

 (logD = -5.4) while logD = 0.85 for NAC ethyl ester, 

which is a neutral molecule at pH 7.4 [15]. The neutral form of NAC becomes predominant at pH < 

3.3, allowing membrane penetration from the gastric fluid (pH 1.5 – 3.3) by passive diffusion.  

Once NAC enters the systemic circulation by the gastric or by other intravenous routes, it can only 

leave the blood vessels after N-deacetylation or by a carrier-mediated active transport, which has 

not yet been reported for NAC. Similar to NAC, GSH (pKa1(-COOH) = 1.9, pKa2(-COOH) = 3.5, 
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pKa(-SH) = 8.7, pKa(-NH2) = 10.1  [33]) is in its ionic form at pH 7.4 and does not cross the cell 

membrane and BBB [90, 91], but its precursor cysteine (pKa(-COOH) = 1.9, pKa(-SH) = 8.18, pKa(-

NH2) = 10.36  [33]) is a neutral species at 1.9 < pH < 8.2 that does cross the cell membrane and 

BBB, and is also transported by a ubiquitous more effective alanine-serine-cysteine sodium-

dependent transport system [92] or by a less efficient hetero-exchange with glutamate as cystine in 

astroglial cells [93]. 

Some papers refer to NAC as a membrane-permeable cysteine precursor [18, 94-97], others 

assume that NAC operates inside the cells [2]. Cotgreave et al. [98] reported that isolated intestinal 

epithelial cells of rats rapidly metabolize 
14

C-NAC (cysteine moiety) to 
14

C-cysteine when a dose of 

NAC was inserted into the isolated intestinal segment, and neither free NAC nor disulfide-bound 

NAC could be detected intracellularly. In other experiments, NAC was not detected, free or bound 

in disulfides, in either of the bronchoalveolar lavage components of volunteers/patients receiving 

the drug orally [99, 100]. Giustarini et al. [15] have shown that when rats were intravenously 

injected with NAC, the concentrations of NAC and cysteine in RBC were very small, but increased 

dramatically when NAC was replaced with NAC ethyl ester. Mazor et al. [101] reported that NAC 

treatment of red blood cells (RBC) exposed to oxidizing agents, as well as of control cells, 

enhanced cellular thiol levels and concluded that NAC penetrates the cells easily although such an 

enhancement can be attributed to penetration of cysteine formed outside the cells via N-

deacetylation. 

The published reports on the ability of NAC to cross the BBB are also contradictory. 

Sheffner et al. [102] have demonstrated that 2 h following oral administration of 
35

S-NAC to rats, 

an appreciable radioactivity was observed in all tissues tested. The highest concentration of 
35

S was 

in kidney and liver, followed in descending order by adrenal, lung, spleen, blood, muscle and brain.  

McLellan et al. [103] reported that the intraperitoneal or tail vein injection of 
14

C-NAC to mice 

resulted in its uptake into most tissues tested, except for the brain and spinal cord. Similarly, 

Arfsten et al. [104] reported that 
14

C-NAC and/or its metabolite cysteine rapidly distributed to most 
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tissues, excluding the brain, after intra-oral administration of the drug in rats. Erickson et al. [105] 

measured low level of 
14

C-NAC uptake by the brain following intraperitoneal administration to 

mice, and reported that the BBB permeability of NAC increased following intraperitoneal 

administration of lipopolysaccharide (LPS). Offen et al. [106] have shown that oral or 

intraperitoneal administration to mice of NAC or NAC amide, which is a neutral molecule at pH 

7.4, resulted in the appearance of NAC amide but not of NAC in brain extract. When NAC was 

administrated intravenously to rats, only low levels of cysteine were measured [15]. When NAC 

was replaced with NAC ethyl ester, there was a dramatic increase in the levels of NAC and cysteine 

due to rapid hydrolysis of NAC ethyl ester in the brain [15]. By contrast, Neuwelt et al. [107] 

reported that 
14

C-NAC crossed the BBB extremely well when given intra-arterial into the carotid 

artery of rats, and Farr et al. [108] have demonstrated that the majority of 
14

C-NAC crossed the 

BBB when mice were administered with the drug by injection into the jugular vein. A plausible 

explanation is that NAC can enter the cell when the membrane is impaired under oxidative stress, 

i.e., formation of aqueous pores (leaks), permeable to both non-electrolytes and ions [109-111]. 

Indeed, Erickson et al. [105] used 
14

C-NAC and showed that LPS increases the BBB permeability 

of NAC, but this observation does not explain in their LPS model the protective effect of NAC in 

the serum, but not in the brain. 

The assay of NAC in biological systems is complex because as a typical thiol, it might be 

oxidize to disulfide species or undergo transhydrogenation reactions with other thiol redox couples, 

resulting in the potential introduction of artifacts. An alternate experimental approach, which has 

not been previously tested, would be to label the carbon on the acetyl rather than on the cysteine 

moiety coupled with measurements of intracellular thiol levels.  

 

3. Biological activities of NAC 

NAC has been shown to interact with various metabolic pathways including, but not limited 

to, regulation of cell cycle and apoptosis; carcinogenesis and tumor progression; mutagenesis; gene 
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expression and signal transduction; immune-modulation; cytoskeleton and trafficking; and 

mitochondrial functions [2]. As presented herein, the GSH-independent mechanisms underlying 

NAC activity are only partially understood. Furthermore, since the reactions of NAC with various 

ROS as well as reactive nitrogen species (RNS) are kinetically unfavorable, the elucidation of such 

mechanism(s) is not straightforward. It is not attempted to cover the entire literature but rather to 

present different aspects of NAC biologic activities and cite various examples. 

 

3.1. NAC and regulation of cell cycle and apoptosis 

Various effects of NAC on regulation of cell cycle and apoptosis have been reported, 

including the inhibition of proliferation of mammalian, normal human cells [112-114], and also of 

transformed cells [115]. The authors of these studies found that NAC modulates the levels of 

various target genes and/or proteins. For example, the NAC-induced inhibition of proliferation of 

keratonocytes, and colon and ovary carcinoma cells was associated with up-regulation of p53, small 

heat shock protein 27, N-myc downstream-regulated gene-1, E-cadherin, and with suppression of 

microtubules aggregation and of c-Src tyrosine kinase [115]. More importantly, studies have clearly 

shown that NAC can affect cell cycle regulation and inhibit induction of cyclin D and DNA 

synthesis, which led to a G1 arrest of phorbol ester-induced NIH 3T3 cells in vitro [116]. NAC also 

induced cyclin-dependent kinase inhibitors such as p16 and p21, independent of p53, which resulted 

in G1 arrest [117]. An additional effect of NAC on regulation of cell cycle was seen upon studying 

pheochromocytoma PC12 cells, commonly used for the study of cellular signaling system. NAC 

also activated Ras-extracellular signal regulated kinase (ERK), inducing immediate early genes 

such as c-fos and c-jun, and inhibiting DNA synthesis and proliferation [118]. Similarly, treatment 

of hepatic stellate cells with NAC resulted in sustained activation of ERK, Sp1 phosphrylation, 

induction of p21 expression and G1-growth arrest [119]. Apparently, this effect on mitogen-

activated protein kinase signaling pathways was shown to depend on the redox-state of the cells 

[120]. Inhibition of angiotensin II-ERK mitogenic activation by NAC was also seen for cardiac 
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fibroblasts [121]. Interestingly, NAC inhibited phosphorylation of the angiotensin-II epidermal 

growth factor receptor, but not the receptor’s stimulated response. The inhibition of the trans-

activation of the receptor indicates that NAC affected the cross-talk between a G-protein linked 

receptor and a tyrosine kinase receptor [122]. Numerous studies conducted using both in vivo and in 

vitro experimental models  have also demonstrated that NAC can modulate apoptosis [123]. For 

example, NAC was shown to prevent apoptosis of serum-deprived neuronal cells [124], glutamate-

induced apoptosis of oligodendrocytes, and TNF--induced apoptosis of fibroblasts [125] and of 

human U937 neurons [126]. Similar protective effect of NAC was also shown against O2
–
-mediated 

apoptosis of selenite-treated HepG2 cells. The apoptotic pathway initiated by elevation of O2
– 

flux 

was characterized by the release of cytochrome c, alteration of mitochondrial membrane potential, 

caspase-3 activation and DNA fragmentation. Treatment with NAC significantly reduced the level 

of O2
– 

and inhibited the apoptotic pathway [127]. NAC was also shown to protect against 

peroxynitrite-induced apoptosis by modulating levels of O2
–  

and H2O2 [128], and to afford 

protection against cocaine-induced apoptosis by up-regulating anti-oxidative enzymes such as 

manganese superoxide dismutase (Mn-SOD), Cu/Zn-SOD, glutathione peroxidase [129] and 

catalase [130]. The anti-apoptotic effect of NAC is reportedly associated with changes in various 

genes/proteins such as an increase in c-jun and c-fos expression in TGF--treated human ovarian 

adenocarcinoma cell line [131]. In particular, the anti-apoptotic effect of NAC was associated with 

modulation of the levels of cell cycle proteins such as p53, retinoblastoma, and cyclin-dependent 

kinase inhibitor p21. However, evidence has shown that the modulation of apoptosis afforded by 

NAC depends on both cell-type and stimuli-specific and is thus very complex [132]. Underscoring 

this complexity are several reports demonstrating pro-apoptotic effect of NAC as well [112]. NAC 

enhanced hypoxia-induced caspase-3 activation and apoptosis in murine embryonic fibroblasts, and 

human pancreatic, melanoma and lung carcinoma cells.  NAC inhibited hypoxia-induced nuclear 

factor kappa B (NF-B) binding to DNA and NF-B-dependent gene expression [133, 134]. Thus, 

the conclusion that NAC is solely an anti-apoptotic agent is probably an over-generalization. 
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3.2. NAC, signal transduction and gene expression 

The effects of NAC are most commonly attributed to its capability to scavenge ROS and 

elevate cellular GSH levels [35, 60, 135-142], although it has also been shown that thiols 

supplementation (oral or intra-peritoneal) can be associated with an increase of cysteine level 

without a concomitant rise in GSH synthesis [143]. This is especially true when GSH pools are 

normal [144]. Regardless of its origin, the redox state of thiol proteins is widely considered to be a 

principal mechanism by which ROS and RNS are integrated into cellular signal transduction 

pathways [19, 145], and it is not surprising that NAC affects redox-sensitive signal transduction and 

gene expression both in vitro and in vivo. For practical reasons, the following discussion is focused 

on the effects of NAC on NF-B, which is central to the regulation and expression of stress 

response genes under inflammatory and oxidative challenges [146]. Nevertheless, NAC affects also 

other signal transduction pathways and the expression of various genes [123],  and directly 

modulating the activity of common transcription factors both in vitro and in vivo. NF-B represents 

a family of proteins sharing the Rel homology domain, which bind to DNA as homo- or hetero-

dimers (p50/p65) and activate a multitude of cellular stress-related and early response genes such as 

genes for cytokines, growth factors, adhesion molecules, and acute-phase proteins. While oxidative 

stress is an effective inducer of NF-B, treatment of cultured cells in vitro or clinical sepsis with 

NAC suppressed NF-B activation and subsequent cytokine production [147, 148], possibly 

reflecting redox-regulation of transcription factor expression. NF-B is naturally bound to an 

inhibitor of NF-B (I-B) that prevents its nuclear translocation. Dissociation of I-B following its 

phosphorylation by specific kinase of NF-B (IKK) allows its poly-ubiquitination and degradation 

by the 26S proteasome, and the transport of NF-B to the nucleus. Administration of NAC 

suppressed the 19S regulatory, but not the 20S catalytic subunit of 26S proteasome activity, thereby 

inhibiting NF-B activation [149]. Furthermore, NAC also inhibited the IKK themselves [150]. In 

contrast, NAC was shown to activate NF-B and elevate at least one of its target genes, Mn-SOD in 
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human microvascular endothelial and lung adenocarcinoma (A549) cells. As other reducing agents 

activate NF-B, it has been suggested that an oxidized form of NF-B, which is not in complex 

with I-B, exists in the cytosolic fraction and must be reduced (reduction of a disulfide in the p50 or 

p65 subunits) to exert its DNA binding activity. Indeed, NF-B has been shown to be activated in 

the absence of I-B degradation through an iron-mediated mechanism [151, 152]. Modifications of 

p65, such as phosphorylation at serine 536, required for optimal function were also induced by 

NAC through activation of phosphatidylinositol 3-kinase [153]. It is possible that these seemingly 

contradicting results could actually converge in a single signaling event for a specific gene such as 

Mn-SOD [154]. Interestingly, N-acetyl-D-cysteine, which cannot be de-acetylated or participate in 

the biosynthesis of GSH, activates NF-B [155].  

 

3.3. NAC, cytoskeleton and trafficking 

NAC has been shown to modulate the levels of various adhesion molecules [156, 157] and 

to affect cytoskeleton structure and trafficking. In vitro studies have demonstrated that treatment of 

human epidermoid carcinoma cells with NAC protected against menadione (2-methyl-1,4-

naphtoquinone) induced oxidation stress. The effect of NAC was attributed to improved cell 

adhesion properties. It was suggested that NAC modulated the kinetics of focal points development 

rather than changing the expression of receptors for extracellular matrix molecules [158]. These 

findings that NAC can modulate cytoskeleton-dependent processes such as cell-cell interaction have 

been corroborated also using non-adherent cells [159, 160]. Intracellular transport of NF-B was 

also affected by NAC and the cellular redox state. Oxidative modification of tubulin by disulfide 

links between cysteine-containing subunits was shown to affect its assembly into microtubules. 

Addition of NAC to cultured neurons and developing fetal rat brain restored tubulin dynamics and 

improved the nuclear transport of NF-B [161]. NAC was also shown to modulate the levels of 

cluster of differentiation 11b (CD11b), a surface-integrin that bridges cytoskeleton and cell 

membranes. CD11b, which acts as a binding protein for intracellular adhesion molecule-1 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

18 

undergoes ROS-mediated up-regulation in activated microglial cells in various neurodegenerative 

diseases. In contrast, addition of NAC was shown to down-regulate the levels of CD11b via an NO-

guanylate cyclase cGMP pathway [162]. NAC was reported to affect trafficking of intracellular 

proteins. 

Cytochrome P450 proteins, which are known for their metabolic role in detoxification of 

drugs, are also responsible for generation of deleterious ROS. Studies of transiently transduced 

HepG2 cells expressing endoplasmic reticular cytochrome P450 3A4 have shown that treatment 

with NAC not only reduced the levels of ROS, but also and more importantly suppressed the 

secretion of proteins such as intracellular adhesion molecule-1 (ICAM-1), metalloproteinase-2 

(MMP-2), platelet derived growth factor (PDGF) and vascular endothelial growth factor (VEGF). 

Thus, NAC was shown to alter both the autocrine and paracrine signaling [163]. 

 

3.4. NAC and immuno-modulation 

Overwhelming data supports the immuno-modulatory activity of NAC. Clinically, NAC 

improved the ocular symptoms of subjects with Sjogren’s syndrome [164], enhanced natural killer 

and T-cell function, and delayed the reduction in CD4+ levels in HIV patients [165, 166]. 

Administration of NAC to post-menopausal women improved immune functions as exhibited by 

enhanced phagocytic capacity, leukocytes chemotaxis, natural killer function, and decreased TNF- 

and interleukin-8 (IL-8) levels [167]. NAC was also proven beneficial in patients with the 

autoimmune disorder systematic lupus erythematosus (SLE). In these patients, the mechanism 

underlying NAC activity was ascribed to a blockade of the mammalian target of rapamycin 

(mTOR) in T lymphocytes. Activation of mTOR occurs upon GSH depletion or after exposure to 

NO, which causes mitochondrial hyperpolarization and can lead to down-regulation of the 

transcription factor forkhead box P3 and subsequent decline in CD4+ CD25+ T cell population. 

NAC blocked the activation of mTOR and increased the number of T lymphocytes [168]. Similar in 

vitro enhancement of T-cell growth and function (production of IL-2) was demonstrated when 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

19 

peripheral blood T-cell were treated with NAC [169]. NAC was reported to affect both cellular and 

humoral immunity by inhibiting the production polyclonal immunoglobulins (Ig) from B cells as it 

down-regulating the expression of B cell co-stimulatory surface molecules (CD40 and CD27), and 

IL-4 production [170]. NAC also enhanced the phagocytosis of IgG-opsonzied yeast particles by 

human polymorphonuclear leukocytes (PMN) [171], and the antibody-dependent cellular 

cytotoxicity of PMN from HIV+ patients [172]. In fact, NAC reversed the T1 helper cells/T2 helper 

cells cytokine balance in activated macrophages [173]. Similarly, NAC impaired chemotaxis of 

PMN and monocytes [174], and phorbol-stimulated aggregation of PMN [175], while 

concomitantly lowering H2O2 levels [176]. Additional changes in the levels of ROS/RNS were also 

reported for NAC-associated immuno-modulatory effects. NAC inhibited NF-B-mediated LPS, 

IL-1, or interferon (INF--induced NO production by macrophages, glial cells and astrocytes 

[177]. These findings are in agreement with the inhibition of inducible NO synthase by NAC in 

vivo. [178]. NAC also decreased lipid peroxidation and generation of O2
–
 by activated PMN in a 

calcium-independent manner [179].  

 

3.5. NAC and mitochondria 

Unsurprisingly, studies have demonstrated that NAC can affect mitochondrial processes, 

especially those associated with oxidative phosphorylation. Animal studies have shown that long 

term treatment with NAC can improve both heart- and brain-mitochondrial activity in rats [180], 

and to protect against age-related decline in specific activities of complex I, IV and V in hepatic 

mitochondria of mice [181]. Similar protective effect was also seen in rats subjected to traumatic 

brain injury. NAC not only restored the mitochondrial electron transfer but also improved calcium 

uptake activity [182]. In vitro studies corroborated these findings and showed that NAC can protect 

hepatic mitochondrial cytochrome c oxidase, complex I, IV and V activities, preserve ATP levels 

[183, 184], and mitochondrial potential [185]. The restoration of the electron chain transfer process 

by NAC was attributed at least in part to the redox-state of the thiols groups in the mitochondrial 
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complex [186, 187]. In another animal study, NAC was shown to protect against INF- induced 

xanthine oxidase mediated suppression of hepatic cytochrome P450. The protective effect was 

attributed to the scavenging of superoxide by NAC rather than to its non-heme iron chelation 

properties, although the latter does occur [188]. Other studies have shown that NAC mildly 

stimulated detoxifying phase II enzymes but had little influence on phase I enzymes [142, 189] 

 

3.6. NAC, mutagenesis, carcinogenesis and tumor progression 

NAC demonstrated anti-mutagenic and anti-neoplastic activities, which include blocking of 

electrophilic metabolites and of direct-acting compounds, either of endogenous or exogenous 

source, attenuation of several xenobiotic-metabolizing pathways, and protection of DNA-dependent 

nuclear enzymes mutations [142, 190]. The modulation of genotoxic, oncogenic, and tumor 

progression processes by NAC was studied extensively in biochemical, cellular and whole animal 

models [123]. For example, NAC inhibited hydroxyl-generated adduct of isolated DNA [191], and 

NO-induced single-strand DNA breaks [192]. NAC was also shown to protect endothelial, 

lymphoid and epithelial cells against genotoxic insults in vitro [193, 194]. Similarly, NAC also 

attenuated cytogenetic alterations in animals exposed to cigarette smoke [195, 196]. The anti-

proliferative and anti-apoptotic effects of NAC and some of its interaction with various signal 

transduction pathways were described in previous paragraphs. NAC was reported to modulate 

tumor progression both in vitro and in vivo. It was shown to inhibit angiogenesis (e.g. inhibition of 

production of vascular endothelial growth factor) [113, 197, 198] and to decrease tumor 

invasiveness. This chemopreventive feature was attributed to inhibition of extracellular matrix 

degrading enzymes. For example, NAC was shown to suppress type IV collagenease and to prevent 

invasion and metastasis in murine models [199]. It was also shown to inhibit MMP-2 and MMP-9 

in human cancer cells, which could alter tumor progression and metastasis [200, 201]. At least in 

the case of MMP-9, the inhibition was attributed to S-nitrosylation of the pro-metaloproteinase. 
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Computational molecular modeling demonstrated the feasibility of NAC docking at the MMP-9’s 

nearest the active-site zinc [202].  

 

3.7. NAC and heart disease  

The possible therapeutic effects of NAC in heart disease were addressed in several studies. 

Equivocal effects of NAC on the levels of homocysteine and lipoprotein in plasma have been 

reported [203-205]. Still, NAC was shown to suppress the severity of experimental atherosclerosis 

in apoliproteinE-deficient mice by decreasing O2
– 

levels and macrophage aggregation [206]. Using 

the same animal model NAC was shown to inhibit NF-B, MMP-2 and MMP-9, and to suppress the 

deleterious atherosclerotic plaque destabilization process [157]. NAC was also suggested as a 

therapeutic in ischemia-reperfusion injury, where ROS play an important role, by affording 

protection against ischemia-reperfusion injury in the Langendorff isolated heart model [207]. In this 

model the effect of NAC was ascribed to a direct scavenging of hydroxyl radicals and to 

improvement of the coronary microvasculature. The latter could result from the formation of S-

nitrosothiols and inhibition of angiotensin converting enzyme [208]. Interestingly, NAC was shown 

to improve cardiac function without modulating the levels of GSH [209]. [209]. Clinically, 

administration of NAC with nitroglycerin and streptokinase resulted in reduction of oxidative 

damage and improved left ventricular function in patients suffering from myocardial infarction 

[210, 211]. The cardio-protective effects of NAC were also associated with changes in platelet 

aggregation [212] and with macro-vascular dilation [213]. Similarly, NAC was shown to improve 

vascular dilation and to restore cerebrovascular responsiveness in animals subjected to experimental 

brain injury [214]. NAC was also reported to affect microvasculature through inhibition of the 

mitogen-and stress-activated protein kinase endothelin-1 pathway in vitro. NAC suppressed 

expression of endothlin-1, a potent vasoconstrictor produced by endothelial cells, by inhibiting p65 

Ser276-MSK phosphorylation of NF-B. This is in contrast to previous reports, which described 

NAC-mediated inhibition of NF-B activation induced by TNF- as a general phenomenon, the 
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drug had no effect on I-B degradation, p65 translocation, or phosphorylation of Ser536, indicating 

that such activity is cell-type specific [215]. 

 

3.8. NAC and psychiatric disorders 

The field of neuropsychiatry provides an excellent opportunity to illustrate the mechanistic 

complexity of NAC. This is mainly because many neuropsychiatric disorders have a multi-factorial 

etiology that involves inflammatory pathways, glutamatergic transmission, oxidative stress, GSH 

metabolism, mitochondrial function, neurotrophins and apoptosis [12]. Since NAC is known to 

interact with most of these pathways it has been studied for its possible use for treatment of various 

neuropsychiatric disorders. Indeed, in recent years more than twenty clinical trials (randomized or 

otherwise) have employed NAC as an adjunctive treatment in various disorders. These include 

methamphetamine [216] and cannabis dependence [217, 218], nicotine [219, 220] and cocaine 

addiction [221-223], pathological gambling [224], obsessive-compulsive disorder [225], 

trichotillomania, nail biting and skin picking [226], schizophrenia [227, 228], bipolar disorder [228, 

229], autism [230], and Alzheimer’s disease [231, 232]. Interestingly, in most of these studies NAC 

was proven beneficial as it improved clinical outcome. Most of the plausible mechanisms presented 

herein are not exclusive to neuropsychiatric disorders but rather pertain to a broader scope of patho-

physiological processes. This is also evidenced by similar efficacy in neurological conditions such 

as Alzheimer’s disease. 

As stated above, NAC was proven an effective immuno-modulator. Similarly, it was used to 

modulate peripheral and central nervous system inflammatory pathways and cytokine levels in 

neuropsychiatric disorders. NAC reduced the levels of pro-inflammatory cytokines TNF-, IL-1 

and of NF-B in rodents subjected to traumatic brain injury or focal cerebral ischemia [233, 234], 

and decreased the levels of pro-inflammatory cytokines IL-6 and IL-10 in LPS-treated rat fetal brain 

[235]. In particular, NAC suppressed microglia activation [236], which are known to promote 
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neurotoxicity [237], and to inhibit NF-B-mediated LPS, IL-1, or INF--induced NO production 

by macrophages, glial cells and astrocytes [177]. 

NAC also affects neurotransmission. It can modulate the levels of excessive extracellular 

glutamate, which cause excitotoxic damage in models of schizophrenia and addiction. For example, 

NAC normalized the levels of glutamate in the nucleus accumbens of cocaine-treated rats [238]. 

NAC appears to modulate intracellular calcium, which is germane to the dysregulation of receptor 

mediated calcium release, documented in a number of psychiatric disorders [239-241]. NAC can 

also drive the cystine/glutamate antiporter to decrease the levels of glutamate and suppress the 

activation of metabotropic glutamate receptors (mGluR2/3), which ultimately reduce the synaptic 

release of glutamate [12]. It has been suggested that NAC-induced changes in GSH levels could 

modulate the N-methyl-D-aspartate activity.  Dysregulation of the neurotransmitter dopamine is 

also considered a contributing factor in neuro-toxicity. Additionally, dopamine can undergo auto-

oxidation with molecular oxygen to produce superoxide and semiubiquinone, which can participate 

in deleterious processes. It has been demonstrated that NAC blocked amphetamine-triggered 

dopaminergic response in vivo [242] and prevented the down-regulation of dopamine transporter 

[243]. Expectedly, it has also been suggested that NAC can modulate dopamine release via 

modulation of the cellular GSH levels and redox status. Alterations in GSH and ROS levels and 

dysregulation of mitochondrial function are highly associated with neuropsychiatric disorders [12]. 

Treatment with NAC inhibited lipid peroxidation and increased the activity of glutathione reductase 

in brain tissue of animals [244], restored the mitochondrial membrane potential in astroglial cells 

[245], and replenished GSH levels in brain tissue of animals and improved their function [246, 

247]. Similarly, treatment with NAC was associated with protection of mitochondrial Complex I 

and IV activities both in vivo and in vitro [248]. Loss of neuronal cells has been implicated in 

neuro-degenerative disorders such as Alzheimer’s and Parkinson’s diseases. NAC enhanced the 

survival of cultured neurons [249], and inhibited the 6-hydroxydopamine-induced dopaminergic 

neuron loss both in vitro and in vivo [250, 251]. NAC inhibited apoptosis associated with trophic 
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factor deprivation [125] via regulation of cell cycle [124, 252] . Its anti-apoptotic effect was 

associated with an increase in the levels of phosphorylated ERK and MAPK [253]. Treatment of 

EAAC1-deficient (excitatory amino acid transporter) mice with NAC reduced ROS levels, 

increased GSH levels, protected against dopaminergic neurons cell loss, and enhanced motor 

function [254]. Using similar animal model, NAC reversed cognitive impairment [255], although 

this finding was not replicated clinically [256]. 

 

 4. Clinical caveats implied by the effects of NAC  

Although NAC is traditionally considered as an antioxidant with proven benefits in various 

clinical conditions and experimental models, it is also implicated in some deleterious processes both 

in vitro and in vivo. Autoxidation of thiols in the presence of redox-active transition metals can lead 

to biological damage via the thiol oxidation by the metal ion (reaction 20) followed by the 

generation of superoxide (reactions 3 – 4, 21), H2O2 (reaction 22) and OH (reaction 23) [257].  

 

RS
– 
+ M

n+
  RS  + M

(n-1)+ 
                                                                         (20) 

M
(n-1)+

 + O2  M
n+

 + O2
– 

                                                                               (21) 

2O2
–
 + 2H

+
  O2 + H2O2

 
                                                                                    (22) 

M
(n-1)+

 + H2O2  M
n+

 + OH + OH
– 

                                                            (23) 

 

Indeed, it has been demonstrated that NAC increased OH generation in a system with Fe(III)-citrate 

and H2O2 by reducing ferric iron to its catalytic, active Fe
2 +

 [258]. NAC also  induced DNA 

damage in the presence of Cu(II), and bathocuproine, a specific Cu(I) chelator, and catalase 

inhibited the DNA damage [259]. The role of metal ions has been demonstrated in vivo when NAC 

plus deferoxamine (an efficient iron chelator) protected rats against oxidative stress and improved 

[260] and improved the oxidative parameters in ill patients with prolonged hypotension [261]. 
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Since NAC has the potential to act as a pro-oxidant, it has been suggested to avoid 

administering it in the absence of a significant oxidative stress. NAC showed no benefit and in fact 

was noted to be harmful if given 24 h after admission to the intensive care unit in patients with 

multi-system organ failure [262]. Interestingly, administration of NAC to healthy individuals 

decreased their GSH/GSSG ratio [263]. The construct of hormesis refers to a biphasic dose 

response to an agent where a low dose stimulation or beneficial effect is contrasted by a high dose 

inhibitory or toxic effect. It is an adaptive signaling response of cells and organisms to a moderate 

stimulus [264]. As an exemplar, low grade oxidative stress upregulates superoxide generation to 

trigger changes of gene expression that attenuate aging effects, a pathways that is blocked by 

antioxidants such as NAC and vitamin C [265]. The clinical implications of this theoretical effect 

remain to be confirmed. 

 

5. Concluding remarks 

The molecular mechanisms by which NAC exerts its diverse effects are complex and still 

unclear. NAC has been shown to interact with numerous biochemical pathways. Its main 

mechanism involves serving as a precursor of cysteine and replenishing cellular GSH levels. 

Additional mechanisms include scavenging of 
·
OH, 

·
NO2, CO3

·–
 and thiyl radicals as well as 

detoxification of semiquinones, HOCl, HNO and heavy metals. Importantly, under physiological 

conditions NAC does not react with NO, superoxide, H2O2 and peroxynitrite. Possible chemical and 

biochemical routes involving NAC are summarized in Fig. 3. 

What differentiates NAC from other thiols? NAC is a small molecule and its pKa(-SH) is 

higher than most natural thiols and their derivatives, which can participate in all the reactions 

outlined in Table 1 more efficiently than NAC at physiological pH. However, the relatively high 

pKa of NAC implies that the redox potential of the NAC thiol/disulfide pair is higher than that of 

other thiols, and that NAC can efficiently reduce disulfide bonds in proteins thus disrupting their 

ligand bonding and altering their structures as in the case of mucous proteins. In addition, NAC is a 
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small molecule and might compete with larger reducing molecules in sterically less accessible 

spaces. It is very likely that the pathways described in Fig. 3 only partially explain the divergent 

biological effects of NAC, and further studies are required for determining its ability to cross the 

cell membrane and the blood-brain barrier as well as elucidating its reactions with components of 

cells signaling pathways. 

 

 

Acknowledgements 

This work has been supported by National Health and Medical Research Council of Australia, 

Simons Autism Foundation, CRC for Mental Health, Rotary Health, an Alfred Deakin Postdoctoral 

Research Fellowship (OMD) and by the Israel Science Foundation (Grant No. 1477).  



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

27 

References 

 

[1] I.A. Cotgreave, N-acetylcysteine: pharmacological Considerations and experimental and 

clinical applications, Adv. Pharmacol. 38 (1997) 205-227. 

[2] M. Zafarullah, W.Q. Li, J. Sylvester, M. Ahmad, Molecular mechanisms of N-acetylcysteine 

actions, Cell. Mol. Life Sci. 60 (2003) 6-20. 

[3] M.-L. Aitio, N-acetylcysteine – passe-partout or much ado about nothing?, Br. J. Clin. 

Pharmacol. 61 (2006) 5-15. 

[4] K.R. Atkuri, J.J. Mantovani, L.A. Herzenberg, L.A. Herzenberg, N-acetylcysteine - A safe 

antidote for cysteine/glutathione deficiency, Curr. Opinion Pharmacol. 7 (2007) 355-359. 

[5] S. Fishbane, N-acetylcysteine in the prevention of contrast-induced nephropathy, Clin. J. 

Am. Soc. Nephrol. 3 (2008) 281-287. 

[6] S. Dodd, O. Dean, D.L. Copolov, G.S. Malhi, M. Berk, N-acetylcysteine for antioxidant 

therapy: pharmacology and clinical utility, Expert Opin. Biol. Therapy 8 (2008) 1955-1962. 

[7] P.J. Millea, N-acetylcysteine: Multiple clinical applications, Am. Family Physician 80 

(2009) 265-269. 

[8] W.L. Baker, M.W. Anglade, E.L. Baker, C.M. White, J. Kluger, C.I. Coleman, Use of N-

acetylcysteine to reduce post-cardiothoracic surgery complications: a meta-analysis, Europ. 

J. Cardio-Thoracic Surgery 35 (2009) 521-527. 

[9] S.M. Anderson, Z.H. Park, R.V. Patel, Intravenous N-acetylcysteine in the prevention of 

contrast media-induced nephropathy, Ann. Pharmacotherapy 45 (2011) 101-107. 

[10] A.M. Sadowska, N-Acetylcysteine mucolysis in the management of chronic obstructive 

pulmonary disease, Therapeut. adv. respiratory disease 6 (2012) 127-135. 

[11] D.M. Radomska-Lesniewska, P. Skopinski, N-acetylcysteine as an antioxidant and anti-

inflammatory drug and its some clinical applications, Central Europ. J. Immun. 37 (2012) 

57-66. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

28 

[12] M. Berk, G.S. Malhi, L.J. Gray, O.M. Dean, The promise of N-acetylcysteine in 

neuropsychiatry, Trends Pharmacol. Sci. doi:10.1016/j.tips.2013.01.001 (2013). 

[13] M.R. Holdiness, Clinical pharmacokinetics of N-acetylcysteine, Clin. Pharmacokinetics 20 

(1991) 123-134. 

[14] F. Santangelo, Intracellular thiol concentration modulating inflammatory response: influence 

on the regulation of cell functions through cysteine pro-drug approach, Curr. Med. Chem. 10 

(2003) 2599-2610. 

[15] D. Giustarini, A. Milzani, I. Dalle-Donne, D. Tsikas, R. Rossi, N-Acetylcysteine ethyl ester 

(NACET): A novel lipophilic cell-permeable cysteine derivative with an unusual 

pharmacokinetic feature and remarkable antioxidant potential, Biochem. Pharmacol. 84 

(2012) 1522-1533. 

[16] S. Whillier, J.E. Raftos, B. Chapman, P.W. Kuchel, Role of N-acetylcysteine and cystine in 

glutathione synthesis in human erythrocytes, Redox Rep. 14 (2009) 115-124. 

[17] K.K. Radtke, L.D. Coles, U. Mishra, P.J. Orchard, M. Holmay, J.C. Cloyd, Interaction of N-

acetylcysteine and cysteine in human plasma, J. Pharm. Sci. 101 (2012) 4653-4659. 

[18] C.K. Sen, Nutritional biochemistry of cellular glutathione, J. Nutritional Biochem. 8 (1997) 

660-672. 

[19] H. Sies, Glutathione and its role in cellular functions, Free Radic. Biol. Med. 27 (1999) 916-

921. 

[20] D.A. Dickinson, D.R. Moellering, K.E. Iles, R.P. Patel, A.L. Levonen, A. Wigley, V.M. 

Darley-Usmar, H.J. Forman, Cytoprotection against oxidative stress and the regulation of 

glutathione synthesis, Biol. Chem. 384 (2003) 527-537. 

[21] S.C. Lu, Regulation of glutathione synthesis, Mol. Asp. Med. 30 (2009) 42-59. 

[22] W.G. Mallard, A.B. Ross, W.P. Helman, NIST Standard Reference Database. 40, Version 

3.0; NIST: Gaithersburg, MD (1998). 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

29 

[23] C.C. Winterbourn, D. Metodiewa, Reactivity of biologically important thiol compounds 

with superoxide and hydrogen peroxide, Free Radic. Biol. Med. 27 (1999) 322-328. 

[24] R. Radi, J.S. Beckman, K.M. Bush, B.A. Freeman, Peroxynitrite oxidation of sulfhydryls - 

The cytotoxic potential of superoxide and nitric-oxide, J. Biol. Chem. 266 (1991) 4244-

4250. 

[25] C. Quijano, B. Alvarez, R.M. Gatti, O. Augusto, R. Radi, Pathways of peroxynitrite 

oxidation of thiol groups, Biochem. J. 322 (1997) 167-173. 

[26] M. Trujillo, R. Radi, Peroxynitrite reaction with the reduced and the oxidized forms of lipoic 

acid: New insights into the reaction of peroxynitrite with thiols, Arch. Biochem. Biophys. 

397 (2002) 91-98. 

[27] W.A. Prutz, Hypochlorous acid interactions with thiols, nucleotides, DNA, and other 

biological substrates, Arch. Biochem. Biophys. 332 (1996) 110-120. 

[28] X.L. Armesto, M. Canle L, M.I. Fernandez, M.V. Garc, J.A. Santaballa, First steps in the 

oxidation of sulfur-containing amino acids by hypohalogenation: Very fast generation of 

intermediate sulfenyl halides and halosulfonium cations, Tetrahedron 56 (2000) 1103-1109. 

[29] E. Madej, P. Wardman, The oxidizing power of the glutathione thiyl radical as measured by 

its electrode potential at physiological pH, Arch. Biochem. Biophys. 462 (2007) 94-102. 

[30] X. Huang, R.D. Xu, M.D. Hawley, T.L. Hopkins, K.J. Kramer, Electrochemical oxidation of 

N-acyldopamines and regioselective reactions of their quinones with N-acetylcysteine and 

thiourea, Arch. Biochem. Biophys. 352 (1998) 19-30. 

[31] G.H. Snyder, Free-energy relationships for thiol-disulfide interchange reactions between 

charged molecules in 50-percent methanol, J. Biol. Chem. 259 (1984) 7468-7472. 

[32] B. Noszal, D. Visky, M. Kraszni, Population, acid-base, and redox properties of N-

acetylcysteine conformers, J. Med. Chem. 43 (2000) 2176-2182. 

[33] D.D. Perrin (Ed.), Stability Constants of Metal Ion Complexes, Part B: Organic Ligands, 

Pergamon Press, Oxford-New York-Toronto-Sydney-Paris-Frankfurt, 1979. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

30 

[34] A. Avdeef, J.A. Brown, Cadmium binding by biological ligands. 2 [1]. Formation of 

protonated and polynuclear complexes between cadmium and 2-mercaptoethylamine, Inorg. 

Chim. Acta 91 (1984) 67-73. 

[35] O.I. Aruoma, B. Halliwell, B.M. Hoey, J. Butler, The antioxidant action of N-acetylcysteine: 

Its reaction with hydrogen peroxide, hydroxyl radical, superoxide, and hypochlorous acid, 

Free Radic. Biol. Med. 6 (1989) 593-597. 

[36] S.N. Chen, M.Z. Hoffman, Effect of pH on the reactivity of carbonate radicals in aqueous 

solution, Radiat. Res. 62 (1975) 18-27. 

[37] M. Benrahmoune, P. Therond, Z. Abedinzadeh, The reaction of superoxide radical with N-

acetylcysteine, Free Radic. Biol. Med. 29 (2000) 775-782. 

[38] W.A. Prutz, H. Monig, J. Butler, E.J. Land, Reactions of nitrogen-dioxide in aqueous model 

systems - Oxidation of tyrosine units in peptides and proteins, Arch. Biochem. Biophys. 243 

(1985) 125-134. 

[39] E. Ford, M.N. Hughes, P. Wardman, Kinetics of the reactions of nitrogen dioxide with 

glutathione, cysteine, and uric acid at physiological pH, Free Radic. Biol. Med. 32 (2002) 

1314-1323. 

[40] M.Z. Hoffman, E. Hayon, Pulse radiolysis study of sulfhydryl compounds in aqueous 

solution, J. Phys. Chem. 77 (1973) 990-996. 

[41] K.M. Miranda, N. Paolocci, T. Katori, D.D. Thomas, E. Ford, M.D. Bartberger, M.G. 

Espey, D.A. Kass, M. Feelisch, J.M. Fukuto, D.A. Wink, A biochemical rationale for the 

discrete behavior of nitroxyl and nitric oxide in the cardiovascular system, Proc. Natl. Acad. 

Sci. U.S.A. 100 (2003) 9196-9201. 

[42] O. Skaff, D.I. Pattison, M.J. Davies, Hypothiocyanous acid reactivity with low-molecular-

mass and protein thiols: absolute rate constants and assessment of biological relevance, 

Biochem. J. 422 (2009) 111-117. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

31 

[43] A.V. Peskin, C.C. Winterbourn, Kinetics of the reactions of hypochlorous acid and amino 

acid chloramines with thiols, methionine, and ascorbate, Free Radic. Biol. Med. 30 (2001) 

572-579. 

[44] H. Shayani-Jam, D. Nematollahi, Electrochemical evidences in oxidation of acetaminophen 

in the presence of glutathione and N-acetylcysteine, Chem. Commun. 46 (2010) 409-411. 

[45] C. Schoneich, K.-D. Asmus, M. Bonifacic, Determination of absolute rate constants for the 

reversible hydrogen-atom transfer between thiyl radicals and alcohols or ethers, J. Chem. 

Soc., Faraday Trans. 91 (1995) 1923-1930. 

[46] V. Shafirovich, S.V. Lymar, Nitroxyl and its anion in aqueous solutions: Spin states, protic 

equilibria, and reactivities toward oxygen and nitric oxide, Proc. Natl. Acad. Sci. U. S. A. 99 

(2002) 7340-7345. 

[47] M.D. Bartberger, W. Liu, E. Ford, K.M. Miranda, C. Switzer, J.M. Fukuto, P.J. Farmer, 

D.A. Wink, K.N. Houk, The reduction potential of nitric oxide (NO) and its importance to 

NO biochemistry, Proc. Natl. Acad. Sci. U.S.A. 99 (2002) 10958-10963. 

[48] N. Paolocci, M.I. Jackson, B.E. Lopez, K. Miranda, C.G. Tocchetti, D.A. Wink, A.J. Hobbs, 

J.M. Fukuto, The pharmacology of nitroxyl (HNO) and its therapeutic potential: Not just the 

janus face of NO, Pharmacol. Therapeut. 113 (2007) 442-458. 

[49] C.H. Switzer, W. Flores-Santana, D. Mancardi, S. Donzelli, D. Basudhar, L.A. Ridnour, 

K.M. Miranda, J.M. Fukuto, N. Paolocci, D.A. Wink, The emergence of nitroxyl (HNO) as 

a pharmacological agent, Biochim. Biophys. Acta - Bioenergetics 1787 (2009) 835-840. 

[50] P.S.-Y. Wong, J. Hyun, J.M. Fukuto, F.N. Shirota, E.G. DeMaster, D.W. Shoeman, H.T. 

Nagasawa, Reaction between S-Nitrosothiols and Thiols: Generation of Nitroxyl (HNO) and 

Subsequent Chemistry, Biochemistry 37 (1998) 5362-5371. 

[51] D.A. Wink, R.W. Nims, J.F. Darbyshire, D. Christodoulou, I. Hanbauer, G.W. Cox, F. 

Laval, J. Laval, J.A. Cook, M.C. Krishna, W.G. Degraff, J.B. Mitchell, Reaction-kinetics for 

nitrosation of cysteine and glutathione in aerobic nitric-oxide solutions at neutral pH - 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

32 

Insights into the fate and physiological-effects of intermediates generated in the NO/O2 

reaction, Chem. Res. Toxicol. 7 (1994) 519-525. 

[52] R.S. Lewis, S.R. Tannenbaum, W.M. Deen, Kinetics of N-nitrosation in oxygenated nitric-

oxide solutions at physiological pH - Role of nitrous anhydride and effects of phosphate and 

chloride, J. Am. Chem. Soc. 117 (1995) 3933-3939. 

[53] V.G. Kharitonov, A.R. Sundquist, V.S. Sharma, Kinetics of nitrosation of thiols by nitric-

oxide in the presence of oxygen, J. Biol. Chem. 270 (1995) 28158-28164. 

[54] S. Goldstein, G. Czapski, Mechanism of the nitrosation of thiols and amines by oxygenated 

NO solutions: The nature of the nitrosating intermediates, J. Am. Chem. Soc. 118 (1996) 

3419-3425. 

[55] E. Madej, L.K. Folkes, P. Wardman, G. Czapski, S. Goldstein, Thiyl radicals react with 

nitric oxide to form S-nitrosothiols with rate constants near the diffusion-controlled limit, 

Free Radic. Biol. Med. 44 (2008) 2013-2018. 

[56] J.S. Beckman, T.W. Beckman, J. Chen, P.A. Marshall, B.A. Freeman, Apparent hydroxyl 

radical production by peroxynitrite: implications for endothelial injury from nitric oxide and 

superoxide., Proc. Natl. Acad. Sci. U.S.A. 87 (1990) 1620-1624. 

[57] S. Goldstein, J. Lind, G. Merenyi, Chemistry of peroxynitrites as compared to 

peroxynitrates, Chem. Rev. 105 (2005) 2457-2470. 

[58] A. Denicola, B.A. Freeman, M. Trujillo, R. Radi, Peroxynitrite reaction with carbon 

dioxide/bicarbonate: Kinetics and influence on peroxynitrite-mediated oxidations, Arch. 

Biochem. Biophys. 333 (1996) 49-58. 

[59] P.J. O'brien, Molecular mechanisms of quinone toxicity, Chem. Biol. Interactions 80 (1991) 

1-41. 

[60] E. Hoffer, Y. Baum, A. Tabak, U. Taitelman, N-acetylcysteine increases the glutathione 

content and protects rat alveolar type II cells against paraquat-induced cytotoxicity, Toxicol. 

Lett. 84 (1996) 7-12. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

33 

[61] E. Hoffer, L. Shenker, Y. Baum, A. Tabak, Paraquat-induced formation of leukotriene B4 in 

rat lungs: modulation by N-acetylcysteine, Free Radic. Biol. Med. 22 (1997) 567-572. 

[62] S.T.Y. Yeh, H.R. Guo, Y.S. Su, H.J. Lin, C.C. Hou, H.M. Chen, M.C. Chang, Y.J. Wang, 

Protective effects of N-acetylcysteine treatment post acute paraquat intoxication in rats and 

in human lung epithelial cells, Toxicology 223 (2006) 181-190. 

[63] J.H. Doroshow, G.Y. Locker, I. Ifrim, C.E. Myers, Prevention of doxorubicin cardiac 

toxicity in the mouse by N-acetylcysteine, J. clin. invest. 68 (1981) 1053-1064. 

[64] D.V. Unverferth, R.H. Fertel, S.P. Balcerzak, R.D. Magorien, M.S. O'Dorisio, N-

acetylcysteine prevents the doxorubicin-induced decrease of cyclic GMP, Seminars in 

Oncology 10 (1983) 49-52. 

[65] S.R. Powell, P.B. McCay, Inhibition of doxorubicin-induced membrane damage by N-

acetylcysteine: Possible mediation by a thiol-dependent, cytosolic inhibitor of lipid 

peroxidation, Toxicol. Appl. Pharmacol. 96 (1988) 175-184. 

[66] B.H. Lauterburg, G.B. Corcoran, J.R. Mitchell, Mechanism of action of N-acetylcysteine in 

the protection against the hepatotoxicity of acetaminophen in rats in vivo, J. Clin. Invest. 71 

(1983) 980-991. 

[67] J.R. Dawson, K. Norbeck, I. Anundi, P. Moldeus, The effectiveness of N-acetylcysteine in 

isolated hepatocytes, against the toxicity of paracetamol, acrolein, and paraquat, Arch. 

Toxicol. 55 (1984) 11-15. 

[68] R.B. Freedman, How many Distinct enzymes are responsible for the several cellular 

processes involving thiol-protein-disulfide interchange, FEBS Lett. 97 (1979) 201-210. 

[69] D.A. Keire, E. Strauss, W. Guo, B. Noszal, D.L. Rabenstein, Kinetics and equilibria of thiol 

disulfide interchange reactions of selected biological thiols and related molecules with 

oxidized glutathione, J. Org. Chem. 57 (1992) 123-127. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

34 

[70] M.E. Ullian, A.K. Gelasco, W.R. Fitzgibbon, C.N. Beck, T.A. Morinelli, N-acetylcysteine 

decreases angiotensin II receptor binding in vascular smooth muscle cells, J. Am. Soc. 

Nephrol. 16 (2005) 2346–2353. 

[71] M. Hayakawa, H. Miyashita, I. Sakamoto, M. Kitagawa, H. Tanaka, H. Yasuda, M. Karin, 

K. Kikugawa, Evidence that reactive oxygen species do not mediate NF-kB activation, 

EMBO J. 22 (2003) 3356-3336. 

[72] S.K. Meurer, B. Lahme, L. Tihaa, R. Weiskirchen, A.M. Gressner, N-Acetyl-L-cysteine 

suppresses TGF-beta signaling at distinct molecular steps: The biochemical and biological 

efficacy of a multifunctional, antifibrotic drug, Biochem. Pharmacol. 70 (2005) 1026-1034. 

[73] E.K. Krasnowska, E. Pittalluga, A.M. Brunati, R. Brunelli, G. Costa, M. De Spirito, A. 

Serafino, F. Ursini, T. Parasassi, N-acetyl-l-cysteine fosters inactivation and transfer to 

endolysosomes of c-Src, Free Radic. Biol. Med. 45 (2008) 1566-1572. 

[74] T. Laragione, V. Bonetto, F. Casoni, T. Massignan, G. Bianchi, E. Gianazza, P. Ghezzi, 

Redox regulation of surface protein thiols: Identification of integrin alpha-4 as a molecular 

target by using redox proteomics, Proc. Natl. Acad. Sci. U. S. A. 100 (2003) 14737-14741. 

[75] M.J. Garant, S. Kole, E.M. Maksimova, M. Bernier, Reversible change in thiol redox status 

of the insulin receptor alpha-4 subunit in intact cells, Biochem. 38 (1999) 5896-5904. 

[76] J. Zheng, J.R. Lou, X.-X. Zhang, D.M. Benbrook, M.H. Hanigan, S.E. Lind, W.-Q. Ding, N-

acetylcysteine interacts with copper to generate hydrogen peroxide and selectively induce 

cancer cell death, Cancer Res. 298 (2010) 186-194. 

[77] F. Jalilehvand, Z. Amini, K. Parmar, E.Y. Kang, Cadmium(II) N-acetylcysteine complex 

formation in aqueous solution, Dalton Trans. 40 (2011) 12771-12778. 

[78] S. Trumpler, S. Nowak, B. Meermann, G.A. Wiesmuller, W. Buscher, M. Sperling, U. 

Karst, Detoxification of mercury species-an in vitro study with antidotes in human whole 

blood, Anal. Bioanal. Chem. 395 (2009) 1929-1935. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

35 

[79] W.Q. Chen, N. Ercal, T. Huynh, A. Volkov, C.C. Chusuei, Characterizing N-acetylcysteine 

(NAC) and N-acetylcysteine amide (NACA) binding for lead poisoning treatment, J. Colloid 

Interface Sci. 371 (2012) 144-149. 

[80] W. Banner, Jr, M. Koch, D.M. Capin, S.B. Hopf, S. Chang, T.G. Tong, Experimental 

chelation therapy in chromium, lead, and boron intoxication with N-acetylcysteine and other 

compounds, Toxicol. Appl. Pharmacol. 83 (1986) 142-147. 

[81] D. Ozcelik, H. Uzun, M. Naziroglu, N-acetylcysteine attenuates copper overload-induced 

oxidative injury in brain of rat, Biol. Trace Elem. Res. 147 (2012) 292-298. 

[82] L.H. Lash, S.E. Hueni, D.A. Putt, R.K. Zalups, Role of organic anion and amino acid 

carriers in transport of inorganic mercury in rat renal basolateral membrane vesicles: 

Influence of compensatory renal growth, Toxicol. Sci. 88 (2005) 630-644. 

[83] C.O. Odewumi, V.L.D. Badisa, U.T. Le, L.M. Latinwo, C.O. Ikediobi, R.B. Badisa, S.F. 

Darling-Reed, Protective effects of N-acetylcysteine against cadmium-induced damage in 

cultured rat normal liver cells, Int. J. Mol. Med. 27 (2011) 243-248. 

[84] J.B. Mitchell, A. Russo, The role of glutathione in radiation and drug induced cytotoxicity, 

British J. Cancer 55 (1987) 96-104. 

[85] J.R. Mitchell, J.E. Biaglow, A. Russo, Role of glutathione and other endogenous thiols in 

radiation protection, Pharmac. Ther. 39 (1988) 269-274. 

[86] A.M. Samuni, W. DeGraff, J.A. Cook, M.C. Krishna, A. Russo, J.B. Mitchell, The effects of 

antioxidants on radiation-induced apoptosis pathways in TK6 cells, Free Radic. Biol. Med. 

37 (2004) 1648-1655. 

[87] Y. Kataoka, J.S. Murley, K.L. Baker, D.J. Grdina, Relationship between phosphorylated 

histone H2AX formation and cell survival in human microvascular endothelial cells 

(HMEC) as a function of ionizing radiation exposure in the presence or absence of thiol-

containing drugs, Radiat. Res. 168 (2007) 106-114. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

36 

[88] R. Reliene, J.M. Pollard, Z. Sobol, B. Trouiller, R.A. Gatti, R.H. Schiestl, N-acetyl cysteine 

protects against ionizing radiation-induced DNA damage but not against cell killing in yeast 

and mammals, Mutation Res. 665 (2009) 37-43. 

[89] M.J. Bartek, J.A. LaBudde, H.I. Maibach, Skin permeability in vivo: Comparison in rat, 

rabbit, pig and man, J. Invest. Dermatol. 58 (1972) 114-123. 

[90] S.M. Deneke, B.L. Fanbur, Regulation of cellular glutathione, Am. J. Physiol. 257 (1989) 

L163-L173. 

[91] J.B. Schulz, J. Lindenau, J. Seyfried, J. Dichgans, Glutathione, oxidative stress and 

neurodegeneration., Eur. J. Biochem. 267 (2000) 4904-4911. 

[92] S. Bannai, N. Tateishi, Role of membrane-transport in metabolism and function of 

glutathione in mammals, J. Membrane Biol. 89 (1986) 1-8. 

[93] Y. Cho, S. Bannai, Uptake of glutamate and cystine in C-6 glioma-cells and in cultured 

astrocytes, J. Neurochem. 55 (1990) 2091-2097. 

[94] K. Aoyama, S.W. Suh, A.M. Hamby, J.L. Liu, W.Y. Chan, Y.M. Chen, R.A. Swanson, 

Neuronal glutathione deficiency and age-dependent neurodegeneration in the EAAC1 

deficient mouse, Nature Neurosci. 9 (2006) 119-126. 

[95] M. Arakawa, N. Ushimaru, N. Osada, T. Oda, K. Ishige, Y. Ito, N-acetylcysteine selectively 

protects cerebellar granule cells from 4-hydroxynonenal-induced cell death, Neurosci. Res. 

55 (2006) 255-263. 

[96] M. Arakawa, Y. Ito, N-acetylcysteine and neurodegenerative diseases: Basic and clinical 

pharmacology, Cerebellum 6 (2007) 308-314. 

[97] M.P. Murphy, A. Holmgren, N.-G.r. Larsson, B. Halliwell, C.J. Chang, B. Kalyanaraman, 

S.G. Rhee, P.J. Thornalley, L. Partridge, D. Gems, T. Nystrom, V. Belousov, P.T. 

Schumacker, C.C. Winterbourn, Unraveling the biological roles of reactive oxygen species, 

Cell Metabolism 13 (2011) 361-366. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

37 

[98] I.A. Cotgreave, M. Berggren, T.W. Jones, J. Dawson, P. Moldeus, Gastrointestinal 

metabolism of N-acetylcysteine in the rat, including an assay for sulfite in biological 

systems, Biopharmaceut. Drug Dis. 8 (1987) 377-386. 

[99] I.A. Cotgreave, A. Eklund, K. Larsson, P.W. Moldeus, No penetration of orally 

administered N-acetylcysteine into bronchoalveolar lavage fluid, Europ. J. Respiratory 

Diseases 70 (1987) 73-77. 

[100] M.M.E. Bridgeman, M. Marsden, W. Macnee, D.C. Flenley, A.P. Ryle, Cysteine and 

glutathione concentrations in plasma and bronchoalveolar lavage fluid after treatment with 

N-acetylcysteine, Thorax 46 (1991) 39-42. 

[101] D. Mazor, E. Golan, V. Philip, M. Katz, A. Jafe, Z. Ben-Zvi, N. Meyerstein, Red blood cell 

permeability to thiol compounds following oxidative stress, Europ. J. Haematol. 57 (1996) 

241-246. 

[102] A.L. Sheffner, E.M. Medler, K.R. Bailey, D.G. Gallo, A.J. Mueller, H.P. Sarett, Metabolic 

studies with acetylcysteine, Biochem. Pharmacol. 15 (1966) 1523-1535. 

[103] L.I. McLellan, A.D. Lewis, D.J. Hall, J.D. Ansell, C.R. Wolf, Uptake and distribution of N-

acetylcysteine in mice - Tissue-specific effects on glutathione concentrations, 

Carcinogenesis 16 (1995) 2099-2106. 

[104] D.P. Arfsten, E.W. Johnson, E.R. Wilfong, A.E. Jung, A.J. Bobb, Distribution of radio-

labeled N-acetyl-L-cysteine in Sprague-Dawley rats and its effect on glutathione metabolism 

following single and repeat dosing by oral gavage, Cutaneous Ocular Toxicol. 26 (2007) 

113-134. 

[105] M.A. Erickson, K. Hansen, W.A. Banks, Inflammation-induced dysfunction of the low-

density lipoprotein receptor-related protein-1 at the blood-brain barrier: Protection by the 

antioxidant N-acetylcysteine, Brain, Behavior, and Immunity 26 (2012) 1085-1094. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

38 

[106] D. Offen, Y. Gilgun-Sherki, Y. Barhum, M. Benhar, L. Grinberg, R. Reich, E. Melamed, D. 

Atlas, A low molecular weight copper chelator crosses the blood-brain barrier and attenuates 

experimental autoimmune encephalomyelitis, J. Neurochem. 89 (2004) 1241-1251. 

[107] E.A. Neuwelt, M.A. Pagel, B.P. Hasler, T.G. Deloughery, L.L. Muldoon, Therapeutic 

efficacy of aortic administration of N-acetylcysteine as a chemoprotectant against bone 

marrow toxicity after intracarotid administration of alkylators, with or without glutathione 

depletion in a rat model, Cancer Res. 61 (2001) 7868-7874. 

[108] S.A. Farr, H.F. Poon, D. Dogrukol-Ak, J. Drake, W.A. Banks, E. Eyerman, D.A. Butterfield, 

J.E. Morley, The antioxidants alpha-lipoic acid and N-acetylcysteine reverse memory 

impairment and brain oxidative stress in aged SAMP8 mice, J. Neurochem. 84 (2003) 1173-

1183. 

[109] B. Deuticke, K.B. Heller, C.W.M. Haest, Leak formation in human-erythrocytes by the 

radical-forming oxidant tert-butylhydroperoxide, Biochim, Biophys, Acta 854 (1986) 169-

183. 

[110] B. Deuticke, K.B. Heller, C.W.M. Haest, Progressive oxidative membrane damage in 

erythrocytes after pulse treatment with tert-butylhydroperoxide, Biochim. Biophys. Acta 899 

(1987) 113-124. 

[111] A.J. Kowaltowski, R.F. Castilho, A.E. Vercesi, Mitochondrial permeability transition and 

oxidative stress, FEBS Lett. 495 (2001) 12-15. 

[112] M. Liu, J.C. Pelling, J.F. Ju, E. Chu, D.E. Brash, Antioxidant action via p53-mediated 

apoptosis, Cancer Res. 58 (1998) 1723-1729. 

[113] P. Redondo, E. Bandres, T. Solano, I. Okroujnov, J. Garcia-Foncillas, Vascular endothelial 

growth factor (VEGF) and melanoma. N-acetylcysteine downregulates VEGF production in 

vitro, Cytokine 12 (2000) 374-378. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

39 

[114] R.D. Estensen, M. Levy, S.J. Klopp, A.R. Galbraith, J.S. Mandel, J.A. Blomquist, L.W. 

Wattenberg, N-Acetylcysteine suppression of the proliferative index in the colon of patients 

with previous adenomatous colonic polyps, Cancer Lett. 147 (1999) 109-114. 

[115] T. Parasassi, R. Brunelli, L. Bracci-Laudiero, G. Greco, A.C. Gustafsson, E.K. Krasnowska, 

J. Lundeberg, T. Lundeberg, E. Pittaluga, M.C. Romano, A. Serafino, Differentiation of 

normal and cancer cells induced by sulfhydryl reduction: biochemical and molecular 

mechanisms, Cell Death and Differentiation 12 (2005) 1285-1296. 

[116] T.S. Huang, J. Duyster, J.Y.J. Wang, Biological response to phorbol ester determined by 

alternative G(1) pathways, Proc. Natl. Acad. Sci. U. S. A. 92 (1995) 4793-4797. 

[117] M. Liu, N.M. Wikonkal, D.E. Brash, Induction of cyclin-dependent kinase inhibitors and 

G(1) prolongation by the chemopreventive agent N-acetylcysteine, Carcinogenesis 20 

(1999) 1869-1872. 

[118] C.Y.I. Yan, L.A. Greene, Prevention of PC12 cell death by N-acetylcysteine requires 

activation of the Ras pathway, J. Neuroscience 18 (1998) 4042-4049. 

[119] K.Y. Kim, T. Rhim, I. Choi, S.S. Kim, N-acetylcysteine induces cell cycle arrest in hepatic 

stellate cells through its reducing activity, J. Biol. Chem. 276 (2001) 40591-40598. 

[120] E.D. Chan, D.W.H. Riches, C.W. White, Redox paradox: Effect of N-acetylcysteine and 

serum on oxidation reduction-sensitive mitogen-activated protein kinase signaling pathways, 

Am. J. Respiratory Cell Mol. Biol. 24 (2001) 627-632. 

[121] D.M. Wang, X. Yu, P. Brecher, Nitric oxide and N-acetylcysteine inhibit the activation of 

mitogen-activated protein kinases by angiotensin II in rat cardiac fibroblasts, J. Biol. Chem. 

273 (1998) 33027-33034. 

[122] D.M. Wang, X. Yu, R.A. Cohen, P. Brecher, Distinct effects of N-acetylcysteine and nitric 

oxide on angiotensin II-induced epidermal growth factor receptor phosphorylation and 

intracellular Ca2+ levels, J. Biol. Chem. 275 (2000) 12223-12230. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

40 

[123] S. De Flora, A. Izzotti, F. D'Agostini, R.M. Balansky, Mechanisms of N-acetylcysteine in 

the prevention of DNA damage and cancer, with special reference to smoking-related end-

points, Carcinogenesis 22 (2001) 999-1013. 

[124] G. Ferrari, C.Y.I. Yan, L.A. Greene, N-acetylcysteine (D-stereoisomers and L-

stereoisomers) prevents apoptotic death of neuronal cells, J. Neurosci. 15 (1995) 2857-2866. 

[125] M. Mayer, M. Noble, N-acetyl-L-cysteine Is a pluripotent protector against cell-death and 

enhancer of trophic factor-mediated cell-survival in-vitro, Proc. Natl. Acad. Sci. U. S. A. 91 

(1994) 7496-7500. 

[126] A. Cossarizza, C. Franceschi, D. Monti, S. Salvioli, E. Bellesia, R. Rivabene, L. Biondo, G. 

Rainaldi, A. Tinari, W. Malorni, Protective effect of N-acetylcysteine in tumor necrosis 

factor-alpha-induced apoptosis in U937 cells - The role of mitochondria, Exp. Cell Res. 220 

(1995) 232-240. 

[127] H.M. Shen, C.F. Yang, W.X. Ding, J. Liu, C.N. Ong, Superoxide radical-initiated apoptotic 

signalling pathway in selenite-treated HEPG(2) cells: Mitochondria serve as the main target, 

Free Radic. Biol. Med. 30 (2001) 9-21. 

[128] K.T. Lin, J.Y. Xue, F.F. Sun, P.Y.K. Wong, Reactive oxygen species participate in 

peroxynitrite-induced apoptosis in HL-60 cells, Biochem. Biophys. Res. Commun. 230 

(1997) 115-119. 

[129] A. Zaragoza, C. Diez-Fernandez, A.M. Alvarez, D. Andres, M. Cascales, Effect of N-

acetylcysteine and deferoxamine on endogenous antioxidant defense system gene expression 

in a rat hepatocyte model of cocaine cytotoxicity, Biochim. Biophys. Acta - Mol. Cell Res. 

1496 (2000) 183-195. 

[130] S.H. Oh, S.C. Lim, A rapid and transient ROS generation by cadmium triggers apoptosis via 

caspase-dependent pathway in HepG2 cells and this is inhibited through N-acetylcysteine-

mediated catalase upregulation, Toxicol. Appl. Pharmacol. 212 (2006) 212-223. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

41 

[131] C. Lafon, C. Mathieu, M. Guerrin, O. Pierre, S. Vidal, A. Valette, Transforming growth 

factor beta 1-induced apoptosis in human ovarian carcinoma cells: Protection by the 

antioxidant N-acetylcysteine and bcl-2, Cell Growth Differentiation 7 (1996) 1095-1104. 

[132] J.L. Nargi, R.R. Ratan, D.E. Griffin, p53-independent inhibition of proliferation and 

p21Waf1/Cip1-modulated induction of cell death by the antioxidants N-acetylcysteine and 

vitamin E, Neoplasia (New York) 1 (1999) 544-556. 

[133] S. Qanungo, M. Wang, A.L. Nieminen, N-acetyl-L-cysteine enhances apoptosis through 

inhibition of nuclear factor-kappa B in hypoxic murine embryonic fibroblasts, J. Biol. 

Chem. 279 (2004) 50455-50464. 

[134] M. Rieber, M.S. Rieber, N-acetylcysteine enhances UV-mediated caspase-3 activation, 

fragmentation of E2F-4, and apoptosis in human C8161 melanoma: inhibition by ectopic 

Bcl-2 expression, Biochem. Pharmacol. 65 (2003) 1593-1601. 

[135] G.B. Corcoran, B.K. Wong, Role of glutathione in prevention of acetaminophen-induced 

hepatotoxicity by N-acetyl-L-cysteine in vivo - Studies with N-acetyl-D-cysteine in mice, J. 

Pharmacol. Exp. Therapeut. 238 (1986) 54-61. 

[136] R.D. Issels, A. Nagele, K.G. Eckert, W. Wilmanns, Promotion of cystine uptake and its 

utilization for glutathione biosynthesis induced by cysteamine and N-acetylcysteine, 

Biochem. Pharmacol. 37 (1988) 881-888. 

[137] N. De Vries, S. De Flora, N-acetyl-L-cysteine, J. Cellular Biochem. (1993) 270-277. 

[138] B. Gressier, A. Cabanis, S. Lebegue, C. Brunet, T. Dine, M. Luyckx, M. Cazin, J.C. Cazin, 

Decrease of hypochlorous acid and hydroxyl radical generated by stimulated human 

neutrophils - Comparison in-vitro of some thiol-containing drugs, Methods Findings in Exp. 

Clin. Pharmacol. 16 (1994) 9-13. 

[139] T. Laurent, M. Markert, F. Feihl, M.D. Schaller, C. Perret, Oxidant-antioxidant balance in 

granulocytes during ARDS - Effect of N-acetylcysteine, Chest 109 (1996) 163-166. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

42 

[140] K. Nakata, M. Kawase, S. Ogino, C. Kinoshita, H. Murata, T. Sakaue, K. Ogata, S. Ohmori, 

Effects of age on levels of cysteine, glutathione and related enzyme activities in livers of 

mice and rats and an attempt to replenish hepatic glutathione level of mouse with cysteine 

derivatives, Mechan. Ageing Develop. 90 (1996) 195-207. 

[141] I. Cotgreave, P. Moldeus, I. Schuppe, The metabolism of N-acetylcysteine by human 

endothelial-cells, Biochem. Pharmacol. 42 (1991) 13-16. 

[142] S. De Flora, C. Bennicelli, A. Camoirano, D. Serra, M. Romano, G.A. Rossi, A. Morelli, A. 

De Flora, In vivo effects of N-acetylcysteine on glutathione metabolism and on the 

biotransformation of carcinogenic and or mutagenic compounds, Carcinogenesis 6 (1985) 

1735-1745. 

[143] C.R. Ball, Estimation and identification of thiols in rat spleen after cysteine or glutathione 

treatment - Relevance to protection against nitrogen mustards, Biochem. Pharmacol. 15 

(1966) 809-816. 

[144] J.M. Burgunder, A. Varriale, B.H. Lauterburg, Effect of N-acetylcysteine on plasma cystein 

and glutathione following paracetamol administration, Europ. J. Clin. Pharmacol. 36 (1989) 

127-131. 

[145] A.P. Arrigo, Gene expression and the thiol redox state, Free Radic. Biol. Med. 27 (1999) 

936-944. 

[146] J.J. Haddad, Oxygen homeostasis, thiol equilibrium and redox regulation of signalling 

transcription factors in the alveolar epithelium, Cellular Signalling 14 (2002) 799-810. 

[147] H. Kim, J.Y. Seo, K.H. Roh, J.W. Lim, K.H. Kim, Suppression of NF-kappa B activation 

and cytokine production by N-acetylcysteine in pancreatic acinar cells, Free Radic. Biol. 

Med. 29 (2000) 674-683. 

[148] R.L. Paterson, H.F. Galley, N.R. Webster, The effect of N-acetylcysteine on nuclear factor-

KB activation, interleukin-6, interleukin-8, and intercellular adhesion molecule-1 expression 

in patients with sepsis, Crit. Care Med. 31 (2003) 2574-2578. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

43 

[149] F. Pajonk, K. Riess, A. Sommer, W.H. McBride, N-acetyl-L-cysteine inhibits 26s 

proteasome function: Implications for effects on NF-kappa B activation, Free Radic. Biol. 

Med. 32 (2002) 536-543. 

[150] S. Oka, H. Kamata, K. Kamata, H. Yagisawa, H. Hirata, N-acetylcysteine suppresses TNF-

induced NF-kappa B activation through inhibition of I kappa B kinases, FEBS Lett. 472 

(2000) 196-202. 

[151] J.R. Matthews, N. Wakasugi, J.L. Virelizier, J. Yodoi, R.T. Hay, Thioredoxin regulates the 

DNA-binding activity of NF-kappa-B by reduction of a disulfide bond involving cysteine 

62, Nucleic Acids Res. 20 (1992) 3821-3830. 

[152] L.A. Jimenez, J. Thompson, D.A. Brown, I. Rahman, F. Antonicelli, R. Duffin, E.M. Drost, 

R.T. Hay, K. Donaldson, W. MacNee, Activation of NF-kappa B by PM10 occurs via an 

iron-mediated mechanism in the absence of I kappa B degradation, Toxicol. Appl. 

Pharmacol. 166 (2000) 101-110. 

[153] J. Liu, Y. Yoshida, U. Yamashita, DNA-binding activity of NF-kappa B and 

phosphorylation of p65 are induced by N-acetylcysteine through phosphatidylinositol (PI) 3-

kinase, Mol. Immunol. 45 (2008) 3984-3989. 

[154] K.C. Das, Y. Lewismolock, C.W. White, Activation of Nf-Kappa-B and elevation of 

MnSOD gene-expression by thiol reducing agents in lung adenocarcinoma (A549) cells, 

Am. J. Physiol.-Lung Cellular Mol. Physiol. 269 (1995) L588-L602. 

[155] J.S. Murley, Y. Kataoka, D.E. Hallahan, J.C. Roberts, D.J. Grdina, Activation of NF kappa 

B and MnSOD gene expression by free radical scavengers in human microvascular 

endothelial cells, Free Radic. Biol. Med. 30 (2001) 1426-1439. 

[156] D.M. Radomska-Lesniewska, E. Skopinska-Rozewska, E. Jankowska-Steifer, M. Sobiecka, 

A.M. Sadowska, A. Hevelke, J. Malejczyk, N-acetylcysteine inhibits IL-8 and MMP-9 

release and ICAM-1 expression by bronchoalveolar cells from interstitial lung disease 

patients, Pharmacol. Reports 62 (2010) 131-138. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

44 

[157] Y.G. Lu, W.W. Qin, T. Shen, L. Dou, Y. Man, S. Wang, C.S. Xiao, J. Li, The antioxidant 

N-acetylcysteine promotes atherosclerotic plaque stabilization through suppression of 

RAGE, MMPs and NF-kappa B in apoE-deficient mice, J. Atherosclerosis Thrombosis 18 

(2011) 998-1008. 

[158] W. Malorni, R. Rivabene, P. Matarrese, The antioxidant N-acetyl-cysteine protects cultured 

epithelial-cells from menadione-induced cytopathology, Chemico-Biol. Interact. 96 (1995) 

113-123. 

[159] H. Sies, Oxidative stress - From basic research to clinical-application, Am.  J. Med. 91 

(1991) S31-S38. 

[160] R. Rivabene, M. Viora, P. Matarrese, G. Rainaldi, A. Dambrosio, W. Malorni, N-Acetyl-

Cysteine enhances cell-adhesion properties of epithelial and lymphoid-cells, Cell Biol. Inter. 

19 (1995) 681-686. 

[161] G.G. Mackenzie, G.A. Salvador, C. Romero, C.L. Keen, P.I. Oteiza, A deficit in zinc 

availability can cause alterations in tubulin thiol redox status in cultured neurons and in the 

developing fetal rat brain, Free Radic. Biol. Med. 51 (2011) 480-489. 

[162] A. Roy, A. Jana, K. Yatish, M.B. Freidt, Y.K. Fung, J.A. Martinson, K. Pahan, Reactive 

oxygen species up-regulate CD11b in microglia via nitric oxide: Implications for 

neurodegenerative diseases, Free Radic. Biol. Med. 45 (2008) 686-699. 

[163] R.C. Zangar, N. Bollinger, T.J. Weber, R.M.M. Tan, L.M. Markillie, N.J. Karin, Reactive 

oxygen species alter autocrine and paracrine signaling, Free Radic. Biol. Med. 51 (2011) 

2041-2047. 

[164] M.T. Walters, C.E. Rubin, S.J. Keightley, C.D. Ward, M.I.D. Cawley, A double-blind, 

crossover, study of oral N-acetylcysteine in Sjogrens-syndrome, Scand. J. Rheumatol. 

(1986) 253-258. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

45 

[165] R. Breitkreutz, N. Pittack, C.T. Nebe, D. Schuster, J. Brust, M. Beichert, V. Hack, V. 

Daniel, L. Edler, W. Droge, Improvement of immune functions in HIV infection by sulfur 

supplementation: Two randomized trials, J. Mol. Med. 78 (2000) 55-62. 

[166] B. Akerlund, C. Jarstrand, B. Lindeke, A. Sonnerborg, A.C. Akerblad, O. Rasool, Effect of 

N-acetylcysteine(NAC) treatment on HIV-1 infection: A double blind placebo controlled 

trial, Europ. J. Clin. Pharmacol. 50 (1996) 457-461. 

[167] L. Arranz, C. Fernandez, A. Rodriguez, J.M. Ribera, M. De la Fuente, The glutathione 

precursor N-acetylcysteine improves immune function in postmenopausal women, Free 

Radic. Biol. Med. 45 (2008) 1252-1262. 

[168] Z.W. Lai, R. Hanczko, E. Bonilla, T.N. Caza, B. Clair, A. Bartos, G. Miklossy, J. Jimah, E. 

Doherty, H. Tily, L. Francis, R. Garcia, M. Dawood, J.H. Yu, I. Ramos, I. Coman, S.V. 

Faraone, P.E. Phillips, A. Perl, N-acetylcysteine reduces disease activity by blocking 

mammalian target of rapamycin in T cells from systemic lupus erythematosus patients. A 

randomized, double-blind, placebo-controlled trial, Arthritis Rheumatism 64 (2012) 2937-

2946. 

[169] E. Eylar, C. Riveraquinones, C. Molina, I. Baez, F. Molina, C.M. Mercado, N-acetylcysteine 

enhances T-cell functions and T-cell growth in culture, International Immunol. 5 (1993) 97-

101. 

[170] L. Giordani, M.G. Quaranta, W. Malorni, M. Boccanera, E. Giacomini, M. Viora, N-

acetylcysteine inhibits the induction of an antigen-specific antibody response down-

regulating CD40 and CD27 co-stimulatory molecules, Clin. Exp. Immunol. 129 (2002) 254-

264. 

[171] L. Ohman, C. Dahlgren, P. Follin, D. Lew, O. Stendahl, N-acetylcysteine enhances receptor-

mediated phagocytosis by human neutrophils, Agents Actions 36 (1992) 271-277. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

46 

[172] R.L. Roberts, V.R. Aroda, B.J. Ank, N-acetylcysteine enhances antibody-dependent cellular 

cytotoxicity in neutrophils and mononuclear-cells from healthy-adults and human 

immunodeficiency virus-infected patients, J. Infect. Dis. 172 (1995) 1492-1502. 

[173] S.K. Mahapatra, S. Bhattacharjee, S.P. Chakraborty, S. Majumdar, S. Roy, Alteration of 

immune functions and Th1/Th2 cytokine balance in nicotine-induced murine macrophages: 

Immunomodulatory role of eugenol and N-acetylcysteine, Inter. Immunopharmacol. 11 

(2011) 485-495. 

[174] A. Kharazmi, H. Nielsen, P.O. Schiotz, N-acetylcysteine inhibits human neutrophil and 

monocyte chemotaxis and oxidative-metabolism, Inter. J. Immunopharmacol. 10 (1988) 39-

46. 

[175] G.R. Bernard, W.D. Lucht, M.E. Niedermeyer, J.R. Snapper, M.L. Ogletree, K.L. Brigham, 

Effect of N-acetylcysteine on the pulmonary response to endotoxin in the awake sheep and 

upon in vitro granulocyte function, J. Clin. Invest. 73 (1984) 1772-1784. 

[176] G. Dent, K.F. Rabe, H. Magnussen, Augmentation of human neutrophil and alveolar 

macrophage LTB4 production by N-acetylcysteine: role of hydrogen peroxide, British J. 

Pharmacol. 122 (1997) 758-764. 

[177] K. Pahan, F.G. Sheikh, A.M.S. Namboodiri, I. Singh, N-acetyl cysteine inhibits induction of 

NO production by endotoxin or cytokine stimulated rat peritoneal macrophages, C-6 glial 

cells and astrocytes, Free Radic. Biol. Med. 24 (1998) 39-48. 

[178] S. Bergamini, C. Rota, R. Canali, M. Staffieri, F. Daneri, A. Bini, F. Giovannini, A. Tomasi, 

A. Iannone, N-acetylcysteine inhibits in vivo nitric oxide production by inducible nitric 

oxide synthase, Nitric Oxide-Biol. Chem. 5 (2001) 349-360. 

[179] V. Villagrasa, J. Cortijo, M. MartiCabrera, J.L. Ortiz, L. Berto, A. Esteras, L. Bruseghini, 

E.J. Morcillo, Inhibitory effects of N-acetylcysteine on superoxide anion generation in 

human polymorphonuclear leukocytes, J. Pharm. Pharmacol. 49 (1997) 525-529. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

47 

[180] T. Cocco, P. Sgobbo, M. Clemente, B. Lopriore, I. Grattagliano, M. Di Paola, G. Villani, 

Tissue-specific changes of mitochondrial functions in aged rats: Effect of a long-term 

dietary treatment with N-acetylcysteine, Free Radic. Biol. Med. 38 (2005) 796-805. 

[181] J. Miquel, M.L. Ferrandiz, E. Dejuan, I. Sevila, M. Martinez, N-acetylcysteine protects 

against age-Related decline of oxidative-phosphorylation in liver-mitochondria, Europ.J. 

Pharmacol .- Environm. Toxicol. Pharmacol. Section 292 (1995) 333-335. 

[182] Y. Xiong, P.L. Peterson, C.P. Lee, Effect of N-acetylcysteine on mitochondrial function 

following traumatic brain injury in rats, J. Neurotrauma 16 (1999) 1067-1082. 

[183] M.M. Banaclocha, N. Martinez, N-Acetylcysteine elicited increase in cytochrome c oxidase 

activity in mice synaptic mitochondria, Brain Res. 842 (1999) 249-251. 

[184] M.M. Banaclocha, N-Acetylcysteine elicited increase in complex I activity in synaptic 

mitochondria from aged mice: implications for treatment of Parkinson's disease, Brain Res. 

859 (2000) 173-175. 

[185] R. Gonzalez, G. Ferrin, A.B. Hidalgo, I. Ranchal, P. Lopez-Cillero, M. Santos-Gonzalez, G. 

Lopez-Lluch, J. Briceno, M.A. Gomez, A. Poyato, J.M. Villalba, P. Navas, M. de la Mata, J. 

Muntane, N-acetylcysteine, coenzyme Q(10) and superoxide dismutase mimetic prevent 

mitochondrial cell dysfunction and cell death induced by D-galactosamine in primary 

culture of human hepatocytes, Chemico-Biol. Interact. 181 (2009) 95-106. 

[186] A. Dupuis, J.M. Skehel, J.E. Walker, NADH - ubiquinone oxidoreductase from bovine 

mitochondria - cDNA sequence of a 19-Kda cysteine-rich subunit, Biochem. J. 277 (1991) 

11-15. 

[187] Y. Zhang, O. Marcillat, C. Giulivi, L. Ernster, K.J.A. Davies, The oxidative inactivation of 

mitochondrial electron-transport chain components and atpase, J. Biol. Chem. 265 (1990) 

16330-16336. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

48 

[188] P. Ghezzi, M. Bianchi, L. Gianera, S. Landolfo, M. Salmona, Role of reactive oxygen 

intermediates in the interferon-mediated depression of hepatic drug-metabolism and 

protective effect of N-acetylcysteine in mice, Cancer Res. 45 (1985) 3444-3447. 

[189] S. De Flora, G.A. Rossi, A. De Flora, Metabolic, desmutagenic and anticarcinogenic effects 

of N-acetylcysteine, Respiration 50 (1986) 43-49. 

[190] S. De Flora, A. Izzotti, F. Dagostini, C.F. Cesarone, Antioxidant activity and other 

mechanisms of thiols involved in chemoprevention of mutation and cancer, Am. J. Med. 91 

(1991) S122-S130. 

[191] M.Y. Wang, A. Nishikawa, F.L. Chung, Differential-effects of thiols on DNA modifications 

via alkylation and Michael addition by alpha-acetoxy-normal-nitrosopyrrolidine, Chem. 

Res. Toxicol. 5 (1992) 528-531. 

[192] Y. Yoshie, H. Ohshima, Synergistic induction of DNA strand breakage by cigarette tar and 

nitric oxide, Carcinogenesis 18 (1997) 1359-1363. 

[193] V.E. Steele, G.J. Kelloff, B.P. Wilkinson, J.T. Arnold, Inhibition of transformation in 

cultured rat tracheal epithelial-cells by potential chemopreventive agents, Cancer Res. 50 

(1990) 2068-2074. 

[194] M.G. Aluigi, S. De Flora, F. D'Agostini, A. Albini, G. Fassina, Antiapoptotic and 

antigenotoxic effects of N-acetylcysteine in human cells of endothelial origin, Anticancer 

Res. 20 (2000) 3183-3187. 

[195] R.B. Balansky, F. Dagostini, P. Zanacchi, S. Deflora, Protection by N-acetylcysteine of the 

histopathological and cytogenetical damage produced by exposure of rats to cigarette-

smoke, Cancer Lett. 64 (1992) 123-131. 

[196] A.R. Sudheer, S. Muthukumaran, N.A. Devipriya, H. Devaraj, V.P. Menon, Influence of 

ferulic acid on nicotine-induced lipid peroxidation, DNA damage and inflammation in 

experimental rats as compared to N-acetylcysteine, Toxicology 243 (2008) 317-329. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

49 

[197] C.C. Chua, R.C. Hamdy, B.H.L. Chua, Upregulation of vascular endothelial growth factor 

by H2O2 in rat heart endothelial, cells, Free Radic. Biol. Med. 25 (1998) 891-897. 

[198] T. Cai, G. Fassina, N. Morini, M.G. Aluigi, L. Masiello, G. Fontanini, F. D'Agostini, S. De 

Flora, D.M. Noonan, A. Albini, N-acetylcysteine inhibits endothelial cell invasion and 

angiogenesis, Lab. Invest. 79 (1999) 1151-1159. 

[199] A. Albini, F. Dagostini, D. Giunciuglio, I. Paglieri, R. Balansky, S. Deflora, Inhibition of 

invasion, gelatinase activity, tumor take and metastasis of malignant-cells by N-

acetylcysteine, International J. Cancer 61 (1995) 121-129. 

[200] S. Kawakami, Y. Kageyama, Y. Fujii, K. Kihara, H. Oshima, Inhibitory effects of N-

acetylcysteine on invasion and MMP-9 production of T24 human bladder cancer cells, 

Anticancer Res. 21 (2001) 213-219. 

[201] A. Weiss, S. Goldman, I. Ben Shlomo, V. Eyali, S. Leibovitz, E. Shalev, Mechanisms of 

matrix metalloproteinase-9 and matrix metalloproteinase-2 inhibition by N-acetylcysteine in 

the human term decidua and fetal membranes, Am. J. Obstetrics Gynecol. 189 (2003) 1758-

1763. 

[202] P. Pei, M.P. Horan, R. Hille, C.F. Hemann, S.P. Schwendeman, S.R. Mallery, Reduced 

nonprotein thiols inhibit activation and function of MMP-9: Implications for 

chemoprevention, Free Radic. Biol. Med. 41 (2006) 1315-1324. 

[203] D. Gavish, J.L. Breslow, Lipoprotein(a) reduction by N-acetylcysteine, Lancet 337 (1991) 

203-204. 

[204] A.G. Bostom, D. Shemin, D. Yoburn, D.H. Fisher, M.R. Nadeau, J. Selhub, Lack of effect 

of oral N-acetylcysteine on the acute dialysis-related lowering of total plasma homocysteine 

in hemodialysis patients, Atherosclerosis 120 (1996) 241-244. 

[205] O. Wiklund, G. Fager, A. Andersson, U. Lundstam, P. Masson, B. Hultberg, N-

acetylcysteine treatment lowers plasma homocysteine but not serum lipoprotein(a) levels, 

Atherosclerosis 119 (1996) 99-106. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

50 

[206] K. Shimada, T. Murayama, M. Yokode, T. Kita, H. Uzui, T. Ueda, J.D. Lee, C. Kishimoto, 

N-acetylcysteine reduces the severity of atherosclerosis in apolipoprotein E-deficient mice 

by reducing superoxide production, Circul. J. 73 (2009) 1337-1341. 

[207] C. Ceconi, S. Curello, A. Cargnoni, R. Ferrari, A. Albertini, O. Visioli, The role of 

glutathione status in the protection against ischemic and reperfusion damage - Effects of N-

acetyl cysteine, J. Mol. Cellular Cardiol. 20 (1988) 5-13. 

[208] J. Brunet, M.J. Boily, S. Cordeau, C. Desrosiers, Effects of N-acetylcysteine in the rat-heart 

reperfused after low-flow ischemia - Evidence for a direct scavenging of hydroxyl radicals 

and a nitric oxide-dependent Increase in coronary flow, Free Radic. Biol. Med. 19 (1995) 

627-638. 

[209] M.B. Forman, D.W. Puett, C.U. Cates, D.E. McCroskey, J.K. Beckman, H.L. Greene, R. 

Virmani, Glutathione redox pathway and reperfusion injury - Effect of N-acetylcysteine on 

infarct size and ventricular-function, Circulation 78 (1988) 202-213. 

[210] M.A. Arstall, J.F. Yang, I. Stafford, W.H. Betts, J.D. Horowitz, N-acetylcysteine in 

combination with nitroglycerin and streptokinase for the treatment of evolving acute 

myocardial-infarction - Safety and biochemical effects, Circulation 92 (1995) 2855-2862. 

[211] J. Sochman, J. Vrbska, B. Musilova, M. Rocek, Infarct size limitation: Acute N-

acetylcysteine defense (ISLAND trial): Preliminary analysis and report after the first 30 

patients, Clin. Cardiol. 19 (1996) 94-100. 

[212] Y.Y. Chirkov, J.D. Horowitz, N-acetylcysteine potentiates nitroglycerin-induced reversal of 

platelet aggregation, J. Cardiovascular Pharmacol. 28 (1996) 375-380. 

[213] M.D. Winniford, P.L. Kennedy, P.J. Wells, L.D. Hillis, Potentiation of Nitroglycerin-

Induced Coronary Dilatation by N-Acetylcysteine, Circulation 73 (1986) 138-142. 

[214] E.F. Ellis, L.Y. Dodson, R.J. Police, Restoration of cerebrovascular responsiveness to 

hyperventilation by the oxygen radical scavenger normal-acetylcysteine following 

experimental traumatic brain injury, J. Neurosurgery 75 (1991) 774-779. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

51 

[215] M.D. Sury, M. Frese-Schaper, M.K. Muhlemann, F.T. Schulthess, I.E. Blasig, M.G. Tauber, 

S.G. Shaw, S. Christen, Evidence that N-acetylcysteine inhibits TNF-alpha-induced 

cerebrovascular endothelin-1 upregulation via inhibition of mitogen- and stress-activated 

protein kinase, Free Radic. Biol. Med. 41 (2006) 1372-1383. 

[216] J.E. Grant, B.L. Odlaug, S.W. Kim, A double-blind, placebo-controlled study of N-acetyl 

cysteine plus naltrexone for methamphetamine dependence, Europ. Neuropsychopharmacol. 

20 (2010) 823-828. 

[217] K.M. Gray, N.L. Watson, M.J. Carpenter, S.D. LaRowe, N-acetylcysteine (NAC) in young 

marijuana users: An open-label pilot study, Am. J. Addict. 19 (2010) 187-189. 

[218] K.M. Gray, M.J. Carpenter, N.L. Baker, S.M. DeSantis, E. Kryway, K.J. Hartwell, A.L. 

McRae-Clark, K.T. Brady, A double-blind randomized controlled trial of N-acetylcysteine 

in cannabis-dependent adolescents, Am. J. Psychiatry 169 (2012) 805-812. 

[219] L.A. Knackstedt, S. LaRowe, P. Mardikian, R. Malcolm, H. Upadhyaya, S. Hedden, A. 

Markou, P.W. Kalivas, The role of cystine-glutamate exchange in nicotine dependence in 

rats and humans, Biol. Psychiatry 65 (2009) 841-845. 

[220] F.J. Van Schooten, A.B. Nia, S. De Flora, F. D'Agostini, A. Izzotti, A. Camoirano, A.J.M. 

Balm, J.W. Dallinga, A. Bast, G. Haenen, L. Van't Veer, P. Baas, H. Sakai, N. Van 

Zandwijk, Effects of oral administration of N-acetyl-L-cysteine: A multi-biomarker study in 

smokers, Cancer Epidemiol. Biomarkers  Prevent. 11 (2002) 167-175. 

[221] L. Schmaal, L. Berk, K.P. Hulstijn, J. Cousijn, R.W. Wiers, W. van den Brink, Efficacy of 

N-acetylcysteine in the treatment of nicotine dependence: A double-blind placebo-controlled 

pilot study, Eur. Addict. Res. 17 (2011) 211-216. 

[222] S.D. LaRowe, H. Myrick, S. Hedden, P. Mardikian, M. Saladin, A. McRae, K. Brady, P.W. 

Kalivas, R. Malcolm, Is cocaine desire reduced by N-acetylcysteine?, Am. J. Psychiat. 164 

(2007) 1115-1117. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

52 

[223] P.N. Mardikian, S.D. LaRowe, S. Hedden, P.W. Kalivas, R.J. Malcolm, An open-label trial 

of N-acetylcysteine for the treatment of cocaine dependence: A pilot study, Prog. Neuro-

Psychopharmacol. Biol. Psychiatry 31 (2007) 389-394. 

[224] J.E. Grant, S.W. Kim, B.L. Odlaug, N-acetyl cysteine, a glutamate-modulating agent, in the 

treatment of pathological gambling: A pilot study, Biol. Psychiatry 62 (2007) 652-657. 

[225] D.L. Lafleur, C. Pittenger, B. Kelmendi, T. Gardner, S. Wasylink, R.T. Malison, G. 

Sanacora, J.H. Krystal, V. Coric, N-acetylcysteine augmentation in serotonin reuptake 

inhibitor refractory obsessive-compulsive disorder, Psychopharmacology 184 (2006) 254-

256. 

[226] J.E. Grant, B.L. Odlaug, S.W. Kim, N-acetylcysteine, a glutamate modulator, in the 

treatment of trichotillomania A double-blind, placebo-controlled study, Arch. Gen. 

Psychiatry 66 (2009) 756-763. 

[227] S. Lavoie, M.M. Murray, P. Deppen, M.G. Knyazeva, M. Berk, O. Boulat, P. Bovet, A.I. 

Bush, P. Conus, D. Copolov, E. Fornari, R. Meuli, A. Solida, P. Vianin, M. Cuenod, T. 

Buclin, K.Q. Do, Glutathione precursor, N-acetyl-cysteine, improves mismatch negativity in 

schizophrenia patients, Neuropsychopharmacology 33 (2008) 2187-2199. 

[228] M. Berk, D.L. Copolov, O. Dean, K. Lu, S. Jeavons, I. Schapkaitz, M. Anderson-Hunt, A.I. 

Bush, N-acetyl cysteine for depressive symptoms in bipolar disorder - A double-blind 

randomized placebo-controlled trial, Biol. Psychiatry 64 (2008) 468-475. 

[229] M. Berk, O. Dean, S.M. Cotton, C.S. Gama, F. Kapczinski, B.S. Fernandes, K. Kohlmann, 

S. Jeavons, K. Hewitt, C. Allwang, H. Cobb, A.I. Bush, I. Schapkaitz, S. Dodd, G.S. Malhi, 

The efficacy of N-acetylcysteine as an adjunctive treatment in bipolar depression: An open 

label trial, J. Affect. Disorders 135 (2011) 389-394. 

[230] A.Y. Hardan, L.K. Fung, R.A. Libove, T.V. Obukhanych, S. Nair, L.A. Herzenberg, T.W. 

Frazier, R. Tirouvanziam, A randomized controlled pilot trial of oral N-acetylcysteine in 

children with autism, Biol. Psychiatry 71 (2012) 956-961. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

53 

[231] J.C. Adair, J.E. Knoefel, N. Morgan, Controlled trial of N-acetyleysteine for patients with 

probable Alzheimer's disease, Neurology 57 (2001) 1515-1517. 

[232] R. Remington, A. Chan, J. Paskavitz, T.B. Shea, Efficacy of a vitamin/nutriceutical 

formulation for moderate-stage to later-stage Alzheimer's disease: A placebo-controlled 

pilot study, Am. J. Alzheimers Disease and Other Dementias 24 (2009) 27-33. 

[233] G. Chen, J. Shi, Z. Hu, C. Hang, Inhibitory effect on cerebral inflammatory response 

following traumatic brain injury in rats: a potential neuroprotective mechanism of N-

acetylcysteine, Mediators of Inflammation 2008 (2008) 716458-716458. 

[234] M. Khan, B. Sekhon, M. Jatana, S. Giri, A.G. Gilg, C. Sekhon, I. Singh, A.K. Singh, 

Administration of N-acetylcysteine after focal cerebral ischemia protects brain and reduces 

inflammation in a rat model of experimental stroke, J. Neurosci. Res. 76 (2004) 519-527. 

[235] R. Beloosesky, Z. Weiner, Y. Ginsberg, M.G. Ross, Maternal N-acetyl-cysteine (NAC) 

protects the rat fetal brain from inflammatory cytokine responses to lipopolysaccharide 

(LPS), J. Maternal-Fetal Neonatal Med. 25 (2012) 1324-1328. 

[236] G.Y. Tsai, J.Z. Cui, H. Syed, Z. Xia, U. Ozerdem, J.H. McNeill, J.A. Matsubara, Effect of 

N-acetylcysteine on the early expression of inflammatory markers in the retina and plasma 

of diabetic rats, Clin. Exp. Ophthalmol. 37 (2009) 223-231. 

[237] G. Rajkowska, J.J. Miguel-Hidalgo, Gliogenesis and glial pathology in depression, CNS & 

Neurological Disorders-Drug Targets 6 (2007) 219-233. 

[238] D.A. Baker, K. McFarland, R.W. Lake, H. Shen, X.C. Tang, S. Toda, P.W. Kalivas, 

Neuroadaptations in cystine-glutamate exchange underlie cocaine relapse, Nature 

Neuroscience 6 (2003) 743-749. 

[239] M. Berk, H. Plein, B. Belsham, The specificity of platelet glutamate receptor 

supersensitivity in psychotic disorders, Life Sci. 66 (2000) 2427-2432. 

[240] H. Plein, M. Berk, The platelet as a peripheral marker in psychiatric illness, Human 

Psychopharmacol: Clin. Exp. 16 (2001) 229-236. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

54 

[241] C. Ozgul, M. Naziroglu, TRPM2 channel protective properties of N-acetylcysteine on 

cytosolic glutathione depletion dependent oxidative stress and Ca2+ influx in rat dorsal root 

ganglion, Physiol. Behav. 15 (2012) 122-128. 

[242] E. Gere-Paszti, J. Jakus, The effect of N-acetylcysteine on amphetamine-mediated dopamine 

release in rat brain striatal slices by ion-pair reversed-phase high performance liquid 

chromatography, Biomed. Chromatography 23 (2009) 658-664. 

[243] K. Hashimoto, H. Tsukada, S. Nishiyama, D. Fukumoto, T. Kakiuchi, E. Shimizu, M. Iyo, 

Protective effects of N-acetyl-L-cysteine on the reduction of dopamine transporters in the 

striatum of monkeys treated with methamphetamine, Neuropsychopharmacology 29 (2004) 

2018-2023. 

[244] Q. Huang, C.D. Aluise, G. Joshi, R. Sultana, D.K. St Clair, W.R. Markesbery, D.A. 

Butterfield, Potential in vivo amelioration by N-acetyl-L-cysteine of oxidative stress in brain 

in human double mutant APP/PS-1 knock-in mice: Toward therapeutic modulation of mild 

cognitive impairment, J. Neurosci. Res. 88 (2010) 2618-2629. 

[245] C.-C. Wang, K.-M. Fang, C.-S. Yang, S.-F. Tzeng, Reactive oxygen species-induced cell 

death of rat primary astrocytes through mitochondria-mediated mechanism, J. Cell. 

Biochem. 107 (2009) 933-943. 

[246] O.M. Dean, M. van den Buuse, M. Berk, D.L. Copolov, C. Mavros, A.I. Bush, N-acetyl 

cysteine restores brain glutathione loss in combined 2-cyclohexene-1-one and D-

amphetamine-treated rats: Relevance to schizophrenia and bipolar disorder, Neurosci. Lett. 

499 (2011) 149-153. 

[247] K.H.C. Choy, O. Dean, M. Berk, A.I. Bush, M. van den Buuse, Effects of N-acetyl-cysteine 

treatment on glutathione depletion and a short-term spatial memory deficit in 2-

cyclohexene-1-one-treated rats, Europ. J. Pharmacol. 649 (2010) 224-228. 

[248] M. Arturo Martinez-Banaclocha, N-acetyl-cysteine in the treatment of Parkinson's disease. 

What are we waiting for?, Med. Hypotheses 79 (2012) 8-12. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

55 

[249] C.A. Colton, F. Pagan, J. Snell, J.S. Colton, A. Cummins, D.L. Gilbert, Protection from 

oxidation enhances the survival of cultured mesencephalic neurons, Exp. Neurol. 132 (1995) 

54-61. 

[250] R. Soto-Otero, E. Mendez-Alvarez, A. Hermida-Ameijeiras, A.M. Munoz-Patino, J.L. 

Labandeira-Garcia, Autoxidation and neurotoxicity of 6-hydroxydopamine in the presence 

of some antioxidants: Potential implication in relation to the pathogenesis of Parkinson's 

disease, J. Neurochem. 74 (2000) 1605-1612. 

[251] A.M. Munoz, P. Rey, R. Soto-Otero, M.J. Guerra, J.L. Labandeira-Garcia, Systemic 

administration of N-acetylcysteine protects dopaminergic neurons against 6-

hydroxydopamine-induced degeneration, J. Neurosci. Res. 76 (2004) 551-562. 

[252] J. Rodriguez-Pallares, P. Rey, R. Soto-Otero, J.L. Labandeira-Garcia, N-acetylcysteine 

enhances production of dopaminergic neurons from mesencephalic-derived precursor cells, 

Neuroreport 12 (2001) 3935-3938. 

[253] C.-H. Lin, S.-C. Kuo, L.-J. Huang, P.-W. Gean, Neuroprotective effect of N-acetylcysteine 

on neuronal apoptosis induced by a synthetic gingerdione compound: Involvement of ERK 

and p38 phosphorylation, J. Neurosci. Res. 84 (2006) 1485-1494. 

[254] A.E. Berman, W.Y. Chan, A.M. Brennan, R.C. Reyes, B.L. Adler, S.W. Suh, T.M. 

Kauppinen, Y. Edling, R.A. Swanson, N-acetylcysteine prevents loss of dopaminergic 

neurons in the EAAC1(-/-) mouse, Ann. Neurol. 69 (2011) 509-520. 

[255] L. Cao, L. Li, Z. Zuo, N-acetylcysteine reverses existing cognitive impairment and increased 

oxidative stress in glutamate transporter type 3 deficient mice, Neurosci. 220 (2012) 85-89. 

[256] O.M. Dean, A.I. Bush, D.L. Copolov, K. Kohlmann, S. Jeavons, I. Schapkaitz, M. 

Anderson-Hunt, M. Berk, Effects of N-acetyl cysteine on cognitive function in bipolar 

disorder, Psychiat. Clin. Neurosci. 66 (2012) 514-517. 

[257] R. Munday, Toxicity of thiols and disulphides: involvement of free-radical species., Free 

Rad. Biol. Med. 7 (1989) 659–673. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

56 

[258] R.C. Sprong, A.M.L. Winkelhuyzen-Janssen, J.M. Aarsman, J.F.L.M. van Oirschot, T. van 

der Bruggen, B.S. van Asbeck, Low-dose N-acetylcysteine protects rats against endotoxin-

mediated oxidative stress, but high-dose increases mortality, Am. J. Respir. Crit. Care Med. 

157 (1998) 1283-1293. 

[259] S. Oikawa, K. Yamada, N. Yamashita, S. Tada-Oikawa, S. Kawanishi, N-acetylcysteine, a 

cancer chemopreventive agent, causes oxidative damage to cellular and isolated DNA, 

Carcinogenesis 20 (1999) 1485-1490. 

[260] C. Ritter, M.E. Andrades, A. Reinke, S.r. Menna-Barreto, J.C.u.F. Moreira, F. Dal-Pizzol, 

Treatment with N-acetylcysteine plus deferoxamine protects rats against oxidative stress and 

improves survival in sepsis, Crit. Care Med. 32 (2004) 342-349  

310.1097/1001.CCM.0000109454.0000113145.CA. 

[261] C.M. Fraga, C.D. Tomasi, D. Biff, M.F.L. Topanotti, F. Felisberto, F. (Vuolo, F. Petronilho, 

F. Dal-Pizzol, C. Ritter, The effects of N-acetylcysteine and deferoxamine on plasma 

cytokine and oxidative damage parameters in critically ill patients with prolonged 

hypotension: A randomized controlled trial, J. Clin. Pharmacol. 52 (2012) 1365-1372. 

[262] Z. Molnar, E. Shearer, D. Lowe, N-Acetylcysteine treatment to prevent the progression of 

multisystem organ failure: A prospective, randomized, placebo-controlled study, Crit. Care 

Med. 27 (1999) 1100-1104. 

[263] H.A. Kleinveld, P.N.M. Demacker, A.F.H. Stalenhoef, Failure of N-acetylcysteine to reduce 

low-density-lipoprotein oxidizability in healthy-subjects, Europ. J. Clin. Pharmacol. 43 

(1992) 639-642. 

[264] M.P. Mattson, Hormesis defined, Ageing Res. Rev. 7 (2008) 1-7. 

[265] W. Yang, S. Hekimi, A Mitochondrial superoxide signal triggers increased longevity in 

caenorhabditis elegans, Plos Biol. 8 (2010) Article Number e1000556. 



AC
C

EP
TE

D
 M

AN
U

SC
R

IP
T

ACCEPTED MANUSCRIPT

57 

Figures Legends 

 

Figure 1. Characteristics of the BBB are: (1) tight junctions that seal the pathway between the 

endothelial cells; (2) lipid nature of the cell membranes of the capillary wall, which makes it a 

barrier to water-soluble molecules; (3), (4), and (5) represent some of the carriers and ion channels. 

The figure is a modification of the one in http://www.answers.com/topic/blood-brain-barrier. 

 

 

Figure 2. Distribution of the various protonated forms of NAC as a function of pH using pKa(-

COOH) = 3.31 and pKa(-SH) = 9.87 at I = 0.02 M [32]. 

 

Figure 3. Plausible routes for the biological activities of NAC (red color - major routes, blue color - 

plausible routes, black color - insignificant routes under physiological conditions). 
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Table 1. Rate constants of NAC reactions with various compounds 

 

Compound Rate constant (M
-1

s
-1

) Exp. conditions Ref. 

OH 1.36 x 10
10

 pH 7, RT [35] 

CO3
–

 1.0 x 10
7 

1.8 x 10
8
 

pH 7, RT 

pH 12, RT 

[36] 

[36] 

O2
–
 68 ± 6 

< 10
3
 

pH 7, RT 

pH 7.4, 25
o
C 

[37] 

[35] 

H2O2 0.16 ± 0.01 

0.85 ± 0.09 

pH 7.4, 37
o
C 

pH 7.4, 25
o
C 

[23] 

[35] 

NO2  2.4 x 10
8 (a)

 

 1.0 x 10
7 (b)

 

pH > pKa, RT 

pH 7.4, RT 

[38] 

[39] 

NACysS
·
 1.1 x 10

9
 

            7 x 10
8
 

pH = 11.2, RT 

pH = 8.5, RT  

[40] 

[40] 

HNO 5 x 10
5
 pH 7.4, 37

o
C [41] 

HOSCN 7.7 x 10
3
 pH 7.4, 22

o
C [42] 

HOCl > 10
7
 M

-1
s

-1 (c)
 pH  7, 21- 24

o
C [27, 43] 

N-chlorotaurine 46 ± 7 pH 7.4, 24
o
C [43] 

415 ± 10
 

pH 7.4, 37
o
C [26] 

       NAPQI
 

(1.36 ± 0.2) x 10
4 

pH 7, 25
o
C [44] 

– 5 x 10
9
 pH 7.1, RT [40] 

 
·

 10
7
 – 10

8
 
(d) 

pH 5, RT [45] 

5,5-dithiobis-

(2-nitrobenzoic) 

(1.77 ± 0.21) x 10
5
 pH 7, RT [15] 

RT – room temperature 

a – Estimated using the rate constant determined for cysteine at pH 9.2 [38]. 

b – Estimated using the rate constants 2 x 10
7
 and 5 x 10

7
 M

-1
s

-1
 determined at pH 7.4 for cysteine 

and GSH, respectively [39]. 
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c – Estimated using the lower limit of the rate constant for HOCl reaction with GSH at pH 7 and 

21
o
C (> 10

7
 M

-1
s

-1
)
 
[27] and the ratio 0.5 between the rate constants of HOCl reactions with 

cysteine and GSH at pH 7.4 [43]. 

d – The rate constant of the "repair reaction" has been determined using GSH and penicillamine 

with radicals derived from methanol, ethanol, propan-1-ol, propan-2-ol, ethylene glycol, 

tetrahydrofuran and 1,4-dioxane with the abstracted hydrogen being located α to the hydroxy or 

alkoxy function (  
·

  . H-abstraction from RH by thiyl radicals (reverse process) occurred 

with rate constants of the order of 10
3
-10

4
 M

-1
s

-1
. 
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Highlights  

 The chemistry of N-acetylcyteine (NAC) is reviewed. 

 NAC can detoxify oxidizing radicals and bind redox-active metal ions.  

 NAC is a precursor of cysteine thus maintaining GSH intracellular levels. 

 NAC can efficiently reduce disulfide bonds in proteins thus altering their structures. 

 Not all mechanisms underlying the biological activities of NAC are already clear. 
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