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N-acetyl-L-cysteine is known to act as a reactive oxygen species scavenger and used in clinical applications. Previous reports
have shown that high-dose N-acetyl-L-cysteine treatment inhibits the expression of proinflammatory cytokines in activated
macrophages. Here, we have found that long-time N-acetyl-L-cysteine treatment at low-concentration increases
phosphorylation of extracellular signal-regulated kinase 1/2 and AKT, which are essential for the induction of
proinflammatory cytokines including interleukin 1p and interleukin 6 in lipopolysaccharide-stimulated RAW264.7 cells.
Furthermore, long-time N-acetyl-L-cysteine treatment decreases expressions of protein phosphatases, catalytic subunit of
protein phosphatase-2A and dual specificity phosphatase 1. On the other hand, we have found that short-time N-acetyl-L-
cysteine treatment at low dose increases p53 expression, which inhibits expressions of proinflammatory cytokines. These
observations suggest that long-time low-dose N-acetyl-L-cysteine treatment increases expressions of proinflammatory
cytokines through enhancement of kinase phosphorylation.
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Introduction

Reactive oxygen species (ROS) are involved in various cellular
events including cell proliferation, apoptosis and immune
responses [1,2]. MN-acetyl-L-cysteine (NAC) is a precursor of L-
cysteine, which is converted to intracellular gluthathione acting as
a scavenger of ROS [3]. NAC has been clinically used in the
treatment of acetoaminophen overdose to reduce liver injury for
more than 30 years [4]. Recent studies have revealed more
beneficial effects of NAC on various diseases including cancer,
heart disorders, chronic obstructive pulmonary disease (COPD),
human immunodeficiency virus (HIV) infection, diabetes-associ-
ated periodontal bone loss and contrast-induced nephropathy
[3,5,6].

Macrophages are vital for the recognition and elimination of
microbial pathogens. They are critical immune effecter cells,
which are associated with not only antigen-specific immune
responses but also innate immune responses [7]. Lipopolysaccha-
ride (LPS), which is the endotoxin of gram-negative bacteria, is a
strong stimulator for the innate immune response. LPS activates
macrophages through the Toll-like receptor (TLR) 4 signal
pathway to induce gene expressions of proinflammatory cytokines.
Interaction of LPS with TLR4 leads to the activation of both
nuclear factor-kB (NF-kB) and MAPK cascades, which are
mediated by MyD88- and TRIF-dependent pathways [8-10].
The LPS/TLR#4 signal induces activation of IxB kinase (IKK),
and phosphorylation and degradation of IxBo, which masks the
nuclear localization signal of NF-xB [9]. The degradation of IxBa
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causes nuclear translocation of NF-xB, which induces gene
transcriptions of various proinflammatory cytokines including IL-
1B and IL-6 [9]. On the other hand, cascades of MAPKs,
including JNKs, ERK1/2 and p38, are also activated by the LPS/
TLR4 signal through both MyD88- and TRIF-dependent
pathways to phosphorylate activator protein-1 (AP-1) transcription
factors [8-10]. Cancer Osaka thyroid oncogene/tumor progres-
sion locus 2 (Cot/Tpl2) kinase is a downstream mediator of TLR4
signal stimulating MAPK activation [11]. MAPK activation leads
to nuclear translocation of AP-1, which interacts with the AP-1-
binding sites in gene promoters of various proinflammatory
cytokines to induce promoter activities [8—10]. Gene promoters
for IL-1B and IL-6 contain binding motifs for NF-xB and AP-1,
both of which are essential for their expressions in response to
LPS.

In innate immune responses, macrophages activate NADPH
oxidase, which produces ROS to eliminate microbial pathogens as
well as infected cells, and to increase production of proinflamma-
tory cytokines [8-10,12]. Several previous reports have shown that
in vitro NAC administration is inhibitory to the ROS-mediated
apoptosis and innate immune responses of macrophages [13-17].
Most of these studies examined the negative regulatory effects of
NAC at concentrations higher than 10 mM on innate immune
responses such as expressions of proinflammatory cytokines [13—
17]. In contrast, NAC treatment of LPS-stimulated macrophages
at a low-concentration (2.5 mM) was reported to increase
expression of I-12, an essential cytokine for the induction and
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maintenance of helper T type 1 (Thl) cell development [18].
Notably, according to several recent clinical studies, symptoms of
COPD and psychiatry diseases were improved by oral adminis-
tration of NAC at doses lower than those for acetoaminophen
intoxication [4,19,20]. The dose of NAC clinically used for the
treatment of acetoaminophen intoxication has not been signifi-
cantly changed for more than 30 years. In addition, intravenous
administration of NAC to patients with acute sever sepsis is
reported to aggravate sepsis-induced organ failure, suggesting that
the effects of NAC are not always anti-inflammatory [21].
Therefore, it is important to examine the effects of low-dose
NAC treatment on innate immune responses such as expressions
of proinflammatory cytokines.

High-dose NAC treatment has been reported to inhibit
expressions of proinflammatory cytokines in LPS-stimulated
macrophages, while it reduces LPS-induced phosphorylation of
AKT and IKKo/B [13]. NF-xB is an important downstream
target of phosphatidylinositol-3 kinase (PI3K)/AKT [22]. AKT
binds to and increases the activity of IKKa, which is required for
NF-xB activation [23]. Consequently, high-dose NAC treatment
reduces promoter activity containing binding motif for NI-xB
[23]. Recently, AP-1 has also been shown to be a downstream
target of AKT/IKKa [24]. Consistently, a mutation of AP-1 site
in IL-6 gene promoter, but not the NI-xB site, is reported to
reduce the induction of transcriptional activity of IL-1f [24].
These observations suggest that both transcription factors, NF-kB
and AP-1, are downstream targets of AKT.

In this study, we have revealed that low-dose NAC treatment
for long periods enhance expressions of pro-inflammatory
cytokines, interleukin 1f3 (IL-1B) and interleukin 6 (IL-6), in
LPS-stimulated macrophages. When cells are treated with low-
dose NAC for long periods, LPS-induced phosphorylation of AK'T
and ERKSs are enhanced, which are responsible for the increased
promoter activities of IL-13 and IL-6 genes through activation of
AP-1 transcription factor. Furthermore, our data have also
revealed that the increased expression of a tumor suppressor
protein, p53, is associated with negative regulation of proin-
flammatory cytokine expressions by low-dose NAC treatment for
short-time.

Materials and Methods

Reagents and Antibodies

NAC and LPS from E. coli were purchased from Sigma-Aldrich
(St Louis, MO). SP600125, a specific JNK inhibitor was purchased
from BIOMOL International (Plymouth Meeting, PA). U0126, a
specific inhibitor of ERK activation pathway, SB203580, a specific
p38 kinase inhibitor, SP 600125, a specific JNK inhibitor and
LY294002, and a specific inhibitor of AK'T phosphorylation were
from CALBIOCHEM (San Diego, CA). Antibodies specifically
recognizing phosphorylated forms of JNKs, ERKs, p38 kinases,
and AKT were purchased from Cell Signaling Technology
(Danvers, MA). Antibodies against ERK1/2, JNK1/2, JNK2,
AKT, and p38 kinases, were also from Cell Signaling Technology.
Antibodies against p53 and GAPDH were purchased from Santa
Cruz Biotechnology (Santa Cruz, CA).

Cell Culture

RAW264.7 cells (ATCC TIB71, Manassas, VA) were cultured
in 10% fetal calf serum (FCS)-containing Dulbecco’s Modified
Eagle Medium (DMEM) as previously described [25]. RAW264.7
cells were pretreated with 2 mM or 20 mM NAC, and then
stimulated with 100 ng/ml LPS for 3 hours. Peripheral blood
mononuclear cells (PBMCs) were isolated from human blood with
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Lymphoprep™ (Axis-Shield ProC AS, Oslo, Norway) following
the protocol for Lymphoprep ™. The PBMCs were plated in a 12
well dish coated with poly-L-lysine, and then incubated in RPMI
plus 10% FCS at 37°C for 12 hours. After washes with PBS, the
cells were incubated in RPMI1640 plus 10% FCS containing
50 ng/ml human macrophage-colony stimulating factor (M-CSF)
(Kyowa Hakko Bio Co. Ltd, Tokyo, Japan) for 3 days to induce
the differentiation of macrophages. The cells in some wells were
pretreated with NAC at a concentration of 2 mM or 20 mM, and
then stimulated with 100 ng/ml LPS.

Tetracycline-inducible (Tet-On) Expression System for
p53

A TetOn inducible expression system for mouse pd>3 was
established as previously described [26]. The coding region of the
mouse p5>3 cDNA was amplified by reverse transcription-PCR
(RT-PCR) using a pair of primers, tp5>3/F158: ggatccatgactgc-
catggaggagtc, and tp53/1321R: gcggecgeagaggcagteagtetgagte,
from the total RNA isolated from RAW264.7 cells. The 1.2 kb
BamHI and Notl- digested fragment was inserted into pTRE2Hyg
plasmid (Clontech, CA). The constructed pTRE2Hyg-tp53 was
stably transfected into RAW264.7 pEF-1a-pTet-On cell line. The
hygromycin B-selected clones were treated with or without 2 ug/
ml doxycycline for 2 days, and protein and total RNA were
extracted from cells as described below.

Luciferase Reporter Gene Assay

RAW264.7 cells stably transfected with pNF«B-Luc or pAP-1-
Luc plasmid (Clontech) were prepared by co-transfection with
pcDNA3.1(+) and selection with 1 mg/ml G418. After pre-
treatment with 2 mM NAC, the cells were stimulated with
100 ng/ml LPS for 6 hours. Luciferase activity was measured by
Luciferase assay systems (Promega, Corp, WI) according to the
manufacturer’s instructions.

The promoter region (—254 to +23) of the mouse IL-1B gene
containing the putative transcriptional initiation site was cloned by
PCR from C57BL/6 genomic DNA using a pair of primers,
CCAGATGAGCCTATTAGGCC and TCCACCACGATGA-
CACACTT, and ligated into the luciferase reporter vector pGV-p
(Toyoink, Tokyo, Japan) to generate pGV-p-IL1B pGV-p-IL1f or
the vector control, pGV-p was transfected into 70% confluent
RAW264.7 pEF-1a-pTet-On  pTRE2Hyg-p53 cell line using
Lipofectamine 2000 (Invitrogen), according to the manufacturer’s
mstructions. At 24 hours after transfection, the cells were treated
with 2 pg/ml doxycycline and further incubated for 48 hours.
Luciferase activities were measured and normalized by protein
contents of the cell lysates.

Oligonucleotides

Amplicons and the corresponding oligonucleotides were as
follows: tp53 (tp53/141F: 5'gcttctecgaagactggatg3’, tp53/283R:
5'gtccatgcagtgaggtgatg3’: NM_001127233.1), PP2Ac (catalytic
subunit of protein  phosphatase = 2A)  (PP2Ac/F: 5’
cteteactgecttggtggat 3', PP2Ac/R: 5'tgaccacagcaagtcacaca 3',
NM_019411), DUSP (dual specificity phosphatase) 1 (DUSP1/F:
5" atecctgtggaggacaacc3’, DUSP1/R: 5' gaggtaagcaaggcagatgg
3’; NM_013642), human IL-1B (hIL-1B/L: 5" gtggcaatgaggat-
gacttgt 3', hIL-1B/R: 5’ ctggaaggagcacttcatctg 3', NM_000576),
human IL-6 (hIL-6/F: 5 cagacagccactcacctctte 3', hIL-6/R: 5’
ttcaggttgttttetgecagt  3', NM_000600), and human ubiqutin
C.(hUbc/F: 5" atttgggtcgeagttettgtt 3', hUbc/R: 5’ ttgtcaagtgac-
gatcacage 3', NM_021009).
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Real Time RT-PCR and Western Blot Analysis

Total RNA was extracted as previously described [11]. Each
real-time RT-PCR reaction was run in triplicate and normalized
against Ubc mRINA level. For western blot analyses, total cellular
lysate preparation and immunoblotting procedures with specific
antibodies were performed as previously described [27].

Measurement of ROS in RAW264.7 Cells

RAW264.7 cells were stimulated with or without 100 ng/ml
LPS in Hank’s Balanced Salt Solution (HBSS) containing 20 uM
2',7'-dichlorodihydrofluorescein diacetate (HoDCF-DA) for 1
hour. The cells were washed with PBS, and then the fluorescence
emission of the cell suspensions in PBS was assessed by Fluoroskan
Ascent Microplate Fluorometer (Thermo Fisher Scientific Inc,

Waltham, MA).

Statistical Analysis

The values given are mean S.E.M. Statistical analysis between
two samples was performed using student’s t-test. In all cases,
P<0.05 was considered as being significant.

Results

Effects of Low-dose NAC Treatment on Proinflammatory
Cytokine Expressions in Macrophages

In order to confirm the previous finding that the short-time
NAC treatment reduces expressions of proinflammatory cytokines,
RAW264.7 cells were pretreated with 2 mM or 20 mM NAC for
various time periods, followed by stimulation with LPS (Fig. 1A).
In the result, 20 mM NAC pretreatment inhibited LPS-induced
IL-1B and IL-6 mRNA expressions for as long as 9 hours (Fig. 1B).
Similarly, short-time pretreatment with 2 mM NAC was inhibi-
tory to these expressions. In contrast, however, when the cells were
pretreated with 2 mM NAC for long-time (more than 9 hours),
LPS-induced expressions of both IL-1f and IL-6 mRNAs were
significantly enhanced (Fig. 1B, C).

We also examined the effect of long-time NAC treatment at
2 mM or 20 mM on IL-1B expression in LPS-stimulated human
primary macrophages. Being similar to the findings of RAW264.7
cells, LPS-induced IL-1 mRNA expression was enhanced by low-
dose (2 mM), but was inhibited by high-dose (20 mM) NAC
treatment (Fig. S1).

Activation of MAPKs and AKT, and Reduction of
Phosphatase Expressions by NAC Treatment at a Low-
concentration

LPS/TLR4 signal-induced expressions of proinflammatory
cytokines are mediated by various signaling molecules such as
MyD88, Cot/Tpl2 and NF-kB [8,27]. We found, however, that
2 mM NAC treatment did not affect activation or expression of
these three molecules (Fig. 2). We next examined PI3K/AKT and
MAPK signals, which are also activated by TLR4 signal [28,29]. It
was found that inhibitors of AKT and MAPKSs reduced LPS-
induced expressions of IL-1B and IL-6 in LPS-stimulated
RAW264.7 cells (Fig. 3). As treatment with high-dose NAC has
been reported to reduce IL-1B and IL-6 expressions in LPS-
stimulated macrophages through the inhibition of AKT phos-
phorylation at S473 [13,15,17], we examined the effect of low-
dose NAC on AKT phosphorylation in LPS-stimulated macro-
phages. We found that 2 mM NAC increased AKT phosphory-
lation in a time-dependent manner, whereas 20 mM NAC
reduced its phosphorylation, suggesting that AKT phosphoryla-
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Figure 1. Time-dependent effects of low-dose NAC treatment
on proinflammatory cytokine expressions in LPS-stimulated
RAW264.7 cells. RAW264.7 cells were pretreated with 2 mM (closed
mark) or 20 mM (open mark) NAC following the indicated time
schedule (A). The cells were further incubated in the presence (square)
or absence (triangle) of 100 ng/ml LPS for 3 hours. Cellular IL-1 (B) and
IL-6 (C) mRNA levels were detected by real time RT-PCR and normalized
by Ubc mRNA levels (B, C). *p<<0.05 versus time 0.
doi:10.1371/journal.pone.0087229.g001

tion may be involved in the regulation of proimflammatory
cytokine expressions by NAC (Fig 4A).

We then examined the effect of 2 mM NAC treatment on the
phosphorylation of MAPKs in LPS-stimulated RAW264.7 cells by
western blot analyses. Treatment with 2 mM NAC enhanced
phosphorylated JNKs and ERK1/2 levels after stimulation with
LPS, but not p38, in time-dependent manners (Fig. 4A, B).
Furthermore, phosphorylation of both p38 kinase and ERK1/2
was time-dependently increased by NAC treatment in RAW264.7
cells without LPS stimulation (Fig. 4A, B), possibly suggesting that
reductions of some phosphatase activities for these MAPKs. On
the other hand, NAC treatment increased both expression and
phosphorylation levels of JNKs in LPS-stimulated RAW264.7
cells. The peak phosphorylation (30 hours) was induced later than
the peak expression (3-9 hours) of JNKs (Fig. 4A, B).

As both mouse IL-1B and IL-6 gene promoters contain AP-1-
binding sites [24,30], we then examined the effect of 2 mM NAC
treatment on AP-1 promoter activity using luciferase reporter
assays. Long-time treatment with 2 mM NAC enhanced AP-1
promoter activity in LPS-stimulated RAW264.7 cells (Fig. 4D). As
AP-1 is a known downstream target for MAPKs, it is presumed
that the low-concentration NAC treatment increase proinflamma-
tory cytokine expressions through MAPK-mediated AP-1 activa-
tion.
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Figure 2. The effect of NAC treatment on TLR signal pathway in LPS-stimulated RAW264.7 cells. RAW264.7 cells were plated at 1.0x10°
cells/well, and cultured in DMEM containing 10% FCS with 2 mM NAC for 30 hours. 100 ng/ml LPS was added into the conditioned media, followed
by further 3 hour incubation. A. The cell lysates were subjected to western blot analysis using anti-MyD88, cot/Tpl2, or IkBo antibody. B. The pNF«B-
Luc plasmid was stably transfected into RAW264 cells. Cells were treated with 2 mM NAC for 1 hour, 9 hours or 30 hours, and stimulated with 100 ng/
ml LPS for 3 hours. Luciferase activities in the cell lysates were normalized by the protein contents.

doi:10.1371/journal.pone.0087229.9g002

As for the MAPK activation mechanisms by low-dose NAC, we and PP2A dephosphorylates AKT and MAPKs [31-34]. We
focused on two protein phosphatases, PP2Ac and DUSP1, because examined if NAC treatment affects the expression of these
they have been reported to be expressed in macrophages [31]. phosphatases in RAW264.7 cells, and found that 2 mM NAC
DUSP1 dephosphorylates MAPKSs including JNKs and ERK1/2, treatment decreased expressions of both phosphatase mRNAs in

A V0126 SB  SP B
Cont (10 M) (5 M) (20 uM)
LPS - + - ¥ - ¥ - =+

'S
=]

o
wn

5 Oc¢
.’.‘.. -“ -.:pERKl/Z <30 cont
2 25 BLpS
S 2
*888888808 - [:ki2 3 20
ﬁg 15
P~ & - pp38 < 10
a5
0 7
——— - — - - D38 non 3 10 30 3 10 30 2 6 15 3 10 30
0126 SB (M) SP(uM) LY @uM
o E =B ~pINK 1/2 (M) (M) M) M)
-a - - L £ |4
- S 12
Blllllll_ K123
" aLPS
v
<=
2 8 .
<
z 6
x * " "
E 4 . .
5 2 * * *
= 2 . .
0

non 3 10 30 3 10 30 2 6 3 10 30

U0126 (M) SB (M) SP (M) LY (M)

Figure 3. LPS-stimulated phosphorylation of MAPKs to induce proinflammatory cytokines. RAW264.7 cells were plated at 1.0x10° cells/
well and cultured in DMEM containing 10% FCS for 2 days. Cells were pretreated with various concentrations of U0126, SB203580 (SB), SP600125 (SP)
or LY2904002 (LY) for 30 min, and stimulated with 100 ng/ml LPS for 20 min (A) or 3 hr (B). A. The cell lysates were subjected to western blot analysis
using anti-pERK1/2, ERK1/2, pp38, p38, pJNK1/2, and JNK1/2. B. The gene expression of IL-1p and IL-6 was detected by real time RT-PCR. The mRNA
levels were normalized by Ubc mRNA levels. *p<<0.05 versus control.

doi:10.1371/journal.pone.0087229.g003
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in the cell lysates were normalized by the protein contents. *p<<0.05 versus control.

doi:10.1371/journal.pone.0087229.g004

time-dependent manners, whereas 20 mM NAC treatment did not
(Fig. 5).

Short-time NAC Treatment Inhibits Proinflammatory
Cytokine Expressions through Induction of p53

Although the long-time pretreatment with 2 mM NAC
enhanced LPS-induced IL-1B and IL-6 mRNA expression,
short-time (1 hr) pretreatment with the same NAC concentration
decreased the induction of their expressions by 50% and 25%,
respectively (Fig. 1B, C). In order to investigate the molecular
mechanisms of this inhibitory effect, we examined p53 protein
expression levels in RAW264.7 cells treated with NAC, as
enhanced expression levels of IL-1B and IL-6 were recently
reported in p53-null mice, suggesting that p53 is inhibitory to
immune responses of macrophages [35]. When RAW264.7 cells
were treated with 2 mM NAC, p53 protein levels in nuclear
extracts and its mRNA expression increased within 1 hour of the
pretreatment (Fig. 6A, C). On the other hand, 20 mM NAC
treatment did not increase p33 levels in nuclear extracts from
RAW264.7 cells simulated with LPS (Fig. 6B), suggesting that p53
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was not associated with reduction of IL-1f and IL-6 expressions by
20 mM NAC in the cells.

To verify that p53 regulates expressions of proinflammatory
cytokines in LPS-stimulated macrophages, we prepared a Tet-On
inducible expression system of p53 in RAW264.7 cells (Fig. 7A).
We found that the doxycycline-induced overexpression of p53
reduced the mRNA expressions of IL-1f and IL-6 (Fig. 7B).
Furthermore, IL-1f promoter assay showed that the doxycycline-
induced expression of p53 reduced promoter activity of IL-1B
(Fig. 7C). These observations indicated that the short-time NAC
treatment at a low-concentration increased transcriptional activity
of p53, which may be responsible for the reduced IL-1B
expression.

On the other hand, high-dose NAC treatment reduced IL-1f
and IL-6 expressions without increasing p53 expression (Fig. 1B, C
and 6B). To investigate the molecular mechanisms of the reduced
IL-1B and IL-6 expressions, we examined the effect of an AKT
inhibitor, LY294002, on IL-1B and IL-6 mRNA expressions in
RAW264.7 cells transfected with DOX-inducible p53 expression
plasmid. In the result, removal of DOX from the media, that
decreased p53 expression, increased IL-1f and IL-6 expressions in
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On stable cells were stably transfected with pTRE2Hyg-tp53, and
treated with or without doxycycline. 48 hours later, the cells were
treated with or without 100 ng/ml LPS for 3 hours, and the cell lysates
and total RNA were extracted. A. Protein levels of p53 in the cell lysates
were analyzed by western blot analysis. B. IL-1f3 and IL-6 mRNAs were
detected by real time RT-PCR in total RNA from RAW264.7 Tet-On cells
stably transfected with pTRE2Hyg-tp53. The mRNA levels were
normalized by Ubc mRNA levels. (C) RAW264.7 Tet-On cells stably
transfected with pTRE2Hyg-p53 were further transfected with pGV-IL1p.
The resultant cells were treated with doxycycline for 48 hours.
Luciferase activity in the cell lysates was measured and normalized by
the protein content.

doi:10.1371/journal.pone.0087229.g007

the cells (Fig. S2). Notably, inhibition of AKT activity reduced IL-
1B and IL-6 expressions without the increase of p53 protein level
(Fig. S2). These results suggested that high-dose NAC treatment
decreased LPS-induced IL-1B and IL-6 expressions through the
inhibition of AKT activation.

The Effect of NAC Treatment on ROS Production from
RAW264.7 Cells

NAC is well known as an potent antioxidant. To examine the
effect of NAC on LPS-induced ROS production, we measured
ROS concentration in the culture supernatant of RAW264.7 cells
stimulated with LPS (Fig. 8). Treatment with 20 mM NAC
significantly inhibited ROS production from LPS-stimulated
RAW264.7 cells. Similarly, 2 mM NAC treatment for more than
9 hours also decreased ROS concentration. However, 2 mM NAC
treatment for 1 hour and 3 hours increased ROS concentration,
suggesting that short-time treatment with low-dose NAC has no
effect as an antioxidant.
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Figure 8. The effect of NAC treatment on ROS production in
RAW264.7 cells. RAW264.7 cells were treated with 2 mM or 20 mM
NAC following the time schedule shown in Fig. 1A. After stimulation
with or without LPS, the cells were incubated in 20 uM H,DCFDA-
containing HBSS for 2 hours. The fluorescence emission of the cell
suspensions was measured. *p<<0.05 versus time O, relatively. RFU,
relative fluorescence units.

doi:10.1371/journal.pone.0087229.9g008

Discussion

In this study, we demonstrated that different concentrations of
NAC caused opposite effects on the proinflammatory cytokine
expressions in LPS-stimulated macrophages. This finding is
supported by a previous report that different concentrations of
NAC caused opposite effects on the ratio of reduced glutathione
(GSH) to oxidized glutathione (GSSG) [36]. The GSH/GSSG
balance is associated with regulation of IL-12 production [18]. A
Thl cytokine, IFN-y, enhances IL-12 production in LPS-
stimulated human alveolar macrophages (AM) and increase
GSH/GSSG ratio in AM, whereas a Th2 cytokine, IL-4, reduces
the IL-12 production and decreases the GSH/GSSG ratio [18].
On the other hand, NAC treatment at a low-concentration
(2.5 mM) enhances the LPS-stimulated IL-12 production in both
AM and a macrophage cell line, THP-1, and increases GSH/
GSSG ratio in AM [18]. This report suggests that the GSH/
GSSG balance, which is controlled by IFN-y and IL-4, regulates
IL-12 production in LPS-stimulated macrophages. Another
previous report also showed that different doses of NAC exerted
opposite effects on IL-12 expression in RAW264.7 cells without
LPS-stimulation [36].

In our study, we found that low-dose NAC treatments for long-
time increased expressions of IL-1B and IL-6 in LPS stimulated
RAW264.7 cells, whereas high-dose NAC treatments decreased
their expressions. Taken together with the previous reports
mentioned above, our results suggested that the NAC-induced
GSH/GSSG balance might regulate proinflammatory cytokine
expressions in LPS-stimulated RAW264.7 cells. Furthermore, we
also found that different concentrations of NAC induced opposite
consequences in phosphorylation levels of several kinases, includ-
ing ERK1/2, AKT and JNKs, suggesting that the GSH/GSSG
balance might be associated with these kinase activities. Notably,
we have shown that different concentrations of NAC cause
opposite effects on phosphorylation of AKT, which was an
upstream signal molecule of both NF-xB and AP-1 (Fig. S3).
Moreover, our luciferase reporter gene assays showed that LPS-
induced AP-1 promoter activity was enhanced by the low-dose
NAC treatment. On the other hand, low-dose NAC treatment did
not affect NIF-kB promoter activity, being different from high-dose
NAC treatment which is reported to be inhibitory to NIF-kB
promoter activity [13] (Fig. S3). These observations supported the
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idea that low-dose NAC stimulates AP-1 promoter activities of
proinflammatory cytokine genes through activation of AKT as
well as JNKs and ERK1/2 (Fig. S3).

Bacterial components such as LPS activate innate immune
responses of macrophages [8]. The LPS/TLR4 signal is a potent
inducer of IL-6 and IL-1f gene expressions in human and mouse
macrophages through activation of various kinases including IKK,
MAPKSs, and AKT [10]. Here, our study using specific inhibitors
of MAPKSs suggested that ERK1/2 is an essential MAPK for the
induction of IL-1B and IL-6. Activated ERK1/2 is dephosphor-
ylated for inactivation by several phosphatases including PP2A,
and DUSPI1 [31,37]. PP2A is a major serine/threonine protein
phosphatase in various tissues and act as a tumor suppressor by
inhibiting AK'T and c-Myc phosphorylation [37]. Okadaic acid, a
specific inhibitor of PP2A, induced expression of IL-1f in various
cell types [38]. In our study we observed that long-time treatment
with low-dose NAC decreased expression of PP2Ac and DUSPI,
which may be responsible for the increased phosphorylation of
ERK1/2 and AKT.

The important role of p53 as a tumor suppressor is the
induction of cell cycle arrest of DNA-damaged cells to prevent
proliferation of abnormal cells. ROS induce DNA-damage, which
leads to increased expression of p53 [39]. While NAC is able to
prevent ROS generation to decrease p33 expression, our result
showed that low-dose NAC treatment for short-time did not
decrease ROS generation (Fig. 8). On the contrary, low-dose NAC
treatment for short-time increased expression of p53, which has
been reported to decrease IL-1B and IL-6 expressions in Hela cells
and T cells, respectively [40,41]. We found that low-dose NAC
pretreatments for long periods decreased IL-1B expression (Fig. 1B)
and increased expression of p53 (Fig. 6), which was inhibitory to
the promoter activity of IL-1f (Fig. 7). Expression of IL-6 is
reported to be decreased by p53 through reduced promoter
activity [40,41]. Consistently, deficiency of p53 increases serum
levels of IL-1B and IL-6 [35]. However, we could not find any
consensus p53 binding sequences in IL-1B (—254 to +23) and IL-6
(—225 to +13) promoters [40], indicating that p53 does not
directly bind to these promoter regions. Instead, both promoters
contain binding motifs for CCAAT/enhancer binding protein 8
(C/EBPB) An interaction of p53 with C/EBPP is reported
reciprocally inhibit transcriptional activities of both p33- and C/
EBPB-regulated genes [42]. Thus it may be suggested that the
reduction of proinflammatory cytokine expressions by short-time
NAC treatment at a low-concentration is caused by an indirect
effect of p53 inhibiting transcriptional activity of C/EBPp.

On the other hand, short-time treatment by high-dose NAC
decreased IL-1B and IL-6 expressions without the increase of p53
in LPS-stimulated RAW264.7 cells. This reduction of the
proinflammation cytokine expressions was assumed to be caused
by decreased AKT phosphorylation (Fig. S2). In addition, we
observed that NAC pretreatment for 3 hours enhanced phos-
phorylations of ERK1/2, JNKs and AKT in LPS-stimulated
RAW264.7 cells without increasing IL-1f or IL-6 mRNA. We
presume that this result may be associated with the increased p53
level, as p53 has been reported to decrease the IL-1f3 and IL-6
expressions in Hela cells and T cells, respectively [40,41]. Since
p33 decrease binding of c-Jun/c-Fos to AP-1 site to inhibit API-
dependent promoter activity, p53 might negatively regulate the
activation of AP-1, which is one of the downstream targets of
AKT, in LPS-stimulated macrophages [43].

Stressful stimuli such as ROS and UV radiation activate
MAPKSs including JNKs and ERK1/2 to phosphorylate a serine
residue in the transactivation domain of p53 protein [44]. This
phosphorylation induces the activation and stabilization of p53
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protein [44]. On the other hand, growth factors such as epidermal
growth factor and hepatocyte growth factor also induce activation
of the MAPKs such as ERK1/2 and p38 to induce cell
proliferation, whereas they do not increase expression of p53
[45-47]. Conversely, activation of p53 by inhibition of murine
double minute 2 is reported to enhance phosphorylation of
ERK1/2 in reduction of osteosarcoma cells harboring wild-type
p53 [48]. The report is consisted with our finding that 1 hour
treatment with 2 mM NAC increased expression of p53 protein,
and phosphorylation of ERKI1/2 was induced after 3 hour
treatment (Fig. 4A and 6A).

Most of the anti-oxidant functions of NAC are generally
presumed to be through the regulation of intracellular GSH/
GSSG balance [49]. Nevertheless, NAC is a thiol-containing
compound that is able to interact with various molecules. The
reaction of NAC with sulfenic acid derivatives in proteins can
modify the activity of the proteins [49]. It is reported that NAC
administration inhibits TNF-a signal to prevent the binding of
TNF-a to its receptor, suggesting that NAC can react with
proteins in extracellular environment [50]. Furthermore, NAC
can also act as a pro-oxidant under special conditions. It has been
reported that auto-oxidation processes of NAC can produce
hydrogen peroxide in the presence of oxygen [51]. In our present
study, short-time NAC treatment at low dose increased ROS
concentration in RAW264.7 cells. NAC-induced apoptosis of
transformed cell lines has been observed in a p53-dependent but
GSH-independent manner. [52]. Taken together, our data have
revealed that short-time treatment of macrophages with NAC at
low-concentration did not reduce ROS generation and elevated
P33 expression, which inhibited proinflammatory cytokine expres-
sions.

NAC has been used in clinical trials of various infectious
diseases, chronic bronchitis, hepatitis C virus infection, sepsis, and
HIV infection [5]. NAC cleaves disulfide bounds in mucous
glycoproteins to reduce viscosity, and this mucolytic action is
thought to improve clinical conditions of chronic bronchopulmo-
nary diseases such as chronic bronchitis [53]. As a matter of fact,
NAC administration to chronic bronchitis is reported to decrease
numbers of sick-leave days [54]. However, increased difficulty of
sputum expectoration and cough severity were also reported to be
greater in patients receiving NAC [55]. In addition, NAC
administration did not affect virological responses in patients with
chronic hepatitis C infection, and increased sequential organ
failure assessment scores in patients with acute severe sepsis
[21,56]. A Trial of antiviral treatment with adjunctive NAC has
shown that NAC increases GSH levels in blood and T cells, and
improves stability of CD4-possitive cells in patients with HIV [57].
HIV is generally known to reduce cysteine and GSH levels in
infected cells [58]. Therefore, these clinical trial results have
indicated that NAC administration has not only immune-
suppressive but also immuno-stimulatory effects. This idea is
supported by our i vitro study that low-dose NAC treatment
enhanced proinflammatory cytokines in activated macrophages.

Supporting Information

Figure S1.
(TIF)

Figure S2.
(T1TE)
Figure S3.
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