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Abstract
AIM: To evaluate the effect of inflammatory cytokines 
on arylamine N -acetyltransferase 1 (NAT1), which is a 
phase-Ⅱ enzyme involved in the biotransformation of 
aromatic and heterocyclic amines found in food, drugs 
and the environment. 

METHODS: Human cholangiocarcinoma KKU-100 cells 
were treated with a mixture of proinflammatory cytokines 
(interferon-γ, interleukin-1β, and tumor necrosis factor-α) 
for 48 h, and the effect on NAT1 activity was assessed 
by high performance liquid chromatography, while NAT1  
expression was determined by reverse-transcription 
polymerase chain reaction. The oxidative stress on the 
cells was examined by the formation of nitric oxide, 
superoxide anion and glutathione (GSH) levels. The cells 
were also treated with S -nitroso-glutathione (GSNO), a 
nitric oxide donor, to see if the responses were similar to 
those obtained with the inflammatory cytokines. 

RESULTS: Cytokines suppressed NAT1 act iv i ty, 
reducing the Vmax without affecting the K m. Cytokines 
also had a significant impact on the induction of nitric 
oxide production and in reducing the redox ratios of 
glutathione (GSH) and GSH disulfide. Treatment with 
GSNO for 2-48 h reduced NAT1 activity without affecting 
the GSH ratio. Moreover, inflammatory cytokines and 
GSNO suppressed NAT1 mRNA expression.

CONCLUSION: These findings indicate an association 
between inflammation and suppression of NAT1, which 
perhaps contributes to chemical-mediated toxicity and 
carcinogenesis.

© 2007 WJG. All rights reserved.
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INTRODUCTION
Arylamine N-acetyltransferases (NATs) are well known 
polymorphic phase-Ⅱ drug-metabolizing enzymes. 
Human NAT1 and NAT2 are encoded by two closely 
related NAT1 and NAT2 genes[1,2]. NAT1 mRNA and 
protein are expressed in a wide range of  tissues, whereas 
NAT2 mRNA and protein are present mainly in the liver 
and the gastrointestinal tract[3]. Biliary epithelial cells do 
not express NAT2 but retain NAT1 activity[4].

NATs are important enzymes capable of  acetylation 
reactions, which are involved in the detoxification and 
metabolic activation of  various chemicals in drugs, food 
and the environment[5]. N-acetylation is usually considered 
a detoxification process, because it renders the nitrogen 
atom less susceptible to oxidation, a process primarily 
mediated by cytochrome P450 1A2[6]. In contrast, 
O-acetylation is an activation step for heterocyclic and 
aromatic amines. 

Genet ic  polymorphisms of  NAT1 have been 
identified, but the relationship between genotypes and 
phenotypes is not clear[7]. Several studies have suggested 
that NAT1 and NAT2 acetylation polymorphism 
plays a role in carcinogenesis in humans exposed to 
certain carcinogenic chemicals[5]. Our previous studies 
suggested that NAT1 and NAT2 polymorphisms may 
be modifiers of  individual risk for cholangiocarcinoma, 
a cancer of  the biliary epithelium[8]. Overexpression 
of  NAT1 in breast tumors is associated with growth 
properties, as well as chemotherapeutic drug resistance[9] 
and drug allergy, in particular, cutaneous drug reactions 
associated with sulfonamides, whereas inactivation of  
the enzyme may contribute to drug toxicity and cancer 
risk[10,11]. More recently, NAT1 activity was shown to 
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be suppressed by oxidant species such as hydrogen 
peroxide (H2O2) and peroxynitrite[12,13]. Peroxynitrite 
and H2O2 irreversibly inactivate NAT1 by oxidation of  
its conserved catalytic cysteine residue to sulfinic or 
sulfonic forms[12,13].

Chronic infection and inflammation are important risks 
factors for several cancers, including cholangiocarcinoma, 
a  h ighly  mal ignant  adenocarc inoma or ig inat ing 
from the cholangiocytes. The highest incidence of  
cholangiocarcinoma worldwide is seen in Northeast 
Thailand[14]. Infection of  the biliary system with liver 
fluke (Opisthorchis viverrini) and possibly exposure to 
carcinogenic chemicals are believed to be causally 
related to cholangiocarcinoma[15,16]. The association of  
cholangiocarcinoma and liver fluke was observed in 
hospital case series which showed an excessively increased 
risk in patients with liver fluke infestation. Inflammation 
of  the biliary tract caused by mechanical injury and the 
release of  metabolic products from the flukes, together 
with the damaging effects of  reactive metabolites from 
endogenous and environmental chemicals have been 
proposed as the responsible factors[17], which induce 
alterations in gene expression resulting to cellular hyper-
proliferation and development of  neoplasia[15,16]. In an 
animal model of  cholangiocarcinogenesis, hamster livers 
infected with liver flukes showed inflammation of  the bile 
duct epithelium, and contained 8-oxo-deoxyguanosine and 
8-nitroguanine adducts, which are biomarkers of  DNA 
attack by reactive oxygen and nitrogen species[18]. Thus, 
inflammatory processes can cause oxidative stress and 
thereby affect NAT1 activity.

In the present study, we examined the effect of  a 
combination of  proinflammatory cytokines on KKU-100 
cholangiocarcinoma cells. We also assessed the effect 
of  cytokines on NAT1 activity and the development of  
oxidative stress; some of  these effects were reproduced by 
a nitric oxide donor.

MATERIALS AND METHODS
Human CCA cell line  
The human biliary epithelial cell line KKU-100, derived 
from intrahepatic cholangiocarcinoma, was established 
in our institute[19]. The cells were cultured in Ham’s 
F12 containing 4 mmol/L L-glutamine, 1 mmol/L 
Na-pyruvate, 100 U/mL  penicillin, and 100 μg/mL 
streptomycin and 10% fetal bovine serum and maintained 
under an atmosphere of  5% CO2 at 37℃. The media 
was renewed every 3 d. The cells were trypsinized with 
0.25% trypsin-ethylenediamine tetraacetic acid (EDTA) 
and subcultured in the same media. Twenty four hours 
after subculture, cells at approximately 70% confluence 
were exposed to a combination of  inflammatory cytokines 
consisting of  human interleikin-1β (IL-1β) (1 ng/mL), 
interferon-γ (IFN-γ) (400 U/mL), and tumor necrosis 
factor-α (TNF-α) (500 U/mL) (Biosource International 
Camarillo, CA) for 48 h or S-nitroso glutathione (GSNO, 
100 µmol/L) for 2 or 48 h. In experiments determining 
nitrite production, KKU-100 cells were cultured in non-
phenol red medium.

Biochemical assays  
Nitrite assay: After treatment of  the cell cultures, the 
accumulation of  nitrite in the culture medium was assessed 
by mixing an equal volume of  the medium with Griess 
reagent (containing 0.1% N-1-napthylethylenediamine in 
water and 1% sulfanilamide in 5% H3PO4). Absorbance 
was read at 540 nm with an ELISA plate reader.

Superoxide production: KKU-100 cells were cultured in 
35-mm dishes with cytokines for 48 h. Cell cultures were 
washed with Tris-buffered saline (TBS) (10 mmol/L Tris 
HCl and 150 mmol/L NaCl, pH 7.3) and incubated for  
30 min with phorbol-12-myristate-13-acetate (PMA) 
(0.68 µg/mL) or with NG-nitro-L-arginine methylester 
(L-NAME) (100 µmol/L) or for 5 min with NADPH 
(200 µmol/L). Lucigenin (100 µmol/L) was added to 
the culture dishes, and chemiluminescence was recorded 
using a luminometer (Luminometer model 20/20n, Turner 
Biosystems, CA).

Assay of  GSH and glutathione disulfide: After 
treatment with cytokines, the cells were trypsinized and 
washed with cold tris buffer saline (TBS) by centrifugation 
at 1500 × g at 4℃ for 10 min and resuspended in TBS 
buffer. One hundred microliters of  cell suspensions were 
reacted with 10 µL of  1-methyl-2 vinylpyridinium triflate 
(M2VP) (3.3 mmol/L) as a GSH scavenger for assay of  
GSH disulfide (GSSG)[20] or with distilled water for assay 
of  total GSH, and cell suspensions were stored frozen at 
-20℃ until analysis. Total GSH and GSSG were assayed 
according to the Tietze method[21]. The amount of  reduced 
GSH was calculated from total GSH and GSSG. Another 
aliquot of  cell suspensions was used to determine protein 
content in a Bradford dye binding assay with bovine serum 
albumin as the standard.

Assay of  NAT1 activity: NAT1 enzyme activity was 
assayed using high performance liquid chromatography 
according to a previously described method[4], with some 
modifications. Briefly, the cell cultures were washed with TBS 
and scraped into a microcentrifuge tube with lysis buffer (1X 
cell lysis buffer containing 1 mmol/L dithiothreitol [DTT] 
and 0.1 mmol/L phenylmethylsulfonyl fluoride [PMSF]). 
The cells were vortexed and centrifuged at 12 000 × g at  
4℃ for 30 min. The supernatant (cytosol) was stored in 
10% (v/v) glycerol. The cytosol protein was used for assays 
of  protein concentration and NAT1 activity. The reaction 
mixture consisted of  40 µL cytosol (final concentration 
50 µg/mL), 20 µL acetyl CoA-regenerating system (DL-
acetylcarnitine, 5.4 mg/mL, carnitine acetyltransferase  
( 1  U/mL)  i n  NAT a s s ay  bu f f e r  ( 225  mmol/L 
triethanolamine HCl, 4.5 mmol/L EDTA, and 4.5 mmol/L 
DTT, pH 7.5), and 20 µL acetylCoA (final concentration  
100 µmol/L). The reaction was initiated by addition of  10 µL  
p-aminobenzoic acid (PABA) in 2.5% dimethylsulfoxide 
(final concentration 1.25-100 µmol/L) and incubated for 
30 min. The reaction was stopped by addition of  10 µL of  
15% perchloric acid and centrifuged at 12 000 × g at 4℃ for 
10 min. The supernatant was injected directly onto a high 
performance liquid chromatography column (YMC-PACK 
Pro-C18, 5 µm, 150 mm × 4.6 mm; YMC Co., Japan) and 
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eluted with a mobile phase consisting of  water:acetonitrile:
acetic acid:triethylamine:tetrahydrofuran (90.2:8.5:1:0.05:0.25 
v/v) at a flow rate of  1.0 mL/min. N-acetyl-aminobenzoic 
acid (Ac-PABA) was detected using a fluorescence detector 
(Waters 740 scanning fluorescence detector; Waters Corp, 
Milford) set for excitation at 270 nm and emission at 340 
nm. Analytical precision was evaluated by intra- and inter-
day assay validation. The coefficients of  variation were less 
than 5% and 10%, respectively. The detection limit of  Ac-
PABA was less than 1 pmol. 

RNA isolation and reverse transcription-polymerase chain 
reaction
Total RNA was extracted from KKU-100 cells using  
Trizol®LS reagent according to the manufacturer’s 
instructions. Total RNA (3 µg) was reverse-transcribed in a 
20 µL volume containing 0.5 µg oligo(dT)15 primer, 20 units 
RNasin® ribonuclease inhibitor and ImProm-Ⅱ TM reverse 
trancriptase (Promega, Madison, WI) in 10x polymerase 
chain reaction (PCR) buffer, 3 mmol/L MgCl2, and  
1 mmol/L dNTPs. The first-strand cDNA was synthesized 
at 42℃ for 60 min. Reverse transcription products were 
used as a template for PCR. PCR amplification was 
performed using specific primers for NAT1 and farnesyl-
diphosphate farnesyltransferase1 (FDFT1) as an internal 
control. The PCR primer sequences were: NAT1 forward 
primers, 5’-CCTAGAAGACAGCAAATACCG-3’; NAT1 
reverse primers, 5’-AGCCCACCAAACAGTGA-3’ 
(PCR product: 170 bp); FDFT1 forward primers, 5’
-TTTAACTTC TGTGCTATTCCAC-3’; FDFT1 reverse 
primers, 5’-TCTCCAGTCTGAACATAGTC-3’ (size of  
PCR product: 325 bp).

PCR was performed in a final volume of  25 µL 
containing cDNA template, 1.5 µmol/L of  each NAT1 

primer or 0.4 µmol/L of  each FDFT1 primer, 1 U  
Platinum® Tag DNA polymerase (Invitrogen, Carlsbad, 
CA), 3 mmol/L MgCl2, and 0.8 mmol/L dNTPs using 
a Px2 Thermal Cycle (Thermo Electron, Milford, MA ). 
After an initial denaturating step at 94℃ for 5 min, 32 PCR 
cycles were performed for NAT1 and 28 cycles for FDFT1, 
as follows: denaturating for 1 min at 94℃, annealing 
for 1 min at 55℃, and extension for 1 min at 72℃. 
The final extension was performed at 72℃ for 10 min. 
The PCR products were separated by electrophoresis on 
a 3% agarose gel containing ethidium bromide. Gels were 
visualized and photographed. Band density was analyzed 
with Gel-Pro3 software. The relative amount of  NAT1 
mRNA was expressed as a ratio of  FDFT1 mRNA.

Statistical analysis 
Data are expressed as mean ± SE of  duplicate assays from 
three independent experiments. Student’s t-test was used to 
determine significant differences between each experimental 
group. The level of  significance was set at P < 0.05.

RESULTS
Effect of the cytokine mixture on the kinetics of NAT1 
acetylation 
NAT1 activity of  KKU-100 cells and Michaelis-Menten 
constants for PABA N-acetylation are shown in Figure 1A. 
Treatment with the mixture of  inflammatory cytokines 
for 48 h did not affect cell viability (data not shown) but 
resulted in a significant decrease in Vmax(apparent) without 
affecting Km(apparent) (Figure 1A). This implies a change in 
the amount of  enzyme but not in its affinity. The initial 
velocities of  PABA N-acetylation by the cytosolic enzyme 
from KKU-100 cells are shown in Figure 1B. 

Effect of the cytokine mixture on production of nitric oxide 
and superoxide 
Since direct application of  oxidant species has been reported 
recently to suppress NAT1 activity, our experiment showed 
that treatment with a mixture of  cytokines could induce 
oxidative stress by overproduction of  nitric oxide, detected 
by nitrite assay. Whereas basal production of  nitric oxide by 
KKU-100 cells was nearly absent, production was greatly 
stimulated by inflammatory cytokines (Figure 2A).

To determine if  KKU-100 cells were capable of  
releasing superoxide anion, aggravating oxidative stress, 
the cells were cultured with a mixture of  cytokines. The 
cells exhibited low basal release of  superoxide; the levels 
increased slightly after cytokine treatment (Figure 2B). To 
determine whether the low levels of  superoxide were due 
to scavenging subsequent to overproduction of  nitric oxide, 
the cells were treated with a nitric oxide synthase inhibitor. 
Inhibition of  nitric oxide synthases by L-NAME did not 
increase superoxide levels relative to the control or baseline 
values (Figure 2B). When the cells were incubated with 
NADPH, the substrate of  NADPH oxidases, superoxide 
production in the control and cytokine-treated groups was 
greatly increased and reached similar levels. Furthermore, 
treatment with PMA, a protein kinase C activator, resulted in 
a marked increase in superoxide production in the cytokine-
treated group but not in the controls (Figure 2B).

Treatment             Km (μmol/L)       Vmax (pmol/min per mg protein)
Control                   2.8 ± 0.3                       211.2 ± 2.9
Cytokine mixture      3.3 ± 0.2                       135.7 ± 3.3a
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Figure 1  The effect of a mixture of inflammatory cytokines on NAT1 activity in 
KKU-100 cells. Assays were performed with the cytosol fraction extracted from 
KKU-100 cells and treated with a combination of cytokines for 48 h. A: Kinetic 
analysis of NAT1 activity; B: Activity of NAT1 at various substrate concentrations 
(PABA) of KKU-100 cells with or without treatment with cytokines. aP < 0.05 
between cytokine treated and control groups. 

     Values are shown as mean ± SE. 
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Effect of the cytokine mixture on GSH levels 
Since treatment with inflammatory cytokines may result 
in the formation of  free radicals, further experiments 
were performed to determine if  treatment will alter GSH 
levels and the oxidative status. KKU-100 cells exposed to 
the cytokine combination for 48 h showed no significant 
change in the total GSH levels (control: 36.7 ± 2.8 
nmol/mg protein, cytokine-treated: 31.9 ± 14.5 nmol/mg 
protein). However, there was a marked reduction in redox 
status (GSH/GSSG ratio; Figure 2C) of  the treated cells.

Effect of GSNO on NAT1 activity and redox status
The above noted experiments demonstrated that the 
mixture of  cytokines induced nitric oxide production 
and oxidative stress. The next experiment investigated 
whether a nitric oxide donor would produce similar results. 
Treatment with GSNO elicited a very large decrease in 
total GSH within 2 h; however, the GSH levels normalized 

to the control levels at 48 h (Figure 3A). There was no 
significant change in the GSH/GSSG ratio after GSNO 
treatment (Figure 3B). However, treatment with GSNO 
reduced NAT1 activity as early as 2 h, and the suppression 
persisted at 48 h (Figure 3C).

Effect of the cytokine mixture and GSNO on expression of 
NAT1 
Reverse transcription PCR was used to assess the effects 
of  proinflammatory cytokines and nitric oxide donors on 
the expression of  NAT1 mRNA. The results are shown in 
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Figure 3  Effect of treatment with the nitric oxide donor GSNO on KKU-100 cells. 
Cell cultures were treated with 100 μmol/L GSNO for 2 and 48 h. A: Total GSH 
in the cells; B: GSH/GSSG ratio; C: Activity of NAT1 PABA-acetylation. Bars 
represent the mean ± SEM from 3 separate experiments. aP < 0.05 vs control 
groups, cP < 0.05 vs the 48-h treatment group.
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Figure 2  Oxidant status of KKU-100 cells after exposure to a mixture of 
inflammatory cytokines. A: Stimulation of nitric oxide production, assayed as nitrite 
levels. Cultured media was collected at 24 and 48 h after exposure; B: Superoxide 
formation. Cell cultures were washed and incubated with PMA (0.68 μg/mL), 
L-NAME (100 μmol/L), or NADPH (200 μmol/L), and superoxide production was 
measured using the chemiluminescence method; C: Redox status was assessed 
as the GSH and GSSG ratio. Results are presented as mean ± SE from 3 
separate experiments. aP < 0.05 between cytokine treated and the respective 
control groups. 
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Figure 4. Cytokine treatment elicited a decrease in NAT1 
mRNA levels. Similarly, GSNO resulted in reduction of  
the NAT1 mRNA at 48 h, but not at 2 h. 

DISCUSSION
The catalytic activity of  NAT enzymes is dependent on 
a reactive cysteine residue, since its activity is inhibited 
when this residue is modified by N-hydroxy-arylamine 
compounds, hydroxamic acids[22], enzyme substrates[10], as 
well as oxidant species[12,13,23]. Oxidative stress and chronic 
inflammation are inseparable such that inflammation 
inevitably produces oxidant species, resulting in tissue 
damage[24]. The present study shows that proinflammatory 
cytokines suppress NAT1 activity similar to treatment 
with oxidant species[12,13]. Kinetic analysis of  NAT1 
showed a significant decrease in Vmax, suggesting that the 
reduction of  NAT1 activity was due to a decrease in the 
enzyme level. This alteration was probably due to enzyme 
inactivation or suppression of  NAT1 expression.

Inflammatory cytokines induce the expression of  
inducible nitric oxide synthase (iNOS) and increase nitric 
oxide production in cholangiocytes[25]. Our results are 
consistent with this finding, in fact the basal nitric oxide 
production was very low but the production increased 
markedly after treatment with inflammatory cytokines. 
It is plausible that induction of  nitric oxide formation is 
partly responsible for the suppression of  NAT1 activity. 
Treatment with a nitric oxide donor inhibited NAT1 in 
a manner similar to cytokine treatment, supporting the 
possibility that nitric oxide and perhaps peroxynitrite play 
an important role in modulation of  NAT1 activity.  

A previous study showed that treatment of  breast 
cancer cells with peroxynitrite irreversibly inactivated 
NAT1[12]. Peroxynitrite is formed by a reaction between 
nitric oxide and superoxide anion. In the present study, 
inflammatory cytokines did not induce a large increase 
in superoxide, even when nitric oxide formation was 
inhibited by L-NAME. However, NADPH oxidases, which 
are membrane bound enzymes that require assembly of  
subunits from cytosol to become fully functional, are 
responsible for the formation of  superoxide in phagocytic 
and nonphagocytic cells[26]. They may be upregulated by 
inflammatory cytokines, as has been shown in smooth 
muscles and kidney cells[27]. The NADPH oxidases 
in KKU-100 cells may also be upregulated, however 
stimulation by PMA, a protein kinase C activator that 
mediates phosphorylation and recruitment of  oxidase 
subunits[26] may be required to render the NAT1 enzyme 
fully functional. Together, these findings suggest that 
superoxide and perhaps peroxynitrite did not play a major 
role in the cytokine-induced suppression of  NAT1 activity 
in KKU-100 cells. Nevertheless, the role of  superoxide 
and peroxynitrite in vivo, a situation where infiltrating 
macrophages are present, has not been investigated.

The ability of  inflammatory cytokines to induce 
oxidative stress was clearly evident in the present study, 
as there was a marked increase in pro-oxidant status, 
evidenced by a decrease in the redox ratio of  GSH/GSSG 
in cultured cells exposed to the mixture of  cytokines. In 
contrast, treatment with GSNO did not affect the redox 
ratio at any time point. However, total GSH, representing 
the major intracellular antioxidant pool, decreased 
substantially after GSNO treatment, especially at the 
2-h time point. Altogether, the differences in the effects 
of  cytokines and GSNO suggest that the effects of  the 
cytokine mixture were mediated by nitric oxide and redox-
sensitive pathways.

A recent  repor t  has  shown that  intrahepat ic 
cholangiocarcinoma seen in liver fluke endemic areas is 
characterized by altered expression of  drug metabolizing 
genes, whereas that from non-endemic areas such as 
Japan shows alteration in the growth factor signaling 
genes[17]. This may indicate that drug metabolizing 
genes are involved in the metabolism of  potential 
carcinogenic chemicals. However, information regarding 
NAT1 expression is currently not available. Regulation 
of  NAT1 expression has been under study for a long 
time[23,28]. Previous studies have shown that suppression 
of  NAT1 activity by substrates or oxidant species is due 
to direct inhibition of  the enzyme molecules[13,29], since 
the expression of  NAT1 mRNA does not show any 
alteration[29]. Our study is the first to demonstrate that 
treatment with a mixture of  cytokines suppresses NAT1 
mRNA expression. Using deletion mutant constructs, a 
promoter site for basal NAT1 expression was identified[30] 
comprising of  an activator protein 1 (AP-1) binding site. 
Transcription factor AP-1 is upregulated or downregulated 
by oxidative stress and inflammatory cytokines, depending 
upon the oxidant levels and the type of  inflammatory 
cytokines[31,32]. Suppression of  NAT1 expression in 
KKU-100 cells may involve down regulation or inactivation 
of  AP-1, although specific evidence in this regard remains 
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Figure 4  Effect of the cytokine mixture and a nitric oxide donor on the expression 
of NAT1 in KKU-100 cells. KKU100 cells were incubated with a mixture of 
cytokines for 48 h or with 100 μmol/L GSNO for 2-48 h. Cells were harvested, and 
RNA was extracted and analyzed by reverse transcription PCR using FDFT1 as 
an internal control. aP < 0.05 vs controls.
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to be established. Direct inhibition of  NAT1 by oxidant 
species (nitric oxide) cannot be ruled out, particularly 
in in vivo conditions; this may occur concurrently with 
suppression of  expression.

In summary, treatment with inflammatory cytokines 
suppresses NAT1 activity and mRNA expression in 
cholangiocarcinoma KKU-100 cells. This suppression 
was associated with oxidative stress and nitric oxide 
production. These findings show that inflammation can 
suppress NAT1, a key cellular defense enzyme. Moreover, 
such a suppression may be implicated in drug toxicity and 
cancer risk.
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 COMMENTS
Background
Arylamine N-acetyltransferases-1 (NAT1) is an important phase Ⅱ drug 
metabolizing enzyme that is constitutively expressed in most tissues. Its activity is 
inactivated by oxidant species.

Research frontiers
NAT1 expression has been demonstrated in cholangiocarcinoma cells (CCA), 
and polymorphism of NAT genes has been implicated as a risk factor for cancer. 
Inflammation of the bile duct resulting from opisthorchiasis may alter the activity of 
the drug metabolizing enzymes including cytochrome P450 and NAT1. Modulation 
of NAT1 activity may be implicated in drug induced-toxicity and carcinogenesis.

Innovations and breakthroughs
Suppression of NAT1 activity and gene expression is associated with cytokine-
induced oxidative stress. A combination of proinflammatory cytokines induces 
changes in cellular redox and nitric oxide production in CCA and these may be 
involved in down-regulation of NAT1.

Applications 
NAT1 activity could be modulated by inflammation and this may be associated with 
drug induced toxicity and carcinogenesis.

Terminology
Opischorchiasis: liver fluke (Opisthorchis viverrini) infection of the bile duct.

Peer review
This manuscript describes the intriguing idea that inflammatory cytokines, which 
are known to be upregulated in cholangiocarcinoma, may function in part by 
suppressing the activity and/or expression of NAT1, an enzyme thought to be 
involved in the detoxification of xenobiotics. The authors also show a parallel 
increase in oxidative stress and nitric oxide after treatment with inflammatory 
cytokines. Treatment of the cell line with nitric oxide donors also shows a similar 
suppression of NAT1 activity and expression.
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