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a  b  s  t  r  a  c  t

Chronic  inflammation  is  characterized  by  the  influx  of  neutrophils  and  is  associated  with an increased
production  of  reactive  oxygen  species  that can  damage  DNA.  Oxidative  DNA  damage  is  generally  thought
to be  involved  in  the increased  risk  of  cancer  in inflamed  tissues.  We  previously  demonstrated  that
activated  neutrophil  mediated  oxidative  stress  results  in  a  reduction  in  nucleotide  excision  repair  (NER)
capacity,  which  could  further  enhance  mutagenesis.  Inflammation  and  oxidative  stress  are  critical  factors
in the  progression  of nonalcoholic  fatty  liver  disease  that is  linked  with  enhanced  liver  cancer  risk. In this
report,  we  therefore  evaluated  the  role of  neutrophils  and  the associated  oxidative  stress  in damage
recognition  and  DNA  repair  in  steatotic  livers  of  35  severely  obese  subjects  with  either  nonalcoholic
steatohepatitis  (NASH)  (n =  17)  or steatosis  alone  (n  = 18).  The  neutrophilic  influx  in  liver was assessed  by
myeloperoxidase  (MPO)  staining  and  the  amount  of oxidative  DNA  damage  by measuring  M1dG  adducts.
No  differences  in  M1dG  adduct  levels  were  observed  between  patients  with  or without  NASH  and  also  not
between  individuals  with  high  or low  MPO immunoreactivity.  However,  we  found  that  high  expression
of  MPO  in  the  liver,  irrespective  of  disease  status,  reduced  the  damage  recognition  capacity  as  determined

by  staining  for histone  2AX  phosphorylation  (�H2AX).  This  reduction  in  �H2AX  formation  in individuals
with  high  MPO  immunoreactivity  was  paralleled  by a significant  decrease  in  NER  capacity  as  assessed  by
a functional  repair  assay,  and was  not  related  to cell  proliferation.  Thus,  the observed  reduction  in NER
capacity  upon  hepatic  inflammation  is  associated  with  and may  be  a consequence  of  reduced  damage

gs  su
isease
recognition.  These  findin
nonalcoholic  fatty  liver  d

. Introduction
Hepatic inflammation plays a fundamental role in liver can-
er development [1] and is increasingly observed in parallel with

Abbreviations: �H2AX, histone 2AX phosphorylation; H2O2, hydrogen
eroxide; HCC, hepatocellular carcinoma; HOCl, hypochlorous acid; M1dG, 3-
2-deoxy-�-d-erythro-pentofuranosyl)pyrimido [1,2-�]purin-10(3H)-one; MPO,

yeloperoxidase; NAFLD, nonalcoholic fatty liver disease; NASH, nonalcoholic
teatohepatitis; NER, nucleotide excision repair; ROS, reactive oxygen species.
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∗ Corresponding author. Current address: Department of Radiation Oncology, Uni-
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E-mail address: r.k.chiu@med.umcg.nl (R.K. Chiu).
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ggest  a novel  mechanism  of  liver  cancer  development  in patients  with
.

© 2011 Elsevier B.V. All rights reserved.

the high prevalence of nonalcoholic fatty liver disease (NAFLD).
NAFLD is characterized by the accumulation of fat within the liver.
Increased levels of hepatic free fatty acids are thought to ini-
tiate an inflammatory response culminating in the recruitment
of neutrophils and other leukocytes [2,3] and eventually in the
progression of the benign steatotic stage of NAFLD to the more
advanced stages of nonalcoholic steatohepatitis (NASH), fibrosis,
and cirrhosis [4,5]. Importantly, there is a link between NASH
and the development of hepatocellular carcinoma (HCC), which
accounts for more than 80% of primary liver cancer cases [6].
Several groups have suggested that HCC could in fact be the end-
point of NASH [7,8]. Although the mechanisms by which NASH
can lead to the development of HCC are not fully understood, it

is known that development of HCC occurs in a significant propor-
tion of people with cirrhosis [6].  Oxidative stress caused by reactive
oxygen species (ROS) is an important characteristic of cancer devel-
opment [9].  Furthermore, many animal studies have revealed a

dx.doi.org/10.1016/j.mrfmmm.2011.11.001
http://www.sciencedirect.com/science/journal/00275107
http://www.elsevier.com/locate/molmut
http://www.elsevier.com/locate/mutres
mailto:r.k.chiu@med.umcg.nl
dx.doi.org/10.1016/j.mrfmmm.2011.11.001
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Table 1
Clinical characteristics of patients studied.

Low MPO  High MPO

Steatosis NASH Steatosis NASH

No. of patients 9 8 9 9
Sex (female/male) 5/4 3/5 7/2 9/0
Age (years) 48 ± 3.5 41 ± 3.8 45 ± 2.4 52 ± 2.5
BMI  (kg/m2) 44 ± 2.4 51 ± 3.0 44 ± 2.8 56 ± 4.3
Fasting glucose

(mmol/L)
6.3 ± 0.4 5.6 ± 0.1 5.7 ± 0.2 8.3 ± 0.4

the manufacturer’s protocol. DNA was  resuspended in 100 �L H2O. The quan-
tity  and quality of DNA was  measured using the Nanodrop 1000 (Thermo
Scientific). The 32P-postlabelling technique was used to analyse the levels of 3-
(2-deoxy-�-d-erythro-pentofuranosyl)pyrimido [1,2-�]purin-10(3H)-one (M1dG)

Table 2
Primer sequences for real time RT-PCR.

Gene Sequence 5′ → 3′

�-Actin Forward primer
CCTGGCACCCAGCACAAT
Reverse primer
GCCGATCCACACGGAGTACT

Cyclophilin A Forward primer
TTCCTGCTTTCACAGAATTATTCC
Reverse primer
GCCACCAGTGCCATTATGG

XPA Forward primer
CCGACAGGAAAACCGAGAAA
Reverse primer
TTCCACACGCTGCTTCTTACTG

XPC Forward primer
CCCAGCCCGCTTTACCA
Reverse primer
TGCATTAACTGTAAATGTTCCAATGA

ERCC4 Forward primer
CACCTCCCTCGCCGTGTA
Reverse primer
CGCAAATATAACACCACCTTGTG

ERCC5 Forward primer
GCATGAAATCTTGACTGATATGAAAGA
Reverse primer
TAAGCAAGCCTTTGAGTTGGTACTG
6 M.A. Schults et al. / Mutat

ink between oxidative stress and increased hepatocarcinogen-
sis by inducing [10] and promoting tumors [11] and causing
NA damage [12].

Inflammation occurs when pro-inflammatory cytokines and
hemokines at a site of injury or infection release chemical sig-
als causing an influx of inflammatory cells including neutrophils,
onocytes, and eosinophils. The influx of some of these cells

esults in prolonged production of ROS such as nitric oxide,
uperoxide, hydrogen peroxide (H2O2) [13], and in the release
f myeloperoxidase (MPO). ROS accumulation results in various
orms of DNA damage via oxidation, nitration, depurination, or
eamination. In addition, it leads to DNA strand breaks and sister
hromatid exchanges, all of which can lead to increased muta-
enesis and carcinogenesis [14]. MPO  is an important enzyme
bundantly present in neutrophils and involved in the catalysis
f H2O2 to hypochlorous acid (HOCl) [15]. HOCl contributes to
ost tissue damage at sites of inflammation through reactions with

 wide range of biological substrates [16]. It damages proteins
y causing side-chain modification, backbone fragmentation, and
ross-linking [17]. Furthermore, Spencer et al. showed that HOCl is
nvolved in DNA damage in epithelial cells by oxidizing pyrimidine
ases and chlorination of cytosine [18]. Interestingly, we previ-
usly showed that NASH is associated with increased MPO  activity
19].

Recently we  have also demonstrated that MPO-derived HOCl
ediates the strong inhibition of nucleotide excision repair (NER)

apacity in A549 lung cancer cells by activated neutrophils [20].
e confirmed that acute lung inflammation caused a ∼50% reduc-

ion in NER capacity due to down-regulation of the NER associated
enes XPA and ERCC4 in mice. However, Mpo-deficient mice were
hown to also have a reduction in NER capacity, suggesting that the
uppression of NER in vivo was not dependent on MPO  release, but
ather due to ROS following the influx of neutrophils [21]. Previous
tudies within our group have also indicated a role for oxidative
tress in reduction of NER in colon tissue of newborn piglets, which
ould be reversed by administration of antioxidants [22]. This sug-
ests that release of MPO  is not the major cause of decreased NER
apacity, but it still plays a role in increasing the risk of cancer in
nflammation related diseases. Furthermore, reduced expression of
ER related genes, such as ERCC1, has been linked to development
f lung cancer [23]. NER-deficient individuals are at a significantly
igher risk of developing certain forms of cancer, including those
ssociated with chronic inflammation [23,24], as there is no ‘back-
p’ pathway for NER malfunction [25].

The mechanisms by which inflammation and the subsequent
nflux of neutrophils can cause the inhibition of NER, and how this
ncreases the risk of cancer, are not yet elucidated. Potential mech-
nisms include a failure to recognise the damage; downregulation
f NER related genes, or inhibition of the repair related proteins.
arge amounts of ROS are produced during inflammatory NAFLDs
uch as NASH that put patients at a higher risk of developing HCC,
hich could be the result of lower NER capacity. In this report, we
emonstrate that there is a decrease in damage recognition in sub-

ects with NAFLD and high MPO  expression, which correlates with
 decrease in NER capacity.

. Methods

.1. Liver specimens

Human liver specimens were obtained during bariatric surgery from 35 severely
bese patients (body mass index >40). None of the patients had suffered from
iral hepatitis or autoimmune-related disorders or reported excessive alcohol con-

umption (>20 g/day). Biopsies were fixed in formaline stained and analysed to
ifferentiate liver samples in <33% steatosis without inflammation (steatosis group)
nd  NASH as previously described [19]. As we have previously shown that there is a
lear relation between extracellular MPO  activity and neutrophil influx in inflamed
issues [26], MPO  in the liver was detected by immunohistochemical staining (see
ALT  (IU) 26.0 ± 6.5 21.1 ± 3.2 23.7 ± 3.0 25.7 ± 3.3
AST (IU) 22.8 ± 3.8 26.6 ± 4.2 18.2 ± 2.3 27.2 ± 3.8

Section 2.4) and was used as a measure for MPO  activity. Patient characteristics are
summarized in Table 1. This study was approved by the Medical Ethical Board of
the  Maastricht University Medical Centre in line with the ethical guidelines of the
2008 Declaration of Seoul, and informed consent in writing was obtained from each
subject.

2.2.  Quantitative real-time PCR

Total RNA was isolated from 50 mg liver tissue by homogenization in Tri-reagent
(Sigma), according to the manufacturer’s instructions. RNA (750 ng) was converted
to  cDNA using the iScript cDNA synthesis kit (Bio-Rad). Quantitative real-time PCR
was performed with the Sensimix Sybr Green (Quantace, London, UK) and the
MyiQ Single Color RT-PCR detection system (Biorad). The MyiQ Software system
(Biorad) was  used for data analysis. Using the 2−��Ct method, relative gene expres-
sion  (fold increase) was  calculated. All data were normalized to the housekeeping
genes �-actin and cyclophilin A. Sequences of the used PCR primers are listed in
Table 2.

2.3. Quantification of M1dG

After removal of the aqueous phase during RNA isolation using Trizol
(Invitrogen), the remaining phases were used for DNA isolation according to
ERCC1 Forward primer
ACCCCTCGACGAGGATGAG
Reverse primer
CAGTGGGAAGGCTCTGTGTAGA
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of the same liver samples stained for �H2AX showed no difference
between the four groups (Fig. 3). This suggests that the differences
found for the �H2AX staining were unlikely to be the direct result
of differences in proliferation status.
M.A. Schults et al. / Mutat

dducts, as previously reported [27]. M1dG adduct separation was carried out by
EI-cellulose TLC chromatography according to published conditions [28]. Detec-
ion and quantification of M1dG adducts and total nucleotides were obtained by
hosphor imaging technology (Typhoon 9210, Amersham) and ImageQuant soft-
are (Molecular Dynamics, Sunnyvale, CA). After background subtraction, the

evels of DNA adducts were expressed as relative adduct labelling (RAL = adducted
ucleotides/total nucleotides). Standard MDA  modified [29] and unmodified DNA
ere routinely processed in the analysis as controls.

.4. Immunohistochemistry

MPO abundance was detected by immunohistochemical staining using poly-
lonal rabbit anti-human MPO  antiserum (dilution 1:1000; Dako) as a primary
ntibody and semi-quantitative evaluation of MPO  positive cells was performed
n  a four-point scale by two independent observers [19]. In the present study we
sed the patients with hardly any MPO  positive cells (category 1) versus those who
ontain a large amount of MPO  positive cells in their liver (category 4). For the
H2AX and Ki-67 staining, paraffin embedded tissue sections were deparaffinized
nd rehydrated 3 times for 10 min  in xylol, twice for 5 min  in 100% EtOH, twice
or 5 min  in 96% EtOH, 5 min  in 70% EtOH and 5 min  in PBS. Slides were heated

 times for 5 min  in 0.01 M citrate buffer (pH 6.0) followed by treatment with
% H2O2 in methanol for 30 min  at room temperature. Nonspecific binding was
locked with 3% BSA/PBS for 30 min  at room temperature and slides were sub-
equently incubated for 1 h at room temperature with a 1:1000 dilution of the
rimary antibody, mouse anti-�H2AX JBW301 (Upstate, Billerica, MA)  or mouse
nti-human Ki-67 (Dako). The secondary antibody, biotinylated Rabbit anti Mouse
0161 (Dako) was diluted in 1% BSA/PBS for 1 h at 37 ◦C followed by BrightVi-
ion+ (Immunologic, The Netherlands) according to the manufacturer’s instructions.
lides were incubated with DAB (0.7 mg/ml) and urea (2 mg/ml) for 7 min  and
ounterstained with haematoxylin for 1 min. Slides were dehydrated for 5 min  in
0% EtOH after washing with tap water, twice for 5 min  in 96% EtOH, twice for

 min  in 100% EtOH and twice for 10 min  in xylol. Finally the slides were mounted
n Entellan (Merck). At least 100 randomly selected cells per slide were micro-
copically scored blindly. For the �H2AX staining, cells were graded on a gradual
cale in which 0 was  considered no staining (only counterstaining visible) and 4
as  considered highly positive in which over 80% of the nucleus was  brown. For

he  Ki-67 staining, the percentage of positive cells (brown nucleus) was deter-
ined.

.5. Measurement of NER capacity

To  measure NER capacity in the liver samples, we  applied a previously val-
dated modified comet assay [30] which measures the ability of NER-related
nzymes that are present in “test” extracts, to incise substrate DNA containing
PDE-DNA adducts. The substrate nucleoids were prepared from untreated A549
ells (human epithelial lung carcinoma cells) obtained from the American Tis-
ue Culture Collection (ATCC, Rockville, MD). The cells were cultured in DMEM
upplemented with 10% heat-inactivated FCS and 1% penicillin/streptomycin and
aintained at 37 ◦C in a 5% CO2 atmosphere. A549 cells were embedded in LMP

garose on glass microscope slides and subsequently lysed overnight in cold
4 ◦C) lysis buffer (2.5 M NaCl, 0.1 M EDTA, 0.01 M Tris, 0.25 M NaOH plus 1% Tri-
on  X-100 and 10% DMSO). The resulting nucleoids were then either exposed
o  1 �M BPDE (NCI Chemical Carcinogen Reference Standard Repository, Mid-
est Research Institute, Kansas City, MO)  in PBS or vehicle control (DMSO, 0.5%)

or 30 min  at 4 ◦C. To prepare protein/enzyme extracts, ground frozen liver tis-
ues  were thawed and resuspended in 45 mM HEPES, 0.4 M KCl, 1 mM EDTA,
.1  mM dithiothreitol, 10% glycerol, adjusted to pH 7.8 using KOH. Resulting
liquots were snap-frozen, thawed again and 30 �l of 1% Triton X-100 in buffer

 per 100 �l of extract was added. Protein concentrations were determined by
he  BioRAD DC protein assay using bovine serum albumin as a standard. Tis-
ue extracts were diluted to a concentration of 1 mg/ml. Next, 4 volumes of
5  mM HEPES, 0.25 mM EDTA, 2% glycerol, 0.3 mg/ml  BSA, adjusted to pH 7.8
ith KOH were added and 50 �l of the mixture was  added to the gel-embedded
ucleoids and incubated for 20 min  at 37 ◦C. Alkaline treatment (40 min) and elec-
rophoresis (30 min) were conducted as in the standard comet assay [31]. Comets
ere visualized using a Zeiss Axioskop fluorescence microscope and quantified

s  tail moment and percentage DNA in tail (tail intensity). Samples were tested
n  two independent incubations within each single experiment. On every slide,
0  cells were analysed randomly using the Comet assay III software program
Perspective Instruments, Haverhill, UK). The increased DNA strand breakage in
he BPDE-modified nucleoids vs. the DMSO-treated nucleoids is indicative of the
ER  capacity of the cell extracts. The final repair capacity was  calculated accord-

ng  to the method previously described [30] using both tail moment as well tail
ntensity.
.6. Statistical analysis

Results are expressed as means ± S.E. SPSS 15.0 was used for statistical analysis.
he  two-way ANOVA was  used to determine the influence of MPO  and NASH. To
ssess differences between four groups, a one-way analysis of variance test with
search 736 (2012) 75– 81 77

Dunnet’s post hoc multiple comparison correction was  used. Differences were con-
sidered to be statistically significant when p < 0.05.

3. Results

3.1. Inflammation in steatotic livers did not increase M1dG
adduct levels

To characterize the effect of NASH and/or MPO  abundance, on
the amount of ROS-induced DNA damage in the liver and M1dG
adduct levels were determined. We were able to isolate DNA from
22 patients with steatosis. MPO  expression in the liver tissue was
determined and patients were divided into groups of low versus
high MPO  staining or steatosis alone versus NASH. There were no
differences between the four groups regarding M1dG adduct lev-
els (Fig. 1). This suggests that inflammation, as determined by the
presence of MPO  had no effect on hepatic DNA damage in NAFLD.

3.2. Decreased phosphorylated H2AX under high MPO expression
in the liver

Next, we stained for histone 2AX phosphorylation (�H2AX).
Of 18 patients we were able to obtain liver samples for staining.
Patients without NASH and low MPO  expression had the highest
�H2AX levels. A ∼52% decrease in semi-quantitative �H2AX levels
was observed in the liver samples of patients with NASH and low
MPO  expression. Patients with high MPO  expression had a further
decrease towards ∼26% and ∼28%, of the semi-quantitative �H2AX
levels observed in patients with steatosis and NASH, respectively
(Fig. 2). The patients with high MPO  immunoreactivity showed a
statistically significant decrease of ∼59% compared to the patients
with low MPO  staining, while patients with NASH had ∼19% lower
semi-quantitative �H2AX levels compared to patients without
NASH.

3.3. Proliferation is unaltered in steatotic livers upon
inflammation

One possible explanation for the differences found in phospho-
rylation of H2AX is changes in proliferation of cells. Ki-67 staining
Fig. 1. Inflammation has no effect on M1dG DNA adduct levels. M1dG DNA adducts
levels in human livers with low MPO levels and steatosis (n = 6) or NASH (n = 6)
and  high MPO  levels and steatosis (n = 6) or NASH (n = 4) were determined by
32P-postlabeling and data was presented as amount of M1dG adducts per 108

nucleotides. Values are mean ± S.E.
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Fig. 2. �-H2AX is decreased under inflammatory conditions. Phosphorylation of H2AX in human livers with low MPO  levels and steatosis (n = 3) or NASH (n = 6) and high MPO
l  is pre
V or �H
i

3
h

s
(
3

T
R

D
d

evels  and steatosis (n = 6) or NASH (n = 3) was microscopically evaluated. (A) Data
alues are mean ± S.E. **p  < 0.01. (B) Representative images within the four groups f

ncrease contrast for the brown �H2AX staining.

.4. Decreased NER gene expression in the liver of patients with
igh MPO  immunoreactivity

To investigate potential differences in DNA repair gene expres-

ion, the effect of MPO  and NASH on the mRNA levels of 5 NER genes
XPA, XPC, ERCC4,  ERCC5,  and ERCC1)  was determined (Table 3). Of
2 patients, mRNA levels could be determined. For both XPA and

able 3
elative NER gene expression in human livers.

XPA XPC 

Low MPO Steatosis 1.00 ± 0.10 1.00 ± 0.09
NASH 0.84 ± 0.06 1.05 ± 0.07

High  MPO Steatosis 0.80 ± 0.05 0.93 ± 0.07
NASH 0.81 ± 0.07 0.84 ± 0.10

ata are presented as mean ± SE. Differences between low MPO  levels and steatosis (n =
etermined.

* p < 0.05.
sented as fold increase compared to patients with low MPO levels without NASH.
2AX staining (magnification 400×) were equally post-microscopically enhanced to

ERCC4 gene expression, the highest mRNA levels were found in
patients with low MPO  staining without NASH. The relative amount
of mRNA of these NER related genes decreased in patients with
NASH and high MPO  immunoreactivity; however the differences

between the groups was  only statistically significant for ERCC4.
Patients with low MPO  immunoreactivity were observed to have
generally higher NER gene expression compared to patients with

ERCC4 ERCC5 ERCC1

 1.00 ± 0.05 1.00 ± 0.06 1.00 ± 0.08
 0.91 ± 0.09 1.24 ± 0.08 1.14 ± 0.09

 0.88 ± 0.06 1.11 ± 0.06 1.15 ± 0.11
 0.73 ± 0.05* 0.84 ± 0.09 0.91 ± 0.12

 8) or NASH (n = 8) and high MPO  levels and steatosis (n = 7) or NASH (n = 9) were
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Fig. 3. No changes in proliferation under inflammatory conditions. Human liver
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Fig. 4. NER capacity is decreased under inflammatory conditions. Repair capacity
(A:  calculated by using tail moment; B: calculated by using tail intensity) of cell
amples of patients with low MPO  levels and steatosis (n = 3) or NASH (n = 6) and
igh  MPO  levels and steatosis (n = 6) or NASH (n = 3) were stained for Ki-67 and
ercentage of proliferating cells was determined.

igh MPO  immunoreactivity. ERCC4 mRNA relative expression lev-
ls were significantly lower with ∼17%. Patients with NASH also
isplayed a lower gene expression compared to patients without
ASH. However, the difference in ERCC4 mRNA levels was not as

arge as compared to the differences in expression related to MPO.

.5. Decreased NER activity correlates with high MPO  in the liver

To investigate if the decreased �H2AX levels in patients with
igh MPO  staining translated into a reduced functional NER capac-

ty, we next studied NER capacity using a modified comet assay.
ER capacity could be measured in liver samples isolated from 33
atients. Patients with low MPO  expression without NASH had the
ighest repair capacity. A ∼26% and ∼30% lower repair capacity
as observed in the liver of patients with low MPO  immunoreac-

ivity and NASH, when using tail moment and tail intensity values,
espectively. The repair capacity further decreased in patients with
igh MPO  expression to only ∼58% of the repair capacity of patients
ithout NASH and low MPO  staining (Fig. 4). The group with high
PO immunoreactivity showed a statistically significant decrease

f ∼33% (p = 0.02) and ∼30% (p = 0.05) compared to the patients with
ow MPO  expression, when using tail moment and tail intensity
alues, respectively. On the other hand, patients with NASH had

 ∼14% (p = 0.31) and ∼20% (p = 0.20) lower repair capacity com-
ared to patients without NASH (irrespective of MPO  abundance),
hen using tail moment and tail intensity values, respectively. This
ifference was not statistically significant, suggesting that the pres-
nce of high levels of MPO-immunoreactive cells had the largest
ontribution to the observed lower levels of DNA repair.

. Discussion

Chronic inflammation has been shown to play a role in the devel-
pment of cancer in various organs, in part due to the recruitment of
eutrophils at the site of inflammation resulting in enhanced levels
f oxidative stress [14,32]. This oxidative stress may  result in more
NA damage, a subsequent induction of mutation prone cells and
ltimately increase in development in HCC [7,8,33–35].  Indeed, we
ave previously shown that NER activity was significantly impaired
y neutrophil activation in lung cells [20]. There is circumstantial
vidence that individuals with a reduced NER pathway capacity are

t greater risk to develop cancer [23,24]. Therefore, we proposed
hat NER inhibition upon neutrophil activation and accumulation
f mutations over time due to oxidative stress may  play a role in the
evelopment of hepatocellular carcinomas associated with NASH.
extracts isolated from human livers was measured and differences between low
MPO  levels and steatosis (n = 8) or NASH (n = 8) and high MPO  levels and steatosis
(n  = 9) or NASH (n = 8) were determined. Values are mean ± S.E. *p < 0.05.

To determine the amount of ROS induced DNA damage, M1dG
adducts, a marker for oxidative damage, were measured. M1dG
adducts result from ROS reacting with deoxyribose as well as
malondialdehyde, a naturally occurring product of lipid peroxi-
dation reacting with 2-deoxy-guanosine resulting in mutagenic
and carcinogenic DNA adducts [36]. NER is the primary pathway
that removes the damage caused by DNA helix distorting lesions,
including M1dG adducts [37,38]. When DNA damage is not effec-
tively removed, these lesions can be highly mutagenic [25,39,40].  In
general, increased oxidative stress is seen as a trigger for the devel-
opment of NASH from steatosis. However, several studies have
observed similarly elevated levels of oxidative stress in steatosis
and NASH [41–43].  Indeed, in this study, no significant differences
in M1dG adduct levels were observed in relation to the presence of
NASH neither to the inflammation as determined by MPO  expres-
sion.

The phosphorylation of histone H2AX by the PI-3 kinases ATM,
ATR and DNA-PK, is a well described marker for DNA damage.
This occurs rapidly in response to double strand breaks (DSBs)
[44], V(D)J recombination [45], replication fork blockage [46] and
NER dependent DNA damage [47]. In liver cells, the observation of
�H2AX is not likely linked to somatic recombination events. We
therefore suggest that the reduced �H2AX is related to impairment
of the recognition of DNA damage rather than absolute amount
of damage, as the tissues showed similar DNA damage levels as
inferred from the M1dG adducts (Fig. 1). Furthermore, �H2AX is

also observed in S phase cells most likely due to DSBs or endoge-
nous damage leading to stalled replication forks [48]. To determine
whether the decrease in �H2AX that we  observed with increased
MPO (Fig. 2) resulted simply from changes in proliferation rate, we
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tained for Ki-67. As all groups showed similar levels of Ki-67 stain-
ng (Fig. 3), proliferation rates are unlikely to be the source of the
ifferences in �H2AX staining.

To investigate whether MPO  immunoreactivity in the liver or the
ASH phenotype altered NER gene expression, the mRNA levels of
PA, XPC, ERCC1, ERCC4 and ERCC5, were determined. There was a
onsistent trend that repair genes were decreased in patients with
igh MPO  immunoreactivity, but only ERCC4 showed significantly

ower levels of expression in combination with conditions of high
PO expression. This is in agreement with previous studies on the

egulation of NER genes in response to inflammation, where ERCC4
as down regulated in the presence of high MPO  levels [21].

As DNA repair is often regulated in multiple manners in addition
o transcriptional control, we sought to determine whether either
ASH and/or higher MPO  immunoreactivity impair overall func-

ional NER. To this end, we used a previously validated modified
omet assay, which predominantly assesses the cellular capacity
n the recognition and incision phase of NER to remove bulky DNA
dducts [30] and used both tail moment and to intensity to assess
epair capacity. Steatotic liver samples with higher MPO  expression
ad a significant decrease in the activity of this part of the NER path-
ay compared to the livers with lower expression of MPO  using

oth the tail moment and tail intensity. Although the repair capacity
as further reduced in the liver samples taken from NASH patients,

he contribution of MPO  appears to dominate. A small decrease in
ER capacity was also observed in patients with NASH compared
ith subjects with steatosis alone; however this was not statisti-

ally significant. These results suggest that in human liver samples,
ER is inhibited by increased MPO  in vivo, similar to what we have
reviously described for lung cells in vitro [20]. The level of DNA
dducts is the result of a balance between damage induction and
ts repair. Therefore, one would expect that the lower NER activ-
ty in patients with high MPO  is accompanied by higher levels of
he M1dG adducts. However, in this study we observed compara-
le levels between the four groups. Human data of both in vivo
nd in vitro models have demonstrated that cell death, particularly
poptosis, is increased in NAFLD and NASH patients [49]. If DNA
epair is decreased in these patients as observed in our study, cell
eath of highly damaged cells could prevent DNA adduct levels to
ccumulate.

In this study, we have demonstrated that increased expression
f MPO  in the liver correlates with decreased NER capacity within
he liver. Although the amount of inflammatory cells is much lower
han the structural liver cells, a limitation of the study is that the dif-
erences found in DNA repair may  partly be due to differences in the
roportion of inflammatory cells that contribute to the tissue lysate,
ince whole tissue was used for the analysis. The observed decrease
n �H2AX appears to be related to impairment of the recognition
f DNA damage when MPO  expression is high, as no significant
eduction of cell proliferation and only a small change in NER gene
xpression transcription, was observed. Although in patients with
ASH there is a decrease in both NER capacity and H2AX phos-
horylation, the major component determining the repair capacity
ppears to be MPO-immunoreactivity. This suggests that increased
nflux of neutrophils and their activation, which is often associated

ith NASH, may  play an important role in the development of HCC.
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