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Oxidative stress linked to DNA damage is involved in the pathogenesis of Helicobacter pylori-associated gas-
tric diseases. The DNA damage response (DDR) coordinates cell-cycle transitions, DNA repair, and apoptosis
through the activation of ataxia-telangiectasia-mutated (ATM) and ATM and Rad3-related (ATR) and their
target proteins. However, neither H. pylori-induced DDR nor the effects of antioxidants on the DNA damage
have been established. This study aimed to investigate the detailed process of H. pylori-induced DNA damage
and to examine whether lycopene, a natural antioxidant, inhibits DNA damage and cellular response of gas-
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LyEVopene tric epithelial AGS cells infected with H. pylori. AGS cells were cultured with H. pylori in Korean isolates and
Helicobacter pylori treated with or without lycopene. Cell viability, DNA damage indices, levels of 8-OH-dG, and reactive oxygen
DNA damage species (ROS) as well as cell-cycle distributions were determined. The activation of ATM, ATR, Chk1, and
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Chk2; histone H2AX focus formation; activation and induction of p53; and levels of Bax and Bcl-2 and
poly(ADP-ribose) polymerase-1 (PARP-1) were assessed. The results showed that H. pylori induced apoptosis
in AGS cells with increased Bax and decreased Bcl-2 expression as well as PARP-1 cleavage. Culture with H.
pylori led to increases in intracellular ROS, 8-OH-dG, double-strand DNA breaks (DSBs), and DNA fragmen-
tation. H. pylori induced activation of the ATM/Chk2 and ATR/Chk1 pathways, phosphorylation of H2AX
and p53, and a delay in the progression of the cells entering the S phase. Lycopene inhibited H. pylori-
induced increases in ROS, apoptosis, alterations in cell-cycle distribution, DSBs, and ATM- and ATR-mediated
DDR in AGS cells. In conclusion, lycopene may be beneficial for treatment of H. pylori-induced gastric diseases
associated with oxidative DNA damage.

© 2011 Elsevier Inc. All rights reserved.

Helicobacter pylori is an important risk factor for chronic gastritis,
peptic ulcer, and gastric carcinoma [1]. One of the potential toxic fac-
tors involving H. pylori-induced gastric injury is reactive oxygen spe-
cies (ROS). ROS are released from activated neutrophils and regulate
signal transduction cascades, acting as key regulatory switches in
many cellular processes. Because H. pylori exhibits chemotactic activ-
ity for neutrophils [2], the initial pathological abnormality described
in H. pylori-induced gastritis is the neutrophil infiltration of the gas-
tric epithelium, a hallmark of active infection. Our previous studies
have shown that H. pylori stimulated the production of ROS in gastric
epithelial cells in the absence of inflammatory cells. This increase in
ROS was determined by elevated levels of lipid peroxides, an index
of oxidative membrane damage [3,4]. As a source of the infected
cells, our recent study showed that H. pylori activates NADPH oxidase
by inducing translocation of heat shock protein 90p from the cytosol
to the membrane, leading to the activation of Rac1, a component of
the NADPH oxidase complex [5], and increases the production of
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ROS in gastric epithelial cells [6]. H. pylori directly increased transcrip-
tion levels of inflammatory cytokines by activating oxidant-sensitive
transcription factors NF-kB and AP-1 [7] and induced apoptosis in
gastric epithelial cells [8]. Antioxidants such as mannitol,
dimethylthiourea, glutathione, and -carotene effectively suppressed
the induction of IL-8 and cyclooxygenase-2 by suppressing NF-kB and
AP-1 in H. pylori-infected gastric epithelial cells [3,9,10]. Lycopene
showed antioxidant activity and inhibited IL-6 expression by sup-
pressing NF-kB activation in pancreatic acinar cells [11]. Inhibition
of ROS production by lycopene prevented a decrease in DNA repair
Ku proteins and apoptosis in pancreatic acinar cells [12]. We showed
that H. pylori-induced activation of NF-xB mediated downregulation
of Bcl-2 and induced apoptosis [13], whereas the antioxidant enzyme
catalase inhibited NF-<B activation and apoptotic cell death in H.
pylori-infected gastric epithelial cells [8]. Because ROS mediate NF-
KB activation, lycopene may prevent oxidant-mediated apoptosis by
inhibiting NF-xB activation and downregulation of Bcl-2 in H. pylori-
infected gastric epithelial cells.

DNA damage caused by oxidative stress may be one important fac-
tor in the pathogenesis of H. pylori-associated gastric diseases [14].
Two of the major regulators of the DNA damage response (DDR) are
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phosphoinositide 3-kinase-related protein kinases, ataxia-telangiec-
tasia mutated (ATM) and ataxia-telangiectasia and Rad3-related
(ATR) [15]. ATM and ATR signals control cell-cycle transitions, DNA
replication, DNA repair, and apoptosis and share many biochemical
and functional similarities. The major functions of ATM and ATR in
cell-cycle control are redundant; however, ATM and ATR respond to
different types of DNA damage. ATM responds primarily to double-
strand DNA breaks (DSBs), whereas ATR reacts to the structures
that contain single-stranded DNA (ssDNA). This ssDNA is generated
through many different types of DNA damage such as stalled replica-
tion forks and DSBs [16-18].

Formation of DSB ends leads not only to the recruitment of the
meiotic recombination protein-11 (Mre11)-Rad50-Nijmegen break-
age syndrome protein-1 (Nbs1) (MRN) complex but also to conver-
sion of dimeric ATM into monomeric phosphorylated ATM.
Activated ATM then phosphorylates the C-terminal tail of the histone
variant H2AX to produce y-H2AX, the initial signal for the subsequent
accumulation of DDR proteins. Activated ATM also phosphorylates
other downstream targets, including checkpoint kinase 2 (Chk2).
ssDNA bound to replication protein A is recognized by ATR through
interaction with ATR-interacting protein and leads to activation of
ATR with topoisomerase-binding protein-1. The activated ATR phos-
phorylates a large list of substrates including checkpoint kinase 1
(Chk1) [19]. The induction of p53 in response to DNA damage is coor-
dinated by ATM and ATR. Both kinases phosphorylate p53 at Ser15
and other sites; stabilization of p53 is also influenced by Chk2 and
Chk1, which are phosphorylated by ATM and ATR, respectively [20].
These DDRs can be elicited by ROS and culminate in cell-cycle arrest,
DNA repair, and, when unrepaired, apoptosis.

H. pylori-induced DNA damage leads to the activation of p53 and
apoptosis in infected cells and tissues [21,22]. H. pylori not only in-
hibits cell-cycle progression at G1-S but also causes apoptosis by in-
ducing the expression of cyclin D1 and p53 in gastric epithelial AGS
cells [23,24]. H. pylori releases a factor that inhibits G1-to-S progres-
sion by affecting cyclin E/cyclin-dependent kinase 2 (Cdk2) kinase ac-
tivity [25]. A recent study showed that H. pylori <y-glutamyl
transpeptidase induces apoptosis and cell-cycle arrest at the G1-S
phase transition and that this induction is also associated with down-
regulation of cyclin E, cyclin A, Cdk4, and Cdk6 and with upregulation
of the Cdk inhibitors p27 and p21 in gastric epithelial AGS cells [26].
There have been reports on the direct effects of H. pylori on the in-
flammatory response, ROS production, cell-cycle progression, and ap-
optosis. However, a detailed analysis of the DDR elicited by H. pylori
and the measures required to inhibit resulting DNA damage has not
yet been explored.

Lycopene, a natural pigment synthesized by plants and microor-
ganisms, has a high number of conjugated dienes, making it one of
the most potent singlet oxygen quenchers among natural carotenoids
[27]. Epidemiological studies have demonstrated that lycopene is as-
sociated with decreased risk of chronic diseases including cardiovas-
cular diseases and cancers [28,29]. Lycopene has been shown to
decrease oxidative DNA damage in lung fibroblasts [30], endothelial
cells [31], and hepatocytes [32] caused by the redox cycling of cate-
chol estrogens, H,0,, or y-radiation. Lycopene also has antiprolifera-
tion and prodifferentiation activities in various types of cancer cells
[33]. Therefore, lycopene has gained attention as a promising chemo-
preventive agent because of its antioxidant activity.

This study aimed to investigate H. pylori-induced DDR and the effect
of lycopene on H. pylori-induced DNA damage in gastric epithelial AGS
cells. We examined DNA damage indices (DNA fragmentation, DNA
tail assessment, levels of 8-hydroxy-2’-deoxyguanosine (8-OH-dG)),
levels of ROS, and alterations in the cell-cycle distribution. We also in-
vestigated the downstream events of H. pylori-induced activation of
ATM and ATR, the expression of apoptosis-related proteins such as
Bax and Bcl-2, and the cleavage of poly(ADP-ribose) polymerase-1
(PARP-1). We not only assessed the effect of lycopene on the

amelioration of the reaction, but we also demonstrated that H. pylori-
induced DDRs are caused by ROS.

Materials and methods
Bacterial strain

H. pylori in Korean isolates (HP99), the cagA™, vacA s1bm2, iceAl
H. pylori strain [7], was inoculated onto chocolate agar plates (Bec-
ton-Dickinson Microbiology Systems, Cockeysville, MD, USA) at
37 °C under microaerophilic conditions using an anaerobic chamber
(Becton-Dickinson Microbiology Systems).

Cell culture and H. pylori infection

Human gastric epithelial AGS cells (gastric adenocarcinoma, ATCC
CRL 1739) were cultured in RPMI 1640 medium supplemented with
10% fetal bovine serum and penicillin/streptomycin. The cells were
seeded and cultured overnight to reach 80% confluency. Before H. pylori
infection, each well was washed once with 2 ml of fresh cell culture me-
dium containing no antibiotics. Whole H. pylori was harvested from
chocolate agar plates, suspended in antibiotic-free RPMI 1640 medium
supplemented with 10% fetal bovine serum, and used to treat AGS cells.
AGS cells were cultured in the presence of H. pylori at a 50:1 multiplicity
of infection (m.o.i.). To investigate the effects of lycopene, the cells were
treated with lycopene (Sigma, St. Louis, MO, USA) dissolved in tetrahy-
drofuran (final concentrations of 2 and 5 puM) for 1 h before H. pylori in-
fection. The control group received tetrahydrofuran instead of lycopene.
Because lycopene at 2 and 5 pM showed potent antioxidant activities in
our previous studies [11,12], these concentrations were used in the pre-
sent study to determine the effects of lycopene on H. pylori-induced
DNA damage response in AGS cells.

Cell viability and DNA fragmentation

Viable cell numbers were determined using trypan blue exclusion
test (0.2% trypan blue). DNA fragmentation was assessed according to
the amount of oligonucleosome-bound DNA in the cell lysate using a
Cell Death Detection ELISAP™S kit (Roche Molecular Biochemicals
GmbH, Germany).

Determination of 8-OH-dG

Oxidative DNA damage was evaluated based on the generation of
8-OH-dG using a Biotrin OxyDNA assay kit (BD Biosciences, Dublin,
Ireland). The formation of 8-OH-dG adducts in each sample was ana-
lyzed using flow cytometry (Beckman, Fullerton, CA, USA).

Neutral comet assay (single-cell gel electrophoresis)

Cells were suspended in 0.5% low-melting-point agarose and
transferred onto a frosted glass microscope slide precoated with
layer of 0.5% agarose. The slides were incubated in lysis solution
(25M NaCl, 100 mM Na, EDTA, 10 mM Trizma base, 1% N-
lauroylsarcosine, NaOH to pH 10.0, and 1% v/v Triton X-100) at 4 °C
for 1h and electrophoresed at 25V for 40 min. Comet tails were
stained with SYBR green and analyzed by fluorescence microscope.
In total, over 70 cells were analyzed per treatment using Scion
Image (using scion_comet 1.3) with the comet assay for the comet
tail moment.

Measurement of intracellular ROS
For the experiment on the time course of ROS production, the cells

were cultured in the presence of H. pylori for 0, 15, 30, and 60 min. For
the effects of lycopene, the cells were treated with lycopene for 1 h
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before H. pylori infection and cultured for 1 h. At each time period, the
cells were loaded with 10 uM dichlorofluorescein diacetate (DCF-DA;
Molecular Probes, Eugene, OR, USA) for 30 min, washed, and scraped
off into 1 ml of PBS. The fluorescent dichlorofluorescein (DCF) was
measured (excitation at 495 nm and emission at 535 nm) with a VIC-
TOR2 multilabel counter (PerkinElmer Life and Analytical Sciences,
Boston, MA, USA) or a laser scanning confocal microscope (Leica
TCS-NT, Heidelberg, Germany) for the experiment with lycopene.

Cell-cycle analysis

The cells were trypsinized and washed twice with cold PBS. The pel-
let was treated with 1% (w/v) paraformaldehyde, followed by ice-cold
70% (v/v) ethanol for at least 12 h. After two washes with PBS, the
cells were incubated with RNase (200 pg/ml final concentration),
stained with propidium iodide (100 pg/ml final concentration) for
30 min, and analyzed using flow cytometry on a FACSCalibur system
equipped with argon ion laser (Becton-Dickinson Immunocytometry
System, San Jose, CA, USA). Percentages of the cells in each phase were
calculated using the Cell Modfit software program (Becton-Dickinson).

Western blot analysis

Samples containing equal amounts of protein were separated by
12% SDS-PAGE and transferred onto nitrocellulose membranes.
After being blocked in 3% nonfat dry milk for 2 h, the membrane
was incubated with polyclonal antibodies for phosphospecific forms
of ATM, ATR, Chk1 (phospho-S345 residue), Chk2 (phospho-T68 res-
idue), p53 (phospho-S15 residue), and H2AX (y-H2AX, phospho-
S139 residue) (all from Cell Signaling Technology, Beverly, MA,
USA). Some of the other polyclonal antibodies used were total forms
of Chk1, Chk2, H2AX, PARP-1 (full-length PARP-1 (116 kDa) and
large fragment of PARP-1 (89 kDa)) (all from Cell Signaling Technol-
ogy) and ATR, ATM, p53, Bax, Bcl-2, or actin (all from Santa Cruz Bio-
technology, Santa Cruz, CA, USA) in TBS-T (Tris-buffered saline
containing 0.15% Tween 20) containing 3% nonfat dry milk at 4 °C
overnight. Anti-Nbs1 and anti-Rad50 antibodies were obtained from
Calbiochem (San Diego, CA, USA), and anti-Mrel11 polyclonal anti-
body was from Novus Biologicals (Littleton, CO, USA). After being
washed with TBS-T, the immunoreactive proteins were visualized
using goat anti-mouse secondary antibodies conjugated to horserad-
ish peroxidase, followed by enhanced chemiluminescence (Santa
Cruz Biotechnology). Actin served as a loading control. Proteins (mo-
lecular mass) used in the study were Chk1 (56 kDa), Chk2 (66 kDa),
ATR (250 kDa), ATM (370 kDa), p53 (53 kDa), Bax (23 kDa), Bcl-2
(26 kDa), PARP-1 (116kDa), cleaved PARP-1 (89kDa), H2AX
(15 kDa), Nbs1 (95 kDa), Mre11 (80 kDa), and Rad50 (150 kDa). For
the ratio of Bax/Bcl-2 as a parameter of apoptotic cell death, the pro-
tein bands of Bax and Bcl-2 were scanned using a Bio-Rad scanner
(GS-700) driven by volume analysis software and quantified with
Molecular Analysis software (version 4.1).

Immunofluorescence analysis for y-H2AX

The cells were fixed with cold ethano! for 10 min and permeabi-
lized in 0.1% Triton X-100/PBS for 15 min. The cells were blocked in
PBS containing 5% goat serum and 1% bovine serum albumin and
then incubated with polyclonal rabbit anti-y-H2AX antibody for 1 h,
followed by rhodamine-labeled mouse anti-rabbit IgG antibody
(final concentration, 2 pg/ml) for 1h. The cells were washed with
PBS and stained with 5 pg/ml DAPI (4/,6'-diamidino-2-phenylindole)
for 10 min. After being washed with PBS, the cells were mounted onto
diazabicyclooctane glycerol (50%) and viewed by a confocal laser
scanning microscope (LSM 510 META, Carl Zeiss, Germany).The cap-
tured images were analyzed for relative quantification of y-H2AX
using Image] software. The DAPI-stained nucleus of each cell was

selected and used for relative quantification of y-H2AX. All the foci

-were counted manually.

Statistical analysis

The statistical differences were determined using one-way ANOVA
and Newman-Keuls test. All values are expressed as means + SE of
four different experiments. A value of p<0.05 was considered statisti-
cally significant.

Results
H. pylori induces cell death and DNA damage in AGS cells

During the 24-h culture, cell viability was slightly decreased in H.
pylori-infected cells compared with the cells without infection
(Fig. 1A). With this decrease in cell viability, H. pylori elicited an in-
crease in nucleosome-bound DNA, an index of DNA fragmentation
(Fig. 1B). We then monitored DSBs through a neutral comet assay. Al-
though the comet formation was evident at 12 h, it continued to in-
crease for at least 24 h (Fig. 1C). The cells infected with H. pylori
showed a significant increment of comet cells with increased tail mo-
ments in a time-dependent manner. The results show a time-
dependent increment of DNA damage in H. pylori-infected cells. An el-
evated 8-OH-dG level is an indicator of oxidative stress as well as
DNA damage [34]. Uninfected AGS cells harbored relatively low levels
of 8-OH-dG formation. In contrast, there were significant increases in
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Fig. 1. H. pylori induces cell death and DNA damage in AGS cells. (A) Cell viability was
determined using trypan blue exclusion test (0.2% trypan blue). (B) DNA fragmentation
was assessed according to the amount of oligonucleosome-bound DNA in the cell lysate
in 24-h culture. The relative increase in nucleosome-bound DNA, determined at
405 nm, was expressed as an enrichment factor. (C) DNA damage was examined
using comet formation (top). Quantitative analysis of comet formation was assessed
according to relative tail moment (bottom). (D) The levels of 8-OH-dG were analyzed
fluorimetrically at 24 h culture. All values are expressed as means + SE of four separate
experiments. *p<0.05 for comparison to the corresponding “none” (the cells cultured
in the absence of H. pylori) (A, B, D) or 0 h (C).
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Fig. 2. H. pylori induces the phosphorylation of ATM, ATR, Chk1, and Chk2 in AGS cells.
The levels of phosphospecific and total forms of ATM, ATR, Chk1, and Chk2 as well as
total Mre11/Rad50/NBS1 were assessed using Western blot analysis, in which actin
served as a loading control.
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Fig. 3. H. pylori induces the phosphorylation of H2AX and p53 as well as alterations in
the apoptotic indices of AGS cells. (A) The levels of phosphospecific and total forms of
H2AX and p53 as well as apoptotic indices (Bax, Bcl-2) were determined via Western
blot analysis in which actin served as a loading control. (B) The ratio of Bax/Bcl-2
was determined by the level of each protein that was scanned and expressed as density
ratio. The ratio of Bax/Bcl-2 in the cells cultured in the presence of H. pylori at 0 h was
considered as 1. All values are expressed as means = SE of four separate experiments.
*p<0.05 for comparison to the ratio at 0 h.
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Fig. 4. H. pylori induces PARP-1 cleavage and an increase in ROS level of AGS cells. (A) The
levels of PARP-1 (full-length PARP-1 (116 kDa) and large fragment of PARP-1 (89 kDa))
were determined via Western blot analysis. (B) ROS levels were determined by measuring
the level of fluorescent DCF (excitation at 495 nm and emission at 535 nm). All values are
expressed as means -+ SE of four separate experiments. *p<0.05 for comparison to the cor-
responding “none” (the cells cultured in the absence of H. pylori).

8-OH-dG in H. pylori-infected AGS cells at 24 h (Fig. 1D). All of these
DNA damage responses were elicited by a relatively low m.o.i. (50:1).

H. pylori induces the activation of ATM, ATR, Chk1, Chk2, H2AX, and p53

To investigate whether H. pylori-induced DNA damage is linked to
the activation of ATM and ATR (Fig. 2), the levels of the phosphospe-
cific and total forms of ATM and ATR as well as their target molecules
such as Chk2, Chk1, and p53 were determined in H. pylori-infected
AGS cells. The phosphorylation of ATM and ATR that was observed
at 6 h increased through 24 h, whereas the total forms of ATM and
ATR were not changed by H. pylori infection. H. pylori infection in
AGS cells induced phosphorylation of Chk2 on T68 and Chk1 on resi-
due S345 at 12 h, indicating the activation of ATM (Chk2) and ATR
(Chk1) (Fig. 2). The total amounts of Chk2 and Chk1 as well as that
of Mre11/Rad50/NBS1 were not changed by H. pylori infection. The
phosphorylated form of H2AX (y-H2AX) is essential to the efficient
recognition and/or repair of DSBs. Phosphorylation of H2AX on S139
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Fig. 5. H. pylori induces an alteration in cell-cycle distribution of AGS cells. After the cells
were harvested, they were incubated with RNase and stained with propidium iodide.
Flow cytometric analysis was performed to analyze the cell-cycle distribution. Percentages
of the cells in each phase were calculated using the Cell Modfit software program. All
values are expressed as means = SE of four separate experiments. *p<0.05 for comparison
to the corresponding “none” (the cells cultured in the absence of H. pylori).
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was noted in AGS cells at 12 h, a trend that increased through 24 h
(Fig. 3A). p53 is a target substrate of ATM, ATR, Chk2, and Chk1
after DDR. Phosphorylation of residue S15 of p53 was increased in
H. pylori-infected cells (Fig. 3A) and was accompanied by the induc-
tion of p53 that is caused by stabilization of p53 protein. These results
suggest that H. pylori induces DSBs at low m.o.i. and activates ATM
and ATR DNA damage response pathways. These alterations may
lead to the phosphorylation and stabilization of p53 for apoptotic
cell death, alterations in cell-cycle distribution, or both.

H. pylori induces alterations in Bax and Bcl-2 as well as PARP-1 cleavage
in AGS cells

p53 is known to mediate the downregulation of Bcl-2 as well as
upregulation of Bax [35,36]. We next investigated the expression
levels of the Bcl-2 family of apoptosis regulator proteins. As shown
in Fig. 3, H. pylori induced an increase in Bax and a decrease in Bcl-2
(Fig. 3A) as well as an increase in the density ratio of Bax/Bcl-2
(Fig. 3B) in AGS cells. It is highly likely that the upregulation of p53
in AGS cells triggered by the DNA damage response to H. pylori led
to the changes in the levels of Bax and Bcl-2, which then led to cellu-
lar apoptosis.

PARP-1 is involved in the DNA repair process and links DNA dam-
age with apoptosis. Because PARP-1 is a substrate of caspase-3, PARP-
1 cleavage reflects apoptotic cell death [37]. We previously showed
that oxidative stress induced the activation of caspase-3 and nuclear
loss of DNA repair Ku proteins in pancreatic acinar cells [38]. There-
fore, ROS produced by H. pylori infection may activate caspase-3 and
concurrently cleave PARP-1 in gastric epithelial cells. In Fig. 4A, the
large fragment of PARP-1 was observed at 12 and 24 h in H. pylori-
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Fig. 6. Lycopene inhibits H. pylori-induced cell death and DNA fragmentation in AGS cells.
(A) Cell viability was determined through a trypan blue exclusion test at 24 h culture.
(B) DNA fragmentation was assessed according to the amount of oligonucleosome-
bound DNA in the cell lysate at 24 h culture. All values are expressed as means-+ SE of
four separate experiments. *p<0.05 for comparison to “none” {the cells cultured in the ab-
sence of H. pylori); *p<0.05 for comparison to control (the cells cultured in the presence
of H. pylori without lycopene).

infected cells. The result demonstrates that PARP-1 cleavage may con-
tribute to DNA damage and apoptosis in H. pylori-infected cells.

H. pylori induces increases in ROS levels in AGS cells

To determine the oxidative stress in AGS cells due to a low m.o.i. of
H. pylori, intracellular levels of ROS were determined using DCF-DA
via flow cytometry (Fig. 4B). Treatment with H. pylori resulted in an
increase in the intracellular ROS level shown in AGS cells at 15-min
culture. This increase in ROS continued for at least 60 min. These re-
sults combined with the data showing activation of the DNA damage
response pathway suggest that ROS produced by H. pylori may medi-
ate DNA damage and cell death in AGS cells.

H. pylori induces alterations in cell-cycle distribution of AGS cells

We then monitored whether H. pylori affected the cell-cycle pro-
gression in AGS cells. Flow cytometric analysis of the AGS cell distribu-
tion in the absence of H. pylori showed that 25, 66, and 9% of AGS cells
were in the GO-G1, S, and G2-M phases at 24 h, respectively (Fig. 5).
AGS cells infected with H. pylori showed an increase in the percentage
of epithelial cells in GO-G1 from 25 to 37%, with a decrease in S phase
from 66 to 52% at 24 h. After infection by H. pylori, AGS cells advanced
quickly through the GO-G1 phase in 12 h, followed by a delay in the
progression of the cells entering the S phase at 24 h. After the first 6 h,
the distribution of the uninfected AGS cells showed that 39, 36, and
25% of the cells were in the GO-G1, S, and G2-M phases, respectively.
These values were not significantly changed by H. pylori infection at
6 h culture. Lycopene itself had no effect on cell-cycle distribution of
uninfected AGS cells (data not shown).
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Fig. 7. Lycopene inhibits H. pylori-induced DNA damage in AGS cells, determined by comet
assay. (A) DNA damage was examined using comet formation at 24 h culture. (B) Quanti-
tative analysis of comet formation was assessed according to relative tail moment at 24 h
culture. All values are expressed as means =+ SE of four separate experiments. *p<0.05 for
comparison to “none” (the cells cultured in the absence of H. pylori); *p<0.05 for compar-
ison to control (the cells cultured in the presence of H. pylori without lycopene).
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Lycopene inhibits H. pylori-induced cell death, DNA damage, and
v-H2AX focus formation in AGS cells

To examine whether lycopene reverses H. pylori-induced DNA
damage response and apoptosis, we treated H. pylori-infected cells
with lycopene, a potent antioxidant, and monitored DNA damage re-
sponses and apoptosis. After 24 h culture, cell death and DNA frag-
mentation caused by H. pylori were inhibited by lycopene in a
concentration-dependent manner (Figs. 6A and B). The addition of
5 UM lycopene almost completely inhibited H. pylori-induced DNA
fragmentation in AGS cells. We then determined DSBs through a neu-
tral comet assay. As shown in Fig. 7, treatment of H. pylori significantly
increased comet formation (Fig. 7A) and tail moments (Fig. 7B) at 24 h,
which was inhibited by lycopene treatment concentration dependently.

To further assess whether lycopene inhibits H. pylori-induced DNA
damage, we examined the y-H2AX focus formation, a commonly used
in situ marker of DNA double-strand breaks, in H. pylori-infected cells
treated with or without lycopene (Fig. 8). Immunofluorescence analysis
for y-H2AX shows that at 12 h culture, 'y-H2AX focus formation was
dramatically increased in H. pylori-infected cells. Lycopene decreased
the percentage of cells exhibiting y-H2AX foci in H. pylori-infected
cells (Fig. 8A). The relative quantification of y-H2AX was presented as
average y-H2AX foci per cell (Fig. 8B) and relative y-H2AX intensity
using Image] software (Fig. 8C). All three measures clearly demonstrate
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the inhibitory effect of lycopene on 'y-H2AX focus formation of H. pylori-
infected cells in a concentration-dependent manner.

Lycopene inhibits H. pylori-induced activation of ATM, ATR, Chk1, Chk2,
H2AX, and p53 as well as alterations in apoptotic indices in AGS cells

The inhibitory effects of lycopene on H. pylori-induced phosphor-
ylation of ATM and ATR were shown at 2 pM and were evident at
5 pM concentration of lycopene at 12 h (Fig. 9). Similarly, lycopene
suppressed the phosphorylation of Chk1 on 5$345, Chk2 on T68, p53
on S15, and H2AX on 5139, which was induced by H. pylori in AGS
cells (Figs. 9 and 10A). The total amounts of ATM, ATR, Chk1, and
Chk2 as well as the expression of the MRN complex were not changed
by H. pylori infection with or without lycopene treatment. The induc-
tion of p53 by H. pylori was also suppressed by lycopene treatment.

Regarding apoptotic indices such as Bax and Bcl-2, lycopene inhib-
ited the increase in Bax and the decrease in Bcl-2 as well as the increase
in density of Bax/Bcl-2 in H. pylori-infected cells at 12 h (Figs. 10A and
B). H. pylori-induced cleavage of PARP-1 was suppressed by lycopene
dose dependently (Fig. 11A). Even though it is not clear whether the in-
hibitory effect of lycopene on the alterations in Bax and Bcl-2 are un-
equivocally related to the reduction of p53 induced by lycopene, the
results show that H. pylori-induced DNA damage, the DNA damage
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Fig. 8. Lycopene inhibits H. pylori-induced y-H2AX focus formation in AGS cells. (A) At 12 h culture, the cells were stained with rabbit anti-y-H2AX antibody and rhodamine-labeled
mouse anti-rabbit IgG antibody. The cells were then stained with 5 pg/ml DAPL The cells stained with rhodamine-labeled antibody and DAPI were examined with a laser scanning
confocal microscopy. (B) Graph represents average number of y-H2AX foci per cells. (C) Graph represents relative intensity of y-H2AX as determined by Image] software. Results
are expressed as means + SE. *p<0.05 for comparison to “none” (the cells cultured in the absence of H. pylori); *p<0.05 for comparison to H. pylori control (the cells cultured in the

presence of H. pylori without lycopene).
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Fig. 9. Lycopene inhibits H. pylori-induced phosphorylation of ATM, ATR, Chk1, and
Chk2 in AGS cells. At 12 h culture, the levels of phosphospecific and total forms of
ATM, ATR, Chk1, and Chk2 as well as total Mre11/Rad50/Nbs1 of the cells were deter-
mined using Western blot analysis, in which actin served as a loading control.

response including the activation of ATM and ATR, and apoptosis are
suppressed by lycopene treatment in AGS cells.

Lycopene inhibits the H. pylori-induced increase in ROS level and alter-
ations in cell-cycle distribution in AGS cells

To further ensure that lycopene treatment affected ROS level in
AGS cells, the intracellular levels of ROS were determined at 1h
using DCF-DA via confocal microscopy (Fig. 11B) and flow cytometry
(Fig. 11C). Fig. 11 shows that the H. pylori-induced increase in ROS
level was inhibited by lycopene in a concentration-dependent man-
ner. Because lycopene, containing conjugated dienes, acts as a singlet
oxygen quencher [27], antioxidant activity of lycopene may reduce
the levels of ROS in H. pylori-infected AGS cells. In addition, lycopene
may increase the activities and levels of antioxidant enzymes (SOD,
catalase, glutathione peroxidase) in gastric epithelial cells as shown
in a rat model of gastric cancer [39]. Treatment of AGS cells cultured
in the presence of H. pylori with lycopene at a final concentration of
5uM for 24 h decreased the proportion of cells in the G1 phase
(from 37 to 26%), with a parallel increase in the proportion of cells
in the S phase (from 52 to 65%) in H. pylori-infected AGS cells
(Fig. 12), demonstrating that lycopene prevents H. pylori-induced
delay in the progression of the cells entering the S phase at 24 h.
G2-M phase was not changed in the cells, neither by H. pylori infec-
tion nor by lycopene treatment.

Discussion

This study demonstrates, for the first time, that H. pylori induces
vigorous DDR that involves both ATM and ATR in a gastric epithelial
cell line. Lycopene, a potent ROS-scavenging agent, rescued the H.
pylori-infected cells from DNA damage and apoptosis.

Previously we found that H. pylori induced apoptosis and DNA
damage in gastric epithelial cells. These inductions were suppressed
by scavenging of hydrogen peroxide with catalase [8]. ROS produc-
tion by H. pylori plays an important role in apoptosis and DNA dam-
age processes in gastric epithelial cells [14]. Oxidative stress induces

DNA damage that may well lead to apoptotic cell death, alterations
in cell cycle distribution, or both. Although Chiou et al. reported that
H. pylori inhibits G2-M to G1 progression in AGS cells [40], some
studies have demonstrated that H. pylori and its 'y-glutamyl transpep-
tidase inhibit cell-cycle procession at G1 and induce apoptosis
[22-26]. H. pylori-induced p53 activation, which up-regulates the ex-
pression of p21, Bax, or both, has an important role in alterations in
cell cycle distribution and apoptosis of AGS cells [22,23,41]. Recently,
we found that downregulation of Bcl-2 is mediated by NF-«B activa-
tion in H. pylori-induced apoptosis of gastric epithelial cells [13]. In
the present study, we demonstrated that H. pylori in Korean isolates
(HP99) induced a delay in the progression of the cells entering the S
phase, p53 activation, PARP-1 cleavage, upregulation of Bax, and a re-
ciprocal decrease in Bcl-2 level in AGS cells. It is likely that p53 medi-
ated the downregulation of Bcl-2 as well as the upregulation of Bax in
H. pylori-infected cells, as has been shown in various cancer cells
[35,36].

Some reports show that H,0, and other peroxides induce ATM-
dependent p53 phosphorylation in response to DNA damage, where-
as others have shown that oxidative stress induces both ssDNA breaks
(SSBs) and later DSBs. ATM is mainly activated by DSBs, whereas ATR
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Fig. 10. Lycopene inhibits H. pylori-induced phosphorylation of H2AX and p53 as well
as alterations in the apoptotic indices in AGS cells. (A) At 12 h culture, the levels of
phosphospecific and total forms of p53 and y-H2AX as well as apoptotic indices (Bax,
Bcl-2) were assessed using Western blot analysis, in which actin served as a loading
control. (B) The ratio of Bax/Bcl-2 was determined by the level of each protein,
which was scanned and expressed as density ratio. The ratio of Bax/Bcl-2 in the cells
cultured in the absence of H. pylori (none) was considered as 1. All values are expressed
as means 4 SE of four separate experiments. *p<0.05 for comparison to “none” (the
cells cultured in the absence of H. pylori); *p<0.05 for comparison to H. pylori control
(the cells cultured in the presence of H. pylori without lycopene).
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Fig. 11. Lycopene inhibits H. pylori-induced PARP-1 cleavage and the increase in ROS
levels of AGS cells. (A) At 12h culture, the levels PARP-1 (full-length PARP-1
(116 kDa) and large fragment of PARP-1 (89 kDa)) were determined via Western
blot analysis. (B, C) At 60 min culture, ROS levels were determined using confocal mi-
croscopy (B) and by measuring the level of fluorescent dichlorofluorescein with excita-
tion at 495 nm and emission at 535 nm (C). All values are expressed as means + SE of
four separate experiments. *p<0.05 for comparison to the corresponding “none” (the
cells cultured in the absence of H. pylori); *p<0.05 for comparison to H. pylori control
(the cells cultured in the presence of H. pylori without lycopene).

activation is triggered by SSBs [15-18]. Although ATM and ATR affect
different DNA structures, both can be activated by DSBs because DSB
end resection leads to a larger single-stranded region. In that sense,
ATM and ATR are considered partners in the DSB response. Our
data, including a neutral comet assay, demonstrated that DSBs are
generated in H. pylori infection and that both ATM and ATR are acti-
vated by ROS-induced DNA damage in H. pylori-infected gastric epi-
thelial cells.

H2AX, one of the key components of chromatin, becomes rapidly
phosphorylated on the chromatin surrounding DSBs. Phosphorylated
H2AX, y-H2AX, forms "focuses" at DSBs, which are induced by ioniz-
ing radiation, meiosis, and replication [42]. ATM is the primary kinase
that phosphorylates H2AX at DSB, although ATR and DNA-dependent
protein kinase have also been implicated [43]. Our present study sug-
gests that H. pylori-induced y-H2AX focus formation in gastric epithe-
lial cells is dependent on ATM and/or ATR.
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Fig. 12, Lycopene inhibits H. pylori-induced cell-cycle arrest in AGS cells. After the cells
were harvested, they were incubated with RNase and stained with propidium iodide at
24 h culture. Flow cytometric analysis was performed to analyze the cell cycle distribu-
tion. Percentages of the cells in each phase were calculated using Cell Modfit software
programs. All values are expressed as means-+SE of four separate experiments.
*p<0.05 for comparison to the corresponding “none” (the cells cultured in the absence
of H. pylori); *p<0.05 for comparison to H. pylori control (the cells cultured in the pres-
ence of H. pylori without lycopene).

ATM activates Chk2 to stabilize and activate p53, which then af-
fects the G1 cell-cycle checkpoint in the immortalized cells [44].
Therefore, H. pylori may induce alterations in cell-cycle distribution
through ATM/Chk2/p53 activation in gastric epithelial cells. Because
H. pylori induces the activation of ATR and Chk1 in AGS cells in this
study, we could not exclude the involvement of ATR in H. pylori-in-
duced alterations in cell-cycle distribution and apoptotic cell death.
Further study should be performed to determine the relationship
among ATM, ATR, other DDR proteins, and cell-cycle control proteins
in H. pylori-infected gastric epithelial cells.

In this study, we demonstrated that lycopene at 2 and 5 uM sup-
pressed H. pylori-induced DNA damage, apoptosis, and increases in
ROS levels in AGS cells. Palozza et al. demonstrated that lycopene at
0.5 and 2 pM prevents the G1 cell arrest induced by oxysterol [45]. Ly-
copene protected against H,0,-induced and aflatoxin-induced DNA
damage and apoptosis in human endothelial cells [31] and HepG2
cells [46]. In humans, supplementation with tomato products or puri-
fied lycopene decreased oxidative DNA damage [47]. Furthermore,
consumption of tomato and tomato juice induced lymphocyte DNA
resistance to oxidative stress [48]. However, little is known about
the detailed effects of lycopene on oxidative stress-induced apoptosis
and DNA damage.

In this study, lycopene was shown to be effective in the prevention
of cellular apoptosis, a delay in the progression of the cells entering
the S phase, activation of p53, and activation of ATM/ATR in H.
pylori-infected gastric epithelial cells. Therefore, lycopene may be
beneficial for the prevention and/or treatment of H. pylori-
associated gastric diseases. This benefit may occur by inhibiting oxi-
dative DNA damage and the consequent DNA damage response such
as alterations in cell-cycle distribution and thus apoptosis through
suppression of ATM/Chk2/p53 activation as well as ATR/Chk1 activa-
tion. The mechanism of lycopene may be explained at least partially
by its scavenging of ROS, which prevents oxidative DNA damage
and DNA strand breaks in H. pylori-infected gastric epithelial cells.

In summary, we have shown that H. pylori induces a vigorous ox-
idative DNA damage response involving the ATM and ATR pathways
in gastric epithelial cells. The infection results in a delay in the pro-
gression of the cells entering the S phase and apoptosis. Lycopene
inhibited H. pylori-induced DNA damage and apoptosis probably by
reducing the levels of ROS and thus suppressing the DNA damage re-
sponse and alterations in cell-cycle distribution in gastric epithelial
cells. Lycopene may be beneficial for the prevention and the treat-
ment of H. pylori-induced gastric diseases linked to oxidative DNA
damage.
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ABSTRACT

Rheumatoid arthritis (RA) is a systemic autoimmune disease that is initiated and maintained by various
inflammatory/immune cells and their cytokines, leading to cartilage degradation and bone erosion.
Despite its potent therapeutic efficacy on RA, the oral administration of methotrexate (MTX) provokes
serious adverse systemic complications, thus necessitating the local application of MTX. Here, we show
that transcutaneous MTX (TC-MTX) can efficiently penetrate joint skin ex vivo and in vivo, and that
TC-MTX can significantly improve the various inflammatory symptoms associated with RA. Further,
TC-MTX preserved the joint-structures in mice with collagen-induced arthritis (CIA), which was also
confirmed by three-dimensional micro-computed tomography scan. TC-MTX markedly decreased the
secretion of inflammatory cytokines both in the serum and in inflamed joints of CIA mice. Further, its
therapeutic potential is comparable to that of etanercept, a biological agent that block tumor necrosis
factor (TNF)-a. Importantly, the systemic cytotoxicity of TC-MTX was not detected. Thus, TC-MTX can be

a new therapeutic modality for RA patients without systemic complications.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Rheumatoid arthritis (RA) is a prototypical systemic autoim-
mune disease that is characterized by inflammation in multiple
joints [1]. In affected joints, diverse factors initiate the emergence of
RA autoantigens including type Il collagen, proteoglycans, human
cartilage glycoprotein, citrullinated proteins, and heat-shock
proteins which then provoke a serial of immune reactions through
the activation of CD4" T cells [1]. Activated CD4" T cells produce
interferon (IFN)-y and other inflammatory cytokines, which initially
stimulate monocytes, macrophages and synovial fibroblasts.
Subsequently, activated macrophages and synovial fibroblasts
induce the overproduction of inflammatory cytokines such as tumor
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necrosis factor (TNF)-o, interleukin (IL)-18, IL-6, IL-15, and IL-18
[1-3]. Activated CD4™ T cells also stimulate B cells to differentiate
into plasma cells producing autoantibodies including rheumatoid
factor and anti-cyclic citrullinated peptide (anti-CCP) [1]. TNF-¢, IL-
1B and IL-6 stimulate osteoclasts, chondrocytes, neutrophils and
synovial fibroblasts to produce various metalloproteinases and
joint-destructive enzymes including inducible nitric oxide synthase
(iNOS) and cyclooxygenase-2 (COX-2) in inflamed joints. Finally
these enzymes mediate cartilage degradation and bone erosion,
resulting in pain and joint destruction; in patients with inadequately
treated RA, joint destruction is irreversible [1-3].

Among various disease-modifying anti-rheumatic drugs
(DMARDs), the oral administration of methotrexate (MTX) is the
most widely used for the treatment of RA [4—6]. MTX can slow the
rate of joint destruction through its inhibitory effects on the
cascade of events initiated by inflammatory cytokines and subse-
quent joint-destructive enzymes [7—9]. However, despite its ther-
apeutic efficacy, the long-term administration of MTX may induce
serious systemic complications, including infection, hepatitis, and
bone marrow suppression [10—12]. Recently, new biological agents,
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such as TNF-« blockade and anti-CD20 monoclonal antibody, have
been developed and are being used clinically [13,14]. However,
despite their potent and rapid therapeutic efficiency, these treat-
ments may also provoke serious systemic complications, including
infection, malignancies and autoimmune diseases [15,16]. More-
over, the formation of neutralizing antibodies to biological agents
might decrease their therapeutic efficacy [17—19]. Therefore, it is
suggested that that MTX still remains a mainstay in the treatment
of RA [18].

From a clinical point of view, increasing the dose of MTX in RA
patients who have several refractory small joints or continuing
MTX in patients who have systemic diseases, such as pulmonary
tuberculosis, interstitial lung diseases, viral hepatitis, liver cirrhosis
or bone marrow dysfunction, may provoke more unwanted adverse
effects. In these cases, the necessity of the local application of MTX
has been raised, but to date, there has been no effective method
reported to deliver MTX locally and percutaneously into joints.

In this study, we generated transcutaneous MTX (TC-MTX) to
decrease the systemic toxicity of oral MTX, and to improve its
therapeutic effect on affected joints. We used Franz static diffusion
cells and skin from a hairless mouse, and in vivo in mice to confirm
the effectiveness of transcutaneous delivery of MTX. TC-MTX was
applied on inflamed joints of mice with collagen-induced arthritis
(CIA), and both the changes in the severity of the arthritis and the
levels of TNF-a, IL-1f, IL-6 and IFN-y in inflamed joints as well as in
the serum was investigated. Further, we compared the therapeutic
potential of TC-MTX in vivo to that of the clinically used etanecept,
an anti-TNF-a biological agent, for RA. Also, the toxicity of TC-MTX
and its distribution in CIA mice after application was evaluated.

2. Materials and methods

2.1. Purification and generation of TC-MTX and dihydrofolate reductase (DHFR)
assay

TC-MTX consists of Hph-1-PTD, ACA and MTX. First, Hph-1-PTD
(YARVRRRGPRR-OH) was synthesized using solid phase techniques and commer-
cially available fluorenyl-methoxycarbonyl (Fmoc) amino acids (Novabiochem,
Darmstadt, Germany) on an Applied Biosystems 433 peptide synthesizer. ACA and
MTX were coupled on the N-terminus of Hph-1-PTD sequentially. The TC-MTX
conjugate was cleaved from the resin using 96% trifluoroacetic acid, 2% triiso-
propyl silane and 2% phenol for 12 h. Longer reaction times were necessary to
completely remove the 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonyl group
(PbfO-protecting groups) from the arginine. Subsequently, conjugates were filtered
from the resin, precipitated using diethyl ether, purified using HPLC reverse-phase
columns and characterized using Maldi-Tof (Bruker Daltonics, Bremen, Germany)
(Fig. 1A). Because there are two carboxyl groups at ¢ and y positions of MTX, zand vy
forms of TC-MTX were made. DHFR activity was compared to that of free MTX using
a DHFR assay kit (Sigma-aldrich, Saint Louis, MO, USA) according to the manufac-
turer’s instruction.

2.2. Franz cell experiment

A 9-mm unjacketed Franz cell with a flat flange joint and clear glass was used for
the experiment [20]. Dorsal skin of hairless mice was used as a membrane. The
donor chamber was filled with 10 mg of TC-MTX in 0.4 mi of 0.1 M PBS (pH 7.4) or
10 mg of MTX in 0.4 ml of 0.5 M Tris buffer (pH 10.8). The receptor chamber was
filled with 4.6 ml of PBS. They were incubated at 37 °C while stirring. MTX and TC-
MTX residues (MTX-ACA-tyrosine-alanine) were collected from the receptor
chamber with 5 h interval until 25 h and their permeated amount were measured by
HPLC.

2.3. Fluorescence microscopic analysis of penetration of TC-MTX

For the Cy5.5 labeling of TC-MTX, N-hydroxy succinimide (NHS) Cy5.5 (GE
healthcare, Buckinghamshire, UK) was coupled in N-methyl pyrolidone (NMP)
solution for 5 h on the side chain of lysine that was added at the N-terminal end of
Hph-1-PTD. The cleavage, purification, and characterization were performed using
the same processes of TC-MTX synthesis. We percutaneously applied 1% Cy5.5-
labeled TC-MTX on the joint of DBA/1 mice and obtained joint tissues at 3, 6 and
24 h after application. Cy5.5 fluorescence was detected using confocal microscopy.

24. Induction of CIA and assessment of arthritis severity

All animals were treated in accordance with the guidelines and regulations for
the use and care of animals of Yonsei University, Seoul, Korea. Arthritis was induced
in DBA/1 mice at 8 weeks of age (SLC, Shizoka, Japan) and the severity of arthritis
was assessed as described in our previous study [21].

2.5. Treatment protocol for CIA

Treatment began 4 weeks after the primary immunization and lasted 5 weeks.
TC-MTX was mixed with sterile ointment at concentrations of 0.1%, 0.5% and 1%
(mass/mass), and applied on the paws and knee joints of CIA mice in TC-MTX-
treated groups in a total volume of 200 ul, twice per week. MTX was also mixed
with ointment at a concentration of 1% (mass/mass) and administered to CIA mice in
the percutaneous MTX-treated group with the same volume twice per week. Thirty-
five mg/kg of MTX was intrapenitoneally injected into CIA mice in the intraperito-
neal MTX-treated group twice per week. All mice except intraperitoneal MTX-
treated mice received intraperitoneal PBS injections twice per week. Sterile oint-
ment without MTX or TC-MTX in the same volume was applied percutaneously to
controls, untreated CIA mice and intraperitoneal MTX-treated CIA mice, twice per
week. To compare the in vivo therapeutic efficacy of TC-MTX to that of TNF-
o blockade, etanercept (a recombinant TNF receptor (p75)-Fc fusion protein),
(Wyeth, Madison, NJ, USA), we applied 1% TC-MTX and 1% MTX on the paws and legs
of CIA mice, and we intraperitoneally injected etanercept (5.5 mg/kg) and MTX
(35 mg/kg) into CIA mice at week 4, twice per week, for 5 weeks as described above.,

2.6. Histopathological and immunohistochemical examination

Paws and knee joint-sections were prepared and stained with H&E and
sequentially incubated with specific antibodies directed against murine TNF-g, IL-
1B, IL-6, iINOS or COX-2 (SantaCruz Biotechnology, Santa Cruz, CA, USA) followed by
the appropriate secondary antibodies (ISU Abxis, Seoul, Korea); expression was
evaluated as described in our previous study [21].

2.7. Micro-computed tomography (CT) imaging

A total of 35 mice were used for micro-CT imaging experiments. They were
evenly divided them into 5 groups (controls, untreated, and percutaneous 0.1%, 0.5%
and 1% TC-MTX-treated CIA mice). The paws obtained from experimental mice were
scanned, reconstructed into the three-dimensional structure with micro-CT (Sky-
scan 1076) (SKYSCAN, Kontick, Belgium) and evaluated as described in a previous
study [21].

2.8. Measurement of serum level of TNF-a, IL-18, IL-6 and [FN-y

Male DBA/1 mice at 8 weeks of age (SLC, Shizoka, Japan) were evenly divided
into 4 groups (controls, untreated, percutaneous 0.1% and 1% TC-MTX-treated CIA
mice). The induction of arthritis, the treatment schedules, and animal sacrifice were
all done according the same protocol mentioned above. The TNF-o, IL-1f, IL-6 and
IFN-y concentrations in the experimental CIA mice serum were measured by the
sandwich ELISA (SantaCruz Biotechnology, Santa Cruz, CA, USA) performed
according to the manufacturer’s instructions.

2.9. Distribution and toxicity of percutaneously administered TC-MTX in CIA mice

We applied 5 mg/kg of TC-MTX conjugated with radioactive C on the skin of
mice and sacrificed mice at 1, 4, 24, 48 or 120 h after application. Skin from the
application sites, kidney and liver of mice were harvested, and the concentration of
radioactivity was determined with a radioactivity detector. Concentrations are
presented as ng.eq/g of TC-MTX. Blood samples taken at the time of sacrifice from
controls, and 0.1% or 1% TC-MTX-treated CIA mice were examined for white blood
cell (WBC) count, hemoglobin (Hb), platelet (PLT) count, and the levels of aspartate
aminotransferase (AST), alanine aminotransferase (ALT), blood nitrogen (BUN) and
creatinine (Cr) to determine liver and kidney toxicity. To confirm the histopatho-
logical changes in the skin of CIA mice treated with TC-MTX, two pathologists and
one dermatologist examined sections of joints; samples were blinded to prevent
unconscious bias. Histological parameters included hyperkeratosis (thickening of
the stratum corneum), parakeratosis, spongiosis and exocytosis and these param-
eters were scored as follows: 0 = normal; 1 = equivocal; 2 = mild; 3 = moderate;
and 4 = severe [22].

2.10. Statistics

All statistical analyses were conducted using SPSS package for Windows, version
15 (SPSS Inc., Chicago, IL, USA). All results and measurements are expressed as the
mean + standard deviation. Statistical analysis of group differences was examined
using the Mann-Whitney U test and a t-test. Correlations were calculated using
Spearman’s correlation coefficient. *P < 0.05 was considered to be significant.
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3. Results (ACA) and Hph-1-Protein Transduction Domain (PTD) to a carboxyl

group of MTX. In TC-MTX, ACA, a small and flexible spacer, was
3.1. Inhibition of DHFR activity by TC-MTX and its percutaneous inserted to allow MTX to interact with the binding pocket of
delivery dihydrofolate reductase (DHFR) without steric hindrance (Fig. 1A).

To eliminate the concern that the chemical conjugation of MTX
To generate a TC-MTX that could facilitate the percutaneous could influence the interaction between MTX and DHFR, the
 delivery of MTX, we sequentially conjugated 6-amino cupric acid inhibitory potential of TC-MTX on DHFR activity was compared
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Fig.1. Percutaneous delivery kinetics of transcutaneous MTX (TC-MTX). MTX was sequentially conjugated with ACA and Hph-1-PTD (A). The inhibitory potential of TC-MTX, o and y
forms) on DHFR activity was compared with that of free MTX using a DHFR assay kit (B). The skin-penetrating efficiency of TC-MTX was examined in a Franz cell experiment using
the dorsal skin of hairless mice (C). Cy5.5-labeled TC-MTX was applied on the skin of paws and legs of mice. Cy5.5 was detected using confocal microscopy at 3, 6, and 24 h after
application (original magnificationx100) (D).
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with that of free MTX using a DHFR assay kit. There are two
carboxyl groups (o and y positions) available for chemical conju-
gation in MTX. The y form of TC-MTX inhibited DHFR activity more
efficiently than the o form of TC-MTX and its inhibitory activity was
comparable to that of free MTX. The half maximal inhibitory
concentration (IC50) of the « and y forms of TC-MTX and free MTX
were 813 nM, 51.7 nM and 23.6 nM, respectively (Fig. 1B). There-
fore, the v form of TC-MTX was chosen for the evaluation of the
therapeutic potential of TC-MTX upon percutaneous delivery. To
examine the skin-penetrating efficiency of TC-MTX, we conducted
experiments using the dorsal skin of hairless mice and Franz cells
[20]. The donor chamber was filled with 10 mg of TC-MTX dissolved
in phosphate-buffered saline (PBS, pH 7.4) or 10 mg of MTX dis-
solved in Tris buffer (pH 10.8). The permeated amount in the
receptor chamber was measured by high performance liquid
chromatography (HPLC) at 5 h interval until 25 h. The skin-
penetrating efficiency of TC-MTX was significantly higher than
that of MTX (Fig. 1C). To test whether TC-MTX can be delivered into
joints in vivo, we applied TC-MTX labeled with Cy5.5 on the skin of
the paws and legs of mice and examined fluorescence in joint-
sections at 3, 6 or 24 h after the application. While Cy5.5 was
confined to the skin and muscle layers at 3 and 6 h, strong Cy5.5
fluorescence was detected in the periosteal and periarticular
tissues at 24 h, thus demonstrating the time-dependent skin-
penetrating efficiency of TC-MTX (Fig. 1D). Taken together, these
data demonstrate that TC-MTX efficiently and specifically penetrate
into the joints through the skin in vivo.

3.2. The severity of arthritis by TC-MTX in vivo

To assess the therapeutic activity of TC-MTX on arthritis, we
applied TC-MTX (0.1%, 0.5% or 1%) or MTX percutaneously on the
paws and legs of CIA mice, or intraperitoneally injected MTX at
week 4, twice a week for 5 weeks. Controls were normal mice
which did not received type I collagen. Macroscopic evidence of
arthritis such as erythema or swelling was clearly observed in
untreated and percutaneous MTX-treated CIA mice. In contrast,
percutaneous TC-MTX significantly decreased both mean arthritis
score and paw thickness in a dose-dependent manner (Fig. 2A). The
histopathological evaluation of the joint-sections of untreated and
percutaneous MTX-treated CIA mice revealed inflammatory cell
infiltration, synovial hyperplasia, and partial bone destruction.
However, in CIA mice percutaneously treated with TC-MTX, the
severity of the observed pathological changes was significantly
reduced (Fig. 2B and C). With these results, we conclude that TC-
MTX can be delivered through the skin into the joints, where it
can effectively inhibit inflammatory cell infiltration and markedly
alleviate arthritis in CIA mice.

3.3. The therapeutic efficiency of TC-MTX analyzed by Micro-CT

We performed three-dimensional micro-CT imaging analysis to
quantitatively investigate the level of bone alterations. Severe bone
destruction was observed in untreated CIA mice, but TC-MTX-
treated CIA mice exhibited the dose-dependent preservation of
bone integrity; the examination of bones in 1% TC-MTX-treated CIA
mice found them to be comparable to naive mice without arthritis
(Fig. 3A). Four parameters were analyzed: bone volume (BV), bone
volume/tissue volume (BV/TV), bone surface areas adjusted to BV
(BS/BV) and trabecular thickness (Tb.Th). The BV and BV/TV
measurements allowed us to compare the bone samples of different
sizes, when determining the extent of bone preservation. The BS/BV
parameter reflects the loss of bone surface due to erosion. Tb.Th is
inversely correlated with periarticular osteopenia induced by joint
inflammation [23]. TC-MTX-treated CIA mice showed significantly

higher BV, BV/TV, Tb.Th and lower BS/BV values in a dose-dependent
manner compared to those in untreated mice (Fig. 3B). To clarify the
validity of these parameters, we evaluated the correlation coef-
ficiencies among four parameters, and found that Tb.Th was corre-
lated with BV/TV and BS/BV (i* = 0.757 and r*> = —0.698, p < 0.001,
respectively), and that BV/TV was also well correlated with BS/BV
(r? = -0.925, p < 0.001) (Fig. 3C). With these results, we conclude
that TC-MTX can effectively alleviate arthritis and preserve bone
volume and integrity in CIA mice. To clarify the validity of these
parameters, we evaluated the correlation coefficiencies among four
parameters, and found that Tb.Th was correlated with BV/TV and BS/
BV (1 = 0.757 and r° = —0.698, p < 0.001, respectively), and that BV/
TV was also well correlated with BS/BV (7 = —0.925, p < 0.001)
(Fig. 3D). These results suggest that TC-MTX can effectively preserve
bone volume and integrity in CIA mice.

3.4. Reduction of inflammatory cytokines by TC-MTX

In inflamed joints, the inflammatory cytokines TNF-«, IL-18, and
IL-6, and the joint-destructive enzymes iNOS and COX-2 are the
pivotal messengers in the pathophysiology of RA [1,2,8]. To
examine whether TC-MTX could modulate the expression of
inflammatory cytokines and enzymes in inflamed joints, we per-
formed immunohistochemistry on the joint-sections of CIA mice.
The immunohistochemical analysis of the joint-sections of
untreated and percutaneous MTX-treated CIA mice showed posi-
tive staining for TNF-a, IL-1B, IL-6, iNOS, and COX-2. In contrast, TC-
MTX significantly reduced their expression in a dose-dependent
manner. The extent of the expression of TNF-a, [L-1, IL-6, iNOS,
and COX-2 in CIA mice percutaneously treated with 0.5% or 1% TC-
MTX was equivalent to that in CIA mice intraperitoneally injected
with MTX or controls (Fig. 4A and B). No positive immunohisto-
chemical staining was detected in joint-sections, when isotype-
matched irrelevant antibodies were used as controls (Supplemen-
tary material, S1). The serum concentrations of inflammatory
cytokines have a tendency to be proportional to the extent of joint
inflammation in CIA mice [24,25].

To investigate whether TC-MTX could decrease serum levels of
inflammatory cytokines, we measured the concentrations of TNF-a,
IL-1B, IL-6 and IFN-v in the serum of CIA mice percutaneously treated
with 0.1% or 1% TC-MTX. TC-MTX significantly reduced serum
concentrations of these cytokines in a dose-dependent manner. In
comparison with untreated CIA mice, 1% TC-MTX reduced concen-
trations of these inflammatory cytokines in the serum by over 70%
(Fig. 4C). Taken together, TC-MTX can significantly decrease levels of
inflammatory cytokines in the serum and in inflamed joints of CIA
mice. Further, TC-MTX significantly reduced levels of joint-
destructive enzymes within inflamed joints of CIA mice.

3.5. Comparison of therapeutic efficacy between TC-MTX and
etanercept

To compare the in vivo therapeutic efficacy of TC-MTX to that of
a TNF-a blockade, etanercept, we percutaneously applied 1% MTX
or 1% TC-MTX on the paws and legs of CIA mice, and intraperito-
neally injected etanercept (5.5 mg/kg) or MTX (35 mg/kg) into CIA
mice, twice per week for 4 weeks for 5 weeks. We assessed arthritis
score, paw thickness, and histopathological alterations in these
mice. Significant joint inflammation was observed in untreated CIA
mice or CIA mice percutaneously treated with MTX. Mean arthritis
score and paw thickness results revealed that the therapeutic
efficacy of 1% TC-MTX was almost equivalent to that of intraperi-
toneally injected-etanercept or -MTX (Fig. 5A). Also TC-MTX and
etanercept significantly decreased histopathological alterations
including inflammatory cell infiltration and bone erosion to similar
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degrees (Fig. 5B and C). We conclude that the therapeutic efficacy of
TC-MTX on arthritis in CIA mice is comparable to that of etanercept.

3.6. In vivo distribution and cytotoxicity of TC-MTX

To examine the distribution of percutaneously applied TC-MTX,
we labeled the ACA linker with radioactive C, and then applied
5 mg/kg of radio-labeled TC-MTX on the skin of the shaved right
thighs of mice. The concentration of radioactivity in the application
site (skin), kidney and liver was examined at different time points
after administration. A high concentration of radioactivity was
detected at the application site during the entire experimental
period with peak levels at 48 h. In contrast, very low levels of
radioactivity were detected in kidney and liver at 24 and 48 h, with
no radioactivity being detected at 120 h (Table 1). We conclude that
the majority of TC-MTX stays and exert its effects at the application

site, and its contribution to the systemic circulation is minimal. To
evaluate the toxicity of TC-MTX in vivo, we percutaneously applied
0.1% or 1% TC-MTX on the paws and legs of CIA mice and examined
parameters reflecting the functions of liver, kidney and bone
marrow. There were no differences in blood cell counts and
hemoglobin (Hb) levels or in liver and kidney functions among
controls, 0.1% and 1% TC-MTX-treated CIA mice (Fig. 6A).

To investigate the toxicity and the signs of skin irritation, various
doses of TC-MTX was subcutaneously injected, or percutaneously
applied was percutaneously applied or subcutaneously injected on
the shaved skin of experimental animals, respectively. No toxicity
including animal death or no significant irritation signs were
observed (Supplementary material, S2). In addition, Immunotox-
icity was not detected in terms of skin sensitization, active systemic
anaphylactic shock or passive cutaneous anaphylaxis in Guinea pigs
(Supplementary material, S2). The genotoxicity of TC-MTX was not
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observed in the bacterial reverse mutation assay (Supplementary
material, $3), the chromosomal aberration test in cultured Chinese
Hamster lung cells (Supplementary material, S4) or in the bone
marrow micronucleus test in ICR male mice (Supplementary
material, S5). Reproductive toxicity was not observed in studies of
fertility, embryo-fetal development and pre- and postnatal devel-
opment (data not shown). Histological changes were examined
semi-quantitatively on the skin of CIA mice following the percu-
taneous administration of TC-MTX. No significant differences were
observed in the histological scores among CIA mice percutaneously
treated with 0.1% or 1% TC-MTX and controls (Fig. 6b). With these
combined results, we conclude that TC-MTX does not induce
serious systemic cytotoxic complications.

4. Discussion

MTX is a mainstay for the treatment of RA, but the oral adminis-
tration of MTX involves risk of systemic and cytotoxic complications.

There have been several efforts to develop skin-permeable MTX in
order to diminish systemic complications [26,27]. However, no report
has been published on the transcutaneous delivery of MTX into joints,
or its therapeutic efficacy in an animal model of RA. In this study, we
generated a skin-penetrating form of MTX (TC-MTX). The chemical
conjugation of Hph-1-PTD and the spacer ACA to a carboxyl group of
MTX significantly enhances the solubility of MTX, and the ACA spacer
allows MTX to interact comfortably with the binding sites of the
substrate without any steric hindrance. There are two carboxyl groups
(o and vy positions) available for chemical conjugation in MTX; the
a carboxyl group is important for the interaction of MTX to the binding
site of DHFR. The poly-glutamation of MTX, which makes MTX toxic to
the cells, frequently occurs at the y position. In agreement with this
notion, the inhibitory activity of y form of TC-MTX on DHFR is
comparable to free MTX and higher than the o form of TC-MTX.

The efficiency of the percutaneous delivery of TC-MTX was
confirmed in experiments using Franz cells with the hairless mouse
skin and human cadaver skin. A low level of MTX delivery was
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Fig. 4. The level of inflammation-related factors was markedly reduced in inflamed joints and in the serum of CIA mice treated with TC-MTX. Reduced expression of inflammatory
cytokines and joint-destructive enzymes in the affected joints and their serum concentrations in CIA mice treated with transcutaneous MTX (TC-MTX). TC-MTX (0.1%, 0.5% or 1%)
was percutaneously applied twice per week for five weeks. Controls were normal mice which did not received type II collagen. Immunohistochemical staining for TNF-q, IL-1, IL-6,
iNOS or COX-2 in the joint-sections of CIA mice (original magnificationx 100). (PC, percutaneous; TC, transcutaneous; IP, intraperitoneal) (A). The semi-quantitative analysis of the
degree of stain-positivity of immunohistochemia staining (B). TC-MTX (0.1% or 1%) was percutaneously applied on CIA mice and serum concentrations of TNF-a, IL-18, IL-6 or IFN-y
were measured (C). Values are given as mean + SD, n = 5, asterisks represent significance compared to untreated mice with *p < 0.05.
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Fig. 5. Comparison of therapeutic efficacy between transcutaneous MTX (TC-MTX) and etanercept. 1% MTX or 1% TC-MTX were applied on the paws and legs of CIA mice, and
etanercept (5.5 mg/fkg) or MTX (35 mg/kg) were intraperitoneally injected into CIA mice on day 28 after primary immunization (red ¥ ), twice per week for five weeks. Controls
were normal mice which did not received type Il collagen. Macroscopic evidence of arthritis such as erythema or swelling was assessed by arthritis score and paw thickness. (PC,
percutaneous; IP, intraperitoneal) (A). Histological findings of the joint-sections were evaluated (original magnificationx100) (B). The semi-quantitative analysis of histological
findings of the inflamed joints such as infiltrate score and erosion score (C). Values are given as mean + SD, n = 5, asterisks represent significance compared to untreated mice with
*p < 0.05. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

detected in the Franz cell experiment, but this was most likely due
to the high pH Tris buffer used to dissolve MTX that damaged the
skin layer. When fluorescence-labeled TC-MTX was applied on the
joints of mice, it efficiently penetrated the skin in a time-dependent
manner, reaching the joints within 24 h after administration. These
results clearly demonstrate that TC-MTX can be percutaneously
delivered ex vivo and in vivo, significantly improving the physi-
ochemical properties of MTX.

Table 1
Radioactivity concentration in tissues after a single application of '#C-trans-
cutaneous MTX (TC-MTX) on the skin of non-fasting male rats (dose: 5 mg/kg).

Radioactivity concentration (ng eq. of TC-MTX/g tissue)

Tissue 1h 4h 24 h 48 h 120 h
Application site 13,213 33,150 31,952 63,745 19,870
Kidney BLD BLD 199 186 BLD
Liver BLD BLD 73 115 BLD

Upper limit of quantification was 79,045 ng eq. of TC-MTX/g tissue and lower limit
of quantification was 40 ng eq. of TC-MTX/g tissue. BLD, below the limit of detection.

TC-MTX ameliorated the severity of arthritis in CIA mice,
including marked improvement in the histopathological condition
of the joints. Further, there was a significant reduction in inflam-
matory cell infiltration, synovial hyperplasia, and bone destruction;
the decreased levels of TNF-¢, IL-1f, IL-6, iNOS, and COX-2 in
inflamed joint were also observed. The therapeutic efficacies of TC-
MTX were similar to those observed in intraperitoneal MTX-treated
CIA mice, in which a substantially higher than the suggested in vivo
dose of MTX was injected. Moreover, the dose-dependent reduc-
tion in the severity of arthritis by TC-MTX provides additional
evidence that the improvement was mediated by the pharmaco-
logic action of MTX.

To confirm our results, we measured BV, BV/TV, BS/BV, and
Tb.Th, four parameters reflecting the degree of bone destruction
and periarticular osteopenia, using highly quantitative micro-CT
and three-dimensional reconstruction [28—30]. The typical radio-
logical findings in RA are bone erosions and periarticular osteope-
nia [31]. The level of bone destruction and periarticular osteopenia
due to joint inflammation in CIA mice was quantitatively well
correlated with these parameters, supporting the validity of three-
dimensional micro-CT. Consistent with our in vivo data shown in
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Fig. 6. The cytotoxic effects of transcutaneous MTX (TC-MTX). White blood cell (WBC) count, hemoglobin (Hb), platelet (PLT) count, and the levels of aspartate aminotransferase
(AST), alanine aminotransferase (ALT), blood urea nitrogen (BUN), and creatinine (Cr) were examined in blood samples (A). Semi-quantitative analysis of the histological changes on
the skin of CIA mice percutaneously treated with TC-MTX (B). Values are given as mean + SD, n = 5, asterisks represent significance compared to untreated mice with *p < 0.05.

Figs. 2 and 4, TC-MTX improved all measured parameters in a dose-
dependent manner, and the extent of bone preservation by 1% TC-
MTX was comparable to that observed in controls.

Biological agents, such as TNF-a blockades or anti-CD20
monoclonal antibody, have been demonstrated to have thera-
peutic efficacy in RA and are widely used [13,14]. However, they
also can induce serious systemic complications. The use of these
biological agents must be limited in areas endemic for tuberculosis
and viral hepatitis, or in patients suffering from these diseases. In
this study, we compared the therapeutic efficacy of TC-MTX to that
of etanercept, one of the most widely used biological agents for RA
treatment. We found that TC-MTX was comparable to etanercept in
the alleviation of arthritis in CIA mice. With these results, we
concluded that TC-MTX has similar therapeutic potential to eta-
nercept and it can be safely used in RA patients who have systemic
diseases or conditions where the use of biological agents is limited.

In this study, most TC-MTX remained at the application site with
significantly low levels of TC-MTX being detected in kidney and
liver. In line with these results, systemic complications including
genotoxicity, immunotoxicity and skin irritation were not observed.
The high toxicity of MTX is caused by the formation of poly-

glutamate complexes through the carboxyl group of MTX and the

prolonged retention of poly-glutamated MTX in the cytoplasm

[32,33]. Hph-1-PTD and ACA occupy the y-carboxyl group of MTX,

where poly-glutamation occurs, leading to the decreased formation

of poly-glutamated MTX. The significant reduction of toxicity and”
the rapid excretion of TC-MTX that was observed was most likely

due to enhanced solubility and decreased poly-glutamation of TC-

MTX as compared to MTX.

The results of our studies have three important clinical impli-
cations in the treatment of RA patients. First, TC-MTX can provide
an equivalent level of therapeutic potential to that of oral MTX and
etanercept, as well as an opportunity to minimize the circulating
concentration of MTX in RA patients who have diseases or condi-
tions that MTX treatment unfeasible such as liver diseases or
interstitial lung diseases [11,12]. Second, we observed that most TC-
MTX remained at the application site without significant skin irri-
tation, histological changes, or dysfunction in major organs. Thus, it
may relieve the concern of rheumatologists that the long-term
systemic use of MTX might result in serious complications in RA
patients who have refractory small joint inflammation. Third,
because TC-MTX allows a high dose of MTX to directly and rapidly
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enter the joint cavity, it can reduce the lag-time to the onset of its
therapeutic action. Therefore, TC-MTX will reduce irreversible joint
destruction and allow better functional status without the concerns
of the systemic complications of MTX.

5. Conclusion

Our study demonstrates that TC-MTX can be percutaneously
delivered to inflamed joints of CIA mice with similar therapeutic
efficiency to that of intraperitoneally injected MTX and -etanercept
without the complications associated with the systemic adminis-
tration of MTX. Thus, TC-MTX may be a new therapeutic modality
for RA patients with refractory small joint inflammation or systemic
diseases where the use of MTX is unavailable. Furthermore, we
expect that TC-MTX can be effectively used to treat other autoim-
mune inflammatory diseases such as psoriasis, where MTX is one of
the first-line drugs.
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Introduction

Ataxia-telangiectasia (A-T; MIM# 208900) is an autosomal reces-
sive neurodegenerative disorder characterized by progressive cere-
bellar degeneration, ocular apraxia and telangiectasia, increased
cancer risk, immunodeficiency, sensitivity to ionizing radiation (IR),
chromosomal instability, and cell cycle abnormalities [Boder and
Sedgwick, 1958; Gatti, 2001]. A-T is caused by mutations in the
ATM gene (MIM# 607585) that usually encodes a 13 kb transcript
that produces a 370 kDa protein [Gatti et al., 1988; Lange et al.,
1995; Savitsky et al., 1995]. Intranuclear ATM protein is low or ab-
sent in most A-T patients, despite the presence of relatively normal
levels of ATM transcripts. ATM is activated by autophosphoryla-
tion after binding with the MRN (Mrel1-Rad50-Nbs) complex at
sites of DNA double strand breaks [Bakkenist and Kastan, 2003;
Kozlov et al., 2006], and subsequently phosphorylates hundreds of
downstream target proteins involved in cell cycle checkpoints, DNA
repair, and apoptosis [Bolderson et al., 2009; Matsuoka et al., 2007;
Shiloh 2006]. ATM also appears to play a critical role in resolving
chronic inflammation [Westbrook and Schiestl, 2010].

A-T patients are usually compound heterozygotes, carrying two
distinct mutations. Mutations occur throughout the entire gene
without hot spots. Founder effects are commonly observed in many
ethnic isolates [Birrell et al., 2005; Campbell et al., 2003; Cavalieri
et al., 2006; Gilad et al., 1996a; Laake et al., 1998; McConville et al.,
1996; Mitui et al., 2003, 2005; Telatar et al., 1998a, b] wherein
patients often carry mutations in a homozygous state. We have
previously shown [Du et al., 2007, 2009, 2011; Lai et al., 2004]
that accurately analyzing the functional consequences of mutations
in individual A-T patients enables the grouping of patients into
“mutation categories” that are most likely to be corrected by future
customized mutation-targeted therapies.

The aims of the present study were to: (1) characterize the
ATM mutations in Japanese A-T (JPAT) families; and (2) identify
which JPAT patients might be candidates for personalized mutation-
targeted therapy. We report that three of eight JPAT families exam-
ined are potential candidates for mutation-targeted therapy based
on partial restoration of functional ATM protein production.

Materials and Methods

Cell Lines
Lymphoblastoid cell lines (LCLs) [Svedmyr et al., 1975} or acti-
vated T-cells [Minegishi et al., 2006] were established from affected
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