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Chumanevich AA, Causey CP, Knuckley BA, Jones JE,
Poudyal D, Chumanevich AP, Davis T, Matesic LE, Thompson
PR, Hofseth LJ. Suppression of colitis in mice by Cl-amidine: a
novel peptidylarginine deiminase inhibitor. Am J Physiol Gastrointest
Liver Physiol 300: G929–G938, 2011. First published March 17,
2011; doi:10.1152/ajpgi.00435.2010.—Inflammatory bowel diseases
(IBDs), mainly Crohn’s disease and ulcerative colitis, are dynamic,
chronic inflammatory conditions that are associated with an increased
colon cancer risk. Inflammatory cell apoptosis is a key mechanism for
regulating IBD. Peptidylarginine deiminases (PADs) catalyze the
posttranslational conversion of peptidylarginine to peptidylcitrulline
in a calcium-dependent, irreversible reaction and mediate the effects
of proinflammatory cytokines. Because PAD levels are elevated in
mouse and human colitis, we hypothesized that a novel small-mole-
cule inhibitor of the PADs, i.e., chloramidine (Cl-amidine), could
suppress colitis in a dextran sulfate sodium mouse model. Results are
consistent with this hypothesis, as demonstrated by the finding that
Cl-amidine treatment, both prophylactic and after the onset of disease,
reduced the clinical signs and symptoms of colitis, without any
indication of toxic side effects. Interestingly, Cl-amidine drives apop-
tosis of inflammatory cells in vitro and in vivo, providing a mecha-
nism by which Cl-amidine suppresses colitis. In total, these data help
validate the PADs as therapeutic targets for the treatment of IBD and
further suggest Cl-amidine as a candidate therapy for this disease.

inflammation; citrullination; apoptosis

SYSTEMIC LUPUS ERYTHEMATOSUS, rheumatoid arthritis (RA), Alz-
heimer’s disease (AD), and inflammatory bowel disease (IBD)
are autoimmune disorders that affect �4% of the worldwide
population. These diseases are heterogeneous, chronic, and
relapsing inflammatory conditions that greatly impact the qual-
ity of life. Despite a wide variety of causes (e.g., environmental
factors, genetic susceptibility, and imbalanced enteric bacte-
ria), the final outcome is an abnormal immune response (i.e.,
loss of self-discrimination) with repeated episodes of inflam-
mation and destruction of the surrounding tissue.

Recently, the introduction of targeted therapies that employ
biological agents has improved patient outcome with these
diseases. Some of the first such agents developed were TNF-�
inhibitors, which are US Food and Drug Administration-ap-
proved for the treatment of RA and IBD. Such conventional
symptomatic therapeutic strategies can reduce periods of active

disease and help maintain remission. However, outcomes are
often marginal, and there are severe side effects, including
infections (e.g., tuberculosis, pneumocystosis, listeriosis, and
sepsis), malignancies (e.g., lymphoma), anemia, multiple scle-
rosis, heart failure, occurrence of autoantibodies and autoim-
munity, and injection-site reactions (19, 32, 33). Overall, there
is no treatment strategy for autoimmune diseases that lacks side
effects and completely inhibits the signs and symptoms of
disease pathology. For this reason, new treatment strategies,
targets, and/or new modulators of inflammation are necessary
to battle autoimmune diseases. We have identified peptidy-
larginine deiminases (PADs) as one such target.

The PADs, which include five human isozymes (12), cata-
lyze the calcium-dependent posttranslational conversion of
peptidylarginine to peptidylcitrulline, and this activity is
known to generate proteins with altered function or loss of
function. These enzymes have drawn considerable interest in
recent years, given their presumed roles in cellular differenti-
ation, nerve growth, cell death, embryonic development, and
gene transcription (downregulation of gene expression by cit-
rullination of histones H2A, H3, and H4) (12). Additionally,
dysregulated PAD activity is associated with the development
of RA. For instance, autoantibodies targeting citrullinated
proteins have been identified in the sera of RA patients, and
these autoantibodies are present even during the asymptomatic
period of RA development (37). Elevated levels of PAD
enzymes and/or citrullinated proteins have also recently been
found in autoimmune encephalomyelitis, obstructive nephrop-
athy, AD, IBD, and multiple cancers, including colon cancers
(3, 8, 23–26). It is very interesting to note that, in multiple
sclerosis and RA, the autoantigens, e.g., fibrin, myelin basic
protein, and histone H3, are citrullinated (24). Mechanistically,
the deimination of these PAD substrates has been suggested to
occur in response to TNF-� signaling (24). Given that anti-
TNF-� monoclonal antibodies are a common treatment strat-
egy for autoimmune diseases (i.e., IBD and RA), this finding
suggests that dysregulated PAD activity may be due to inap-
propriate and/or uncontrolled TNF-� signaling. As such, the
PAD enzyme family offers a novel, unique, and viable target
for the development of a therapy that targets these diseases.

Recently, we synthesized and characterized several novel
PAD inhibitors (17, 21). The most potent of these compounds,
Cl-amidine, is a bioavailable haloacetamidine-based com-
pound that inhibits all the active PAD isozymes with near equal
potency (kinact/KI � 13,000 M�1·min�1 for PAD4) (21). This
compound has also been shown to decrease disease incidence
and inhibit inflammation in the murine collagen-induced ar-
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thritis model of RA, with no apparent signs of toxicity, even
when given daily for 56 days at doses as high as 100
mg·kg�1·day�1.

Given the efficacy of Cl-amidine in the collagen-induced
arthritis model and recent reports indicating that 1) a genetic
polymorphism in PAD4 is associated with increased suscepti-
bility to ulcerative colitis (UC) (4), 2) protein citrullination is
prevalent in patients with IBD (23), and 3) PAD enzymes are
overexpressed in numerous tumors, including colon adenocar-
cinomas (3), we were interested in determining whether this
compound could also be used to treat IBD. Here, we report that
Cl-amidine treatment, both prophylactic and subsequent to the
onset of disease, reduced the clinical symptoms of colitis in the
dextran sulfate sodium (DSS) model. In exploring the mecha-
nisms, we validate the PADs as a therapeutic target for the
treatment of IBD and further suggest Cl-amidine as a candidate
therapy for this disease.

MATERIALS AND METHODS

Cl-amidine. The synthesis of Cl-amidine has been described pre-
viously (1, 21).

DSS mouse model of colitis. C57BL/6 mice (8–12 wk old) were fed
a standard AIN 93M diet, as described previously (11). For this DSS
mouse model of colitis, mice received water ad libitum or 2% DSS
beginning at day 0 [for oral gavage/treatment experiment (see Sup-
plemental Fig. S1 in Supplemental Material for this article, available
at the Journal website)] or day 7 [for intraperitoneal/prevention
experiment (see Supplemental Fig. S1)]. Cl-amidine dissolved in 1�
PBS or vehicle control only (1� PBS) was administrated by two
methods: 1) by intraperitoneal injections daily beginning at day 0 (see
Supplemental Fig. S1) at 75 mg/kg body wt, which is a human
equivalent dose of 6.1 mg/kg daily (29), or 2) by oral gavage (5, 25,
and 75 mg/kg) daily beginning at day 7 (see Supplemental Fig. S1).
On day 14, blood was collected, spleens were collected, and colon
samples were collected and washed with 1� PBS and processed as
follows. 1) For hematoxylin-eosin (H&E) staining and immunohisto-
chemistry, colons were cut longitudinally, fixed in formalin, and then
Swiss-rolled and embedded in paraffin, as described previously (11).
2) Colons were flushed with 1� PBS, opened longitudinally, and cut
into two pieces. Colons were incubated in 10% fetal bovine serum/5
mM ethylenediaminetetraacetic acid in Ca2�/Mg2�-free PBS at 37°C
for 25–30 min with gentle shaking. Colon mucosal cells were then
shaken to dislodge the cells and briefly pipetted up and down to
generate single-cell suspensions. Inflammatory cells were isolated
using CD45� magnetic microbead-positive selection according to the
manufacturer’s instructions (Miltenyi Biotec, Auburn, CA). Dry pel-
lets were frozen until use for Western blot analysis. 3) For measure-
ment of the effects of Cl-amidine on PAD activity and citrullination in
the colons, colons were removed, placed on ice, and stored at �20°C
until analysis.

Quantification of inflammation. The colon was transected, pinned
open, and rinsed with PBS, and the colon length was recorded. The
tissue was fixed in formalin overnight, Swiss-rolled, and then embed-
ded in paraffin, sectioned, and stained with H&E. The sections were
microscopically examined for histopathological changes using the
following scoring system. Histology score was determined by multi-
plying the percent involvement for each of the three following
histological features by the percent area of involvement (16, 22).
Inflammation severity was scored as 0 for none, 1 for minimal, 2 for
moderate, and 3 for severe; inflammation extent as 0 for none, 1 for
mucosa, 2 for mucosa and submucosa, and 3 for transmural; crypt
damage as 0 for none, 1 for one-third of crypt damaged, 2 for
two-thirds of crypt damaged, 3 for crypts lost and surface epithelium
intact, 4 for crypts lost and surface epithelium lost; percent area

involvement was scored as 0 for 0%, 1 for 1–25%, 2 for 26–50%, 3
for 51–75%, and 4 for 76–100%. Therefore, the minimal score is 0,
and the maximal score is 40.

Determination of lamina propria and mesenteric lymph node
cellularity. Lamina propria (LP) and mesenteric lymph node (MLN)
cellularity was calculated as the total number of morphologically
observed inflammatory cells within five nonoverlapping high-power
fields (�400) in the LP and five nonoverlapping high-power fields
(�400) in the MLN. H&E-stained sections were serially cut with
sections used for PAD staining (Fig. 1A).

Western blot analysis. Western blot analysis was carried out as
described previously (41). Antibodies include anti-p53 (polyclonal,
1:1,000 dilution; catalog no. ab3133-100, Abcam, Cambridge, MA),
anti-p21 WAF1/Cip1 (monoclonal, 1:2,000 dilution, clone SX118;
catalog no. M7202, Dako, Carpinteria, CA), and anti-poly(ADP-
ribose) polymerase (PARP; polyclonal, 1:500 dilution; catalog no.
9542S, Cell Signaling Technology, Danvers, MA). Horseradish per-
oxidase (HRP)-conjugated anti-mouse and anti-rabbit secondary an-
tibodies were purchased from Amersham. Both secondary antibodies
were diluted at 1:2,000. Western blot signal was detected by Super-
Signal West Pico Chemiluminescent Substrate (Thermo Scientific,
Rockford, IL) and developed onto Hyperfilm (Amersham).

Immunohistochemical staining. For immunohistochemical staining,
formalin-fixed, paraffin-embedded serial sections of mouse colon
tissues were incubated with antibodies against pan-PAD (polyclonal,
1:20,000 dilution; catalog no. NB100-1853, Novus Biologicals, Little-
ton, CO), PAD2 (monoclonal, 1:10,000 dilution; catalog no.
H00011240-M01, Novus Biologicals), and PAD4 (monoclonal,
1:20,000 dilution; catalog no. H00023569, Novus Biologicals). For-
malin-fixed, paraffin-embedded sections from colon biopsies of hu-
man patients with colitis or normal colon biopsies from patients
without colitis were incubated with the anti-pan-PAD antibody (1:
5,000 dilution; catalog no. NB100-1853, Novus Biologicals). Human
tissues were a kind gift from Dr. Curtis C. Harris (National Cancer
Institute), with approval from the University of South Carolina Insti-
tutional Review Board. To ensure even staining and reproducible
results, sections were incubated by slow rocking overnight in primary
antibodies (4°C) using the Antibody Amplifier (ProHisto, Columbia,
SC). After incubation with primary antibody, sections were processed
using EnVision� System-HRP kits (DakoCytomation, Carpinteria,
CA) according to kit protocols, or a mouse-on-mouse kit (Vector
Labs, Burlingame, CA) was used for mouse monoclonal antibodies.
The chromogen was diaminobenzidine, and sections were counter-
stained with 1% methyl green. To ensure absolute objectivity of these
immunohistochemical studies, for Fig. 1, stained tissues were exam-
ined for positivity in one of two ways: 1) (based on percentage and
intensity) by quantification with the use of the ACIS III Automated
Cellular Imaging System (DakoCytomation), with the percentage of
positive cells used for statistical analysis; or 2) by a method similar to
that previously described (5) with modifications. Intensity and degree
of staining were evaluated independently by two blinded investiga-
tors. For each tissue section, the percentage of positive cells was
scored on a scale of 0–5 for the percentage of tissue stained: 0 (0%
positive cells), 1 (�10%), 2 (11–25%), 3 (26–50%), 4 (51–80%), or
5 (�80%). Staining intensity was scored on a scale of 0–3: 0
(negative staining), 1 (weak staining), 2 (moderate staining), or 3
(strong staining). The two scores were multiplied, resulting in an
immunoreactivity score (IRS) value ranging from 0 to 15.

Cells. TK6 cells were a kind gift from Curtis Harris (National
Cancer Institute), originally derived from the laboratories of Dr.
William Thilly and Howard Liber. TK6 cells are a lymphoblastoid cell
line derived from the spleen �30 years ago (34). HT29 cells are a
colon cancer cell line, with mutant p53. All cells were maintained in
exponentially growing suspension culture at 37°C in a humidified, 5%
CO2 atmosphere in RPMI 1640 supplemented with 10% heat-inacti-
vated calf serum, 100 U/ml penicillin, 100 	g/ml streptomycin, and 2
mM L-glutamine.
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Flow cytometry analysis for annexin V. Cells were seeded at 1 �
106 cells/well into six-well dishes for 24 h. Then fresh medium or
medium containing concanavalin A (2.5 	g/ml) was added, and the
cells were cultured for 12 h. Concanavalin A was then washed off, and
fresh medium (RPMI 1640 as above, but with 1% heat-inactivated calf
serum) or fresh medium containing freshly dissolved indicated con-
centrations of Cl-amidine (0–50 	g/ml in RPMI 1640 as above, but
with 1% heat-inactivated calf serum) was added for 24 h. Cells were
then harvested for annexin V according to instructions provided by the
kit manufacturer (BD Bioscience, San Jose, CA). Annexin V/pro-
pidium iodide staining was examined using a flow cytometer (Cytom-
ics FC500, Beckman Coulter).

TUNEL assay. A TdT-mediated dUTP nick-end labeling (TUNEL)
assay was carried out to assess apoptosis in vivo, according to the
manufacturer’s directions (DeadEnd Colorimetric TUNEL System,
Promega, Madison, WI). Tissues used were colons collected from the
experiments outlined above using Cl-amidine (75 mg/kg ip). Briefly,
this modified TUNEL assay was designed to provide simple, accurate,
and rapid detection of apoptotic cells in situ at the single-cell level.
The system measures nuclear DNA fragmentation, an important
biochemical indicator of apoptosis. It end-labels the fragmented DNA
of apoptotic cells using a modified TUNEL assay. Biotinylated nu-
cleotide is incorporated at the 3=-OH DNA ends using the enzyme
terminal deoxynucleotidyl transferase. HRP-labeled streptavidin
(streptavidin-HRP) is then bound to these biotinylated nucleotides,

which are detected using the peroxidase substrate, hydrogen peroxide,
and the stable chromogen, diaminobenzidine. With this procedure,
apoptotic nuclei are stained dark brown. The counterstain was CAT
Hematoxylin (Biocare Medical, Concord, CA). Labeling was carried
out on serial sections from those used to score inflammatory index.
TUNEL in 10 separate sections from 10 individual mice was quanti-
fied in the epithelial areas and the MLNs. For the epithelial areas, 10
random fields were evaluated per slide. Because there are fewer
MLNs, we evaluated each MLN for TUNEL. Labeled tissues were
examined for intensity of staining using a method similar to that
previously described (7). Briefly, intensity of staining was evaluated
independently by blinded investigators. For each tissue section, the
percentage of positive cells in the epithelium or MLNs was given an
IRS score as described for immunohistochemistry.

Measurement of PAD activity in vivo. Four mice were used, and the
DSS mouse model of colitis was carried out as described above.
Groups were treated with water, 2% DSS, or 2% DSS � 75 mg/kg ip
beginning on day 0 (see Supplemental Fig. S1). On day 14, the entire
colon and spleen were put on ice and stored at �20°C until analysis.
Samples were resuspended into a resuspension buffer [50 mM HEPES
(pH 7.6), 2 mM DTT, 1 mM PMSF, 1% Nonidet P40, and 10%
glycerol] and homogenized using a glass Dounce tissue homogenizer.
Lysates were then centrifuged at 13,400 g for 30 min at 4°C. The
supernatant was separated, and the protein concentration was deter-
mined using the Lowry method. PAD activity in samples was mea-

Fig. 1. Peptidylarginine deiminase (PAD) levels are elevated in mouse and human colitis. A–C: initial screening for which tissues archived from previous studies
using the dextran sulfate sodium (DSS) mouse model of colitis were used (11, 15). Colon sections from 7 mice per group were stained (at the same time) with
the polyclonal anti-pan-PAD antibody (A) by rocking using the Antibody Amplifier to ensure even and reproducible staining. Antibody recognizes multiple
isozymes of PAD and is not specific to any 1 of the 5 known forms. Importantly, Cl-amidine is also a ubiquitous inhibitor of PAD isozymes. Staining in normal
colon (top) was largely absent in the mucosa. In colitis (bottom), staining was apparent not only in inflammatory cells and the lamina submucosa (black arrow),
but also in cells of the lamina propria (blue arrow). B: quantification with the use of an automated cellular imaging system. *Significantly increased PAD levels
in colitis (P � 0.001). C: antibodies against PAD2 and PAD4 also showed increased levels of these two isozymes in mouse colon colitis tissues. D: quantification
of human tissues [colon tissues from colitis patients with diagnostically inflamed colons (n � 5) and normal colon tissues from patients without colitis (n � 5)]
by automated cellular imaging system. *Significantly increased PAD levels in colitis (P � 0.01). E: normal human colon tissue and colon tissue from patients
with ulcerative colitis probed with the anti-pan-PAD antibody. Staining appears to be specific to inflammatory cells.
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sured using a previously described PAD activity assay (13). Briefly,
20 	l of each sample were added to a reaction buffer containing 50
mM NaCl, 10 mM CaCl2, 2 mM DTT, 100 mM Tris (pH 7.6), and 10
mM N-R-benzoyl L-arginine ethyl ester. The reaction was performed
in duplicate and allowed to proceed for 2 h before being frozen in
liquid nitrogen. A color development solution that detects citrullinated
proteins [COLDER; 200 	l (14)] was then added. The sample was
vortexed and incubated at 95°C for 30 min. The absorbance at 540 nm
was then measured and compared with a standard curve of known
citrulline concentrations. The data were normalized using the protein
concentrations for each sample, and these values were subtracted from
a sample blank to account for residual citrullinated proteins. To
measure the amount of peptidylcitrulline in the samples, tissue lysates
were first desalted using PD MiniTrap Sephadex G-10 columns (GE
Healthcare). Briefly, homogenized tissue lysates (100–300 	l) were
applied to the columns, and proteins were eluted with sterile double-
distilled H2O (500 	l). Protein concentration of the desalted tissue
samples was measured using the DC Protein Assay (Bio-Rad). Total
citrulline content was measured by reacting 60 	l of the desalted
samples with 200 	l of COLDER solution. The plate was incubated
at 95°C for 30 min and measured as described previously (13). The
background was subtracted using a sample of resuspension buffer, and
the data were normalized using the protein concentrations for each
sample.

Statistics. Mean differences between groups were compared by
one-way ANOVA with Scheffé’s multiple comparison tests. A Pear-
son correlation coefficient was applied for comparisons of the trends.
P � 0.05 was chosen for significance.

RESULTS

PAD levels are elevated in mouse and human colitis. Given
that recent studies have demonstrated that increased protein
citrullination is apparent in human IBD (23), we wished to
confirm that PAD levels were also increased in the colonic
inflammatory lesions present in DSS-induced colitis. For these
experiments, we used tissues archived from previous studies
using the DSS mouse model of colitis (11, 15). The relative
amount of PAD enzyme in this tissue was detected using a
polyclonal anti-pan-PAD antibody that recognizes all five PAD
isozymes (Fig. 1A). Staining in normal mouse colon (Fig. 1A,
top) was largely absent in the mucosa. In mouse colitis (Fig.
1A, bottom), staining was apparent not only in inflammatory
cells and the lamina submucosa, but also in mucosal epithelial
cells. Quantification of these data (Fig. 1B) indicates a signif-
icant increase in PAD levels in DSS-induced colitis (P �
0.001). Given that PAD2 and PAD4 are known to be expressed
in immune cells, we next used immunohistochemistry to de-
termine whether the levels of one, or both, of these isozymes
were elevated in these tissues. The results indicate that the
levels of both of these enzymes are increased in mouse colon
colitis tissues (Fig. 1C).

Although DSS-induced colitis is an accepted animal model
of human colitis, we wished to confirm the relevance of these
findings to the situation in human IBD. Therefore, we used the
same anti-pan-PAD antibody to demonstrate that PAD levels
are elevated in affected colon tissue from patients with UC
compared with normal colon tissue (Fig. 1, D and E). Staining
appears to be specific to inflammatory cells in the human UC
tissues. Interestingly, there was a significant correlation (r �
0.89, P � 0.05) between the percentage of cells positive for
PAD (anti-pan-PAD slides were evaluated) and the total esti-
mated number of inflammatory cells (in MLN and LP) in a
serial H&E-stained section (see Supplemental Fig. S2). In

total, these studies demonstrate that PAD levels are increased
in human UC patients and DSS-induced mouse colitis, thereby
helping validate the use of PAD inhibitors, such as Cl-amidine,
as a potential treatment for this disease.

Cl-amidine suppresses and treats DSS-induced colitis. To
explore whether PAD inhibition represents a viable approach
to the treatment of IBD, we set out to determine whether
Cl-amidine, a pan-PAD inhibitor, could inhibit colon inflam-
mation in DSS-induced colitis. Initial experiments used injec-
tions of Cl-amidine (75 mg·kg�1·day�1 ip), beginning con-
comitantly with the initiation of 2% DSS in the drinking
water. This dose was chosen based on results in a RA model
that used �100 mg·kg�1·day�1 without overt side effects
and without immunosuppressive outcomes. In our DSS
model, 50 mice in 4 groups were examined, and inflammation
scores were recorded as described in MATERIALS AND METHODS.
Figure 2A shows significantly higher levels of colon inflam-
mation in the 2% DSS than the 2% DSS � Cl-amidine mice
(P � 0.05). The mean histology scores were 24.2 
 1.7 (SE)
and 13.9 
 1.6, respectively. Most of the damage in the
DSS-only group was in the distal colon, and this damage was
suppressed with DSS � Cl-amidine.

Because mouse colon length decreases in an inflamed state
(10, 11), we also used this end point as a metric for inflam-
mation severity. For the DSS-treated group, the mean colon
length was 7.2 
 0.2 cm. In contrast, the average colon length
of the DSS � Cl-amidine group was 8.4 
 0.2 cm, which is
comparable to the mean colon lengths obtained for the water-
alone and water � Cl-amidine groups (8.4 
 0.3 and 7.9 
 0.2
cm, respectively). These results indicate that Cl-amidine pre-
vents the DSS-induced decrease in colon length and are con-
sistent with the histology scores.

In addition to these end points, we also measured the total
distance and average speed of mice over a 96-h period (see
Supplemental Fig. S3). The results of these analyses demon-
strated that the total distance was 5,072 
 381 and 3,190 

401 m for the water-treated and DSS � Cl-amidine mice, but
only 800 
 163 m for the DSS-only group. Similarly, the
average speed on the wheel over the 4-day period was 6.2 

0.63 and 5.3 
 0.58 m/min for the water-treated and DSS �
Cl-amidine groups, but only 1.8 
 0.51 m/min for the DSS
group. Representative movies showing the overall movements
of these mice are available as supplemental material (see
Supplemental Movies 1–3). The finding that Cl-amidine im-
proves the speed and distance traveled by the mice is consistent
with the histology and colon length data and demonstrates
overall improved health, further demonstrating the efficacy of
this compound in treating DSS-induced colitis.

Gross toxicity of Cl-amidine. To evaluate the gross toxicity
of Cl-amidine, several end points, including number of animal
deaths, gross necroscopy, weight, and white blood cell (WBC)
counts, were examined. 1) No animals died during the study,
regardless of treatment. 2) No gross abnormalities were ob-
served in tissues obtained from the Cl-amidine (water �
Cl-amidine and DSS � Cl-amidine) groups. 3) The water �
Cl-amidine group gained more weight than the water-only
group (4.1 
 0.7 vs. 2.8 
 0.4 g). This was an interesting
finding that may suggest an impact of Cl-amidine on lipid
metabolism. Further experiments are needed to follow up on
this hypothesis. 4) Total WBC counts between the water-
treated and water � Cl-amidine groups did not differ signifi-
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cantly (5,100 
 600 and 5,900 
 400 WBCs/	l, respectively).
Overall, these results suggest that Cl-amidine can suppress
DSS-induced inflammation in the colon, with no observable
immunosuppressive or toxic side effects.

Oral Cl-amidine suppresses colitis in a dose-dependent
manner after the onset of colitis. To investigate the efficacy of
Cl-amidine under a more clinical model, we examined the
dose-dependent effects of Cl-amidine given by oral gavage
after the onset of colitis. Figure 2B shows, in mice consuming
2% DSS for 1 wk, a moderate degree of colon inflammation, as
reflected by the histology score of 28.4 
 1.9. When mice were
continued on 2% DSS for an additional week, the degree of colon
inflammation became severe, with a histology score of 34.8 
 1.4.
In fact, two mice from this group died from bowel perforation and
sepsis. However, mice consuming 2% DSS concomitantly with
Cl-amidine showed reduced colon inflammation in a dose-depen-
dent manner. Cl-amidine (5 mg·kg�1·day�1) � 2% DSS pre-
vented additional colon inflammation beyond that observed at
1 wk in the 2% DSS group; the histology score was only
17.4 
 3.7 vs. 28.4 
 1.9 at the end of week 1. At the higher
doses, i.e., 25 and 75 mg·kg�1·day�1, Cl-amidine led to even
more significant reductions in the histology scores (15.5 
 2.3
and 3.1 
 0.3, respectively). Table 1 outlines gross character-
istics that support the histological findings. From these data, it
is apparent that Cl-amidine prevents weight loss, colon shrink-
age, and elevated WBC counts; increases in these end points
are hallmarks of an unhealthy mouse. It is especially notewor-
thy that the WBC count for the Cl-amidine groups does not
change significantly from that for the water-treated group,
indicating that Cl-amidine lacks a generalized immunosuppres-
sive effect. Also, in the 2% DSS-only 1-wk group, although
there was a reduction in body weight and colon length (as well
as an elevation in colon inflammation) compared with the
water-treated group, there was no change in systemic WBC
count. One possibility for this finding is that although colitis is
evident at this time point, there is not enough bowel erosion
caused by the DSS challenge to contribute significantly to
systemic inflammation at the 1-wk time period. Such a lack of
elevated systemic inflammation at acute DSS challenges has
been shown by other groups (35).

Cl-amidine suppresses PAD activity, protein citrullination,
and PAD levels in vivo. To further confirm that the efficacy of
Cl-amidine is due to its ability to inhibit PAD activity, we
assayed PAD activity and total protein citrullination in whole
colons and spleens isolated during experiments outlined in Fig.
1A and described in MATERIALS AND METHODS. The spleen was
examined to evaluate the systemic effects of Cl-amidine. Note
that these experiments are possible, because Cl-amidine irre-
versibly inactivates the PADs by forming a covalent adduct
with an active site cysteine residue that is critical for catalysis;
thus there is no washout or dilution of the inhibitor during cell
lysis and activity assay. The results indicate that PAD activity
was significantly increased in the colons of mice treated with
DSS, relative to the water-treated and DSS � Cl-amidine
groups (Fig. 3A). The levels of protein citrullination were
consistent with these data (Figs. 3B), further suggesting that
Cl-amidine derives its efficacy from its ability to inhibit the
deiminating activity of the PADs. To rule out that Cl-amidine
targets free citrulline, the tissue samples were desalted using
PD MiniTrap Sephadex G-10 columns (GE Healthcare), and
the total peptidylcitrulline was content measured; the exclusion

Fig. 2. Cl-amidine suppresses and reverses DSS-induced colitis in mice.
A: histological score is lower in mice injected intraperitoneally with Cl-amidine
concomitant with DSS than in mice consuming DSS alone. Values are
means 
 SE of 10 mice/group for water and water � Cl-amidine (75 mg/kg)
and 15 mice/group for DSS and DSS � Cl-amidine. Values in parentheses are
colon lengths (means 
 SE). *Significantly different from DSS group (P �
0.05). Representative hematoxylin-eosin (H&E)-stained colons are shown for
each group [�40 magnification (top) and �400 magnification (bottom)]. P,
proximal colon; D, distal colon. Arrow for the DSS group indicates an area of
mucosal ulceration. B: treatment of DSS-induced colitis by Cl-amidine
(daily oral gavage) in a dose-response manner. Values are means 
 SE for
7 mice each group. *Significantly different from 2% DSS alone (0 mg/kg
Cl-amidine corresponds to vehicle alone, which is PBS). For scoring,
sections were stained with H&E. Sections were microscopically examined
for histopathological and inflammatory changes using a histology scoring
system, which consisted of multiplying percent involvement for 3 histological
features [inflammation severity (0–3), inflammation extent (0–3), and crypt
damage (0–4)] by percent area [0% (0), 1–25% (1), 26–50% (2), 51–75%
(3), �75% (4)] of involvement, as previously described (10, 22).
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limit for Sephadex G-10 is 700 Da; thus free citrulline was
retained on the resin, and the eluate will contain peptidylcitrul-
line. As is apparent in Fig. 3C, Cl-amidine treatment decreases
peptidylcitrulline content in the colons relative to treatment
with DSS only. These data are consistent with data obtained
when total citrulline content was measured. These data are also
consistent with the notion that Cl-amidine exerts its effects via
its ability to inhibit PAD activity, which we have also demon-
strated to occur in these tissues. To determine if Cl-amidine
also suppressed PAD levels, we probed for PAD using a
pan-PAD antibody. Figure 3D shows that the IRS of PAD was
elevated with DSS treatment and suppressed by the use of

Cl-amidine concomitantly with DSS. Figure 3E shows repre-
sentative sections.

Similar effects on PAD activity were observed in tissues
from the spleen; i.e., PAD activity was significantly increased
in DSS-treated mice relative to the water-treated and DSS �
Cl-amidine groups (see Supplemental Fig. S4A). In contrast to
the citrullination data for the colon, this end point was un-
changed in the spleens from all groups (see Supplemental Fig.
4, B and C). This result is consistent with the hypothesis that
although spleen inflammatory cells contain increased PAD
levels (due to the increase in inflammatory/immune cell con-
tent in this organ in the DSS model), the enzymes are not
activated in spleens, and as such, there is no increase in protein
citrullination in this tissue. The decreased PAD activity is
either associated with inhibition of activated immune cells in
the inflamed tissues that migrate back to the spleen or, alter-
natively, inhibition of nonactivated PADs in the spleens them-
selves. The latter option is possible, because Cl-amidine will
covalently modify the PADs in the absence of calcium, albeit
at reduced levels. Note that it is possible to observe these
effects, because the PADs are not activated until after cell lysis
and the addition of calcium, which is required to observe PAD
activity in vitro.

Cl-amidine causes apoptosis of inflammatory cells in vitro.
Colitis is associated with heavy infiltration of inflammatory
cells into the colon, and apoptosis of such cells is a key
mechanism toward regulating this disease (27, 30). Because
elevated PAD levels have been observed in inflammatory cells
(Fig. 1) and because we previously showed that inactivation of
PAD enzymes by Cl-amidine can induce apoptosis in cancer
cells (18), we hypothesized that Cl-amidine may target inflam-
matory cells for apoptosis. To test this hypothesis, we exam-
ined whether Cl-amidine could induce apoptosis of TK6 cells,
a lymphoblastoid cell line. Figure 4A and Supplemental Fig. S5
show that Cl-amidine induces apoptosis (identified as annexin
V-positive/propidium iodide-negative cells) in such cells in a
dose-dependent manner, indicating that Cl-amidine induces
apoptosis of WBCs in vitro. Interestingly, the colon cancer cell
line (HT29) is relatively resistant to apoptosis caused by
Cl-amidine (Fig. 4B).

Cl-amidine stimulates apoptosis of inflammatory cells in
vivo. To examine the effects of Cl-amidine on apoptosis in
vivo, we carried out a TUNEL assay on serial tissue sections
obtained from mice treated with water, DSS, or DSS � 75
mg·kg�1·day�1 Cl-amidine. These are groups taken from ex-
periments outlined for Fig. 1A. The results demonstrate that,
for epithelial cells, IRS (i.e., TUNEL label) was significantly

Table 1. Gross characteristics of treated groups

Treatment Weight Change, g Colon Length, cm WBC Count, m/mm3†

Water 1.12 
 0.46* 8.6 
 0.23* 9.5 
 0.7*
2% DSS only

1 wk �3.27 
 0.98* 6.89 
 0.45* 7.95 
 0.91*
2 wk �8.85 
 0.65 5.2 
 0.1 26.76 
 1.87

2% DSS � 5 mg/kg Cl-amidine �2.19 
 0.76* 7.54 
 0.52* 7.97 
 0.95*
2% DSS � 25 mg/kg Cl-amidine �2.13 
 0.81* 7.89 
 0.25* 9.31 
 0.75*
2% DSS � 75 mg/kg Cl-amidine �0.40 
 0.47* 9.56 
 0.22* 7.85 
 0.65*

Values are means 
 SE. Groups treated with 2% dextran sulfate sodium (DSS) � Cl-amidine were treated for 1 wk with 2% DSS only and then for 1 wk
with 2% DSS � Cl-amidine (5, 25, or 75 mg/kg). WBC, white blood cell. *Significantly different from 2% DSS only (2 wk). †Millions per cubic milliliter of
blood.

Fig. 3. Cl-amidine suppresses PAD activity, protein citrullination, and PAD
levels in the colon in vivo. A: PAD activity is significantly reduced in mice
treated with DSS � Cl-amidine (75 mg/kg ip) compared with the DSS-treated
group (n � 4 in each group). B: citrulline levels are significantly reduced in
mice treated with DSS � Cl-amidine (75 mg/kg ip) compared with the
DSS-treated group (n � 4 in each group). C: peptidylcitrulline content in the
colons is significantly reduced in mice treated with DSS � Cl-amidine (75
mg/kg ip) compared with the DSS-treated group (n � 4 in each group).
D: PAD levels [quantified by immunoreactivity score (IRS) in pan-PAD-
stained tissues] are significantly reduced in mice treated with DSS � Cl-
amidine (75 mg/kg ip) compared with the DSS-treated group [n � 8, 9, and 10
for water, DSS, and DSS � Cl-amidine (75 mg/kg ip), respectively]. *Signif-
icantly different from DSS alone. E: representative pan-PAD-stained tissues
from each group (�400 magnification).
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higher in DSS- than water-treated mice (Fig. 5). With DSS �
Cl-amidine, the TUNEL IRS in the epithelial cells is signifi-
cantly decreased relative to epithelial cells treated with DSS
only, indicating less damage to this cell type. Labeling only
occurs on the surface epithelium in the water-treated and
DSS � Cl-amidine groups but appears to label more crypt
cells toward the basal layer in the DSS group, indicating more

widespread apoptosis in this group (Fig. 5A). This observation
is consistent with the data from the inflammatory index (Fig.
2A), indicating that Cl-amidine protects epithelial cells from
DNA damage in vivo. We should note here, also, that there is
abundant positive TUNEL staining in the LP lymphocytes in
the DSS group, with the level of staining extensively reduced
in the DSS � Cl-amidine group. This observation is consistent
with the understanding that there are fewer LP lymphocytes in
the latter group because of the actions of Cl-amidine. There
was a slight increase in IRS in the inflammatory cells of the
MLNs treated with DSS alone. However, with DSS � Cl-
amidine treatment, the TUNEL IRS was significantly elevated.
Such results are consistent with our in vitro data and with the
hypothesis that Cl-amidine drives apoptosis of MLN inflam-
matory cells in vivo. To begin exploring the mechanisms,
following treatment with water, 1% DSS, 1% DSS � Cl-
amidine (75 mg/kg ip), or 1% DSS � Cl-amidine (75 mg/kg
po), we isolated colonic mucosal cells. After separation of
inflammatory cells (CD45�), we examined the effects of treat-
ment on p53 levels and downstream targets associated with
proliferation and apoptosis. Figure 6 indicates that, in CD45�

inflammatory cells, there is a small induction of p53 in the
DSS-only group, which we showed previously (5, 10, 11).
Interestingly, however, p53 levels were elevated more in both
DSS � Cl-amidine groups, with the highest levels in the
groups treated with Cl-amidine given by oral gavage. p21
levels were increased parallel with p53 levels, indicating inhi-
bition of inflammatory cell cycle. Finally, PARP cleavage was
detected in the group given DSS � Cl-amidine by oral gavage,
consistent with TUNEL results.

DISCUSSION

We have shown that Cl-amidine, a small-molecule PAD
inhibitor, can prevent and treat DSS-induced colitis. Mecha-
nistically, this appears to be, at least in part, through the
stimulation of inflammatory cell apoptosis. We also note that
Cl-amidine does not appear to target the normal colon epithe-
lium for apoptosis (Fig. 5). In fact, Cl-amidine appears to
specifically target the inflammatory cell population in vitro
(Fig. 4) and in vivo (Fig. 5). The finding that the normal colon
epithelium remains intact with less apoptosis following Cl-
amidine is most likely secondary to the reduction in inflam-
mation caused by targeting of inflammatory cells for apoptosis.
However, we cannot rule out a direct effect of Cl-amidine in

Fig. 4. TK6 lymphoblastoid cells and HT29
colon cancer cells were cultured with Cl-
amidine in a dose-dependent manner over 24
h. A: lymphocyte cell lines undergo apoptosis
in response to Cl-amidine treatment. B: colon
cancer cell lines are relatively resistant to
effects of Cl-amidine treatment. Apoptosis
was assessed by annexin V/propidium iodide
staining followed by flow cytometry. *Signif-
icant increase from control (0 	g/ml).

Fig. 5. Cl-amidine increases apoptosis of mesenteric lymph node (MLN)
inflammatory cells in DSS-induced colitis. Mice were treated with water, DSS,
or DSS � Cl-amidine (75 mg/kg ip), as described in Fig. 2A. A: representative
staining in epithelium (top) and MLN (bottom). B: quantification of staining
(IRS); n � 8 water-treated mice, n � 14 DSS-treated mice, n � 14 DSS �
Cl-amidine-treated mice. For each tissue section, IRS indicates percentage of
positive cells in epithelium or MLN.
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the protection of normal colonic epithelial cells. Because of the
lack of availability of normal colonic epithelial cells, this
hypothesis will be difficult to explore. However, initial exper-
iments presented here (Fig. 4) indicate that Cl-amidine prefer-
entially targets inflammatory cells over colon cancer cell lines
for apoptosis. To this end, we recently showed that PAD4
inhibition can induce apoptosis in the colon cancer cell line
HCT116 (p53 wild-type), but not in isogenic p53-deficient
HCT116 cells (18). Of note here is that the colon cancer cells
used in our study (HT29) are p53 mutant. Given that p53 is a
key molecule mutated in colitis and colon cancer associated
with colitis (10), this may be a significant observation that will
be followed up in future studies. Initial experiments indicate
that the p53 pathway may be involved, not only in Cl-amidine-
induced apoptosis, but also in Cl-amidine-induced cell cycle
arrest in CD45� inflammatory cells isolated from the colons of
treated mice (Fig. 6). This is because Cl-amidine dramatically
elevates p53 levels (especially when given orally) in the
inflammatory cells above that of the DSS-only group. The
latter group presumably has elevated p53 due to stressed and
activated inflammatory cells. This dramatic increase in p53
levels correlates with an upregulation of the p53 target and cell
cycle inhibitor p21WAF1 and with PARP cleavage. We note,
however, that it is also possible that additional molecules may
explain the relative difference in susceptibility to apoptosis in
inflammatory cells vs. epithelial cells. Such pathways will be
examined in detail in separate studies to understand the under-
pinnings of Cl-amidine-induced apoptosis and/or cell cycle
arrest of inflammatory cells as a mechanism relevant to its
ability to treat colitis.

Nevertheless, our findings make Cl-amidine an exciting
therapeutic candidate for the treatment of colitis, as Cl-amidine

also appears to lack any significant toxicity. Consistent with
this notion, we did not observe any general immunosuppres-
sive effects by Cl-amidine. This characteristic is somewhat
unique in current treatment strategies for colitis, as, for exam-
ple, 5-aminosalicylates, which are the standard treatment for
mild-to-moderate colitis (28), possess a number of side effects,
including headache, diarrhea, and rash (28).

We recognize that these studies are preclinical, and there
remains an extensive amount of investigation to determine
whether Cl-amidine will work to inhibit IBD in humans.
Nevertheless, the evidence, so far, suggests that PAD inhibi-
tion with Cl-amidine represents a viable treatment strategy for
humans. This is likely to be true because, for example, in-
creased PAD levels and/or citrullination have been observed in
the inflammatory lesions present in the colons of patients with
IBD (23, 36) (Fig. 1). Consistent with the fact that PADs are
expressed in inflammatory cells is our observation that PAD
staining occurs mainly in inflammatory cells in colitis patients
(Fig. 1). We have further shown that PAD2 and PAD4 are
specifically overexpressed in the colons of mice with DSS-
induced colitis, consistent with the understanding that these
two isozymes are the predominant PADs expressed in inflam-
matory cells (8).

Also consistent with a role for elevated PAD activity in IBD
is the recent identification of a PAD4 haplotype present in a
Japanese population and associated with an increased suscep-
tibility for developing Crohn’s disease (4). Although this
haplotype does not alter the amino acid sequence of PAD4 and
the specific effect of this haplotype on PAD activity and/or
expression is unknown, it is also interesting to note that the
PAD4 gene (i.e., PADI4) lies within the IBD-susceptibility
locus. With respect to colon cancer, it is also noteworthy that
PAD enzyme levels have been reported to be increased in
tumors, including colon adenocarcinomas (2).

Given our data, it is clear that dysregulated PAD activity
contributes to the onset and progression of colitis and that PAD
inhibition represents a potential strategy for the treatment of
this disease. However, because of the novelty of these findings,
it is difficult to speculate on the mechanisms by which these
enzymes contribute to colitis. Furthermore, the identities of the
proteins being citrullinated in this disease and how these
contribute to disease progression are unknown. Nevertheless,
our results showing that dysregulated PAD activity occurs in
colitis and that Cl-amidine can reverse colitis parallel recent
findings showing that elevated citrullination is associated with
a number of other inflammatory diseases, including arthritis
(38), multiple sclerosis (25), and AD (9, 31). For example,
increased PAD2 expression and citrullinated myelin basic
protein have long been associated with multiple sclerosis (25).
Similar results have been observed in AD patients, where
PAD2 levels and generalized citrullination are elevated in the
hippocampus (9).

In addition to IBD, MS, and AD, dysregulated PAD activity
is highly correlated with the onset and progression of RA. For
example, in RA, autoantibodies targeting citrullinated protein
antigens (ACPA) are present in the sera of individuals who
ultimately develop seropositive RA for an average of 4–5 yr
prior to the onset of clinically apparent disease (6), and these
autoantibodies are the most specific diagnostics for RA (20,
39). Additionally, elevated levels of PAD2 and PAD4, as well
as citrullinated proteins, are present in the joints of patients

Fig. 6. Cl-amidine causes an induction of p53 in CD45� inflammatory cells.
Mice were treated with water, 1% DSS, 1% DSS � Cl-amidine (75 mg/kg ip),
or 1% DSS � Cl-amidine (75 mg/kg po). p53 was induced by Cl-amidine
above that of DSS alone by both routes of administration. There was a
concomitant increase in the p53 target and cell cycle inhibitor p21WAF1. There
was also detectable poly(ADP-ribose) polymerase (PARP) cleavage in the
group treated with DSS � Cl-amidine (75 mg/kg po). Levels of protein loaded
were similar, as indicated by Ponceau staining.
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with RA, and higher levels of these proteins correlate with a
more erosive form of the disease (12). A PAD4 haplotype is
also highly associated with an increased susceptibility of de-
veloping RA in Asian populations (40). Finally, Cl-amidine
has been shown to reduce disease severity in the murine
collagen-induced arthritis model of RA. In combination, these
results suggest that dysregulated PAD activity is a hallmark of
inflammatory diseases. Although ACPAs have not been de-
tected in most inflammatory diseases, a recent report suggests
that such autoantibodies are also present in patients with
dementia of Alzheimer’s type (31). Thus it would be interest-
ing to determine whether ACPAs are also present in IBD. In
total, our observations highlight a potential role for dysregu-
lated (i.e., increased) PAD activity in the onset and progression
of colitis. Our findings that the PAD inhibitor Cl-amidine
suppresses and can be used to treat colitis in mice support a
new approach to the treatment of this debilitating disease
associated with a high colon cancer risk.
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