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Abstract

Background Chronic inflammation of mucosal surfaces is
an aberrant immune response to luminal bacteria and
generates an array of oxygen radicals leading to tissue
destruction and loss of function, as noted in IBD and
periodontitis. We hypothesized that mucosal injury after
“oral delivery” of dextran sulfate sodium (DSS) or TNBS
for an extended period of 18 weeks is reflected by chronic
inflammatory responses in a time-dependent fashion.
Methods Dextran sulfate sodium was administered in the
diet biweekly; TNBS or sham controls was administered
orally twice a week. Additional groups received TNBS or
sham injections into gingival tissue.

Results Animals tolerated oral applications with no
severe clinical symptoms. The DSS-group developed
diarrhea during the period of administration, and returned
to normal during DSS abstinence. The TNBS-group
developed no systemic clinical symptoms. Splenic length
and weight increased in the DSS-group in a time-dependent
fashion (P < 0.01) and remained normal in the TNBS-
group. Colons from the DSS-group were significantly
shortened (P < 0.001) and colonic weight increased
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compared with controls or the TNBS-group (P < 0.05).
The DSS-group developed extensive dilation of the stom-
ach wall, ileum, and megacolon, with abdominal fat
deposits. In addition, the DSS-group showed dysregulated
hepatic concentrations of antioxidants (i.e. cysteine, GSH,
SAMe) in a time-dependent manner that correlated with a
significance increase in alveolar bone resorption. Localized
TNBS-mucosal delivery caused severe inflammation,
granuloma formation, and rapid bone resorption.
Conclusions This model of mucosal stimulation eliciting
chronic inflammatory responses in the gut and oral cavity
mimics aspects of IBD and periodontal disease progression
in patients.

Keywords Colitis - Periodontitis - Animal model -
Inflammatory bowel disease

Introduction

Chronic inflammation of mucosal surfaces generally is an
aberrant immune response by the mucosal tissues to
luminal bacteria. This response generates an array of
oxygen radicals leading to inflammation, soft and hard
tissue destruction, and loss of function, as noted in
inflammatory bowel disease [1-3] and periodontitis [4-9].
In both IBD and periodontitis, PMNs release destructive
ROS, e.g. superoxide, via the respiratory burst [4—6], pro-
teinases, and other mediators that can damage host tis-
sues [7, 10-12]. These molecules induce oxidative damage
to mucosal tissue and in the oral cavity lead to osteoclastic
bone resorption [7, 13—15]. IBD results in the production
of both inflammatory mediators and high levels of ROS in
the local microenvironment of the gut inflammation.
The oral sequelae in IBD, especially Crohn’s disease, are
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well-established [16-22]. In addition, saliva of Crohn’s
disease patients exhibits abnormal oxidative stress, NO,
and TGF-f5, which underlines the importance of oxidative
stress in the pathogenesis of Crohn’ disease [22].

About one half of the world’s population suffer from
periodontitis or lack of teeth by the age of 50 years [23].
The chronic inflammation of periodontitis is initiated by
complex pathogenic subgingival biofilms containing sev-
eral likely periodontal pathogens, generally regarded to be
Gram-negative anaerobic commensal microbiota which are
opportunistic pathogens in the disease [10].

Although oral mucosal and periodontal disease occur in
patients suffering from IBD, it is not clear whether peri-
odontal disease is a common manifestation or a sporadic
event in IBD patients. Additionally, some drugs used in
IBD treatment can have adverse effects on any part of the
gastrointestinal tract, including the oral cavity. For
instance, gum hyperplasia is induced by immunosuppres-
sant agents (i.e. cyclosporine) in IBD patients, particularly
in those with poor oral hygiene [16]. There are conflicting
clinical studies regarding IBD and periodontal complica-
tions. In a recent clinical study, patients with Crohn’s
disease, patients with ulcerative colitis, and healthy con-
trols were compared [17]. Significantly more IBD patients
had periodontitis than controls. However, there remains
minimal understanding of mechanistic relationships
between IBD and gingival inflammation and destruction.

Murine models of IBD often utilize chemical induction
of acute and chronic inflammation in the gut to evaluate the
mechanisms of disease progression. Administration of
dextran sulfate sodium (DSS) in water for 3-5 cycles
induces chronic colitis similar to ulcerative colitis [3, 24—
26]. Rectal exposure to trinitrobenzene sulfonic acid
(TNBS) also causes an inflammatory immune response
similar to the autoimmune presentation of Crohn’s disease
[3, 27, 28]. Indeed, TNBS and DSS-induced inflammatory
diseases utilize the murine natural microbiota and imple-
ment a reproducible model of a chronic inflammatory
lesion of gut mucosal surfaces [3, 28, 29]. Various rodent
models have also been used to evaluate the clinical,
microbiological, and immunological aspects of periodon-
titis mimicking features of human disease [5, 13]. Sub-
stantial evidence in IBD patients and models [1-3] and
more limited data in periodontitis [4—7] suggest similarities
in the underlying inflammatory mechanisms resulting in
these mucosal diseases. However, the roles of specific
mediators or reactive intermediates in triggering/regulating
molecular aspects of the inflammatory and innate immune
responses at these mucosal sites remain to be determined.

The objectives of this study were to examine the time
course of mucosal injury, after “oral delivery” of DSS and
TNBS for an extended period of 18 weeks, reflected by GI
and oral chronic inflammatory responses. We describe a

means of inducing the chronic, progressive inflammation of
IBD and oral tissues modeling periodontitis, and demon-
strate broader induction of oral mucosal inflammation and
disease triggered by the compounds.

Materials and Methods
Animals

Sixty-seven BALB/c mice (11-12 weeks old; Harlan
Laboratories, Indianapolis, IN, USA) were housed in
micro-filter top cages in an American Association of
Accreditation of Laboratory Animal Care (AAALAC)-
certified Laboratory Animal Research Resource Facility at
the University of Kentucky Medical Center. They were
placed in a room maintained at 22°C with a 12-h—12-h
light—dark cycle and fed rodent chow and water ad libitum.
This experimental study was approved by, and performed
in accordance with the guidelines of, the Institutional
Animal Care and Use Committee (IACUC). To minimize
contamination, all cages were opened in a biosafety hood
only.

Mice were weighed weekly and received fresh food and
water three times per week. At the end of each time point,
one week after the last administration of DSS or TNBS,
mice were weighed and euthanized to collect samples.
Finally, alveolar bone loss was determined on jaws from all
animals at each time point.

Experimental Procedure

After 1 week of acclimation, on day O of the experiment,
the BALB/c mice were weighed and ear-punched for
appropriate identification and randomly assigned to each
treatment group. The mice were monitored daily for
comfort, food and water intake, clinical symptoms (diar-
rhea, rectal bleeding and pain), and survival.

TNBS Model

One group of animals was treated with trinitrobenzene
sulfonic acid (TNBS, 2.5 mg solution; Sigma—Aldrich, St
Louis. MO, USA) delivered via a micropipette tip (100 pl)
orally twice a week.

DSS Model

Mice were treated biweekly with dextran sodium sulfate
(2% DSS, American International Chemical, Framingham,
MA, USA) in the diet food, followed by one week of
abstinence, for a period of 7-18 weeks.
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TNBS Injection

In order to explore the direct effect of local TNBS delivery
into the oral gingival tissue, 50 pl TNBS was inoculated
via a 28-gauge hypodermic needle into the right side of the
maxillary gingiva, and the left side was injected with a
vehicle control. Animals were monitored for acute
inflammatory reactions and granuloma formation for
48-72 h.

Animals received fresh food and water three times a
week and were weighed weekly. Control animals received
a normal diet and sham challenge. At each time point five
animals were euthanized [24-26, 28].

Evaluation of Colitis

The progression of colitis was evaluated over the period of
18 weeks for DSS or TNBS treatment. Physical appear-
ance, food consumption, consistency of feces, diarrhea,
presence of gross blood in stool, and body weight were
monitored daily. At each time point (weeks 0, 7, 12, and
18) following initiation of the experiment the animals were
overdose-anesthetized by halothane inhalation and tissue
dissected. The colonic tissue was excised, perfused with
phosphate-buffered saline (PBS) pH 7.4 (Sigma, St Louis,
MO, USA), and weighed. A small cuff of the proximal and
distal colon (within 1 cm of the rectum) was cut and fixed
in 10% buffered formalin in PBS (Sigma) and processed
for histopathological analysis.

The splenic and colonic tissues were weighed and
measured lengthwise and a segment from each was then
flash frozen in liquid nitrogen and stored at —80°C for
further analysis.

The severity of the injury was determined by measure-
ment of tissue wet length and weight [30], bowel wall
thickness, and histological scores. This enabled determi-
nation of a relationship for the severity of clinical features
at both mucosal sites (oral cavity, gut). A segment of liver
and splenic tissue were flash frozen in liquid nitrogen and
kept at —80°C for further analysis and another portion was
fixed in formalin. The sections fixed in formalin were
stained with hematoxylin and eosin (H&E) and evaluated
by light microscopy for the presence of lesions. The
severity of colitis was assessed by histological grading
score of the colon. The scores were based on histological
features with a numeric value (0—4) assigned to the spec-
imen on the basis of the following criteria:

Grade 0 No detectable lesions, no inflammatory cells,
mucosa appears normal;

Few focal inflammatory infiltrates in the
mucosa;

Grade 1

@ Springer

Grade 2 Mild multi-focal inflammation with moderate
expansion of the mucosa; crypt epithelium
appears normal;
Moderate multi-focal inflammation with moder-
ate expansion of the mucosa, mild crypt epithe-
lium disruption;
Grade 4 Severe diffuse inflammation with crypt epithe-
lium disruption and ulceration.

Grade 3

Whole Blood and Plasma Isolation

Immediately after euthanasia, blood was collected from the
right ventricle of the heart into a syringe containing a
minute amount of heparin and placed on ice. Plasma was
separated by centrifugation at 5,000xg for 5 min at 4°C.
Samples were kept at —80°C until further analysis.

Tissue Preparation for Antioxidant Determination

Tissue homogenates (10%, w/v) were prepared in 5%
metaphosphoric acid, using all-glass Tenbroeck homoge-
nizers, and kept on ice. After standing for 20—40 min, the
homogenates were centrifuged for 1 min (10,000g) and the
acid-soluble fractions were collected for measurement of
free thiols/disulfides. GSH, GSSG, cysteine, and cystine
were simultaneously quantified by high-performance liquid
chromatography with dual electrochemical detection
(HPLC-DEC). Samples (20 pl) were injected on to a
250 x 4.6 mm, 5-pm particle, C;g column (Val-U-Pak HP,
fully end-capped ODS; Chrom Tech, Apple Valley, MN,
USA). The injected samples were eluted isocratically with
a mobile phase consisting of 0.1 M monochloroacetic acid,
2 mM heptane sulfonic acid (ion-pairing reagent), and 2%
acetonitrile at pH 2.8 and delivered at a flow rate of 1 ml/
min. The compounds were detected in the eluent with a
Bioanalytical Systems model LC4B dual electrochemical
detector, using two Au-Hg electrodes in series with
potentials of —1.2 and 0.15 V for the upstream and
downstream electrodes, respectively. Current (nA) was
measured at the downstream electrode. Analytes were
quantified from peak area measurements using authentic
external standards.

Intracellular S-Adenosylmethionine

Deproteinized tissue extracts (4% metaphosphoric acid)
and blood was prepared, and S-adenosylmethionine
(SAMe) was determined by an HPLC method, using a
5-pm Hypersil Cig column (250 x 4.6 mm). The mobile
phase consisted of 40 mM ammonium phosphate, § mM
heptane sulfonic acid (ion-pairing reagent, pH 5.0), and 6%
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acetonitrile, and was delivered at a flow rate of 1.0 ml/min.
SAMe was detected using a Waters 740 UV detector at
254 nm. An internal standard, S-adenosylethionine (SAE),
was added to all samples and standard solutions to a con-
centration of 100 nmol/ml. Protein concentrations were
measured by use of a protein assay kit from Bio-Rad
Laboratories (Hercules, CA, USA) in accordance with the
manufacturer’s instructions.

Analysis of Alveolar Bone

Skulls were separated and gingival tissue removed. Alve-
olar bones were defleshed for evaluation of bone loss [31].
Briefly, the mouse heads were removed, the alveolar bones
were separated from the skull, and mandibles and maxillas
were defleshed and stained. Digital photographs were
prepared under stereomicroscopy equipped with a custom
made stage holder and the images analyzed using NIH
Image J software with inversion algorithm enhance-
ments to capture the alveolar bone-loss area. The enclosed
area highlighted the area of bone loss from CEJ to the
horizontal bone level and the pixels were converted to
mm?. Mean areas of bone loss in maxillas and mandibles
were determined for each animal for comparisons between
treatment and control groups.

Statistical Analysis

All results are expressed as mean == SEM unless otherwise
stated. Data were evaluated by analysis of variance, fol-
lowed by appropriate post hoc test using GraphPad Instat
version 3 for Windows (GraphPad Software, San Diego,
CA, USA). Statistical significance was set at P < 0.05.

Results

DSS and TNBS mice tolerated oral application of these
compounds for the duration of study with no mortality or
substantial side effects estimated via general appearance.
All experimental animals displayed body weight gain
compared with their initial weight (Fig. 1).

DSS-treated animals developed clinical features of
disease including diarrhea and bloody stools, with pale
mucosa and anemia and did not gain weight during DSS
administration but returned to normal during the weeks of
abstinence. Animals treated with TNBS orally did not
develop any systemic clinical symptoms and gained
weight similar to sham controls, indicative of more local
inflammatory response. Chronic colitis was manifest with
increased splenic length (P < 0.05; Fig. 2) and weight
(Fig. 3) in DSS-treated animals in a time-dependent
fashion (weeks 7 and 12 P < 0.05; week 18 P < 0.01),
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Fig. 1 Animals’ body weight gain during the 18 weeks; it was less
prominent in DSS-treated groups but did not reach significance
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Fig. 2 Splenic length increased significantly in animals treated with
DSS (7, 12, and 18 weeks P < 0.05) compared with TNBS-treated
animals or controls (n = 5 animals/treatment/time point)

because of general immune and inflammatory responses;
cellular infiltration, however, remained normal in TNBS-
treated mice (vs control P > 0.05 NS). Colonic tissue
from DSS-treated mice became friable and significantly
shortened (P < 0.001; Fig. 4) and colonic weight (Fig. 5)
and pathological scores (3.5 & 0.5 P < 0.001) increased
because of increases in inflammatory cell populations and
collagen deposits compared with normal controls (0) or
TNBS-treated animals (0). In addition to colonic shrink-
age, DSS-treated mice developed extensive dilation of the
stomach wall, ileum, and megacolon, and displayed
extensive abdominal fat deposits. The DSS-treated ani-
mals also showed dysregulated hepatic concentrations of
endogenous antioxidants (cysteine, cystine, GSH, SAMe),
measured by HPLC, demonstrating a profound systemic
response (Figs. 6, 7, 8, 9). The concentration of liver
cysteine (GSH precursor) increased (Fig. 6) whereas the
liver cystine level decreased by a factor of two in DSS-
treated animals compared with TNBS-treated or sham
controls (weeks 12 and 18 P < 0.001; Fig. 7). However,
liver GSH, the main source of intercellular antioxidant,
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Fig. 3 Splenic weight increased significantly in animals treated with
DSS (7 and 12 weeks P < 0.05, 18 weeks P < 0.01) compared with
TNBS-treated animals or controls (n = 5 animals/treatment/time
point)
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Fig. 4 Colonic length measured at 7 weeks, 12 weeks, and 18 weeks

was significantly reduced in DSS-treated mice (P < 0.001) compared
with other groups (n = 5/time point/group; mean + SEM)
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Fig. 5 Colonic weight measured at 7 weeks, 12 weeks, and
18 weeks was significantly increased in DSS-treated mice
(P < 0.05) compared with other groups (n = 5/time point/group;
mean £+ SEM)

@ Springer

<0.05 <0.05 =0.01

ull

Z ,

1! v
£ 150+ /é g N
2 % 7 X
£ 1004 % é %
1 [VIN] [} \
A AR Z N
@0@4@"’ CPQQ?’@@% cPQ-#’«‘@‘-’

7w 12wk 18wk

leer Cysteine
Fig. 6 Liver cysteine concentration was increased significantly by

DSS treatment (n = 5/time point/group; mean + SEM)

=0.001
<0.007

nmolimg

WW

12 wk 1 8wk
Liver cystine

Fig. 7 Liver cystine concentration was reduced significantly by DSS
treatment (P < 0.001 weeks 12 and 18; n = 5/time point/group;
mean + SEM)

was reduced in TNBS-treated animals (weeks 7, 12, and
18 P < 0.05) compared with other groups (Fig. 8).
Unexpectedly, significant increases in levels of liver
SAMe, a GSH precursor and methylating agent (weeks 12
and 18, Fig. 9), and the ratio of reduced (GSH) to oxi-
dized (GSSG) glutathione (control 8.4 £ 1.2; TNBS
7.4 + 4.6; DSS 9.2 4+ 0.8) were observed in DSS-treated
animals compared with normal or TNBS-treated animals.
In addition, liver adenosine concentrations (Fig. 10) were
reduced in treated animals compared with normal controls
(TNBS P < 0.05, DSS P < 0.01).

Administration of these inflammatory chemicals resul-
ted in oral inflammation with significant increases in
alveolar bone resorption in a time-dependent manner. The
bone loss was detected as early as week 7, consistent with
the development of chronic colitis in the DSS administered
mice. The alveolar bone resorption progressed significantly
to more severe periodontal bone loss (171 & 5% of con-
trols in DSS; 183 & 8% of controls in TNBS animals;
P < 0.001) through week 18.
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Fig. 8 Liver glutathione concentration was reduced significantly by
TNBS treatment (n = 5/time point/group; mean = SEM)
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Fig. 9 Liver SAMe concentration was increased significantly in
DSS-treated animals (weeks 12 and 18)
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Fig. 10 Liver adenosine concentration was reduced by DSS treat-
ment (weeks 12 and 18)

Finally, mice were injected via gingival tissue (sub-
mucosal) into the right maxilla with TNBS and sham
challenged into the left maxilla using an inverted hypo-
dermic needle. Alveolar bone resorption assessment was

measured morphometrically 48—72 h after the injections.
TNBS sub-mucosal delivery caused severe localized
inflammation and granuloma formation. A significant
increase in inflammatory cells infiltration (granuloma) and
a 60% increase in bone resorption (P < 0.001) was
observed in the TNBS-treated maxilla (0.980 4 0.037 vs.
11.562 £ 0.165 mm?). In contrast untreated maxillas and
mandibles showed no significant bone loss in the same
animals. TNBS sub-mucosal localized delivery did not
cause any colitic symptoms in these animals.

Discussion

This study demonstrates the induction of oral inflammation
in mice periodically administered DSS or TNBS orally for
a period of 18 weeks. Administration of the low dose DSS
caused alveolar bone loss and chronic colitis as evidenced
by severe shrinkage of the colonic tissue, infiltration of
inflammatory cells into the colonic tissue, and periodontal
alveolar bone involvement. The oral TNBS treatment
exerted only a local effect on periodontal tissues leading to
alveolar bone loss in a time-dependent manner with no
intestinal manifestations.

IBD is regarded as an autoimmune response to com-
mensal gut microbiota, and toxic agents including LPS,
bypassing the compromised epithelium by underlying
dysregulated oral tolerance [32]. The chronic inflammation
occurring in IBD resembles the chronic immunoinflam-
matory response in the oral cavity that destroys the perio-
dontium, leading to periodontitis and potential exfoliation
of the teeth [20]. Although the occurrence of oral com-
plications in IBD, especially in Crohn’s patients, is well-
documented, few studies are available regarding the
destruction of the periodontium in these individuals [33].
Existing studies have provided mixed findings regarding
the expression of periodontal lesions in IBD patients. One
study suggested approximate 12% higher prevalence of
periodontal lesions in IBD compared with data from
assessment of the oral health of United States adults [34]."
About 20-60% of patients suffering from gastrointestinal
syndromes also had oral mucosal manifestation of labial
fissures, glossitis, or aphthous stomatitis, in addition to
gingivitis and periodontitis [21]. In another trial, IBD
patients had higher prevalence of periodontitis with
smoking as modifier. Among non-smokers, both Crohn’s
and ulcerative colitis patients showed deeper pockets
compared with controls [17]. However, a separate IBD trial
found that while IBD patients exhibited a significantly
higher number of oral disease symptoms, periodontal
findings were comparable with those of control patients
[20]. IBD has also been reported as contributing to per-
sistent oral lesions in pediatric populations [18], and
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suggesting that young patients with gingival and/or other
oral lesions (e.g. orofacial granulomatosis symptoms) with
or without other clinical GI symptoms should be evaluated
for Crohn’s disease [19, 35, 36] In fact, it has been proposed
that dentists can play a critical role in the early diagnosis of
IBD, in helping to prevent general disease complications,
and in improving the prognosis [19]. Thus, these clinical
reports indicate the significance of oral complications
associated with IBD diagnosis in patients [20].

At the molecular level, there are similarities in biological
mechanisms of chronic inflammation and loss of function of
GI tissues and the periodontium. Oxidant-mediated injury
plays an important role in the pathophysiology of chronic
inflammatory diseases including periodontitis [4-7] and
IBD [1-3]. Plasma and gingival crevicular fluid (GCF) from
patients with periodontitis contained reduced GSH and total
antioxidant capacity [6], and lower antioxidant capacity of
saliva with increased protein oxidation [37], consistent with
dysregulation in oxidants and antioxidants contributing to
the disease process. These ROS mediators also enhance
production of numerous pro-inflammatory biomolecules,
including IL-1f, IL-6, TNFq, cyclooxygenase 2, and oste-
opontin, among a broad array of molecules that have been
reported to be elevated in GCF and tissues, either as hall-
mark or etiologic of the process [38—40]. These mediators
are also frequently reduced after periodontal therapy [41].
These inflammatory markers are increased in IBD patients
[42—-44] and in animal models of this disease(s) [2, 3, 24-26,
28, 43, 45]. Previous reports indicate that upregulation of
NF-«B responsive genes (e.g. TNFa) negatively correlated
with down regulation of antioxidant activities in these
models, indicating the role of ROS activation in gut
inflammation. Similarly, therapeutic modalities with anti-
oxidants, (i.e. PTCA and SAMe) increased blood levels of
rGSH (intrinsic antioxidants), attenuated TNFa levels, and
reduced inflammation in colitis [25, 26] and hepatitis
models [46-48].

Long term administration of DSS to mice caused dys-
regulation of liver antioxidants. As expected, cystine and
adenosine levels were significantly reduced in DSS-treated
animals, with no major difference between controls and the
TNBS-treated group. While unexpected, the concentration
of cysteine, the ratio of reduced (GSH) to oxidized (GSSG)
glutathione, and the endogenous multifunctional antioxi-
dant (GSH precursor) SAMe were increased in these long
term DSS-treated animals. One explanation could be that
these animals were euthanized at the end of a DSS absti-
nence period, and hepatic tissues could be compensating
for the loss of antioxidants caused by the previous DSS
assault. A recent published article also observed increases
of SAMe in response to LPS-induced toxicity in mice,
resulting from an increase in SAMe biosynthesis and/or
blocking of transmethylation [48]. Our previous studies
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have consistently shown a significant decrease in blood
levels of reduced GSH during active disease in DSS-colitic
mice and systemic effects of DSS-acute colitis were man-
ifest with increased blood inflammatory cytokines, acute
phase protein serum amyloid A responses, and deceases in
the concentration of blood and liver antioxidants (GSH,
cysteine) [24-26].

Implementation of the DSS and TNBS models should,
then, enable studies of osteoimmunological interactions in
the oral cavity. Oral topical administration of TNBS
resulted in localized oral inflammation and alveolar bone
resorption. However, TNBS injection into gingival tissues
caused localized but severe infiltration of inflammatory
cells, granuloma formation, and rapid and extensive alve-
olar bone loss. Implementation of the TNBS model of
chronic inflammatory bone resorption will enable com-
parison of the contribution of ROS to inflammatory disease
lesions in the oral cavity.

The chronic inflammation and tissue destruction in the
gingival tissues is similar to those reported for IBD, tar-
geting the innate immune system with DSS and the T-cell
mediated immune responses with TNBS. These findings
suggest these chemicals cause similar alterations of host
responses at oral mucosal surfaces and provide a useful
model system for examining periodontal inflammation and
bone loss. Implementation of the DSS and TNBS models
should, then, enable studies of osteoimmunological inter-
actions in the oral cavity.

We believe that long-term administration of DSS
mimics some aspects of disease progression in chronic IBD
patients who suffer over prolonged periods of their lives.
We suggest that this long-term model of IBD has some
value for the study of late-stage mechanisms of IBD
pathogenesis for development of new advanced therapeutic
modalities for this condition.
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