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Role of the d-Opioid Receptor in 2 Murine
Models of Colitis

Tia R Bobo,"" Leo R Fitzpatrick,** Tiffany L Whitcomb,' Timothy K Cooper,'*$ Sorana Raiciulescu,* and Jill P Smith®$

Crohn disease and ulcerative colitis, collectively referred to as inflammatory bowel disease (IBD), are chronic inflamma-
tory disorders of the gastrointestinal tract. Currently, the etiology of IBD is unknown, and immunosuppressive therapies
have become the standard of care to reduce the inflammation; however, these agents only induce remission 50% of the time
in patients and can have serious side effects. Recently, endogenous opioids and opioid receptors have been shown to play a
role in the mediation of inflammation. In addition, opioid receptor blockade with a nonselective antagonist, naltrexone, has
been shown to reduce colitis in both murine models and human subjects. The goal of the current study was to determine if
the antiinflammatory effects of naltrexone are mediated through the delta (5) opioid receptor. Male C57BL/6NCrl (6 to 8 wk.;
n =110) and female BALB/cAnNCrl (6-8 wk.; n = 91) mice were studied using 2 animal models of chemically induced colitis:
dextran sodium sulfate (DSS) and 2, 4, 6-trinitrobenzenesulfonic acid (TNBS). The selective 3-receptor antagonists naltrindole
and 7-benzylidenenaltrexone were administered to examine the role of the §-opioid receptor in colonic inflammation. The
quantitative measurement of colitis activity, colon weight and length, Hct, WBC count, and gross and microscopic aberra-
tions were analyzed. Administration of naltrexone in the DSS colitis model significantly improved overall disease activity
indices on day 5 of therapy. The use of d-antagonists and naltrexone had limited to no effect on TNBS colitis. Similar findings
were obtained by using the DSS colitis model. Based on the current findings, the authors conclude that naltrexone therapy
has limited effect on the improvement of colitis in 2 murine models; however, the 5-opioid receptor was not responsible for
mediating the effects.

Abbreviations: CD, Crohn disease; DAI, disease activity index; DSS, dextran sodium sulfate; HDN, high-dose naltrexone; LDN,
low-dose naltrexone; TNBS, 2, 4, 6-trinitrobenzenesulfonic acid
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Inflammatory bowel disease (IBD) has become a global dis-
ease due to the steady increase of developing countries whose
societies mimic westernized living. In the West alone, more than
1 million residents in the United States and 2.5 million in Europe
are estimated to have IBD, and associated substantial costs for
health care.” In addition, the CDC reported that an estimated
1.3% of United States adults (3 million) were diagnosed with
IBD in 2015 as compared with 0.9% (2 million) in 1999.

IBD is a chronic intestinal inflammatory disorder that en-
compasses Crohn disease (CD) and ulcerative colitis and can
lead to irreversible impairment of gastrointestinal function and
structure.* Although the etiology of IBD is unknown, research
suggests that environmental, genetic, immune, nonimmune,
and microbial factors play a role in disease onset.>’> Although
there are many similarities between the aforementioned dis-
eases, there are also marked differences in the immunologic,
pathologic, and clinical features. Lesions in CD patients can
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occur throughout the entire gastrointestinal tract but are most
commonly located in the terminal ileum, cecum, perineum, and
colon, with transmural granulomatous inflammation, fissuring
ulceration, and fibrosis.* Patients can experience a wide range
of disease presentations from diarrhea, abdominal pain, bowel
obstruction, and abscess development to fistulous tracts. Con-
versely, ulcerative colitis tends to affect the superficial mucosal
layers with infiltration of mononuclear and polymorphonuclear
leukocytes and lesions are restricted to the colon. In addition,
ulcerations and crypt abscesses are present microscopically. Pa-
tients with chronic ulcerative colitis or CD have an increased
chance of developing colorectal cancer, and people with small
intestinal CD are at increased risk of small bowel adenocarci-
noma and lymphoma.*

Animal models of IBD are well characterized and include
chemical induction, adoptive transfer, and spontaneous colitis
and the use of genetically engineered or transgenic animals.?
In fact, 66 different IBD animal models have been described in
the literature.”® Chemically induced colitis models are typically
used to replicate histopathologic and morphologic changes in
the intestine. In addition, these models are economical, acces-
sible, and time-saving.'® Examples of chemical induction models
involve 2, 4, 6-trinitrobenzenesulfonic acid (TNBS),* dextran
sodium sulfate (DSS),? oxazolone,” acetic acid,? NSAID,? car-
rageenan,” and peptidoglycan-polysaccharide.” In the cur-
rent study, we used TNBS, a haptenating agent that elicits a
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cell-mediated immune response (thereby closely mimicking
CD). This model has been proven effective in inducing colitis
in mice, rats, rabbits, and swine. In mice, the efficacy of TNBS is
highly dependent on the strain. For example, SJL/J, C3H/He],
and BALB/c are susceptible, whereas C57BL/6 and DBA2/]
are highly resistant.’®® We also used DSS, a polyanionic salt
that causes hyperosmotic damage to the epithelial cells and
thereby morphologically and symptomatically resembles ulcer-
ative colitis. Inmunodeficient mice lacking T and B cells, C3H/
HeJ strains (as compared with other strains such as C57BL/6),
and male mice have been noted to have increased susceptibil-
ity to colitis induction.' In the current study, we chose to use
female BALB/c mice for the TNBS model because of their in-
creased susceptibility and less aggressive nature. We used male
C57BL/6N mice for the DSS model in light of their susceptibil-
ity, cost, and vendor availability.

Current therapies for IBD include compounds that reduce the
inflammatory response such as 5-aminosalicylate, corticoste-
roids, immunomodulators (for example, azathioprine, metho-
trexate, cyclosporine), and biologics (for example, antiTNFa
agents, vedolizumab, ustekinumab).? Although new biologic
drugs may induce remission in as many as 50% of patients, con-
cerns exist that long-term immunosuppression may increase
the risk of infections and malignancy. Furthermore, despite the
efficacy of these biologic regimens, half of patients with IBD do
not achieve endoscopic remission; therefore, there still remains
aneed for safe, well tolerated therapeutics with rapid onset and
ability to induce remission. One pathway that has been shown
to modulate gastrointestinal immune responses includes endog-
enous opioids (enkephalins, endorphins, and dynorphins) and
opioid receptors.'*** Three classic and distinct opioid receptors
(8, x, and ) have been characterized, which exhibit variable
densities in different tissues throughout the body and are distin-
guished by selectivity and affinity for specific opioid drugs.!**”
A nonclassic opioid receptor, opioid growth factor receptor, is
nuclear bound.®

Naltrexone, a nonselective opioid receptor antagonist, is typi-
cally used in the treatment of opioid and alcohol addiction.>*
Naltrexone has the highest affinity for pu-opioid receptors® and
to a lesser extent, 8-opioid receptors.” When administered as
a low-dose formulation in clinical use, naltrexone has shown
benefits for chronic inflammatory conditions including mul-
tiple sclerosis, fibromyalgia, cancer, complex regional pain syn-
drome, and Hailey-Hailey disease.*? In addition naltrexone has
been shown to significantly decrease inflammatory scores in the
DSS animal model of colitis!® and in humans with CD.* Fur-
thermore, naltrexone therapy lowered plasma inflammation
markers and promoted mucosal healing in adult patients with
active CD.?

Given that 3-opioid receptors are the predominant receptor
subtype associated with inflammatory cells,* we hypothesized
in the current study that the mechanism by which naltrexone
reduced colonic inflammation in IBD is mediated through
blockade at the &-receptor. To test this hypothesis, 2 3-receptor
selective antagonists—naltrindole, a 8-1 receptor antagonism
and 7-benzylidenenaltrexone, a 2 receptor antagonist, were
administered to animals with chemically induced IBD. The pri-
mary outcome of this investigation was to assess improvement
of intestinal inflammation by histology. Secondary outcomes
included reduction in intestinal inflammation as assessed by
myeloperoxidase activity in colonic tissue, disease activity
index (DAI) scores (DSS model only), hematologic analyses,
and gross examination of the large intestine. The results from
this study should help elucidate whether naltrexone reverses
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intestinal inflammation through the §-opioid receptor or by an-
other mechanism, as well as determining drugs that selectively
interact with the 8-opioid receptor for the treatment of both
forms of IBD. Furthermore, these studies examined the role of
opioid agents in a TNBS-induced murine model of colitis.

Materials and Methods

Animals. Male C57BL/6NCrl (15 to 20 g; age 6 to 8 wk.; n =
110) and female BALB/cAnNCrl (15 to 20 g; 6 to 8 wk.; n = 91)
mice were obtained from Charles River Laboratories (Wilming-
ton, MA). The male mice were individually housed in polycar-
bonate cages on a ventilated rack with corncob bedding (7092,
Harlan Teklad, Madison, WI), without restriction access to irra-
diated rodent chow (2918, Harlan Teklad), and municipal water.
Female mice were socially housed (5 mice/cage) under static
conditions with microfilter lids. The facility was maintained
at a room temperature of 20 + 2 °C, relative humidity 50% *
20% and a 12:12-h light: dark cycle. Environmental enrichment
was provided in the form of nesting material or colored plastic
tubes. Mice were given a 1-wk acclimation period prior to ex-
perimental manipulations. According to vendor health reports,
mice were free of mouse hepatitis virus, mouse minute virus,
mouse parvovirus, mouse rotavirus, Theiler murine encepha-
lomyelitis virus, pneumonia virus of mice, Sendai virus, lym-
phocytic choriomeningitis virus, murine norovirus, ectromelia
virus, Hantaan virus, mouse adenovirus types 1 and 2, mouse
cytomegalovirus, respiratory enteric virus 3, K virus, lactate
dehydrogenase elevating virus, polyoma virus, thymic virus, -
hemolytic Streptococcus spp., Bordetella bronchiseptica, Citrobacter
rodentium, Clostridium piliforme, Corynebacterium kutscheri, Kleb-
siella oxytoca, Klebsiella pneumonia, Mycoplasma spp., Pasteurella
pneumotropica, other Pasteurella spp., Pseudomonas aeruginosa,
Salmonella spp., Staphylococcus aureus, Streptococcus pneumonia,
cilia-associated respiratory bacillus, Helicobacter hepaticus, H.
bilis, Pneumocystis murina, endo-and ectoparasites, enteric pro-
tozoa, and Encephalitozoon cuniculi. All experiments were con-
ducted in accordance with institutional guidelines, the Guide for
the Care and Use of Laboratory Animals'® and approved by Penn
State College of Medicine IACUC.

Chemicals. DSS (molecular weight, 36,000 to 50,000) was ob-
tained from MP Biomedicals (Solon, OH). TNBS was obtained
from Sigma-Aldrich (St Louis, MO). Key reagents for the my-
eloperoxidase assay (3, 3’, 5, 5’ tetramethylbenzidine, hexadecy-
ltrimethylammonium bromide; N, N dimethylformamide, and
hydrogen peroxide) were obtained from Sigma-Aldrich. Na-
ltrexone, naltrindole, and 7-benzylidenenaltrexone were pur-
chased from Sigma-Aldrich (St Louis, MO). Lyophilized drugs
were dissolved in filtered tap water and sterilized using a 0.2
pm PES Bottle Top Filtration system from VWR (Radnor, PA).
Sterile stock solutions were reconstituted to the appropriate con-
centrations in filtered tap water. TNBS was dissolved in ethanol
(50% w /vol).

DSS-induced murine model of colitis. Male C57BL/6NCrl
mice were randomized to receive either filtered drinking water
(n = 30) or 2% DSS drinking water (n = 30) without restriction
for 7 d (Figure 1). Mice were individually housed to measure
daily water consumption and ensure adequate consumption
of DSS. The acute model of DSS induced colitis was modified
from a previous study.”> Mice were divided into treatment and
control groups respectively: low dose (0.1 mg/kg) naltrexone
(LDN), high dose (1.0 mg/kg) naltrexone (HDN), and sterile sa-
line with dose volumes of 5 mL /kg subcutaneously. Dosing and
route was determined based on a previous published study.®
A second cohort of mice was given filtered drinking water
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No colitis control Colitis control Colitis
Treatment group (untreated water) (water treated with 2% DSS) (water treated with 2% DSS)
Saline 20 20 not applicable
Naltrexone (0.1 mg/kg) 10 not applicable 20
Naltrexone (1.0 mg/kg) 10 not applicable 10
7-Benzylidenenaltrexone (0.1 mg/kg) not applicable not applicable 10
Naltrindole (0.1 mg/kg) not applicable not applicable 10

Figure 1. Study design for the DSS-induced murine model of colitis.

Score Weight loss (%) Stool consistency QOccult blood or gross bleeding
0 None Normal Negative

1 1-5 Loose stool Negative

2 5-10 Loose stool Hemoccult test positive

3 10-15 Diarrhea Hemoccult test positive

4 >15 Diarrhea Gross bleeding

Figure 2. Criteria for scoring disease activity index, as adopted from reference 21. The disease activity index (plotted in Figure 8) was calculated
by combining scores for weight loss (from baseline), stool consistency, and occult or gross bleeding.

No. of mice

No colitis control Vehicle control Colitis control
Treatment group (PBS enema) (EtOH enema) (TNBS enema)
Saline 10 10 16
Naltrexone (0.1 mg/kg) 10 not applicable 15
Naltrexone (1.0 mg/kg) 10 not applicable 10
7-Benzylidenenaltrexone (0.1 mg/kg) not applicable not applicable 5
Naltrindole (0.1 mg/kg) not applicable not applicable 5

Figure 3. Study design for the TNBS-induced murine model of colitis.

(n =10) or 2% DSS drinking water (n = 40) without restriction
for 7 d to assess the response to d-receptor antagonist adminis-
tration. Mice were divided into 4 treatment groups with dose
volumes of 5 mL/kg SC: LDN, naltrindole (0.1 mg/kg), 7-ben-
zylidenenaltrexone (0.1 mg/kg), and sterile saline. Dosing for &
antagonists were extrapolated from a prior published study.®
Injections began on the first day of DSS consumption and were
administered once daily until study endpoint. A DAI score was
calculated daily for each mouse according to the criteria out-
lined in reference * by using percentage of weight change, pres-
ence of fecal occult blood, and stool consistency (Figure 2). The
final score was the sum of the assessed parameters divided by 3.
A fecal blood kit (Hemoccult, Beckman-Coulter, Fullerton, CA)
was used to determine presence of occult blood. On day 7, mice
were euthanized by using CO, inhalation followed by terminal
blood collection through cardiocentesis. Samples were stored in
K,EDTA-treated microtainer tubes (Becton Dickinson, Franklin
Lakes, NJ) and submitted for CBC analyses (CBC-Diff Veteri-
nary Hematology System, Heska, Loveland, CO).
TNBS-induced murine model of colitis. Female BALB/
cAnNCrl mice were randomized by weight into groups receiv-
ing a one-time intracolonic enema of TNBS (1 = 30), PBS (n = 25),
or 50% ethanol (1 = 5). A modified version of the acute TNBS
model was used.®? In brief, mice were fasted overnight; the
next day, they received a single 40-uL dose per rectum of TNBS
(20 mg/kg in 50% ethanol/PBS) under isoflurane anesthesia
(3% to 4%) for 5 min. The enema was administered 4 cm into
the colon by-using a 100 uL Hamilton syringe (Fisher Scientific,
Waltham, MA) attached to a 20-gauge, 1.5-in. gavage needle
(Fisher). Mice were allowed access to food and water without
restriction on recovery from anesthesia. Mice were divided into
control and treatment groups and received injections of LDN,
HDN, or saline (5 mL/kg SC) atl h prior to enema administra-
tion and once daily thereafter. A second cohort of mice each re-
ceived an enema of TNBS (n = 21), PBS (n = 5), or 50% ethanol (n

= 5). Mice were given either LDN, naltrindole (0.1 mg/kg SC),
7-benzylidenenaltrexone (0.1 mg/kg SC), or sterile saline once
daily until study endpoint (Figure 3). Mice were euthanized
through CO, inhalation on day 6 or 7. Blood collection after eu-
thanasia and CBC analyses were performed.

Macroscopic evaluation of colon. At study endpoint, mice
were euthanized, the colon was transected from the rectum,
and tissues were rinsed in 1x PBS. Proximal and distal sections
were evaluated subjectively for macroscopic changes by us-
ing a handheld magnifier in the TNBS-induced colitis model
only.” Because DSS-induced colitis follows a different patho-
physiologic sequence than TNBS-induced colitis, macroscopic
scoring was not warranted for DSS-induced colitis. The scoring
system is shown in Figure 4 and evaluated multiple features,
including ulceration, adhesion, evidence of diarrhea, and co-
lonic thickness. The total score was calculated by adding scores
for ulceration, adhesion, and diarrhea and then multiplying by
thickness.” This scoring system has been validated in rat and
mouse models of colitis.”

Histopathologic evaluation of colon. At necropsy, the entire
colon was excised from the cecocolic junction to the anus and
the colon length was measured as in indirect marker of in-
flammation. Only 5 cm of measured colon was weighed, and
a 2.5-cm longitudinal section was Swiss-rolled according the
technique in reference 19. The remaining 2.5-cm section was
placed in liquid nitrogen and stored in a —80 °C freezer for my-
eloperoxidase assay. Tissue specimens were fixed in 10% neutral
buffered formalin, paraffin-embedded, and sectioned for stain-
ing with hematoxylin and eosin. Colon sections were evaluated
microscopically and scored blindly by a board-certified veteri-
nary pathologist. The overall index was calculated according
to an established scoring system (Figure 5).” The 4 individual
inflammatory parameters assessed were severity of inflamma-
tion, ulceration, percentage of area involved, and hyperplasia
and dysplasia.
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Score
Ulceration
Normal appearance 0
Focal hyperemia, no ulcers 1
Ulceration without hyperemia or bowel wall thickening 2
Ulceration with inflammation at one site 3
Ulceration or inflammation at 2 or more sites +
Sites of major damage, extending >1 cm along length of colon 5
Score increased by 1 for each additional centimeter of involved colon beyond 2 cm 6-10
Adhesion
None 0
Minor (colon can be separated from other tissue with little effort) 1
Major 2
Diarrhea
No 0
Yes 1
Thickness not applicable

Maximal bowel wall thickness (in mm)

Figure 4. Macroscopic colonic evaluation of TNBS-induced murine colitis by using scores adopted from reference 28. The total score (plotted in
Figure 7) was calculated by adding scores for ulceration, adhesion, and diarrhea and then multiplying by thickness.

Score
Severity of inflammation
Normal mucosa 0
Mild (either focal or widely separated multifocal inflammation limited to basal 1/3 of mucosa with loss of crypts) 1
Moderate (either multifocal or locally extensive, with or without fibrosis in a maximum of 2/3 of crypts) 2
Severe (mucosal ulcers with monocytes and polymorphonuclear leukocytes infiltrated into the mucosa, submucosa, 3
muscularis propria, or subserosa or multiple affected layers)
Ulceration
Absent 0
Present 1
Area of Inflammation
0% 0
1% to 25% 1
26% to 50% 2
51% to 75% 3
76% to 100% 1
Hyperplasia or dysplasia
Normal 0
Mild (epithelial cells lined normally, but crypts 2 to 4 times thicker than normal crypts) 1
Low-grade (epithelial thickness increased 2 to 4 times normal, hyperchromatic cells, few goblet cells, and scattered crypts 2
developing an arborizing pattern)
High-grade (epithelial thickness increased >4 times normal, hyperchromasia, few to no goblet cells, high mitotic index in 3

crypts with arborizing pattern, and extension of crypts to muscularis mucosa or submucosa)

Figure 5. Microscopic evaluation of DSS- and TNBS-induced colitis according to scores adopted from reference 12. The inflammation index was
the sum of 4 individual inflammatory parameters: inflammation severity, ulceration, inflammation area involved, and hyperplasia and dyspla-

sia. Lesions associated with each score are shown in Figures 6 and 7.

Myeloperoxidase assay. To assess granulocytic infiltration
and to quantify myeloperoxidase activity, a 2.5-cm segment of
colon was processed as previously described.’ Briefly, tissues
were homogenized in hexadecyltrimethylammonium bromide
buffer, and the homogenate was centrifuged at 10,000 rpm
for 15 min at 4 °C. The pellet was retained for myeloperoxi-
dase measurement using the tetramethylbenzidine substrate
method. Absorbance was measured at 655 nm on a spectropho-
tometer. All measurements were performed in triplicate. One
unit of myeloperoxidase activity was defined as the amount
that caused a 1.0-unit change in absorbance per minute at
37 °C. Myeloperoxidase activity was expressed as units per
gram of tissue.

Statistical analysis. Statistical analyses of colon length and
weight, myeloperoxidase activity, Hct, WBC, macroscopic

28

damage, histology score, ulcer score, and DAI were analyzed
by using the Kruskall-Wallis test, with Dunn correction for mul-
tiple comparisons (Prism 7, GraphPad Software, La Jolla, CA).
A P value of less than 0.05 was considered to be statistically sig-
nificant. Data are reported as medians with lower and upper
quintiles.

Results
Blood test results, colonic measurements, and assessments
for inflammation. In the DSS colitis model, the CBC values,
specifically WBC and Hct, varied across all groups and thus
was potentially indicative of anemia, dehydration, or hemo-
concentration (Figure 6). The Hct values between the no-colitis
and DSS colitis control groups differed significantly (P < 0.001).
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Figure 6. Measured parameters of colitis induction by model and treatment group. Data are presented as median + IQR. Significant (}, P < 0.001)
difference between values for no colitis compared with DSS colitis controls. There are no significant differences between colitis control groups
and opioid-treated groups. The reference range for Hct is 42% to 44% and for WBC is 5.1 to 11.3 x 10°/uL. Except for CBC analyses, group size
was: controls, n = 20; low-dose naltrexone (LDN), n = 17; and high-dose naltrexone (HDN), naltrindole (NTI), and 7-benzylidenenaltrexone
(BNTX), n = 10 each; group size for CBC analyses was: controls, n = 18; LDN, n = 17, HDN, n = 9; NTI, n = 9; and BNTX, n = 10.

Colonic length was decreased in the DSS colitis control group
compared with the no-colitis control group (P < 0.001). The
treated mice had similar colon lengths to those of the DSS colitis
controls, but lengths were subjectively shorter than those of the
no-colitis controls. In contrast, colon weight in the DSS colitis
group was twice that of the no-colitis control groups (P < 0.001).
Colon weight was not significantly reduced in the low- and
high-dose naltrexone groups. According to the myeloperoxidase
assay, marked elevations of neutrophilic inflammation within
colonic tissue segments were expressed despite opioid treat-
ment with naltrexone, 7-benzylidenenaltrexone, or naltrindole.
Significance (P < 0.001) was reached between the no-colitis and
DSS colitis control groups, indicative of successful induction of
colitis.

Results for the TNBS colitis model are presented in Figure 7.
Due to small sample size (as a result from poor sample qual-
ity), HDN, naltrindole, and 7-benzylidenenaltrexone groups
were excluded from the CBC analysis. Regardless, the differ-
ence in Hct between the TNBS (no colitis) control compared
with the LDN group reached significance (P = 0.01), although
all groups had evidence of hemoconcentration. Along the same
lines, colon weights did not differ among the opioid receptor

antagonist-treated and untreated mice. Treatment with drug
had no effect on colon length as compared with no colitis and
colitis control or vehicle groups. In the myeloperoxidase as-
say, neutrophilic inflammation levels were nonsignificantly
induced, as evidenced in the controls, vehicle, and opioid an-
tagonist groups. Macroscopic damage was significant (P = 0.03)
between the no colitis and colitis control groups. There was no
clear pattern among the groups that was indicative of opioid
receptor drug reduced colonic damage. Moreover, an increase
in macroscopic damage did not correlate with an increase in
ulcer score (one component of the scoring method), which was
atypical for this type of colitis model. For example, HDN and
naltrindole groups did not have gross ulcers present despite an
increase in macroscopic scoring.

DALI in mice with DSS-induced colitis. At day 3, mice in each
respective DSS-treated group began to show symptoms of colitis
as evidenced by change in weight, fecal output and consistency.
Regardless of opioid treatment type, DAI scores continued in
an upward trend until study endpoint (Figure 8). An increase
in scores correlated with an advanced stage of colitis, such as
hunched posture, weight loss, dehydration and occult to gross
blood in feces. At day 4, DSS colitis control compared with no
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Figure 7. Measured parameters of colitis induction according to model and treatment group. Data are presented as median + interquartile range.
1, P = 0.01, control (no colitis) compared with HDN; A, P = 0.03, control (no colitis) compared with control (colitis). There are no significant
differences between colitis control groups, vehicle, and opioid treated groups. Reference range for HCT and WBC are 42% to 44% and 5.1-11.26
x 103/pL, respectively. Except for CBC analyses, group size was: no colitis control, # = 10; colitis control, n = 13; vehicle, n = 10; LDN, n = 14;
HDN, n = 6; naltrindole, n = 4; 7-benzylidenenaltrexone, 1 = 3. Group size for CBC analyses was: control (no colitis) # = 6; control (vehicle), n

= 4; control (colitis), n =7; and LDN, n =7.

colitis control groups differed (P = 0.004), whereas treatment
with the opioid antagonist had no effect. DAI scores continued
to increase by day 5 in the DSS colitis control group compared
with that of no-colitis group (P = 0.0001). In addition, treatment
with HDN significantly (P = 0.04) reduced DAI scores com-
pared with colitis controls. In addition, day 6 showed marked
(P =0.0001) differences between the colitis and no-colitis con-
trol groups. On days 5 and 6, treatment with the nonselective
and selective d-antagonists did not significantly reduce overall
scores as compared with the colitis control.

Histologic analysis of inflammation. Histologic sections from
representative DSS-treated and no-colitis control mice are
shown in Figure 9. Microscopically, the colon in no-colitis con-
trol mice had a normal appearance. In contrast, the DSS-mice
that received saline or opioid treatment showed evidence of
marked colitis, with loss of crypts, infiltration of inflammatory
cells, and thickening of the muscularis mucosa, submucosal
edema and ulcerations. There was a stark contrast in histology
scores (Figure 6) between treated and untreated mice; however,
all opioid treatment groups showed limited to no drug effect.
Quantitatively, control mice (no colitis) had a score of 0 (indi-
cating no disease), whereas the colitis control group showed
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severe, active disease (as confirmed by histopathology). When
comparing opioid treated and colitis control mice, there was
limited to no drug effect and histologic analysis showed similar
pathologic changes between all groups. Results are not reported
for negative-control groups, because no difference was noted in
the between-group analyses.

Microscopic changes in the TNBS colitis model are shown
in Figure 9. Sections whereby proximal colon was assessed
were largely unaffected in this model, as expected. Microscopi-
cally, the colon had a normal appearance in the control (no
colitis) mice. Multifocal areas of mononuclear and polymor-
phonuclear inflammation expanding the lamina propria were
present in the vehicle (image not shown) and control groups.
Opioid antagonist groups had mild to moderate mononuclear
and polymorphonuclear inflammatory infiltrates within the
lamina propria and submucosal layer, focal to focally extensive
mucosal ulcerations, and on rare occasion, submucosal edema.
Histopathologic scores are reported in Figure 7, and TNBS-in-
duced colitis control mice significantly (P = 0.03) differed from
the no-colitis control group. Scores in the HDN, naltrindole,
and 7-benzylidenenaltrexone groups were not significantly
different from the TNBS colitis control group. As for the DSS
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DSS colitis control mice compared with no-colitis control (e, P = 0.004; ¢, P = 0.0001) and between the HDN group compared with DSS colitis

controls (m, P = 0.04).

study, results for negative control groups in the TNBS model
are not reported because no differences were noted in the be-
tween-group analyses.

Mortality. The final numbers of mice in the control and opioid
receptor antagonist-treated groups varied as a result of early
euthanasia at the approved humane endpoint (body weight
loss of 15% or more or gross rectal bleeding) or (rarely) due to
anesthetic complications. In the DSS colitis model, 15% mortal-
ity occurred in the LDN group as a result of reaching humane
endpoint criteria. In the TNBS colitis study, mortality rates were
17%, 7%, 20%, and 40% for the colitis control, LDN, naltrindole,
and 7-benzylidenenaltrexone groups, respectively.

Discussion

In the present study, we were able to successfully induce co-
lonic inflammation in 2 established murine models of experi-
mental colitis, as demonstrated with histology by the presence
of acute ulcerations, submucosal edema, and polymorpho-
nuclear as well as mononuclear cell inflammatory infiltrates.
Further confirmatory evidence of the adequacy of these models
was in the finding of the elevation in myeloperoxidase activity,
increased DAI (DSS only), reduced colon length (DSS only), and
increased colon weight (DSS only) from baseline control values.
Overall, with the dosages used in this study, there was limited
reversal of inflammation with the nonselective opioid receptor
antagonist naltrexone but not with the agents that specifically
antagonized the §-receptors. In the DSS model, both doses of
naltrexone appeared to have some effect at decreasing inflam-
mation, whereas in the TNBS model, the higher dose was more
effective (although neither difference was significant). These

findings are on trend with that of a previous report regarding
naltrexone therapy in DSS-treated mice with moderately in-
duced colitis.'® At present, none of the studies in the literature
evaluate the therapeutic effects of naltrexone in TNBS-induced
colitis.

In the current study, we hypothesized that reduction in co-
lonic inflammation might occur through blockade of the §-
receptor, given that 3-opioid receptors are the predominant
receptor subtype associated with inflammatory cells.** Our
current study failed to demonstrate significant effects in either
mouse model by using a §-receptor opioid antagonist. It is pos-
sible that the administered dosages of these compounds were
insufficient to achieve therapeutic effects, or perhaps the use
of these specific d-receptor antagonists does not play a role in
gastrointestinal inflammation induced through DSS or TNBS.

The effects of naltrexone varied between the 2 colitis models.
In the DSS model, LDN improved colon length and maintained
Hct values within the normal reference range. In contrast, HDN
had improved colon weight, reduced myeloperoxidase activ-
ity, low histology, macroscopic and ulcer scores in the TNBS
colitis mice. Because the etiology and pathogenesis of CD and
ulcerative colitis differ, these findings may therefore result in the
differing therapeutic effects of naltrexone as evidenced in this
study. Therefore, it is not unreasonable to expect that the higher
dose of naltrexone reduced inflammation in this model more
than did the lower dose. The unusual feature is that the higher
dose of naltrexone was not more potent in the DSS model. Oth-
ers have shown that, in the DSS model, lower rather than higher
doses of naltrexone are more effective.'* One explanation for this
phenomenon is that the p-receptor is blocked at the higher dose
and results in increased inflammation. Alternatively, one group
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Figure 9. Histologic evaluation of colon. (A) Section of normal colon. (B) Representative section from control mouse with DSS-induced colitis.
Note the loss of mucosal epithelium and crypts and the expansion of the lamina propria due to mononuclear inflammatory infiltrates (*). Diffuse
submucosal edema (+) is present also. (C) Section of normal colon. (D) Representative section from control mouse with TNBS-induced colitis.
Multifocal areas of PMN and mononuclear inflammation expand the lamina propria (signified by arrows). Images not shown for opioid receptor
antagonist treated groups. Hematoxylin and eosin stain; bar: 50 um (A through D).

of researchers proposed that the reason is related to intermit-
tent blockade of opioid growth factor receptor, which promotes
production of endogenous enkephalins and endorphins, both
of which agents act on the opioid receptors to downregulate
inflammation.” If too high a dosage of naltrexone is used, then
enkephalins and endorphins cannot interface with and act on
the opioid receptors.

The exact mechanism of action of naltrexone on inflamma-
tion and its associated effects in IBD are unknown, and several
mechanisms have been proposed in the literature. Studies in-
vestigating this interaction have focused on immune cell cy-
tokine production whereby elevations in TNFo, IL6, and IL12
were reduced by naltrexone administration in a rat and mouse
model of colitis.’®* Through direct effects on bowel motility
and opioid receptor- modulated immunologic effects, antag-
onism of the gastrointestinal tract opioid receptors may be
therapeutic to inflamed mucosa. In addition, interference with
endogenous opioids, such as endorphins and enkephalins, has
been postulated.” Lastly, toll-like receptors play an integral
role in the initiation of immune responses to infections and
inappropriate activity and/or recognition of self-ligands have
been associated with inflammatory conditions and autoimmu-
nity.” Blockade of TLR4 can inhibit release of proinflammatory
cytokines, substance P, nitric oxide, and excitatory amino acids,
leading to downregulation of chemokine receptor expression

32

and adhesion molecules.*® One group reported that naltrexone
inhibited IL6 and TNFa produced by peripheral blood mono-
nuclear cells after stimulation with known ligands for TLR?,
TLRS, and TLRY but not TLR4.® In recent studies, the opioid
inactive +-isomers of naltrexone inhibited LPS-induced TLR4
signaling, a bacterial-induced inflammatory pathway contrib-
uting to IBD.%?

There were several limitations to our study. This study in-
volved blood collection by cardiocentesis. Due to dehydration
or blood loss in feces, hematologic samples were often difficult
to obtain or were not of diagnostic quality. In addition, intra-
rectal administration of TNBS caused varying degrees of coli-
tis in control and treated mice; therefore it is possible that the
haptenating agent did not remain in the colon long enough to
induce inflammation and was expelled from the anus of the
mice during recovery from anesthesia.

In conclusion, we were able to demonstrate that nonselective
opioid receptor blockade with naltrexone exerted limited pre-
ventive and therapeutic intestinal antiinflammatory effects in 2
murine models of inflammatory bowel disease. The mechanism
for this antiinflammatory effect did not appear to be mediated
by the & opioid receptor. One of the key features of intestinal
inflammation is upregulation of opioid receptors in the gas-
trointestinal tissues, both at the mRNA and protein level. %2
Future studies might include assessment of proinflammatory
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cytokines, dose optimization for naltrexone, dose optimization
for selective 3-opioid receptor antagonists, use of different se-
lective antagonists, and the role of opioid receptor blockade in
chronic animal models of IBD.
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