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Abstract
Background—We previously demonstrated angiotensin converting enzymes (ACE) over-
expression in a dextransodium sulfate colitis model; ACE inhibitor (ACE-I) treatment reduced
colitis severity in this model. However, ACE-I has not been tested in more immunologically
relevant colitis models.

Aim—We hypothesized that ACE-I would decrease disease severity in an IL-10 knockout (−/−)
colitis model.

Methods—Colitis was induced by giving 10-week old IL-10−/− mice piroxicam (P.O.) for 14
days. The ACE-I enalaprilat was given transanally at a dose of 6.25 mg/kg for 21 days.
Prednisolone (PSL) with or without enalaprilat were used as therapeutic, comparative groups. All
groups were compared to a placebo treated group. Outcome measures were clinical course,
histology, abundance of pro-inflammatory cytokines/chemokines, and epithelial barrier function.

Results—Enalaprilat exhibited better survival (91 %) versus other treatment groups (PSL: 85.7
%, PSL + ACE-I: 71.4 %, placebo: 66.6 %). The ACE-I and PSL + ACE-I groups showed
significantly better histological scores versus placebo mice. ACE-I and the PSL groups
significantly reduced several pro-inflammatory cytokines versus placebo mice. FITC-dextran
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permeability was reduced in the ACE-I and PSL + ACE-I groups. Blood pressure was not affected
in ACE-I treated mice compared to placebo mice.

Conclusions—ACE-I was effective in reducing severity of colitis in an IL-10−/− model. The
addition of prednisolone minimally augmented this effect. The findings suggest that appropriately
dosed ACE-I with or without steroids may be a new therapeutic agent for colitis.
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Introduction
Inflammatory bowel disease (IBD) affects approximately 1 million people in the United
States and 2 million people in Europe [1]. While a number of medical strategies are
available, many of these have substantial side-effects including immune suppression; thus,
newer approaches are greatly needed [2].

Although angiotensin converting enzymes (ACE) are commonly thought to control blood
pressure, the expression of ACE and its associated receptors have been identified within the
gastrointestinal mucosa [3], and their abundance has been shown to increase in states of
intestinal injury and colitis in both animal models and humans [4–6]. Thus, ACE may be
associated with the pathogenesis of IBD. Recently ACE has been shown to play a critical
role in the gastrointestinal tract [5, 6]; whereby, ACE appears to modulate intestinal
epithelial cell (IEC) growth. Based on these findings, our laboratory and others have shown
that the use of ACE-inhibitors (ACE-I) suppressed intestinal epithelial cell (IEC) apoptosis
and decreased expression of TNF-α [6]. We subsequently demonstrated that the use of
ACE-I reduced the severity of colitis using a dextran sodium sulfate (DSS)-induced colitis
model [6]. These findings are similar to other reports which demonstrated reduced colitis
using a trinitrobenzene sulfonic acid (TNBS)-induced colitis model in angiotensinogen
(Atg) knockout mice [7], as well as use of the ACE-I captopril to reduce the degree of
fibrosis in this same colitis model [8].

DSS disrupts intestinal epithelial barrier function, most likely by increasing the abundance
of medium chain fatty acids, promoting increased cellular exposure to normal mucosal
microflora, and a progressive loss of IECs due to apoptosis [9, 10]. While DSS is perhaps
the most commonly used agent to induce a colitis model, it has experimental deficiencies,
since the model leads to a chemical injury to the gastrointestinal tract, which is opposed to a
predominately immunologically-driven model. The use of the TNBS model also may have
similar drawbacks and lacks a robust immunologic component. In particular, many have felt
that a chemically-induced injury to the bowel fails to fully resemble the histologic
manifestations of human IBD, and a shift toward examining drug actions in more
immunologically-driven models has been increasingly desired. Thus, we tested whether
ACE-I could prevent the severity of colitis in an IL-10 knockout (−/−) mouse model of
colitis, which develop colitis in an immunologically-relevant mechanism. The spontaneous
development of colitis in the proximal colon [11] will occur in IL-10 deficient mice only
sporadically after several months [12]. Additionally, the severity of colitis in this model
depends on both environmental conditions and genetic factors [13, 14]. Spontaneous
development of colitis, as it happens in IL-10−/− mice, is an inefficient model to study
potential colitis therapies. Sporadic development of colitis produces diseased animals of
different ages. Since the severity of the disease in this model depends on environmental
conditions, animals which develop colitis at different times will not develop the same
disease. To address these problems, Berg et al. [15] reported that piroxicam (a non-steroidal
anti-inflammatory drug, NSAID) treatment induced severe and consistent formation of
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colitis in IL-10−/− C57/BL6 mice within a few weeks post-treatment. The addition of
piroxicam to the IL-10−/− mouse model allows for the study of animals with a predictable
disease time course, with similar age, and under similar environmental influences, making it
more desirable for treatment studies than the IL-10−/− mice alone. While the complete
mechanism leading to the development of colitis in the presence of piroxicam is not fully
understood, this model is very similar to human IBD in terms of cytokine expression,
clinical features of weight loss and gastrointestinal bleeding, and, in particular, its
histological features [16]. Further, Hale et al. [12] demonstrated that this model was also
associated with a significant pro-apoptotic action, which more closely resembled human
IBD than the DSS model.

In the present study, we tested the efficacy of the ACE-I enalaprilat against colitis, and
evaluated it against the efficacy of a corticosteroid, the standard of care for colitis, alone or a
combination of ACE-I and steroid. We hypothesized that ACE-I would decrease the severity
of colitis in an IL-10−/− model to a similar degree as that achieved with steroid use. We
elected to use enalaprilat given via a transanal route. This unique approach capitalized on the
fact that enalaprilat is poorly absorbed via the gastrointestinal tract (as it is normally given
intravenously) and is able to act directly on the increased ACE activity, which is most
abundant on the surface of the gastrointestinal mucosa [17]. We demonstrated significant
reduction in colitis severity with ACE-I treatment, which was superior in many aspects
compared to steroid treatment. This suggests the use of ACE-I may be a novel clinical
approach for the treatment of patients with IBD.

Materials and Methods
Animals

Healthy 10-week-old (body weight around 19–25 g) IL-10−/− mice with a C57BL/6
background (originally obtained from Jackson Laboratories, but now bred at University of
Michigan) were used for this study. Mice were bred under high level specific pathogen-free
conditions, and were fed ad libitum with rodent chow powder and water. All experiments
were approved by the University Committee on Use and Care of Animals at the University
of Michigan (UCUCA protocol 08773-3).

Induction of Colitis
Colitis was induced in IL-10 deficient mice by feeding NSAIDs (160 ppm piroxicam
[Sigma-Aldrich, St Louis, MO]) in a powdered diet for 2 weeks. Drug treatment commenced
at the start of the NSAID treatment and continued for 3 weeks.

Drug Treatment
NSAID-primed mice were distributed into five study groups (N = 7–12 mice per group):
placebo control (piroxicam-primed only with transanal saline and oral PBS); enalaprilat
(6.25 mg/kg/every 12 h, transanal and oral PBS); oral predonisolone (PSL; 5 mg/kg and
transanal saline); and oral PSL + transanal enalaprilat. An additional naïve group was
studied which consisted of age-matched IL-10−/− mice that did not receive piroxicam or
drug therapy. All drugs were started at the beginning of study concurrent the NSAID, and
were delivered for 21 days, every 12 h. Enalaprilat or PBS control (0.2 ml volume) was
administered via the transanal route using a blunt plastic gavage needle. To maintain the
drug within the entire colon lumen, mice were held in a sitting position, and the needle was
held in place for 30 s after transanal injection.
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Hemodynamic Assessment
The most common complication of ACE-I is hypotension. Thus, we evaluated the
hemodynamic status of all mice. Systemic blood pressure via tail-cuff measurements were
performed noninvasively using the CODA non-invasive blood pressure system (Kent
Scientific Co, Torrington, WY) 2 h after drug administration on the final day of the
experiment to allow for full systemic absorption.

Colonic mucosa and small bowel mesenteric blood flow were also measured just before
harvesting tissue using laser Doppler perfusion imaging (LDPI, Perimed Inc., North
Royalton, OH), as previously reported [6]. Colonic mesentery was not possible due to the
very foreshortened colon mesentery of mice. Briefly, a median laparotomy was performed
and the mesentery exposed to the laser Doppler beam. A 670-nm helium–neon laser beam
was placed 12 cm above the mesentery. The surface of the mesentery and then the colonic
mucosa (after opening the lumen up longitudinally) were sequentially scanned. Scanning
areas of 8 × 10 mm and 20 × 20 mm in distal mucosal colon and mesentery, respectively,
were used. The perfusion response was presented in arbitrary perfusion units (PU). As the
PU values are not absolute blood flow, the magnitude of the change in blood flow perfusion
was calculated as the ratio between maximum peak and baseline perfusions. Maximum,
minimum, and mean percent perfusions were normalized to total pixel area. At the end of
the measurements the mice were killed via CO2 asphyxiation.

Evaluation of Colitis
The clinical score was calculated using the Cooper scoring method, as previously described
[18]. Clinical score was based on a measure of stool stiffness, body weight change and
presence of hematochezia daily to estimate colitis severity [18]. Hematochezia was tested
using Hemoccult® cards and developer (Beckman Coulter, Brea, CA). We defined a clinical
score over 7 or mouse death as severe colitis. Histology was scored in a blinded fashion
from H&E stained sections [19] using a modification of previously published methods [20]
(Table 1). This scoring modification accounted for the greater degree of lamina propria
inflammatory infiltration in the IL-10−/− model versus other chemically-induced models.

Collection of Tissue
After mice were euthanized, the colon was completely removed and placed in RPMI cell
culture medium, and fecal contents were gently flushed out [6]. Sections (5 mm) were taken
from the proximal colon, as this location represented the maximal degree of colitis
formation, and were placed in 10 % neutral buffered formalin. Remaining colonic
epithelium was mechanically stripped and subsequently isolated for RNA and mucosal
protein as described previously [6].

Real Time-Polymerase Chain Reaction (RT-PCR)
Mucosal scrapings underwent RNA extraction and purification by RNeasy Micro Kit
(Qiagen, Hilden, Germany). All primers for selected gene sequences were selected by
Primer-BLAST software. Real-time PCR (RT-PCR) was performed using a Rotor-Gene
6000 (Qiagen, Hilden, Germany) and 18S RNA was used as an internal control for
normalization. Fold changes of target genes were calculated using comparative
quantification to 18S RNA.

Barrier Function Assessment
Methods of assessing the in vitro passage across the intestinal wall were similar to those
previously described [21]. Briefly, an Using chamber was utilized with freshly isolated mid-
colonic tissue using standard techniques [22]. The histological results in middle colon were
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similar to the proximal colon, so to conserve tissue, we used mid-colonic tissue for barrier
function analysis. Intestinal tissues with an exposed surface area of 0.031 cm2 were
incubated in 5 ml of preheated 37 °C Krebs buffer [140 mM NaCl, 1.2 mM MgCl2, 1.2 mM
CaCl2, 10 mM KHCO3, 0.2 mM KH2PO4, and 1.2 mM K2HPO4] on each side (serosal and
mucosal), and pH was adjusted to 7.4. Each chamber was continuously oxygenated with O2/
CO2 (95/5 %) and stirred by gas flow in the chambers. Transepithelial resistance was
measured using previously described techniques. Additionally, a measure of intercellular
permeability was performed with FITC-dextran (Sigma-Aldrich; 150 μl) as previously
described [23]. FITC-dextran was added to the chamber on the mucosal side after balancing
unlabeled dextran on serosal and mucosal sides. After 30 min equilibration, 500 μl of Krebs
buffer of the serosal side was collected at 60, 90, and 120 min after injection to evaluate
colon permeability. Fluorescence was measured using an M5 Microplate Reader (Molecular
Dynamics) at an excitation wavelength of 492 nm and an emission wavelength of 515 nm.
Permeability was expressed as the mucosal-to-serosal clearance of FITC-dextran-4000.

Immunofluorescence Staining
Immunofluorescence staining was also used to determine the integrity of the tight junction
and adherens junction in each treatment group using previously described methods [24].
Briefly, tissue was frozen and sectioned [24]. Primary antibodies (dilution) anti rabbit ZO-1
(1/100) and anti-mouse occludin (6/1000) (Invitrogen, Carlsbad, CA) were applied
overnight at 4 °C. Slides were incubated with secondary antibody (goat anti rabbit IgG 488
or goat anti mouse IgG 555) for 2 h and counterstained with DAPI for detection of nucleus.
Images were visualized on a Nikon A1 confocal microscope (Nikon Instruments Inc, Tokyo,
Japan) under 20× magnification.

Statistical Analysis
For comparison of two groups unpaired T test was used. For multiple group comparisons,
ANOVA was performed with a post hoc Tukey Multiple Comparison analysis. These
statistical methods were used to analyze for all data except clinical scores. Data are
expressed as mean ± SD.

Data for clinical scores analysis were analyzed using a repeated measures mixed model. We
analyzed the clinical score for each mouse at each timepoint relative to the other mice. An
autoregressive correlation structure was used to account for the relationship of measures on
the same mouse over time since the clinical scores in the days closest to the current day
would be more similar than scores that were much earlier or later. The model is able to
estimate an average clinical score for each group at each day. Differences between groups
were tested using pairwise comparisons within the model. p values less than 0.05 were
considered statistically significant.

Results
Hemodynamic Status

Based on our previous work with ACE-I in a DSS colitis model, we chose a dose of 6.25
mg/kg/every 12 h given via transanal instillation. This dosing was predicted to have poor
systemic exposure due to poor enteral absorption [25]. Thus, this dose was actually ten times
higher than the typical dose given to rodents to treat high blood pressure. Our first aim was
to determine if an ACE-I at the selected dose affected hemodynamic measures in each
treatment group. Both systolic and diastolic blood pressures were not statistically different
between study groups (Fig. 1a, b). As another measure of systemic perfusion, mesenteric
and distal colonic blood flow measurements were performed. These also showed no
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statistically significant difference between any of the study groups (Fig. 1c, d). Taken
together, our data suggest that use of transanal ACE-I should be safely tolerated.

Enalaprilat Led to Improved Survival and Better Clinical Outcomes
We first assessed whether treated mice had better survival rates versus the placebo group
(Fig. 2a). The placebo group exhibited the worst survival rate at 66.7 %. All treatment
groups exhibited a statistically better survival rate compared to placebo group (p < 0.01).
The PSL group had an intermediate survival rate of 85.7 %. As well, the PSL + ACE-I
group showed an intermediate survival rate of 71.4 %. The ACE-I group exhibited a
significantly better survival rate (90.9 %) compared to all other treatment groups. Percent
body weight change demonstrated a decline as the colitis progressed. On average, the
percent decline in body weight was: IL10−/− naïve, 5.9 %; placebo, −8.5 %; ACE-I, PSL,
−12.5 %, and PSL + ACE-I, −12.0 %. All colitis groups differed significantly from the
IL10−/− naïve group (p < 0.05). The ACE-I group weight loss was less than the PSL or PSL
+ ACE-I groups, but differences were not statistically significant (Fig. 2b).

The clinical severity score was based on a compilation of stool stiffness, body weight
change and presence of hematochezia. A definitively positive hemoccult stool test along
with diarrhea indicated severe colitis. Differences in clinical scores between groups were
tested on day 21 after colitis induction (Fig. 2c). Mice dying at or before this time period
were scored as a 12, or a maximum score for this analysis. As a trend, the clinical score
progressively rose in all groups; however, between 14 and 21 days, the ACE-I group
exhibited a significantly better score compared to either the placebo group (p < 0.05) or PSL
(p < 0.01 or PSL + ACE-I groups (p < 0.01). Mice treated only with PSL had the worst
clinical severity score. These data indicate that all groups had worsening disease over the
time course, but the end disease was best with ACE-I treatment.

Since the mice in all groups exhibited worsening colitis over the course of the experiment,
we examined the cause for the increased severity in the treatment groups. We hypothesized
that the number of mice with severe colitis would be fewer in the treatment groups, and that
the scores for those mice would skew the group’s clinical severity scores. Thus, we
determined the proportion of mice in each group with severe colitis, as defined by a clinical
score >7 or death. Significant differences in the number of mice with severe colitis in each
group were observed at days 14 and 21 (Fig. 2d). The PSL group had the highest proportion
of animals with severe colitis, and this was statistically worse than the placebo group (p <
0.01). The ACE-I group fared significantly better than the placebo group (p < 0.01). The
ACE-I + PSL group had an intermediate number of mice with severe colitis.

Enalaprilat Reduced the Histological Severity of Colitis
Since the lamina propria has a greater degree of inflammatory infiltration in the IL-10−/−
model versus other chemically-induced models, we used a scoring system which was
modified from previously published methods [20] (Table 1 and Supplemental Figure).
Histologic assessment was performed for the proximal colon, because in the IL-10−/−
model, this area represents the predominate area of colitis formation [11]. The histologic
scoring consisted of a measurement of mucosal ulceration, epithelial hyperplasia, neutrophil
infiltrate, and mononuclear infiltrate. Neutrophil infiltrates were widely dispersed in the
placebo group, along with moderate degrees of mucosal epithelial ulceration. The placebo
group had a significantly higher histological score compared to the naïve group. The ACE-I
and the PSL + ACE-I groups showed remarkable preservation of the epithelial integrity and
a lack of inflammatory infiltration, and exhibited markedly lower scores than the placebo
group (Fig. 3). This decline in histologic score was statistically significant in the ACE-I
group. Interestingly, the PSL group had only a marginal improvement in the histology score.
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Cytokine and Chemokine Expression via RT-PCR
Inflammatory cytokines were then measured as a marker of the pro-inflammatory response
in this colitis model [26]. As a trend, drug treatment led to a reduction in the abundance of
several of the pro-inflammatory cytokines and chemokine. TNF-α and IFN-γ decreased in
all treatment groups compared to placebo (Table 2; Fig. 4). However, overall, the PSL group
exhibited the greatest decrease in these cytokines compared to the other treatment groups.
IL1β and IL6 were also significantly decreased in the PSL group. In addition, the PSL +
ACE-I group demonstrated significant declines in pro-inflammatory cytokine expression. In
particular, the PSL + ACE-I group showed a significantly decreased level compared to the
placebo group for TNF-α and IFN-γ. The ACE-I group exhibited reductions in the
expression of several pro-inflammatory cytokines, however, the declines were not
statistically significant. Thus, the use of corticosteroids, alone or in combination with ACE-
I, appears to have the greatest benefit on reduction of pro-inflammatory cytokine expression.

Barrier Function Was Preserved with ACE-I Treatment
Epithelial barrier function loss is a major mediator of colitis formation and worsens with the
severity of the colitis. Figure 5a shows TER measurements from each group. TER
measurements did not decline with the development of colitis and were found not to differ
significantly between the study groups. FITC dextran permeability was used as another
measure of epithelial barrier function. FITC dextran permeability (Fig. 5b) was significantly
increased in the placebo group and thus was felt to represent a better measure of loss of
epithelial barrier function in the IL-10−/− colitis model. ACE-I resulted in a significant (p <
0.05) preservation of barrier function compared to the placebo group. As well, the PSL +
ACE-I group also led to a significant reduction in permeability (p < 0.01) as compared to
placebo. The permeability levels in the ACE-I and PSL + ACE-I groups were not
significantly different from the naïve group of mice. Also, the PSL group failed to show any
reduction in permeability compared to the placebo group.

Tight Junctions Were Preserved with ACE-I Treatment
Liu et al. [27] demonstrated that Lactobacillus plantarum prevented the development of
colitis in IL-10-deficient mice by blocking changes in the expression of tight junction
proteins, tight junction structure and intestinal permeability. Thus, a more in-depth
investigation of barrier function was performed by examining the distribution and density of
tight junction proteins. Immunofluorescence staining was performed for ZO-1 and occludin
and each of these showed a marked loss in the placebo group and in the PSL group. As well,
an intracellular internalization of occludin was noted in both of these study groups. These
histologic findings are consistent with other models of colitis [28]. The use of ACE-I as well
as PSL + ACE-I resulted in a preservation of each junctional protein and a prevention of the
internalization of occludin (Fig. 6). Although it is difficult to precisely quantify, it appeared
that the ACE-I group maintained tight junction intensity and distribution closest to the naïve
group. Thus, the greatest action of ACE-I treatment appears to be preservation of barrier
function in this colitis model.

Discussion
Treatment of IBD is associated with substantial morbidity in patients with both Crohn’s
disease and ulcerative colitis [29]. Early microarray work by our laboratory demonstrated an
increase in ACE expression during times of intestinal epithelial cell remodeling [30], and
outside of the GI tract, a rich cardiovascular literature suggests that ACE may mediate pro-
inflammatory and pro-apoptotic signaling [31, 32]. Thus, our group and others have
demonstrated that blockade of ACE and its downstream signaling pathway, including the
AT1a-receptor, can very effectively decrease the severity of colitis in either a DSS or TNBS
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model. However, these chemically-induced colitis models lack a strong phenotypic
resemblance to human IBD which puts into question whether blockade of ACE would have
a beneficial clinical role.

Although several authors have used the DSS colitis model to investigate Renin-Angiotensin
System (RAS) blockade and colitis [26, 33–36], the data presented here are the first which
demonstrate RAS blockade efficacy using an immune-based model. In the present study we
utilized an IL-10−/− colitis immune-based model and demonstrated that ACE-I treatment
was as good, or far superior, to that of conventional steroid treatment.

A recent paper [37] suggested that ACE-2 acts as a protective protein during DSS-induced
inflammation. Since enalaprilat is an ACE-2/AT1aR inhibitor, we are not affecting ACE-2
directly with therapy; however, our data do not rule out ACE-2 as a player in our model.
Recent work in a related protein to ACE, ACE2 shows that the loss of ACE2 (ACE2 KO
mice) results in a strong predisposition to colitis using dextran sodium sulfate [37]. This
work is quite consistent with our present findings in that ACE2 behaves in an anti-
inflammatory fashion and balances the pro-inflammatory actions of ACE [38]. IL-10
deficient mice develop an immunologically-mediated colitis that more closely matches the
human condition than DSS-colitis models [39]. This model has proved itself to be a valuable
tool to study IBD and has been widely used to examine ulcerative colitis therapies [40, 41].
IL-10 is an anti-inflammation cytokine that is a potent suppressor of macrophage activation
in vitro and in vivo. IL-10 inhibits the production of inflammatory cytokines such as IL-1,
IL-6, and TNF-α [42]. Deletion of IL-10 severely inhibits the inflammatory response [43].
Due to the decreased inflammatory response, IL-10-deficient mice developed spontaneous
colitis in the proximal colon under pathogen-free conditions; however, disease development
takes several months [12]. We utilized the method of Berg et al. [15] where NSAIDs
accelerated the formation of severe colitis in a nicely timed and consistent fashion, allowing
for the testing of new therapies. In the present study we tested the efficacy of ACE-I, and
compared this to a known standard of care prednisolone or a combination of these two
agents.

Based on our previous data showing that ACE is over-expressed in the damaged colonic
mucosa, we elected to deliver the ACE-I via a transanal route, which would permit the most
direct targeting of this area of disease. The advantage of giving enalaprilat transanally is that
it is acting directly on the colonic mucosa which has the highest activity of ACE,
particularly during periods of colitis [6]. The present use of enalaprilat is in contrast to
enalapril which is normally given via the gastrointestinal tract to treat hypertension.
Enalapril is the inactive form of enalaprilat and is well-absorbed through the gastrointestinal
mucosa where endogenous esterases act to convert it to the active enalaprilat form.
Enalaprilat is poorly absorbed via the gastrointestinal mucosa [25], which allowed us to dose
this at over 10-fold higher than normal anti-hypertensive levels without systemic side-
effects.

The mechanisms by which blockade of the renin angiotensin system (RAS) are not fully
understood. However, ACE-I has been shown to have a variety of anti-inflammatory effects
[40, 44]. A series of pro-inflammatory and growth signaling actions occur after ACE
mediated conversion of angiotensin I to angiotensin II [45]. Downstream signals from this
receptor include an up-regulation of MAdCAM-1 under colonic inflammatory conditions via
NF-κB translocation into the nucleus and subsequent translocation [35]. ACE-I has been
shown to decrease the inflammatory process in hypertensive rats; and its action appears to
be due to a prevention of NF-κB activation [46].
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Although our previous study demonstrated that AT1aR antagonist markedly decrease pro-
inflammatory cytokines (TNF-α, IL1β, IL-6) in a DSS model, the results in this manuscript
for cytokine levels were not statistically decreased. There are several differences between
our DSS model and our IL-10 KO model. First, the DSS model is a chemical induction of
colitis; whereas, the IL-10 KO model is an immunological model. Thus, the cytokine levels
in the immunological model may be subjected to different controls when presented with the
ACE-I therapy. Also, the mice in the DSS model are 5-week-old mice. The IL10-KO mice
do not present with colitis until later, so we used 10-week-old mice. The age difference may
account for differences in cytokine levels as well. Also, being an immunological model
lends itself to abnormal control of the immune system, regardless if there is colitis or not.
Since the mice only presented with colitis around day 14 of the study (7 days from the end
of the study), there may not have been enough time to detect changes in the treated
populations.

Although steroids represent a major therapeutic standard for colitis patients, in the present
study oral prednisolone was not as effective as ACE-I treatment for the clinical score,
histologic score, and the prevention of epithelial barrier function loss. There are two possible
explanations for the ineffective nature of the steroid in our study. First, Okada et al. [41]
showed that NSAID-induced colitis in IL-10 mice could be resistant to steroid treatment.
However, their data are controversial as other studies have shown efficacy for steroids in
this model [47]. Second, actions of prednisolone and ACE-I in this present study appeared to
be different. We noted that prednisolone had an equal or greater effect on reducing pro-
inflammatory cytokine expression, whereas the ACE-I groups were more effective in
preventing histologic and barrier function injury. Clearly, ACE-I had a very strong benefit in
protecting the barrier function of the epithelium; and this action was far superior to that seen
with prednisolone. This may be how the use of angiotensin II blockade mediates its action in
an indomethacin intestinal injury model [48]. It is also possible that the use of ACE-I may
be used chronically in IBD patients to maintain barrier function, and thus prevent recurrent
episodes of acute inflammation. Our data argue that, although the prednisolone alone did not
have much efficacy in reducing injury and restoring barrier function, prednisolone could
lower inflammatory cytokines, and thus was not without benefit. Even though our data did
not show a large benefit to using prednisolone in conjunction with ACE-I, it is certainly
possible that use of ACE-I along with a corticosteroid may prove more beneficial than either
drug alone since steroid treatment is efficacious in the clinic. Therefore, addition of an ACE-
I to NSAID therapy may allow for lower steroid dosing, reducing harsh side effects seen
with steroid use.

Future work is needed to optimize ACE-I dosing to avoid potential adverse effects,
including the risk of ischemic colitis or hypotension. Although very rarely described,
ischemic colitis or angioedema have been reported in the literature during ACE-I treatment
[49, 50]. Risk factors for the development of ischemic colitis in patients on ACE inhibitors
include elderly age, underlying renal disease, and cardiovascular disease [51]. Nevertheless,
the safety record for ACE-I usage is strong and may thus have a strong appeal for clinical
applications.

In conclusion, we demonstrated that the use of ACE-I was effective in an immunologically-
driven colitis model. This suggests that the clinical application of an ACE-I may have a
potential therapeutic role as either single therapy for IBD or in combination with other
immunosuppressive agents. Future work will be needed to better understand the mechanisms
which lead to its anti-inflammatory effect.
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Fig. 1.
Hemodynamic status does not change with treatment. Systolic blood pressure (a) and
diastolic blood pressure (b) were accessed from the tail with an external blood pressure
machine. Both systolic and diastolic blood pressures were not statistically different between
study groups. Due to stress on the animal, BP was taken only once per animal at the end of
the study. Laser Doppler measurement of mesenteric blood flow in the small bowel (c) and
distal colon (d). No statistical differences were seen with blood flow in either area. A
minimum of five mice per study group were analyzed
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Fig. 2.
Enalaprilat led to increased survival and a decrease in clinical severity. a A Kaplan–Meier
survival curve through the 21-day study period is shown. Note that the ACE-I group
exhibited the best survival at day 21 (p < 0.01 using one-way ANOVA with a Tukey’s
multiple comparison test). All treatment groups exhibited statistically better survival than
placebo. The PSL + ACE-I group also had statistically better survival (p < 0.01). A
minimum of N = 7 mice were used per study group. b Body weight was measured daily, and
a percent body weight change was calculated. The key is the same as Fig. 2a. Note the
positive weight change in the IL-10−/− naïve group. Weight change was compared between
groups using a one-way ANOVA with Tukey’s post hoc analysis. The following
comparisons were found to be statistically different (p < 0.05): IL10−/− naïve over all
groups; ACE-I less change than PSL; and ACE-I less change than PSL + ACE-I. c Cooper
clinical score was calculated for each study day and shown for all treatment groups. Clinical
scores were compared between groups on each day and statistically different scores were
observed between groups at days 14–21. Note the best clinical score (lowest number) was in
the ACE-I group, and worst clinical score was in the PSL group. There was no statistical
significance in one-way ANOVA with Tukey’s post hoc analysis. A few animals in some
groups had severe colitis, thus driving the scores up. Thus we observed the proportion of
animals that had severe colitis (see d). A minimum of N = 7 per study group. d The
proportion of mice exhibiting severe colitis (clinical score over 7 or death) was compared on
each day to determine if the score for a few mice skewed the overall clinical score for the
group. One-way ANOVA with Tukey’s post hoc analysis was performed and demonstrated
that the PSL group had the highest proportion of animals with severe colitis, which was
statistically worse than the placebo group (p < 0.01). The ACE-I group fared significantly
better than the placebo group (p < 0.01) Data for days 14 and 21 are shown. *p < 0.01 for
PSL versus all other groups; §p < 0.01 for placebo versus ACE-I group. This graph does not
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have standard deviation because it shows percentage of mice having severe colitis in each
group
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Fig. 3.
ACE-I treatment significantly decreased the histological colitis score. a Representative
histological sections from proximal colon were blindly scored using our scoring criteria for
colitis (see Fig. 3; Table 1). b Histologic scores for all treatment groups are shown. ACE-I
and PSL + ACE-I exhibited statistically better histology than placebo or PSL groups (p <
0.05). A minimum of N = 7 per study group, and a minimum of ten microscopic fields were
scored for each animal. These images were taken ×10 magnifications
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Fig. 4.
Cytokine and chemokine expression during colitis treatment. Expression for pro-
inflammatory cytokines and chemokines was obtained using RT-PCR. Results are expressed
as mean ± SEM. Fold changes of target genes relative to 18S RNA. *p < 0.05 for comparing
with naïve group; #p < 0.05 for comparing with placebo group. No statistical significance
was observed between the other groups
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Fig. 5.
Intestinal permeability was improved with ACE-I treatment. a Transepithelial resistance
(TER) was measured with Ussing chambers, and the TER taken after a 120 min incubation
period is shown. No statistical difference was found between the naïve mice and any other
group. b Barrier function was also measured by FITC-dextran permeability from the
mucosal to the serosal side starting at 60 min, and repeated at 30 min intervals up to 120
min. Permeability was significantly increased in the placebo group. Permeability was not
improved with PSL treatment; however, it was reduced in the ACE-I group (p < 0.05) and
the PSL + ACE-I (p < 0.01) group compared to the placebo group. A minimum of N = 5 per
study group
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Fig. 6.
Tight junctions are preserved with ACE-I treatment. Immunofluorescence staining was
performed on each animal to localize the tight junction proteins ZO-1 (red), occludin
(green) and Merge (ZO-1/Occludin/DAPI). Note a loss of tight junction structure in the
placebo group which also occurred in the PSL alone group. A preservation of tight junction
staining was seen in both ACE-I and the PSL + ACE-I groups. Representative images are
shown. A minimum of N = 3 per study group. Scale bar is 10 μm, and these images were
taken at ×100 magnifications
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Table 1

Histological score

Mucosal ulceration, 0–3 Lamina propria mononuclear infiltrate, 0–5

0, normal 0, none

1, surface epithelial inflammation 1, a few cells

2, erosions 2, more cells, less aggregate

3, ulcerations 3, one small aggregate

4, a few aggregates

5, large area aggregate

Epithelial hyperplasia, 0–3  Lamina propria neutrophil infiltrate, 0–2

0, normal  0, normal

1, mild  1, slightly increased

2, moderate  2, markedly increased

3, pseudopolyps

Ten fields from each mouse were scored. Means and standard deviation (SD) of the ten scores are reported. A maximum score of 13 represents the
worst colitis
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