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Abstract

Inflammatory bowel disease (IBD), including Crohn's disease (CD) and ulcerative colitis (UC), 

which is thought to result from immune-mediated inflammatory disorders, leads to high morbidity 

and health care cost. Fatty acid amide hydrolase (FAAH) is an enzyme crucially involved in the 

modulation of intestinal physiology through anandamide (AEA) and other endocannabinoids. Here 

we examined the effects of an FAAH inhibitor (FAAH-II), on dextran sodium sulphate (DSS)-

induced experimental colitis in mice. Treatments with FAAH-II improved overall clinical scores 

by reversing weight loss and colitis-associated pathogenesis. The frequencies of activated CD4+ T 

cells in spleens, mesenteric lymph nodes (MLNs), Peyer's patches (PPs), and colon lamina 

propiria (LP) were reduced by FAAH inhibition. Similarly, the frequencies of macrophages, 

neutrophils, natural killer (NK), and NKT cells in the PPs and LP of mice with colitis declined 

after FAAH blockade, as did concentrations of systemic and colon inflammatory cytokines. 

Microarray analysis showed that 26 miRNAs from MLNs and 217 from PPs had a 1.5-fold greater 

difference in expression after FAAH inhibition. Among them, 8 miRNAs were determined by 
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reverse-transcription polymerase chain reaction (RT-PCR) analysis to have anti-inflammatory 

properties. Pathway analysis demonstrated that differentially regulated miRNAs target mRNA 

associated with inflammation. Thus, FAAH-II ameliorates experimental colitis by reducing not 

only the number of activated T cells but also the frequency of macrophages, neutrophils, and 

NK/NKT cell, as well as inflammatory miRNAs and cytokine at effector sites in the colon. These 

studies demonstrate for the first time that FAAH-II inhibitor may suppress colitis through 

regulation of pro-inflammatory miRNAs expression.
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1. Introduction

Inflammatory bowel disease (IBD), including ulcerative colitis (UC) and Crohn's disease 

(CD), are associated with aberrant regulation of the mucosal immune system, resulting in 

recruitment of inflammatory cells to the intestinal tract. IBD affects over a million people in 

the United States alone; its symptoms include abdominal pain, diarrhea, rectal bleeding, 

weight loss, and poor ability to digest food. The precise cause of IBD is unknown, but 

common agreement among scientists has converged on environmental and genetic factors, as 

well as immune dysregulation and, particularly the role of commensal microbiota in the 

intestine (Braegger and MacDonald, 1994; Dohi et al., 2000; Podolsky, 2002; Sartor, 2006; 

2008). Abnormalities in the gut immune microenvironment, enteric persistent infection, 

trauma, and inflammation may initiate and cause the progression of IBD (Mayer and 

Collins, 2002).

Intestinal inflammation is normally associated with infiltration of immune cells, including 

macrophages, neutrophils, and type 1 T helper (Th1) cells into the colon, which secrete the 

proinflammatory cytokines TNF-α and IFN-γ (Strober et al., 2007; Strober et al., 2002). 

The available conventional treatments of IBD are useful and advance our understanding of 

the underlying pathologies, but patients are often resistant to these treatments and experience 

many side effects, justifying continued search for new, safe, and effective therapeutic 

approaches.

In recent years, there has been increasing recognition of the role of endogenous cannabinoid 

receptors 1-2 (CB1 and CB2) in the regulation of inflammation-associated with colitis. 

Anandamide (AEA) is the endogenous signaling lipid that binds and activates CB1 and CB2, 

receptors and AEA levels are tightly regulated by the catabolic enzyme FAAH. Further, 

FAAH is an integral membrane hydrolase with a single n-terminus transmembrane domain. 

Many distinct classes of FAAH inhibitors have been reported (Salaga et al., 2014). A study 

focusing on FAAH and intestinal inflammation demonstrated that CB1 receptor-deficient 

mice are more sensitive to experimental colitis than are control mice and that a CB1 

antagonist increased the severity of experimental colitis (Massa et al., 2004). Other studies 

(Cluny et al.; Engel et al.; Kimball et al., 2006; Massa et al., 2004; Storr et al., 2008; Storr et 

al., 2009) have suggested that endogenous CB receptor activation may ameliorate colitis. 
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Storr et al. (2008) showed that FAAH mRNA increased 3 days after trinitrobenzene sulfonic 

acid (TNBS) induction. Further, elevated levels of endogenous AEA resulting from 

deficiency or inhibition of FAAH are significantly more resistant to TNBS-induced colitis 

than are controls (Izzo and Sharkey, 2010). AEA can activate both CB1 and CB2 receptors 

and decrease the level of proinflammatory cytokines (Izzo and Camilleri, 2009).

MicroRNAs (miRNAs) are endogenous small RNA molecules 20-25 nucleotides in length; 

they regulate multiple genes by binding to target mRNAs, thereby controlling the stability 

and translation of protein coding mRNAs (Esteller, 2011; Guo et al., 2010). It has been 

established that cells of the innate and adaptive immune system express more than 100 

miRNAs that are involved in mediating many functions, including cell proliferation and 

apoptosis. In addition, miRNAs are expressed in many developing tissues and are active in 

regulating inflammation (Ambros, 2004). Recent evidence suggests that miRNAs are 

differentially expressed in UC and have a key role as negative regulators of inflammation 

and innate immunity (Wu et al., 2008). miRNAs mir-21 and mir-216 are differentially 

expressed in active versus inactive UC. Further, it has been shown that induced miR-101b 

and miR-455 miRNAs mediates anti-inflammatory properties in colitis and associated colon 

cancer (Altamemi et al., 2014; Feng et al., 2012). However, the differential expression of 

miRNAs and their role in experimental colitis have not been investigated.

IBD is a major burden to both patients and society and there is an always need for safe and 

effective therapeutic options. The main hypothesis of this study is to determine the cellular 

and epigenetic mechanism of FAAH inhibitors mediated abrogation of experimental colitis. 

In this study, we examined changes in the severity of inflammation, cytokine levels, changes 

in the expression of miRNAs and immune function after FAAH inhibition using a dextran 

sodium sulphate (DSS) induced model of experimental colitis. Our studies demonstrated that 

FAAH-II inhibitor ameliorates colitis by suppressing inflammation through intervention of 

pro and or anti-inflammatory miRNAs at mucosal sites.

2. Materials and Methods

2.1 Animals

Female wild-type mice on C57BL/6 background aged 8~10 weeks were purchased from 

Jackson Laboratories (Bar Harbor, ME). The animals were housed and maintained in 

microisolator cages under conventional housing conditions at the University of South 

Carolina School of Medicine animal facility. Care and use of animals was overseen and 

approved by the Animal Resource Facility (ARF). The ARF is fully accredited by the 

Association for Assessment and Accreditation of Laboratory Animal Care-International 

(AAALAC). Experimental groups consisted of six mice each; all studies were repeated three 

times.

2.2 Colitis induction by DSS and FAAH treatment

The FAAH-II inhibitor was purchased from EMD Millipore (Billercia, MA). Experimental 

colitis was induced using DSS as described previously (Singh et al., 2014; Singh et al., 

2010). In brief, eight-week-old C57BL/6 naive group of mice received water alone, while 
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mice in the colitic group received drinking water containing 3% DSS (MP Biomedical, LLC, 

Ohio) ad libitum for seven days. In the following seven days, mice in the colitic group 

received water without DSS. Initially, we did a dose-response experiment using 5, 10, 20, or 

40 mg/kg body weight doses of FAAH-II, determining that 10 mg/kg, as compared to higher 

or lower doses, effectively suppresses colitis symptoms. Therefore, 10 mg/kg doses of 

FAAH-II were used throughout this study. We not only used the same lot of FAAH-II in all 

experiments, but we used same lot and dose of DSS as described earlier in our experimental 

model of colitis (Singh et al., 2014; Singh et al., 2010).

Mice were given either 100 μl of FAAH-II (10 mg/kg body weight; DSS+FAAH) or 

phosphate buffered saline (PBS; DSS+vehicle) beginning on the day after DSS induction 

and continuing every day until Day 14, the experimental end-point. The body weight of mice 

was monitored every day after DSS induction. During the 14 days of the experiment, we also 

monitored mice for clinical symptoms of colitis (diarrhea, stool consistency, and blood in 

fecal matter). At the end of the experiment, animals were sacrificed by ether vapor and their 

blood collected for measurement of cytokines and chemokines. Colon samples were 

isolated, washed with PBS, cut longitudinally, one part immediately kept in −80°C to make 

tissue homogenate for cytokine measurement and other part fixed in 10% formalin, then 

embedded in paraffin for histological analysis.

2.3 Cell isolation

At the end of the experiment, single-cell suspensions were prepared from the spleens, 

MLNs, PPs and colon lamina propiria (LP) from each group of mice. Cells were dissociated 

and RBCs lysed with lysis buffer (Sigma St. Louis, MO). After centrifugation, single-cell 

suspensions from spleens, MLNs, and PPs were passed through a sterile filter 70 μm (Sigma 

St. Louis, MO) to remove any cell debris. Cells were washed twice in RPMI 1640 (Sigma 

St. Louis, MO) and stored in media containing 5% fetal bovine serum (FBS) on ice until 

their use, which occurred within two hours for flow cytometry. The cells from colon LP 

were isolated as described previously (Singh et al., 2003). In brief, the colon was cut into 1-

cm stripes and stirred in PBS containing 1mM EDTA at 37 °C for 30 min. Next, LP was 

isolated by digesting intestinal tissue with collagenase type IV (Sigma St. Louis, MO) in 

RPMI 1640 (collagenase solution) for 45 min at 37 °C with moderate stirring. After each 45 

min interval, the released cells were centrifuged, stored in complete media and mucosal 

pieces were replaced with fresh collagenase solution for at least three times. LP cells were 

further purified using a discontinuous Percoll (Pharmacia, Uppsala, Sweden) gradient 

collecting at the 40–75% interface. The cells were maintained in complete medium 

consisting of RPMI 1640 supplemented with 10 ml/L of nonessential amino acids 

(Mediatech, Washington, DC), 1 mM sodium pyruvate (Sigma), 10 mM HEPES 

(Mediatech), 100 U/ml penicillin, 100 μg/ml streptomycin, 40 μg/ml gentamycin (Elkins-

Sinn, Inc., Cherry Hill, NJ), 50 μM mercaptoethanol (Sigma) and 10 % FCS (Atlanta 

Biologicals).

2.4 Flow cytometry analysis

Cells were pre-blocked for Fc receptors (Becton Dickinson San Diego, CA) for 15 min at 4° 

C before cell-surface antigen staining. The cells were then washed with FACS staining 
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buffer consisting of PBS with 1% fetal bovine serum (FBS). The cells were then stained 

with the appropriate antibodies (Abs). Cells were stained for 45 min with occasional shaking 

at 4° C with fluorescein isothiocyanate (FITC)-conjugated anti-CD4 (H129.19), FITC-

conjugated CD11b (M1/70), PE-conjugated anti-CD69 (H1.2F3), FITC-conjugated Ly6G 

(neutrophils), PE-conjugated anti-mouse CD11c (HL3), NK1.1, PE-conjugated anti-CD3 

(145-2C11) (BD-PharMingen, San Diego, CA), and FITC-conjugated F4/80 (BM8), all of 

which were obtained from Biolegend (San Diego, CA). The cells were washed two times 

with FACS staining buffer resuspended in 500 μl of FACS buffer, then analyzed by flow 

cytometry (FC 500, Beckman Coulter Fort Collins, CO).

2.5 Colon anatomy and histology

Colon length was used to determine the protective effects of FAAH-II on morphology of the 

colon. Colons were isolated and the total length measured from naïve mice, vehicle-treated 

DSS colitis mice, and DSS colitis mice treated with FAAH-II. Tissue samples from colons 

were fixed in 10% formalin, dehydrated through ethanol, and embedded in paraffin. Fixed 

tissues were sectioned at 6 μm and stained with hematoxylin and eosin. Two independent 

trained pathologists, blind to the study, determined the histological changes and mucosal 

inflammation by assigning an inflammation score to each group of mice. Each colon 

segment, ascending, transverse, and descending, was scored from 0 to 4, following well-

established criteria (Singh et al., 2003). In brief, grade 0 indicated no change from normal 

tissue; grade 1, one or a few multifocal mononuclear cell infiltrates in the lamina propria 

(LP); grade 2, intestinal lesion involving several multifocal cellular infiltrates in the LP; 

grade 3, lesions involving moderate inflammation and epithelial hyperplasia; grade 4, 

inflammation involving most of the segment. The summation of scores in the three regions 

of the colon per mouse provided a total colonic disease score.

2.6 Cytokine measurement by Luminex™ analysis

Levels of T helper-cell-derived cytokines IL-2, IL-3, and IL-10 (anti-inflammatory), as well 

as IL-6, IL-1β, MCP-1, RANTES, KC, and G-CSF (pro-inflammatory) in serum and colon 

tissue homogenate were determined by a luminex bioplex ELISA assay kit (Bio Rad, 

Hercules). The detailed method has been previously described (Singh et al., 2014). In brief, 

filter bottom ELISA plates (Bio Rad Hercules, CA) were rinsed with 100 μl of bioplex assay 

buffer and removed using a Millipore™ Multiscreen Separation Vacuum Manifold System 

(Bedford, MA), set at 5 mm Hg. All cytokine beads in the assay buffer were added to pre-

wet vacuum wells plate followed by 50 μl of assay beads. The assay buffer was then 

removed and the plate washed with wash buffer. Following the wash, 50 μl of standard 

serum and blank were added to each well and incubated for 1 h with continuous shaking at 

setting #3, using a Lab-Line™ Instrument Titer Plate Shaker (Melrose, IL). The filter bottom 

plates were washed and vortexed at 300 × g for 30 sec, after which 25 μl of anti-mouse 

detection Abs was added to each well and incubated for 30 min at room temperature. Next, 

50 μl of streptavidin-phycoerythrin solution was added to each well and incubated with 

continuous shaking for 10 min at room temperature, after which 125μl of assay buffer was 

added to each well. Readings were measured using a Luminex™ System (Austin, TX) and 

calculated using BioRad software (Bio-Plex manager 6.1). The Ab BioRad assays are 
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capable of detecting >15 pg/ml for each analytes: IL-2, IL-3, IL-6, IL-10, IL-1β, MCP-1, 

RANTES, KC, and G-CSF.

2.7 miRNAs isolation and microarray analysis

Cells from MLNs and PPs were immediately placed in TRIzol reagent from a miRNeasy 

mini-kit (QIAGEN, Valencia, CA). miRNAs were isolated as described by the 

manufacturer's instructions. Samples were stored at −80° C until they were sent to the Johns 

Hopkins University sequencing core facility for miRNAs microarray analysis. Total RNA, 

including miRNAs from MLNs and PPs, was isolated and hybridized on an Affymetrix 

GeneChip high-throughput miR array containing 609 murine probes (Affymetrix, Santa 

Clara, CA). The data generated from the array were analyzed using hierarchical clustering. 

By use of ingenuity pathway analysis (IPA) software (Qiagen; www.ingenuity.com), results 

from the miRNA microarray were analyzed to identify molecular pathways potentially 

altered by single or multiple miRNAs target genes. In brief, this analysis compares each set 

of miRNAs to all available pathways in the database and assigns priority scores based on the 

predicted strength of miRNAs interaction with components of the target pathway.

2.8 Validation of miRNAs data by RT-PCR analysis

To validate key results from the microarray analysis, three representative miRNAs that were 

significantly increased in PPs (miRNA-145-5p, miRNA-182-5p, and miRNA-200b-5p), and 

miR-217, which changed in both MLNs and PPs, were subjected to further RT-PCR analysis 

(CFX connect Bio-Rad, Hercules). From PPs, we also validated the downstream targets of 

forkhead-box transcription factor (FOXO1) and SMAD-2, which are relevant to 

inflammation and direct targets of these miRNAs. miRNAs were reverse-transcribed 

(miScript II; Qiagen) to make cDNA, and RT-PCR was carried out with primers 

(5′GCAGUCCACGGGCAUAUACAC-3′ and 5′-UACAGUACUGUGAUAGCUGAA-3′ 
for miRNAs 455 and 101b, respectively). Reactions were done with SYBR Green Master 

Mix (Qiagen). Initiation was done for 15 min at 95°C. The samples were then run for 40 

cycles each at 94° C for 5 sec, 55° C for 30 sec, and 70° C for 30 sec. All samples were run 

in triplicate.

2.9 Statistics

Several response variables were measured for each of the 18 experimental units within each 

of the three treatment groups (Naive, DSS + Vehicle, and DSS + FAAH-II). The change in 

body weight over time measured longitudinally is demonstrated in Figure 1 for the three 

groups, which depicts the mean ± the standard error of the sample mean (SEM). There was 

no significant change for the naive group, whereas the comparisons of statistically 

significant changes in two latter groups over time were performed using a t-test at each 

observation time. The colon length summaries were provided in Figure 1. One-way analysis 

of variance (ANOVA) was used to compare the three treatment groups. The inflammation 

score and comparisons among the three groups were performed using ANOVA. These 

statistical analyses were implemented using StatView II (Abacus Concepts, Berkeley, CA) 

and/or Microsoft Excel (Microsoft, Seattle, WA). Comparisons using ANOVA were also 

performed with respect to Cell Counts, which are pictorially summarized in Table 1, and 

graphical depictions are presented in Figure 2, 3. Statistical significance is assessed at the 
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5% level of significance, so significance is declared when the p-value was < 0.05 and 

indicated by the symbol ✠. The main comparisons were between the colitis group (DSS

+Vehicle) and the DSS+FAAH-II group.

3. Results

3.1 FAAH-II reverses body weight loss associated with colitis

We examined the effect of FAAH-II inhibitor on body weight after DSS-induced colitis. We 

found no significant change in naïve mouse body weight during the entire study. Therefore, 

we compared the difference in body weight between mice given DSS+vehicle (colitic) 

versus mice given DSS+ FAAH-II. As shown in Figure 1A, the DSS+vehicle mice 

developed acute colitis, as shown by significant (P< 0.01) weight loss and diarrhea. Their 

body weight in this group progressively declined until the end of the experiment. Treatment 

of DSS colitic mice with FAAH-II resulted in significant (P<0.05) improvement in body 

weight as compared to the vehicle treated mice (Fig. 1A). These results indicate that in mice 

10 mg/kg doses of FAAH-II protect against colitis-induced weight loss.

3.2 FAAH-II treatment reduces inflammatory cytokines and the severity of colitis

The effect of FAAH-II on DSS-induced colitis was assessed by measuring changes in the 

gross morphology of the colon (length measurements) and, at the end of experiments, by 

tissue pathology. The mean colon length of mice after DSS-induced colitis was significantly 

(P<0.05) shorter than the colons of colitic mice treated with FAAH-II (Fig. 1B, C). This 

suggested that administration of FAAH-II has a protective effect in maintaining normal 

colon length and morphology. Indeed, the colons of DSS colitic mice showed hypertrophied 

epithelial layers at multiple sites, as well as increases in cellular infiltrates, predominantly 

macrophages, neutrophils, and CD4+T cells. In contrast, as measured by positive changes in 

the mean histological scores of these mice compared to those with severe colitis receiving 

DSS+vehicle, the administration of FAAH-II resulted in improved colon histology (Fig. 2 A, 

B). Moreover, the tissue pathology associated with colitis, which includes massive cellular 

infiltrates in the colon, was reduced following FAAH-II treatment (Fig. 2A).

Next, we enumerated the number of IFN-γ− and TNF-α-expressing CD4+ T cells from the 

spleens, MLNs, PPs as well as LP lymphocytes, in colitic mice versus those given FAAH-II 

treatment. We found a decline in the number of IFN-γ− or TNF-α-expressing CD4+ T cells 

in the spleens, MLNs, PPs and LP (P<0.05) of mice treated with FAAH-II as compared with 

the numbers of such cells in vehicle-treated colitic mice (Fig. 2C, lower panel). Taken 

together, these findings suggested that FAAH-II protects mice against DSS-induced colitis 

by suppressing cytokine-expressing inflammatory cell infiltration from systemic and 

mucosal effector organs.

3.3 FAAH-II reduces systemic and mucosal-activated CD4+ T helper lymphocytes

Previous studies support the notion that CD4+ Th1 cells mediate inflammation and therefore, 

we examined the effect of FAAH-II on populations of activated and infiltrating CD4+ T cells 

in the spleens, MLNs, PPs, and LP using flow cytometry analysis (Fig. 3). The frequency of 

activated T cells (CD4+CD69+) in the spleens of colitic mice was significantly (P<0.05) 
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reduced by FAAH-II treatment as compared to the occurrence of these cells in spleens of 

mice in the vehicle-treated group. Similarly, in MLNs, PPs, and LP the percentage and 

number of activated CD4+T cells decreased (P<0.05) in FAAH-II treated groups as 

compared to the vehicle-treated group (Fig. 3). Together, these findings indicated that 

FAAH-II treatment significantly reduces the frequency of activated Th1 lymphocytes in the 

spleen, MLNs, PPs, and LP which are systemic, inductive, and effector sites, respectively, 

thus protecting mice against DSS-induced colitis.

3.4 FAAH-II inhibits macrophage, neutrophil, NK1.1, NKT, and dendritic cell infiltration

Macrophage, neutrophil, natural killer and dendritic cells play a role in colitis progression. 

Therefore, we determined changes in the frequency of mucosal and systemic macrophages, 

NK1.1, NKT, neutrophils and dendritic cells after FAAH-II treatment in DSS induced 

colitis. As shown in Table 1, macrophage frequency was significantly increased in the 

spleens, MLNs, PPs and LP of mice with DSS-induced colitis as compared to their 

frequency in naïve mice. However, FAAH-II treatment decreased the frequency of 

macrophages in spleens, MLNs, PPs and LP as compared to the numbers of macrophages in 

DSS colitic mice (P<0.05; Table 1). These results indicated that FAAH-II treatment reduces 

the elevated numbers of macrophages in the spleen, MLNs, PPs and LP that are 

characteristic of colitis.

There also were significant (P<0.05) increases in the numbers of neutrophils in the spleens, 

PPs, and LP of vehicle-treated DSS-induced mice as compared to naïve mice (Table 1). 

Again, treatment with FAAH-II significantly reduced the numbers of neutrophils in the 

spleen, PPs and LP as compared with those in the DSS-treated group. Thus, the increased 

numbers of neutrophils that occur during colitis at both systemic and mucosal sites were 

significantly reduced by FAAH-II treatment.

We also examined the effect of FAAH-II on NK 1.1, dendritic, and NKT cells. After DSS 

induction of colitis, the percentage of splenic and LP NK 1.1 cells increased. Treatment of 

these colitic mice with FAAH-II reduced the percentages of NK1.1 cells in spleens and LP 

(Table 1). Further, this treatment significantly (P<0.05) decreased NKT cells in PPs, as well 

as dendritic cells localized in the MLNs and LP of colitic mice (Table 1). Taken together, the 

results indicated that FAAH-II treatment reduces macrophages, neutrophils, NKT, dendritic 

and NK1.1 cells from systemic and effector sites, resulting in suppression of colitis.

3.5 FAAH-II regulates systemic and colon cytokine levels in DSS-induced colitis

We next, examined whether FAAH-II treatment leads to changes in effector (colon site) and 

systemic pro- and anti-inflammatory cytokine levels in DSS-induced colitis. In DSS colitic 

mice, colon tissue and systemic IL-6, MCP-1, IL-1β, RANTES, G-CSF, and KC were 

increased as compared with levels in naive mice (Fig. 4 and Supplemental Fig. 1). 

Administration of FAAH-II to DSS colitic mice decreased (P<0.05) the serum levels of all 

these cytokines and increased IL-2, IL-3 and IL-10 compared to their levels in DSS-induced 

colitis (Supplemental Fig. 1). Thus, FAAH-II administration can suppress the levels of 

systematic and local inflammatory cytokines and concurrently increase levels of systemic 

anti-inflammatory cytokines in mice with DSS colitis. This suggests a possible pathway for 
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manipulating cytokine levels, using FAAH-II inhibitor to provide protection from 

experimental colitis.

3.6 Effect of FAAH inhibition on miRNA expression patterns during colitis

Differential expression and changes in miRNAs was found in immune cells of naïve mice, 

colitic mice (DSS+ vehicle), and colitic mice treated with FAAH-II inhibitor. Since, we did 

not get enough cells to isolate miRNAs from LP, we analyzed miRNAs from MLNs and PPs 

immune cells from the three groups. The heat map of miRNAs from mice with DSS-induced 

colitis and the colitic group treated with FAAH-II showed different expression of a total 26 

miRNAs from MLNs and 217 miRNAs from PPs, with >1.5-fold changes between the two 

groups (Fig. 5). The miRNAs that showed an increase or decrease more than 1.5-folds in 

MLNs and PPs of colitis+FAAH-II versus colitis+vehicle were further plotted 

(Supplemental Fig. 2). We identified 8 miRNAs that were upregulated or downregulated in 

MLNs and PPs after FAAH-II treatment (Supplemental Fig. 2) based on their ability to 

target inflammation and regulation of immune cells.

Of these, 3 miRNAs that were upregulated including, miR-145-5p, miR-200b-5p, and 

miR-182-5p from PPs and their downstream target (FOXO1, SMAD2) were validated using 

quantitative RT-PCR analysis (Fig. 6). The results were highly consistent with the 

microarray data in that miR-145-5p, miR-182-5P, and miR-200b-5p were significantly (P 

<0.02) upregulated by FAAH-II treatment in colitic mice as compared with those in DSS 

+vehicle mice. The other miRNA-217 levels increased in MLNs and decreased in PPs (Fig. 

7) thereby suggesting that there were differences at inductive and effector sites after FAAH-

II treatment. miRNA-141-3p decreased at both sites after FAAH-II treatment (Fig. 7). Taken 

together, the microarray data correlated with the RT-PCR analysis results.

Deep analysis using IPA software was used to delineate a possible miRNA-mediated 

pathway to suppress DSS-induced inflammation (Supplemental Fig. 3). Of the miRNAs that 

were upregulated or downregulated by > 1.5-fold in response to FAAH-II treatment, 8 had 

direct association with an inflammatory pathway and immune modulation target. The direct 

association of the upregulated or downregulated miRNAs was mapped with targets of 

interest by red and green color and indirect pathways by pink (Supplemental Fig. 3). The 

upregulation of miRNAs from PPs, such as miR-182-5p (FOXO1), miR-145-5p (FOXO1, 

SMAD2), and miR-200b-5p (SMAD2) suggested decreases in FOXO1 and SMAD2 that are 

involved in the induction of IL-6, thereby correlating with decreased IL-6 levels following 

FAAH-II treatment (Supplemental Fig. 1). The changes in miRNAs also indicated how they 

might regulate other inflammatory markers such as IL-1, IL-10, CCL2, CCL3, CCL5, and 

FOXP3 (Supplemental Fig. 3). Interestingly, in the MLN, majority of the miRNAs were 

down regulated when compared to PPs (Supplemental Fig. 4). Moreover, as shown in Fig 10, 

we also were able to identify some upregulated miRNAs in MLNs such as miR-217-5p that 

may target inflammatory pathways such as (IL-6 and CXCL2), miR-3084-3p and miR-762 

(IL-1 or IL-17). Also, some of the down-regulated miRNAs such as miR-146a-5p may 

induce more IL-10 or miR-141-3p may induce STAT4, which regulates IL-10 (Supplemental 

Fig. 4). Taken together, the pathway analysis showed that FAAH-II treatment alters the 
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expression of many miRNAs that together may downregulate inflammatory markers to 

ameliorate colitis.

4. Discussion

We have identified the effectiveness of FAAH-II inhibitor in ameliorating inflammation in a 

well-established DSS-induced model of colitis. Considerable immunological evidence and 

similarities in the pathology of experimental mouse models that mimic with IBD suggest 

that this model can be used to explore novel therapeutics. Here, we demonstrated that 

administration of select FAAH-II inhibitor reversed the severity of DSS-induced colitis. 

Treatment of colitic mice with FAAH-II reversed weight loss, improved inflammation 

scores, and decreased disease severity. The increased frequency of mucosal and systemic 

activated T cells, macrophages, neutrophils, and NKT cells during experimental colitis were 

also significantly reduced by FAAH-II treatment. Taken together, these results indicate that 

FAAH-II abrogates DSS-induced colitis by suppressing the activation of CD4+ T cells and 

reducing the frequency of macrophages and NKT cells, thereby reducing other inflammatory 

cells at sites of inflammation.

Recent studies suggest that both exogenous and endogenous cannabinoids inhibit the 

inflammatory response and suppress severity of colitis (Stella et al., 1997; Storr et al., 2008). 

Storr et al.'s study suggests that inhibition of FAAH at a later stage may alleviate disease 

symptoms by activating endogenous cannabinoids. To this end, mice lacking CB1-, CB2-, or 

both receptors, showed augmented inflammation in a TNBS-induced model of colitis (Engel 

et al., 2010). Further, blocking the degradation of endocannabinoids or cellular reuptake 

inhibited inflammation and maintained normal colon length (Storr et al., 2008). 

Furthermore, CB-receptor-knockout mice in which levels of anandamide were elevated by 

deficiency in or inhibition of FAAH showed significant resistance to TNBS-induced colitis 

(Izzo and Sharkey, 2010). The results of these studies have been supported by clinical 

reports of increased levels of an endocannabinoid, AEA, in biopsies of the submucosal layer, 

but not the mucosal layer of the inflamed colon of human UC patients (D'Argenio et al., 

2006). Another study indicated that anandamide modulates the CB receptor to mediate a 

decrease in contractility and secretion using CB1 and decreasing proinflammatory cytokines 

by CB2 receptors (Izzo and Camilleri, 2009). Further, FAAH inhibitors have already been 

tested in preclinical and clinical trials and may be an important potential target for the 

treatment of IBD (Kimball et al., 2006; Massa et al., 2004; Singh et al., 2012; Storr et al., 

2008; Storr et al., 2009). These findings, as well as the results of this study, clearly 

demonstrate that FAAH inhibition in DSS-induced colitis can improve disease severity, 

recover body weight, prevent disease progression and ameliorate colitis.

Several IBD models of experimental colitis indicate not only that CD4+ T cells are important 

in the induction of IBD, that much of the intestinal damage caused by this disease is a result 

of T-cell-mediated injury (Elson et al., 1996; Singh et al., 2012; Singh et al., 2008a). These 

findings are consistent with those of the current study, in which we found that the percentage 

of activated CD4+ T cells in spleens, MLNs, PPs and LP increased significantly during 

experimental colitis and decreased after FAAH-II treatment. Earlier, we showed in 

spontaneous model that during severe colitis the numbers of IFN-γ+ expressing CD4+ T 
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cells are elevated in the LP (Singh et al., 2008b). Based on these findings, we suggest that 

both systemic and mucosal site decreases in activated T cells might decrease the 

inflammatory cytokine environment to amend the colitis symptoms. These observations 

suggest that inhibition of FAAH suppresses colitis by downregulating T-cell activation 

responses.

Macrophage populations are prominent in active IBD (Strober and James, 1986) as 

compared to healthy donors. Further, percentages of macrophages are increased in DSS-

induced colitis (Grose et al., 2001; Ogawa et al., 2004). IBD is also linked to an influx of 

neutrophils and depletion of neutrophils by monoclonal antibodies has been shown to 

decrease several parameters of DSS-induced colitis (Natsui et al., 1997). In the present 

study, we observed increases in macrophages, neutrophils, NK1.1, and NKT cells in the 

spleens, MLNs, PPs and LP of DSS-induced colitic mice. FAAH-II treatment of colitic mice 

reversed the increase in number of inflammatory cells to normal levels in spleens, MLNs, 

PPs and LP.

There is increased expression and level of IL-6 and IL-1β in IBD patient systemic and 

mucosal biopsies (Casini-Raggi et al., 1995; Reimund et al., 1996). Also, patients’ IL-6 

serum levels correlate with disease activity (Holtkamp et al., 1995). RANTES has been 

shown to be elevated in several inflammatory conditions, including lupus, rheumatoid 

arthritis, and multiple sclerosis (Boiardi et al., 1999; Vila et al., 2007). MCP-1 levels are 

elevated in experimental models of colitis and in the mucosal tissues of IBD patients (Keates 

et al., 1997; McCormack et al., 2001; Scheerens et al., 2001). In the present study, we 

observed significant decreases in both systemic and local colon tissue MCP-1, RANTES, 

IL-6, and IL-1β in colitic mice treated with FAAH-II as compared to colitic mice given DSS 

alone. Similarly, we observed a significant increase in systemic anti-inflammatory cytokine 

IL-10 in the FAAH-II treated group as compared to mice given DSS alone. These results 

show that reduction of these cytokines and chemokines, from colon site along with increases 

in systemic anti-inflammatory cytokines, which correlate with the severity of colon 

inflammation after FAAH-II treatment, can lead to the amelioration of colitis.

In the present study, we have demonstrated that FAAH-II inhibitor suppresses several 

proinflammatory cytokines, which is linked to alterations in the expression of several 

miRNAs. After FAAH-II treatment, we found changes in expression of 26 miRNAs from 

MLNs and 217 miRNAs from PPs. Several putative targets of these miRNAs are related to 

the inflammatory process. After FAAH-II treatment, miR-145-5p, miR-182-p, and 

miR-200b-5p were increased in the PPs. Based on pathway analysis, they targeted FOXO1 

and SMAD2, which are involved in IL-6 induction thereby suggesting how these miRs may 

down, regulate IL-6. miR-217 has also been shown to downregulate Sirt-1 expression in 

ethanol-induced fat accumulation in hepatocytes (Yin et al., 2012). Treatment with FAAH-II 

was followed by decreased miR-217 expression in PPs. Thus, in our study, miR-217 may 

induce Sirt-1 and provide protection against intestinal inflammation in as much as, we have 

shown previously that Sirt-1 induction by resveratrol protects mice from gut inflammation 

(Singh et al., 2010). Also, some of the down regulated miRNAs in MLNs such as 

miR-146a-5p seen following treatment with FAAH-II may induce more IL-10 or 
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miR-141-3p may induce STAT4 which regulates IL-10, thereby promoting anti-

inflammatory cytokines.

Significant evidence indicates that microRNAs play a critical role in the pathogenesis and 

progression of IBD. However, it is not known how alteration in miRNAs expression 

specifically contributes to IBD pathobiology. Several studies have identified miRNAs that 

are associated with IBD in intestinal tissues and peripheral blood specimens (Coskun et al., 

2012; Wu et al., 2011; Wu et al., 2008). To this end, studies using interleukin-10 knockout 

(IL-10−/−) mice, a model of chronic intestinal inflammation, have shown selective 

dysregulation of miRNAs in colon tissue and peripheral blood leukocytes (Schaefer et al., 

2011). In the present study, we found an increase in miR-200b-3p after FAAH treatment in 

PP. This was consistent with the earlier finding of (Zidar et al., 2016) that downregulation of 

members of the miR-200 family supports the possibility that miR-200 has a role in 

pathogenesis of fibrosis in IBD. Further, it has also been shown that has-miR-141-3p is 

upregulated in the rectosigmoid area, as compared to the ascending colon area, of UC 

patients (Ranjha et al., 2015). This supports our present finding of an increase in miR-141 

expression in the MLN after FAAH treatment. Similarly, it has been shown that changes in 

miR-141 expression in TNBS induced or IL-10−/− colitis models regulate leukocyte 

infiltration and mediate colitis (Huang et al., 2014). Taken together, our results and those of 

others clearly support the role of miRNAs in models of acute and experimental colitis.

It has been shown that mice lacking SMAD2 in T cells do not develop spontaneous 

lymphoproliferative autoimmunity (Malhotra et al., 2010). Further, FOXO1 is known to 

activate proinflammatory MCP-1 and IL-6 (Ito et al., 2009). To this end, we also validated 

the downstream target FOXO1 and SMAD2 after FAAH inhibition. Interestingly, FAAH 

inhibition increased FOXO1 and decreased SMAD2, suggesting a mechanism that 

suppresses the inflammatory response in acute colitis. Taken together, changes in the 

expression of these miRNAs in response to FAAH-II treatment are considered to be a 

potential molecular mechanism, which can lead to the decreased cytokine and SMAD2 

expression and increased FOXO1 expression observed in this study.

In summary, the current study convincingly demonstrated that FAAH inhibitors act as anti-

inflammatory agents by targeting multiple cellular pathways during colitis. We have showed 

that inhibition of FAAH induces an anti-inflammatory state by inhibiting activated T cells, 

reducing inflammatory immune cells, systemic and effector site cytokines, and changing the 

expression of miRNAs in experimental model of colitis. However, further studies are 

necessary by using mimics for downregulated miRNAs or antagomirs for upregulated 

miRNAs prior to drawing any firm conclusions on FAAH treatment induced miRNAs 

mediated suppression of experimental colitis.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FAAH Fatty acid amide hydrolase

DSS Dextran sodium sulphate
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❖ Fatty acid amide hydrolase (FAAH) is an enzyme crucially involved in 

the modulation of intestinal physiology

❖ FAAH-II improved overall clinical scores by reversing weight loss and 

colitis-associated pathogenesis.

❖ FAAH-II ameliorates experimental colitis by reducing the frequency of 

activated T cells, macrophages, neutrophils, and NK/NKT cells in the 

colon.

❖ FAAH-II mediates inflammatory cytokine and miRNAs at mucosal sites.
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Figure 1. 
Change in body weight and colon length after FAAH-II treatment in DSS induced colitis. 

C57BL/6 mice (△) naive received normal water, (●) 3% DSS+vehicle, (○) 3% DSS

+ 10mg/kg body weight FAAH-II every day beginning at same time on day 1 when mice 

received DSS+vehicle and continued till day 14. Body weight of the mice was recorded 

every day, and the change from initial body weight was expressed as a percentage change in 

body weight (Fig. 1A). Mice were sacrificed after two weeks and the length of colons from 

the three groups of mice at day 14 are presented (as described in Fig 1b and C). Asterisks (*) 

indicate statistically significant differences (p < 0.01) between DSS+vehicle and DSS+ 

FAAH-II treated groups.
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Figure 2. 
Changes in colitis scores, cytokines level and disease severity of DSS-induced colitis after 

FAAH-II treatment. Histological sections of colons from the three groups of mice are shown 

(Panel A). Mice in the untreated group with DSS+ vehicle showed significant lymphocyte 

infiltration and distortion of glands (arrow) and mice with DSS-induced colitis that were 

treated with FAAH-II showed colon lumina having markedly decreased lymphocyte 

infiltrations. Panel B shows the persistence or improvement of colitis inflammation scores 

after FAAH-II treatment. Panel C shows changes in frequency of CD4+ T cells expressing 

TNF-α and IFN-γ after FAAH-II treatment. The statistical significance between values of 

each group was assessed by Student's t test. Data represent the mean of three experiments 

involving 6 mice per group.
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Figure 3. 
FAAH-II reduces the induction of activated T cells during experimental colitis. Spleens, 

MLNs, PPs and LP lymphocytes were isolated from the three groups of mice on day 14 and 

stained for CD4+ and CD69+ T cells. Panel A shows a representative experiment indicating 

the percentages of activated T cells. Panel B shows the absolute numbers of these cells in 

various lymphoid organs. Panel B data represent the total number of cells ± SEM from three 

independent experiments. Asterisks (*) indicate statistically significant differences (p < 

0.01) between DSS+ vehicle and DSS+FAAH- II treated groups.
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Figure 4. 
FAAH-II treatment reduces systemic pro-inflammatory cytokines and increases anti-

inflammatory cytokines. After mice were sacrificed, colon tissue homogenate levels of IL-6, 

IL-1β, MCP-1, RANTES, KC, G-CSF, IL-2, IL-3 and IL-10 were determined by a Bio-Rad 

ELISA multiplex kit capable of detecting >10 pg/ml of these analytes. The data presented 

are the mean concentrations of these cytokines ± in three separate experiments. Asterisks (*) 

indicate statistically significant differences (p< 0.01) between DSS+ vehicle and FAAH-II-

treated groups.
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Figure 5. 
The changes in miRNAs expression profiles after DSS induction in DSS+vehicle or DSS

+FAAH-II treated group. (A) Heat map of the miRNA array done on immune cells from 

MLNs and PPs from the naïve, DSS-induced (DSS +vehicle or DSS +FAAH-II) groups. A 

cluster of miRNAs is differentially expressed in mice treated with FAAH-II. Red color 

indicates a positive change, green a negative change, and black no change. (B) Pie charts 

(B-1) showing proportion of genes with <1.5-fold change (light green) and > 1.5 fold up- or 

downregulation (red) for MLNSs and PPs.
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Figure 6. 
Validation of selected miRNAs involved in inflammatory pathways by RT-PCR analysis 

after FAAH-II treatment. Figure shows quantitative RT-PCR verifying upregulation of 

miRNAs-145-5p, −182-5p, and −200b-5p, as well as target FOXO1 and SMAD2 in PPs in 

DSS-induced mice treated with FAAH-II. Data are expressed as mean ± S.E.M. Statistical 

significance was calculated using the Student's t test. *P< 0.05 DSS+vehicle versus DSS+ 

FAAH-II treated group.
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Figure 7. 
miRNAs (miR-141-3p) and (miR-217) validation by RT-PCR analysis after FAAH-II 

treatment in PPs and MNLs. Quantitative RT-PCR verifying upregulation of miRNA-217 in 

MLNs and downregulation of mir-217 in PPs, and upregulation of miRNA-141-3p 

expression in both MLNs and PPs in DSS-induced mice treated with FAAH-II. Data are 

expressed as mean ± S.E.M. Statistical significance was calculated using the Student's t test. 

*P< 0.05 in DSS+Vehicle vs. DSS+FAAH-II treated group.
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Table 1

Changes in the frequency of macrophages, as well as dendritic and NK1.1cells and neutrophils in the mice 

after DSS induction and FAAH-II treatmenta

Cell types Group Spleen (%) Changes MLNs (%) Changes PPs (%) Changes Colon LP (%) Changes

Macrophage (CD11b) Naïve mice 2.8 ± 0.3 4.6 ± 0.9 4.7 ± 1.1 1.9 ± 0.2

DSS+Vehicle 8.9 ± 1.1 ✠ 7.1 ± 1.1 ✠ 7.8 ± 2.1✠ 4.6 ± 0.8 ✠

DSS+FAAH-II 3.5 ± 0.4 4.7 ± 0.4 3.9 ± 1.6 2.4 ± 0.3

NK1.1 Naïve mice 5.4 ± 1.4 3.7 ± 2.4 3.1 ± 0.4 1.8 ± 0.2

DSS+ Vehicle 9.8 ± 0.9 ✠ 4.8 ± 1.4 14.9 ± 2.3 ✠ 2.9 ± 0.8

DSS+FAAH-II 8.5 ±1.1 3.9 ± 1.2 4.0 ± 0.6 2.1 ± 0.4

Neutrophils (LY6G) Naïve mice 1.4 ± 0.4 4.4 ± 0.2 3.2 ± 0.4 2.4 ± 0.4

DSS+Vehicle 6.9 ± 0.7 ✠ 5.1 ± 0.3 8.1 ± 1.1 ✠ 9.2 ± 1.2 ✠

DSS+FAAH-II 4.6 ± 0.3 3.7 ± 0.1 3.1 ± 0.2 3.7 ± 0.3

Dendritic cells (CD11c) Naïve mice 4.5 ± 0.2 7.7 ± 0.5 5.1± 0.3 3.8 ± 0.2

DSS+Vehicle 7.5 ± 0.8 11.3 ± 0.7 ✠ 7.2± 0.7 ✠ 4.4 ± 0.8

DSS+FAAH-II 7.6 ± 0.3 6.3 ± 1.2 4.2± 0.6 3.5 ± 0.4

NKT cells Naïve mice 2.1 ± 0.4 2.1 ± 0.3 2.7 ± 0.1 3.1 ± 0.2

DSS+Vehicle 3.2 ± 0.1 1.7 ± 0.2 7.6 ± 0.2 ✠ 8.1 ± 0.6 ✠

DSS+FAAH-II 2.7 ± 0.2 2.1 ± 0.4 3.6 ± 0.1 3.7± 0.5

Change in the frequency of macrophages, neutrophils, NK, NKT and dendritic cells after FAAH-II inhibition during DSS-induced colitis. Vehicle 
or FAAH-II inhibitor was administered every day after DSS induction. Fourteen days after FAAH-II treatment, cells from spleens, MLNs, PPs and 
LP were isolated, stained for various expressions markers, and analyzed by flow cytometry. Studies were repeated 3 times. The data presented are 
the mean percentage of changes ± SEM of these experiments. Differences between experimental groups were considered significant when p < 0.01 
(✠).
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