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Abstract

Here we evaluate the potential for local administration of a small molecule FOLH1/GCPII 

inhibitor 2-phosphonomethyl pentanedioic acid (2-PMPA) as a novel treatment for inflammatory 

bowel disease (IBD). We found that FOLH1/GCPII enzyme activity was increased in the 

colorectal tissues of mice with TNBS-induced colitis, and confirmed that 2-PMPA inhibited 

FOLH1/GCPII enzyme activity ex vivo. In order to maximize local enema delivery of 2-PMPA, 

we studied the effect of vehicle tonicity on the absorption of 2-PMPA in the colon. Local 

administration of 2-PMPA in a hypotonic enema vehicle resulted in increased colorectal tissue 

absorption at 30 min compared to 2-PMPA administered in an isotonic enema vehicle. 

Furthermore, local delivery of 2-PMPA in hypotonic enema vehicle resulted in prolonged drug 

concentrations for at least 24 h with minimal systemic exposure. Finally, daily treatment with the 

hypotonic 2-PMPA enema ameliorated macroscopic and microscopic symptoms of IBD in the 
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TNBS-induced colitis mouse model, indicating the potential of FOLH1/GCPII inhibitors for the 

local treatment of IBD.
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1. Introduction

Inflammatory bowel disease (IBD) is an idiopathic, chronic inflammatory disorder of the 

gastrointestinal (GI) tract which has two subtypes: Crohn’s disease (CD) and ulcerative 

colitis (UC), each accounting for approximately 50% of IBD patients [1–3]. It is clear that 

IBD is a complex multifactorial disease [1–4], yet the precise etiology of the mucosal 

dysregulation and inflammation remains elusive [4]. Despite various small molecule and 

biologic therapeutic options available for the management of IBD, approximately one-third 

of IBD patients do not respond to any given therapy [5]. This emphasizes the significance of 

exploring and identifying therapies with novel therapeutic targets for patients with IBD.

Recent work found that the expression of the FOLH1 gene is dramatically increased in 

human IBD [6–8]. FOLH1 encodes a transmembrane glycoprotein that acts as a glutamate 

carboxypeptidase. In the GI tract, the enzyme is called folate hydrolase and is found on 

brush border membranes. In the brain and peripheral nervous system, the enzyme is referred 

to as glutamate carboxypeptidase II (GCPII), and multiple classes of potent and selective 

small molecule GCPII inhibitors have been synthesized [9–16]. We recently described the 

use of one of these potent, small molecule FOLH1/GCPII inhibitors, 2-phosphonomethyl 

pentanedioic acid (2-PMPA), in preclinical animal models of IBD [17]. Based on gene-

profiling analyses that showed upregulation of FOLH1 gene in the affected intestinal mucosa 

of patients with Crohn’s disease, we quantified the activity of FOLH1/GCPII enzyme in 

normal and diseased mucosa from 20 subjects including healthy controls and patients with 

IBD [17]. We found significant increase in FOLH1/GCPII activity in these patient samples 

and similar trend was observed in pre-clinical animal models of IBD such as dextran sodium 

sulfate (DSS)-induced colitis model as well as IL10−/− model of spontaneous colitis. We also 

found that FOLH1−/− mice have decreased susceptibility to DSS-induced colitis compared to 

wild-type mice [17]. We further demonstrated that 2-PMPA inhibited FOLH1/GCPII 

enzymatic activity, and that daily intraperitoneal (i.p.) administration of 100 mg/kg 2-PMPA 

ameliorated symptoms of colitis in both the IL10−/− spontaneous colitis model and the DSS-

induced mouse model of colitis [6]. However, given that FOLH1/GCPII enzyme is a 

transmembrane protein, and that staining of diseased patient samples confirmed elevated 

expression of the protein in the villous epithelium [6], we wanted to explore the effect of 

local rather than systemic drug dosing.

For two-third of UC patients and for Crohn’s patients that have diffuse disease that also 

affects the distal colorectum, topical enema therapy is used [18,19]. Enema products are 

considered more efficacious and associated with lower side effects than oral formulations of 

other common IBD drugs, such as steroids [20,21]. Further, combining local enema therapy 
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with oral therapy is considered more efficacious than oral therapy alone [18,22]. This is 

perhaps not surprising, given that enema formulations have the potential to directly access 

diseased tissues in the distal colorectum and locally deliver high amounts of drug. However, 

achieving adequate drug distribution in the colorectum is challenging due to the fact that the 

colorectal epithelium is highly folded and collapsed [23]. To achieve highly uniform drug 

delivery in the colorectum, we explored the administration of water soluble 2-PMPA in a 

hypotonic vehicle solution, an approach for modifying the enema vehicle composition that 

resulted in improved colorectal drug distribution and delivery in our previous study [23].

In order to evaluate the pre-clinical relevance of local FOLH1/GCPII inhibition for treatment 

of IBD via enema, we chose to use the 2,4,6-trinitrobenzenesulfonic acid (TNBS)-induced 

colitis model. Here, we describe that FOLH1/GCPII activity is also increased in the TNBS 

model, and this activity is inhibited by 2-PMPA ex vivo. We further evaluate the 

pharmacokinetics of 2-PMPA upon enema administration, demonstrating that administration 

in a hypotonic enema vehicle leads to prolonged colorectal tissue levels with minimal 

systemic exposure. Finally, we demonstrate that local enema administration of 2-PMPA at 

1/8th of the dose (12.5 mg/kg) than what was previously tested for i.p. administration (100 

mg/kg) provides substantial improvement in disease symptoms in the mouse model of 

TNBS-induced colitis, further emphasizing the potential for FOLH1/GCPII inhibition as a 

novel therapeutic option for treating IBD.

2. Materials and methods

2.1. Materials

2-PMPA was synthesized by our laboratory using methods reported previously [24]. LC-MS 

grade acetonitrile and water with 0.1% formic acid were obtained from Fisher Scientific 

(Hanover Park, IL). Sodium hydroxide (AR grade), sodium chloride (AR grade), absolute 

ethanol and 5% w/v 2,4,6-trinitrobenzenesulfonic acid (TNBS) solution were purchased 

from Sigma-Aldrich (St. Louis, MO).

2.2. 2-PMPA enema formulation

For the hypotonic formulation, 2-PMPA powder at 2.5 mg/mL concentration was dissolved 

in water and titrated to pH 7.0 ± 0.1 using 3.5 M sodium hydroxide (NaOH). We previously 

found that, similar to what was observed in the human colorectum [25], sodium-driven water 

absorption continued to occur in the mouse colorectum for enema vehicles above the 

conventional isoosmolar point and up to 400–500 mOsm/kg [23]. Thus, our isotonic vehicle 

contained 2.5 mg/mL 2-PMPA dissolved in 1.32% w/v sodium chloride and titrated to pH 

7.0 ± 0.1 using 3.5 M NaOH (final osmolality of 450 ± 5 mOsm/kg).

2.3. 2,4,6-Trinitrobenzenesulfonic acid (TNBS)-induced colitis model

All experimental procedures were approved by the Johns Hopkins Animal Care and Use 

Committee. Male 5–6 week old Balb/c mice were purchased from Harlan (Indianapolis, IN) 

and acclimated in the animal facility for one week. Colitis was induced using our optimized 

methods for uniform enema administration in order to minimize variability in disease 

severity. Briefly, the mice were transferred to cages and then food pellets and water bottles 
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were removed from cages to starve the mice for 6 h. The cages used for the starving mice 

also had stainless steel platform to prevent the mice from eating bedding in the cage. After 6 

h of starving, mice received a 200 μL normal saline enema using a flexible feeding tube to 

clear the remaining pellets in the distal 3–4 cm of the colorectum. Ten minutes after saline 

enema administration, the mice were placed under anesthesia using an isoflurane vaporizer 

system to colorectally administer 50 μL of TNBS (2.5% w/v TNBS in 50% ethanol) using a 

fire-polished capillary tube (Wiretrol). The mice were then held by the tail upside down for 

15 s while they recovered from the anesthesia to ensure minimal TNBS expulsion from the 

anus (Day 0, D0). These procedures resulted in similar average weight reduction in the 

treatment and control groups within 24 h after TNBS administration (Day 1, D1).

2.4. FOLH1/GCPII enzyme activity assay

For the “healthy” group (n = 4), mice received no pretreatments. For the “IBD” group (n = 

4), TNBS induction was performed in mice as described above. Mice with a decrease in 

body weight of at least 7% on D1 were used for the assay, and the distal 4 cm of the 

colorectal tissues were obtained on Day 4 (D4). For all tissues, the luminal contents were 

cleared and the tissues were snap frozen in liquid nitrogen. FOLH1/GCPII activity in the 

samples was measured using a previously described radioenzymatic assay by our laboratory 

[26,27]. In brief, colon tissues were weighed and immersed in 0.5 mL of ice-cold 50 mM 

Tris buffer (pH 7.7 at room temperature). Each tissue was sonicated for 30–60 s using a 

Kontes ultrasonic cell disrupter. After a 2 min spin at 13,000 g, supernatants were analyzed 

for protein content (DC Protein Assay Kit; Bio Rad) and GCPII activity.

2.5. Pharmacokinetics (PK) of 2-PMPA following local administration in mice with TNBS-
induced colitis

Colitis was induced in mice using TNBS as described above. Mice with a decrease in body 

weight of at least 7% were used for PK studies. To determine the effect of vehicle tonicity 

on immediate drug absorption into the colon, mice were then divided into two groups of n = 

13 each. Each group received a 100 μL enema containing 2.5 mg/mL 2-PMPA in the 

hypotonic vehicle or 2.5 mg/mL 2-PMPA in the isotonic sodium-based vehicle. Thirty 

minutes after enema administration, colorectal tissue was collected and weighed for drug 

determination. To determine the longer term kinetics of hypotonically administered 2-PMPA 

in the colorectum and in systemic circulation, mice with TNBS-induced colitis were divided 

into different groups (n = 3 per group) and 100 μL of hypotonic 2.5 mg/mL 2-PMPA enema 

was administered. At specified time points after enema administration (30 min, 2 h, 6 h, 24 

h), whole blood and colorectal tissue were collected. Blood was collected in EDTA coated 

tubes and centrifuged at 1300g for 10 min to collect plasma for drug determinations. The 

distal 2.5 cm of the colorectal tissues was collected and weighed. All samples were frozen 

and stored at −80 °C until drug concentration determination.

2.6. Bioanalysis of 2-PMPA in plasma and colon samples

Concentrations of 2-PMPA in plasma and colon mucosa were determined via HPLC with 

tandem mass spectrometry LC-MS/MS as we have previously described [28]. Briefly, 2-

PMPA was extracted from plasma and tissue by protein precipitation with 6× methanol 

containing 2-(phosphonomethyl) succinic acid (2-PMSA; 1 μM) as an internal standard. The 
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samples were vortexed (30 s) and centrifuged (10,000g for 10 min). Supernatants were dried 

under a gentle stream of nitrogen at 45 °C and the residue reconstituted with 100 μL of 

acetonitrile. 50 μL of the derivatizing agent N-tert-Butyldimethysilyl-N-

methyltrifluoroacetamide (MTBSTFA) was added and samples heated at ~60 °C for 40 min. 

At the end of 40 min, the derivatized samples were analyzed via LC-MS/MS. 

Chromatographic analysis was performed using an Accela™ ultra high-performance system 

consisting of an analytical pump, and an autosampler coupled with TSQ Vantage mass 

spectrometer (Thermo Fisher Scientific Inc., Waltham MA).

2.7. Efficacy experiment

TNBS induction was performed in mice as described above. Starting on D1, mice received a 

100 μL enema containing either 2.5 mg/mL 2-PMPA in the hypotonic vehicle (n = 12) or an 

enema containing phosphate buffered saline (PBS) (Untreated, n = 15). On Day 2 (D2) and 

Day 3 (D3), mice were weighed and given enema treatments for a total of 3 daily treatments. 

Twenty-four hours after the final treatment (Day 4, D4), mice were weighed and given a 200 

μL normal saline enema using a flexible feeding tube to clear the remaining pellets in the 

distal 3–4 cm of the colorectum prior to excising colorectal tissues. A standard length of 4 

cm of colorectal tissue were obtained from each mouse, photographed, weighed, and 

portioned for subsequent analyses.

2.8. Histology

The distal 2 cm portions of the colorectum (the portion where disease was typically most 

severe) were cut into 3 smaller segments and fixed in 10% neutral buffered formalin, then 

processed to paraffin routinely by the JHU Reference Histology lab. The 3 tissue segments 

were embedded in the same block to ensure obtaining tissue sections throughout the distal 

colorectum. The tissues were sectioned transversely with 3 step sections cut at 

approximately 200 μm between sections and stained with hematoxylin and eosin (H&E). A 

slide representative of the most diseased areas was then scored. Each colorectal tissue 

sample had 2–3 sections per slide that could be scored (1 mouse from the untreated control 

group was omitted due to having only 1 tissue section that could be scored). Scoring was 

performed in a blinded fashion by a board certified veterinary pathologist in the pathology 

core at Johns Hopkins University using a scoring system previously described for the TNBS 

model [29]. Briefly, tissues are assigned a score in the range of 0–4, where each grade is a 

composite measure of inflammatory cell infiltration and mucosal damage: Grade 0 No 

evidence of inflammation; Grade 1 Low level of leukocyte infiltration with infiltration seen 

in <10% HPF. No structural changes; Grade 2 Moderate leukocyte infiltration with 

infiltration seen in 10% to 25% HPF, crypt elongation, bowel wall thickening that does not 

extend beyond the mucosal layer, and no ulcerations; Grade 3 High level of leukocyte 

infiltration seen in 25% to 50% HPF, crypt elongation, infiltration beyond the mucosal layer, 

thickening of the bowel wall and superficial ulcerations; Grade 4 Marked degree of 

transmural leukocyte infiltration seen in >50% HPF, elongated and distorted crypts, bowel-

wall thickening, and extensive ulcerations. Scores for individual tissue slices were averaged 

for each animal, and then these scores were averaged over the entire group of animals.
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2.9. Statistics

The Student’s t-test (two-tailed, unequal variance) was used to compare differences between 

the two experimental groups. For histological scoring, the non-parametric Mann-Whitney 

test was used. P values < 0.05 were considered statistically significant for all data.

3. Results

3.1. Increased FOLH1/GCPII enzymatic activity in colorectal tissues from TNBS mice

We first examined whether FOLH1/GCPII activity was increased in colorectal tissues from 

mice with TNBS-induced colitis. We found that FOLH1/GCPII activity was significantly 

increased (1.1-fold increase in FOLH1/GCPII activity; p < 0.05) in colorectal tissues 

collected on Day 4 after TNBS induction (Fig. 1A). Further, we found that the enzymatic 

activity in the colon tissue was >90% inhibited ex vivo by 1 μM 2-PMPA (p < 0.0001) (Fig. 

1B).

3.2. Enema administration leads to high local colorectal tissue levels of 2-PMPA with 
minimal systemic exposure

Having demonstrated that FOLH1/GCPII activity is increased in the colorectal tissues of 

mice with TNBS-induced colitis, we next evaluated the pharmacokinetics of 2-PMPA 

administered by enema to mice with TNBS-induced colitis. Having previously observed that 

hypotonic enema solutions provide improved colorectal drug distribution and absorption 

[23,30], we first tested whether administering 2-PMPA hypotonically would lead to 

increased colorectal tissue levels in mice with TNBS-induced colitis. Indeed, we found that 

at 30 mins after enema administration, the hypotonic vehicle provided a 1.6-fold increase in 

colorectal tissue 2-PMPA levels compared to the isotonic vehicle (Fig. 2A), though the 

difference was not statistically significant due to the inherent variability in the TNBS model. 

We then characterized the kinetics of 2-PMPA in the colorectal tissue and the extent of 

systemic absorption over 24 h after hypotonic enema administration (Fig. 2B). Despite the 

hypotonically-driven absorption in the colorectum, the systemic exposure of 2-PMPA was 

minimal, and 2-PMPA was not detectable in the plasma by 2 h (Fig. 2B). However, the 

colorectal tissue concentrations remained above what was previously shown to be effective 

after high concentration i.p. dosing [17] at 24 h, which indicated that daily enema dosing 

was a feasible strategy.

3.3. Daily enema hypotonic administration of 2-PMPA ameliorates disease symptoms in the 
TNBS-induced colitis model

Having demonstrated that 2-PMPA potently inhibits the increased FOLH1 activity observed 

in the colorectal tissues of mice with TNBS-induced colitis and that hypotonic enema 

administration leads to high local tissue levels of 2-PMPA for at least 24 h, we evaluated 

daily 2-PMPA enema dosing for efficacy in the TNBS-induced colitis model. As shown in 

Fig. 3A, after just 1 enema dose occurring on D1, the 2-PMPA treated animals began to 

regain weight they had lost after TNBS induction. In contrast, the untreated control mice 

continued to lose weight, leading to a significant difference in weight loss at D2 (−4.4 

± 2.0% compared to −13.1 ± 1.8%). With the subsequent treatments on D2 and D3, the 2-
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PMPA treated mice continued to recover lost weight and reached their starting weight by D4 

(Fig. 3A). In contrast, the untreated control group maintained an average of ~10% weight 

loss on D4 (−9.7 ± 2.8%), not showing any recovery compared to D1 (−9.6 ± 1.0%).

The mucosal damage in the TNBS model is associated with increased colon thickness and 

weight [31]. As shown in Fig. 3B, the recovery in weight loss from 2-PMPA enema 

treatment was also associated with a decrease in colon weight (112 ± 5 mg) compared to 

untreated control mice (148 ± 11 mg), reflecting a reversal of the mucosal inflammation by 

D4. And thus, the ratio of colon to body weight was also significantly reduced for mice that 

received hypotonic 2-PMPA enema (5.4 ± 0.4 mg/g) compared to untreated controls (7.9 

± 0.6 mg/g) (Fig. 3C).

The amelioration of colorectal inflammation provided by 2-PMPA enema administration in 

the TNBS mice is further characterized in Fig. 4. Fig. 4A shows photographic images of the 

distal 4 cm of the colorectum of mice dosed daily with PBS (Untreated) or with 2-PMPA 

hypotonic enema (2-PMPA) and a representative image of a histological tissue section from 

each group (Fig. 4B). The colorectal tissues from untreated TNBS mice showed 

hypertrophy/thickening and malformed stools, which was not evident in the 2-PMPA treated 

mice. The histological images further illustrate the difference in tissue thickness and 

inflammation (Fig. 4B). Colorectal tissue sections from untreated TNBS mice showed 

typical signs of disease in this model, including alterations in epithelial structure, infiltration 

of neutrophils, and increase in tissue cross-sectional thickness. In contrast, the colorectal 

tissue sections from TNBS mice treated with 2-PMPA enemas showed much less signs of 

inflammation and tissue thickening. These differences were further confirmed by blinded 

scoring of the histological sections, showing a significant reduction in the inflammation/

mucosal damage score after 2-PMPA treatment (Fig. 4C).

4. Discussion

We previously found that daily i.p. administration of 100 mg/kg 2-PMPA, a FOLH1/GCPII 

inhibitor, was effective in treating experimental colitis in both the IL10−/− spontaneous 

colitis model and the DSS-induced mouse model of colitis [17]. However, given the increase 

in FOLH1/GCPII activity we observed in tissue biopsies from human IBD patients [17] and 

the protein expression observed in the villous epithelium [6], we wanted to evaluate local 

delivery and inhibition of FOLH1/GCPII as a therapeutic strategy for treating IBD. Enema 

administration results in much higher local tissue drug levels and reduced systemic 

exposure, and thus is more effective for IBD patients with disease affecting the distal 

colorectum [18,19,32]. Further, reduced systemic exposure was beneficial in the context of 

our goal of examining the role of local luminal enzymatic inhibition in the GI tract. Thus, 

we tested daily enema administration of 2-PMPA in the TNBS-induced colitis model, which 

affects only the distal colorectum that is contacted by enema fluid. Importantly, we found 

that FOLH1/GCPII enzymatic activity was increased in the colorectal tissue of mice with 

TNBS-induced colitis, and this activity was potently inhibited by 2-PMPA, further validating 

the potential of local delivery and also target engagement in the colorectal tissue. Our recent 

study has also shown that FOLH1−/− mice were less susceptible to DSS-induced colitis 

compared to wild-type mice [17]. Furthermore, we observed a marked amelioration of 
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macroscopic and microscopic symptoms in murine TNBS-induced colitis model with daily 

hypotonic 2-PMPA enema administration, suggesting that local FOLH1/GCPII inhibition 

may be a new target for the treatment of IBD. However, the exact mechanism and 

downstream effects of FOLH1/GCPII inhibition in colorectal tissue are yet to be elucidated.

The human colon dries the feces, a process driven by active ion transport, absorbing 1.4–1.8 

L of water per day [33]. We previously demonstrated that this robust physiological 

mechanism can be used to provide more effective colorectal drug and nanoparticle delivery 

in combination with a hypotonic enema vehicle [23]. Similarly, we found here that there was 

increased colorectal tissue absorption of 2-PMPA in mice with TNBS-induced colitis when 

dosed with a hypotonic, water absorption-inducing vehicle. However, it may be possible to 

further improve the absorption and duration of efficacious 2-PMPA tissue concentrations by 

loading into a muco-inert nanoparticle [30,34], which is the focus of future work. It may 

also be possible to further tune the ionic composition of the enema vehicle to further 

maximize local tissue absorption and minimize systemic absorption [23]. Moreover, since 

oral administration is a preferred method of administration, particularly for maintenance 

therapy, it is also of interest whether oral administration can lead to effective FOLH1/GCPII 

inhibition throughout the GI tract. Such an oral therapy may be useful for treating both CD 

and UC, since FOLH1/GCPII activity was found to be increased in human tissue biopsies 

from patients with both diseases [17].

Recently, we demonstrated significant upregulation of GCPII in activated microglial cells, 

and GCPII inhibition led to prevention of neurological damage [35]. Microglial cells belong 

to the mononuclear phagocyte system and form the resident macrophages in the brain tissue, 

the spinal cord and the retina. The activated macrophages, key producers of many cytokines 

(e.g. IL-1β, IL-6, and TNFα) and reactive metabolites of oxygen and nitrogen (e.g. nitric 

oxide), have also been implicated in the pathogenesis of a variety of chronic and 

autoimmune diseases including IBD [36]. Our future studies will include assessment of 

FOLH1/GCPII expression on the intestinal and colorectal macrophages and examination of 

the downstream effects of FOLH1/GCPII inhibition on macrophage-mediated release of 

inflammatory cytokines in various pre-clinical models of IBD.

The mechanism by which local inhibition of FOLH1/GCPII leads to amelioration of IBD 

symptoms may involve one or more of its known substrates. One important substrate, N-

acetyl-aspartyl glutamate (NAAG), is one of the most-prevalent peptides found in nervous 

tissues and is involved in NDMA and metabotropic glutamate receptor (mGluR) mediated 

glutamatergic transmission [37–40]. In the brain and peripheral nervous system, the enzyme 

GCPII cleaves NAAG to liberate glutamate. Studies have shown that increased glutamate 

levels are responsible for increased production of inflammatory cytokines in activated T 

cells in autoimmune diseases [41]. 2-PMPA treatment dampened the function of CD4+ T 

cells (such as TH1 and TH17), suppressed mGluR1 expression in both periphery and CNS, 

and reduced the number of mGluR1-positive CD4+ T cells in experimental autoimmune 

encephalomyelitis [42]. It has been reported that NAAG receptors can be found in the GI 

tract, though the roles of NAAG or glutamate in the GI tract are not well characterized [43]. 

However, like other autoimmune disorders, CD4+ T cells (such as TH1, TH2 and TH17) and 

their production of inflammatory cytokines have a predominant role in the pathogenesis of 
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IBD in human and animal models [3,44]. A second substrate, folate poly-γ-glutamate, is 

cleaved to liberate folic acid in the GI tract [45]. Increased FOLH1/GCPII activity in IBD 

could lead to increased folic acid levels in the gut that may augment nucleotide biosynthesis 

and proliferation of inflammatory cells. Similar to anti-folate drugs that are used for the 

treatment of IBD, such as methotrexate [46], 2-PMPA may reduce folic acid levels via 

inhibition of FOLH1/GCPII activity in the GI tract. There may also be some anti-angiogenic 

effect of FOLH1/GCPII activity in IBD [47].

In summary, we have built upon prior work demonstrating the potential for FOLH1/GCPII 

inhibition as a novel treatment strategy for IBD. Specifically, we demonstrated that daily 

local hypotonic enema administration of a potent inhibitor of FOLH1/GCPII enzymatic 

activity (2-PMPA) ameliorated symptoms of TNBS-induced colitis. Similar to what was 

observed in human tissue biopsies from IBD patients, FOLH1/GCPII activity was increased 

in colorectal tissue from mice with TNBS-induced colitis, and the activity was potently 

inhibited by 2-PMPA. We are currently working to identify relevant substrates and receptors 

affected by FOLH1/GCPII inhibition in the GI tract, as well as test local inhibition by oral 

administration. Our findings have important implications toward the development of IBD 

therapies with a novel mechanism of action.
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Fig. 1. 
(A) FOLH1/GCPII activity was significantly elevated in colon tissue obtained from mice 

with TNBS-induced colitis compared to healthy mice (n = 4 mice per group). (B) FOLH1/

GCPII activity in colon tissue (n ≥ 8 colon tissues per group) obtained from mice with 

TNBS-induced colitis was significantly inhibited (>90% inhibition) after ex vivo treatment 

with 1 μM 2-PMPA. *p < 0.05, ***p < 0.0001).
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Fig. 2. 
(A) Effect of tonicity of 2-PMPA enema on absorption of 2-PMPA in colon tissue of mice 

with TNBS-induced colitis (n = 13 mice per group). 30 min after enema administration, the 

hypotonic vehicle provided a 1.6-fold increase in colorectal tissue 2-PMPA levels compared 

to the isotonic vehicle, though the difference was not statistically significant. (B) Local 

tissue and systemic absorption of 2-PMPA upon rectal administration of hypotonic 2-PMPA 

enema (n = 3 mice per time point). 2-PMPA showed prolonged tissue exposure for at least 

24 h, whereas systemic exposure was low. 2-PMPA was rapidly cleared from the systemic 

circulation.
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Fig. 3. 
(A) Mice treated with hypotonic 2-PMPA enema (n = 12 mice) showed a significant 

recovery in body weight compared to PBS treated controls (Untreated; n = 15 mice) even 

after a single dose of 2-PMPA. Mice continued to make significant weight gains over the 

following treatments. Mice treated with 2-PMPA also had significantly reduced (B) colon 

weight and (C) colon/body weight ratio compared to saline enema treated control mice *p < 

0.05, **p < 0.01.
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Fig. 4. 
(A) In contrast to the colons of mice treated with hypotonic 2-PMPA enema, colons of saline 

treated control mice had extensive hyperplasia and contained malformed stools. H&E 

stained colon sections at lower (magnification: 4×; scale bar = 200 μm) and higher 

(magnification: 20×; scale bar = 100 μm) magnification, further revealed local alterations of 

cellular structure, neutrophil infiltration, and tissue hyperplasia in untreated control mice. 

(B) Quantitative histopathological scoring (n = 7 mice per group) based on tissue 

hyperplasia, destruction of cellular architecture, neutrophil infiltration and inflammation also 

showed a significant reduction in disease with hypotonic 2-PMPA enema treatment 

compared to untreated mice. *p < 0.05.
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