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Abstract

Non-steroidal anti-inflammatory drugs (NSAIDs) are widely used for the alleviation of pain and 

inflammation, but these drugs are also associated with a suite of negative side effects. 

Gastrointestinal (GI) toxicity is particularly concerning since it affects an estimated 70% of 

individuals taking NSAIDs routinely, and evidence suggests the majority of toxicity is occurring in 

the small intestine. Traditionally, NSAID-induced GI toxicity has been associated with 

indiscriminate inhibition of cyclooxygenase isoforms, but other mechanisms, including inhibition 

of cell migration, intestinal restitution, and wound healing, are likely to contribute to toxicity. 

Previous efforts demonstrated that treatment of cultured intestinal epithelial cells (IEC) with 

NSAIDs inhibits expression and activity of calpain proteases, but the effects of specific inhibition 

of calpain expression in vitro or the effects of NSAIDs on intestinal cell migration in vivo remain 

to be determined. Accordingly, we examined the effect of suppression of calpain protease 

expression with siRNA on cell migration in cultured IECs and evaluated the effects of NSAID 

treatment on epithelial cell migration and calpain protease expression in rat duodenum. Our results 

show that calpain siRNA inhibits protease expression and slows migration in cultured IECs. 

Additionally, NSAID treatment of rats slowed migration up the villus axis and suppressed calpain 

expression in duodenal epithelial cells. Our results are supportive of the hypothesis that 

suppression of calpain expression leading to slowing of cell migration is a potential mechanism 

through which NSAIDs cause GI toxicity.
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1. Introduction

Nonsteroidal anti-inflammatory drugs (NSAIDs) are widely used for the alleviation of pain 

and inflammation associated with injury or disease. Millions of prescriptions are written and 
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billions of tablets are sold over the counter every year (Wolfe et al. 1999) with as many as 60 

million people in the United States taking NSAIDs regularly (Dai et al. 2005). 

Unfortunately, the widespread use of NSAIDs is also associated with a suite of negative side 

effects, particularly renal, cardiac, or gastrointestinal (GI) toxicity.

NSAID-induced GI toxicity is of particular concern given the rate at which NSAID users 

suffer symptoms ranging from dyspepsia to erosion and ulceration or even death (Israel et al. 

2001; Karcher et al. 1990; Lichtenberger 2001; MacAllister et al. 1993). Estimates of the 

incidence of significant NSAID-induced GI toxicity range from 50 to 70% of chronic 

NSAID users, with the vast majority of individuals having subclinical toxicity (Bjarnason et 

al. 1993; Graham et al. 2005; Maiden et al. 2005; Park et al. 2011). Most of the clinical and 

experimental efforts have traditionally focused on ameliorating gastroduodenal damage, but 

significant toxicity also occurs in the small intestine even when common gastroduodenal 

protective measures, such as using NSAIDs selective for inhibition of isoform 2 of 

cyclooxygenase (COX), co-treatment with proton pump inhibitors (PPI), pro-NSAIDs, etc., 

are employed (Kanbayashi and Konishi 2015; McCarthy 2009; Satoh et al. 2012, 2014; 

Wallace 2013). In fact, use of some of these protective measures are associated with 

increased damage in the small intestine (Wallace 2013), and newer protective modalities, 

such as inhibitors of monoacylglycerol lipase, fatty acid amide hydrolase, and soluble 

epoxide hydrolase (Goswami et al. 2016; Kinsey et al. 2011; Sasso et al. 2015), are under 

development.

The ability of NSAIDs to attenuate inflammation has traditionally been attributed to 

inhibition of one or both of the isoforms of COX, COX 1 or COX 2 (the former being 

constitutive and the latter being inducible, particularly during inflammation; Lichtenberger 

2001; Radi 2009). COX enzymes are necessary components of the arachidonic acid 

pathway, converting arachidonic acid into prostaglandins (PG), which not only mediate 

inflammation but also are necessary for cellular homeostasis and exert a protective effect on 

the GI (Radi 2009). NSAIDs are typically characterized as either selective to one COX 

isoform or the other, or non-selective (Fendrick and Greenberg 2009), and it has traditionally 

been held that non-selective inhibition of COX enzymes is responsible for observed GI 

toxicity (Fendrick and Greenberg 2009; Lichtenberger 2001). However, as has been noted 

above, toxicity as a result of NSAID treatment is observed in the small intestine even with 

the use of COX-2 selective NSAIDs (Kanbayashi and Konishi 2015; McCarthy 2009). 

Further, mice genetically engineered to silence COX 1 expression are perfectly healthy 

under normal conditions, not showing any untoward gastric toxicity (Langenbach et al. 

1995). Though inhibition of COX remains important in evaluating the toxic effects of 

NSAIDs on GI epithelia, other mechanisms have also been proposed to contribute to GI 

toxicity that may be independent of inhibition of COX activity, including altering intestinal 

microflora, decreasing apoptosis, depolarizing membrane potential, uncoupling of oxidative 

phosphorylation (mitochondrial toxicity), interfering with neutrophil recruitment, and 

inhibiting cell migration/epithelial restitution (Ashton and Hanson 2002; Freeman et al. 

2007; Mahmud et al. 1996; Pai et al. 2001; Penney et al. 1995; Raveendran et al. 2008; 

Schmassmann et al. 1995; Silver et al. 2012; Silver et al. 2010; Silver et al. 2015; 

Somasundaram et al. 2000).
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Epithelial restitution is an important repair modality in the GI tract that is wholly dependent 

on cell migration (initially) and functions to restore wounds in the epithelial barrier within 

minutes or hours of the damaging event (Dignass 2001; Sturm and Dignass 2008). In 

addition to wound healing, cell migration also permits movement of maturing cells from the 

intestinal crypts, where proliferation occurs, up the long axis of the villi to the apex to 

replace cells that have undergone apoptosis and sloughed into the lumen (Han et al. 1993; 

Onishi et al. 2007; Qi et al. 2009; Shibahara et al. 1995; Solanas and Batlle 2011; Takeuchi 

et al. 1998, 1999). Cell migration in cultured intestinal epithelial cells (IEC) is inhibited by 

treatment with NSAIDs with ulcerogenic potential through a variety of affected targets or 

pathways, including depolarizing membrane potential, inhibiting voltage-gated potassium 

channel expression, and suppressing calpain protease expression and activity (Freeman et al. 

2007; Pai et al. 2001; Penney et al. 1995; Rahgozar et al. 2001; Raveendran et al. 2008; 

Silver et al. 2012; Silver et al. 2010; Silver et al. 2015). Interestingly, in these experiments, 

an NSAID with low ulcerogenic potential, SC-560, had no inhibitory effect on IEC 

migration.

Calpains are a family of cysteine proteases that play diverse physiological roles, including in 

proliferation, signal transduction, blood clotting cascades, rearranging cytoskeletal 

components, and cell migration (Benyamin 2006; Glading et al. 2002; Gora and Latajka 

2015; Lebart and Benyamin 2006; Leloup and Wells 2011; Lokuta et al. 2003; Moretti et al. 

2014; Perrin and Huttenlocher 2002). Most relevant to the current study, previous efforts 

show that NSAID treatment inhibits calpain protease activity by suppressing total and 

plasma membrane protein expression and/or depolarizing membrane potential in cultured rat 

intestinal epithelial cells (IEC-6; Raveendran et al. 2008; Silver et al. 2010; Silver et al. 

2015). Furthermore, inhibition of calpain activity by ALLM, or calpain inhibitor II (N-

acetyl-L-leucyl-N-[(1S)-1-formyl-3-(methylthio)propyl]-L-leucinamide), results in a dose-

dependent inhibition of cell migration in rat IEC-6 cells (Silver et al. 2010). Interestingly, 

the effects of specific inhibition of expression of calpain 1 or 2 proteases (pharmacological 

interventions with NSAIDs or ALLM have wider effects than just on calpain proteases) on 

IEC migration and wound healing is yet to be determined.

Similarly, though the effects of NSAIDs on cell migration in cultured cells or in ex vivo 
epithelial layers has been examined, there is currently still a lack of information on the 

effects of NSAID treatment on migration of epithelial cells in vivo in intact small intestine. 

Accordingly, this study was designed to fill these gaps in our collective knowledge. Rates of 

cell migration in small intestine up the intestinal villi have only recently been characterized 

in the rat by pulse labeling proliferating enterocytes with bromodeoxyuridine (BrdU; Qi et 

al. 2009), and we employed this information in our experimental design. Rats were orally 

treated with indomethacin or NS-398 for 72 h. In addition, rats were also pulsed once with 

BrdU at specific time points (12, 18, or 24 h) prior to euthanasia. Analysis of sections of 

duodenum revealed slight morphometrical changes in villus structure following treatment 

with indomethacin as well as significant inhibition (20 – 25%) of cell migration up the villus 

axis following treatment with either indomethacin or NS-398. Further, samples of duodenal 

mucosa subjected to gene and protein expression analysis revealed that expression of calpain 

1 or 2 proteases is significantly reduced by NSAID treatment. Also, use of siRNA 

techniques to specifically suppress expression of calpain 1 or 2 proteases in cultured IEC-6 
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cells inhibited cell migration in a traditional scratch assay in addition to suppressing calpain 

expression. Our results show that inhibition of calpain 1 or 2 protease expression slows cell 

migration in IEC-6 cells, and that treatment with NSAIDs suppresses migration of epithelial 

cells up the villus axis in rat duodenum, an effect that is associated with reductions in the 

expression of calpain 1 and 2 proteases. Our results provide a potential mechanism through 

which this suppression of migration may occur (through inhibition of calpain protease 

expression and/or activity) which is consistent with our other results in vitro and previously 

published research on the effects of NSAIDs in cultured intestinal epithelial cells 

(Raveendran et al. 2008; Silver et al. 2010; Silver et al. 2015).

2. Materials and Methods

2.1 Reagents

Reagents necessary for these experiments were acquired from commercial sources. 

Dulbecco’s Modified Eagles Media (DMEM) and the IEC-6 cell line were purchased from 

American Type Culture Collection (ATCC, Manassas, VA, USA). Fetal bovine serum, 

gentamicin, and insulin used to supplement the DMEM as well as BOC-LM-CMAC (7-

amino-4-chloromethylcoumarin, tert-butoxycarbonyl-L-leucyl-L-methionine amide) for 

calpain activity assays were purchased from Life Technologies (Grand Island, NY, USA). 

NS-398 (N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide) and ALLM (N-acetyl-

L-leucyl-N-[(1S)-1-formyl-3-(methylthio)propyl]-L-leucinamide) were purchased from 

Cayman Chemical (Ann Arbor, MI, USA), whereas indomethacin and bromodeoxyuridine 

(BrdU) were purchased from Sigma-Aldrich (St. Louis, MO, USA).

2.2 Animal studies

Sixty 12-week old male Wistar rats (~350 g each) were kept under standard laboratory 

conditions with a 12 hour light/dark cycle and free access to food and water. Rats were 

randomly divided into three treatment groups (control, indomethacin, or NS-398) and then 

further subdivided into groups of 5 individuals each per treatment group per time point. 

Indomethacin and NS-398 were dissolved in dimethyl sulfoxide (DMSO), which was then 

diluted in saline to the appropriate concentration prior to use. Rats were weighed treated 

with vehicle control (DMSO in saline) or 10 mg/kg indomethacin or NS-398 by gavage once 

daily for 72 h. At specific time intervals prior to euthanasia (6, 12, 18, or 24), rats were 

given an intraperitoneal injection of BrdU (50 mg/kg) in saline as has previously been 

described and employed for measuring migration of enterocytes (Qi et al. 2009). Rats were 

euthanized by asphyxiation with CO2 and small intestinal tissue samples were taken from 

duodenum. These experiments were performed in accordance with and with approval from 

the Institutional Animal Care and Use Committee at Kansas State University.

2.3 Histopathology and Histomorphometry

Whole round sections of small intestine were collected from duodenum and fixed in 10% 

formalin. Additionally, sections of duodenum were also removed from rats, sliced open with 

surgical scissors, stapled to a rigid support, and fixed in 10% formalin. These samples were 

transferred to the Kansas State University Veterinary Diagnostic Laboratory (KSVDL) for 

routine histological processing and paraffin embedding. Deparaffinized sections were 
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stained with haematoxylin and eosin. Immunohistochemical staining was performed on 

formalin fixed paraffin-embedded tissues that were sectioned at 4 μm thickness onto 

positively charged slides. Slides were stained using the Leica Bond-Max autostainer (Leica 

Biosystems, Buffalo Grove, IL) with the Polymer Refine Detection kit (Leica Biosystems). 

The anti-BrdU primary antibody was diluted with Bond Primary Antibody Diluent (tris-

buffered saline) to 1:100. Epitope retrieval was done with a proteinase K enzyme digestion 

at 37°C for 10 minutes. Tissue sections were incubated with the primary antibody for 15 min 

at ambient temperature. Polymerization was performed with Powervision Poly-HRP α-

Mouse polymer (Leica Biosystems) for 25 min at ambient temperature. Visualization was 

done with DAB for the chromogen and counterstained with hematoxylin.

For measurement of crypt and villus length, 10 complete crypts or villi from at least two 

slides per animal were measured. Individual measurements from each animal were averaged 

to provide a median crypt or villus length per animal. These average crypt or villus lengths 

from 16 to 19 individual animals per NSAID treatment group were combined to generate an 

overall mean length of crypts and villi for each treatment. Cell migration was evaluated by 

measuring the maximum distance anti-BrdU stained cells had migrated up the crypt to villus 

axis on 10 individual villi from at least two slides per animal. The fractional migration 

distance was then calculated as the ratio of the average maximum distance cells had traveled 

up the crypt to villus axis versus the average crypt to villus length (calculated as the sum of 

the average crypt and villus lengths for each treatment group).

2.4 Gene Expression

Mucosal scrapings were taken from duodenum sections using a scalpel blade and stored in 

RNALater (Qiagen, Valencia, CA, USA) at −80 °C until time to harvest RNA. RNA was 

isolated (five rats per treatment group) using TRIzol reagent (Life Technologies) in 

conjunction with a commercial kit (Qiagen). DNase I was used to treat samples and ensure 

that no genomic DNA was contaminating our samples. RNA samples were quantified on a 

Nanodrop Spetrophotometer (Fisher Scientific, Pittsburgh, PA, USA) and subject to one step 

quantitative RT-PCR on a StepOne Plus real-time PCR system (Fisher Scientific) using 

SYBR green as the reporter dye (Superscript III Platinum Taq one-step qRT-PCR kit, Fisher 

Scientific). Gene specific primers for calpain 1 and 2 (used previously; Raveendran et al. 

2008), 18S, and GAPDH were as follows: calpain 1 forward 5′-tatcctccaccgagtggttc-3′ and 

reverse 5′-tccttggtgggtagcaaatc-3′; calpain 2 forward 5′-tgccccagctggaacacg-3′ and reverse 

5′-caggtgagggtgtccgg-3′; 18S forward 5′-tcgctccaccaactaagaac-3′ and reverse 5′-

gaggttcgaagacgatcaga-3′; and GAPDH forward 5′-gacatgccgcctggagaaac-3′; and reverse 

5′-agcccaggatgccctttagt-3′. Thermal cycling conditions were: 50 °C for 30 min, 95 °C for 

15 min, followed by 40 cycles of 95 °C for 30 s, 60 °C for 30 s, and 78 °C for 30 s, with 

fluorescence recorded during the 78 °C step. Relative expression of calpain 1 or 2 mRNA 

was then calculated using the ΔΔCt method (Livak and Schmittgen 2001) using 18S and 

GAPDH as controls. Amplification efficiencies were calculated for all primer pairs using 

serial dilutions of template and found to be similar (~95%). The geometric mean of the 

resulting relative fold changes in expression versus 18S and GAPDH were then calculated 

and presented as the fold change in expression for calpain 1 or 2. Products from each primer 

pair were examined after separation on an agarose gel and sequenced to confirm the 

Silver et al. Page 5

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



presence of a single PCR product of the correct size and sequence. qRT-PCR experiments 

were performed using four to five biological replicates (rats) per treatment and two technical 

replicates per sample.

2.5 Protein Expression

Mucosal scrapings from rat duodenum were collected and stored at −80 °C until isolation of 

whole cell lysates. At harvest time, scrapings were immersed in cold commercial lysis buffer 

containing protease inhibitors (RIPA lysis buffer, Santa Cruz Biotechnology, Santa Cruz, 

CA, USA) and sonicated. Lysate concentrations were assayed by measuring absorbance at 

562 nm using a standard BCA assay (Thermo Scientific). SDS acrylamide gels were used to 

separate lysates and subsequently transferred onto nitrocellulose membranes (Bio-Rad, 

Hercules, CA, USA). Prior to probing with calpain 1 or 2-specific antibodies, membranes 

were blocked with 5% non-fat dry milk in Tris-buffered saline (Bio-Rad) supplemented with 

0.1% Tween-20 (Sigma-Aldrich). Primary antibodies directed to calpain 1 and 2 (1:1000, 

Abcam, Cambridge, MA, USA) and actin (1:2000, Sigma-Aldrich) as well as secondary 

antibodies conjugated to horse radish peroxidase (Santa Cruz Biotechnology) were obtained 

commercially. Enhanced chemiluminescence (SuperSignal West Femto Maximum 

Sensitivity Substrate, Thermo Scientific) was used to detect protein-specific 

immunocomplexes, and equal loading was evaluated by stripping and re-probing membranes 

with anti-actin antibody. Bands underwent densitometry analysis using imaging software 

(AlphaEaseFc, AlphaInnotech, San Leandro, CA), and calpain 1 or 2 expression was first 

normalized to actin, and then compared to control. The calpain 1 antibody specifically 

detects 2 bands for calpain 1 at 60 and 80 kDa (both are shown in the calpain 1 protein 

expression figures). The 80 kDa band is the complete, functional calpain 1 protein and was 

used to quantify calpain 1 protein expression for comparison between treatments, whereas 

the 60 kDa band represents a partially cleaved calpain 1 protein. Immunoblotting 

experiments were replicated at least four times, and summary results of densitometry 

measurements in immunoblotting experiments represent analysis of lysates from four to 

seven individuals.

2.6 Cell culture and siRNA experiments

A crypt-like intestinal cell line, IEC-6 (Quaroni et al. 1979), derived from rat duodenal 

epithelia was grown as previously described (Freeman et al. 2007; McCormack and Johnson 

2001; Raveendran et al. 2008; Silver et al. 2012; Silver et al. 2010; Silver et al. 2015) on 

culture-treated plastic in DMEM (supplemented with 5% fetal bovine serum, 10 μg/mL 

insulin, and 50 μg/mL gentamicin) at 37 °C with 5% CO2. Only passages 15–20 were used 

in these experiments.

For silencing of gene expression experiments, pools of four siRNA sequences specific to 

calpain 1 or calpain 2 as well as a pool of non-targeting sequences were purchased 

commercially (Dharmacon GE Biosciences, Lafayette, CO). IEC-6 cells (1.5 × 106 cells per 

reaction) were nucleofected with 40 pmol of siRNA using the Cell Line Nucleofector Kit V 

and program U-031 on a Nucleofector 2b Device (Lonza, Walkersville, MD) and seeded 

onto 60 mm collagen I-coated plates. In dual siRNA experiments, cells were treated with 80 

pmol (40 pmol of each of sicalpain 1 or 2 or 80 pmol of non-targeting siRNA). Control 
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experiments indicated that nucleofection efficiency was 75% at 48 h or 90% at 24 h. Cells 

were incubated for 48 h at 37 °C following nucleofection, after which migration assays were 

performed and protein expression was evaluated. Additionally, cells were monitored visually 

for signs of cell death or toxicity, and no differences were observed between treatments with 

non-targeting or calpain specific siRNAs in this regard.

2.7 Migration Assays

Migration assays were performed as previously described (Freeman et al. 2007; Raveendran 

et al. 2008; Silver et al. 2010; Silver et al. 2015). Cells were seeded onto 60 mm collagen I-

coated plates, and then treated for 48 h with indomethacin (100 μM) or 0.1% DMSO as 

vehicle control, or for 24 h with ALLM (100 μM, calpain protease inhibitor II) or 0.1% 

ethanol (EtOH) as vehicle control. These concentrations of indomethacin or NS-398 are 

consistent with previous in vitro studies examining the effects of NSAIDs on cell migration 

of cultured epithelial cells (Freeman et al. 2007; Pai et al. 2001; Raveendran et al. 2008; 

Silver et al. 2012; Silver et al. 2010; Silver et al. 2015). Additionally, 100 μM NS-398 has 

high inhibitory activity on COX 2, but little to no effect on COX 1 activity at this 

concentration (Futaki et al. 1994; Gierse et al. 1995). Cells treated with siRNA were 

incubated 48 h on 60 mm or 35 mm collagen I-coated plates prior to assay as stated above. 

Monolayers were then wounded by scraping a razor blade across the surface of the plate 

creating a scratch line and removing roughly one-quarter of the monolayer. Immediately 

after wounding, plates were photographed (time = 0 h) to ensure the quality of the scratch 

lines. Subsequently, photographs of migrating cells were also taken at 6 h post wounding. 

Photographs were then evaluated to quantify the percentage of a standardized region of 

interest (600 μm2) placed on the scratch line occupied by migrating cells. Results were then 

normalized to the appropriate control (0.1% DMSO for indomethacin, 0.1% EtOH for 

ALLM, or non-targeting siRNA for calpain siRNAs). Three separate fields were 

photographed per plate and the experiment was repeated four times.

2.8 Calpain Activity Assays

Evaluation of calpain activity was performed in live IEC-6 cells using the fluorescent 7-

amino-4-chloromethylcoumarin, tert-butoxycarbonyl-L-leucyl-L-methionine amide substrate 

(BOC-LM-CMAC; Rosser et al. 1993) as has been previously published (Glading et al. 

2000; Silver et al. 2010). Briefly, cells were cultured in optical quality, collagen-coated 35 

mm plates (Matek, Ashland, MA) for 48 h after nucleofection or for 48 h during treatment 

with NSAIDs (100 μM indomethacin or NS-398). Cells were washed twice with 1X 

phosphate buffered saline (PBS), then treated with 25 μM BOC-LM-CMAC in 1X PBS for 

20 min. Cells were then washed two more times with PBS and imaged on a Zeiss 700 

Confocal microscope (Carl Zeiss AG, Oberkochen, Germany) using the 40X objective under 

oil. The Zen software (v2.3 Black, Carl Zeiss AG) and ImageJ (National Institutes of Health) 

were used to evaluate images and process them for publication. Six to eight images were 

taken per plate and experiments were repeated three times.

2.9 Statistical Analysis

Significant differences between treatment groups were determined using a one-way analysis 

of variance (ANOVA) with a post hoc least significant difference test when there were two 
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or more treatment groups to compare to control. Alternatively, a Student’s t-test was used 

when there were only two groups to compare (e.g. 0.1% DMSO versus 100 μM 

indomethacin migration).

3. Results

3.1 Silencing of calpain expression inhibits cell migration

Monolayers of cultured IEC-6 cells were treated with non-targeting, calpain 1, or calpain 2 

siRNA for 48 h, or indomethacin (100 μM, 48 h) or ALLM (calpain inhibitor II, 100 μM, 24 

h), then wounded with a razor blade, and cell migration was measured 6 h later. Our results 

clearly show that treatment with indomethacin, ALLM, or calpain 1 or 2 siRNA are 

sufficient to significantly inhibit IEC-6 cell migration (Fig. 1). Interestingly, indomethacin 

and ALLM, non-specific inhibitors of calpain expression or activity (Raveendran et al. 2008; 

Silver et al. 2010), reduced cell migration slightly more than specifically inhibiting protein 

expression of either calpain 1 or calpain 2. Subsequent analysis of whole cell lysates from 

these migration experiments showed that siRNA silencing was specific, with siCapn1 

silencing calpain 1 protein expression by nearly 60% without affecting calpain 2 expression, 

and siCapn2 reducing calpain 2 protein expression also by 60% without affecting calpain 1 

expression (Figs. 2A and B). ALLM had no effect on calpain 1 or calpain 2 protein 

expression (data not shown).

Measurement of calpain protease activity following treatment with siRNA revealed some 

surprising results, however. Indomethacin and NS-398 both caused significant reductions in 

fluorescence associated with cleavage of the BOC-LM-CMAC substrate by calpain 

proteases (Figs. 3A–C), as has previously been shown (Silver et al. 2010). However, 

treatment with siRNA complementary to calpain 1 or 2 had no significant effect on BOC-

LM-CMAC fluorescence (Figs. 3D–F), suggesting that this method is not sensitive enough 

to detect the changes in calpain activity associated with inhibition of only 1 protease at a 

time, even though it is sufficient to disrupt cell migration.

Subsequent experimentation was performed also evaluate the effects of inhibition of both 

calpain 1 and 2, a situation more similar to treatment with NSAIDs, using siRNA. The dual 

silencing experiments resulted in 60% suppression of calpain 1 and 2 protein expression 

(data not shown), similar to the individual silencing experiments. Further, treatment with 

sicalpain 1 and 2 resulted in significant (40%) suppression of IEC-6 cell migration after 

wounding (Figs. 4A–C); nearly exactly the sum of inhibition of migration observed when 

calpain 1 and 2 were silenced individually (Figs. 1G and 4C). Interestingly though, 

suppression of calpain 1 and 2 protease expression did not significantly reduce BOC-LM-

CMAC fluorescence (Figs. 4C and E).

3.2 Pathological effects on duodenal villi

Gross examination of small intestines from rats treated with NSAIDs for 72 h revealed 

multiple erosions visible on the mucosal surface of the duodenum with indomethacin or 

NS-398 treatment that were absent in control tissues (data not shown). In addition, sections 

of duodenum obtained from these rats were examined for morphometric and pathological 
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effects resulting from NSAID treatment. This examination revealed that indomethacin, but 

not NS-398, slightly, yet significantly decreased both crypt (Figs. 5A and B) and villus 

(Figs. 6A and B) length following 72 h of treatment.

3.3 NSAIDs inhibit duodenal cell migration

During the course of NSAID treatment, rats were also given a single pulse of BrdU at 

specific time points (6, 12, 18, and 24 h) prior to euthanasia in an effort to understand the 

effects of treatment with these NSAIDs on cell migration in rat duodenum in vivo. Sections 

of duodenum from these rats were then fixed in formalin, embedded in paraffin, and later 

sectioned for immunohistochemistry (two slides per rat; three to five rats per time point per 

treatment group). Subsequent staining with an anti-BrdU antibody allowed us to compare 

the extent of migration of labeled cells as a fraction of the crypt-villus axis length as a 

function of time during treatment with either indomethacin or NS-398 (Figs. 7A and B). 

Labeling with BrdU at 6 h (data not shown) and 12 h prior to euthanasia revealed no 

significant difference in migration between control and NSAID treatment groups (Fig. 7C); 

however, at 18 and 24 h, our analysis revealed a significant reduction (20–25%) in cell 

migration in indomethacin and NS-398-treated rats (Fig. 7C).

3.4 NSAIDs suppress calpain protease expression in rat duodenum

Following measurement of migration rates of enterocytes up the villus axis, muosal 

scrapings from rat duodenum were subject to gene and protein expression analysis. NSAID 

treatment had no significant effect on gene expression of calpain 1 (Fig. 8A) or 2 (Fig. 8B), 

but indomethacin or NS-398 reduced protein expression of calpain 1 (Fig. 9A) by 30 and 

40%, repectively, and calpain 2 (Fig. 9B) by 20 and 50%, respectively.

4. Discussion

This is the first report to document inhibition of cell migration of epithelial cells from crypt 

to villus tip in intact rat duodenum by oral NSAID treatment. Previous studies have 

established that NSAIDs inhibit wound healing of chemically-induced ulcers without 

affecting cell proliferation in vivo in gastric epithelia (Penney et al. 1995; Schmassmann et 

al. 1995), though these experiments did not examine rates of cell migration. Additionally, 

other studies focused on effects of NSAIDs on cell migration in vitro, demonstrating that 

wound healing and cell migration are inhibited by NSAID treatment in cultured gastric or 

intestinal epithelial cells (Freeman et al. 2007; Giap et al. 2002; Raveendran et al. 2008; 

Silver et al. 2012; Silver et al. 2010; Silver et al. 2015). Our results extend these prior 

findings to show that cell migration is affected under normal conditions by oral NSAID 

treatment in rat duodenum (previous studies focused on gastric epithelia), an area of the 

small intestine highly sensitive to NSAID-induced toxicity. Furthermore, our results provide 

a foundation on which to evaluate the importance of inhibition of cell migration in clinical 

GI toxicity using a wider array of NSAIDs as well as examining migration in more distal 

portions of the GI tract including jejunum and ileum. Recent evidence shows that jejunum 

and ileum are far more susceptible to NSAID-induced toxicity than previously appreciated 

(Kanbayashi and Konishi 2015; McCarthy 2009; Satoh et al. 2012, 2014; Wallace 2013).
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Histological analysis of intestinal sections revealed slight, yet significant shortening of villi 

and crypts following oral treatment with indomethacin (Figs. 5 and 6). However, the 

modification of the villi and crypts was slight (shortening of crypts and villi by 9% and 13%, 

respectively), and it is unlikely that this shortening can account for the observed reduced 

rates of cell migration, particularly since the values measured for cell migration were 

expressed as a function of crypt-villus length.

In addition to revealing the effects of NSAIDs on cell migration in rat duodenum, our results 

also potentially identify a crucial mechanism through which this inhibition occurs: 

specifically inhibition of calpain 1 and 2 protein expression. Calpain 1 and 2 are the most 

well-studied calpains and are the members of this family that are consistently associated 

with cell migration (Glading et al. 2002; Leloup and Wells 2011; Perrin and Huttenlocher 

2002), yet few studies have evaluated the effects of NSAID treatment on calpain protease 

expression in the GI. These have been limited to examining calpain 9 expression in the colon 

and its relevance to the ability of NSAIDs to inhibit neoplasia (Saini and Sanyal 2014; Vaish 

and Sanyal 2012), or to various in vitro studies with cultured intestinal epithelial cells 

(Raveendran et al. 2008; Silver et al. 2010; Silver et al. 2015). In these in vitro studies, 

treatment of IEC-6 cells with indomethacin or NS-398 inhibited calpain protease expression 

and activity (Raveendran et al. 2008; Silver et al. 2010), and treatment with indomethacin, 

NS-398, or ALLM caused dose-dependent inhibition of cell migration (Raveendran et al. 

2008). Interestingly, co-treatment of IEC-6 cells with lower doses of indomethacin or 

NS-398 with ALLM had an additive effect on inhibition of cell migration following 

wounding, a result that is consistent with inhibition of calpain activity through the 

combination of reductions in calpain expression (NSAIDs) and direct suppression of calpain 

activity (ALLM; (Raveendran et al. 2008). Our results are consistent with these previous 

studies in that treatment with calpain siRNA inhibited calpain protease expression in IEC-6 

cells and that these treatments, as well as ALLM, inhibited IEC-6 cell migration. This is the 

first time, however, that NSAIDs have been shown to inhibit the expression of calpains 1 and 

2 in the small intestine.

Interestingly, the data collected on the effects of NSAIDs or calpain siRNA on calpain 

activity as measured using the BOC-LM-CMAC assay yielded some unexpected results. 

Whereas previous (Silver et al. 2010) and current experiments showed that treatment with 

indomethacin or NS-398 clearly reduced calpain activity, reductions in BOC-LM-CMAC 

fluorescence were not apparent following inhibition of the expression of either calpain 1 or 2 

or both (Figs. 1 and 4). Treatment with calpain siRNA suppressed protein expression of 

calpain 1, or 2, or both by 60% (Fig. 2) in individual or combination experiments, whereas 

previously treatment with 100 μM indomethacin or NS-398 reduced calpain 1 expression by 

30 – 40% or calpain 2 expression by 40 – 60% in IEC-6 cells (Raveendran et al. 2008; Silver 

et al. 2010). These results suggest that the BOC-LM-CMAC assay may not be sensitive 

enough to detect the changes in calpain activity that occur with the very specific inhibition 

of calpain expression with siRNA or that cleavage of BOC-LM-CMAC may be occurring 

through calpain-independent pathways. Alternatively, our data may suggest, unsurprisingly, 

that NSAIDs with ulcerogenic potential are affecting calpain activity in multiple ways 

beyond simply suppressing protein expression, and other mechanisms, such as 
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depolarization of membrane potential (Silver et al. 2015) or changes in Ca2+ utilization are 

likely involved.

Calcium utilization and intracellular calcium levels are highly relevant in our discussion 

given that calpains are Ca2+-dependent proteases. NSAID treatment has been shown to cause 

increases in intracellular Ca2+ and activation of the ER stress pathway in cultured 

hepatocytes (Fredriksson et al. 2011; Maiuri et al. 2016), and previous experiments show 

that wounding IEC-6 monolayers to stimulate migration (as in this study) results in increases 

in intracellular Ca2+ (Chung et al. 2015). Judging by the dependence of calpain activity on 

Ca2+ concentration (Franco and Huttenlocher 2005) and an expected rise in Ca2+ levels as a 

result of wounding IEC-6 monolayers, we might expect NSAID treatment of wounded 

monolayers to enhance calpain protease activity. However, we observed a significant 

reduction in cleavage of BOC-LM-CMAC as a result of treatment with indomethacin or 

NS-398 (Fig. 3A–C; Silver et al. 2010). Our findings of reduced calpain activity are 

consistent with previous reports in IEC-6 cells where treatment with indomethacin had no 

effect on intracellular Ca2+ (Yamawaki et al. 2014) and with the reduction in calpain 

protease expression (Fig. 9; Raveendran et al. 2008; Silver et al. 2010). In the future, it 

would be valuable to investigate the combined effects of NSAID treatment and wounding to 

determine the exact effects on Ca2+ availability in IEC-6 cells.

Our results are particularly relevant to present research initiatives in light of the interest in 

calpain proteases as they relate to cancer and the apparent ability of NSAIDs, specifically 

COX 2-selective NSAIDs, to inhibit development and spread of colorectal cancers (Vaish et 

al. 2013; Vaish and Sanyal 2012). Ubiquitous calpains, such as 1 and 2, regulate cell 

migration by mediating adhesion and de-adhesion steps (the two calpain isoforms are 

selectively compartmentalized), and dysregulation of the activity of these calpains can result 

in decreased apoptosis, increased proliferation, and stimulation of cell migration (reviewed 

in Leloup and Wells 2011). In contrast, NSAIDs inhibit the expression and activity of 

calpains 1 and 2, previously shown in vitro and now in vivo, and have been suggested to 

have chemopreventative effects on colorectal cancer (Bertagnolli et al. 2006; Cooper et al. 

2010; Rao and Reddy 2004; Smalley et al. 1999). Inhibition of calpain 1 and 2 expression in 

rat duodenal epithelia and cultured epithelial cells is consistent with the ability of NSAIDs 

to inhibit metastasis and invasion by colorectal cancer cells and enhances the clinical 

relevance of our results, though more research is necessary to explore the interaction 

between NSAIDs, calpains, and colorectal cancer cells.

Interestingly, our analysis revealed that whereas gene expression for calpain 1 was 

unaffected and was apparently, though not significantly, increased for calpain 2 in rat 

duodenal mucosa, protein expression was significantly reduced for both calpain 1 and 2. 

These results are not necessarily contradictory in light of the fact that there are numerous 

regulatory steps between mRNA production and protein translation, including post-

transcriptional regulation, RNA processing, alternate or differential splicing, RNA editing, 

or inclusion or exclusion of regulatory units, which can change gene or protein expression 

levels. In fact, efforts at correlating changes in gene expression identified using 

transcriptomic analyses with those observed in proteomic analyses suggest that message 

abundance for a particular gene does not necessarily predict the relative occurrence of the 
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corresponding protein (Vogel and Marcotte 2012). Our results may, in the case of calpain 2, 

reflect calls for increased mRNA production to replace lost calpain 2 protein or, in the case 

of calpain 1, temporal discrepancies between loss of protein, possibly through an increase in 

protein catabolism, and the lack of a resulting demand for more protein.

NSAIDs are a structurally diverse group of compounds that collectively can reduce pain and 

inflammation presumably through inhibition of COX enzymes. As noted above, NSAIDs are 

typically categorized as selective for one COX isoform or another or non-selective. The 

drugs and drug regimens used in this study were selected to reflect the diversity of the 

NSAID class of drugs and standard practices for the experimental use of these drugs. 

Indomethacin is a non-selective inhibitor of COX enzymes that has a high ulcerogenic 

potential and causes ulcers in drug-treated animals at the doses used in this study (Kato et al. 

2001; Peskar et al. 2001; Tavares 2000), whereas NS-398 is a COX 2-selective inhibitor 

(coxib) that does not cause ulceration in drug treated animals, but inhibits ulcer healing once 

they are induced (Brzozowski et al. 2001; Kato et al. 2001; Peskar et al. 2001; Tavares 2000; 

Tomisato et al. 2004). Animals were treated with indomethacin and NS-398 at a dose of 10 

mg/kg/day in this study, which is consistent with the experimental model of indomethacin-

induced GI damage that is commonly used (Ishida et al. 2013; Kato et al. 2009; Lim et al. 

2012; Rohde et al. 2015; Satoh and Urushidani 2016) as well as their experimental use by 

other research groups in studying the anti-nociceptive effects of NSAIDs (Brzozowski et al. 

2001; Euchenhofer et al. 1998; Lichtenberger et al. 2015; Peskar et al. 2001; Petchi et al. 

2015; Pozzoli et al. 2007). It will be interesting to evaluate the effects of a greater range of 

NSAIDs for their effects on cell migration in duodenal epithelia and in the more distant 

epithelia of the jejunum and ileum in future experiments to determine if there is a correlation 

between inhibition of calpain protease expression and inhibition of migration following 

NSAID treatment there.

As with our in vivo experiments, similar consideration was given to the selection of drug 

treatment regimens for our in vitro experiments treating IEC-6 cells with indomethacin, 

NS-398, and ALLM at concentrations of 100 μM. These concentrations of indomethacin or 

NS-398 are consistent with previous in vitro studies examining the effects of NSAIDs on 

cell migration of cultured epithelial cells (Freeman et al. 2007; Pai et al. 2001; Raveendran 

et al. 2008; Silver et al. 2012; Silver et al. 2010; Silver et al. 2015), and 100 μM NS-398 has 

little to no effect on the activity of hetrologously expressed human or isolated sheep COX-1 

enzymes (Futaki et al. 1994; Gierse et al. 1995). ALLM is an effective inhibitor of calpain 

activity and has been shown to dose-dependently inhibit IEC-6 cell migration in standard 

scratch assays (Raveendran et al. 2008).

In conclusion, our results showed for the first time that short-term oral NSAID treatment 

with indomethacin or NS-398 inhibited cell migration in duodenal epithelial cells. We also 

demonstrated that inhibition of total protein expression of calpain 1 and 2 proteins by 

NSAIDs or calpain siRNA or inhibition of calpain activity with ALLM, is sufficient for 

inhibition of cell migration in cultured epithelial cells. Additionally, inhibition of expression 

of calpain 1 and 2 proteases occurred in vivo in duodenal mucosa and may represent a 

mechanism through which NSAIDs cause GI toxicity.
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Abbreviations

NSAID nonsteroidal anti-inflammatory drug

GI gastrointestinal

COX cyclooxygenase

PPI proton pump inhibitor

PG prostaglandin

IEC intestinal epithelial cell

ALLM N-acetyl-L-leucyl-N-[(1S)-1-formyl-3-

(methylthio)propyl]-L-leucinamide

BrdU bromodeoxyuridine

DMEM Dulbecco’s Modified Eagle’s Medium

NS-398 N-[2-(cyclohexyloxy)-4-nitrophenyl]-methanesulfonamide

DMSO dimethyl sulfoxide

KSUVDL Kansas State University Veterinary Diagnostic Laboratory

EtOH ethanol

BOC-LM-CMAC 7-amino-4-chloromethylcoumarin, tert-butoxycarbonyl-L-

leucyl-L-methionine amide

References

Ashton M, Hanson PJ. Disparate effects of non-steroidal anti-inflammatory drugs on apoptosis in 
guinea pig gastric mucous cells: inhibition of basal apoptosis by diclofenac. Br J Pharmacol. 2002; 
135:407–416. [PubMed: 11815376] 

Benyamin Y. The structural basis of calpain behavior. FEBS J. 2006; 273:3413–3414. [PubMed: 
16884486] 

Bertagnolli MM, Eagle CJ, Zauber AG, Redston M, Solomon SD, Kim K, Tang J, Rosenstein RB, 
Wittes J, Corle D, Hess TM, Woloj GM, Boisserie F, Anderson WF, Viner JL, Bagheri D, Burn J, 
Chung DC, Dewar T, Foley TR, Hoffman N, Macrae F, Pruitt RE, Saltzman JR, Salzberg B, 
Sylwestrowicz T, Gordon GB, Hawk ET. Celecoxib for the prevention of sporadic colorectal 
adenomas. N Engl J Med. 2006; 355:873–884. [PubMed: 16943400] 

Silver et al. Page 13

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Bjarnason I, Hayllar J, MacPherson AJ, Russell AS. Side effects of nonsteroidal anti-inflammatory 
drugs on the small and large intestine in humans. Gastroenterology. 1993; 104:1832–1847. 
[PubMed: 8500743] 

Brzozowski T, Konturek PC, Konturek SJ, Sliwowski Z, Pajdo R, Drozdowicz D, Ptak A, Hahn EG. 
Classic NSAID and selective cyclooxygenase (COX)-1 and COX-2 inhibitors in healing of chronic 
gastric ulcers. Microsc Res Tech. 2001; 53:343–353. [PubMed: 11376495] 

Chung HK, Rathor N, Wang SR, Wang JY, Rao JN. RhoA enhances store-operated Ca2+ entry and 
intestinal epithelial restitution by interacting with TRPC1 after wounding. Am J Physiol 
Gastrointest Liver Physiol. 2015; 309:G759–767. [PubMed: 26336927] 

Cooper K, Squires H, Carroll C, Papaioannou D, Booth A, Logan RF, Maguire C, Hind D, Tappenden 
P. Chemoprevention of colorectal cancer: systematic review and economic evaluation. Health 
Technol Assess. 2010; 14:1–206.

Dai C, Stafford RS, Alexander GC. National trends in cyclooxygenase-2 inhibitor use since market 
release: nonselective diffusion of a selectively cost-effective innovation. Arch Intern Med. 2005; 
165:171–177. [PubMed: 15668363] 

Dignass AU. Mechanisms and modulation of intestinal epithelial repair. Inflamm Bowel Dis. 2001; 
7:68–77. [PubMed: 11233665] 

Euchenhofer C, Maihofner C, Brune K, Tegeder I, Geisslinger G. Differential effect of selective 
cyclooxygenase-2 (COX-2) inhibitor NS 398 and diclofenac on formalin-induced nociception in 
the rat. Neurosci Lett. 1998; 248:25–28. [PubMed: 9665655] 

Fendrick AM, Greenberg BP. A review of the benefits and risks of nonsteroidal anti-inflammatory 
drugs in the management of mild-to-moderate osteoarthritis. Osteopath Med Prim Care. 2009; 3:1–
7. [PubMed: 19126235] 

Franco SJ, Huttenlocher A. Regulating cell migration: calpains make the cut. Journal of Cell Science. 
2005; 118:3829–3838. [PubMed: 16129881] 

Fredriksson L, Herpers B, Benedetti G, Matadin Q, Puigvert JC, de Bont H, Dragovic S, Vermeulen 
NP, Commandeur JN, Danen E, de Graauw M, van de Water B. Diclofenac inhibits tumor necrosis 
factor-alpha-induced nuclear factor-kappaB activation causing synergistic hepatocyte apoptosis. 
Hepatology. 2011; 53:2027–2041. [PubMed: 21433042] 

Freeman LC, Narvaez DF, McCoy A, von Steinc FB, Young S, Silver K, Ganta S, Koch D, Hunter R, 
Gilmour RF, Lillich JD. Depolarization and decreased surface expression of K+ channels 
contribute to NSAID-inhibition of intestinal restitution. Biochem Pharmacol. 2007; 74:74–85. 
[PubMed: 17499219] 

Futaki N, Takahashi S, Yokoyama M, Arai I, Higuchi S, Otomo S. NS-398, a new anti-inflammatory 
agent, selectively inhibits prostaglandin G/H synthase/cyclooxygenase (COX-2) activity in vitro. 
Prostaglandins. 1994; 47:55–59. [PubMed: 8140262] 

Giap AQ, Tarnawski A, Hoa NT, Akotia V, Ma TY. NSAID inhibition of RGM1 gastric monolayer 
wound re-epithelialization: comparison of selective Cox-2 versus non-selective Cox inhibitors. 
Life Sci. 2002; 70:3029–3037. [PubMed: 12138016] 

Gierse JK, Hauser SD, Creely DP, Koboldt C, Rangwala SH, Isakson PC, Seibert K. Expression and 
selective inhibition of the constitutive and inducible forms of human cyclo-oxygenase. Biochem J. 
1995; 305:479–484. [PubMed: 7832763] 

Glading A, Chang P, Lauffenburger DA, Wells A. Epidermal growth factor receptor activation of 
calpain is required for fibroblast motility and occurs via an ERK/MAP kinase signaling pathway. J 
Biol Chem. 2000; 275:2390–2398. [PubMed: 10644690] 

Glading A, Lauffenburger DA, Wells A. Cutting to the chase: calpain proteases in cell motility. Trends 
Cell Biol. 2002; 12:46–54. [PubMed: 11854009] 

Gora J, Latajka R. Involvement of cysteine proteases in cancer. Curr Med Chem. 2015; 22:944–957. 
[PubMed: 25386822] 

Goswami SK, Wan D, Yang J, Trindade da Silva CA, Morisseau C, Kodani SD, Yang GY, Inceoglu B, 
Hammock BD. Anti-Ulcer Efficacy of Soluble Epoxide Hydrolase Inhibitor TPPU on Diclofenac-
Induced Intestinal Ulcers. J Pharmacol Exp Ther. 2016; 357:529–536. [PubMed: 26989141] 

Graham DY, Opekun AR, Willingham FF, Qureshi WA. Visible small-intestinal mucosal injury in 
chronic NSAID users. Clin Gastroenterol Hepatol. 2005; 3:55–59. [PubMed: 15645405] 

Silver et al. Page 14

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Han H, Iwanaga T, Fujita T. Species-differences in the process of apoptosis in epithelial cells of the 
small intestine: an ultrastructural and cytochemical study of luminal cell elements. Arch Histol 
Cytol. 1993; 56:83–90. [PubMed: 8499128] 

Ishida T, Miki I, Tanahashi T, Yagi S, Kondo Y, Inoue J, Kawauchi S, Nishiumi S, Yoshida M, Maeda 
H, Tode C, Takeuchi A, Nakayama H, Azuma T, Mizuno S. Effect of 18beta-glycyrrhetinic acid 
and hydroxypropyl gammacyclodextrin complex on indomethacin-induced small intestinal injury 
in mice. Eur J Pharmacol. 2013; 714:125–131. [PubMed: 23792039] 

Israel LH, Koea JB, Stewart ID, Wright CL, Frankish PD. Nonsteroidal anti-inflammatory drug-
induced strictures of the colon. Dise Colon Rectum. 2001; 44:1362–1364.

Kanbayashi Y, Konishi H. Predictive Factors for NSAIDs-related Gastrointestinal Toxicity: Can 
COX-2 Selective Inhibtor Prevent it? Hepatogastroenterology. 2015; 62:787–789. [PubMed: 
26902001] 

Karcher LF, Dill SG, Anderson WI, King JM. Right Dorsal Colitis. J Vet Intern Med. 1990; 4:247–
253. [PubMed: 2262926] 

Kato M, Nishida S, Kitasato H, Sakata N, Kawai S. Cyclooxygenase-1 and cyclooxygenase-2 
selectivity of non-steroidal anti-inflammatory drugs: investigation using human peripheral 
monocytes. J Pharm Pharmacol. 2001; 53:1679–1685. [PubMed: 11804398] 

Kato N, Mashita Y, Kato S, Mitsufuji S, Yoshikawa T, Takeuchi K. Sildenafil, an inhibitor of 
phosphodiesterase subtype 5, prevents indomethacin-induced small-intestinal ulceration in rats via 
a NO/cGMP-dependent mechanism. Digest Dis Sci. 2009; 54:2346–2356. [PubMed: 19101800] 

Kinsey SG, Nomura DK, O’Neal ST, Long JZ, Mahadevan A, Cravatt BF, Grider JR, Lichtman AH. 
Inhibition of monoacylglycerol lipase attenuates nonsteroidal anti-inflammatory drug-induced 
gastric hemorrhages in mice. J Pharmacol Exp Ther. 2011; 338:795–802. [PubMed: 21659471] 

Langenbach R, Morham SG, Tiano HF, Loftin CD, Ghanayem BI, Chulada PC, Mahler JF, Lee CA, 
Goulding EH, Kluckman KD, Kim HS, Smithies O. Prostaglandin synthase 1 gene disruption in 
mice reduces arachidonic acid-induced inflammation and indomethacin-induced gastric ulceration. 
Cell. 1995; 83:483–492. [PubMed: 8521478] 

Lebart MC, Benyamin Y. Calpain involvement in the remodeling of cytoskeletal anchorage complexes. 
FEBS J. 2006; 273:3415–3426. [PubMed: 16884487] 

Leloup L, Wells A. Calpains as potential anti-cancer targets. Expert Opin Ther Targets. 2011; 15:309–
323. [PubMed: 21244345] 

Lichtenberger LM. Where is the evidence that cyclooxygenase inhibition is the primary cause of 
neonsteroidal anti-inflammatory drug (NSAID)-induced gastrointestinal injury? Topical injury 
revisited. Biochem Pharmacol. 2001; 61:631–637. [PubMed: 11266647] 

Lichtenberger LM, Bhattarai D, Phan TM, Dial EJ, Uray K. Suppression of contractile activity in the 
small intestine by indomethacin and omeprazole. Am J Physiol: Gastrointest Liver Physiol. 2015; 
308:G785–G793. [PubMed: 25721304] 

Lim YJ, Phan TM, Dial EJ, Graham DY, Lichtenberger LM. In vitro and in vivo protection against 
indomethacin-induced small intestinal injury by proton pump inhibitors, acid pump antagonists, or 
indomethacin-phosphatidylcholine. Digestion. 2012; 86:171–177. [PubMed: 22907267] 

Livak KJ, Schmittgen TD. Analysis of relative gene expression data using real-time quantitative PCR 
and the 2(−Delta Delta C(T)) method. Methods. 2001; 25:402–408. [PubMed: 11846609] 

Lokuta MA, Nuzzi PA, Huttenlocher A. Calpain regulates neutrophil chemotaxis. Proc Nat Acad Sci 
USA. 2003; 100:4006–4011. [PubMed: 12649322] 

MacAllister CG, Morgan SJ, Borne AT, Pollet RA. Comparison of adverse effects of phenylbutazone, 
flunixin meglumine, and ketoprofen in horses. J Am Vet Med Assoc. 1993; 202:71–77. [PubMed: 
8420909] 

Mahmud T, Rafi SS, Scott DL, Wrigglesworth JM, Bjarnason I. Nonsteroidal antiinflammatory drugs 
and uncoupling of mitochondrial oxidative phosphorylation. Arthritis Rheum. 1996; 39:1998–
2003. [PubMed: 8961904] 

Maiden L, Thjodleifsson B, Theodors A, Gonzalez J, Bjarnason I. A quantitative analysis of NSAID-
induced small bowel pathology by capsule enteroscopy. Gastroenterology. 2005; 128:1172–1178. 
[PubMed: 15887101] 

Silver et al. Page 15

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Maiuri AR, Breier AB, Turkus JD, Ganey PE, Roth RA. Calcium Contributes to the Cytotoxic 
Interaction Between Diclofenac and Cytokines. Toxicol Sci. 2016; 149:372–384. [PubMed: 
26609140] 

McCarthy DM. GI bleeding: problems that persist. Gastrointest Endosc. 2009; 70:225–228. [PubMed: 
19631801] 

McCormack SA, Johnson LR. Polyamines and cell migration. J Physiol Pharmacol. 2001; 52:327–349. 
[PubMed: 11596855] 

Moretti D, Del Bello B, Allavena G, Maellaro E. Calpains and cancer: friends or enemies? Arch 
Biochem Biophys. 2014; 564:26–36. [PubMed: 25305531] 

Onishi S, Miyata H, Inamoto T, Qi WM, Yamamoto K, Yokoyama T, Warita K, Hoshi N, Kitagawa H. 
Immunohistochemical study on the delayed progression of epithelial apoptosis in follicle-
associated epithelium of rat Peyer’s patch. J Vet Med Sci. 2007; 69:1123–1129. [PubMed: 
18057826] 

Pai R, Szabo IL, Giap AQ, Kawanaka H, Tarnawski AS. Nonsteroidal anti-inflammatory drugs inhibit 
re-epithelialization of wounded gastric monolayers by interfering with actin, Src, FAK, and tensin 
signaling. Life Sci. 2001; 69:3055–3071. [PubMed: 11758831] 

Park SC, Chun HJ, Kang CD, Sul D. Prevention and management of non-steroidal anti-inflammatory 
drugs-induced small intestinal injury. World J Gastroenterol. 2011; 17:4647–4653. [PubMed: 
22180706] 

Penney AG, Malcontenti-Wilson C, O’Brien PE, Andrews FJ. NSAID-induced delay in gastric ulcer 
healing is not associated with decreased epithelial cell proliferation in rats. Digest Dis Sci. 1995; 
40:2684–2693. [PubMed: 8536532] 

Perrin BJ, Huttenlocher A. Calpain. Int J Biochem Cell Biol. 2002; 34:722–725. [PubMed: 11950589] 

Peskar BM, Maricic N, Gretzera B, Schuligoi R, Schmassmann A. Role of cyclooxygenase-2 in gastric 
mucosal defense. Life Sci. 2001; 69:2993–3003. [PubMed: 11758826] 

Petchi RR, Parasuraman S, Vijaya C, Gopala Krishna SV, Kumar MK. Antiarthritic activity of a 
polyherbal formulation against Freund’s complete adjuvant induced arthritis in Female Wistar rats. 
J Basic Clin Pharm. 2015; 6:77–83. [PubMed: 26229343] 

Pozzoli C, Menozzi A, Grandi D, Solenghi E, Ossiprandi MC, Zullian C, Bertini S, Cavestro GM, 
Coruzzi G. Protective effects of proton pump inhibitors against indomethacin-induced lesions in 
the rat small intestine. Naunyn Schmiedebergs Arch Pharmacol. 2007; 374:283–291. [PubMed: 
17151854] 

Qi WM, Yamamoto K, Yokoo Y, Miyata H, Inamoto T, Udayanga KGS, Kawano J, Yokoyama T, 
Hoshi N, Kitagawa H. Histoplanimetrical study on the relationship between the cell kinetics of 
villus columnar epithelial cells and the proliferation of indigenous bacteria in rat small intestine. J 
Vet Med Sci. 2009; 71:463–470. [PubMed: 19420850] 

Quaroni A, Wands J, Trelstad RL, Isselbacher KJ. Epithelioid cell cultures from rat small intestine: 
characterization by morphologic and immunologic criteria. J Cell Biol. 1979; 80:248–265. 
[PubMed: 88453] 

Radi ZA. Pathophysiology of cyclooxygenase inhibition in animal models. Toxicol Pathol. 2009; 
37:34–46. [PubMed: 19234234] 

Rahgozar M, Pazokitoroudi H, Bakhtiarian A, Djahanguiri B. Diazoxide, a KATP opener, accelerates 
restitution of ethanol or indomethacin-induced gastric ulceration in rats independent of 
polyamines. J Gastroenterol Hepatol. 2001; 16:290–296. [PubMed: 11339420] 

Rao CV, Reddy BS. NSAIDs and chemoprevention. Curr Cancer Drug Targets. 2004; 4:29–42. 
[PubMed: 14965265] 

Raveendran NN, Silver K, Freeman LC, Narvaez D, Weng K, Ganta S, Lillich JD. Drug-induced 
alterations to gene and protein expression in intestinal epithelial cell 6 cells suggest a role for 
calpains in the gastrointestinal toxicity of nonsteroidal anti-inflammatory agents. J Pharmacol Exp 
Ther. 2008; 325:389–399. [PubMed: 18281595] 

Rohde J, Pedersen HR, Bjerring PN, Larsen FS. Effects of dexamethasone and cox inhibitors on 
intracranial pressure and cerebral perfusion in the lipopolysaccharide treated rats with 
hyperammonemia. PLoS ONE. 2015; 10:e0117416. [PubMed: 25675251] 

Silver et al. Page 16

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Rosser BG, Powers SP, Gores GJ. Calpain activity increases in hepatocytes following addition of ATP: 
Demonstration by a novel fluorescent approach. J Biol Chem. 1993; 268:23593–23600. [PubMed: 
8226886] 

Saini MK, Sanyal SN. Piroxicam and c-phycocyanin prevent colon carcinogenesis by inhibition of 
membrane fluidity and canonical Wnt/beta-catenin signaling while up-regulating ligand dependent 
transcription factor PPARgamma. Biomed Pharmacother. 2014; 68:537–550. [PubMed: 24721324] 

Sasso O, Migliore M, Habrant D, Armirotti A, Albani C, Summa M, Moreno-Sanz G, Scarpelli R, 
Piomelli D. Multitarget fatty acid amide hydrolase/cyclooxygenase blockade suppresses intestinal 
inflammation and protects against nonsteroidal anti-inflammatory drug-dependent gastrointestinal 
damage. FASEB J. 2015; 29:2616–2627. [PubMed: 25757568] 

Satoh H, Amagase K, Takeuchi K. Exacerbation of nonsteroidal anti-inflammatory drug-induced small 
intestinal lesions by antisecretory drugs in rats: the role of intestinal motility. J Pharmacol Exp 
Ther. 2012; 343:270–277. [PubMed: 22854201] 

Satoh H, Amagase K, Takeuchi K. Mucosal protective agents prevent exacerbation of NSAID-induced 
small intestinal lesions caused by antisecretory drugs in rats. J Pharmacol Exp Ther. 2014; 
348:227–235. [PubMed: 24254524] 

Satoh H, Urushidani T. Soluble Dietary Fiber Can Protect the Gastrointestinal Mucosa Against 
Nonsteroidal Anti-Inflammatory Drugs in Mice. Dig Dis Sci. 2016; 61:1903–1914. [PubMed: 
26921081] 

Schmassmann A, Tarnawski AS, Peskar BM, Varga L, Flogerzi B, Halter F. Influence of acid and 
angiogenesis on kinetics of gastric ulcer healing in rats: interaction with indomethacin. Am J 
Physiol: Gastrointest Liver Physiol. 1995; 268:G276–G285.

Shibahara T, Sato N, Waguri S, Iwanaga T, Nakahara A, Fukutomi H, Uchiyama Y. The fate of effete 
epithelial cells at the villus tips of the human small intestine. Arch Histol Cytol. 1995; 58:205–
219. [PubMed: 7576872] 

Silver K, Desormaux A, Freeman LC, Lillich JD. Expression of pleiotrophin, an important regulator of 
cell migration, is inhibited in intestinal epithelial cells by treatment with non-steroidal anti-
inflammatory drugs. Growth Factors. 2012; 30:258–266. [PubMed: 22691166] 

Silver K, Leloup L, Freeman LC, Wells A, Lillich JD. Non-steroidal anti-inflammatory drugs inhibit 
calpain activity and membrane localization of calpain 2 protease. Int J Biochem Cell Biol. 2010; 
42:2030–2036. [PubMed: 20854926] 

Silver K, Littlejohn A, Thomas L, Marsh E, Lillich JD. Inhibition of Kv channel expression by 
NSAIDs depolarizes membrane potential and inhibits cell migration by disrupting calpain 
signaling. Biochem Pharmacol. 2015; 98:614–628. [PubMed: 26549367] 

Smalley W, Ray WA, Daugherty J, Griffin MR. Use of nonsteroidal anti-inflammatory drugs and 
incidence of colorectal cancer: a population-based study. Arch Intern Med. 1999; 159:161–166. 
[PubMed: 9927099] 

Solanas G, Batlle E. Control of cell adhesion and compartmentalization in the intestinal epithelium. 
Exp Cell Res. 2011; 317:2695–2701. [PubMed: 21820431] 

Somasundaram S, Sigthorsson G, Simpson RJ, Watts J, Jacob M, Tavares IA, Rafi S, Roseth A, Foster 
R, Price AB, Wrigglesworth JM, Bjarnason I. Uncoupling of intestinal mitochondrial oxidative 
phosphorylation and inhibitiion of cyclooxygenase are required for the development of NSAID-
enteropathy in the rat. Aliment Pharmacol Ther. 2000; 14:639–650. [PubMed: 10792129] 

Sturm A, Dignass AU. Epithelial restitution and wound healing in inflammatory bowel disease. World 
J Gastroenterol. 2008; 14:348–353. [PubMed: 18200658] 

Takeuchi T, Kitagawa H, Imagawa T, Uehara M. Proliferation and cellular kinetics of villous epithelial 
cells and M cells in the chicken caecum. J Anat. 1998; 193:233–239. [PubMed: 9827639] 

Takeuchi T, Kitagawa H, Imagawa T, Uehara M. Apoptosis of villous epithelial cells and follicle-
associated epithelial cells in chicken cecum. J Vet Med Sci. 1999; 61:149–154. [PubMed: 
10081753] 

Tavares IA. The effects of meloxicam, indomethacin or NS-398 on eicosanoid synthesis by fresh 
human gastric mucosa. Aliment Pharmacol Ther. 2000; 14:795–799. [PubMed: 10848664] 

Silver et al. Page 17

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Tomisato W, Tsutsumi S, Hoshino T, Hwang HJ, Mio M, Tsuchiya T, Mizushima T. Role of direct 
cytotoxic effects of NSAIDs in the induction of gastric lesions. Biochem Pharmacol. 2004; 
67:575–585. [PubMed: 15037209] 

Vaish V, Piplani H, Rana C, Vaiphei K, Sanyal SN. NSAIDs may regulate EGR-1-mediated induction 
of reactive oxygen species and non-steroidal anti-inflammatory drug-induced gene (NAG)-1 to 
initiate intrinsic pathway of apoptosis for the chemoprevention of colorectal cancer. Mol Cell 
Biochem. 2013; 378:47–64. [PubMed: 23435960] 

Vaish V, Sanyal SN. Role of Sulindac and Celecoxib in chemoprevention of colorectal cancer via 
intrinsic pathway of apoptosis: exploring NHE-1, intracellular calcium homeostasis and Calpain 9. 
Biomed Pharmacother. 2012; 66:116–130. [PubMed: 22390894] 

Vogel C, Marcotte EM. Insights into the regulation of protein abundance from proteomic and 
transcriptomic analyses. Nat Rev Genet. 2012; 13:227–232. [PubMed: 22411467] 

Wallace JL. Mechanisms, prevention and clinical implications of nonsteroidal anti-inflammatory drug-
enteropathy. World J Gastroenterol. 2013; 19:1861–1876. [PubMed: 23569332] 

Wolfe MM, Lichtenstein DR, Singh G. Gastrointestinal toxicity of nonsteroidal anti-inflammatory 
drugs. N Engl J Med. 1999; 340:1888–1899. [PubMed: 10369853] 

Yamawaki H, Mihara H, Suzuki N, Nishizono H, Uchida K, Watanabe S, Tominaga M, Sugiyama T. 
Role of transient receptor potential vanilloid 4 activation in indomethacin-induced intestinal 
damage. Am J Physiol Gastrointest Liver Physiol. 2014; 307:G33–40. [PubMed: 24789205] 

Silver et al. Page 18

Toxicology. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Highlights

• Suppression of calpain protein expression with siRNA inhibited IEC-6 cell 

migration

• NSAIDs, but not calpain siRNA, suppressed calpain activity in IEC-6 cells

• NSAIDs inhibited calpain protein expression and crypt cell migration in rat 

duodenal mucosa
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Figure 1. 
Inhibition of migration of IEC-6 cells by NSAIDs or inhibition of calpain expression or 

activity. A–F. Photographs, 6 h post-wounding, of migrating IEC-6 cells treated with control 

(A, 0.1% DMSO for 72 h), 100 μM indomethacin (72 h, B), 0.1% ethanol (EtOH for 24 h – 

not shown), or 100 μM ALLM (24 h, C), or nucleofected (48 h prior to wounding) with non-

targeting siRNA (D), calpain 1 siRNA (E), or calpain 2 siRNA (F). Photographs of cells 

treated with 0.1% EtOH are not shown since they appeared identical to cells treated with 

0.1% DMSO. G. Summary results for migration experiments showing average coverage of a 

standardized area of interest (600 μm2) covered by migrating cells for each treatment (n = 9 

per treatment). Significant differences from the appropriate control are indicated by *.
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Figure 2. 
Western blotting results for protein expression of calpain 1 (A) or 2 (B) in IEC-6 cells 

nucleofected with non-targeting siRNA or siRNA specific to calpain 1 or 2 (n = 4 per 

treatment group) for 48 h. Exemplar blots for calpain 1 (C top panel, 60 or 80 kDa bands), 

calpain 2 (D top panel, 80 kDa band), or actin (40 kDa band, used as the loading control, C 

and D bottom panel). In this experiment, blots were first probed for calpains 1 or 2, and 

subsequently stripped and reprobed for actin. Completeness of stripping was tested for by 

applying secondary antibody and checking for chemiluminesence following stripping. For 

quantification of calpain 1 protein expression, the 80 kDa band was used for all treatments 

since this is the complete, active form of calpain 1. * indicates a significant difference from 

control (p < 0.05).
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Figure 3. 
Effects of loss of calpain protease expression on calpain activity. Cells were nucleofected 

with non-targeting siRNA (A) or siRNA specific to calpain 1 (B) or calpain 2 (C) 48 h prior 

to measurement of BOC-LM-CMAC fluorescence using confocal microscopy. D. 

Measurement of BOC-LM-CMAC fluorescence in IEC-6 cells as measured on a 96-well 

plate (n = 12 for each experiment) using a fluorescence plate reader 48 h after nucleofection 

with siRNA.* indicates a significant difference in fluorescence between treatment groups.
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Figure 4. 
Effects of treatment with siRNA to both calpains 1 and 2 on IEC-6 migration and calpain 

activity. Cells were nucleofected with non-targeting siRNA (A) or calpain 1 and 2 siRNA 

(B) and photographs were taken of cell migration 6 h after wounding in a scratch assay. C. 

Summary of results showing inhibition of cell migration by nucleofection with calpain 

siRNA. The effect on calpain activity was also measured in cells previously nucleofected 

with non-targeting siRNA (D) or calpain 1 and 2 siRNA (E) using the BOC-LM-CMAC 

fluorescence assay. Significant difference from control (p < 0.05) is indicated by * 

(Student’s t-test).
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Figure 5. 
Effects of NSAID treatment on duodenal crypt length. A. Photograph of a section of 

duodenum stained with hematoxylin and eosin with an arrow showing how crypt length was 

measured. B. Average crypt length in duodenum of rats treated with indomethacin (n = 16) 

or NS-398 (n = 19) for 72 h versus control (n = 19). * indicates a significant difference from 

control (p < 0.05).
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Figure 6. 
Effects of NSAID treatment on duodenal villus length. A. Photograph of a section of 

duodenum stained with hematoxylin and eosin with an arrow demonstrating how villus 

length was measured. B. Average villus length in duodenum of rats treated with 

indomethacin (n = 16 rats) or NS-398 (n = 19 rats) for 72 h versus control (n = 19 rats). * 

indicates a significant difference from control (p < 0.05).
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Figure 7. 
Effects of NSAID treatment (72 h) on cell migration in rat duodenum. A and B. Photographs 

of sections of duodenum from rats treated with control (A) or indomethacin (B) 24 h after 

pulsing with BrdU and stained with an anti-BrdU antibody and marked with arrows showing 

how migration distance was measured. C. Average fractional migration distance of BrdU-

labeled epithelial cells as a ratio of the migration distance to the average length of the crypt 

to villus axis in the duodenum of rats treated with indomethacin or NS-398 versus control at 

12, 18, or 24 h after pulsing rats with BrdU (n = 3 – 5 rats per time point per treatment 

group). The average length of the crypt to villus axis for each treatment group was 

calculated by adding together their respective average crypt and villus lengths from Figs. 1B 

and 2B. * indicates a significant difference from control (p < 0.05).
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Figure 8. 
Results of qRT-PCR experiments showing relative fold change in gene expression of calpain 

1 (A) or 2 (B) in duodenal mucosa of rats treated with indomethacin (n = 4) or NS-398 (n = 

5) for 72 h relative to control (n = 5). Relative fold change was calculated using the ΔΔ Ct 

method (Livak and Schmittgen 2001) using GAPDH and 18S as internal controls.
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Figure 9. 
Western blotting results evaluating protein expression of calpain 1 (A) or 2 (B) in duodenal 

mucosa of rats treated with indomethacin or NS-398 for 72 h relative to control (n = 4 per 

treatment group). Left panels: summary results for calpain 1 (A) or 2 (B) expression. Right 

panels: Exemplar blots for calpain 1 (2 bands at 80 or 60 kDa) or 2 (80 kDa) as well as for 

actin (40 kDa), which was used to normalize calpain expression prior to statistical 

comparison. * indicates a significant difference from control (p < 0.05).
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