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Abstract

The intestinal epithelium provides a critical barrier that separates the gut microbiota from host 

tissues. Non-steroidal anti-inflammatory drugs (NSAIDs) are efficacious analgesics and 

antipyretics, and are among the most frequently used drugs worldwide. In addition to gastric 

damage, NSAIDs are toxic to the intestinal epithelium, causing erosions, perforations and 

longitudinal ulcers in the gut. Here we use a unique in vitro human primary small intestinal cell 
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monolayer system to pinpoint the intestinal consequences of NSAID treatment. We found that 

physiologically relevant doses of the NSAID diclofenac (DCF) are cytotoxic because they 

uncouple mitochondrial oxidative phosphorylation and generate reactive oxygen species. We also 

find that DCF induces intestinal barrier permeability, facilitating the translocation of compounds 

from the luminal to the basolateral side of the intestinal epithelium. The results we outline here 

establish the utility of this novel platform, representative of the human small intestinal epithelium 

to understand NSAID toxicity, which can be applied to study multiple aspects of gut barrier 

function including defense against infectious pathogens and host-microbiota interactions.
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Non-steroidal anti-inflammatory drugs (NSAIDs) are among the most commonly used 

medications in the world, consumed daily by over 30 million adults worldwide. In the 

United States alone, nearly a quarter of adults take a dose of prescription or over the counter 

NSAIDs each day1. NSAIDs effectively manage inflammation and pain caused by a range of 

etiologies, from arthritis and cancer to sports-related injuries. NSAIDs are inhibitors of the 

cyclooxygenase (COX) enzymes (COX-1 and 2), which synthesize prostaglandins (PGs) that 

are critical mediators of inflammation, potent vasodilators, and inhibitors of platelet 

aggregation. The widespread use of NSAIDs comes with a downside, however – NSAIDs 

damage both the gastric and intestinal mucosa and are associated with a range of 

gastrointestinal (GI) complications. The elderly and chronic NSAID users, such as those 

afflicted with rheumatoid or osteoarthritis, are particularly affected by NSAID-associated 

side effects. NSAID usage is expected to continue rising to mitigate aging-related 

degenerative and inflammatory conditions; concurrently, the preponderance of NSAID-

associated side effects is also expected to increase2. NSAIDs can cause relatively benign, 

nuisance-type symptoms such as heartburn, nausea, dyspepsia and abdominal pain2. 

However, in as many as 80% of NSAID users, acute hemorrhages and mucosal erosions are 

detected in the gastroduodenal mucosa upon endoscopic examination3; a subset of these can 

lead to serious complications such as bleeding and perforation, erosions, ulcers, strictures, 

perforation and bowel obstruction3. Chronic NSAID usage can cause colitis, and exacerbate 

preexisting conditions such as inflammatory bowel disease (IBD), irritable bowel syndrome 
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(IBS), and diverticular disease4. Long-term users suffer from diminished absorptive capacity 

and increased intestinal permeability.5

The bulk of clinical studies have focused on the pathophysiology of upper GI tract damage 

inflicted by NSAIDs, likely due to self-reporting, and the relative ease with which damage 

may be clinically confirmed in this accessible location. It is clear that NSAIDs can also 

inflict damage elsewhere in the GI tract, particularly in the small intestine. In 1979, it was 

reported that erythrocyte extrusion and focal erosion of jejunal villi occurs within five 

minutes of treatment with aspirin in healthy volunteers3, 6. Enterohepatic circulation, 

microvascular events and disruption of cellular oxidative processes have all been implicated 

in the pathophysiology of NSAIDs. It has also been shown that NSAID-induced lesions are 

diminished by antibiotic treatment7–8, and germ-free animals are resistant to indomethacin-

induced intestinal damage9. These results implicate a role for the intestinal microbiota 

and/or microbial metabolites in mediating NSAID GI toxicity6, 10. Indeed, we have 

previously reported that inhibiting gut microbial β-glucuronidase enzymes reduces 

reactivation of NSAID-glucuronide metabolites by microbiome-encoded β-glucuronidases, 

thus reducing small intestinal ulceration resulting from acute treatment with diclofenac, 

indomethacin and ketoprofen11–12. Together, these observations indicate that NSAID-

induced damage results from a range of factors.

Despite the overwhelming evidence that NSAIDs can damage the GI tract, prostaglandins, 

the prostaglandin (PG) products of COX enzymes are important for repairing the intestinal 

epithelium. The prostaglandin PGE2 is crucial for regenerating and promoting survival of 

small intestinal crypts following intestinal injury resulting from radiation or the dextran 

sodium sulfate-induced colitis model13–14. Additionally, without PGE2, Rag2−/− knockout 

mice lacking immunomodulatory TRegs develop severe colitis15. Thus, NSAID-mediated 

inhibition of prostaglandin secretion can have multifactorial effects on intestinal 

homeostasis.

The small intestine is the primary site of digestion, nutrient absorption and secretion of 

digestive enzymes; it is also critical for the metabolism and absorption of pharmacopeia, 

particularly those that are orally administered. Diverse differentiated cells including 

enterocytes, Paneth, goblet, enterochromaffin and tuft cells, as well as undifferentiated 

transit amplifying cells and stem cells reside along a crypt and villus axis; stem cells are 

located at the base of crypts and proliferating cells differentiate along the crypt-villus axis. 

Gradients of growth factors, morphogens and microbial metabolites govern the patterning 

and polarity of intestinal cells, fluctuations of which can impact the health and disease states 

of the small intestine. The polarized, absorptive enterocytes maintain a tight barrier against 

the intestinal lumen, protecting the periphery from invading pathogens and toxic substances. 

Loss of barrier integrity can lead to activated immune signaling and intestinal inflammation, 

which can further affect the intestinal barrier, and facilitate the progression of various 

systemic pathologies; this syndrome is colloquially referred to as “leaky gut”16. 

Compromised intestinal integrity can facilitate the translocation of immunostimulatory 

microbial products that can cause chronic systemic inflammation in individuals infected 

with the Human Immunodeficiency Virus (HIV), resulting in the progression to AIDS. 

Moreover, disruptions in intestinal integrity can lead to dysbiosis, an alteration in the 
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composition of intestinal commensal microbes observed in AIDS17, respiratory diseases18, 

irritable bowel disease19, cancer20 etc. Moreover, dysbiosis affects the immune system in 

myriad ways21 that can further amplify the sequelae of a number of diseases.

NSAID toxicity has been previously modeled in vitro using transformed cell lines22. 

However, the normal intestine clearly differs from cancer cell lines. In fact, drug 

permeability and transport are miscorrelated between the widely used Caco2 colon 

carcinoma cell lines and the human intestine23. The in vitro growth of primary, small-

intestinal epithelial cells as enteroids with a luminal compartment surrounded by a cell 

monolayer has transformed the field of intestinal biology24–26. These multicellular structures 

possess all cell lineages found in vivo including stem cells. Despite their advantages, these 

enclosed structures pose significant limitations. The enteroid luminal surface is not 

accessible to added drugs or toxins, making assay of the cellular response to luminal 

chemical exposure (as occurs in vivo) challenging. Enteroids are formed within a thick 

hydrogel so that measuring molecular transport across the cell monolayer is difficult. Human 

non-transformed27 and primary28 monolayer intestinal epithelial cells have been cultured on 

stiff surfaces such as a Transwell membrane. However, these systems demonstrate a limited 

subset of cells present in the intestinal epithelium due to the nonphysiologic substrate. 

Recently, we demonstrated a self-renewing monolayer derived from primary human small 

intestine comprised of both differentiated and undifferentiated cells on a collagen-based 

scaffolding29. Cells within the monolayer replicated key features of the in vivo small 

intestine including appropriate basal to luminal cell polarity and differentiation into goblet 

cells and enterocytes. More importantly, the system possessed an open and accessible 

monolayer surface permitting luminal chemical exposure followed by facile assay of cell 

response. The permeable hydrogel supporting the monolayer coupled to exchangeable 

luminal and basal fluid reservoirs enabled measurement of molecular transport across the 

monolayer. This primary, epithelial monolayer is an excellent model system for 

understanding the impact of drugs such as NSAIDs on the human small intestine.

RESULTS AND DISCUSSION

We recently developed a self-renewing, in vitro human small intestinal monolayer cultured 

on a collagen scaffold which provided the necessary biophysical and biochemical cues to 

support both stem/proliferative and differentiated cells29. The porous scaffold was formed 

within a modified Transwell apparatus so that growth factors and other reagents could be 

applied to either the luminal or basal cell surfaces (FIG 1A). The accessible luminal and 

basal reservoirs above and below the scaffold permit sampling of these fluids. The cells 

within the monolayer display the appropriate markers, with intense actin staining the apex of 

the epithelial cells, corresponding to the absorptive microvilli that are adjacent to the 

intestinal lumen (FIG 1B). The basolateral side of the epithelial cells was marked by Integrin 

β4 staining, an adhesion protein by which epithelial cells attach to and interact with the 

underlying extracellular matrix (FIG 1B). The intestinal epithelium forms a protective 

barrier against damaging agents and pathogenic microbes by forming tight intercellular 

junctions that are reinforced by E-cadherin proteins. The typical flagstone E-cadherin 

staining pattern (FIG 1C), and the transepithelial electrical resistance (TEER) of >79 Ω cm2 

confirms that our HSI monolayers exclude the movement of molecules from the luminal to 
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the basolateral compartments. Finally, this human small intestine model cultured in the 

presence of Wnt3A, Noggin and R-spondin1 is composed primarily of proliferative cells, as 

evidenced by the high degree of incorporation of 5-ethynyl-2-deoxyuridine (EdU) over the 

course of 24 hours (FIG 1D). Thus, our system contains fully polarized monolayers largely 

comprised of proliferating cells, with the necessary integrity for drug toxicity and 

permeability studies. While the present study lacks immune cells, this platform is amenable 

to the incorporation of various lineages of immune cells, which will facilitate the 

investigation of cytokine function and inflammation, further improving the utility of this 

platform.

We sought to employ this small intestine culture monolayer to study the sequelae of NSAID 

treatment using diclofenac, a widely prescribed analgesic for both human and veterinary use. 

Diclofenac (2-(2,6-dichloroanilino) phenylacetic acid (DCF) has an approximately 10-fold 

higher preference for the COX-2 isoenzyme versus COX-1, and is primarily ingested orally, 

although it may also be administered via topical, intravenous, intramuscular and intrarectal 

routes. While DCF is better tolerated than non-selective NSAIDs such as indomethacin, it is 

still associated with a variety of toxic small intestinal side effects30–31. A typical therapeutic 

dose of DCF (50 mg orally) translates into local concentrations between 300–1600 μM of 

DCF within the intestinal lumen (assuming an intestinal fluid volume of between 0.1–0.5 

L)32. Therefore, we employed a range of DCF between 500 μM and 1000 μM to recapitulate 

an intraluminal physiologically relevant concentration. Initial studies included a lower 

concentration of 250 μM DCF, which was found to not be cytotoxic (data not shown).

Diclofenac, like many other non-selective NSAIDs, is amphipathic, containing lipophilic 

and charged moieties, and is capable of donating a proton. These properties allow it to 

interact with a variety of biological membranes. It has been proposed that DCF and other 

NSAIDs inflict mitochondrial damage by uncoupling oxidative phosphorylation, increasing 

reactive oxygen species (ROS), diminishing ATP production, and thus reducing cell 

viability33–34. Thus, we used Mitotracker Red CMH2-XRos (abbreviated as CMH2-XRos) to 

assess the impact of DCF on mitochondrial potential. CMH2-XRos is non-fluorescent until it 

is oxidized in respiring cells, whereupon it accumulates in the mitochondrial matrix. CMH2-

XRos fluorescence intensity is directly correlated with cell health, with increased 

fluorescence observed in actively respiring cells35. We found that DCF sharply reduces the 

fluorescence intensity of CMH2-XRos in a dose-dependent manner (FIG 2A, FIG 2B). 

These results suggest that the amphipathic properties of DCF can decouple oxidative 

phosphorylation, leading to decreased mitochondrial function. Moreover, DCF exerted a 

dose-dependent cytotoxic effect in our human small intestinal cell monolayer culture system 

(HSI) within a 24-hour treatment period, as determined using endpoint CellTox Green 

cytotoxicity reagent (FIG 2C).

The mitochondria of most mammalian cells produce ROS such as O2
•−, H2O2, and −•OH, 

which can be important for intracellular redox signaling, but more often result in oxidative 

stress, damage to cellular macromolecules, depletion of antioxidants, and a range of 

pathologies. The presence of mitochondrial superoxide dismutase underscores the 

importance of the superoxide (O2
•−) anion among other ROS species. In mitochondria with 

an appropriate mitochondrial transmembrane potential and proton motive force, electron 
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transport chain shuttles electrons along a series of complexes (I–IV), coupling electron 

transport with proton transport from the mitochondrial matrix into the intermembrane space. 

O2
•− is produced by one-electron reduction of the terminal electron acceptor O2. As 

described above, DCF-mediated uncoupling of the electron transport chain causes an 

accumulation of electrons in the matrix, leading to an increase in O2
•−, and subsequent 

mitochondrial and cellular injury36. We found that 24h DCF treatment induces high levels of 

O2
•− in a dose-dependent manner, as evident from the fluorescent sensor MitoSOX Red (FIG 

2D).

To determine whether cell proliferation was influenced by DCF, we incubated HSI in media 

containing EdU, either 500 or 1000 μM DCF, or vehicle control. At the end of 24h, cells 

were stained, mounted on slides and images were acquired and quantified using Definiens 
software37–38(FIG 3A). We quantified cell density as number of nuclei per mm2, the 

absolute number of intact nuclei, and the EdU fluorescent intensity of Hoechst positive cells, 

indicative of proliferative (stem/progenitor) cells. Integrating the weighted EdU+ fluorescent 

intensity with the corresponding number of cells led to the generation of the histological 

score, a parameter that reflects the total proliferative subset of a given sample. We found that 

within 24h, DCF reduced the total number of cells in a dose dependent manner (FIG 3A). 

Both cell cell density (FIG 3B) and absolute cell number (FIG 3C) were diminished, albeit 

not significantly, upon DCF treatment. Additionally, DCF diminished replicative potential, 

as seen by the reduced number of EdU+, Hoechst+ double positive cells (FIG 3D). Overall, 

DCF acutely reduced the histological score of HSI within 24h (FIG 3E). Similar results were 

seen after a 48h treatment (SUPP FIG 1), with a larger magnitude of effect.

Tight junctions and low permeability are hallmarks of our HSI monolayer system. The 

diffusion of Lucifer Yellow (LY), an aqueous, fluorescent dye from the luminal to the 

basolateral compartments is a surrogate marker for assaying barrier permeability39. The 

optimal permeability for a DCF toxicity assay was investigated by measuring the 

relationship of TEER and LY leakage in a series of monolayers. Monolayers with TEER < 

42 Ω cm2 showed an LY apparent permeability (Papp) of 7.36 ± 5.1 cm s−1 (n=4), while 

monolayers with TEER > 79 Ω cm2 showed a Papp of LY 2.35 ± 1.05 cm s−1 (n=3). 

Although the monolayers show moderate TEER values, LY permeability measurements 

indicate that the monolayers were not leaky and were below the permeability cutoff of 5 

x10−7 cm s−1 used by others for drug transport/absorption assays40. Further, the previously 

reported TEER of rat ileum of 35 ± 4.9 Ω cm2 and rat colon of 100 ± 26 Ω cm2 is similar to 

that measured in our primary cell culture system41–42. Caco-2, a colonic carcinoma cell line, 

is well known to have higher TEER values (400–600 Ω cm2) relative to primary cells of the 

small intestine41–42. After measuring TEER, we incubated confluent HSI monolayers with 

increasing concentrations of DCF with 500 μM LY placed in the luminal compartment 

(outlined in FIG 4A). The TEER difference over time is presented as percent change 

(ΔTEER%) from initial TEER, thus each monolayer was normalized to its initial TEER, 

which is set to 100% (see Methods for details).. There was a significant decrease in ΔTEER

% when monolayers were treated with 1000 or 2000 μM DCF for 24 h compared to control 

(p<0.02) (FIG 4B), whereas 200 or 500 μM DCF did not appreciably alter the TEER 

compared to control (p>0.6). LY apparent permeability (Papp) in monolayers that were 

untreated or treated with 200 μM DCF for 24 h, was 2.8 ± 1.16 (x 10−7) cm s−1 and 2.28 
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± 2.56 (x 10−7) cm s−1 respectively. That is, Papp of these two conditions is lower than 5 x 

10−7 cm s−1, the common upper bound of Papp considered to be a non-compromised 

monolayer40, confirming that the barrier is intact in these conditions. However, for 

monolayers treated with DCF 1000 μM or 2000 μM for 24 h, the average LY Papp is 

significantly higher than 5 x 10−7 cm s−1 (Papp, 1000 μM = 10. 84 ± 6.38 (x 10−7) cm s−1, 

Papp, 2000 μM =18.66 ± 4.63 (x 10−7) cm s−1). The ΔTEER % reduction was accompanied by 

increased Papp of LY for monolayers incubated with DCF at >1000 μM for 24 h (FIG 4C) 

confirming the disruption of tight junctions in the monolayers. The barrier integrity of the 

monolayers was also evaluated at 3h by measuring LY permeability; the average LY Papp of 

2000 μM DCF-treated samples (Papp 2000 μM = 4. 70 ± 2.78 (x 10−7) cm s−1) was quite close 

to the permeability for a compromised monolayer. Thus at 2000 μM, DCF could disrupt cell-

cell interactions in as little as 3h.

Lipopolysaccharide (LPS) is an integral outer-membrane component of Gram-negative 

bacteria. LPS elicits the secretion of pro-inflammatory cytokines and signaling molecules 

such as nitric oxide and eicosanoids, which collectively mount a robust inflammatory 

response against suspected bacterial invaders. In humans, endotoxin levels range between 

50–150 endotoxin units (EU) per gram of feces, resulting from the normal turnover of 

microbiota the intestinal lumen43. We repeated the translocation studies described above 

using LPS instead of Lucifer Yellow (FIG 4D). Consistent with previous reports44, LPS 

alone did not diminish TEER, indicating that in the absence of a secondary damaging agent 

the intestinal epithelium maintains an intact barrier against LPS translocation in our model. 

However, DCF addition significantly reduced TEER in both LPS-treated and LPS-free HSI 

monolayers (p = 0.001). Further, staining LPS-treated monolayers with F-actin and E-

cadherin shows maintenance of the flagstone pattern characteristic of non-treated 

monolayers, confirming that LPS alone does not disrupt barrier integrity of the intestinal 

epithelium (FIG 4E). DCF disrupts this regular staining both with and without LPS 

treatment, suggestive of increased barrier permeability (FIG 4E).

In summary, using a novel primary human small intestine monolayer system, we have 

demonstrated that the amphipathic NSAID diclofenac disrupts mitochondrial potential, and 

exerts oxidative stress by generation of the ROS species O2
•−. The cumulative effect of 

NSAIDs results in cytotoxicity, and reduction in the proliferative potential of intestinal 

epithelial cells. Moreover, DCF causes intestinal barrier permeability, as evidenced from 

diffusion of LY from the luminal to the basolateral compartment. DCF also disrupts the tight 

junctions that are necessary for excluding LPS and other pathogenic molecules from 

systemic circulation. Thus, our HSI monolayer system provides a useful platform with 

which to study intestinal permeability and cytotoxicity resulting from a variety of 

xenobiotics, and to examine the role the intestinal microbiota play in these processes.

METHODS

Detailed lists of materials used and methods are available as Supporting Information.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Overview of the two-dimensional human small intestine (HSI) monolayer utilized
(A) Schematic of the Transwell apparatus containing a collagen scaffold, upon which human 

small intestinal monolayers are cultured. (B) Longitudinal cross section of monolayers 

stained with F-actin and Integrin β4 to label the luminal and basolateral regions, 

respectively. (C) En face view of monolayers stained with F-actin and E-cadherin reveals 

characteristic flagstone staining pattern. Scale bar, 25 μm. (D) HSI monolayers consist 

primarily of proliferating, EdU+ cells. Colors used: EdU, red; DNA, blue.
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Figure 2. Diclofenac exerts cytotoxicity by reducing mitochondrial membranepotential and 
inducing O2

•−

(A) DCF-treated cells have reduced Mitotracker CMH2-XRos staining compared to vehicle-

treated control. Images were acquired at 20x and are representative images from three 

independent experiments. (B) Quantification of the mean fluorescence intensity of (A) 

demonstrates that DCF significantly reduces CMH2-XRos staining. (C) Compared to 

untreated control, 24h treatment with DCF exerts significant dose-dependent cytotoxicity, as 

measured by CellTox Green endpoint assay. ** p<0.01 by one-way ANOVA with Dunnett’s 

test for multiple comparisons to the control. (D) MitoSOX staining reveals high levels of 
O2

•− generated in response to DCF, within 24h. Cells are counterstained in both (A) and (D) 

with Hoechst to label nuclei, and Mitotracker Green to label mitochondria. Scale bar, 25 μm.
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Figure 3. DCF reduces the proliferation of stem/progenitor cells in HSI monolayers
(A) DCF-treated HSI monolayers have a smaller proportion of EdU+ nuclei compared to 

controls. Scale bar = 200 μm. Following 24h treatment, while (B) cellular density (number 

of cells per square millimeter) is unchanged, DCF decreases (C) the total number of nuclei 

in HSI monolayers. (D) DCF reduces EdU fluorescence intensity of HSI, and (E) reduces 

the histological score, which is described in Methods. ** p<0.01, ***p< 0.001 by one-way 

ANOVA with Dunnett’s test for multiple comparisons to the control.
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Figure 4. DCF breaches barrier integrity and causes permeability in HSI monolayers
(A) Sequence of the experimental workflow detailing points at which TEER was measured. 

(B) 1000 and 2000 μM of DCF significantly reduces ΔTEER (%) within 24h. Mean ΔTEER 

(%) of DCF-treated samples were compared to mean of vehicle-treated cells using one-way 

ANOVA with Dunnett test for multiple comparisons. *p<0.05. (C) DCF increases the Papp of 

LY through HSI within 24h, with significant differences observed for 1000 and 2000 μM 

DCF. Means of treated cells were compared to vehicle-cells using one-way ANOVA with 

Dunnet test for multiple comparisons. *p<0.05, ***p<0.001. (D) 24h treatment with LPS 

along did not significantly reduces ΔTEER (%) (p=0.266) but DCF significantly reduces 

ΔTEER%, and this reduction is also observed when LPS is also added to cells, indicating an 

overall loss of barrier integrity. Means of experimental groups were compared to each other 

using two-way ANOVA with Sidak’s correction for multiple comparisons. **p<0.01, 

***p<0.001. (E) Immunofluorescence of F-actin and E-cadherin demonstrates a loss of 

flagstone pattern staining with DCF treatment, which is also observed with LPS co-

treatment. Scale bar, 25 μm.
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