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Abstarct 

Background: Non-celiac gluten sensitivity (NCGS) 

is a syndrome that is related to the ingestion of 

gluten-containing food. In the current study we 

developed and validated a NCGS rat model. 

 

Materials and Methods: Wistar rats were divided 

into 2 groups: control group (receiving 0.02 M acetic 

acid solution) and gliadin group (receiving 1.5 mg/g 

of body weight of gliadin in acetic acid solution).  

Rats received its treatment by intra-gastric gavage on 

postnatal day 2, then three times a week for 6 weeks. 

Animals were assessed for weight changes, intestinal 

permeability, histology, inflammatory cytokines, and 

anti-gliadin antibodies (AGA).  Intestinal 

permeability was evaluated 24 h prior to sacrifice by 

administering a lactulose/mannitol solution (500/250 

mg/kg respectively), and collecting urine for 24 h. 

For histological examination, small intestines were 

collected, fixed, and stained with hematoxylin and 

eosin.   Intestinal gene expression of cytochrome 

P450 (CYP 3a62, CYP 3a9/18) and uptake 

transporters, breast cancer resistance protein 

(ABCG2), and P-glycoprotein (MDR1a) were 

evaluated using qRT-PCR. Blood was collected for 

measurement of totalanti-gliadin antibodies (AGA), 

anti-gliadin immunoglobulins A and M (AGA-IgA 

and AGA-IgM), and pro-inflammatory cytokines.  
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Results: As compared to control, the gliadin group 

had lower body weight, increased intestinal 

permeability (p<0.05); mild villous atrophy, 

increased intraepithelial lymphocytes, mild 

inflammation; increases in total AGA and AGA-IgM, 

increased gene expression of pro-inflammatory 

cytokines, IL-6, TNF-α, and IFN-γ, by 94%, 33%, 

and 46% (p < 0.05) and altered gene expressions of 

CYP450 and transporters. 

 

Conclusions: This model closely mimics the 

pathological and inflammatory characteristics of 

NCGS, and could be used to test new 

pharmacological treatments for this syndrome. 

 

Keywords: Celiac disease, non-Celiac gluten 

sensitivity, enteropathy, gluten, gliadin, animal model 

 

Introduction 

Non-celiac gluten sensitivity (NCGS) is a condition 

that results from the ingestion of gluten-containing 

foods or drinks and may affect up to 6% of the US 

population.  NCGS patients suffer from both 

intestinal (abdominal pain, diarrhea, bloating and 

flatulence) and systemic symptoms including 

joint/muscle pain, headaches, fatigue, and foggy 

brain [1, 2].  In addition, loss of body mass, nausea, 

inflammation, among other health disorders may co-

exist [5, 6]. These symptoms improve with dietary 

elimination of gluten, and then reappear upon its 

reinstatement.  Additionally, NCGS patients 

demonstrate positive immune responses to gluten and 

its peptides, such as increases in immunoglobulin A 

(IgA) and/or G (IgG), and positive anti-gliadin 

(AGA) or anti-deamidated gliadin peptide (anti-DGP) 

antibodies [3, 4].  

 

As a strategy to study the pathophysiology and 

intolerance to gluten, different experimental models 

of study have been proposed [7-11]. One of the 

strategies adopted for the study of gluten intolerance 

and structural changes in the gastrointestinal system 

has been the intragastric administration of gliadin in 

rodents [9]. However, the results are not always 

satisfactory or changes in the jejunal mucosa are not 

evident [9, 12]. In this scenario, it is observed that 

there is a need to create and validate a model of 

intestinal enteropathy to mimic the changes observed 

clinically in gluten-sensitive non-celiac patients. 

Researchs in this field will be essential and enable 

better compression of disorders linked with gluten 

hypersensitivity and its adverse health effects.  

 

Moreover, bowel disorders present in this syndrome 

may interfere with drug pharmacokinetics; this is an 

issue that needs to be addressed [13, 14]. 

Pharmacokinetics studies in NCGS and gluten-

sensitive patients may also facilitate dose adjustments 

for narrow therapeutic window drugs. Therefore, in 

the presence of gluten hypersensitivity intestinal 

enteropathy in a validated rat model of local and 

systemic inflammation, intestinal drug metabolizing 

enzymes, transporters and tight junctions are altered, 

which consequently would be expected to affect drug 

disposition. This model could help in assessing the 

pharmacokinetic parameters of certain drugs given to 

rats with gliadin-induced enteropathy compared to 

normal rats. Drugs that are substrates of intestinal 

drug metabolizing enzymes (DMEs), organic anion-

transporting polypeptide (OATP) drug transporter 

and P-glycoprotein (P-gp) could have a different 

pharmacokinetic profile than normal rats.  

 

The importance of drug disposition due to alterations 

in the enterocyte pathology aids in the determination 
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and understanding of drug-drug interactions and 

dose-responses in therapy. Thus, the purpose of the 

study was to develop and validate a rat model, which 

exhibits pathologic changes in the intestinal mucosa 

(villus atrophy and inflammation) to be able to use it 

for the evaluation of pharmacokinetics of different 

drugs. 

 

2. Material and Methods 

2.1 Animal Experimental Design 

A total of 8 Wistar female rats at the end of their 

gestation period and the litters of the dams were 

utilized in this study (Charles River Labs, 

Cambridge, MA). End stage gestation female rats 

were acclimated into our facility upon arrival to the 

vivarium. Each dam delivered approximately 10-12 

pups. Rat pups were allowed to be naturally fed by 

their dam and were housed with their dams and 

handled (1-2 min minimum) daily. To avoid food 

dust contamination between investigators, as a 

precaution, cages with ventilated cage tops were used 

throughout the study. The corn cob bedding was 

wheat gluten-free and did not affect the study. Rat 

pups and dams had access to enrichment devices 

(e.g., plastic bones, crawling/hiding–plastic elbow 

chambers) in the cage. The weight of each pup in 

both groups was measured and recorded every 3 d.  

 

On day 21 (when pups are independent of dam 

feeding) the dams were sacrificed by carbon dioxide 

asphyxiation until breathing stopped followed by 

cardiac exsanguination. The two litters were initially 

divided into two main groups (control and gliadin-

fed). For each group, the end point was six weeks. 

The pups in the control group were given the blank 

vehicle (0.02M acetic acid, pH=3.22) while the pups 

in the gliadin-fed group were given the gliadin 

solution (10% in 0.02 M acetic acid, pH=3.22). 

Doses of  the solution (1.5mg/g) were administered 

intragastrically by means of a specialized stainless 

steel neonatal gavage tool, a stainless steel curved 

feeding needle (24-22 GA/1.5 in; Kent Scientific 

Corporation, Torrington, CT) every 3 d until end 

point.  

 

Rats in each group were administered 

lactulose/mannitol solution 1 d before the endpoint. 

The 1 mL dose was equivalent to 500:250 mg 

lactulose/mannitol/kg of the weight of each rat, and 

was administered intragastrically. To assess the 

permeability of the intestine to lactulose (7, 15) the 

rats fasted and were placed in metabolic cages 

individually for 24 h for urine collection. The amount 

of lactulose/mannitol ratio excreted in urine was 

calculated for each rat.  

 

During the study, all rats were monitored (three times 

a week) for their health and well-being. Specifically, 

their body weight and all changes were recorded 

(gain or loss), hydration status, presence of 

gastrointestinal symptoms (e.g., diarrhea), color of 

mucus membranes, and body condition score by 

assessing the vertebrae by palpation of the lumbar 

spine and the pelvic bones by palpation of the hips. 

The Biopharmaceutics Classification System (BCS) 

diagrams and descriptions (animals scoring less than 

BCS 2 were euthanized and eliminated from the 

study) were used to establish individual scores for 

each rat (16) 

On day 46 rats were deeply anesthetized with 3-4% 

isoflurane and intestinal tissues were excised. Blood 

samples were collected via cardiac puncture through 

a thoracotomy for each rat. After blood and tissue 

collection, rats were euthanized by cervical 

dislocation under deep anesthesia.  
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2.2 Histological Analysis 

Excised intestinal tissue sections were labeled 

according to the region (duodenum/ jejunum) and 

then fixed in Bouin’s solution (Sigma-Aldrich Co. 

LLC). Tissues were embedded in paraffin cassettes 

and then thin sections were obtained and stained with 

hematoxylin–eosin. Tissue section slides were 

analyzed under the microscope. Histological analysis 

was performed at the Rodent Histopathology Core 

facility at Harvard Medical School, Boston, MA.  

 

2.3 Lactulose/Mannitol Permeability Assessment 

The day before their endpoint each rat was placed 

individually in ametabolic cage that separated its 

urine from feces. Urine samples were collected and 

the volume was measured. Then, all urine samples 

were stored at -80 °C until the time of analysis. 

Samples were prepared by adding Carrez 

Clarification Reagent (BioVision Inc., Milipitas, CA) 

to precipitate all protein contaminants in the urine. 

The supernatant was collected then centrifuged at 

12,000 × g for 5 min. Because the concentrations of 

lactulose and mannitol were unknown, different 

volumes of urine per sample for all samples were 

tested. The ratio of the concentration of lactulose to 

mannitol for each was determined and compared 

between both groups. 

 

D-Mannitol Colorimetric Assay 

Samples were analyzed using a D-Mannitol 

Colorimetric Assay Kit (BioVision). All preparations 

were added to a 96-well plate and read on a 

spectrophotometer at absorbance of 450 nm, which is 

the detection wavelength of mannitol. 

 

Lactulose Fluorometric Assay 

Samples were analyzed using a PicoProbe Lactulose 

Fluorometric Assay Kit (BioVision). All preparations 

were added to a 96-well plate and read on a plate 

reader with fluorescence detection capability at the 

fluorescence measure of Ex/Em = 535/587 nm. 

 

2.3 Plasma analyses of AGA, IgA, IgM and pro-

inflammatory cytokines 

Anti-gliadin antibodies (AGA), Immunoglobulin A 

(IgA) and Immunoglobulin M (IgM) by ELISA kits 

(MyBioSource, San Diego, CA) were used to 

determine the change and presence of these markers 

between both animal groups using plasma samples. 

Moreover, quantikine ELISA kits (R&D System) 

were used to measure the plasma concentrations of 

interferon gamma (IFN- γ), Tumor necrosis factor 

alpha (TNF-α), interleukin-1 beta (IL-1β) and 

interleukin-6 (IL-6), in both animal groups, in 

accordance with the manufacturer's 

recommendations. 

 

2.4 Gene expression 

Jejunal tissue sections from all animals in both 

groups were stored at -80 °C then, were prepared for 

mRNA isolation as follows: 50-100 mg of tissue was 

homogenized with 1 mL TRIzol reagent (Thermo 

Fisher Scientific, Waltham, MA), then homogenized 

mechanically under dry ice. Chloroform (Sigma-

Aldrich Co. LLC) was added in volumes of 200 uL to 

each sample. The mixture was then centrifuged for 15 

min  at 12,000 × g at 4 °C. Upon separation the 

aqueous phase was removed to a new vial and 500 uL 

of 100% isopropyl (Sigma-Aldrich Co. LLC) was 

added and then centrifuged under the previous 

condition. This process resulted in a pellet. The pellet 

was washed with 1 mL of 75% ethanol (Sigma-

Aldrich Co. LLC) and then centrifuged for 5 min 

7500 × g at 4 °C. The pellet was then allowed to dry 
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and then 50 uL of triethanolamine buffer solution 

(Sigma-Aldrich Co. LLC) was added and mixed well. 

The RNA concentrations were determined with a 

NanoDrop ND-2000 spectrophotometer (NanoDrop 

Technologies, Wilmington, DE). All the samples 

were diluted to a concentration of 133 ng/uL of RNA 

and then further used for cDNA preparation.  

 

The cDNA was synthesized using the prepared 

diluted samples of mRNA along with the transcript of 

First Strand cDNA Synthesis kit (Roche Applied 

Science, Indianapolis, IN). Samples were then placed 

in the SimpliAmp Thermal Cycler (Applied 

Biosystems Inc., Foster City, CA) for amplification. 

 

Then, six probes were analyzed for mRNA 

expression levels in all samples. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) was used as a 

housekeeping gene to normalize for the expression of 

other probes. Quantitative reverse-transcriptase 

polymerase chain reaction was performed using the 

Applied BiosystemsStepOnePlus Real-Time PCR 

System  andTaqMan Fast Advanced Master Mix 

(Life Technologies). All probes were 6-

carboxyfluorescein (6-FAM) labeled. The primers of 

the genes measured in this study are listed in Table 1. 

The relative expression of each gene was analyzed 

using a cycle threshold (Ct) by the 2-ΔΔCt method 

[17].   

 

 

Table 1: The primers of the genes measured in this study. 

 

2.5 Statistical Analysis 

Data were presented as the mean ± standard deviation 

(S.D) for each variable studied. Statistical 

significance comparing two groups was assessed by 

Student’s t test. All analyses were performed using 

GraphPad Prism 7 software (GraphPad Software, La 

Jolla, CA); a p value of < 0.05 was considered 

statistically significant. 

 

2.6 Body weight assessment 

Animal weight gain was analyzed between gliadin-

fed and control groups from day 1 until the endpoint 

(Figure 1). On day 34 gliadin-fed rats started to show 

statistically significant less weight gain than the 

control (p<0.05). 
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Figure 1: Weight Gain Chart for Control and Gliadin-Fed Groups Days 1-46 (p= 0.0006, p=0.0003, p=0.0184, and 

p=0.0190, respectively). Data represent the mean ± standard deviation (S.D), n = 6 rats per group. 

 

2.7 Histological Analysis 

The difference in villus height between gliadin-fed rats and the control in two different intestinal regions, duodenum 

and jejunum at six weeks is shown in Figure 2A. Intestinal sections from both regions resembled mild inflammation 

characterized by infiltrates of immune cells in the lamina propria, edema at the tips of villi and a few macrophages 

and neutrophils in the lumen of the gut as shown in Figure 2B. 

 

 

Figure 2: Image of intestinal sections of duodenum and jejunum in H and E Staining 10X (Figure 2A) and 20X and 
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40X (Figure 2B) between Control and Gliadin-fed Groups at Day 46. 

2.8 Lactulose/Mannitol Permeability Assessment 

The percentage of urinary excretion of lactulose and 

mannitol was measured (Figures 3). The amount of 

lactulose excreted in urine in the gliadin-fed group 

was significantly higher than control group (p= 

0.0127) (Figure 3A). Data are expressed as 

percentage excreted. The amount of mannitol 

excreted in urine was not significantly different 

between the gliadin-fed and control groups (Figure 

3B). The ratio of urinary levels of lactulose/mannitol 

was significantly higher in gliadin-fed groups 

(p=0.0417) (Figure 3C). 

 

Figure 3: Amount of Urinary Excretion of Lactulose (Figure 3A), amount of Urinary Excretion of Mannitol (Figure 

3B) and Ratio of Urinary Excretion of Lactulose to Mannitol (Figure 3C) Between Control and Gliadin-Fed Groups. 

Data represent the mean 

± standard deviation (S.D), n=6 animals per group, *p< 0.05. 

 

2.9 Plasma anti-gliadin antibodies and pro-

inflammatory cytokines analysis: 

Total AGA were significantly higher in the plasma of 

gliadin-fed rats as compared to levels measured in the 

control group (p= 0.0262) (Figure 4A). Regarding 

plasma levels of gliadin IgA antibodies did not show 

any significant difference between gliadin-fed and 

control groups (Figure 4B). However, plasma levels 

of gliadin IgM antibodies were significantly higher in 

the plasma of gliadin-fed rats as compared to levels 

measured in the control group (0.0209) (Figure 4C). 

The protein levels of IL-6 in the gliadin-fed group was 

increased as compared to the control group (Figure 

4D). The same effect was observed when IFN- was 

measured in the control and the gliadin-fed animals. 

The gliadin-fed group was increased as compared to 

the control group (Figure 4E). There was a 

significantly increased expression of TNF- in the 

gliadin-treated group as compared to the control 

group (Figure 4F). In contrast, the protein levels of 

IL-1 in the gliadin- fed group did not significantly 

differ when compared to that of the control group 

(Figure 4G). 
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Figure 4: Plasma Levels of AGA (Figure 4A, n=4), Gliadin IgA Antibodies (Figure 4B, n=4), Gliadin IgM 

Antibodies (Figure 4C, n=3), IL-6 (Figure 4D, n=3), IFN- γ (Figure 4E, n=3), TNF-α (Figure 4F, n=3) and IL-1β 

(Figure 4G, n=3) between Control and Gliadin-Fed Groups. Expressed as fold change. Data represent the mean ± 

standard deviation (S.D), *p< 0.05. 

 

3.0 Gene Expression of Different CYP3A Enzymes 

and Drug Transporters 

The effect of gliadin-induced enteropathy on DME 

and drug transporter protein gene expression is shown 

in Figure 5. The mRNA expression of CYP3A9/18 and 

CYP3A 62 in rat jejunum is shown in Figure 5A and 

5B. The expression in gliadin-fed groups was 

significantly lower than that of the control (p = 0.0237 

and (p=0.0400), respectively. The mRNA expression 

of Pg-p in rat jejunum is shown in Figure 5C. It can 

be observed from the results that the expression in 

gliadin-fed groups was significantly lower than that of 

the control (p = 0.0056). The mRNA expression of 

ABCG2 in rat jejunum is shown in Figure 5D. It was 

noted that the expression in gliadin-fed groups was 

significantly lower than that of the control (p = 

0.0485). 
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Figure 5: The mRNA Expression of CYP3A9/18 (Figure 5A), CYP3A62 (Figure 5B), P- gp (Figure 5C) and ABCG2 

(Figure 5D) in Rat Jejunum Between Control and Gliadin- Fed Groups, Expressed as fold change. Data represent the 

mean ± standard deviation (S.D) n=4, *p< 0.05. 

 

3. Discussion 

Here, we developed a rat model that exhibited an 

intestinal environment that mimicked the 

pathophysiology of celiac disease (CD) by the oral 

gavage administration of crude gliadin preparation 

immediately after birth. Our model was a modified 

version of several previous successful reported 

models [7-12]. However, the purpose and aims of our 

model were to be used in assessment of 

pharmacokinetics drug profiles, which is novel and 

has not been reported previously. Additionally, more 

in-depth validation techniques were used to further 

validate the application of this model for the purpose 

of assessing drug disposition. 

 

Considering the symptoms associated with gluten 

intolerance, monitoring the weight of the rats was a 

crucial point. Although, signs of diarrhea were not 

evident, the consistency of collected feces was loose 

and pale in the gliadin-fed group compared to the 

control group. Total body weight gain started to show 

a significant decline starting day 34 in the gliadin-fed 

rats. This could be attributed to malnutrition that is 

usually associated with such illnesses. Other study 

that sought to mimic intestinal changes of gluten 

intolerant organisms also observed reductions in 

rodent body mass [9]. 
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The hallmark of CD and non-celiac gluten 

intolerance is intestinal villous morphology changes 

[5, 9]. In our study, the images of intestine in gliadin-

fed group show very mild submucosa edema, 

artifactual vacuolation of the tips of villi at the ends, 

mild shortening of villi, mild inflammation 

characterized by infiltrates of immune cells in the 

lamina propria, edema at the tips of villi, a few 

macrophages and neutrophils in the lumen of the gut, 

and the very tips of some villi have granular material 

in the edema. These observations were expected as a 

result of the high dose of gliadin ingested. The degree 

of villous shortening and the mild inflammation 

resembled closely that reported with some celiac and 

non-celiac gluten sensitivity. This validation analysis 

endorsed the inflammatory characteristics of the 

gluten moiety that causes a series of localized 

processes altering the enterocyte. 

 

Moreover, our results showed a significant increase in 

the percentage of lactulose excreted in gliadin-fed 

group as compared to the control group. On the other 

hand, mannitol is absorbed transcellularly, but due to 

a possible decrease in the number and functional 

capacity of the intestinal epithelial cells that are 

available for transcellular transport the amount of 

mannitol may be decreased [15, 19]. The percentage 

of mannitol excreted in gliadin-fed rats was 

measured, which decreased but was not statistically 

significant. To compensate for the decrease in surface 

area, the ratio of lactulose to mannitol was 

determined and was shown to be significantly higher 

in the same group. 

 

The immunological pathways involved with gluten-

related diseases are distinguished mainly by the 

involvement of genetic factors associated with CD. In 

the presence of HLA-DQ2/DQ8 genes the adaptive 

immune system takes place in a T-cell activation 

manner and is involved the production of specific 

gliadin IgA antibodies [20, 21]. For non-celiac gluten 

sensitivity, the immune responses are different 

involving mainly the humoral immune response and 

the T-cell independent adaptive immune response. 

This is mainly due to independence of TG2 enzymatic 

activity that requires the genetic factors associated 

with CD. Antibody response to native gliadin in 

NCGS individuals, specifically involve IgG and IgM 

antibodies [22]. The determination of gliadin IgA 

antibodies in our model showed no difference 

between both groups. This result was expected since 

genetic factors requiring their presence and elevation 

were not involved. However, non-specific gliadin 

antibodies showed a significant 3-fold increase in the 

gliadin-fed rats. Moreover, gliadin IgM antibodies 

were significantly higher in the latter group. These 

findings correspond to the immunological responses 

seen in NCGS [5, 21]. 

 

Regarding pro-inflammatory cytokines, our finding 

was that there was a significant increase in the 

plasma level of IFN-γ, TNFα, and IL-6 in animals 

treated with gliadin. Thus, the elevation of cytokine 

production in the model could be responsible for 

other related complications from gliadin dosing for 45 

days. Similar studies, in the rodent model, were 

conducted to mimic the autoimmune disease in order 

to study the impact and effects of cereal grain intake 

in this kind of model. One of these studies has shown 

that feeding a cereal-based diet to diabetes-prone 

BioBreeding (BBdp) rats led to increased intestinal 

permeability. In addition, there was a significant 

elevation in the level of IFN- γ- in the gut [23, 24]. 

Comparable results were achieved by Lammers et al., 

who demonstrated in both CD patients and healthy 

controls that gliadin induced an inflammatory 
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immune response, including significant elevations of 

IL-6, Interlukin-13 and IFN-γ in CD patients [25]. 

 

The regional abundance and actions of drug 

metabolizing enzymes, the interplay of intestinal drug 

metabolizing enzymes and transporter proteins, and 

absence of a sufficient understanding of the role of 

their levels, calls for an investigation to determine the 

levels by which they are altered in such diseases [26-

28]. The levels of the intestinal drug metabolizing 

enzymes and transporters that are known to be of 

high abundance in the intestine were investigated as 

they may have a high impact on the overall oral 

bioavailability of drugs. In rodents CYP3A is present 

in these isoforms: CYP3A9/18 and 62. The decrease 

in the mRNA expression of CYP3A enzymes was 

significant with about a 42 and 39% reduction 

respectively. Drug transporter proteins investigated in 

this study included MDR1a and ABCG2. The mRNA 

expression of these proteins showed a statistically 

significant decrease among gliadin-fed rats with 42 

and 37 % reduction, respectively. This reduction was 

expected as a result of pathological defects found in 

the enterocytes of gliadin-fed rats as a result of 

gliadin induced local inflammation that affected the 

morphology of the villi, where they are expressed. 

These findings were an important validation of the 

end goal in the development of this rat model. 

 

4. Conclusions 

Celiac disease and non-celiac gluten sensitivity has 

recently been a topic of major debate in research from 

finding a cure to finding specific biomarkers that sets 

them apart. 

 

An observed lack in understanding drug disposition 

profiles in these diseases should be involved in this 

debate. By developing a rat model with proper 

validation for this purpose, pharmacokinetic studies 

can be carried out to determine a better understanding 

and more precise outcome pharmacodynamically. 

This research was a successful step in the 

development and validation towards this goal. We 

were able more widely understand the effects of 

gliadin on the intestine in rats. Taking this project to 

the next level of testing drug disposition is now just a 

step away assuring promising results. 
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