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Abstract 

Celiac disease (CD) is a chronic autoimmune disease, caused by the consumption of gluten in 

genetically predisposed individuals. Celiac patients develop many clinical features include; weight 

loss, diarrhea, and Intestinal damage, and if left untreated, CD patient may face an increased risk of 

malignancies.  

Materials and methods 

403 patient were admitted to the study. These patients were divided into three groups; celiac cases, 

controls, and latent celiac cases. Gene expression analysis was performed for intestinal biopsies and 

blood samples (leukocytes) using a quantitative PCR technique. The second section of the study was 

studying the effect of PRODH enzyme on Drosophila Melanogaster intestines. To achieve that 

PRODH enzyme and different amino acids were added to the fly food.  One way ANOVA and 

Wilcoxon tests were applied to find out the significant genes. 

Results 

Most of the differentially expressed genes in celiac disease are involved in the inflammatory response. 

However, many genes have significantly altered expression in the latent celiac group but not altered 

significantly in CD group. These genes are CXCL1, IL15RA, IL2RB, MAPK11, and TGM2. They are 

involved in the TNF signaling pathway and in inflammatory cytokines. It was noticed that in celiac 

disease there is a significant alteration in PRODH expression in the intestines, and the addition of 

PRODH enzyme to glutamine has a similar effect on the intestinal gene expression as gluten does. 

Conclusion 

We can conclude that Non-HLA genes are important in activating the immune system, increasing 

proline level, and developing the clinical features of celiac disease. Secondly,  Proline metabolism has 

an important role in tumor suppression and in augmenting tumor growth, which makes it an important 

therapeutic target in tumor therapy. 
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Popular scientific summary: 

Celiac disease (CD) is a lifelong autoimmune disease, caused by eating cereals and bread that are rich 

in gluten, in genetically liable individuals. Most of the celiac patients are undiagnosed (Cecelio and 

Bonatto., 2015), and in spite of that, the diagnosed CD cases is about 1% of the European population. 

The overall spread of the disease has increased in recent years, and its prevalence among females is 

more than males ( Dube et al., 2005). All CD patients carry the HLA genes, and the products of these 

genes play a key role in the pathogenesis of the disease. (Östensson et al., 2013).  

Celiac patients develop many symptoms such as; weight loss, diarrhea, and Intestinal damage 

(Rewers. 2005), in addition to extraintestinal complications such as Dermatitis Herpetiformis -a 

chronic skin disease characterized by blisters full of watery fluid- (Green and Cellier. 2007). 

Moreover, CD is associated with several autoimmune diseases, such as thyroiditis and diabetes 

mellitus type 1, in addition, to causing infertility and abortions in women (Soni and Badawy., 2010). 

CD may often be asymptomatic (Caggiari et al., 2013).   

Left untreated, CD may increase the risk of cancer, and reduce the quality of life for the patients 

(Peters et al., 2003). However, these conditions can be prevented by early diagnosis and treatment. 

The gold standard for the diagnosis of CD is the blood testing and duodenal biopsies. (Ivarsson et al., 

1999). Unfortunately, the only treatment for the disease is a strict life-long gluten-free diet (GFD).  

403 patients were admitted to this study. These patients were divided into groups; the groups are celiac 

cases, controls, and latent celiac cases. Gene expression analysis was done for intestinal biopsies and 

white blood cells, and the used method in analyzing gene expression was qPCR. 

Next step was to study the effect of PRODH (a mitochondrial protein, that catalyzes the first step in 

proline degradation enzyme) and different amino acids on fruit fly intestines, and find out if they will 

stimulate the immune system. This was done by feeding the larvae normal fly food with gluten or 

other amino acids. After the larvae reach a certain age, their intestines were taken and saved in 

preserving fluid, until  RNA extraction, and reverse transcription into cDNA. Finally, qPCR was used 

to detect the gene expression. 

 We found that most of the differentially expressed genes in celiac disease are involved in the 

inflammatory response. It was noticed that there is a significant alteration in PRODH 

expression in the intestines, and PRODH enzyme as I stated before has an important role in 

proline degradation, so Proline metabolism that has an important role in tumor suppression 

and augmenting tumor growth was affected. Furthermore,  it was worthy to find that Non-

HLA genes are important in activating the immune system, increasing the proline level, and 

developing the clinical features of celiac disease. The gene expression for celiac cases and 
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latent celiac cases is almost the same in the blood, but it is different in the intestines; latent 

celiac cases may not have an inflammatory response in their intestines after the consumption 

of gluten, but other parts of their bodies are affected by higher probability in developing 

cancer. Finally we suggest that latent celiac patients are at higher risk for pathogen infections. 

. 
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Introduction 

Celiac disease (CD) is a chronic autoimmune disease, caused by the consumption of cereals containing 

gluten (wheat, rye, and barley), in genetically predisposed individuals. CD affects about 1% of the 

European population, and the overall prevalence of the disease has increased in recent years, not only 

due to better diagnostic tests but also due to a real spread of the disease. However, most of the celiac 

patients are undiagnosed in a ratio of 1: 7 - celiac disease iceberg- (Cecelio and Bonatto., 2015). The 

disease frequency increases (about 10%) in the first-degree family members of CD patients and the 

prevalence of disease among females is three times than in males ( Dube et al., 2005). 

Celiac patients develop many clinical features includes; weight loss, diarrhea, osteoporosis, but the 

intestinal damage is the main complication, characterized by crypt hyperplasia and villous atrophy 

(Rewers 2005). CD patients may complain from extraintestinal complications such as Dermatitis 

Herpetiformis (Green and Cellier. 2007). Moreover, CD is associated with several autoimmune 

diseases, such as thyroiditis and diabetes mellitus type 1. The risk of acquiring these diseases increases 

as the age at diagnosis of CD increases, because of the longer exposure to gluten (Lauret and 

Rodrego., 2013). CD may often be asymptomatic (Caggiari et al., 2013).  

The consumption of a gluten-free diet (GFD) has a protective role on those who adhere to it. They 

develop fewer autoimmune diseases compared with those who do not adhere to GFD (Lauret and 

Rudrego., 2013). GFD requires a full elimination from all the food that contain wheat, barley, rye, or 

any of their derivatives. If the CD patient sticks to this diet, then he will recover from the intestinal 

damage and the other clinical symptoms, but this stringent long life treatment seriously affects the 

patient quality of life and causes chronic distress. 

In Latent celiac disease, the patient develops tolerance toward gluten. In spite of the consumption of 

gluten-containing diet, the intestine and duodenum are still intact, and villous atrophy would be 

developed by the time, as a very late relapse. It is common that Latent celiac disease patients suffer 

from gluten consumption symptoms before developing mucosal villous atrophy (Troncony R. 1999). 

They may suffer from osteoporosis, dental enamel defects or gluten ataxia. So it is hard to detect the 

disease depending on the mucosal changes, but detecting high titers of tissue transglutaminase 

autoantibodies is the best predictor for LCD (Kaukinen et al., 2007). 

The extracellular matrix (ECM) is a barrier that prevents the parasites from invading through the 

gastrointestinal system. Parasites like amoeba produce proteases to break down the ECM, in order to 

reach to the host cells and the nutrient resources. Not just the parasites degrade it, there are other 

situations where this matrix is degraded. When there is not enough nutrition, the ECM is degraded to 

provide energy for the host cells. Matrix metalloproteinases (MMPs) - the enzymes that break down 

the ECM and produce proline- can also be used by the starved cells. So, as much glucose level 
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decreases the intracellular proline level increases (Pandhare J. et al., 2009). The presence of gluten in 

the intestines could possibly transmit a signal that the ECM is degraded. If the immune system 

neglects the possibility of starvation then it will search to find the invader that break down the ECM 

(Östensson et al., 2013). The autoantigen TGM2 counteracts the ECM degradation by cross-linking 

ECM proteins. So when the body finds that there is a disturbance in energy balance or the ECM has 

been broken, it tries to find out the pathogen antigen that does not exist. 

In some situations, high concentrations of TG2A ( more than 100IU/UL)  could be enough to consider 

the sample as a celiac case without a duodenal biopsy. The duodenal or jejunal biopsy in celiac disease 

displays crypt hyperplasia and augmentation in intraepithelial lymphocytes. There are other diseases 

such as irritable bowel syndrome, which is not related to gluten dependent enteropathy and mimic CD 

in inducing intestinal mucosa (Kaukinen., et al 2007). TG2A sensitivity relies on the duodenal 

damage, and both have an inverse correlation with age. If the age at diagnoses increases, then the 

histological damage is less obvious, and the antibodies titers decrease, but the inflammatory pattern in 

the intestinal mucosa still appears on the biopsies (Ciccocioppo et al., 2015). That was the reason 

behind choosing samples from children as their antibodies titers are higher than for adults. 

The ubiquitous transglutaminase type 2 (TG2) enzyme plays an important role in CD pathogenesis; it 

is the main autoantigen in CD disease, the target for the auto-antibodies (TG2A), and it deaminase 

glutamine residues (Maki et al., 2005). The generated epitopes bind effectively to the 

histocompatibility locus antigen HLA-DQ2/DQ8 molecules (Hadjivassiliou et al., 2008). These 

immune-dominate epitopes activate mucosal CD4+ T lymphocytes, which activate the immune 

system, resulting in the secretion of interleukin (IL)-15 and interferon-α  (Edwin Liu et al., 2015). IL-

15 enhances the ligand-receptor interaction between epithelial MICA and NKG2D receptor on the 

surface of intraepithelial lymphocytes, which stimulates the proliferation of cytotoxic T lymphocytes, 

that results in stimulating epithelial apoptosis and the related malignant transformations (Tingsu Chen 

et al., 2011). Activating CD4+ T cells induces the secretion of IFN-γ, which activates 

metalloproteinases (MMPs) that leads to mucosal injury, villous atrophy, and intestinal architectural 

alteration. B-cells localized on the intestinal mucosa produce TG2A that can be detected in the serum 

(Rubio-Tapia et al., 2013). 

All CD patients carry the HLA-DQ2 or HLA-DQ8 haplotypes on chromosome 6. HLA has a gene 

dose effect on CD risk; the patient who carries two copies of DQ2 has a higher tendency for celiac 

disease than those with one copy. The products of HLA gene play a key role in the pathogenesis of the 

disease by expressing heterodimers at the surface of antigen-presenting cells that have high affinity to 

gluten, which promote and stimulate the abnormal adaptive immune response (van Heel and West. 

2006). 
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On the other hand, there are about 40 non–HLA loci associated with celiac disease. But still, the 

genetic predisposition mostly comes from HLA, the non-HLA genes have a mild effect on celiac 

disease. The role of these genes was not studied well yet especially with the early onset of CD. In 

general, celiac disease is a multifactorial disorder, where environmental and genetic factors interact to 

yield a complex disease. Non-HLA genes may act on different stages in CD, while some of them play 

an early role in developing autoantibodies, other genes play their role much later in CD development 

(Sharma., et al 2016). 

Naturally, there are 20 occurring amino acids, 11 of them are non-essential amino acids, they have a 

remarkable role in the para metabolic regulation and non -proteinogenic functions. The Para metabolic 

regulation in the pathways of non-essential amino acids means that the specific amino acid is the 

byproduct of the coupled reaction. For example, pyrroline 5 carboxylate is converted to proline, 

NADH is oxidized into NADH+, that accepts acetyl group hydrolyzed from histone lysine by sirtuins 

to form acetyl-ADP-ribose (Phang et al., 2013). Another example of the para metabolic regulation is 

the redox balance to optimize the metabolic pathways. 

Gluten is rich in the amino acids proline and glutamine. These amino acids could have a key role in 

the development of CD by stimulating the immune system (Östensson et al., 2013). Proline is a 

secondary proteinogenic amino acid that has an alpha-amino group on its pyrrolidine ring. It cannot be 

metabolized by transaminases or decarboxylases, instead, it has its own enzymes that metabolize it in 

a regulatory mechanism. These enzymes intervene between arginine, proline, and glutamate. Pyrroline 

- 5 - carboxylate (P5C) is the enzyme that catalyzes the proline biosynthesis from glutamine and the 

immediate product of proline degradation.  

 The protein cycle; the case in which there is a conversion between proline and pyrroline 5 carboxylate 

(P5C). In this cycle, there is a transferring of redox equivalents between the cytosol and the 

mitochondria. Two enzymes catalyze this cycle; pyrroline 5 carboxylate reductase (PYCR) and proline 

dehydrogenase (PRODH). PRODH is bound to the inner mitochondrial membrane and contributes 

electrons to the electron transport chain. 

Left untreated, CD may increase the risk of malignancies such as B-cell and T-cell Non-Hodgkin 

lymphomas, small bowel adenocarcinoma, in addition to refractory sprue, and reduction in the quality 

of life for the patients (Peters et al., 2003). These conditions can be prevented by early diagnosis and 

treatment. The gold standard for the diagnosis of CD is the serological testing and duodenal biopsies. 

Testing of antibodies to tissue transglutaminase and anti EMA test are also effective in CD diagnosis 

as they are highly sensitive and specific (Ivarsson et al., 1999). Continuous follow-up and evaluation 

of the cases are important to make an evaluation of all the complications of celiac disease (Rashtak 

and Murray. 2012). 
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Genome-Wide Association Studies (GWAS) is an observational study which can indicate genes or 

gene regions that can cause or increase the risk of developing many diseases. Its focus is on genetic 

markers (single nucleotide polymorphism, SNP) across all human chromosomes and traits like major 

chronic non-communicable diseases (Östensson et al., 2013). 

The fruit fly (Drosophila Melanogaster) was used as an experimental model to study the effect of 

gluten and other amino acids on stimulating the immune system and to study if the addition of 

PRODH enzymes can prevent the effect of gluten in the fly model. Drosophila is inexpensive and has 

a short generation time, it can produce a huge number of eggs that can be modified genetically in 

different ways. The fruit fly genome is much smaller than the human genome, it is fully sequenced, the 

availability of balancer chromosomes in addition to its strong homology to the mammalian genome 

(Adams MD et al., 2000), and finally, the numerous genetic mutations that can be studied on it  

(Jacquet et al. 2002). All these reasons make Drosophila the model of choice for this study. 

mTOR is a typical serine-threonine kinase, presents in two complexes, complex one (mTORC1) is 

composed of mTOR, DEPTOR, RAPTOR, and GBL. This complex is a growth regulator in 

Drosophila; it integrates the signals from growth factors, cellular stress, and energy level (i.e. amino 

acid levels), to promote cellular growth through either phosphorylating substrates that raise up 

anabolism by increasing mRNA translation and lipid synthesis or reduce catabolism i.e, autophagy. 

The second complex is mTOR2,  it is composed of mTOR, Sin1, RICTOR, RAPTOR, and GBL. This 

complex encourages cell survival by activating AKT, control cytoskeletal dynamics, and control 

growth. mTOR signaling pathway is enriched in many diseases such as diabetes and cancer (Laplante 

and Sabatini, 2013). This pathway is exciting to study the stress effect of gluten, glutamine, and 

proline on Drosophila intestinal cells and to investigate the cell survival mechanism after that stress. 

Moreover, this pathway can emphasize the different cell growth rates after the consumption of food 

containing various amino acids. 

 The aims 

1)    To confirm the differential gene expression in small intestinal biopsies and peripheral blood for 

celiac disease and latent celiac disease. 

 2)   To use phenomics to study the cellular viability in response to environmental and genetic 

changes.  

3)    To find out if proline and glutamine can trigger the immune system in the same way as gluten 

does.  

4)    To investigate the effect of adding proline-dehydrogenase enzyme in preventing the effect of 

gluten in the fly model. 
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5)  Gluten affects the growth of the larvae. Is this an effect of food rich in amino acids, or is it specific 

to the gluten molecules? 

Material and methods 

Ethics statement 

This study was approved by the regional ethics board in Gothenburg. The parents of the children 

enrolled in the study were fully informed about the aim of the study, and gave a written consent. 

Furthermore, the personal data for all patients are protected and coded. 

The reference number of the ethical application is T373-10.      

Study population 

403 patients from Sweden were admitted to the study, these patients are children between 2-18 years, 

the mean age is 7 years for cases and 12 years for disease control patients. 226 of them have the CD, 

127 are healthy, and 50 are latent celiac cases. These patients were divided into groups according to 

their clinical manifestation, and to the anti-tTG IgA and IgG levels in patients plasma. If it is more 

than 4U/ml, it was recorded as a case. If the level of anti-tTG IgA and IgG is higher than 4U/ml and 

the intestinal biopsy is intact, then the sample was considered latent celiac disease (LCD). 

Fruit fly 

Newly laid eggs from White fly strain were used in this study. The eggs were divided into plates with 

different fly food. The food was 4.4g normal fly food + additional ingredients. The fly food consisted 

of inactive yeast, mashed potato powder, apple juice, and sugar. The additional ingredients were 0.2 g 

gluten, 0.2g gluten-free flour, 0.3g proline, 0.3 g glutamine, 0.3g  lysine, ( 0.2g flour) control - there 

was one amino acid in each plate-. The second group of food consisted of  4.4g normal fly food + 

additional ingredient (an amino acid) +120 µl PRODH enzyme. The larvae ate this food for four days. 

All the larvae were weighed, then their guts were dissected and were put in RNA stabilizing reagent  

RNAlater (Life Technologies, CA, US) until RNA extraction. RNA extraction was carried out using 

an RNeasy Mini Kit (Qiagen, Germany). The RNA purity detection was checked by a NanoDrop 2000 

spectrophotometer. 

Gene expression  and selection criteria 

Patients  

Gene expression analysis for peripheral blood samples was done for the three groups: CD cases, 

disease control, and LCD.  Gene selection for mRNA expression was chosen due to a previous not 
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published pilot study who studied the gene expression of celiac disease in cases and controls, in 

addition to genes associated with celiac disease and involved in proline metabolism pathway, DUSP 

pathway, apoptosis and proliferation pathways. Most of these pathways have been suggested by a 

GWAS study performed on celiac disease by Östensson et al.  

The used method is quantitative PCR followed by the delta-delta Ct method (∆∆Ct). Quantitative PCR 

was used to detect the level of gene expression by quantifying the amount of PCR product (Rao X. et 

al., 2014). The ∆∆Ct method is appropriate to analyze and compare the relative changes in gene 

expression between the reference genes and the genes of interest from qPCR experiments, in order to 

normalize the target gene expression level (Livak and Schmittgen. 2001).  

The quantitative PCR was run on duplicates, in 384 well plates. 1ng of cDNA was added to each well.  

The master mix (TaqMan) was added to the gene primers and probes using Nanodrop II dispenser (GC 

biotech, Netherlands). The total final volume was 2μl in each well. To run qPCR, a790HT Applied 

Biosystem was used( life technologies, CA, US). Two housekeeping genes were used YWHAZ and 

GUSB. They were chosen by the software expression suit (Life Technologies), as they have the most 

stable expression. The mean expression of these two genes was used as a reference for the ΔΔCt 

method. The raw data was analyzed using SDS2.4 and RQ manager, and all the duplicates that have a 

CT difference more than 1 CT were excluded. 

Next, the enriched pathways for the significant genes were studied using KEGG and DAVID, 

followed by comparing the genes trend for the control, CD cases, and LCD. The Euclidean distance 

was calculated to study how the latent cases differ from the CD cases as well as the control. The heat 

map was drawn to visualize the gene expression results, followed by hierarchical clustering for the 

genes to identify the ones that have similar characteristics and group them into one cluster.  The amino 

acids that have similar characteristics were also clustered together.  Finally, PPI enrichment networks 

were drawn to define the first shell nodes and the edges that connect them. 

Fruit fly 

Complimentary DNA (cDNA) was synthesized from total RNA using high capacity RNA to cDNA kit 

(Applied Biosystems). Some modifications were done to increase the RNA purity and concentration. 

During the intestinal trituration, 50 μl from RLT buffer was added to the tubes that contain intestines 

instead of 350 μl, the intestines were triturated for 5 minutes, the rack that holds the tubes which 

contain the larval intestines was put on ice to protect the RNA from degradation as much as possible. 

Finally, 300 μl of RLT buffer was added and mixed. qPCR was run in triplicates using TaqMan 

chemistry (Life Technologies, CA, USA). The reaction took place in a thermocycler ( Applied 

Biosystem 790HT) in a 40 repeated cycles ( 50°C 2 minutes, 95°C 10 minutes, 95°C 2 seconds, 60°C 

1 minute). 
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The studied genes are IgA, TRAF6, DRSL2, CG32368, PGRP-SD, REL, AKT1, P38K, RICTOR, and 

RAPTOR. These genes were chosen because they are enriched in the mTOR signaling pathway and in 

the immune response. 

Statistical analysis 

The ΔΔCt method was used to compare the gene expression for the blood samples and the intestinal 

biopsies. This gene expression analysis was conducted to compare: control with cases, control with 

latent cases and cases with latent cases for the blood samples and biopsies. Per the test, the data is 

linear for the cases and control but not normally distributed for latent celiac cases, accordingly, 

Kruskal Wallis test was applied. A p-value of less than 0.05 was considered significant. The results 

were corrected by the Benjamini Hochberg correction test. To check data normality, correlation tests 

were performed (see appendix).    

Fruit fly model: ΔΔCt method was used to compare the gene expression in; control group, cases with 

amino acids, and cases with amino acid+ PRODH enzyme. In other words, all the groups with and 

without the enzyme were compared to the control for each gene. The data is normally distributed for 

all the groups and have homogeneity of variance (Figure 7 ). There are 4 data points in each group, 

one way ANOVA was applied. To check the larvae weight one way ANOVA  was used. 

One way ANOVA hypothesis: 

H0: μ1=μ2=μ3 =μ4=μ5=μ6=μ7 

H1: at least one mean differ from the others. 

The genes results are available in the appendix.  

The statistical analysis was conducted in R programming software. 

Results 

Gene expression results 

Peripheral blood samples 

In this experiment, there are 66 target genes. Two genes were not expressed for most of the samples, 

23 genes showed significant expression in CD in comparison with the control. Twelve genes from the 

celiac group were up-regulated. These genes are FAM3A, IKBKE, IL15RA, MAPK11, PYCR1, 

PYCR2, TGM2, CD40, CTLA4, HPRT1, LAP3, and MYC. There are five down-regulated genes, 

these genes are ASS1, IL15-716, IL2, HLA_DQB1, and TGM3.  The most significant gene expression 

alterations are shown in (figure 1.A). The control group was compared also to the latent celiac disease 
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group. There is an up-regulation of HPRT1 and IL2RB gene, and down-regulation for CXCL1, 

RPLP0, IL15-716, IL15-562, NADSYN, TGM3, and GRID1. It was interesting to notice that there are 

some genes in the latent group who have a significant differential expression, but they are not altered 

significantly in the CD group. These genes are IL15-562, GRID1, RPLP0, and CXCL1.  

Intestinal biopsies 

There are 22 target genes in addition to 2 housekeeping genes, 14 of them have a significant alteration 

in their expression, eleven of them were down-regulated. These genes are ALDH18A1, ABP1, 

DUSP1, DUSP3, DUSP8, FAM3A, INADL, LAMB3, MGAM, PRODH, and TGFA. There are 

significantly up-regulated genes, these genes are IL8, IL15RA, TGM2. The control group was also 

compared to latent celiac disease group. There is a downregulation of DUSP8 gene and upregulation 

of LAMB3 gene. The count of altered genes is small, and they are altered in both the latent and celiac 

cases. The most significant gene expression alternations are shown in figure (1.B). 

The induced Biological processes in celiac disease 

The results from the blood samples show that the differentially expressed genes have a positive 

regulation on inflammatory response (p.value 2.2E-3), and have an effect on many biological 

processes such as the immune response (p.value 3.4E-5), positive regulation of inflammatory response 

(p.value 2.2E-3), L-proline biosynthetic process (p.value 4.8E-3), positive regulation of tissue 

remodeling (p.value 5.7E-3), and positive regulation of isotype switching to IgG isotypes (p.value 

7.6E-3). Additionally, the I-kappa B kinase/NF-kappa B signaling pathway is also induced, since there 

is an alternation on the CD40, IKBKE, TGM2 expression levels. The increased expression level of 

IL15, IL2, and TGM2 suggest a stimulation of the inflammatory pathway. PYCR1 and PYCR2 are 

both up-regulated, which enrich the proline and arginine pathway. Finally, the cancer pathway is also 

enriched since there is downregulation of the apoptotic process (TGM2 and MYC), and up-regulation 

of cell proliferation (MYC, IL15, IL2 ,and MAPK pathway). IKBKE and MAPK11 genes are 

upregulated, and these genes are a part of the cellular response to viruses, mainly HTLV virus. 

In general, the differentially expressed genes in the blood samples tend to increase cell proliferation 

including t helper cells proliferation, polarization, and cell differentiation activation, inducing cancer 

pathways, and many other biological processes. 

Latent celiac disease pathways (Leukocytes) 

It is noticed that five out of the eight genes are significant for the latent celiac patients but not 

significantly altered in celiac patients. These genes are CXCL1, IL15RA, IL2RB, MAPK11, and 

TGM2.  All these genes are downregulated but IL2RB is upregulated. CXCL1 and IL15 are involved 

in the TNF signaling pathway for the leukocyte recruitment and as an inflammatory cytokine (p.value 
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=3.0E-2). The second pathway is the Jak-STAT signaling pathway (p.value = 4.1E-2), the associated 

genes are IL15, IL2RB, their role is a cytokine receptor interaction. The third pathway is signal 

transduction (p.value = 4.2E-2), the involved genes are CXCL1, IL15, and IL2RB. Finally, cytokine-

cytokine receptor interaction pathway (p.value=0.01), the involved genes are CXCL1, IL15, and 

IL2RB. The genes of interest in these pathways are downregulated in latent cases but not affected in 

celiac cases. 

The biopsy genes pathway 

The highest enriched pathways for this group are: arginine and proline metabolism pathway 

(p.value=2.2e-3), the involved genes are (ALDH18A1, AOC1, and PRODH). This pathway augments 

cancer growth when there is a knockdown of any gene in this pathway. The second pathway is the 

MAPK signaling pathway (p.value= 5e-2), the involved genes are (DUSP1, DUSP3, and DUSP8). 

DUSPs dephosphorylate the TXY motif in the kinase domain of MAPK. All DUSP genes are 

downregulated.  For latent cases, there are just two significant genes; DUSP8 and LAMB3, so there is 

not an enriched pathway for them. 

A 



16 
 

    

Figure 1: Gene expression results in  A) leukocytes B) Intestinal biopsies. The fold change for control 

(n=174), case(n=167), latent cases (n=61) were plotted and represented as a brown dots.  

The correlation score for the genes was calculated to find out the genes with similar and different 

trends. The correlation scores of EAPP and CD28, FASL, and ALDH18A1, LAMB3 and CD28, 

PRODH and FAS, MYC and CTLA4 are the lowest (0.025, 0.021, 0.0251, 0.041, 0.032) respectively. 

Their low correlation score means that they have different profiles. While ICOS and LAP3 have a very 

similar profile, their correlation score is (0.974). Figure 2 shows the genes patterns according to their 

FC values. 

B 
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Figure 2: Gene trends for A) biopsy B) Leukocytes compares the gene profiles for control, CD cases, 

and LCD. 

Figure 2.A shows that each couple of the following genes have a similar pattern;  CXCR4 and DUSP8, 

CD40 and CTLA4 , LAP3 and ICOS. However,  PRODH and FAS have opposing pattern. On the 

other hand, the figure shows where the gene expression differences are. It can be noticed that the black 

line (LCD) almost follow the green line (CD). But it is noticed that for CXCR4, the gene expression is 

downregulated for the LCD but is up-regulated in the CD cases. Finally, ICOS and LAP3 expressions 

are up-regulated much more vigorously in CD in comparison with LCD. Figure 2.B shows that the 

case and LCD have similar patterns (similar trends), which might indicate that they still have a similar 

process in the blood.  

To study how latent cases differ from CD cases and control, the Euclidean distance was calculated. 

LCD has a closer Euclidean distance to the cases than the control (the figures are available in the 

appendix). According to the correlation matrix, the correlation between CD and LCD is 0.86, which 

means that there is a strong correlation between cases and latent cases, but the correlation between 

LCD and control is 0.69, so, cases and latent cases have the closest distance to each other in the blood 

samples. In the biopsies, the case and latent cases have the closest distance to each other. According to 

the Euclidian distance, the control differs than the cases and latent cases in the biopsy more than in the 

blood. To visualize the data in a more informative way the heat map for CD and LCD was drawn for 

biopsies an blood samples, (the control was used as a reference), and the used values are the dCT 

(figure 3).                                                                                          Samples 

A 

B 
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                                                                                              CD                                  LCD   

 

 

Figure 3: In this heat map, each column is scaled so that red color illustrates the highest dCT values 

and white color the lowest ones, the control was used as a reference. A ) intestinal biopsies. B) blood 

samples.  

The heat map (figure 3.A) shows that for latent celiac cases the expression of LAP3, ICOS and 

HPRT1 are the highest, but it is lower for CD3D, PEPD, and MGAM. For the cases, LAP3 and ICOS 

have the same expression level, MGAM has the highest. In Figure 3.B it is obvious that there is no 

significant difference in the color between LCD and CD which means that the gene expression for CD 

and LCD is almost the same in the blood. 

A hierarchical clustering was performed for the blood samples to identify the genes with similar 

characteristics and group them into one cluster. The genes were classified into 4 groups: the first group 

is ICOS and LAP3. Group 2 is HPRT1. Group 3 are MGAM, CD3D, and PEPD. The last group is 

CXCR4, DUSP8, CD28, EAPP, LAMB3, FAS, PRODH-357, CD40LG, GALC, CD40, ALDH18A1, 

FASL, CTLA4, and MYC. Cluster dendrograms are available in the appendix. 

To perform hierarchical clustering for the intestinal genes, they were clustered into 4 groups. group 1: 

ABP1, INADL, FAM3A, PYCR1, DUSP1, GALC, ALDH18A1, and LAMB3. Group 2: HPRT1, 

PRODH,  TRAF6, PYCR2, IL15RA, IL6R, TGFA, DUSP8, and TGM2. Group 3: DUSP3. Group 4: 
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IL8, MGAM, IL15_562, and IL16. Clustering dendrograms are available in the appendix. To study 

how the significant genes are interacting with each other, and to define the first shell nodes, PPI 

enrichment networks was studied in figure 4 (see appendix).    

Fruit fly 

At the age of 4 days, the larvae were weighed. Figure 5 (see appendix) shows that the larvae who ate 

lysine, and lysine with PRODH enzyme were underweight. One way ANOVA test was applied to find 

out if the mean weights for the larvae who consume different amino acids are significantly different 

than the control. The ANOVA results are available in appendix figure 7. 

It was noticed that Lysine larvae length was normal, their movement was slow, they were yellowish 

and underweight. By comparing their weight to the control weight, the p.value is 0.0004, so the weight 

difference is significant. After the addition of PRODH enzyme, the larvae weight still significantly 

lower than the control (p.value is 0.0037), Lysine larvae's are shown in figure 6. 

The larvae who consume lysine with enzyme have a significant reduction in their weight, and they 

were "fragile", but the larvae who ate lysine alone lost more weight and their movement was slower, 

their development, in general, was slow.  Another notice, the addition of PRODH enzyme to the food 

made the intestines much thicker than the normal ones. Finally, the larvae who ate proline were very 

active. 

In this gene expression experiment, there are 10 target genes from the larval intestine and one 

housekeeping gene (alpha tubulin). Table 3 shows the gene expression results (see appendix), the 

cutoff value is 0.05.  

The addition of PRODH enzyme to the larvae food results in an upregulation of CG32368 and PGRP, 

and downregulation of REL and sLgA expression. Whereas food containing gluten causes an 

upregulation of AKT1, CG32368, and PGRP, while it causes low expression of DRSL, P38K, sLgA, 

and TRAF6. PRODH addition to gluten raise up the expression for most of our genes of interest, but 

AKT1, CG32368, and PGRP are not upregulated significantly as much as when PRODH was not 

added. Finally, the sLgA gene is not downregulated at all after the addition of the enzyme while 

without the enzyme it is extremely downregulated. On the other hand, the absence of gluten from the 

food, cause significant upregulation of AKT1 and downregulation of DRSL gene but all the other 

genes still have a normal expression, which shows that gluten presence in food has a tremendous 

effect on intestinal genes expression. Adding PRODH to gluten-free diet elicit the expression of many 

genes, for example, AKT1, CG32368, PGRP, and REL are upregulated according to the addition of 

the enzyme, on the contrary, sLgA is downregulated. (Figure 7 in the appendix) 
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Gluten is rich in proline and glutamine, but the addition of each of these amino acids alone gives 

different results; for example, CG32368 is significantly downregulated when the larvae eat glutamine 

while it is upregulated after gluten consumption, but not altered at all by proline. The addition of 

PRODH enzyme upregulates the CG32368 expression in proline as well as glutamine larvae. Food 

rich in proline, gluten, and glutamine causes downregulation of DRSL gene, the addition of the 

enzyme downregulates this gene but it is almost the same as the amino acids do without it. P38K gene 

has no alternation in expression by gluten, proline or glutamine but the addition of the enzyme has a 

tremendous effect on downregulating this gene. PGRP gene is upregulated when larvae eat gluten or 

proline but are not altered by glutamine. However, the addition of the enzyme reduces the upregulation 

of PGRP. REL is upregulated by proline but not with glutamine. Proline and gluten consumption 

cause a significant downregulation of sLgA gene. Finally, the addition of the enzyme does not add 

more downregulation in the case of glutamine, but the enzyme downregulates it significantly.    

Pathways enriched in larval intestines 

The experiment results from the larval intestinal samples shows that the differentially expressed genes 

have a response to external stimuli(p.value 7.6E-6), intracellular transduction (p.value 5.5E-5), cellular 

response to growth (p.value 7.3E-5), positive regulation of multicellular organism growth (p.value 2E-

2), and innate immune response (p.value 4-E2). Moreover, there are two enriched pathways, these 

pathways are mTOR and toll signaling pathways. mTOR was enriched since AKT, RAPTOR, and 

RIKTOR have an alteration in their expression level. The second one is toll signaling pathway, it is 

also induced because DRSL, PGRP_SD genes have expression alteration.  

Generally, the differentially expressed genes in the larval intestine induce cell morphogenesis, neuron 

development, synapse assembly, synaptic growth at the neuromuscular junction, and response to 

external stimuli. 

Amino acids clustering and correlation 

To study which amino acid induces the genes in the same way as gluten does, a correlation score was 

calculated. The result is: the highest correlation score is 0.932, it is for glutamine + enzyme, which 

means that consuming glutamine and inducing PRODH gene can give the same result on gene 

expression as gluten does. The lowest correlation score is between gluten and glutamine! The 

correlation score is 0.167. A hierarchical clustering was performed to identify the genes with similar 

characteristics and group them into one cluster, and to identify the amino acids that induce the genes in 

the same patterns and group them into one cluster with the AU/BP % values (Figure 8) see appendix. 

Finally, to visualize the clustering, figure 9 shows a heat map 
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Figur

e 9: 

In this scaled heat map, each column was scaled; red color illustrates the highest FC values while 

white color illustrates the lowest ones. 

From the heat map, we can see that the gene expression for PGRP is up-regulated significantly in 

proline group, AKT1 gene is up-regulated in proline with enzyme, gluten-free, and gluten groups. On 

the other hand, SIgA is up-regulated in gluten with enzyme and glutamine groups.  

To study how the significant genes are interacting with each other, and to define the first shell nodes, 

PPI enrichment networks was studied in figure 10 (see appendix). According to figure 10, PPI 

enrichment p.value is 1.1e-05, which is significant, this means that these proteins are partially or fully 

biologically connected. The Number of nodes is 8, the number of edges is 6. 

Discussion 

In CD there is an identified co-expression pattern, with a highly complex regulatory mechanism; cases 

shows a high correlation that is explained as an inflammatory environment encouraged by the 

ingestion of gliadin, considering that all the CD genes relate to the immune response. However, this 

assumption is rejected in the latent group even after gliadin consumption, suggesting that the studied 

genes and most of the genes in their pathways do not have a significant alteration in their expression 

after gliadin ingestion at least for the childhood but probably they may require a longer time to reach 

the basal expression level. 

NFkB regulates the immune response, when NFkB is deregulated it is linked to cancer, autoimmune 

diseases, and improper up normal inflammatory development.  The correlation here is between the 

healthy group; because in the healthy gut there is a steady stringent control over this pathway, and the 

alteration is in the disease state. These opposed outcomes make sense when we think that NFkB 
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coexpression is the normal situation, since the genes that are regulated by the same pathway, would be 

expected to have the same regulatory mechanisms. So, in the disease state, the CD-associated loci 

where the genes are related to immune response will not react after the ingestion of gliadin or any 

environmental stimulus in a coordinated way, unless they share the same pathway. 

PRODH is regulated by the P53 gene, and it affects the apoptotic response of p53. PRODH generates 

ROS (reactive oxygen species) that produces its effect as pro-apoptotic protein. NFkB the 

transcriptional activator activates the PRODH promoter modestly. In addition, the knocking down of 

PRODH can block the apoptotic response of PPAR and its ligands. Per these results, PRODH plays an 

important role in the redox system for the apoptosis and cell survival (Liang  X. et al., 2013). PRODH 

expression level in the intestinal biopsy of celiac patients is downregulated, but its transcription in the 

biopsies is not significantly different than the control. For the same patients, the PRODH expression in 

the blood samples is quite normal in comparison with the control. These results lead us to conclude 

that PRODH downregulation in celiac cases intestines might cause an increase in proline level 

resulting in an inflammatory response. But in latent cases, their intestines do not have an inflammatory 

response. One of the possible mechanisms to have an intact intestine is the normal expression level of 

the PRODH gene. 

On the other hand, MYC expression downregulates PRODH and its apoptotic effect and suppresses 

proline-dependent ROS production. This effect can explain the proliferative response to MYC, as well 

as the downregulation of PRODH gene in the biopsies from CD patients. MYC again plays its crucial 

role in tumorigenesis; it increases the production of glutaminase (the enzyme that catalyzes the first 

step in glutamine metabolism), this increases the production of proline from glutamine, it also 

increases P5C synthase and PYCR1 levels as well as ALDH18A1, and at the same time it 

downregulates PRODH (Phang  et al., 2016 a). These results is seen in the blood as well as in the 

biopsies of celiac patients and not in latent celiac patients, which may explain the important role of 

non HLA genes in activating the immune system, increasing the proline level, and in developing the 

clinical features, such as the intestinal damage and the extraintestinal complications like several 

autoimmune diseases in celiac patients, while the latent cases do not develop these clinical features. In 

general, MYC activation reduces the defense mechanisms against oxidizing harmful effects. 

When PYCR1is knocked down, it yields a tumor inhibitory effect. It is exciting to find that proline 

metabolism has an important role in tumor suppression, and augmenting tumor growth, which makes it 

an important therapeutic target in tumor therapy (Christensen et al., 2017). PYCR1/2 are up-regulated 

in blood samples, and both are linked to glycolysis through regenerating NADC (Phang et al., 2016 b). 

This up-regulation is not seen in the biopsies. Again these results strengthen the suggested idea that 

CD patients have a high probability to develop extraintestinal cancer than latent celiac cases as well as 

normal people.  
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DUSPs expression dysregulation is linked to cancer, it regulates the MAPK transcription during 

oncogenic transformation of cancer cells, as well as in the tumor metastasis, and angiogenesis. It 

regulates cancer cell stress response via MAPK dependent pathways (Boulding et al., 2016). But 

DUSPs cannot be used as a biomarker in this case because their expression can be up or down-

regulated in different cancer cells. In this study, we noticed that DUSPs family has a significant 

alteration in its intestinal gene expression after the consumption of gluten.  

Gluten causes an oxidative stress, as a result, DUSP10 coordinates with p38k and they activate TNFα. 

Then TNFα up-regulates TGM2, again TGM2 trigger the immune response to form IgG 

autoantibodies (Östensson et al., 2013). This immune induction that is started by DUSPs in the 

intestinal biopsies of CD patients, is not started in Latent cases since these DUSPs are not triggered, 

and many pathways that induce inflammation are downregulated in these latent cases (TNF signaling 

pathway, Jak-STAT signaling pathway, signal transduction, and cytokine-cytokine receptor interaction 

pathway). So eating gluten do not harm their intestines in spite of their Leucocytes gene expression 

show alternation in TGM2 and MAPK expression.  

We can conclude that latent cases may not have an inflammatory response in their intestines and other 

parts of their bodies are downregulating the inflammatory response. Which leads to a question. Do the 

latent cases get benefit from a gluten-free diet or not? According to these results, it is possible to say 

yes, the intestines are intact, but to save them from other pathways that are triggered in other parts of 

their bodies. For example, there is a positive regulation of tissue remodeling, and many cancer 

pathways are enriched since there is down-regulation of the apoptotic process, up-regulation of cell 

proliferation and MAPK pathway.   

Fruit fly 

Glutamine is the source of carbon for the cell, its conversion to P5C then to proline provides the para 

metabolic regulation to optimize glucose exploitation for the cell proliferation. So as much as there is 

upregulation of P5C synthase, there will be an increase in the production of P5C and more 

accumulation of proline derived reactive oxygen species, that causes cell reprogramming (Wei Liu et 

al., 2015.a).  According to these facts, glutamine can induce cancer in the same way as gluten do, 

especially if  PRODH enzyme is added. Both induce cell proliferation and optimize glucose utilization 

by the cells (Wei Liu et al., 2015.b). This can explain why glutamine larvae weight was significantly 

higher than the other larvae (Figure 11).   
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Figure 11 shows the larvae that consumed glutamine with PRODH enzyme. The larvae seem to have a 

significant increase in their weight.  

 

Lysine is an amino acid that usually does not work alone when its concentration is high, it binds to 

vitamin C, then the body converts it to Carnitine. Carnitine helps the muscles to metabolize body fats 

and to regulate oxygen consumption (Stephens et al., 2013 ). That may explain the reason for the 

weight loss for larvae who consume lysine, especially that their food recipe includes vitamin C. 

PRODH enzyme reduces the free proline level in the larval intestines, and as a result, the cells 

downregulate SLgA gene.  But when the larvae eat extra proline, the addition of PRODH will not be 

enough to oxidize free proline, and there will be a need for SLgA gene, so it will be upregulated. But 

when the larvae ate gluten and without the addition of PRODH, SLgA will be significantly 

downregulated, resulting in hyper proline levels in the muscles (Tang and Pang., 2016). On the other 

hand, proline oxidase contributes in supplying glutamate to the neurotransmission in the nervous 

system (Cooper and Jeitner, 2016.a). In this experiment, there is a reduction in proline oxidase 

(encoded by SLgA gene), which may result in a reduction in the neural glutamate amount, that may 

affect synaptic transmission mediated by glutamate, especially that it is a major excitatory 

neurotransmitter (Cooper and Jeitner, 2016.a), and that was the reason behind the slow movement of 

the larva who consume glutamine. 

Activating PI3K leads to phosphorylating phosphatidylinositol3,4 bisphosphate, that inducts AKT on 

the cell membrane to phosphorylate and activate AKT.  The activated AKT enhances eNOS 

phosphorylation at SER1179 and induces mTOR stimulation, then eNOS activates reperfusion of 

intestinal tissue (Martini et al., 2014a). we can say that the reason behind the significant up-regulation 

of the AKT1 gene in the larvae who ate gluten, is to protect and repair the intestinal tissue that was 

damaged by the inflammatory processes. 

There is strong evidence that the expression of Drosophila-PGRP is upregulated by the exposure to 

lysine and proline. Drosophila PGRP  activates the Toll and Immune deficiency (IMD) signal 

transduction pathways, induces proteolytic cascades, phagocytosis, and hydrolyzes peptidoglycan 

(Costechareyre et al., 2016). The activation of Toll activates NF-KB like transcription factor, which 

results in the expression of antimicrobial peptides, and activating the Relish pathway. Moreover, 

PGRP-SD recognizes the lysine-type peptidoglycan, so the abundance of lysine works as a stimulus 

for the PGRP to recognize it, and then PGRP enhance promoting the inflammatory signal (Monahan et 

al., 2016). It can be noticed that Drosophila intestines respond to proline and lysine in the same way as 

it responds to bacterial or fungal infection.  
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TOR protein kinase promotes immunity and cellular proliferation in response to growth factor and 

nutrition. It is required for normal proliferation and growth, dTOR is essential for normal larvae 

growth (Jagus and Hernandez, 2016). Lysine larvae grow slower than the control ones; they reach only 

less than half the weight of the wild-type ones. The reason behind that is RAPTOR and RICTOR are 

down-regulated in lysine larvae, and as a result, TOR retains parts of its function as an important gene 

for normal growth and development. The reduced growth in this group is because of the reduction in 

cell size and cell number. 

The case is different for gluten, by studying the PI3K-AKT signaling pathway, we found that AKT is 

up-regulated, which means that the AKT gene is activated by phosphorylation. AKT activation 

increases cell proliferation, metabolism, and intestinal size for larvae who consume gluten. On the 

other hand, AKT-TOR pathway adapts a negative feedback in response to the activity of AKT, since 

the activation of this pathway results in tumor susceptibility, and obesity-induced metabolic diseases 

in addition to type 2 diabetes. But as a negative feedback, REL, RAPTOR, and RECTOR from the toll 

pathway are not significantly changed, it is a mechanism to protect the larvae from cancer and diabetes 

(Martini et al., 2014b).    

P38K gene is involved in the infection tolerance, immune response in the gut, and age-dependent stem 

cell proliferation in Drosophila intestine (Mortimer et al., 2011 ). After the consumption of gluten, the 

P38K gene is down-regulated. This downregulation causes an early death for the gluten larvae and 

increases the stress on their mitochondria (Acton Q 2013). At the age of four days, the larva started to 

turn into black and die (Figure 12). These larvae are sensitive to stress more than the other larvae. The 

addition of PRODH enzyme to the larvae food that contains gluten makes the larvae survive better 

than those without the enzyme! (data not shown), their P38K gene is not significantly altered.  

According to this result, we suggest that P38K encoded protein who detoxify mitochondrial machinery 

and struggle against stress-induced aging. 
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Figure12: shows the gluten larvae on day 2. The larvae who consume gluten have a significant 

increase in their weight, the larvae ¨upper left¨ start to turn into yellow until they turned into black in 

the fourth day after incubation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Conclusion 

We have shown that PRODH enzyme has a strong effect on gene expression in celiac disease. It plays 

an important role in the redox system for the apoptosis and cell survival. Proline metabolism has an 

important role in tumor suppression and in augmenting tumor growth which makes it an important 

therapeutic target in tumor therapy. 

There is a leading role for non HLA genes in activating the immune system, increasing the proline 

level, and developing the clinical features in celiac patients as well as developing extraintestinal 

cancer. 
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The gene expression for CD and LCD is almost the same in the blood, but it is different for many 

genes in the intestines. Latent cases may not have an inflammatory response in their intestines after the 

consumption of gluten, but other parts of their bodies are affected by the downregulation of the genes 

that encode for the  inflammatory response, so we suggest that latent celiac patients are at higher risk 

for pathogen infections.  According to the larvae model, its consumption of gluten increases the cell 

proliferation, metabolism, and intestinal size. In addition to early death  and increase the stress on the 

mitochondria 

This study found that glutamine can induce cancer in the same way as gluten do, especially if the 

PRODH gene is induced because both induce cell proliferation and optimize the glucose utilization by 

the cells. Finally, P38K is suggested to encode proteins to detoxify mitochondrial machinery, and 

struggle against stress-induced aging (Mortimer et al., 2011). 
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Appendix 1  

Table 1 : gene expression results for the peripheral blood.   

Gene name Control v/s 

CD 

(benjamini) 

Control v/s 

LCD 

(benjamini) 

CD V/S 

LCD 

(benjamini) 

p.value 

(Kruskal 

test) 

Up/down 

regulation 

CD 

Up/down 

regulation  

LCD 

CXCL1 0.36 0.007 0.03 0.03  Down 

DUSP1 0.52 0.06 0.08 0.14  Down 

DUSP5 0.5 0.35 0.48 0.56   

FAM3A 0.04 0.27 0.06 0.04 Up  

HPRT1 0.94 0.84 0.9 0.98   

IKBKE 0.03 0.44 0.11 0.05 Up  
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IL6 0.23 0.44 0.82 0.42   

IL6R 0.98 0.18 0.11 0.32   

IL8 0.22 0.27 0.59 0.33   

IL15 0.73 0.14 0.19 0.34   

IL15RA 0.02 0.14 0.005 0.004 Up  

MAPK11 0.006 0.11 0.005 0.002 Up  

MAPK14 0.53 0.10 0.05 0.15  Down 

PYCR1 6e-05 0.8 0.1 2e-04 Up  

PYCR2 0.006 0.66 0.11 0.01 Up  

RPLP0 0.93 0.05 0.06 0.14  Down 

TGFA 0.71 0.1 0.15 0.27   

TGM2 0.02 0.06 0.004 0.003 Up Down 

TIPRL 0.42 0.93 0.84 0.73   

TNFSF13B 0.12 0.36 0.88 0.25   

APC 0.4 0.1 0.05 0.13   

CCR5 0.39 0.15 0.12 0.22   

ALDH18A1 0.07 0.35 0.8 0.15   

CD3D 0.19 0.42 0.09 0.17   

CD28 0.25 0.58 0.8 0.47   

CD40 0.002 0.08 0.95 0.004 Up  

CD40LG 0.81 0.91 0.77 0.96   

CTLA4 0.006 0.42 0.48 0.02 Up  

CXCR4 0.84 0.13 0.13 0.27   
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DUSP8-712 0.49 0.83 0.71 0.75   

EAPP 0.26 0.26 0.85 0.39   

FAS 0.34 0.8 0.47 0.55   

FASL 0.18 0.65 0.77 0.33   

GALC 0.7 0.64 0.87 0.89   

HPRT1 0.048 0.02 0.19 0.03  Up 

ICOS 0.17 0.72 0.74 0.38   

LAMB3 0.48 0.93 0.54 0.7   

LAP3 0.01 0.15 0.84 0.03 Up  

MGAM 0.48 0.36 0.84 0.71   

MYC 0.007 0.24 0.8 0.02 Up  

PEPD 0.5 0.24 0.13 0.29   

PRODH2 0.32   0.28   

PRODH-

357 

0.93 0.17 0.09 0.92   

PRODH-

933 

0.81 0.75 0.77 0.32   

ACTB 0.5 0.16 0.17 0.81   

ALDH4A1 0.24 0.24 0.05 0.92   

AOC1 0.7 0.43 0.44 0.82   

ASS1 0.048 0.25 0.75 0.69 Down  

CTRC1 0.12 0.15 0.17 0.03   

CRTC2 0.29 0.29 0.1 0.94   

CXCL11 0.92 0.4 0.45 0.76   
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DCC 0.11 0.19 0.9 0.47   

DUSP3 0.08 0.51 0.09 0.89   

GRID1 0.02 1 0.16 0.71 Down  

HLA-

DQB1 

0.004 0.76 0.18 0.21 Up  

HPRT1 0.56 0.12 0.17 0.28   

IL2 0.01 0.22 0.89 0.74 Down  

IL2RA 0.94 0.41 0.25 0.71   

IL2RB 0.74 0.03 0.02 0.61  Down 

IL15-562 0.37 0.004 0.002 0.07  Down 

IL15-716 0.04 0.02 0.12 0.12 Down Down 

INADL 0.37 0.61 0.95 0.63   

NADSYN 0.43 0.01 0.01 0.15  Down 

PTEN 0.14 0.06 0.16 0.05   

TGM3 0.04 0.02 0.15 0.07 Down Down 

TRAF6 0.78 0.65 0.39 0.4   

 

Table 2 : gene expression results for Intestinal samples. 

Gene name Control v/s 

CD 

(benjamini) 

Control v/s 

LCD 

(benjamini) 

CD V/S 

LCD 

(benjamini) 

p.value 

(Kruskal 

test) 

Up/down 

regulation 

CD 

Up/down 

regulation  

LCD 

ABP1 1e-04 0.39 0.007 1e-04 Down  

ALDH18A1 0.007 0.4 0.66 0.03 Down  

DUSP1 0.01 0.09 0.65 0.02 Down  
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DUSP3 0.01 0.85 0.15 0.03 Down  

DUSP8 1e-04 0.04 0.75 4e-04 Down Down 

FAM3A 2e-06 0.29 0.11 1e-05 Down  

GALC 0.07 0.32 0.07 0.07   

HPRT1 0.18 0.86 0.38 0.36   

IL15-562 0.19 0.93 0.54 0.41   

IL15RA 2e-05 0.95 0.01 5e-05 Up  

IL16 0.97 0.22 0.28 0.49   

IL8 0.001 0.13 0.007 6e-04 Up  

INADL 0.03 0.96 0.27 0.08 Down  

LAMB3 1e-12 0.39 5e-05 7e-13 Down  

MGAM 1e-05 0.06 4e-04 2e-06 Down  

PRODH-

933 

1e-10 0.94 3e-04 1e-10 Down  

PYCR1 0.07 0.10 0.03 0.03   

PYCR2 0.55 0.07 0.04 0.11   

PYCRL 0.47 0.43 0.25 0.47   

TGFA 3e-04 0.87 0.02 6e-04 Down  

TGM2 1e-05 0.7 0.04 4e-05 Up  

TRAF6 0.39 0.99 0.73 0.69   
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Figure 4: PPI enrichment networks. Colored nodes are the first shell of interactors, white nodes are the 

second shell of interactors, edges represent protein – protein associations. 

 

Figure 5. Mean Larvae weight at the age of four days, the Larvae food contained different amino 

acids. Bars represent mean value ± 1 SD. Statistical significance was determined by one-way 

ANOVA. Asterisks denote significant differences from the control (*** p<0.001). 
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Figure 7: Gene expression results in  A) AKT1 B) CG32368 C) DORSAL D) P38K E) PGRP F) 

RAPTOR G) REL H) RICTOR I) SLGA  J) TRAF6 . The log2 fold change for control(n=3), 

proline(n=3), proline+ enzyme(n=3),control+ enzyme(n=3), glutamine (n=3), glutamine +enzyme 

(n=3), gluten free (n=3), gluten free+ enzyme (n=3), gluten (n=3), gluten+ enzyme (n=3), lysine (n=3), 

lysine + enzyme(n=3)  were plotted and represented as bars. Error bars represents mean value ± 1 SD. 

Statistical significance was determined by one way ANOVA, in  A. (F2,9 =0.64 , p=0.942) B. (F2,9 

G 

H 

 

J 
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=0.276, p=0.987) C. (F2,9 =0.231p=) D. (F2,9 =0.692, p=0.692 )E. (F2,9 =0.149, p=0.99 )F. (F2,9 

=0.263, p= 0.98)G. (F2,9 = 1.465 , p=0.188 )H. (F2,9 =0.328, p=0.974 ) I.( F2,9 =1.58 , p=0.146) J. 

(F11,36 =0.397 , p= 0.948).  

 

Figure 10: PPI enrichment network. Colored nodes are the 

first shell of interactors, white nodes are the second shell of 

interactors, edges represent protein – protein associations.   
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Cluster dendrogram for amino acids (the drosophila model) 
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Cluster dendrogram for genes 

 

Figure 8 represents the clustering dendrograms. Figure 8.A shows the amino acid clustering with 

AU/BP % values. While figure 8.B Shows gene clustering using the average method, k =3.  

Table 3  

GENE NAME : AKT1 

Amino acid in 

food 

Reference 

group 

p-value Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2F

C  

Up/down 

regulation 

(according to FC) 

Control+enzyme control 0.98 Not sig. 0.856 -0.225 Not sig 

proline control 0.95 Not sig. 1.169 0.225 Not sig. 

Proline+enzyme control 0.31 Not sig. 28.05 4.81 Up regulated 

Proline+enzyme proline 0.287 Not sig. 24 4.59 Up regulated 

Gluten control 0.028 Up regulated 9.9 3.305 Up regulated 

Gluten+enzyme control 0.075 Not sig. 9.09 3.185 Up regulated 

Gluten+enzyme gluten 0.92 Not sig. 0.92 -0.12 Not sig. 

A 

B 
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glutamin control 0.97 Not sig. 0.9 0.15 Not sig. 

Glutamin+enzy

me 

control 0.69 Not sig. 2.33 1.22 Up regulated 

Glutamin+enzy

me 

glutamin 0.62 Not sig. 2.58 1.37 Up regulated 

lysin control 0.64 Not sig. 2.45 1.29 Up regulated 

Lysin+enzyme control 0.86 Not sig. 1.4 0.485 Not sig. 

Lysin+enzyme lysin 0.49 Not sig. 0.57 -0.805 Not sig. 

Gluten free control 0.42 Not sig. 5.24 2.39 Up regulated 

Gluten 

free+enzyme 

control 0.39 Not sig. 5.9 2.56 Up regulated 

Gluten 

free+enzyme 

Gluten free 0.49 Not sig. 0.57 -0.805 Not sig. 

Control group do not have any flour on its food. 

GENE NAME : CG32368 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme control 0.094 Not sig. 4.47 2.16 Up 

regulated 

proline control 0.975 Not sig. 1.05 0.075 Not sig. 

Proline+enzyme control 0.558 Not sig. 2.16 1.11 Up 

regulated 

Proline+enzyme proline 0.72 Not sig. 2.16 1.03 Up 

regulated 

Gluten control 0.126 Not sig. 3.5 1.82 Up 
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regulated 

Gluten+enzyme control 0.133 Not sig. 5 2.3 Up 

regulated 

Gluten+enzyme gluten 0.511 Not sig. 1.4 0.48 Not sig. 

glutamin control 0.33 Not sig. 0.3 -1.69 Down 

regulated 

Glutamin+enzyme control 0.126 Not sig. 5.45 2.445 Up 

regulated 

Glutamin+enzyme glutamin 0.08 Not sig. 17.5 4.13 Up 

regulated 

lysin control 0.143 Not sig. 3.88 2 up 

regulated 

Lysin+enzyme control 0.459 Not sig. 1.69 0.755 Not sig. 

Lysin+enzyme lysin 0.181 Not sig. 0.44 -1.2 Down 

regulated 

Gluten free control 0.435 Not sig. 1.62 0.7 Not sig. 

Gluten 

free+enzyme 

control 0.216 Not sig. 2.65 1.41 Up 

regulated 

Gluten 

free+enzyme 

Gluten 

free 

0.179 Not sig. 1.63 0.71 Not sig. 

GENE NAME : DRSL 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme Control 0.951 Not sig. 1.15 0.2 Not sig. 

proline control 0.24 Not sig. 0.17 -2.58 Down 

regulated 



45 
 

Proline+enzyme control 0.59 Not sig. 0.19 -2.37 Down 

regulated 

Proline+enzyme proline 0.59 Not sig. 1.16 0.21 Not sig. 

Gluten Control 0.507 Not sig. 0.24 -2.05 Down 

regulated 

Gluten+enzyme control 0.75 Not sig. 0.3 -1.75 Down 

regulated 

Gluten+enzyme gluten 0.958 Not sig. 1.23 0.3 Not sig. 

glutamin Control 0.32 Not sig. 0.12 -3.065 Down 

regulated 

Glutamin+enzyme Control 0.82 Not sig. 0.51 -0.96 Not sig. 

Glutamin+enzyme glutamin 0.65 Not sig. 4.3 2.11 Up 

regulated 

lysin Control 0.214 Not sig. 0.11 -3.17 Down 

regulated 

Lysin+enzyme Control 0.28 Not sig. 0.1 -3.28 Down 

regulated 

Lysin+enzyme Lysin 0.96 Not sig. 0.9 -0.115 Not sig. 

Gluten free Control 0.359 Not sig. 0.285 -1.81 Down 

regulated 

Gluten 

free+enzyme 

Control 0.934 Not sig. 0.883 -0.18 Not sig. 

Gluten 

free+enzyme 

Gluten 

free 

0.365 Not sig. 3.1 1.63 Up 

regulated 

GENE NAME : P38K 

Amino acid in food Reference 

group 

p-

value 

Up/down 

regulation 

(accordin

FC 

value 

Log2F

C  

Up/down 

regulation 

(according 
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g to p-

value) 

to FC) 

Control+enzyme control 0.119 Not sig. 0.64 -0.65 Not sig. 

proline Control 0.936 Not sig. 1.05 0.07 Not sig. 

Proline+enzyme Control 0.273 Not sig. 1.15 0.2 Not sig. 

Proline+enzyme Proline 0.88 Not sig. 1.09 0.13 Not sig. 

Gluten Control 0.009 Down 

regulated 

0.39 -1.35 Down 

regulated 

Gluten+enzyme Control 0.161 Not sig. 0.58 -0.79 Not sig. 

Gluten+enzyme Gluten 0.237 Not sig. 1.47 0.56 Not sig. 

glutamin Control 0.131 Not sig. 0.6 -0.74 Not sig. 

Glutamin+enzyme Control 0.98 Not sig. 1.01 0.015 Not sig. 

Glutamin+enzyme Glutamin 0.37 Not sig. 1.7 0.75 Not sig. 

lysin Control 0.395 Not sig. 0.88 -0.19 Not sig. 

Lysin+enzyme Control 0.55 Not sig. 0.93 -0.1 Not sig. 

Lysin+enzyme Lysin 0.56 Not sig. 1.06 0.09 Not sig. 

Gluten free Control 0.42  Not sig. 0.65 -0.63 Not sig. 

Gluten 

free+enzyme 

Control 0.235 Not sig. 0.74 -0.43 Not sig. 

Gluten 

free+enzyme 

Gluten free 0.79 Not sig. 1.15 0.2 Not sig. 

GENE NAME : PGRP 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 
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Control+enzyme control 0.81 Not sig. 2.3 1.21 Up 

regulated 

proline control 0.009 Up 

regulated 

12.59 3.66 Up 

regulated 

Proline+enzyme control 0.138 Not sig. 5.64 2.495 Up 

regulated 

Proline+enzyme proline 0.381 Not sig. 0.448 -1.16 Down 

regulated 

Gluten Control 0.015 Up 

regulated 

5.7 2.51 Up 

regulated 

Gluten+enzyme Control 0.499 Not sig. 5 2.32 Up 

regulated 

Gluten+enzyme gluten 0.95 Not sig. 0.877 -0.19 Not sig. 

glutamin Control 0.72 Not sig. 1.3 0.38 Not sig. 

Glutamin+enzyme Control 0.01 Up 

regulated 

16.22 4.02 Up 

regulated 

Glutamin+enzyme glutamin 0.065 Not sig. 12.47 3.64 Up 

regulated 

lysin Control 0.864 Not sig. 1.357 0.44 Not sig. 

Lysin+enzyme Control 0.61 Not sig. 2.76 1.47 Up 

regulated 

Lysin+enzyme Lysin 0.7 Not sig. 2.035 1.025 Up 

regulated 

Gluten free Control 0.452 Not sig. 1.22 0.44 Not sig. 

Gluten 

free+enzyme 

control 0.032 Up 

regulated 

5.26 0.44 Up 

regulated 

Gluten 

free+enzyme 

Gluten 

free 

0.036 Up 

regulated 

4.3 0.44 Up 

regulated 
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GENE NAME : RAPTOR 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme control 0.76 Not sig. 1.19 0.245 Not sig. 

proline Control 0.767 Not sig. 1.26 0.335 Not sig. 

Proline+enzyme Control 0.189 Not sig. 0.58 -0.79 Not sig. 

Proline+enzyme proline 0.35 Not sig. 0.46 -1.125 Down 

regulated 

Gluten control 0.459 Not sig. 0.62 -0.685 Not sig. 

Gluten+enzyme Control 0.95 Not sig. 1.03 0.045 Not sig. 

Gluten+enzyme Gluten 0.485 Not sig. 1.66 0.73 Not sig. 

glutamin Control 0.67 Not sig. 0.7 -0.51 Not sig. 

Glutamin+enzyme Control 0.97 Not sig. 0.98 -0.03 Not sig. 

Glutamin+enzyme Glutamin 0.7 Not sig. 1.4 0.48 Not sig. 

lysin Control 0.88 Not sig. 0.82 -0.29 Not sig. 

Lysin+enzyme Control 0.35 Not sig. 1.9 0.94 Not sig. 

Lysin+enzyme Lysin 0.57 Not sig. 2.34 1.225 Up 

regulated 

Gluten free Control 0.57 Not sig. 1.33 0.415 Not sig. 

Gluten 

free+enzyme 

Control 0.41 Not sig. 1.4 0.48 Not sig. 

Gluten 

free+enzyme 

Gluten 

free 

0.91 Not sig. 1.05 0.065 Not sig. 

GENE NAME : REL 
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Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme control 0.41 Not sig. 0.6 -4.025  

proline control 0.141 Not sig. 3.02 1.59 Up 

regulated 

Proline+enzyme control 0.05 Up 

regulated 

3.3 1.72 Up 

regulated 

Proline+enzyme Proline 0.87 Not sig. 1.09 0.12 Not sig. 

Gluten Control 0.64 Not sig. 0.69 -0.54 Not sig. 

Gluten+enzyme Control 0.19 Not sig. 2.01 1.01 Up 

regulated 

Gluten+enzyme Gluten 0.28 Not sig. 2.93 1.55 Up 

regulated 

glutamin control 0.86 Not sig. 0.9 -0.16 Not sig. 

Glutamin+enzyme control 0.067 Not sig. 2.45 1.29 Up 

regulated 

Glutamin+enzyme Glutamin 0.21 Not sig. 2.73 1.45 Up 

regulated 

lysin Control 0.51 Not sig. 2.73 1.45 Up 

regulated 

Lysin+enzyme Control 0.01 Up 

regulated 

5.8 2.54 Up 

regulated 

Lysin+enzyme Lysin 0.61 Not sig. 2.13 1.09 Up 

regulated 

Gluten free control 0.16 Not sig. 1.64 0.71 Not sig. 

Gluten control 0.02 Up 4.53 2.18 Up 
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free+enzyme regulated regulated 

Gluten 

free+enzyme 

Gluten 

free 

0.02 Up 

regulated 

2.77 1.47 Up 

regulated 

GENE NAME : RICTOR 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme Control 0.63 Not sig. 1.185 0.245 Not sig. 

proline Control 0.74 Not sig. 0.82 -0.295 Not sig. 

Proline+enzyme Control 0.099 Not sig. 0.49 -1.035 Down 

regulated 

Proline+enzyme Proline 0.46 Not sig. 0.6 -0.74 Not sig. 

Gluten Control  0.179 Not sig. 0.62 -0.69 Not sig. 

Gluten+enzyme Control 0.962 Not sig. 0.98 -0.03 Not sig. 

Gluten+enzyme Gluten 0.392 Not sig. 1.58 0.66 Not sig. 

glutamin Control 0.658 Not sig. 0.72 -0.48 Not sig. 

Glutamin+enzyme Control 0.79 Not sig. 0.782 -0.355 Not sig. 

Glutamin+enzyme Glutamin 0.94 Not sig. 1.09 0.125 Not sig. 

lysin Control 0.753 Not sig. 0.69 -0.545 Not sig. 

Lysin+enzyme Control 0.325 Not sig. 1.42 0.51 Not sig. 

Lysin+enzyme Lysin 0.566 Not sig. 2.078 1.055 Up 

regulated 

Gluten free Control 0.349 Not sig. 1.25 0.33 Not sig. 

Gluten 

free+enzyme 

Control 0.039 Up 

regulated 

1.89 0.915 Not sig. 
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Gluten 

free+enzyme 

Gluten 

free 

0.129 Not sig. 1.505 0.59 Not sig. 

GENE NAME : slgA 

Amino acid in 

food 

Reference 

group 

p-value Up/down 

regulation 

(according 

to p-

value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme Control 0.43 Not sig. 0.014 -6.12 Down 

regulated 

proline Control 0.41 Not sig. 0.146 -2.78 Down 

regulated 

Proline+enzyme Control 0.472 Not sig. 0.16 -2.65 Down 

regulated 

Proline+enzyme proline 0.98 Not sig. 1.1 0.135 Not sig. 

Gluten Control 0.004 Down 

regulated 

0.0065 -7.27 Down 

regulated 

Gluten+enzyme Control 0.434 Not sig. 4 1.99 Up 

regulated 

Gluten+enzyme gluten 0.046 Up 

regulated 

613.1 9.26 Up 

regulated 

glutamin Control 0.67 Not sig. 0.87 -0.2 Not sig. 

Glutamin+enzyme Control 0.01 Down 

regulated 

0.0074 -7.08 Down 

regulated 

Glutamin+enzyme glutamin 0.01 Down 

regulated 

0.008 -6.88 Down 

regulated 

lysin Control 0.37 Not sig. 0.22 -2.19 Down 

regulated 
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Lysin+enzyme Control 0.003 Down 

regulated 

0.026 -5.26 Down 

regulated 

Lysin+enzyme lysin 0.243 Not sig. 0.12 -3.075 Down 

regulated 

Gluten free Control 0.784 Not sig. 1.06 0.085 Not sig. 

Gluten 

free+enzyme 

Control 0.003 Down 

regulated 

0.033 -4.91 Down 

regulated 

Gluten 

free+enzyme 

Gluten 

free 

0.00028 Down 

regulated 

0.031 -4.99 Down 

regulated 

GENE NAME : TRAF6 

Amino acid in 

food 

Reference 

group 

p-

value 

Up/down 

regulation 

(according 

to p-value) 

FC 

value 

Log2FC  Up/down 

regulation 

(according 

to FC) 

Control+enzyme Control 0.59 Not sig. 0.84 -0.25 Not sig. 

proline Control 0.258 Not sig. 0.7 -0.515 Not sig. 

Proline+enzyme Control 0.067 Not sig. 0.55 -0.875 Not sig. 

Proline+enzyme proline 0.278 Not sig. 0.78 -0.36 Not sig. 

Gluten Control 0.024 Down 

regulated 

0.31 -1.705 Down 

regulated 

Gluten+enzyme Control 0.123 Not sig. 0.48 -1.06 Down 

regulated 

Gluten+enzyme gluten 0.22 Not sig. 1.56 0.65 Not sig. 

glutamin Control 0.11 Not sig. 0.58 -0.78 Not sig. 

Glutamin+enzyme Control 0.05 Down 

regulated 

0.51 -0.965 Not sig. 

Glutamin+enzyme glutamin 0.79 Not sig. 0.91 -0.14 Not sig. 
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lysin Control 0.393 Not sig. 0.40 -1.32 Down 

regulated 

Lysin+enzyme Control 0.148 Not sig. 0.63 -0.665 Not sig. 

Lysin+enzyme lysin 0.644 Not sig. 1.57 0.65 Not sig. 

Gluten free Control 0.867 Not sig. 1.04 0.055 Not sig. 

Gluten 

free+enzyme 

Control 0.71 Not sig. 1.07 0.1 Not sig. 

Gluten 

free+enzyme 

Gluten 

free 

0.82 Not sig. 1.03 0.045 Not sig. 
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Levene test p-value = 0.9043 
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Levene test  p-value = 0.8137 
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Levene test  p-value = 0.7107 
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Figure 7: shows the gene expression for all the treatments ( A:AKT1), ( B:CG32368),( C:DORSAL), 

(D: P38K),(E:PGRP ),( F: RAPTOR),( G: REL),( H:RICTOR ) ,(I:SlGA ),( J: TRAF6) 
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Figure 6 shows the lysine larvae (right) and lysine with PRODH enzyme larvae (left).   
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