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Chemotherapy and radiation therapy are the most widely used interventions for the treatment of 

cancer and chemotherapy is one of the principal modes of the treatment of cancer patients. 

Although chemotherapy is employed to improve the patient's quality of life, it is associated with 

several side effects. Severe adverse reactions result in patient morbidity and mortality. In 

addition, it also contributes to economic ramifications of the affected patient. 

 

Mucositis is a debilitating, dose-limiting, and costly side effect of cancer therapy. Mucositis is 

the term used to describe the damage caused to mucous membranes of the alimentary tract by 

radiation and chemotherapy, in particular with drugs affecting DNA synthesis (such as 

fluorouracil, methotrexate, and cytarabine) (1-2). Mucositis occurs in 40% of cancer patients 

after standard doses of treatment and in almost 100% of patients treated with high doses of 

chemotherapy (1) and can affect the entire gastrointestinal tract causing discomfort, nausea, 

vomiting, bloating, diarrhoea, ulceration, bleeding and in some cases result in septicaemia (2).  

 

The epithelium in the small intestine is extremely sensitive to cytostatic drug treatment, since it 

is proliferating rapidly. The loss of intestinal epithelial integrity causes pain and ulceration, 

vomiting, bloating, diarrhoea, symptoms of malabsorption, and an enhanced risk of bacteremia. 

The clinical presentations depend on the area of the alimentary tract affected. Mucositis limits 

the patient‟s ability to tolerate chemotherapy or radiation therapy (leads to dose reduction or 

prevention of continuation of selected cancer therapies), prolongs hospital stay, increases  

re-admission rates, compromises the patient‟s nutritional status, affects the patient‟s quality of 

life, and is occasionally fatal. Majority of patients suffering from mucositis, the rely on pain 

relief as their only treatment option (3). 
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Methotrexate (MTX), an analogue of folic acid is the most commonly used anti-metabolite agent 

in clinical oncology practice. It is effective in the treatment for malignant acute leukemia,  

non-Hodgkins lymphoma, carcinoma, primary CNS lymphoma, squamous cell carcinoma, 

choricarcinoma, adenoma and melanoma (4) as well as several non-malignant inflammatory 

diseases including wegeners granulomatosis, dermatomyositis, sarcoidosis, alkylosing 

spondylitis, skin diseases, behcet disease, multiple sclerosis, uvetis, systemic vasculitis, 

idiopathic hypertrophic cranial pachemeningitis, neoplastic meningitis, myopathy, ectopic 

pregnancy conditions and ulcerative colitis (5-6). It is recommended as a first line disease 

modifying treatment for rheumatoid arthritis (7-8), psoriatic arthritis, and psoriasis (9-10) and for 

both the induction and maintenance of remission in Crohn‟s disease (6, 11-12).   

 

The efficacy of MTX is often limited by severe side effects such as bone marrow suppression, 

oral and intestinal mucositis. The adverse effects of MTX, such as renal or liver impairment, 

testicular damage, neurotoxicity, teratogenecity have also been reported in patients (13-17).  

 

Gastrointestinal mucositis is one of the most severe and debilitating side effects of MTX 

treatment at both low and high dose of methotrexate (18) . MTX induced small intestinal damage 

incorporate intestinal lesions, malabsorption (19), jejunal crypt cell abnormalities (20) and  

epithelial changes, bleeding  and ulceration (21-22). The use methotrexate in anticancer 

treatments may severely impair intestinal epithelial function and therefore constitutes a dose 

limiting factor in treatment schedules (20). Like other chemotherapeutics, it induces diarrhea and 

anorexia, accompanied by malabsorption, malnutrition, and dehydration. MTX induced enteritis 
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is characterized by small intestinal villus atrophy and loss of enterocytes resuting in 

malabsorption syndrome, leading to poor absorption of nutrients and diarrhea (3).   

 

To date, there is no definitive prophylaxis or treatment for MTX induced mucositis. This is due 

in part to the lack of understanding of its pathogenesis and its impact on intestinal structure and 

function. Although many studies have been carried out the exact mechanism of gastrointestinal 

toxicity of MTX is not completely understood. Therefore, treatment / prevention of MTX 

induced gastrointestinal mucositis is still elusive.  

 

Elucidating the mechanisms that underlie MTX induced mucosal injury would lead to treatments 

targeted to preventing the loss of mucosal barrier functions that lead to these debilitating and 

painful side effects of this antineoplastic therapy. Therefore, our research focus is to elucidate the 

mechanism of MTX enteritis. Research has been performed on the effects of cytostatic drugs, 

including MTX, on the epithelium of the small intestine in animals. The use of animal 

experiments allows the analysis of the effects of aspecific drug over time in all regions of the 

intestine, which would be impossible to perform in humans. We have standardized a rat model of 

MTX induced GI mucositis in our laboratory and have carried out some studies which will help 

unravel the mechanism of MTX induced enteritis.  We have demonstrated that mitochondrial 

damage, mitochondrial dysfunction, oxidative stress and nitrosative stress (tyrosine tyrosine 

nitration) contribute to MTX induced small intestinal damage (23-25).   
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The biological relevance of iNOS induction and protein tyrosine nitration in MTX induced small 

intestinal damage is not clear. Based on our earlier findings and those reported by others on the 

mechanisms of MTX induced small intestinal damage, the following pathway (Figure: 1.1) is 

hypothesized for the role of iNOS and its downstream targets in methotrexate induced small 

intestinal damage. In order to strengthen our hypothesis, we investigated whether the 

administration of aminoguanidine, a selective iNOS inhibitor protects rats against MTX induced 

enteritis 



PROPOSED MECHANISM FOR THE ROLE OF INOS AND PEROXYNITRITE IN 

METHOTREXATE INDUCED SMALL INTESTINAL DAMAGE 

Methotrexate 

   Small intestines 

 

 Increased iNOS       Increased ROS 

    Nitric oxide  +  Superoxide anion     

     

Peroxynitrite 

                                                                   

 

Protein tyrosine nitration       NFkB activation         Mitochondrial damage

  

Decrease in enzyme activity   Induction of proinflammatory genes Activation of apoptosis 

ETC complexes    TNF     Cytochrome c release 

TCA cycle enzymes    COX-2    Caspase 9 activation 

    Aconitase     iNOS    Caspase 3 activation 

    Succinate dehydrogenase   MMP-9   PARP cleavage 

Antioxidant enzymes        DNA Fragmentation 

  Catalase, GPO, and SOD 

 

Enterocyte apoptosis and necrosis 

 

Mucosal damage 

 

Figure: 1.1 - Mechanism hypothesized for methotrexate induced small intestinal damage. 
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2.1 AIM: 

The study was designed to investigate the roles of peroxynitrite (PON) induced protein tyrosine 

nitration, NFkappaB-iNOS-COX-TNF signaling pathway and apoptotic pathway in 

methotrexate induced small intestinal damage and to evaluate the efficacy of aminoguanidine, a 

selective  iNOS  inhibitor in the prevention of the damage using rat model. 

 

2.2 OBJECTIVES: 

The specific objectives of the study were to: 

1. Investigate the role of PON induced protein tyrosine nitration in MTX induced enteritis 

by the 

 analysis of the subcellular distribution of nitrated proteins 

 identification of the molecular weights of proteins that are nitrated  

2. Determine the effect of MTX on the activities of enzymes that are established  targets of 

peroxynitrite and are known undergo nitration during inflammatory conditions 

3. Assess the role of NFκB-iNOS-COX-2-TNF inflammatory signaling pathway in 

methotrexate induced enteritis 

4. Investigate the role of apoptotic pathway in methotrexate induced enteritis 

5. Investigate the protective effect aminoguanidine, a selective inhibitor of iNOS on 

methotrexate induced enteritis  



 

 

CHAPTER – 3 

Review of Literature 
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3.1 CHEMOTHERAPY 

Chemotherapy and radiation therapy are the most widely used interventions for the treatment of 

cancer and chemotherapy is one of the principal modes of the treatment of cancer patients (26). It 

was first used to treat advanced lymphoma in the late 1940s after it became known that the use of 

mustard gas in the World War I caused leukopenia (27). Shortly after the World War II, it was 

also found that folic acid stimulates the proliferation of acute lymphoblastic leukaemia cells and 

antagonistic analogues to folic acid, first aminopterin and then amethopterin (now known as 

methotrexate) induced the remission in children with acute lymphoblastic leukaemia (28). 

 

Cancer treatment is targeted at its proliferation potential and its ability to metastasise; hence, the 

majority of chemotherapy drugs take advantage of the fact that cancer cells divide rapidly (29). 

Chemotherapy agents can be divided into several categories based on the factors such as how 

they work, their chemical structure, and their relationship to another drug. The most important 

categories of chemotherapeutics include alkylating agents (e.g., cyclophosphamide, ifosfamide, 

melphalan, busulfan), antimetabolites (e.g., 5-fluorouracil, capecitabine, methotrexate, 

gemcitabine), antitumourantibiotics (e.g., daunorubicin, doxorubicin, epirubicin), topoisomerase 

inhibitors (e.g., topotecan, irinotecan, etoposide, teniposide), and mitotic inhibitors (e.g., 

paclitaxel, docetaxel, vinblastine, vincristine) (30). 

 

3.1.1 Factors Affecting the Effectiveness of Chemotherapy 

Effectiveness of chemotherapy depends on various factors, including properties of cancer cells.  

If tumour is hypoxic or mitochondrial function is severely compromised, or the number of 

mitochondria within the cancer cell is low, chemotherapy will be of limited value. The 
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microscopic form of tumour is much more successfully treated than macroscopic cancer. The 

other factors that can affect chemotherapy include the number of chemotherapy cycles; 

administrating polychemotherapy versus monotherapy etc. Polychemotherapy may be more 

active than single agent, whereas the order of administration of drugs as well as their time 

schedule is also important. Combining drugs with different modes of action may lead to 

enhanced or even synergistic antitumour effects without injuring the host, multitargeted approach 

targeting both the cancer cell and its microenvironment might increase the treatment efficiency 

and the phase of the circadian cycle (31). 

 

3.1.2 Typical Side Effects of Chemotherapy 

Although chemotherapy is employed to improve the patient's quality of life, it is associated with 

several side effects. Severe adverse reactions result in patient morbidity and mortality. In 

addition, they also contribute to economic ramifications of the affected patient (31). Although 

the desired goal of chemotherapy is to eliminate the tumour cells, normal haematopoietic cells, 

intestinal epithelial cells, and hair matrix keratinocytes are often susceptible to the toxic effects 

of anticancer agents (32), leading to many adverse side effects in multiple organ systems 

including bone marrow, liver, kidney, nervous system, lungs and GIT (33). (Figure: 3.1).   

 

Knowing how the chemotherapy agent works is important in predicting its side effects. For 

instance, treatment with alkylating agents and topoisomerase II inhibitors increases the risk of 

secondary cancer (acute leukaemia); anthracyclines (like doxorubicin) induce cardiotoxicity; and 

mitotic inhibitors have the potential to cause peripheral nerve damage (34). 



 

 

 

 

 

Figure: 3.1 - Side effects of anti-cancer agents (33) 
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The most common acute complaints of cancer patients undergoing cytotoxic therapy are fatigue, 

nausea, vomiting, malaise, diarrhoea, mucositis, pain, rashes, infections, headaches, and other 

problems. Furthermore, ulceration of the GIT is commonly associated with a high risk of 

systemic infection which poses a threat to patient health.  It must be appreciated that malnutrition 

is the reason why majority of the cancer patients die (35).  The most common long-term health 

problems of adjuvant chemotherapy include poor memory and concentration, visual 

deterioration, musculoskeletal complaints including early onset osteoporosis, poor sleep patterns, 

skin changes, sexual dysfunction, and chronic fatigue (33) (Figure: 3.1).  Such debilitating 

effects are a major clinical problem, whereas the toxicity often limits the usefulness of anticancer 

agents.  

 

3.2 METHOTREXATE 

3.2.1 Introduction 

Methotrexate (MTX), also known as amethopterin, is an antimetabolite utilized as 

chemotherapeutic drug for diverse malignancies.  Methotrexate is a structural analogue of folic 

acid.  The cytotoxicity of MTX in small intestine is mediated by the inhibition of folate reductase 

and DNA synthesis and also purine and protein synthesis.  The primary target of MTX is 

dihydrofolate reductase enzyme which catalyze the conversion of folate and 7,8 dihydrofolate to 

5,6,7,8 tetrahydrofolate  (36).   

 

3.2.2 Chemistry 

Methotrexate is 4-amino-4-deoxy-N-10-methylpteroylglutamic acid with a molecular weight of 

454 daltons. Its molecular structure differs from folic acid only in that folic acid has a hydroxyl 



 

 

 

 

 

 

 

 

Figure: 3.2 - Structure of Methotrexate (37) 
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group in place of the 4- amino group on the pteridine ring and there is no methyl group at the N
10

 

position (37). (Figure: 3.2) 

 

3.2.3 MTX as therapeutic agent 

Methotrexate is an effective treatment for malignant diseases like acute leukemia, non-Hodgkins 

lymphoma, carcinoma, primary CNS lymphoma, squamous cell carcinoma, choricarcinoma, 

adenoma and melanoma (4) as well as several non-malignant inflammatory diseases including 

wegeners granulomatosis, dermatomyositis, sarcoidosis, alkylosing spondylitis, skin diseases, 

behcet disease, multiple sclerosis, uvetis, systemic vasculitis, idiopathic hypertrophic cranial 

pachemeningitis, neoplastic meningitis, myopathy, ectopic pregnancy conditions and ulcerative 

colitis (5-6). It is recommended as a first line disease modifying treatment for rheumatoid 

arthritis (7-8), psoriatic arthritis, and psoriasis (9-10) and for both the induction and maintenance 

of remission in Crohn‟s disease (11).  Methotrexate may be used as monotherapy or in 

combination with other drugs, including oral agents.  In some disorders methotrexate is not only 

disease altering but also life saving (38-39).
 

 

3.2.4 Mechanism of action 

MTX competitively inhibits the enzyme dihydrofolate reductase which catalyses the conversion 

of dihydrofolate to tetrahydrofolate (40).  MTX has high affinity to bind to DHFR and inhibits 

folate synthesis which is essential for the de novo synthesis of thymidine, required for DNA 

synthesis.  The folate is also needed for purine synthesis, thus MTX inhibits purine biosynthesis.  

Therefore, MTX inhibits DNA, RNA, and eventually protein synthesis (41).  Biochemical 

mechanism of action of MTX modulating inflammation are inhibition of transmethylation 

reactions and promotion of adenosine release (42).  The in vivo effect of MTX is also mediated 
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by decrease in cell proliferation, inhibition of T cell activation, suppression of cellular adhesion 

molecules, and deactivation of enzymes required for immune system (43).   

 

3.2.5 MTX bioavailability 

Oral, subcutaneous or intramuscular of MTX have similar bioavailability at lower dose.  Around 

70% of the drug is absorbed both in fasting and after food  (44).  During higher dose of MTX the 

bioavailability is decreased in oral dose when compared to intramuscular and subcutaneous dose 

(45).  It is suggested that splitting higher dose weekly improves the bioavailability of oral 

administration. This variation in high dosage is due to limitation in gastrointestinal tract 

absorption. However, the superior MTX bioavailability is reported by parenteral administration 

than oral administration (46).  

 

3.2.6 MTX metabolism 

MTX enters into the cell by reduced folate carrier PCFT/HCP-1 (Proton coupled folate 

transporter / Heme carrier protein -1).  Polyglutamation of MTX inside the cell is catalyzed by 

folyl – polyglutamate synthetase. The polyglutamation process is slow and takes 27.5 weeks for 

to reach steady state.  The transport of MTX and its metabolite are through passive, active or by 

facilitated diffusion method.  The polyglutamate form of MTX is functionally important 

metabolite selectively retained in cell.  Nearly 10% of MTX administered is oxidized to  

7-hydroxy-methotrexate.   

 

The active form of MTX, methotrexate polyglutamate is further cleaved by gamma glutamyl 

hydrolase enzyme in lysosome and act as a reservoir of MTX in liver. MTX is converted to  
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4-deoxy-4-amino-N10-methylpteroic acid by carboxypeptidase.  MTX and its metabolites is 

cleared about 60-80% by kidney and the rest via bile.  The estimated half life of MTX in serum 

is 7-10h where as half life of MTX in renal clearance is 12-24h.  The half life of MTX 

elimination after intravenous administration is about 1-6h (47). 

 

3.2.7 MTX dosage 

Low dose MTX (LDMTX) around 20 mg/m
2
 used for the treatment of rheumatoid arthritis and 

psoriasis where as High dose MTX (HDMTX) around 1000 mg/m
2
 to 33000 mg/m

2
 has become 

a standard chemotheraphy for cancers.  HDMTX for osteosarcoma, lymphoma and leukemia is 

3-15g/m2 for 6-24hr.  Mean dose 18.2mg per week of MTX is used for Crohns disease and 

ulcerative colitis patient (48).  High dose are given as split dose for long term.   

 

3.2.8 MTX toxicity 

The efficacy of MTX is often limited by severe side effects such as bone marrow suppression, 

oral and intestinal mucositis. The adverse effects of MTX, such as renal or liver impairment, 

testicular damage, neurotoxicity, teratogenecity have also been reported in patients (13-17).   

High dose toxicity of MTX includes gastrointestinal toxicity, neurotoxicity, haematologic 

toxicity, dermatological toxicity, pulmonary toxicity like shortness in breath, fatigue and fever, 

central nervous system toxicity like mood alteration, unpleasant sensation and memory 

impairment, severe myelotoxicity. Low dose MTX cause myelosuppression like severe 

pancytopenia and thrombocytopenia, leucopenia, neutropenia, common side effects include 

vomiting, nausea, diarrhea, alopecia, infections, oral mucosa lesion. (49)  
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3.2.9 Gastrointestinal side effects of methotrexate 

Gastrointestinal mucositis is one of the most severe and debilitating side effects of MTX 

treatment at both low and high dose of methotrexate.  Intestinal mucositis, bleeding and peptic 

ulcers are well-known gastrointestinal adverse effects of MTX. MTX induced small intestinal 

damage include intestinal lesions, malabsorption (19), jejunal crypt cell abnormalities (20),  

epithelial changes  and ulceration (20).  MTX induced enteritis is characterized by small 

intestinal villus atrophy and loss of enterocytes resuting in malabsorption syndrome, leading to 

poor absorption of nutrients and diarrhea (3).   

  

 3.3 GASTROINTESTINAL SYSTEM 

Intestines are organs of digestive system involved in digestion of food, absorption of nutrients 

and also acts as defense barrier against ingested noxious agents and pathogens (50).  The 

intestines include small intestine (20 feet long and an inch in diameter) which absorbs nutrients 

and minerals from food and the large intestine (5 feet long and 3 inches in diameter) which 

absorbs water.  Small intestine is not only involved in the nutrient absorption and barrier function 

but is also responsible for signal recognition or transduction, maintenance of homeostatic 

processes and production of bioactive compounds.  These functions are regulated by cytokines 

and hormones as well as diet.   Even the low grade inflammation has its effect on gastrointestinal 

function by altering the process of digestion, absorption and barrier function promoting 

gastrointestinal dysfunction.  Thus, proper modulation and function of small intestine is essential 

for good health. (Figure: 3.3) 
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The small intestine is a convoluted tube composed of three portions duodenum, jejunum and 

ileum.  The proximal part of small intestine is duodenum involved in the fragmentation of the 

macromolecules into smaller compound using digestive enzymes. It contains Brunner‟s glands 

which produce mucus and bicarbonate that neutralize stomach acids. The absoption of iron takes 

place in the duodenum.  The midsection of small intestine is jejunum that connects duodenum 

and ileum.  It contains many folds plicae circulares, tiny finger like tissue villi and the epithelial 

cells with finger like projections called microvilli.  Most of the nutrients like sugars, aminoacids 

and fatty acids are absorbed in the blood stream of jejunum.  The terminal part of the small 

intestine is ileum that contains villi which are involved in the absorption of vitamin B12 and bile 

acids.  It also contains the Peyers patches that establish immune surveillance in lumen of 

intestine and facilitate immune response. (Figure: 3.4) 

 

Histology of small intestine is made up of four layers mucosa, submucosa, muscularis externa 

and serosa.  The serosa is the outermost layer of flattened mesothelial cells with some connective 

tissue.  The muscular coat with two layers of smooth muscles inner to the serosa in which 

individual muscle cells encircle the small intestine is muscularis externa which is essential for 

the segmentation and peristalsis.  Submucosa is a layer of loose connective tissue which lies 

beneath the muscularis mucosa.  The innermost layer of the small intestine is the mucosal layer 

which consists of numerous villi that are involved in the absorptive function of this organ. This 

mucosa is further layered in to outer thin layer of smooth muscle muscularis mucosae, a layer of 

connective tissue lamina propria and the innermost epithelium which is responsible for the 

process of digestion absorption and secretion. (Figure: 3.4) 

 



 

 

Figure: 3.3 - Schematic diagram of gastrointestinal tract (50) 

 

        

Figure: 3.4 - Schematic diagram of small intestine segments and layers (50) 
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3.4 GASTROINTESTINAL INFLAMMATION: 

3.4.1 Inflammation: 

Inflammation is a biological response of tissues when expose to harmful stimuli like pathogens 

and irritants.  The signs of inflammation are redness, swelling, warmth and pain, also includes 

elevated cellular metabolism, release of mediators, and cellular influx.  It is characterized as 

acute and chronic, based on the condition of the damaged cells and innate immune system plays 

a vital role.  Acute inflammation is a normal protective process that heals incase of physical 

injury or infection.  Chronic inflammation is a condition when the stimulus persists for longer 

time like days, months and years.  Infiltration of macrophages and neutrophils characterize acute 

inflammation where as infiltration of plasma cells and T lymphocytes characterize chronic 

inflammation.  Under normal conditions the inflammatory process is a self limiting process 

where as in disorders this develops subsequently and becomes chronic (51). 

 

3.4.2 GI Inflammation: 

The gastrointestinal toxicity mainly occurs due to the exposure of gastrointestinal tract to 

chemicals, foods, concentrated acids and pathogens.  The other side of the toxicity is due to the 

disruption of gastrointestinal defense mechanism by metals, chemicals, food allergens, radiation, 

pathogens and drugs (52).  The gastrointestinal disorders are caused mainly by inflammation, 

infection and malignancies. The inflammatory condition of gastrointestinal tract includes 

gastritis, colitis and enteritis (53).  Mucosal damage, gastrointestinal defense and subsequent 

repair is modulated by the inflammatory mediators (54). The inflammatory mediators of the 

gastrointestinal tract include nitric oxide, eicosinoids like prostaglandins and leukotrienes, 



 

 

 

 

Figure: 3.5 – Mechanism of gastrointestinal inflammation (56) 
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cytokines like IL-1beta and TNF-α, and neuropeptides (55). The mechanism of gastrointestinal 

inflammation (56) is shown in Figure: 3.5 

 

3.4.3 Levels of defense mechanism in GI inflammation: 

The defense mechanism of mucosal inflammation is at different levels.  First level is secretion of 

extramucosal components like acids, mucus, bicarbonate to reduce the ingested bacteria in small 

intestine.  Second level is the barrier function of epithelium itself for diffusion of harmful agents.  

Third level is the response of mucosal microcirculation that increases the blood flow to prevent 

accumulation of harmful agents and to neutralize the toxic agents.  Fourth level is the response of 

mucosal immune system that sense foreign materials and nullify by release of chemical 

mediators.  Final level includes repairing system through growth of gastric glands, new blood 

vessels and reinnervation of mucosal nerves (57). 

 

3.5 MUCOSITIS 

The term “mucositis” specifically refers to the damage of mucous membranes throughout the 

entire gastrointestinal tract (GIT) following chemotherapy and radiotherapy (58).  It is a major 

oncological problem reported in approximately 40% of patients undergoing standard dose 

chemotherapy and in almost all patients receiving high dose chemotherapy and stem cell 

transplantation (59). The prevalence of mucositis also varies depending on the type of cancer and 

therefore the combination of cytotoxic drugs (60). Patients with mucositis exhibit severe clinical 

symptoms including pain due to ulceration of the GIT, nausea, vomiting, heartburn, diarrhoea, 

constipation, and therefore severe weight loss. Furthermore, ulceration of the GIT is commonly 

associated with a high risk of systemic infection which poses a threat to patient health (61).  
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Mucositis can result in unplanned treatment interruptions including dosage reduction or 

premature cessation of cancer treatment. Patients may require prolonged hospitalization and 

administration of antibiotic, antiviral therapy, or antifungal drugs depending on the severity of 

the condition (60-61).  Many treatment options are available to prevent and treat this condition, 

but none of them can completely prevent or treat mucositis.  Currently, management of mucositis 

is largely supported with treatment limited to pain relief, maintenance of good oral hygiene, and 

the use of loperamide (a non analgesic opioid) to treat diarrhea (62). Thus, mucositis is a major 

clinical and economic burden that severely impacts patients‟ quality of life and increases their 

risk of morbidity and mortality (63). 

 

3.5.1 Pathobiology of Mucositis 

The pathobiology of mucositis is complex and involves the interplay of multiple intricate 

pathways including molecular and cellular events that occur in all layers of the gastrointestinal 

mucosa. Historically, it was assumed that mucositis development was simply an epithelial 

phenomenon and occurred due to the direct toxic effect of cytotoxic chemotherapeutic agents on 

the basal cells of the gastrointestinal tract epithelium (58). However, recent investigations have 

clearly identified that mucositis development is complicated with the involvement of molecular 

pathways between all mucosal compartments (64).  Initially, mucositis development was 

proposed in a four-stage model by Sonis in 1998 (65). However subsequent studies have further 

extending this model into a five stage model comprising of the (1) initiation, (2) upregulation and 

message generation, (3) signalling and amplification, (4) ulceration and inflammation, and (5) 

healing phase (3, 65). (Figure: 3.6 and 3.7) 

 



 

Figure: 3.6 Five stage model of mucositis (65) 

 

Figure: 3.7 -  Biological phases of mucositis (65) 
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Briefly, the initiation phase (Phase I) occurs immediately following exposure to cytotoxic 

therapy resulting in direct damage to cellular DNA leading to immediate cell injury or death in 

the basal epithelia and submucosal cells (60). Furthermore, extensive tissue injury can result in 

the generation of reactive oxygen species (ROS). ROS are known to cause damage to cells and 

tissues, stimulate macrophages, and trigger a cascade of inflammatory pathways including the 

SP1-related retinoblastoma control protein, p53, and the nuclear factorkappa-B (NF-κB) 

inflammatory pathway (66). 

 

The upregulation and message generation phase (phase II) involves the activation of a 

number of signalling pathways and transcription factors, most importantly NFκB (67). NFκB in 

turn mediates gene expression and synthesis of various inflammatory molecules including 

proinflammatory cytokines such as tumour-necrosis factor (TNF), interleukin-6 (IL-6), 

interleukin-1β (IL-1β), adhesion molecules, and cyclooxygenase-2 (COX-2) from adjacent 

connective tissue (68). The initiation of this inflammatory cascade has been confirmed in the 

clinical setting where studies have demonstrated the presence of these inflammatory factors in 

peripheral blood samples of chemotherapy patients (68). 

 

Phase III of mucositis is the signal amplification phase where the inflammation signal is 

further amplified as a consequence of proinflammatory cytokines such as TNF acting in a 

positive feedback loop to reinforce NFκB activation (67). The net effect of this amplified 

inflammatory positive feedback loop is enhanced production of proinflammatory cytokines 

(TNF, IL-6, and IL-1β) and further tissue damage as a result of increased apoptosis. 
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Phase IV is the ulcerative phase wherein gastrointestinal epithelium integrity is destroyed and 

mucositis is clinically evident. The GIT epithelium is characterised by the formation of 

pseudomembranes and ulcers (69). Bacterial colonisation at the site of ulceration further induces 

inflammation and activates the infiltration of macrophages and other inflammatory cells to the 

site of tissue injury (70). 

 

Phase V: the final healing phase occurs with in approximately two weeks following cessation 

of treatment and is a spontaneous self-resolving process where the intestinal epithelium is 

renewed. Although it remains the least understood stage of mucositis, it is thought that COX-2 

may play an important “rebuilding” role in the healing phase by initiating angiogenesis which is 

predominantly seen in this phase. (3) (Figure: 3.8) 

 

3.6 FREE RADICALS 

Free radicals are highy unstable and reactive molecules that have unpaired electrons.They may 

formed from oxygen and/or nitrogen. The reactive oxygen species include superoxide anion, 

hydroxyl free radical (•OH), hydrogen peroxide etc.  The superoxide free radical (O2-•) formed 

by NADPH oxidase system and abundant production in mitochondria.  The hydrogen peroxide 

(H2O2) is produced by superoxide dismutase and further form hydroxyl free radical (•OH) via 

fenton reaction and finally hydroperoxide radical (HO2-•).  The reactive nitrogen species 

includes free radical nitric oxide (NO•) synthesized from L-arginine by the action of nitric oxide 

synthase enzyme, the peroxynitrite (ONOO-) formed by the reaction of nitric oxide free radical 

with superoxide free radical which produce nitrogen dioxide (NO2•) as an intermediate and 

finally generates anhydrous nitrous (N2O3) (71-72) (Figure: 3.9) 



 

Figure: 3.8 – Phases of mucositis in response to chemotherapy/radiotherapy (3) 

 

Figure: 3.9 - Representative diagram of different reactive oxygen species and reactive 

nitrogen species (72) 
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3.7 REACTIVE OXYGEN SPECIES 

3.7.1 Sources: 

Dioxygen (O2) is an essential molecule for the survival of the organism which is produced by the 

mitochondrial respiration process.  The partially reduced metabolites of the oxygen from 

mitochondria such as superoxide anion, hydrogen peroxide, hydroxyl radical, which are highly 

reactive are termed as reactive oxygen species (ROS) (73-74). (Figure: 3.10)   

 

3.7.2 Defense against ROS: 

ROS is considered as toxic by-product of oxygen metabolism and cellular response due to 

hazardous stimuli cause damage to carbohydrates, lipid, proteins and DNA.  The superoxide 

anion production is mediated by NADPH oxidase and xanthine oxidase.  The superoxide 

mediated toxicity is moderated by cellular defense mechanisms by antioxidants superoxide 

dismutase, catalase, vitamin E, thiol peroxidases, glutathione-S-transferase, glutathione 

peroxidase and reduced glutathione (75)  (Figure: 3.11).   

 

3.7.3 Oxidative stress and its markers:  

Oxidative stress is caused due to an imbalance between ROS production and its detoxification by 

the antioxidant defense system.  ROS induced peroxidation of membrane lipids cause changes in 

biological properties, degree of fluidity, inactivation of membrane receptors leading to increase 

in tissue permeability and impair the normal cellular function.  This lipid peroxidation is 

measured by the formation of its end products malondialdehyde, 2-propenal, 4-hydroxy-2-

nonenal and isoprostanes.  Proteins are the major targets for ROS. This alters the structure of 

protein leading to cross linking, peptide cleavage, modification of side chain aminoacid and 



 

Figure: 3.10 - Formation of reactive oxygen species and it effect (74) 

 

Figure: 3.11 – Effect of ROS on biomolecules (75) 
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changes in the functional properties.  Measurement of protein carbonyl acts as a marker for the 

oxidation of side chain aminoacids.  ROS also damages the DNA molecule by hydroxyl group 

causing loss in fidelity, inactivation of DNA repairing enzymes and generates sugar, base 

modification products.  8-hydroxy-20-deoxy guanosine was measured as index of DNA damage 

due to oxidative stress (76).   

 

3.7.4 ROS and small intestines 

The intestinal tract is continually attacked by luminal microbes and by oxidized compounds from 

the diet, exposing it to recurrent oxidative changes. Intestinal epithelial cells act as a selective 

permeable barrier, which allows the absorption of nutrients, electrolytes and water by 

transcellular and paracellular pathways, also affording their intracellular compartmentalization 

and trafficking towards the body. These cells are able to regulate the traffic of antigens towards 

gut-associated lymphoid tissues, in order to discriminate between innocuous and pathogenic 

antigens, acting as a crossroad between tolerance and the immune response. 

 

ROS and their oxidized products may be considered as part of a network signaling system 

controlled by antioxidant defenses. For instance, moderate quantities of ROS can act as 

biological signal molecules, which are involved in different phases of the inflammatory immune 

response and of autophagic processes activated by luminal agents in intestinal cells. These events 

imply the production of hydrogen peroxide (H2O2) and superoxide anion (O2
−•

) or nitric oxide 

(NO) at specific intracellular sites, i.e. mitochondria, membrane nicotinamide adenine 

dinucleotide phosphate reduced (NADPH) oxidase, endothelial inducible NO synthase (iNOS) 

and myeloperoxidase in inflammatory cells (77). H2O2 regulate redox sensitive transduction 
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pathways, such as phosphatidylinositol 3-kinase/AKT, mitogen-activated protein 

kinase/extracellular signal regulated kinase kinase / extracellular signal-regulated kinase (ERK) 

and c-jun N-terminal kinase, and also regulate activation of the oxidative stress-responsive 

nuclear transcription factor-κB (NF-κB), which is involved in inflammatory reactions (78). 

However, although cell inflammation and oxidative reactions are considered to be a primary host 

defense, excessive inflammatory reactions, with overproduction of O2
−•

, H2O2, NO and HOCl by 

activated leukocytes, can overwhelm the tissue׳s antioxidant defenses and may contribute to 

functional impairment of the enteric mucosa, leading to an aberrant response to luminal agents. 

These events have been extensively considered in the pathogenesis of inflammatory Bowel 

disease (IBD), drug, radiation, chemotherapy, toxin induced chronic abnormal inflammatory and 

immune responses (79).  

 

An antioxidant intestinal environment reflects the intestinal mucosa׳s response aimed at 

preventing oxidative damage, and is maintained by a complex dynamic recycling system in 

which different molecules undergo well-established oxido-reductions. The chief molecules 

involved are antioxidant enzymes, i.e. superoxide dismutase, catalase and glutathione 

peroxidases, as well as non-enzymatic molecules some of which originate from the diet, such as 

ascorbic acid, tocopherols and amino-thiols compounds  (80) (81). (Figure: 3.12) 

 

 

 

 

 



 

 

Figure: 3.12 – Cellular response and pathobiological consequence of ROS in intestine (81) 
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3.8 REACTIVE NITROGEN SPECIES 

3.8.1 NITRIC OXIDE: 

Nitric oxide was first identified and synthesized in mammalian cells by Louis Ignarro in 1986 

(82).  It is an inorganic gas soluble at 2mM concentration in aqueous solutions.  It is highly 

reactive short lived molecule which has half life of few seconds and produced by a group of 

nitric oxide synthase (NOS) enzymes.  NO play role in biological processes like immune 

defense, cell motility and cell death.  Nitric oxide is synthesized from L-arginine by nitric oxide 

synthase enzyme. The biosynthesis of NO inside the cells is regulated by changes in NOS 

expression, distribution of NOS within cells, enzymatic activation of NOS and cellular inhibitors 

of NOS activity. (83) (Figure: 3.13) 

 

Nitric oxide has diverse physiological functions like vasodilation, neuronal and immune 

function, inflammation and regulation of apoptosis.  The effect of NO in the cellular functions 

depends on its concentration.  During pathological conditions, the NO concentration seems to be 

higher within the cell. Nitric oxide induces inflammation by the activation of the proteins of 

inflammatory mechanism such as TNF-α, NF-κB, COX2 etc.  Nitric oxide has the ability to 

induce or to protect cells from apoptosis in different cell types based on its dose within the cells.  

The apoptotic or anti-apoptotic effect of nitric oxide depends on the cellular protein functions 

like release of cytochrome c from mitochondria, activation of caspase cascade system, 

expression of p53, hsp70, Bcl-2 and Bcl-XL as well as cGMP signaling (84). (Figure: 3.14) 

 

 

 



 

Figure: 3.13 - Biosynthetic pathway of nitric oxide (83) 

 

 

Figure: 3.14 - Pleiotropic effect of nitric oxide on inflammation and apoptosis (84) 
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3.8.2 Sources of NO 

Nitric oxide (NO) is synthesized by nitric oxide synthase (NOS).  NO can also be produced non 

enzymatically by reaction of hydrogen peroxide and arginine, by xanthine oxidase  or by 

reduction on nitrites in acidic medium (85).  NO has half life of 3-5s quickly react with 

superoxide anion and forms peroxynitrite which has an half life of 1-2s (86) under physiological 

conditions.  NO converted into reactive nitrogen species such as nitroxyl anion, nitrosonium 

cation or peroxynitrite depending on the environment. Peroxynitrite is a major cytotoxic agent 

produced during sepsis, ischemia/reperfusion and inflammation. (87) (Figure: 3.15) 

 

3.9 NITRIC OXIDE SYNTHASES: 

Nitric oxide synthases belongs to a family of cytochrom p450 complex like hemeproteins 

depends on oxygen, NADPH, flavin, tetrahydrobiopterin and  catalyze the oxidation of  

L-arginine to form nitric oxide (88).  There are four types of NOS namely endothelial NOS 

(eNOS), neuronal NOS (nNOS), inducible NOS (iNOS) and mitochondrial NOS (mtNOS) (89).  

All these type found in most all the tissues as well as seen in same tissue.  Nitric oxide  synthases 

have wide physiological functions but their overactivation can have harmful effects especially on 

the proteins (90). Among NOS types, eNOS and nNOS are constitutively expressed in tissues, 

whereas iNOS is an inducible form expressed during the inflammatory and immunological 

responses. eNOS, nNOS and iNOS are found in the chromosomes 7, 12, and 17 respectively 

(88).  The nNOS has a molecular weight of 160 or 140 kDa where as iNOS and eNOS have 

approximately 130kDa.  Endothelial NOS and neuronal NOS produce low level of nitric oxide 

controlled by calcium calmodulin system at physiological condition.  Important functions of 

eNOS are vasodilation, vasoprotection, immune regulation, antiproliferative and antioxidative 



 

Figure: 3.15 - Formation of reactive nitrogen species depending nitric oxide 

and its effect (87) 

 

 

Figure: 3.16 – Biological and pathological effect of NOS (91) 
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effects. nNOS is involved in cell communication like synaptic plasticity, blood pressure 

regulation, penile erection, and neurotransmission. iNOS is produces high levels of nitric oxide 

and is involved in  non specific immune defense, septic shock, neutrophil infiltration, oxidative 

stress, DNA damage, and mediation of inflammation, protein nitration, inhibition of 

mitochondrial respiration and induction of apoptosis (91). (Figure: 3.16)  

 

3.10 INDUCIBLE NITRIC OXIDE SYNTHASE: 

Inducible nitric oxide synthase (iNOS),  has been reported to be expressed in large variety of 

cells including macrophages, monocytes, neutrophils, eosinophils, liver and kidney cells of rats, 

muscle cells, epithelial cells, neuronal and endothelial cells (82).  iNOS derived nitric oxide 

plays numerous important physiological functions such as wound repair, regulation of blood 

pressure and defense mechanism in host cells.  It is induced by pathological stimuli such as 

increase in tumour necrosis factor alpha, lipopolysaccharides, cytokines and endotoxins (92).   

 

During inflammatory responses, iNOS produces large amounts of nitric oxide which when 

sustained for long time causes cytotoxic effect.   iNOS, is transcriptionally regulated by nuclear 

factor κB (NF-κB) and interferon regulator factor-1 (IRF-1).  NF-κB is bound to its inhibitor IκB 

and is present in the cytoplasm. During inflammatory stimuli IκB gets phosphorylated and  

NF-κB translocates into the nucleus and triggers iNOS transcription (93).  This process is 

inhibited by preventing IκB degradation.  Other signaling pathways that stimulate iNOS 

expression are tyrosine kinase, janus kinase, protein kinase C, mitogen activated protein kinase 

and raf-1 protein kinase (94). 
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Lipopolysaccharides, cytokines like TNF-α, interleukin -1b and interferon gamma binds to its 

respective receptors and activates the NF-κB, IRF-1 and STAT-1 pathway.  This leads to the 

transcription of iNOS gene and thus increases the iNOS expression in the effector cell.  Over 

expression of iNOS in the cell results in the production of increased level of nitric oxide which 

has its adverse effect on the target cell. (95) (Figure: 3.17) 

 

Nitrosative stress: 

Nitrosative stress is defined as cellular stress in which reactive nitrogen species acts along with 

the reactive oxygen species.  The reactive nitrogen species including nitric oxide (NO
.
), nitrosyl 

cation [NO
+
], nitroxyl anion [NO

-
], peroxynitrite [ONOO

-
], nitrogen dioxide (NO2

.
), dinitrogen 

trioxide [N2O3], dinitrogen tetroxide [N2O4], nitrosothiols [RSNO] are responsible to induce and 

to detect nitrosative stress. 

 

Defense against nitrosative stress: 

Enzymes like nitric oxide reductase, denitrase, denitrosylase and S-nitrosoglutathione reductase 

protects cells from nitrosative stress (96) also nitrosothiol and nitrosoglutathione. 

 

Nitrosative stress markers: 

The major target of RNS was proteins leading to changes in the aminoacid moiety and cause 

alterations in the biological function of proteins.  Nitric oxide mediated post translational protein 

modification include binding to metal centers, oxidation of thiols (cysteine and methionine), 

nitration (tyrosine, tryptophan, carboxylic acid, amine, phenylalanine group), and nitrosylation 

(thiol and amine groups).  However much attention is paid to protein tyrosine nitration (nitration 



 

Figure: 3.17 - iNOS induction pathways and its cellular targets (95) 

 

 

Figure: 3.18 – Peroxynitrite production and tyrosine nitration (98) 
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of tyrosine residue) and protein S nitrosylation (nitrosylation of thiol) which may have a crucial 

role in nitric oxide mediated cellular signaling mechanisms (97) (98) (Figure: 3.18).  Analysis of 

3-nitrotyrosine is a prominent marker for measuring nitric oxide derived oxidant.   

3-chlorotyrosine, 3-bromotyrosine and dityrosine also measured in various disease conditions as 

marker (76).  Protein tyrosine nitration and protein cystein nitrosylation can be analysed by 

various methods such as western blot, immunoprecipitation, immunofluorescence, two 

dimentional electrophoresis followed by mass spectrometry (97).  

 

NO and small intestines 

Nitric oxide (NO) plays a critical role in several physiological processes that occur in the GI tract 

including motility, secretion, digestion, absorption and elimination. The importance of NO in GI 

mucosal defense is well established (99).  NO contributes to mucosal defense through its 

cytotoxic properties, a primary defense against ingested bacteria and parasites (100). The actions 

of NO overlap considerably with those of prostaglandins: modulation of the activity of mucosal 

immunocytes (e.g., mast cells and macrophages), reduction of leukocyte-endothelial adhesive 

interactions, modulation of mucosal blood flow, reduction of epithelial permeability, stimulation 

of mucus, and bicarbonate secretion. NO has proven to be the primary non-adrenergic non-

cholinergic neurotransmitter in the GI tract (101). 

 

The GIT expresses three types of NOSs. The constitutive (calcium dependent) isoforms, 

neuronal NOS (nNOS) and endothelial NOS (eNOS), produce small amounts of NO which acts 

as a neurotransmittor and vasodilator respectively.  The inducible (calcium independent) isoform 

(iNOS) produces much larger amounts of NO and is expressed during inflammation. iNOS is 
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induced by cytokines like interferon-gamma (IFN-γ), tumor necrosis factor α, interleukin-1 (IL-

1) and  lipopolysaccharide (LPS). iNOS induction is suppressed by transforming growth factor 

(TGF-β), and interleukin -8 and -10 (IL-8,-10). Recent studies indicate that iNOS is expressed in 

a small amount and plays a role in intestinal mucosal integrity under physiological conditions 

(102). There is a general agreement that NO derived from the constitutively expressed NOS (e.g., 

eNOS or nNOS) is protective/anti-inflammatory and the large amounts of NO derived from the 

inducible iNOS is proinflammatory. High concentrations of NO are related to numerous 

pathological processes of GIT including peptic ulcer, chronic gastritis, gastrointestinal cancer, 

bacterial gastroenteritis, celiac or chronic inflammatory bowel diseases (103) 

 

3.11 PHYSIOLOGICAL AND PATHOLOGICAL ROLES OF ROS/RNS: 

ROS and RNS, at higher concentrations cause damage to all cellular constituents.  At low or 

moderate concentration play a regulatory role in cellular signaling processes. The physiological 

functions include vascular tone, erythropoietin production, monitoring oxygen tension, control of 

signal transduction (104) defense against infectious agents, induction of mitogenic response, and 

maintenance of redox homeostasis where as excessive production leads to consequences to its 

downstream causing tissue injury (71). It is also shown that these species have a role in necrosis 

or apoptosis, induction or suppression of many genes, and activation of cell signaling cascades 

(105). ROS / RNS induced stress has been implicated in pathogenesis of disorders including 

cancer, atheroscelerosis, chronic inflammation, hypertension, neurodegenerative diseases, 

rheumatoid arthritis, cardiovascular diseases, HIV infection, aging, diabetes, ischemia-perfusion 

injury (104) (71) (106) (Figure: 3.19) 



 

Figure: 3.19 – ROS/RNS physiological and pathological process (106) 

 

Figure: 3.20 - Role of ROS/RNS in carcinogenesis process (72). 
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Reactive oxygen species and reactive nitrogen species produce damage to biomolecule and DNA 

causing genetic instability and affecting the mechanism of cell cycle, cell repair and cell death.  

Free radicals are essential for cellular transformation, differentiation and proliferation and 

evalulation of inflammation process.  It has been implicated that these free radicals are involved 

in the carginogenesis by promoting tumour progression, invasion and metastasis (72)  

(Figure: 3.20) 

 

3.12 PEROXYNITRITE: 

Nitric oxide and superoxide are the precursors of peroxynitrite.  Nitric oxide produced by nitric 

oxide synthase reacts with superoxide generated by NADPH oxidase, mitochondrial respiratory 

chain, respiratory burst, xanthine oxidase and autooxidation of biomolecules to form 

peroxynitrite which is responsible for nitrosative stress leading to implications on several 

biomolecules and changes in biological process during inflammation.  Peroxynitrite is a short 

lived free radical than its precursor but stable and long lived compared to peroxynitrous acid. 

The exact half life is not known but it is reported as 10 millisec in extracellular components. 

Under physiological conditions it has an half life of 1-2s. PON is a potent oxidizing agent. The 

cytotoxic effects of PON at the cellular level in the cell signaling pathways results in the 

modifications of targets which leads to various pathological consequences in diseases.  The 

biological targets of peroxynitrite cytotoxicity are NFκB activation, protein modification and 

alteration in cell signaling (107).  It also acts through mitochondrial components and causes 

alteration in membrane permeability and lowered mitochondrial energy production (108). 

(Figure: 3.21) 



 

 

 

 

Figure: 3.21 - Mechanism of peroxynitrite mediated cell death (106) 

 

 

 

 



 

 

 

 

Figure: 3.22 – Biological and pathological effect of NO and ONOO on tissues (106) 
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Peroxynitrite is a major molecule which favours nitrosative stress by causing modifications in 

proteins by tyrosine nitration and cystein nitrosylation (98).  The biochemical and 

pathophysiological effects of peroxynitrite include inhibition of antioxidant enzymes (SOD and 

glutathione reductase), inhibition of cytosolic enzymes (aconitase, creatine kinase and 

glyceraldehydes e phosphate dehydrogenase), aggregation of proteins, activation of enzymes 

(MMPs, cytochrome c , protein kinase C, fibrinogen), impairment of cofactors, inhibition of 

membrane channels and modification of cell signaling mediators leading to consequences like 

deleterious effect, causing injury, impairment in cell function, ionic imbalance and 

activation/impairment of inflammation and apoptotic signaling (109).  The modifications in the 

cellular mechanism due to the effect of nitrc oxide and peroxynitrite can result in necrosis and 

apoptosis (106). (Figure: 3.22) 

 

3.13 PROTEIN TYROSINE NITRATION: 

3.13.1 Introduction: 

Protein tyrosine nitration is a post translational modification of protein that occurs due to the 

reaction of protein with nitrating agents. Protein nitration is the addition of nitro group on 

proteins mainly tyrosine residue forming 3-nitrotyrosine.  Under inflammatory conditions 

nitration affects 1-5 tyr residues of every 10,000 tyr (110).  The biological consequences of 

protein tyrosine nitration include alterations in the enzymatic activity, modifications in protein 

phosphorylation, proteolytic degration, immunogenicity and implication on diseases (111). Not 

all the proteins or not all the tyrosine residues in the proteins undergo nitration.   The selectivity 

of tyrosine nitration in proteins depends on location of tyrosine residue, exposure of the aromatic 

ring and protein association with microenvironment (110).  Tyrosine nitration modifies the 



 

 

 

 

Figure: 3.23 – Mechanism of Protein tyrosine nitration (113)  
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properties of aminoacid like redox potential, pKa, volume and hydrophobicity.  Protein nitration 

also affect regulation of cell cycle (112). Protein 3-nitrotyrosine is being used as a biomarker for 

nitrooxidative stress in cells and tissues (113) (Figure: 3.23). 

 

3.13.2 Consequences of nitration: 

Tyrosine nitration of proteins leads to gain or loss of function of proteins.  Nitration cause 

conformational changes of proteins and reduces its activity leading to loss of function.  The 

biological consequences of protein tyrosine nitration include enzyme activity modification, 

proteolytic degradation sensitivity, immunogenicity, protein phosphorylation alterations and 

implications in diseases.  Nitration of NFκB/IκB triggers dissociation of IκB from NFκB and 

activates the pathway which is involved in cancer and inflammation (111).  Examples for loss of 

function of some protein modification are Cu-Zn SOD, MnSOD, actin, glutamine synthase, 

inactivation of heme oxygenases, iron regulatory protein 1, decrease in histone deacetylase 2 

increases inflammatory gene expression followed by histone acetylation, Aldolase, prostacyclin 

synthase (114),  and gain of function of proteins are protein kinase C, fibrinogen, and 

cytochrome c. Cyt c nitration leads to decrease in mitochondrial respiration and stimulation of 

the apoptosis signaling (115), inactivation of glutathione S transferase by nitration causes 

marked reduction in lipid peroxidation inhibition  which raise degree of membrane damage 

under pathological conditions (116), JNK nitration activates poly ADP ribose synthetase and 

leads to cell death (90).  The nitrated proteins can be detected by using fluorescence imaging, 

histochemistry, western blot and proteomic based methods (111).  
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3.13.3 Nitration in health and disease: 

Elevated levels of protein nitration is seen in wide range of disease conditions like stroke, 

chronic heart failure, diabetes, myocardial infarction, circulatory shock, cancer and 

neurodegenerative diseases (106) (109). Selected nitrated proteins have consequence in various 

diseases such as coagulation disorder, platelet dysfunction, sepsis, scelerosis, alzheimer‟s and 

parkinson‟s disease, inflammation and ischemia, endothelial dysfunction, cardiovascular and 

neurological disorders (117). 

 

3.13.4 Peroxynitrite, tyrosine nitration and small intestines 

Studies have shown that sustained NO production and ONOO- formation occurring in 

inflammatory states may differentially accelerate apoptosis in the villus apex and/or inhibit 

proliferation at the base of the crypts resulting in expanded extrusion zones at the villus tip 

resulting, at least transiently, in a "bare area" at the villus tip where bacteria can attach and 

traverse the epithelium. Peroxynitrite may promote gut barrier failure not only by inducing 

enterocyte apoptosis but also by disrupting signaling pathways involved in enterocyte 

proliferation (118-119). 

 

3.14 PROTEIN- S - NITROSYLATION: 

Protein S nitrosylation is a post translational modification of protein that occurs when nitric 

oxide reacts with cysteine thiol residue.  Protein s nitrosylation play a key role in cell signaling, 

phosphorylation, ubiquitylation, acetylation of related protein modifications and alteration in 

cysteine based redox modifications. The specificity of S-nitrosylation depends on cellular redox 

environment, thiol microenvironment, activity of denitrosylases and transnitrosylases.  As a 
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novel mechanism under physiological conditions, nitric oxide directly reacts with thiols in 

presence of electron acceptor forms s-nitrosothiol.  The transfer of nitric oxide to the cysteine 

sulfhydryls on many proteins under in vivo condition results in the formation of S-nitrosothiols.  

These nitrosylated proteins have role on processes like signal transduction, host defense, DNA 

repair, blood pressure control and neurotransmission (120).   

 

3.14.1 Consequences of nitrosylation: 

The biological targets of nitrosylation are G proteins (p21, cdc42, rac1), enzymes (caspases, 

GAPDH, aromatases, transglutaminases) and kinases (JNK, ERK, p38).  The NMDA receptor 

activity is downregulated by S-nitrosylation and causes redox modulation and decreases in 

channel opening under physiological condition.  Glyceraldehyde -3- phosphate dehydrogenase 

activity is modulated by s-nitrosylation which promotes its apoptotic effect.    Bcl2 nitrosylation 

leads to its inhibition of ubiquitination and suppresses apoptosis.  NFκB is inhibited and 

regulated by s-nitrosylation of p50.  Nitrosylation activates matrix metalloproteases in 

pathological processes. The nitrosylated proteins can be identified by biotin switch method, 

fluorescence method, proteomic method. (121).   

 

3.15 NITRIC OXIDE AND INFLAMMATION: 

Under physiological conditions, nitric oxide has anti-inflammatory effect whereas in 

pathological conditions, it has pro inflammatory effect and induces inflammation.  Nitric oxide 

plays a key role in the pathogenesis of inflammation. Several studies have been carried out to 

elucidate the role of NO in inflammatory conditions at both acute and chronic state.  The pro-

inflammatory effect of nitric oxide includes oedema, vasodilation, cytotoxicity and cytokine 
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mediated process leads to tissue injury (122).  It influences many aspects of inflammatory 

cascade in affected tissues.  This can be evaluated by the increased expression of inducible nitric 

oxide synthase and overproduction of sustained nitric oxide.   

 

The inflammatory conditions in which nitric oxide has an impact includes ischemia reperfusion 

tissue injury,  chronic state of gut inflammatory diseases like ulcerative colitis and crohns, 

rheumatic diseases, orthopaedic diseases, atherosclerosis and systemic lupus erythematosus, 

cancer, chronic liver diseases, central nervous system pathologies, stroke, huntington disease, 

parkinson disease and amylotrophic lateral scelerosis (123). 

 

Nitric oxide mediated inflammatory mechanisms of tissue injury includes activation of NFκB 

inflammatory pathway (124) (Figure: 3.24), activation of hypoxia inducible factors, regulation of 

leukocyte recruitment,  regulating mitochondrial biogenesis and disturbing T cell activation, cell 

signaling pathways like cAMP, cGMP, MAPK and JAK/STAT in immune regulation (125).   

 

3.16 NFκB INFLAMMATORY PATHWAY: 

Inflammation is a process in which body deals with the injury in reponse to stimuli.  The stimuli 

may be foreign bodies, toxins, microorganisms and chemicals.  Inflammation will progress by 

pro-inflammatory cytokines (TNFα, IL-1, IFNgamma, IL-12, IL-18) and resolved by  

anti-inflammatory cytokines (IFNα, IL-4, IL-10, IL-13, TGFβ) (56). 

 

 

 



 

 

Figure: 3.24 – Classical and alternative pathway of nitrioxide and peroxynitrite mediated 

NFκB signaling pathway  (124) 
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3.16.1 NF-kappa B: 

NFκB has been studied extensively since its first description by (126) for its role in immunity 

and stress responses.  As a major transcription factor and a first responder to harmful cellular 

stimuli, NF-κB plays a central role in inflammation through its ability to induce transcription of 

proinflammatory genes (127).  NF-κB controls the activity of numerous genes crucial for 

immunity,cell death, cell survival , angiogenesis , cell proliferation, inflammation, and stress 

responses, including TNFα, NOS II, COX-2, cPLA2, VCAM 1, ICAM1, cyclinsD1 and E, Bcl2, 

surviving etc. (128) (129) (Figure: 3.25 and 3.26).  Reactive oxygen and nitrogen intermediates, 

and cytokines such as TNF are thought to be important in activation of the redox-sensitive 

transcription factor, NF-κB (128) (129) (130) (Figure: 3.27 and 3.28). Studies have shown that 

tyrosine nitration triggers dissociation of IκB from NuclearFactor-κB (NF-κB), which results in 

activation of this pathway that plays an important role in cancer and inflammation. Tyr-66 and 

Tyr-152 of p65 subunit of NFκB have been shown to undergo nitration (111, 131). 

 

NFκB is normally stabilized in the cytosol when bound to its inhibitor protein, IκB to form 

p50/p65 IκB complex. Activation of the IκB kinase complex by numerous stimuli leads to the 

phosphorylation of IκB, causing its dissociation from the NF-κB heterodimer and subsequent 

degradation by the proteasome leaving NFκB available for translocation to the nucleus and 

activation of target genes (124) (Figure: 3.29). Some target genes for NFκB include  

pro-inflammatory cytokines such as, cyclooxygenase-2 (COX-2), tumor necrosis factor  

(TNF-α), iNOS, MMP 9, HO-1, interleukin (IL)-1β and IL-6, which in turn lead to tissue injury 

and apoptosis. Persistent activation of NF-κB signaling pathways is often associated with chronic 



   

Figure: 3.25 – Target genes of NF-κB (128) 

 

Figure: 3.26 – TNF induced NFκB activation and its downstream proinflammatory target 

genes (129) 



 

Figure: 3.27 – Regulation of NFκB by ROS and RNS in inflammatory signaling (128) 

 

Figure: 3.28 – Crosslink of ROS, RNS and NFκB signaling pathway during inflammation 

and tissue degeneration (129) 



 

Figure: 3.29 - Activation of NFκB (124) 

 

Figure: 3.30 – Role of NFκB in various disease conditions (132) 



35 

 

inflammatory diseases, such as rheumatoid arthritis, inflammatory bowel disease, psoriasis and 

asthma (180) (132) (Figure: 3.30) 

 

NFκB and small intestines 

NF-κB has multiple, often opposing functions in the intestine. NF-κB activity is of particular 

importance for maintenance of epithelial barriers, but it was also proposed that NF-κB activation 

in epithelial cells can lead to production of inflammatory chemokines that recruit immune cells 

to the tissue, thereby initiating an inflammatory amplification cascade (133).  Antiapoptotic 

actions of NF-κB in intestinal epithelial cells dominate tissue responses to many acute 

inflammatory and injurious challenges, whereas proinflammatory and cell survival functions of 

NF-κB in macrophages and T cells govern activation of NF-κB in numerous inflammatory 

processes of the gastrointestinal tract. Induction of this transcription factor has been reported in 

Helicobacter pylori gastritis, inflammatory bowel disease, and pancreatitis, intestinal ischemia 

and necrotizing enterocolitis and obstruction and chronic intestinal inflammation (134-135). 

 

3.16.2 TNF alpha: 

Tumor necrosis factor alpha (TNF-α) is an adipokine expressed during inflammation.  It is an 

inflammatory cytokine secreted by monocytes, macrophages, neutrophils, adipose tissue, 

endothelial cells, fibroblasts, neurons, mast cells, T cells and NK cells upon stimulation by 

lipopolysaccharides and interleukin-1 (136).  The biological effect of TNF-α depends on the 

concentration, cell exposure to pathogens and presence of mediators. It has a role in beneficial 

processes like immunity, host defense, tissue homeostasis and in pathological conditions occurs 

due to shock and inflammation (137).  TNF-α exerts its effect by binding to its TNF receptor 
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superfamily as a trimer.  The cell membrane receptors for TNF-α are TNFR1 (55kDa) and 

TNFR2 (75kDa).  These receptors have similar structure in extracellular domain where as they 

differ in intracellular domain. TNF has dual signal transduction function either in cell survival or 

cell death (138).  TNF activates the nuclear transcription factors such as AP-1, IRF-1, IRF-2, and 

NF-κ B. TNF-α is capable of inducing iNOS expression in various cells.  But the direct target of 

post translational TNF signaling cascade of cellular event identified so far is the activation of 

NF-κB (139). TNF-α up-regulates the transcription of chemokine genes and hence its own 

synthesis through the activation of NF-κB.  During acute inflammation, TNF-α is responsible for 

diverse cell signaling events leading to apoptosis or necrosis (140). 

 

TNF and small intestines 

Claud, et al., (141) have previously demonstrated that intraperitoneal TNF-α induces intestinal 

epithelial NF-κB activation. Bertrand et al. (142) demonstrated that NSAID induced local 

production of TNF-α in the small intestine and this event occurred before the elevation of NO 

production and MPO activity as well as lesion formation  

 

TNF-α released early after an inflammatory stimulus, can initiate the infiltration of inflammatory 

cells into the intestine by activating ICAM-1 and other adhesion molecules (143). TNF is 

reported to play vital role in various models of  GI injury including radiotherapy-induced sub-

acute damage (144) and chemotherapy induced mucositis (2). TNF-α is a crucial cytokine 

involved in the pathogenesis of mucositis, which amplifies the NF-κB signal and initiates 

mitogen activated protein kinase (MAPK) pathway (145).   
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3.16.3 COX: 

Cyclooxygenase (COX) is an enzyme essential for prostaglandins synthesis from arachidonic 

acid.  It was first isolated and purified in 1976.  There are two isoforms of COX referred as 

COX-1 and COX-2.  Both the isoforms have similarity in structure and catalytic activity whereas 

have different biochemical mechanisms, stability, and translational efficiency.  COX-1 is 

constitutively expressed in all cell types where as COX-2 is an inducible isoform expressed 

during inflammatory conditions.   Recently a third isoform found is COX-3 made from COX-1 

but retains intron 1 in its mRNA.  This COX-3 is not relevant to mice and humans (146). 

Cyclooxygenase play a major role in renal function (vascular tone and sodium homeostasis), 

function of nerve, brain, ovarian uterine and in maintaining gastrointestinal integrity. The disease 

conditions where COX has its adverse effects are local tissue injury, inflammation, pain, fever, 

alzheimers disease, arthritis, and cancer and the NSAIDs inhibits activity of COX (147). A novel 

link among cPLA2α, iNOS, and COX-2, which form a multiprotein complex leading to cPLA2α 

S-nitrosylation and activation has been demonstrated (148).  

The products of the COX pathways and lipoxygenase pathways, and their effects on the tissues 

are shown in Figure: 3.31 and 3.32 (149).  The effect of NO and peroxy nitrite in the activation 

of COXs is shown in Figure 3.33 (150). 

 

COX and the small intestine 

The COX enzymes play significant roles in the gut defense and are key for intestinal epithelium 

maintenance.  COX, the enzyme that catalyzes the first two steps in the biosynthesis of the 

prostaglandins from arachidonic acid, exists in two isoforms. COX-1 is constitutively expressed 

throughout the GI tract and, at least in the absence of damage or inflammation, is the major 



 

Figure: 3.31 – cyclooxygenase activation pathway (149) 

 

Figure: 3.32 Cascade system of arachidonic acid (149) 



 

. 

 

Figure: 3.33 – PON mediated activation of cyclooxygenase (150) 
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source of prostaglandin synthesis in these tissues (151). The inducible form, COX-2, is either 

undetectable or expressed at extremely low levels in the healthy GI tract of humans and various 

animals. However, in response to various proinflammatory stimuli, COX-2 is rapidly induced 

(152) leading to increased prostanoid production. Prostanoids play an important role in intestinal 

epithelial homeostasis and inflammation and are known to protect intestinal cells from apoptosis 

(153-154). 

 

Overactivation of COX-2 and production of PGs have been reported in various conditions of 

intestinal inflammation such LPS induced  GI injury  (152), NASID induced  enteropathy (155), 

animal models of necrotizing enterocolitis NEC (156) and inhibition of COX-2 by different 

agents reduce PG production and intestinal inflammation.  In both humans and animal models, 

the role of COX-2 in GI intestinal mucositis is supported by the observations that the 

administration of COX-2 specific inhibitors prevents GI injury and inflammation. Patients taking 

a supra therapeutic dose of rofecoxib or celecoxib had significantly lower rates of GI-related 

adverse events than those taking a nonselective NSAID (146).   

 

3.16.4 HSP70: 

HSP70 proteins are the molecular chaperones which assist protein folding processes.  Expression 

of heat shock protein (HSP) is an endogenous mechanism by which living cells adapt to stress. 

Induction of HSPs protects cells not only from damage due to heat but also from damage due to 

oxidative injury and cytokine-mediated cytotoxicity (157). Interestingly, the same oxygen-free 

radicals, such as superoxide, also induce the expression of various HSPs which take part in the 

defense against oxidative stress.  HSPs are expressed in many tissues, including heart, brain, 
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muscle, lung, kidney, liver and intestinal and colonic epithelium (157). These highly conserved 

molecules are responsible for maintaining adequate protein folding and influencing the 

degradation of proteins and cell repair processes after damage (158). Furthermore, HSPs are 

involved in the modulation of immune responses, autoimmunity, cell signalling, cell 

proliferation, apoptosis, and tumour cell differentiation and invasion (157).   

 

Based on their molecular weight they can be classified into six major families: small HSPs 

(molecular weight <30 kDa), HSP60s, HSP70s, HSP90s, HSP100s, and other non-ubiquitous 

HSPs. HSPs can act as “danger signals” for the immune system at the sites of tissue injury (159). 

HSP70 can also promote cell survival by inhibiting the mitochondrial translocation of Bax and 

subsequent release of cytochrome c and activation of caspase-9 and -3, an intrinsic apoptotic 

pathway that is initiated by intracellular stress signals (160).  Induction of Hsp70 protects cells 

not only from damage due to apoptosis induction but also from damage due to oxidative injury. 

Furthermore, only cells overexpressing Hsp70 were found to be protected from both ROI- and 

TNF induced cytotoxicity (160). 

 

High levels of NO exposure induce protective stress responses, stimulating Hsp70 expression.  

NO donor-induced Hsp70 expression inhibits both ROI production and lipid peroxidation. 

Accumulated data suggest that low levels of nitric oxide may contribute to apoptotic pathway 

suppression by the upregulation of Hsp70 and that interaction is an early line of defense for 

protecting cells from death (161).  
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HSP70 and small intestine 

Heat shock proteins (HSPs) play an important role in mucosal defense of gastrointestinal tract.  

Studies have shown that  the expression of HSPs in the small intestine is normally negligible 

(162), but the expression of HSP25 and HSP70 is markedly increased in the intestinal epithelial 

cells under stress (163). The predominant localization of HSPs in intestinal epithelial cells 

suggests their primary role is in maintaining the integrity of the enterocyte layer, as demonstrated 

by Kojima et al (164). 

 

3.16.5 HO-1: 

Heme Oxygenase (HO)-1, known as HSP 32, is ubiquitously distributed in mammalian cells and 

tissues and is potently induced by various stimuli, such as oxidative stress and pathological 

conditions.  Heme oxygenase-1 (HO-1) is the inducible of three isoforms of HO, the enzyme that 

catalyzes heme breakdown, generating equimolar amounts of bilirubin, free iron, and carbon 

monoxide (CO) (165). Many studies have shown that HO-1 is involved in a variety of regulatory 

and protective cellular mechanisms as a stress-responsive protein (165).  Heme oxygenase -1 is 

inducible by a variety of oxidative stress and is thought to play an important role in the 

protection of tissues from oxidative injuries. In addition, HO-1 is also reported to be one of the 

target of NFκb which is plays a pivotal role in inflammation. It is important to mention HO-1 

gene expression is not only regulated via NF-κB but that HO-1 can modulate the activity of  

NF-κB in various cell types (166). 

 

HO-1 and small intestines 

HO-1 is expressed constitutively in normal gastric, intestinal, and colonic mucosa (167), and is 

up-regulated in their inflamed tissue (168).  HO-1 induction plays a fundamental role in 
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protecting mucosal cells of the intestine from oxidative damages (169).  Chung and coworkers 

(170) demonstrated that there is an exaggerated lethality in HO-1 homozygous knockout mice 

(KO, Hmox1
-/-

) following sepsis due to gross tissue destruction and loss of bowel integrity in the 

ileum and colon.  Overexpression of HO-1 in smooth muscle cells and myofibroblasts of blood 

vessels was shown to increase bacterial clearance by enhancing phagocytosis and the 

endogenous antimicrobial response, thus improving survival.  

 

Interestingly, expression of HO-1 is usually increased in gastrointestinal inflammation and 

injury. This was shown in radiation enteritis (171), inflammatory bowel disease (IBD) (172)  of 

animal models or patients suggesting that the activation of HO-1 may act as an endogenous 

defensive mechanism to reduce inflammation and tissue injury in the intestinal tract. 

 

3.16.6 MMP: 

Matrix metalloproteinases (MMP) are structurally related proteins responsible for the 

metabolism of extracellular matrix.  There are more than 24 human MMPs identified and they 

are collagenases (MMP-1,-8,-13,-18), gelatinases (MMP-2,-9) stromelysins (MMP-3,-7,-10,-11), 

elastase (MMP-12) and others (MMP-19,-20,-23,-26,-27,-28). These are secretory enzymes 

found in macrophages, monocytes, neutrophils and cancer cells (173). A subset of MMPs known 

as membrane type MMPs (MMP-14,-15,-16,-17,-24,-25) are not secreted but remain on cell 

surfaces (173).  MMPs are involved in the tissue remodeling of cell membrane during growth 

and clearance during cell death.  They are also involved in ovulation, embroyonic growth and 

differentiation, parturition, turnover of gastric extracellular matrix.  The MMPs particularly 

collagenases, MMP-2 and MMP-9 participate in the degradation of extracellular components and 



 

 

 

 

Figure: 3.34 – Biological function of MMPs (175) 
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highly expressed in inflammatory bowel diseases (174).  MMP genes are transcriptionally 

responsive to the cytokines such as TNF-α, IL-1, mitogens and growth factors.  The enzyme 

activity of MMPs are regulated by its inhibitors TIMP (TIMP-1,-2,-3,-4)(175). (Figure: 3.34) 

 

MMPs and small intestines 

In recent years matrix metalloproteinases (MMPs) have been implicated as being key mediators 

in the development of mucositis possibly through inflammatory pathways, alterations in 

extracellular matrix composition, adhesion molecules and tight junctions (176-177).  MMPs can 

be induced by the activity of pro-inflammatory cytokines such tumor necrosis factor-α, 

interleukin (IL)-1, IL-6 and IL-8 and  NFκB that bind to specific elements on MMP gene 

promoters (178).  

 

MMP2 and 9 appear to have apposing effects on the intestines, while MMP 2 has anti-

inflammatory effect and MMP 9 has proinflammatory effect (179). It has been hypothesized that 

MMP-9 plays an important role in both initiation and termination of the inflammatory response. 

It is suggested that MMP-2 expression during colitis served to protect from the development of 

inflammatory response likely through its effect on the epithelial barrier. On the other hand, 

overexpression of MMP-9 impaired wound healing in cultured intestinal epithelial cells in vitro 

and modulated colonic epithelial differentiation, suggesting that MMP-9 mediates inflammatory 

response and/or tissue damage (179-180).   
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3.17 APOPTOTIC PATHWAY: 

Apoptosis is a programmed cell death essential in normal tissue homeostasis especially skin, 

immune system and gastrointestinal tract.  It is characterized by distinctive morphological and 

biochemical changes like cellular shrinkage, chromatin condensation, nuclear component 

fragmentation, endonuclease activation and alterations in cytoplasmic enzymes (181).  Apoptotic 

cell death is characterized by the ATP-dependent activation of cysteine proteases (caspases) 

(182). By contrast, cell death primarily through inhibition of mitochondrial respiration and loss 

of ATP production is normally classified as necrotic (183). Recently, a large number of studies 

have associated mitochondrial dysfunction caused by ROS/RNS lead to both accidental cell 

death (necrosis) and programmed cell death (apoptosis) (184-186). 

 

Peroxynitrite can trigger the release of mitochondrial pro-apoptotic factors and trigger 

cytochrome-c-dependent apoptosis in the cytosol through the peroxynitrite dependent oxidation 

of permeability transition pore components (108). Mitochondrial outer membrane 

permeabilization (MOMP) leads to the release of cytochrome c (cyt c) into the cytosol. Cyt c is a 

key activator of caspases. Although peroxynitrite may cause necrosis by de-energizing the 

mitochondria, it can also lead to apoptotic cell death via activation of the caspase machinery. 

MOMP and the resulting efflux of proapoptotic signaling molecules occur universally following 

peroxynitrite exposure.  Cytosolic cyt c acts in concert with apoptosis activating factor-1 (Apaf-

1) to activate procaspase 9. Active caspase 9 is an initiator caspase, which in turn activates 

effector caspases, such as caspases 3 and 7. Active effector caspases execute apoptosis by 

dismantling key proteins and cellular structures. Caspase-3, one of the key executioners of 

apoptosis, is essential for DNA fragmentation and the morphological changes associated with 
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apoptosis.  Caspase mediated apoptotic cell death is accomplished through the cleavage of 

several key proteins required for cellular functioning and survival.  PARP-1 is one of several 

known cellular substrates of caspases. Cleavage of PARP-1 by caspases is considered to be a 

hallmark of apoptosis (187). 

 

3.17.1 CYTOCHROME-C: 

Cytochrome c is a specific electron transfer mediator in mitochondrial respiration process.  It is 

present loosely/tightly bound to inner membrane of mitochondria by association with cardiolipin.  

Disruption of cytochrome c from cardiolipin and permeabilization of outer membrane by bax is 

responsible for the release of the protein (188).  Cytochrome C oxidase, a terminal respiratory 

chain enzyme found in mitochondria and catalyze transfer of electron from cytochrome c to 

oxygen molecule and later reduced to water (189).  This cytochrome c has a role in cell death 

function beyond respiration process as described above.  The release of cytochrome c is also 

regulated by Bcl-2 (190). The mechanism of release of cytochrome c and its role in apoptosis is 

shonw in (Figure: 3.35) (191). 

 

3.17.2 CASPASES: 

Caspases are endoproteases involved in cell regulatory pathways that control inflammation and 

apoptosis. These hydrolyze peptide bonds depending on the cysteine residues in active caspase 

site and aspartic acid in substrate.  Based on their role they are classified into two groups.  

Caspases involved in apoptosis: initiator caspases (caspase-2, -8, -9, -10) and executioner 

caspases (caspase-3, -6, -7).  Caspases will be in inactive form and it requires dimerization or 

cleavage for activation.  The initiator caspases needs dimerization and executioner caspases 

require cleavage for the activation of apoptotic signaling pathway.  Caspase-9 is an essential 



 

Figure: 3.35 - Mechanism of cytochrome c release and its role in apoptosis (191) 

 

Figure: 3.36 - Role of PARP in cell recovery, necrosis and apoptosis (196) 
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initiator caspase involved in the mitochondrial mediated apoptotic pathway and activated by 

apoptosome complex (192).  Further the downstream signaling started by activating caspase 3 

and inducing cell death mechanism.  The caspases processing and activity was regulated at 

different levels like transcription status (IRF-1, STAT-1), death receptors (FLIP), cytochrome c 

pathway (apaf-1, Bcl2, Bcl-xl), apoptotic inhibitor proteins (XIAP, cIAP-1, cIAP-2)(193). 

 

3.17.3 BCL2: 

BCL-2 family protein regulates apoptosis as both inducer and inhibitor of cell death.  It 

particularly regulates mitochondria mediated intrinsic signaling pathway.  BCL-2 has a role in 

normal physiology of cell related to mitochondrial dynamics and energetics, autophagy, calcium 

homeostasis, and others.  These BCL2 family proteins govern MOMP and have role in apoptosis 

as either pro-apoptotic (BAD, Bax, Bak, Bok) or anti-apoptotic (Bcl-2, Bcl-XL, Bcl-w, MCL-1).  

The cellular stress causes changes at transcriptional level and dictates mitochondrial outer 

membrane to induce BH2 and effector protein interaction and allow release of soluble protein 

cytochrome c  from mitochondrial intermembrane space to cytosol, recruitment of APAF-1 and 

activation of caspases causing cell death (194). 

 

3.17.4 PARP: 

Poly ADP ribose polymerases (PARPs) are the enzymes involved in the process of poly ADP 

ribosylation by transferring ADP ribose to proteins.  There are around 18 members in PARP 

family which have role in cell proliferation and cell death pathways.  The cellular substrates are 

mostly nuclear proteins involved in the metabolism of nucleic acid, modulation of chromatin, 

DNA synthesis and repair mechanisms.  Damage in the DNA cause increase in PARP-1 levels 
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and activity as it is involved in the repair mechanism (base excision repair) during single strand 

breaks in DNA molecule.  Other mechanism in which PARP-1 has its effect are mitochondrial 

dysfunction, NAD+ depletion and AIF translocation from mitochondria to nucleus (195).  

PARP-1 has two modes in cell death: apoptosis and necrosis.  Overactivation of PARP-1 leads to 

depletion in energy and necrosis.  Caspase 3 cleaves full length parp-1 (116 kda) to 2 apoptotic 

fragments; C terminal catalytic fragment (87 kda) and N-terminal fragment (25 kda) l.  The DNA 

dependent catalytic activity of C terminal fragment of parp-1) is lost due to the cleavage where 

as N-terminal fragment (25 kda) binds to DNA and completely inhibits parp-1 activity.  Thus 

cleavage of parp-1 prevents DNA repair survival mechanism, blocks necrosis by energy 

depletion and promotes apoptosis (196). (Figure: 3.36)   

 

3.18 NITRIC OXIDE AND APOPTOSIS: 

Nitric oxide has been reported in previous research work as both pro-apoptotic and anti-apoptotic 

molecule.  Under physiological conditions nitric oxide has anti-apoptotic effect where as the 

pathophysiological role depends on its concentration and coexistence of noxious agents.  During 

pathogenic condition nitric oxide induces cytotoxicity and acts as an effector of apoptosis by 

activation of intrinsic apoptotic pathway leading to DNA fragmentation (197).  

 

Nitric oxide induces apoptosis by binding to cytochrome c in mitochondria leading to superoxide 

formation and peroxynitrite generation in mitochondria.  Nitric oxide and peroxynitrite  damage 

or inhibit the mitochondrial respiratory complexes, aconitase, creatine kinase, MnSOD, 

mitochondrial membrane transient permeability, increase mitochondrial swelling and cause 

release of cytochrome c from mitochondria (198).  Nitric oxide increases the bax/bcl2 rate, 
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inhibits bcl2 expression, triggers caspase activation and cause apoptosis.  The nitric oxide also 

have protective effect on apoptosis by stimulation of protein kinase, modulation of bax/bcl2 

family and induction of hsp70  (199).   

 

The MnSOD protein nitration and nitrosylation modification also triggers apoptosis by inducing 

the membrane permeability of mitochondria (108).  Peroxynitrite causes inhibition in 

mitochondrial electron transport.  Thus mitochondria act as intracellular loci for peroxynitrite 

toxic effects under pathological conditions (200).  Denitrosylation of caspase 3 induce the 

activation of caspase cascade mediated apoptosis where as s-nitrosylation of cystein residue of 

caspase 3 cause anti-apoptotic effect (201).  

 

At physiological concentration the anti-apoptotic effect of nitric oxide also includes inhibition of  

mitochondrial membrane trasition pore and release of cytochrome c, activation on HSP70, effect 

of TNF alpha and inhibiting caspase activation, upregulation of cyclooxygenase 2 or 

hemeoxygenase (202).   Thus, nitric oxide act as modulator of both proapoptotic factors like 

cytochrome c release, p53 upregulation, alteration in Bcl2 family as well as anti-apoptotic factors 

like hsp70, HO or COX-2 and inhibition of caspases (203) (204) (Figure: 3.37) 

 

Apoptosis and small intestines 

Apoptosis is an inherent protective mechanism used by cells to regulate proliferation and occurs 

at a low level in the healthy, normal small intestine. Thus, apoptosis is an important factor in 

gastrointestinal physiological cell renewal, which can be triggered by noxious stimuli such as 

trauma and ischemia (205-206). Previous studies have demonstrated that apoptosis of the 



 

 

 

Figure: 3.37 – Role of nitric oxide in apoptosis (204) 
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intestinal epithelial cells plays an important role in the gut barrier damage and increases 

permeability of the intestinal epithelium, leading to possible translocation of intraluminal 

microbes and bacterial toxins (143, 207).   

 

3.19 NOS INHIBITORS: 

Selective inhibition of iNOS has a beneficial role against inflammation.  The strategies to 

achieve NOS inhibition includes targeting calmodulin or tetrahydrobiopterin cofactor 

requirement, targeting L-arginine substrate requirement and by use of pharmacological agents 

developed specifically against isoforms of NOS (208).  iNOS inhibitors such as N-nitro-L-

arginine, L-Nitro arginine methyl ester, 7-nitroindazole, 1-2-trifluoromethylphenyl imidazole,  

S-ethylisothiourea, S-methylisothiourea and aminoguanidine were selectively inhibits iNOS at 

their particular concentrations (209).   

 

3.19.1 AMINOGUANIDINE: 

3.19.1.1 Introduction: 

Aminoguanidine (AG) was prepared more than 100 years ago by the reduction of nitroguanidine 

in 1892.  It can also be prepared by the hydration or hydrolysis of guanidine related compounds 

and so have some common effects of hydrazines also.  It has a hydrazine group and a guanidino 

moiety in its structure (210). (Figure: 3.38) 

 

3.19.1.2 Biological effects of aminoguanidine: 

AG structurally similar to L-arginine and thus competitively inhibits nitric oxide synthase. 

Aminoguanidine inhibits selectively the cytokine inducible nitric oxide synthase isoform which 



 

 

 

 

Figure: 3.38 – Structure of aminoguanidine (210) 
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is responsible for the production of excess nitric oxide in disease states.  This iNOS inhibition 

leads to decreased generation of nitric oxide in tissues (211).  Aminoguanidine was first 

identified as selective iNOS inhibitor and it has fifty fold more effect inhibition on iNOS enzyme 

activity than endothelial and neuronal NOS (212).  Thus, AG markedly potentiate anti-

inflammatory effect in a nitric oxide dependent manner (213).   

 

Two other biological effects of AG have been identified. AG inhibits the formation of advanced 

glycosylation end products which are highly reactive in pathogenesis of disease states (210).  AG 

has been reported to possess strong antioxidant property (214). It is an effective hydroxyl radical 

scavenger. AG exhibits a significant dose-dependent effect against free radical damage. 

Aminoguanidine has been shown to exhibit trapping activity toward lipid-derived aldehydes such 

as MDA and 4-hydroxynonenal (215).  Several studies have shown that AG acts as an 

antioxidant and can restore the antioxidants in the tissues as well as prevent cellular damage 

(214).  These effects made the molecule as an attractive pharmacological tool.   

 

3.19.1.3 Uses of aminoguanidine: 

Aminoguanidine inhibits advanced glycation in chronic diabetic complications (216), inhibits 

disease as dose dependent manner in autoimmune encephalomyelitis and reduces pathology in 

spinal cord inflammation, demyelination and necrosis of axon in rats, suppress rapid sleep wave 

and delay slow wave sleep and improve survival rate and behavioral symptoms in rats, attenuate 

nitric oxide induced apoptosis and induce proliferation of cells (217), ameliorate endotoxin 

induced mucosal permeability and prevents dysfunction of gut mucosal barrier in rats (218)  
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3.20 MTX AND GASTROINTESTINAL INFLAMMATION: 

MTX has severe morphological changes in gastrointestinal system.  The ultrastructural damage 

of MTX treated small intestine tissues revealed villus atrophy, crypt cell abscess, shortening of 

villus, epithelial desquamation, globlet cell depletion, microvillar damage, crypt loss, fused and 

blunted villi, loss of glandular structure, atrophic intestinal wall (219).   The exact mechanism for 

such adverse effects of MTX on the small intestines is unclear.   

 

3.20.1 Mechanisms proposed for MTX induced small intestinal injury 

1. MTX treatment causes alterations in small intestinal epithelium response (21), increased 

intestinal permeability, mucosal protein, DNA and RNA content  (220) 

2. Oxidative stress contributes to intestinal toxicity as shown by increased MDA levels 

(221) 

3. High dose of MTX induces ROS generation, loss in mitochondrial membrane potential 

and activation of caspase 3 in IEC-6 cells causing decreased cell viability and apoptosis 

(222). 

4. Enterocyte apoptosis is caused by increased bax and decreased bcl2 (223),  

5. Increased neutrophil infiltration and MPO activity contribute to MTX enteritis (224) 

6. MTX induced small intestinal injury is associated with increased nitrite levels and iNOS 

expression (225) 
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Recent findings from the work carried out in our laboratory on MTX induced small 

intestinal injury in rats 

1. MTX administration results in increased oxidative stress and depletion of antioxidant 

enzymes (224), 

2. MTX induces nitrosative stress in the small intestines of rats as evidenced by elevated 

tissue nitrate and nitrotyrosine expression and increase in iNOS expression (25). 

3. Neutrophil infiltration and increased MPO activity in MTX treated rat intestines (24)  

4. Mitochondrial dysfunction and changes in mitochondrial structure contribute to MTX 

induced enteritis (23) 

Based on this background information, the present study was designed to elucidate in detail the 

role of iNOS and peroxynitrite in MTX induced small intestinal injury using rat model.  In 

addition we also investgated whether pretreatment with aminoguanidine, a selective iNOS 

inhibitor ameliorates MTX induced small intestinal damage  



 

 

CHAPTER – 4 

Plan of work 
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The rat is a suitable model for the study of pathogenesis of gastrointestinal toxicity of 

chemotherapeutic agents. Adult male Wistar rats with 200 – 250 gms body weight were used for 

the studies. Gastrointestinal injury was induced in the rats by the administration of 7mg/kg body 

weight MTX intraperitoneally for three consecutive days. The rats were sacrificed 24hours after 

of final dose of MTX.  Control rats were treated with vehicle alone for 3 consecutive days.  

 

For the intervention studies, aminoguanidine 30mg or 50mg per kg body weight was 

administered intraperitoneally one hour before the administration of methotrexate for three 

consecutive days and the rats were sacrificed 24hours after the final dose.  The entire length of 

small intestine tissue was removed from each rat, washed with saline and a piece of duodenum, 

jejunum and ileum sections were used for histology and histochemistry studies.  Mucosa was 

collected by scraping from the remaining tissue and utilized for biochemical assays, western blot 

and polymerase chain reaction studies.  

 

BRIEF DESCRIPTION OF EACH STUDY PROTOCOL: 

STUDY - I was done to ascertain the role of nitrosative stress in MTX induced enteritis in a rat 

model.  Studies were carried out by the intraperitoneal injection of 7mg/ kg /day of MTX and 

equal volume of NaCl-NaOH as vehicle for 3 consecutive days.  Twenty four hours after the 

final dose of MTX, rats were sacrificed and the entire length of the small intestine tissue was 

removed, washed with saline and a piece of tissue segments (duodenum, jejunum, ileum) was 

stored in neutral formalin for histochemistry studies.  The mucosal scrapings of the remaining 

tissue was collected and used to measure the nitric oxide levels (nitrate and nitrite) by 

spectrophotometric method.  The iNOS and nitrotyrosine protein expression was done by 
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immunohistochemistry methodand westetrn blot. The mucosa scrapings was collected, stored 

and used for measuring nitrate, nitrite biochemical assay, iNOS gene expression by RT-PCR, 

nitration of proteins by immunoprecipitation and western blots.   

 

We also carried out experiments to identify the proteins that may be tyrosine nitrated.  For this, 

the mucosa of control and MTX treated rat intestines were homogenized and the cellular 

fractions like nucleus, mitochondria, microsomes and cytosol were isolated from the homogenate 

by ultracentrifugation.  SDS-PAGE technique followed by western blot of nitrotyrosine was 

done using monoclonal anti-nitrotyrosine antibody in all the cell fractions.Coomassie brilliant 

blue staining was done in each sample fractions to confirm equal loading and non-degradation of 

samples.  Molecular weight of each band was approximately determined using molecular weight 

marker and the band intensity was quantified using alpha innotech fluorchem SP software.  

Representative graphs were plotted with the obtained band intensity to identify increase or 

decrease in the tyrosine nitration of identified proteins.  

 

STUDY - II was done to determine the effect of MTX on the activities of enzymes that have 

been identified to undergo nitration.  Mucosa of control and MTX treated rat intestines were 

homogenized and the 10% homogenate was centrifuged at low speed to remove the cell debris.  

The clear homogenate sample was used for the analysis of enzyme activity.  The enzymes 

analyzed were aconitase, creatine kinase, glutamate dehydrogenase, superoxide dismutase, 

catalase, glutathione-s-transferase, carbonic anhydrase, succinate dehydrogenase, cytochrome-c 

oxidase, F1-ATPase. 
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STUDY - III was designed to assess the role of NFκB-iNOS-COX-2-TNF inflammatory 

signaling pathway in methotrexate induced enteritis.  A piece of small intestine segments was 

fixed in 10% formalin and used for the immunolocalisation of proteins using HRP as a secondary 

marker, DAB as a chromogen and immunofluorescense technique.  Mucosal scrapings was 

homogenized and used for protein expression by immunoblots and gene expression by RT-PCR 

technique.   

 

 RNA was isolated from the snap frozen samples and the integrity was assessed by 

agarose gel electrophoresis, cDNA was constructed and the mRNA gene expression of 

TNF-α, NFκB, iNOS, COX2 was done by RT-PCR method. 

 Immunoblots of whole cell lysates, nucleus and cytosol fractions was used for protein 

expressions of TNF-α, NFκB, COX2. 

 Immunolocalisation of proteins was done in small intestine segments (duodenum, 

jejunum, ileum) for NFκB, COX2, PLA2 by immunohistochemistry method. NFκB in 

nucleus expressions was assessed by immunofluorescence method. 

 Gene expression of HO-1, HSP70, MMP2, MMP9 was done by RT-PCR. 

 Protein expression of MMP-2 and MMP-9 was done by western blot. 

 

STUDY - IV was done to investigate the role of intrinsic apoptotic pathway in methotrexate 

induced enteritis.  Small intestine segments were fixed in formalin and used for 

immunohistochemistry and immunofluorescence methods for protein expression on tissue 

sections.  Mucosal scrapings was homogenized and utilized for the detection of protein 

expression by immunoblot and mRNA gene expression by RT-PCR. 



55 

 

 mRNA gene expression of caspase 3 was measured by RT-PCR analysis. 

 Total caspase-3 activity was measured by ELISA technique. 

 Western blots were carried out in nucleus, mitochondrial, cytosol samples for the protein 

expression of cytochrome-c, active caspase-3 and caspase-9, PARP. 

 Immunofluorescence of PARP expression in nucleus and immunolocalization of proteins 

cytochrome-c, caspase-3, caspase-9 and PARP was done in the small intestine segments 

duodenum, jejunum, ileum sections by immunohistochemistry method. 

 Index of appotosis was assessed by DNA fragmentation assay. 

 

STUDY - V was done to investigate the protective effect aminoguanidine, a selective inhibitor of 

iNOS on methotrexate induced enteritis.  

For this study, adult male wistar rats (200 – 250g) were treated as follows: 

Group I: Control rats receive vehicle alone 

Group II: Rats received MTX 7mg/kg body weight intraperitoneally for 3 consecutive days.  

Group III: Rats received aminoguanidine 30mg/kg body weight intraperitoneally for 3 

consecutive days.  

Group IV: Rats were pretreated with aminoguanidine 30mg/kg body weight 1 hour before the 

treatment of MTX 7mg/kg body weight intraperitoneally for three consecutive days.   

Group V: Rats received aminoguanidine 50mg/kg body weight intraperitoneally for 3 

consecutive days. 

Group VI: Rats were pretreated with aminoguanidine 50mg/kg body weight 1 hour before the 

treatment of MTX 7mg/kg body weight intraperitoneally for three consecutive days.   
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Twenty four hours after the final dose of MTX, the rats were sacrificed and the entire 

length of small intestine tissue was removed, washed with saline and a piece of segments 

(duodenum, jejunum, ileum) was stored for histology, immunohistochemistry and 

immunofluorescence studies.  The mucosa scrapings was collected and used for biochemical, 

western blot and RT-PCR analysis.   

 Light microscopy of small intestine segments (duodenum, jejunum, ileum) 

 Quantification of nitric oxide levels (nitrite and nitrate) 

 Measurement of nitrosative stress parameters in the small intestine segments iNOS, and 

nitrotyrosine by IHC. 

 Assay of enzyme activity of aconitase, creatine kinase, glutamate dehydrogenase, 

superoxide dismutase, catalase, glutathione-s-transferase, carbonic anhydrase, succinate 

dehydrogenase, cytochrome-c oxidase, F1-ATPase. 

 NF-κB signaling pathway: 

o mRNA gene expressions of TNF-α, NFκB, iNOS, COX-2 by RT-PCR technique 

o mRNA gene expression of HO-1, HSP70, MMP2, MMP9 by RT-PCR method 

o Protein expression NFκB, COX2, PLA2 by IHC 

o Immunofluorescence of NFκB expression 

 Apoptosis signaling pathway: 

o mRNA expressions caspase-3 by RT-PCR method  

o Immunolocalisation of protein cytochrome-c, caspase-3, caspase-9, parp by IHC 

o Immunofluorescence of PARP expression 

o DNA fragmentation assay 

   



 

 

CHAPTER – 5 

Materials and Methods 
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5.1 MATERIALS 

1 – chloro – 2,4 – dinitrobenzene (CDNB), 2- theonyl trifluoroacetone (TTFA), 2‟7‟-

dichlorodihydrofluorescin diacetate, 2-mercaptoethanol, 3-(4,5-dimethylthiazol-2-yll)-2,5-

diphenyltetrazolium bromide (MTT), Alpha ketoglutarate, Aminoguanidine, Bathocuproine 

sulphaphonate di sodium salt (BCS), Bovine serum albumin (BSA), Chloroform, Dichlorophenol 

indophenol (DCPIP), Dihydrorhodamine 123, Dithiothreitol (DTT), Ethidium bromide, Ethylene 

diamine tetraacetic acid (EDTA), Ethylene glycol tetra acetic acid (EGTA), Follin‟s reagent, 

Glucose-6-phosphate dehydrogenase, Hexokinase, Isocitrate dehydrogenase, Isopropanol, 

Lactate dehydrogenase, Methotrexate, Nicotinamide adenine dinucleotide (oxidized and reduced) 

(NAD and NADH), Nicotinamide adenine dinucleotide phosphate (NADPH),  

N-naphthylethylene diamine, Oligomycin, Phenylmethanesulfonylfluoride (PMSF), 

Phosphocreatine, Phosphoenol pyruvate, p-Nitrophenyl acetate (PNPA), Poly-L-lysine (PLL), 

Pyruvate kinase, Reduced cytochrome C, Reduced glutathione, Rotenone, sodium dodecyl 

sulphate (SDS), Sulfanilamide, Triethanolamine hydrochloricacid (TAE-HCl), TRI-reagent, 

Tris-Hydrochloric acid (Tris-HCL), Ubiquinone-2, Xanthine, Xanthine oxidase are from  

Sigma-Aldrich, India. 

4-(2–hydroxyethyl) piperazine (2–ethanesulfonic acid) (HEPES), Ammonium acetate, Copper 

sulphate, Dimethyl sulfoxide (DMSO), Disodium potassium phosphate, Formaldehyde, Glucose, 

Glycerol, Hydrochloric acid, Magnesium chloride, Methanol, Potassium chloride, Potassium 

cyanide, Potassium ferricyanide, Sodium carbonate, Sodium chloride, Sodium dihydrogen 

phosphate, Sodium hydroxide, Sodium potassium tartarate, Sodium succinate, Sucrose, 

Trisodium citrate, Triton-X-100, Tween-20, Zinc sulphate are from Sisco Research Laboratories, 

Mumbai, India. 
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Ethanol, Formic acid, Glacial acetic acid, Xylene from Qualigens fine chemicals, Mumbai, India. 

Copper-Cadmium alloy, DPX mountant, Haematoxylin and eosin, Halothane, and Paraffin. 

Agarose were purchased from Genei, Bangalore, India.  Polyvinylidenedifluoride (PVDF) 

membrane (pore size 0.45 μm) was obtained from Millipore, India.  Non-fat protein rich milk 

powder was obtained from Sagar, Gujarat, India. Super Sensitive Polymer/HRP/DAB kit was 

obtained from BioGenex, Chennai, India. 

 

Antibodies against cytochrome-c, caspase-3, caspase-9, COX-2 and were obtained from Cell 

Signaling Technology, CA, USA. poly-ADP ribose polymerase (PARP), Beta-actin, iNOS,  

Anti-S-nitroso cysteine, GAPDH from sigma. Those for NFκB p65, Nitrotyrosine and were 

obtained from Santa Cruz, CA, U.S.A. MMP-2, MMP-9, TNFα, Secondary antibodies (anti-

rabbit and anti-mouse IgG conjugated with horse-radish peroxidase) were obtained from Pierce 

Biotechnology, C.A, USA. Protease inhibitor cocktail (sigma-aldrich). Protein A/G Plus – 

agarose (santacruz). ECL dualvue western blotting markers (Amersham). West Dura 

chemiluminescent substrate for developing western blots was purchased from Thermo Scientific, 

C.A, USA.   

 

Fluorescence labeled secondary antibodies Alexafluor 488 anti rabbit and Alexafluor 594 anti 

mouse, Invitrogen, CA, USA. 4′,6-diamidino-2-phenylindole (DAPI) from cell signaling, CA, 

USA. The reverse transcriptase core kit, qPCR master mix plus for SYBR Green kit and primer 

sequences were obtained from Eurogentec, Belgium. All chemicals used were of analytical 

grade.  
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5.2 METHODS 

5.2.1 Animals 

Adult Male Wistar Rats (200-250 gm) were used throughout the study. They were housed in 

standard rat cages (421 × 290 × 190 mm). All animals were exposed to 12 hour light-dark cycles 

and allowed access ad libitum to water and rat chow. The experiments done were approved by 

the institutional animal ethics committee (IAEC) and were in accordance with the guidelines of 

the Committee for the Purpose of Control and Supervision of Experimentation on Animals 

(CPCSEA), Government of India.  

 

5.2.2 Animal treatment 

Methotrexate was administered to the rats at the concentration of 7mg/kg body weight 

intraperitoneally for three consecutive days as described in the literature causing consistent 

intestinal injury in normal rats (21).  Control animals received an equal volume of the vehicle 

(NaCl-NaOH) alone for three consecutive days intraperitoneally. 

For intervention studies, aminoguanidine was administered intraperitoneally to the animals at a 

concentration of 30 or 50 mg/kg body weight 1hour prior to the dose of methotrexate (226).  A 

batch of animals was administered with aminoguanidine alone 30 or 50 mg/kg body weight 

intraperitoneally. 

 

5.2.3 Tissue procurement 

The MTX treated rats and control rats were anesthetized with halothane and sacrificed by 

cervical dislocation. The abdomen of each rat was opened and the entire length of the small 

intestine was removed, washed with ice cold normal saline and used for studies. A piece of small 
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intestinal segment (duodenum, jejunum and ileum) was stored for histology and histochemistry 

studies. The intestine was cut opened along its anti-mesentric border longitudinally and mucosa 

was harvested by gently scraping with a glass slide from the remaining tissue and stored for the 

further studies. 

 

5.2.4 Light microscopy 

The small intestine segments (duodenum, jejunum, ileum) was fixed in 10% buffered 

formaldehyde, dehydrated in graded ethanol and embedded in paraffin.  Five-micron sections 

were cut on a microtome, mounted on clear glass slides and stained with haematoxylin and eosin. 

The sections were examined by light microscopy (Leica) and evaluated by pathologist in a 

blinded fashion. 

 

Mucosal injury, inflammation and hyperemia/hemorrhage was assessed and graded in a blinded 

manner using the histological injury scale previously defined by Chiu et al (227).  Briefly, the 

mucosal damage was graded from 0 to 5 according to the following criteria: grade 0 – normal 

mucosal villi; grade 1 – development of sub epithelial Gruenhagen‟s space at the apex of the 

villus, often with capillary congestion; grade 2 – extension of the sub epithelial space with 

moderate lifting of the epithelial layer from the lamina propria; grade 3 – massive epithelial 

lifting down the sides of villi, possibly with a few denuded tips; grade 4 – denuded villi with 

lamina propria and dilated capillaries exposed, possibly with increased cellularity of lamina 

propria; grade 5 – digestion and disintegration of the lamina propria, hemorrhage and ulceration  
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5.2.5 Immunohistochemistry  

The small intestine segments (duodenum, jejunum, ileum) was fixed in 10% neutral formalin and 

five micron sections on PLL coated slides were obtained from paraffin-embedded tissues. After 

deparaffinization, the sections were permeabilized for antigen retrieval with 0.1% Triton X-100 

in Tris- buffered saline for 30min. Endogenous peroxidases were quenched by 3% hydrogen 

peroxide for 15min. After the buffer wash, the universal protein blocking agent was applied and 

incubated for 15min. Then, the respective primary antibody (1:100) was applied over the 

sections and incubated overnight followed by super enhancer for 30min. The bound primary 

antibody was detected by the addition of secondary antibody conjugated with horseradish 

peroxidase polymer and DAB substrate. Later the slides were counterstained with Harris 

Haematoxylin and mounted with DPX mountant medium.   Sections were examined under bright 

field light microscopy (Olympus - cellsens standard software) and evaluated by pathologist. 

 

IHC scoring: Young etal. (228) 

Qualitative scoring Method 

Score 1 2 3 

Intensity of 

Staining 

weak staining moderate 

staining 

strong staining 

Quantitative Scoring Method 

Score 0 1+ 2+ 3+ 4+ 

Positive Cells <10% 10-25% 25-50% 50-75% >75% 

 

There is a formula to get the percentage of positive cells (cells taking up stain of each 

protein)  

Quick score (Q): 

Results are scored by multiplying the percentage of positive cells (P) by the intensity (I).  

Formula: Q = P x I; Maximum = 300 cells to be taken  
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5.2.6 Immunofluorescence  

The small intestine tissue was fixed in 10% formalin and five micron section on PLL coated 

slides were obtained from paraffin embedded tissues.  After deparaffinization and washing with 

distilled water and phosphate buffered saline (pH - 7.4) for 5min each, sections were incubated 

for epitope retrieval at 37ºC / 30min in phosphate buffered saline with 0.1% Triton-X- 100 

(PBST).  Non specific antibody binding was blocked by 2% BSA for 30min.  Sections were 

incubated for 1hr at room temperature with respective primary antibodies (1:100), washed with 

PBST and followed by 1hr incubation with respective fluorescence conjugated antibodies 

(1:200) in a dark moisture chamber.  Nuclei were counter stained with 4′,6-diamidino-2-

phenylindole (DAPI) (229).  Slides were mounted with 90% glycerol, the coverslips sealed with 

nailpolish and stored at 4ºC protected from light until imaging.  The slides were observed under 

fluorescence microscopy (Leica) with excitation and detection of dyes. Fluorescence images 

were obtained with red or green with blue staining as an indication of nuclear protein expression. 

 

5.2.7 Biochemical analysis 

Isolation of cells and sub-cellular organelles 

The mucosal scrapings were homogenized in homogenizing buffer containing 250mM sucrose, 

5mM HEPES, 1mM EGTA, 0.5mg/ml BSA (pH – 7.4).  The 10% homogenate prepared was 

centrifuged at 1000g for 10min at 4ºC to get nuclei pellet. The supernatant obtained was 

centrifuged at 10000g for 20min at 4ºC to get mitochondrial pellet. The supernatant obtained 

from 10000g was further centrifuged at 100,000g for 1hr at 4ºC.  This final supernatant was 

taken as cytosolic fraction and the pellet obtained contains membranous fractions (230). All the 
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pellets were resuspended with homogenizing buffer without BSA, aliquot into multiple tubes, 

stored in -70ºC for biochemical assays.  

 

(i) Aconitase 

Activity of aconitase was measured as a rate of NADP reduction by isocitrate dehydrogenase 

(231) 

Reagents 

1. 50mM Tris – HCl (pH – 7.4) 

2. 0.6mM MnCl2 

3. 5mM Trisodium citrate 

4. 200M NADP
+
 

5. Isocitrate dehydrogenase 

Assay: To 1.0ml of Tris-HCl assay mixture added 50l of sodium citrate, 20l of MnCl2, 10l 

of NADP
+
, 10l of isocitrate dehydrogenase, and 30l of sample.  The change in absorbance was 

measured at 340nm. Aconitase activity was calculated with molar extinction co – efficient of 

NADP
+
 is 6.22 x 10

3
 at A340 nm and expressed as unit/mg protein. 

 

(ii) Creatine kinase 

Creatine kinase activity was measured at the reduction rate of NADP by glucose-6-phosphate 

dehydrogenase. (232) 

Reagents 

1. 100mM Tris-HCl (pH – 7.4) 

2. 0.15mM NADP
+
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3. 3.3mM MgCl2 

4. 3.3mM glucose 

5. 8.3mM phosphocreatine 

6. 0.5mM ADP 

7. 1.3mM AMP 

8. 5g Hexokinase 

9. 5g Glucose-6-phosphate dehydrogenase 

Assay: To 1ml of reaction mixture containing 900l Tris-HCl buffer, 10l NADP
+
, 10l MgCl2, 

10l glucose, 10l ADP, 10l AMP, 10l phosphocreatine, 5l hexokinase, 5l glucose-6-

phosphate dehydrogenase added 30l of sample and increase in absorbance was measured at 

340nm.  Creatine kinase activity was calculated with molar extinction co – efficient of NADP
+
 is 

6.22 x 10
3
 at A340 nm and expressed as unit/mg protein. 

 

(iii) Glutamate dehydrogenase 

Activity of glutamate dehydrogenase was measured in the direction of α-ketoglutarate amination. 

(233) 

Reagents 

1. 90mM TEA-HCl (pH – 7.4) 

2. 53mM ammonium acetate 

3. 60M NADH 

4. 250M EDTA 

5. 13mM α-ketoglutarate 
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Assay: To 1.0 ml of buffer reaction mixture 100l of ammonium acetate, 6l of NADH, 5l of 

EDTA, 100l of α-ketoglutarate, and 30l of sample was added.  The change in absorbance was 

measured at 340nm and the glutamate dehydrogenase activity was calculated with molar 

extinction co – efficient of NADP
+
 is 6.22 x 10

3
 at A340 nm and expressed as unit/mg protein. 

 

(iv) Carbonic anhydrase 

The carbonic anhydrase activity was measured by the method of reduction of p-Nitrophenyl 

acetate. (234) 

Reagents 

1. 15mM Tris buffer (pH – 7.6) 

2. 3mM p-Nitrophenyl acetate (PNPA) 

Assay: To 1.0ml of reaction mixture containing 740l buffer and 250l of PNPA added 10l of 

sample and increase in absorbance was measured at 348nm.  The activity was calculated with the 

millimolar extinction co – efficient of p-nitrophenol is 5.0 at A348 nm and expressed as unit/mg 

protein.    

 

(v) Superoxide dismutase 

Superoxide dismutase was measured as described below (24)  

Reagents: 

1. 0.5M Sodium phosphate buffer pH 7.5. 

2. 16% Triton X 100 

3. 10mM EDTA 

4. 1.2 mM MTT 
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5. 4 mM Xanthine  

6. 1 IU of xanthine oxidase 

7. 0.05 M Bathocuproine sulphaphonate di sodium salt (BCS) 

8. Stop buffer: 1M Formate, 10% Triton X 100 and 40% HCHO pH 3.5. 

Assay: The assay mixture consisted of 100l of phosphate buffer, 10l of BCS, 50l of Triton 

X-100, 5l of EDTA, 5l of xanthine oxidase and 50l of xanthine. To this finally 150 l MTT 

and sample (50-150 g protein) were added and the volume was made up to 1 ml with water. 

The mixture was incubated for 5 minutes at room temperature (37C) and the reaction was 

terminated with the addition of 1ml of stop buffer. The color developed was read at 540nm. 

Amount of superoxide formed was calculated using the molar extinction coefficient of MTT 

formazan E540 of 17,000 M
-1

 cm
-1

 at pH 7.4 - 10.5. The percentage of inhibition of MTT color 

formation by the presence of SOD was calculated from the reduction of the MTT color formation 

as compared to the MTT formazan formed in the absence of SOD, which is taken as 100 %.  One 

unit of SOD was defined as the amount of protein required to inhibit MTT reduction by 50%. 

 

(vi) Catalase 

Catalase activity was estimated by measuring the change in absorption at 240 nm using H2O2 as 

substrate. (24) 

Reagents:  

1. 0.05 M Potassium phosphate buffer pH 7.0 

2. 30 mM H2O2 in 0.05 M phosphate buffer pH 7.0 

Assay: To 1 ml of 30 mM buffered H2O2, the enzyme (sample) was added to start the reaction. 

The final volume was made up to 2 ml with 0.05 M phosphate buffer pH 7.0. Change in 
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absorbance was observed for 3 minutes at 240 nm. One unit is defined as the activity of the 

enzyme that disproportionates H2O2 at the rate of 10
-3

 absorbance/sec. 

 

(vii) Glutathione-S-transferase 

The activity of GSTase was measured spectrophotometrically using the substrate 1-chloro-2,4-

dinitrobenzene (CDNB). (24) 

Reagents:  

1. 1 M Potassium phosphate buffer pH 6.5 

2. 10 mM reduced glutathione (GSH)  

3. 20 mM 1-chloro-2,4-dinitrobenzene (CDNB) 

Assay: To 0.1 ml of 1M potassium phosphate buffer pH 6.5, 0.1 ml of 10 mM GSH, 0.05 ml 20 

mM CDNB were added and the final volume was made upto 1 ml with distilled water. The 

reaction was started by adding the enzyme and change in OD at 340 nm was measured for 3 

minutes. One unit of enzyme is the amount required to conjugate 1 mole of substrate with 

glutathione in one minute. 

 

(viii) Glutathione peroxidase: 

Glutathione peroxidase was determined by following the oxidation of NADPH at 340 nm using 

hydrogen peroxide (24) 

Reagents:  

1. 0.4 M Sodium phosphate buffer pH 7.0 

2. 4 mM EDTA 

3. 10 mM Sodium azide (NaN3) 
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4. 1.6 mM NADPH 

5. 10mM GSH 

6. Glutathione reductase (~30 units/ml of 3.6 M   (NH4)2SO4 suspension) 

7. 2.5 mM Hydrogen peroxide 

Assay: To 0.25 ml of 0.4 M phosphate buffer, 0.2 ml of 4 mM EDTA, 0.2 ml of 10 mM GSH, 

0.2 ml of NaN3, 0.2 ml of 1.6 mM NADPH, 0.03 ml glutathione reductase (one unit) and the 

enzyme (sample) were added. The total volume was made upto 2 ml with distilled water. 

Reaction was started by adding 0.2 ml of H2O2 and change in OD at 340 nm 

spectrophotometricallywas followed for 3 minutes. Extinction coefficient of 6.1 mm
-1

 is used for 

the calculation. One unit is the amount of enzyme needed to oxidize 1 nmole of NADPH/min. 

 

(ix) Succinate dehydrogenase 

Ubiquinone absorbs at 275nm but turbidity of mitochondrial and cell samples in UV range often 

causes problems. So, a secondary dye, Dichlorophenol indophenol (DCPIP) that absorbs at 

600nm is used. Enzyme activity is that which is >90% inhibited by 2- theonyl trifluoroacetone 

(TTFA). (23) 

Reagents: 

1. Potassium phosphate buffer (100mM; pH 7.4) 

2. 0.5 M Sodium succinate 

3. 2.5 mM EDTA 

4. 3mM DCPIP 

5. 100mM KCN 

6. 1mM Rotenone 
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7. 5mM Ubiquinone – 2 

8. 100mM TTFA 

Assay: The assay mixture consisted of 500μl of buffer, 40 μl of succinate, 40 μl of EDTA, 40 μl 

of DCPIP, 10 μl of KCN, 10 μl of rotenone and the sample in a total volume of 1ml. The reaction 

mixture was incubated in the spectrophotometer for 10 minutes to minimize the succinate 

dependent non – linear rate, and then the reaction was started by adding 10 μl of ubiquinone – 2 

(or enough so that the final concentration is 50 μM). The reaction was monitored for 5minutes 

and then 10 μl of TTFA was added and monitored further for 5 minutes.The complex II activity 

was expressed as µmoles/min/mg protein using the molar extinction coefficient for DCPIP of 

21mmol/L
−1

 cm
−1

.  

 

(x) Cytochrome – C oxidase  

The oxidation of reduced cytochromec was followed at 550nm. (23) 

Reagents: 

1. Potassium phosphate buffer (100mM; pH 7.0) 

2. Potassium ferricyanide (100mM)  

3. Reduced cytochrome c 

Assay: In the reference cuvette 30 μl of reduced cytochrome c, 10 μl of ferricyanide were added 

and the volume was made to 1ml with buffer and set to zero. In the sample cuvette 30 μl of 

reduced cytochrome-c and 10 μl of sample were added and the readings were monitored for 3 – 4 

minutes. The enzyme activity is expressed as k/min/mg protein. 
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(xi) F1 ATPase 

The hydrolysis of ATP by the ATPase in the mitochondrial fraction liberates ADP which is 

converted back to ATP by pyruvate kinase utilizing the added phosphoenolpyruvate as a 

substrate and energy phosphate group donor. This maintains a constant concentration of ATP and 

a low steady state concentration of ADP (which is an inhibitor of ATP hydrolysis). The pyruvate 

produced in the pyruvate kinase reaction is then converted to lactate by lactate dehydrogenase 

and this is coupled to the oxidation of NADH to NAD. It is the decrease in NADH at 340nm 

which is measured. (23) 

 

Reagents: 

1. Master mix: 100mM Tris buffer (pH 8.0), 250mM MgCl2, 1M KCl, 100 mM KCN, 1mM 

rotenone, 5mg/ml BSA, pyruvate kinase (4 units), lactate dehydrogenase (4 units), 100 mM 

Phosphoenol pyruvate, 15 mM NADH. 

2. 100 mM ATP 

3. Oligomycin 

 

Assay: 205 μl of master mix, 720 μl of distilled water; 5 μl of sample and 50 μl of 100mM ATP 

were added to the cuvette, mixed and incubated for 5 minutes. The readings were monitored for 

5 minutes at 340nm and 30
0
C. 20 μl of oligomycin was added and the readings were monitored 

for 5 min. The inhibitor sensitive rate was calculated by subtracting the rate before oligomycin 

addition from that observed after oligomycin addition and related this to the mitochondrial 

protein in the cuvette. The extinction coefficient for NADH is 6.22. The enzyme activity is 

expressed as moles/min/mg protein. 
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(xii) Nitric oxide levels 

The total nitric oxide level was measured by analysis of its metabolites nitrite and nitrate levels.  

The combined values of nitrate and nitrite levels gives the levels of nitric oxide present in the 

sample.  

 

(a) Nitrite levels 

The nitrite levels are measured by using copper-cadmium alloy and griess reagent (25) 

Reagents:  

1. 50mM Carbonate buffer; pH 9.0 

2. 3N HCl 

3. 120mM ZnSO4 

4. 0.35M NaOH 

5. Copper – Cadmium alloy 

6. Griess reagent 

Assay: To 100l of homogenate, 400l of Carbonate buffer and 0.15g of cadmium filings were 

added and incubated at room temperature for 1 hour with thorough shaking. The reaction was 

stopped by adding 100l of 0.35M NaOH and 120mM ZnSO4 and incubated at room temperature 

for 10 minutes and centrifuged at 4000 g for 10 minutes. 100l of clear supernatant was 

aliquoted into microtitre plate wells and 50l of 1% sulfanilamide and 50l of 0.1%            

N-naphthylethylene diamine were added. The contents were mixed well and the color was read 

at 545nm after 10 minutes. 
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(b) Nitrate levels 

The nitrate levels are measured by griess reagent (25) 

Reagents:  

1. 50mM Carbonate buffer; pH 9.0 

2. 3N HCl 

3. Griess reagent  

Assay: To 100l of homogenate, 400l of Carbonate buffer, 50l of 1% sulfanilamide and 50l 

of 0.1% N-naphthylethylene diamine were added. The contents were mixed well and the color 

was read at 545nm after 10 minutes.   

 

(xiii) Protein (Lowry’s method) 

Proteins present in the sample react with follin‟s reagent in an alkaline medium and the amount 

of blue colour developed is directly proportional to protein concentration. (235) 

Reagents  

1. BSA standards 

2. Lowry‟s reagent (1% copper sulphate, 2% sodium potassium tartarate, 20% sodium 

carbonate in 1N NaOH) 

3. Follin‟s reagent 

Assay: The protein concentration in the sample was determined in duplicates using lowry‟s and 

follins reagent using bovine serum albumin (BSA) as standard and the intensity of blue colour 

developed was measured at 660nm.  The concentration was expressed in mg / ml. 
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5.2.8 Immunoprecipitation 

Small intestine mucosa samples of control and MTX treated rats was used for this experiment. 

Mucosal scrapings were homogenized using detergent free lysis buffer PBS (pH – 7.4) 

containing 5mM EDTA and protease inhibitors. The homogenates was centrifuged at 1000g for 

10min to remove cell debris and to get clear supernatant and the cell fractions like nucleus, 

mitochondria, microsomes and cytosol were isolated using gradient centrifugation protocol.  The 

protein concentration was measured by lowry‟s method as described before.  An aliquot of 

samples 500 μg protein of cell lysate or cell fraction was used to precipitate the specific protein 

of interest.  The samples were incubated with respective primary antibody 1 μg for 16h at 4°C. 

Immune complexes will be precipitated from the samples with 10 μl of protein A/G Plus –

agarose (santacruz) by rotating the suspension for 4hr at 4°C. After centrifugation 2500rpm for 

5min at 4ºC the beads conjugated with immune complexes were washed twice with lysis buffer. 

The beads will be finally resuspended in 50μl sample loading buffer containing SDS and 2-

mercaptoethanol, boiled for 95ºC for 10min, electrophoresed through 10% SDS-PAGE and 

transferred to Millipore immobilon-P membrane for blotting.   

Western blots were carried out using respective primary and secondary antibodies conjugated 

with horse radish peroxidase.  The membrane was blocked with 5% nonfat dried milk for 1hr and 

incubated with primary nitrotyrosine antibody (1:1000 dilution) for overnight.  The membrane 

was washed to remove excess primary antibody and further incubated with the secondary 

antibody (1:2000 dilution) conjugated to horseradish peroxidase.  The membrane was then 

observed by supersignal chemiluminescence (pierce) and the bands were captured using 

AlphaEase FC gel documentation system (Alpha Innotech Corporation, CA.) and quantitated 

using alpha infotech fluorochem SP software. (236) 
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5.2.9 Western blot 

(i) Purification of proteins 

The mucosal scrapings was homogenized using lysis buffer containing 250mM sucrose, 20mM 

HEPES, 10mM KCl, 1.5mM MgCl2, 1mM EDTA, 1mM EGTA, (pH – 7.5) and added 1mM 

Dithiothreitol, 1mM PMSF, protease inhibitor cocktail on day of experiment.  The 10% 

homogenate prepared were centrifuged at 1000g for 10min at 4ºC to get nuclei pellet. The 

supernatant obtained was centrifuged at 10000g for 20min at 4ºC to get mitochondrial pellet. The 

supernatant obtained from 10000g was further centrifuged at 100,000g for 1hr at 4ºC.  This final 

supernatant was taken as cytosolic fraction and the pellet obtained contains membranous 

fractions.  All the pellets were resuspended with homogenizing buffer, aliquot into multiple 

tubes, stored in -70ºC for later use.  Protein concentration was determined by lowry‟s method 

and aliquots used for western blots. 

 

(ii) Blotting 

Samples containing 50-100 μg protein were denatured and separated on 10% sodium dodecyl 

sulfate polyacrylamide gel electrophoresis (SDS-PAGE), along with ECL DualVue western 

blotting molecular weight markers (Amersham). Proteins were transferred to 0.45μm 

polyvinylidene difluoride (PVDF) membranes. The membranes were blocked with 5% non-fat 

milk or bovine serum albumin (BSA) in TBS and 0.1% Tween-20 for 1hr. Thereafter, the 

membranes were incubated over-night in a cold room with antibodies specific to each protein of 

interest. After incubation with the respective primary antibodies, anti-mouse or anti-rabbit 

secondary antibodies conjugated with horse-radish peroxidase were used to detect bound primary 

antibodies. Visualization of the bands of interest was carried out by use of a chemiluminescent 
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substrate. The developed bands were visualized and documented using the AlphaEase FC gel 

documentation system (Alpha Innotech Corporation, CA.) 

 

5.2.10 Caspase-3 activity assay by ELISA technique 

Mucosal scrapings were homogenized using cell lysis buffer, kept on ice for 10 min.  

Centrifuged for 10,000g for 1 min in a microcentrifuge and the clear supernatant of cytosolic 

extract was used for the assay.  Protein concentration was assessed by lowry‟s method.  Dilute 

200 μg of protein to 50 μl of cell lysis buffer for the assay in microtitre plate.  Added 50 μl of 2X 

reaction buffer with 10 mM DTT to each sample.  Added 5 μl of 4mM DEVD-pNA substrate 

with final concentration of 200 μM and incubate at 37ºC for 1 hour.  Reading was measured at 

405nm in a microtitre plate reader.  The absorbance readings were used for the calculation of 

total caspase-3 activity.  

 

5.2.11 Reverse Transcriptase - Polymerase chain reaction 

(i) RNA isolation  

Total RNA was isolated from the snap-frozen small intestinal mucosal scrapings obtained from 

experimental animals, using TRI-reagent. Briefly, 100 mg of mucosal scraping was homogenized 

in 1 ml of TRI-reagent and allowed to stand for 5 minutes at room temperature. Then 0.2 ml of 

chloroform was added, the contents mixed and allowed to stand for 15 minutes at room 

temperature. The mixture was then centrifuged at 12,000g for 15 minutes at 4ºC. The mixture 

separated into three phases. The colorless upper aqueous phase containing RNA was transferred 

to a fresh tube. Isopropanol (0.5ml) was added and the contents mixed and allowed to stand for 

10 minutes at room temperature. The mixture was then centrifuged at 12,000g for 10 minutes at 
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4ºC. The RNA precipitate formed a pellet at the bottom of the tube. This pellet was washed by 

adding 1 ml of 75% ethanol. After removal of the ethanol, the pellet was air-dried for 5-10 

minutes. The final RNA pellet was dissolved in 30 μl of RNAse-free water by warming the tube 

at 60ºC for 15 minutes. The concentration of the RNA (μg/ml) in each sample was quantified by 

nanodrop spectrophotometry, using nucleic acid option in nanodrop 2000/2000c software at the 

wavelength of 260nm. The integrity of the isolated RNA was checked by subjecting an aliquot of 

the sample to denaturing agarose gel electrophoresis and staining with ethidium bromide (EtBr). 

The integrity of the 28S and 18S subunits was used to confirm that the RNA isolated was intact 

and of good quality.  

(ii) Synthesis of cDNA  

RNA obtained was reverse-transcribed to cDNA. This was done using 1 μg of total RNA, using a 

reverse transcriptase core kit, according to the manufacturer‟s instructions (Eurogentec, 

Belgium). Briefly, 10 μl of reaction mixture that contained 1 μg of RNA, 1 μl of 10X reaction 

buffer, 2 μl of 25 mM MgCl2, 2 μl of 2.5 mM dNTP, 0.5 μl of random nonamers, 0.2 μl of 

RNAse inhibitor, 0.025 μl of reverse transcriptase and 3.05 μl of RNase-free water were added to 

a microtube and mixed thoroughly.  

The PCR cycler used for the conversion (Bio-Rad DNA Engine with Chromo 4 Detector System) 

was programmed as follows:  

Initial step for 10 min at 25ºC  

Reverse transcription step for 30 mins at 48ºC  

Inactivation of the RT enzyme 5 mins at 95ºC  

The resultant cDNA obtained was diluted to a final volume of 40 μl with RNase-free water and 

stored at -70ºC till use.  
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(iii) Real-time PCR assays  

Levels of expression of mRNA were quantitated using the qPCR MasterMix Plus for SYBR 

green I dNTP kit (Eurogentec, Belgium), according to the manufacturer‟s instructions. Briefly, 

25 μl of reaction mixture was prepared by taking 12.5 μl of 2X reaction buffer, 3 μl of cDNA,  

5 μl each of forward (25 nM) and reverse primers (25 nM) and 4.5 μl of nuclease-free water in a 

PCR reaction tube. The contents of the tubes were mixed thoroughly.  

The conditions for each assay were standardized with regard to annealing temperature and 

primer and salt concentrations. For each gene of interest, the annealing temperature used was 

determined by running a gradient PCR using varying temperatures. The optimum concentrations 

of forward and reverse primers and MgCl2 were also determined.  

The PCR cycler was programmed as follows for the amplification of cDNA obtained:  

HotGoldStar activation step for 10 mins at 95ºC  

Denaturation for 30 seconds at 94ºC  

Annealing temperatures for 30 seconds  

Extension for 40 seconds at 72ºC for 40 cycles.  

Standard curves were generated for each gene of interest.  

At the end of the amplifications, specificity of the product formed in each assay was confirmed 

by a melting curve analysis. The possibilities of formation of primer-dimers and non-specific 

amplification were thus excluded. The expression of each gene was calculated using ΔΔct 

method. Quantitative measurements of each gene were derived from a standard curve 

constructed from known concentrations of PCR product. The expression of each gene of interest 

was calculated relative to that of beta-actin, which was used as a house keeping gene.  
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Primer sequences used for PCR were given below: 

iNOS  Forward : 5'- AGG-TGT-TCA-GCG-TGC-TCC-AC -3'  

Reverse : 5'- AGT-TCA-GCT-TGG-CGG-CCA-CC -3' 

 NFkB  Forward : 5'- TGT-CCA-TGC-AGC-TTC-GGC-GG -3' 

   Reverse : 5'- GGC-CGG-GGT-TCA-GTT-GGT-CC -3' 

 TNF  Forward : 5'- AAA-TGG-GCT-CCC-TCT-CAT-CAG-TT -3' 

   Reverse : 5'- TCT-GCT-TGG-TGG-TTT-GCT-ACG-AC -3' 

 COX2  Forward : 5'- ATG-ACT-TCC-CTG-GGT-TTG-GT -3' 

   Reverse : 5'- GTC-CCC-CAT-TGT-GGT-ATC-TG -3' 

 MMP2  Forward : 5'- ACC-GTC-GCC-CAT-CAT-CAA -3'  

   Reverse : 5'- TTG-CAC-TGC-CAA-CTC-TTT-GTC-T -3' 

 MMP9  Forward : 5'- TCG-AAG-GCG-ACC-TCA-AGT-G -3' 

   Reverse : 5'- TTC-GGT-GTA-GCT-TTG-GAT-CCA -3' 

 HO1  Forward : 5'- AGA-GTC-CCT-CAC-AGA-CAG-AGT-TT -3' 

   Reverse : 5'- CCT-GCA-GAG-AGA-AGG-CTA-CAT-GA -3' 

 HSP70  Forward : 5'- CCG-CCT-ACT-TCA-ACG-ACT-C -3' 

   Reverse : 5'- TCT-TGA-ACT-CCT-CCA-CGA-AG -3' 

 CASP3 Forward : 5'- AAT-TCA-AGG-GAC-GGG-TCA-TG -3' 

   Reverse : 5'- GCT-TGT-GCG-CGT-ACA-GTT-TC -3' 

βactin   Forward : 5'- CCT-CTA-TGC-CAA-CAC-AGT-GC -3' 

   Reverse  : 5'- ACA-TCT-GCT-GGA-AGG-TGG-AC -3' 
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5.2.12 DNA fragmentation assay  

DNA from mucosal scrapings was processed immediately after the RNA isolation protocol using 

TRI-reagent (Sigma, USA). Briefly, DNA was precipitated by 300 μl of absolute ethanol was 

added and incubate for 30 min. Centrifuged at 2000g for 5 min at 4ºC.  The pellet was collected 

and washed thrice with 0.1M sodium citrate solution in 10% ethanol. Then the DNA pellet was 

isolated by centrifugation at 2000g for 5 min at 4ºC after each wash.  The purified DNA 

precipitate formed a pellet at the bottom of the tube. This pellet was washed by adding 1 ml of 

75% ethanol. After removal of the ethanol, the pellet was air-dried for 5-10 minutes. The final 

DNA pellet was dissolved in 50 μl of 8mM sodium hydroxide.  

 

Isolated DNA was separated in 1% agarose gel that contained 0.05% ethidium bromide, using 

Tris-aceticacid-EDTA (TAE) buffer 40mM Tris base; Glacial acetic acid; 0.5M EDTA, 

Disodium Salt, Dihydrate; Final pH 8.0 . The separated bands were visualized and documented 

using an AlphaEase FC gel documentation system (Alpha Innotech Corporation, CA.) (237) 

 

STATISTICAL ANALYSIS  

Data were analyzed using the Statistical Package for the Social Sciences (SPSS) software 

package, version 16.  

All parameters were studied in a minimum of 6 animals for statistical validity. The data represent 

the mean value ± SD and analyzed by Mann-Whitney test.  Mean of multiple groups were 

compared by ANOVA. The data obtained were analyzed by analysis of variance (ANOVA), 

using a Bonferroni correction for multiple t-test as a post-hoc test.  A value of P < 0.05 was taken 

to indicate statistical significance. 
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STUDY I: Effect of MTX on peroxynitrite (PON) - induced protein tyrosine 

nitration, subcellular distribution of nitrated proteins, and nitration of 

individual proteins in the small intestines of rats 

 

6.1.1. ABSTRACT 

Methotrexate a widely used drug in clinical practice causes adverse effects on the gastrointestinal 

tract.  These effects have been attributed to structural changes in the small intestine segments and 

the mechanisms such as oxidative stress and nitrosative stress play important role as shown by 

earlier studies.  The present chapter is designed to investigate in detail the role of nitrosative 

stress in MTX induced mucositis.  In order to carry out the study, small intestinal injury was 

induced in the rats by the administration of 3 consecutive i.p. injections of 7 mg/kg body weight 

MTX.  Twenty four hours after the final dose of MTX, rats were sacrificed and the entire length 

of small intestine tissue was removed, washed with saline and used for histochemistry studies.  

Mucosal scrapings was collected and used to assess nitric oxide levels (nitrite and nitrate levels).  

Protein expression of iNOS and nitrotyrosine was measured by immunohistochemistry method 

and western blot, and iNOS mRNA was quantified by RT PCR.  We found 2 fold increased nitric 

oxide levels, iNOS protein and mRNA expression and intense staining for iNOS and 

nitrotyrosine in small intestine of MTX treated rats when compared to control. 

 

We also investigated the 3 NT in the different subcellular organelles fractions such as nucleus, 

mitochondria, microsomes and cytosol isolated from homogenate of mucosal samples of MTX 

treated rats.  Nitrotyrosine western blots were carried out in all fractions and coomassie staining 

was done simultaneously for equal loading.  Molecular weight of the bands identified was 
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approximately detected using molecular weight marker and the intensity of each band was 

calculated. After MTX treatment, a general increase in protein nitration is observed as well as a 

change in the spectrum of proteins that are nitrated. Comparison of the relative densities of the 3 

nitrotyrosine protein adducts in the mitochondria, cytosol, nucleus from MTX treatment groups 

indicated that the small intestines from the MTX treated rats had greater amounts of nitrotyrosine 

protein adducts.  

 

Western blot analysis showed that the bulk of the nitrated proteins had apparent molecular mass 

region between 12 and 72 kDa. In the nuclear fraction some proteins were more nitrated and 

some less compared with that of control intestine; increased nitration of 17kda, 35kda, and 

58kDa proteins was observed while the proteins with molecular weights 63, 47, 40, 25, 21 

showed decreased nitration after MTX treatment.  In the mitochondrial fraction, many proteins 

were nitrated, the predominant nitrated proteins had molecular weights of 12 kda, 25kDa 29Kda, 

47 kDa, and 62Kda. In the cytosol also, many proteins were nitrated. The predominant nitrated 

proteins had approximate molecular weights of 12kDa, 19kDa, 45 kDa, and 60 kDa.  The precise 

localization of nitrated proteins in distinct subcellular sites such as the mitochondria, nucleus, 

microsomes, and cytosol implies that specific proteins are targeted for nitration by MTX. 

 

These results suggest that MTX induced PON mediated small intestinal injury is mediated by 

differential nitration of proteins in the subcellular orgaenelles and selective nitration of proteins. 

MTX induce post translational modification of tyrosine nitration of proteins in the small intestine 

may play a role in MTX induced mucositis. 
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6.1.2. INTRODUCTION 

Chemotherapy-induced alimentary mucositis is an extremely common condition that is caused 

by a breakdown of the mucosal barrier. It occurs in between 40 - 100% of cancer patients 

depending on the treatment regimen. Intestinal mucositis is a dose limiting side-effect of cancer 

chemotherapy, which leads to decreased absorption of nutrients, increased epithelial 

permeability, recurrent diarrhea, and weight loss (238).   Symptoms typically include pain from 

oral ulceration, vomiting and diarrhoea. GIT mucositis often necessitates chemotherapy 

reductions or treatment breaks, overall potentially compromising survival outcomes. 

Consequently, it creates a burden not only on patients' quality of life but also on healthcare costs. 

Despite this, currently, there is no clinically effective localized/pharmacological therapy 

intervention strategy to prevent alimentary mucositis. 

 

MTX is a well-known cause of intestinal mucositis, which impairs rapidly dividing cells, such as 

epithelial stem cells within intestinal crypts, thereby causing diminished enterocyte replacement.  

Generation of nitric oxide (NO) by inducible nitricoxide synthase (iNOS) is a cardinal feature of 

inflamed tissues including those of the gastrointestinal tract.  Studies from our laboratory and 

others have demonstrated that nitric oxide is an important mediator of MTX induced 

gastrointestinal mucositis in animal models (239) 

 

In normal conditions small amounts of NO produced by endothelial NOS (eNOS) maintains 

blood supply to the gastrointestinal mucosa. In inflammatory conditions, large amounts 

(micromolar) of NO are produced by iNOS. During inflammatory reactions when large amounts 

of NO and superoxide are formed, the combination of both leads to the formation of reactive 
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nitrogen species, such as the peroxynitrite.  This toxic compound has the ability to initiate lipid 

peroxidation, DNA damage, sulfhydryls oxidation, and readily nitrates phenolic compounds such 

as tyrosine residues on proteins, resulting in augmented inflammation and tissue injury (240).  

 

Protein 3-nitrotyrosine is a post-translational modification (PTM) of the amino acid tyrosine, 

with the covalent substitution of a nitrite group positioned in the 3-position in the aromatic 

phenol of tyrosine.   Peroxynitrite induces nitration of tyrosine residues (nitrotyrosine), leading 

to changes of protein structure and function (107, 113). Nitration of tyrosine residues may lead to 

loss of protein structure and function. Protein nitration typically is indicated in diseases that have 

an inflammatory component, possibly caused by up-regulation of the inducible NO synthase 

(iNOS) (241). Varieties of post-translationally modified nitrated proteins have been shown to 

accumulate in apoptotic or inflamed tissues (242). 

 

In an earlier study we have demonstrated the overproduction of reactive oxygen species, and NO, 

induction of iNOS and peroxynitrite overproduction has been demonstrated in the small 

intestines of rats after MTX treatment (25).  However, the effects of PON on protein tyrosine 

nitration, the subcellular distribution of nitrated proteins and nitration of individual proteins has 

not been investigated yet to the best of our knowledge.  Because peroxynitrite is impossible to 

measure in vivo owing to its high reactivity, 3-nitrotyrosine formation is used as a fingerprint of 

peroxynitrite formation which nitrates Tyr residues of various proteins generating 3-nitroTyr  

(3-NT), which is widely accepted as a foot print of peroxynitrite formation (243). 
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Although the participation of nitric oxide in the intestinal mucositis has been shown (68, 244), 

the detailed mechanism is not fully understood.  As intestinal mucositis induced by MTX in a 

rodent model mimics the chemotherapy-associated gut damage that occurs in cancer patients; 

therefore, using this model, we examined the role of nitrosative stress in MTX induced enteritis. 

 

6.1.3. AIM and OBJECTIVES 

The aim of the present study is to investigate the role of PON induced protein tyrosine nitration 

in MTX induced enteritis.  The purpose of this study was to confirm the role of nitrosative stress 

in MTX induced small intestinal injury.   

 

The specific objectives were to 

 Quantify the amount of nitric oxide, nitrite, nitrate in the small intestines  

 Assess protein and gene expression of iNOS 

 Investigate peroxynitrite production by the measurement of 3NT, footprint of PON 

production 

 Find out whether there is any difference in the extent of PTN of proteins in the 

subcellular organelles of the small intestines 

 Identify the molecular weights of proteins that are nitrated 

 

6.1.4. SUMMARY OF EXPERIMENT 

Adult male wistar rats (200 – 250g) were treated with MTX 7mg/kg body weight and the control 

rats were treated with vehicle alone intraperitoneally for three consecutive days.  After 24 hours 

of the final dose of MTX the rats were sacrificed and the entire length of small intestine tissue 
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was removed, washed with saline and a piece of segments (duodenum, jejunum, ileum) was 

processed for histology, iNOS and nitrotyrosine histochemistry studies.   

 

Mucosal injury, inflammation and hyperemia/hemorrhage was assessed and graded in a blinded 

manner using the histological injury scale previously defined by Chiu et al. (227).  The mucosa 

scrapings was collected, and used for measuring nitrate, nitrite biochemical assay, iNOS gene 

expression by RT-PCR, nitration of proteins by immunoprecipitation and western blots.  Mucosa 

scraping was also used for isolation of cellular fractions (nucleus, mitochondria, microsomes, 

cytosol) from the homogenate.  SDS-PAGE technique followed by western blot of nitrotyrosine 

was done using monoclonal anti-nitrotyrosine antibody in all the cell fractions. Coomassie 

brilliant blue staining was done in all the fractions as a proof for proteins bands in the samples as 

well as to check degradation of proteins and equal loading of the sample.  The molecular mass of 

each bands identified in the blots was calculated based molecular weight marker. Band intensity 

was quantitated for each bands identified in the blots.  Difference in the band intensity between 

control and methotrexate treated samples indicates the increase or decrease in nitration of the 

respective protein band. 
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6.1.5. RESULT 

MTX administration resulted in moderate to massive injury to the small intestines. 

Under light microscope, the duodenum, jejunum and ileum of the control group rats showed 

normal architecture (Figure: 6.1.1 A – C). The mucosa was lined by villi which are short and leaf 

like in duodenum, tall in jejunum and of intermediate height in ileum. The villus epithelium 

consisted of an admixture of tall columnar epithelial cells and goblet cells, which are more 

numerous in ileum. Crypts of lieberkuhn formed the lower 20% of the epithelium and were 

surrounded by per crypt fibroblast sheath. Lamina propria was composed of loose connective 

tissue matrix containing lymphocytes, and plasma cells. Eosinophils, macrophages and 

neutrophils were occasionally seen along with blood vessels, nerves and lymph vessels.  

 

Twenty four hours after the final dose of MTX, there was moderate destruction of the villi and 

the crypts of leiberkuhn in duodenum (Figure: 6.1.2 A). In jejunum, there was more destruction 

of the villi. The villi were atrophied and focally absent (Figure: 6.1.2 B). In the ileum, the villi 

were atrophied, blunted and fused. There was destruction of the crypts of leiberkuhn (Figure: 

6.1.2 C). The villus/crypt ratio was decreased and there was transmural acute inflammatory 

infiltrate in the mucosa, submucosa and muscularis layers. The overall thickness of the 

epithelium was decreased accompanied by increased intraepithelial lymphocytes, neutrophil 

infiltration and crypt abscess. 

 

Based on the light microscopic changes the intestine sections from the two groups were graded 

on a 5 point scale previously defined by Chiu et al (227).  The small intestine sections in control 

group revealed normal morphology with normal villi and crypt cells (Grade 1). The duodenum 



87 

 

and jejunum sections in MTX group showed atrophied villi with exposed lamina propria and 

there was acute inflammatory infiltrate (Grade 4). The ileum sections from the MTX group 

revealed fused villi, digestion and disintegration of the lamina propria in villi and presence of 

hemorrhage and ulceration (Grade 5).  The damage was comparatively more in the ileum (grade 

5), followed by jejunum and duodenum (grade 4).  



 

 

Figure: 6.1.1 

Histology of the duodenum (A), jejunum (B) and ileum (C) of control rats showing normal 

architecture, magnification X100. (n = 6).V – Villus, CL – Crypts of Leiberkhun; ME – 

Muscularis Externa 

 



 

Figure: 6.1.2 

Histology of small intestine 24 hours after the final dose of MTX, magnification X100. (n = 

8). Black arrow indicates the apoptotic villi and the white arrow indicates the crypt abscess. 

The villi were shortened in the duodenum (A), distorted in the jejunum (B) and aborted, 

flattened, blunted and fused in the ileum (C).   
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MTX administration resulted in more than 2 fold increase in the levels of NO (nitrite and 

nitrate) in the small intestines  

Nitrate and nitrite levels were measured by using copper cadmium alloy and griess reagent 

spectrophotometric method in the small intestine mucosa of vehicle and MTX treated rats.  

Nitrate + nitrite levels were calculated as an index of nitric oxide production.  The small 

intestines of control rats showed low basal levels of nitric oxide. This suggests the physiological 

role of NO in the small intestines.  The source of this NO may be the expression of constitutive 

NOSes - eNOS and nNOS, and to a lesser extent iNOS. MTX treatment resulted in significant 

increase in the levels of nitrate, nitrite and thus nitric oxide as compared to control.  Nitrite levels 

were increased by 2.1fold (14.08 ± 3.4 vs. 6.82 ± 1.82, P = 0.002), nitrate levels by 2.4 fold 

(41.65 ± 6.3 vs. 17.31 ± 3.48, P = 0.002) and nitric oxide by 2.3 fold (55.73 ± 19.5 vs. 24.12 ± 

7.4, P = 0.002) in MTX as compared with control (Figure: 6.1.3).  The source of this NO may be 

upregulation of iNOS  

 



          

 

Figure: 6.1.3 

Nitrite, Nitrate and Nitric oxide levels in the small intestine mucosa of control and 

experimental rats, 24 hours after the final dose of vehicle and MTX respectively.  Data 

represent mean ± SD, N = 6 in each group, ** P value < 0.005 as compared to control. 
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MTX treatment resulted in increased iNOS protein and mRNA expression  

Immunohistochemical analysis of the control rat intestines showed weak immunostaining for 

iNOS in the villus and crypt regions. iNOS is only expressed in some inflammatory cells 

scattered throughout the lamina propria. MTX-treated rats presented intense iNOS 

immunostaining in the enterocytes, lamina propria cells, and neutrophils and other inflammatory 

cells surrounding and within necrotic crypts when compared to the weak immunostaining of 

villus and crypt regions from unchallenged rats (Figure: 6.1.4).  iNOS protein localized primarily 

to the epithelial cells lining the crypts and along the crypt axis and abundant in the villus, 

suggesting that intestinal epithelial cells may be the prime source of the gut mucosa-derived NO 

and contribute to the increased levels of NO2/NO3 in the lumen of the small intestine after MTX 

challenge.  These results suggest that inducible NOS is constitutively expressed in enterocytes, 

and is increased in rat intestines after MTX treatment.   

 

The effect of MTX on iNOS transcription and iNOS mRNA accumulation was confirmed by 

reverse transcriptase polymerase chain reaction (Figure: 6.1.5). Untreated rat intestines contained 

detectable amount of iNOS mRNA suggesting its basal expression. MTX treatment resulted in 

more than 2 fold increase (0.0076 ± 0.003 vs 0.0036 ± 0.0001, P = 0.029) iNOS mRNA as 

compared to control.  These findings strongly suggest role for iNOS in MTX induced small 

intestinal Injury. 

 

 



iNOS IHC 

 

Figure: 6.1.4 - Representative image of inducible nitric oxide synthase (iNOS) protein 

expression in the small intestine segments of rats 24 hours after the treatment with vehicle 

and MTX by immunohistochemical analysis (20X).  MTX treated rats shown intense 

immunostaining of iNOS in the duodenum, jejunum and ileum when compared to basal 

immunostaining in control rat small intestine tissue treated with vehicle. 

 

 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- +/- + 

MTX ++ ++ +++ 



 

 

 

 

 

 

Figure: 6.1.5 - Effect of MTX on iNOS mRNA levels.  RT-PCR analysis of iNOS mRNA 

expression after 24hours of final dose of MTX and vehicle treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control. 
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MTX administration resulted in more than 2 fold increase in protein tyrosine nitration in 

the small intestine 

Protein tyrosine nitration, is indicative of nitric oxide-driven peroxynitrite and/or free-radical 

damage. Therefore, we next assessed the level of tyrosine-nitrated proteins generated by MTX 

by immunohistochemistry as an indication of reactive nitrogen products. Intestines of control rats 

showed weak staining for 3NT. Animals treated with MTX showed intense staining for 

nitrotyrosine residues, both in enterocytes and lamina propria cells, in contrast to the weak 

immunostaining seen in the control intestines (Figure: 6.1.6).  

 

In order to confirm the formation of 3NT adducts, we carried out western blots in whole 

intestinal homogenates and probed with NT antibody. 3 Nitrotyrosine adducts were present in 

detectable amounts in the small intestines of control rats. The small intestinal homogenates from 

all of the MTX treated rats had higher nitrotyrosine protein adducts as compared with the 

controls.  On an average increase in 3NT was observed in the MTX treated rat intestines 1.1 fold 

(1512.7 ± 134.8 vs. 786.6 ± 523.8, P = 0.20) (Figure: 6.1.7). These results clearly demonstrated 

that there was some intrinsic nitration in some proteins in the normal intestine, and the intrinsic 

protein nitration was significantly enhanced after MTX injury.  

 

 



NTY IHC 

 

Figure: 6.1.6 – Representative image of nitrotyrosine (NTY) protein expression in the small 

intestine segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown intense immunostaining of 

NTY in the ileum followed by duodenum and jejunum when compared to basal 

immunostaining in control rat small intestine tissue treated with vehicle. 

 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- +/- + 

MTX ++ ++ +++ 
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MTX results in differential nitration of subcellular proteins  

After confirming the overproduction of 3NT in the MTX treated rat intestines, we next 

investigated whether there is any difference in the extent of protein nitration in the various 

subcellular compartments of the enterocytes. To directly compare the levels of nitrated proteins 

in the subcellular organelles between the control and the MTX treated small intestines, the 

subcellular organelle fractions were subjected to immunoprecipitation IP followed by WB using 

monoclonal anti-NT antibody. According to Guo et al., immunoprecipitation with an anti-

nitrotyrosine antibody is the preferred technique for detecting unknown tyrosine-nitrated proteins 

in tissue (245). 

 

For this, individual small intestines obtained from normal rats and MTX treated rats were 

homogenized and the subcellular organelles i.e, mitochondria, nucleus, microsomes, and cytosol 

were separated by differential centrifugation. The proteins in various subcellular organelles were 

immunoprecipitated, subjected to Western blot analysis with the monoclonal anti-NT antibody. 

The extent of nitration of proteins was measured by densitometric analysis. In all the subcellular 

organelles there was basal expression of NT. These data indicate that nitric oxide-dependent 

protein tyrosine nitration is a physiologically relevant process localized within specific 

subcellular compartments After MTX treatment, a general increase in protein nitration is 

observed as well as a change in the spectrum of proteins that are nitrated (Figure: 6.1.7).  

 

Comparison of the relative densities of the 3 nitrotyrosine protein adducts in the mitochondria, 

cytosol, nucleus from MTX treatment groups indicated that the small intestines from the MTX 

treated rats had greater amounts of nitrotyrosine protein adducts as compared with control. In 
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contrast, there was significant decrease in nitrotyrosine adduct formation in the microsomes. The 

major site of PON production is the mitochondria, but nitration of proteins was observed in 

almost all the extra-mitochondrial fractions in addition to the mitochondria. These suggest that 

nitration can occur in any subcellular compartment independent of the site of peroxynitrite 

production.   

 

As indicated by densitometric analysis the total protein nitration in the whole homogenates was 

increased to 1.1 fold (1513 ± 135 vs. 786.6 ± 523.8) after MTX treatment. Western blots using 

the 4 subcellular organelles, protein nitration was increased in nucleus by 1.3 fold (842.3 ± 172.7 

vs. 330.7 ± 220.5), mitochondria by 0.7 fold (2371 ± 305 vs. 1448 ± 584.2), microsomes by 1.0 

fold (1561 ± 308.6 vs. 763.7 ± 312.1), and cytosol by 0.5 fold (1700.7 ± 313.4 vs. 1076 ± 233.5), 

respectively in MTX treated as compared to that of untreated control (Figure: 6.1.7). The 

different magnitude of enhancement suggests that protein nitration in vivo is specific and 

selective.  

 

 

 

 



 

 

Figure: 6.1.7 – Representative blot and corresponding graph of nitrotyrosine protein levels.  

The overall nitrotyrosine levels were done by immunoprecipitation followed by western 

blot method.  Nitrotyrosine levels in the small intestine mucosal cell fractions of control and 

experimental rats, 24 hours after the final dose of vehicle and MTX respectively.  

Abbreviations – Nitrotyrosine (NTY), Immunoprecipitation followed by western blot 

(IP:BLOT), Homogenate (HOMO), Nucleus (NUCL), Mitochondria (MITO), Microsomes 

(MICR), Cytosol (CYTO).  Data represent mean ± SD, N = 3 in each group. 
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MTX targets specific subcellular proteins of the small intestines 

Next, we wanted to identify the molecular weights of individual proteins that may be nitrated in 

the various sub cellular compartments of the small intestines upon MTX treatment. For this, 

proteins present in the subcellular organelles were separated by SDS-PAGE along with 

molecular weight markers and stained with coomassie blue to identify the protein bands present 

in the sample. Another set of same samples were separated by SDS-PAGE and then subjected to 

western blot analysis with the anti-3-NT antibody to identify the protein bands that undergo 

nitration.   

 

SDS-PAGE combined with Western blot analysis followed by densitometric analysis, showed 

that in all the sub cellular organelles many proteins were nitrated under basal conditions, and 

MTX treatment increased their nitration.  In control rats, all enterocyte preparations showed 

positive staining for nitrotyrosine. Staining was particularly marked between 12 and 70 kDa in 

all samples tested.  

 

As shown in (Figure: 6.1.8), the small intestinal homogenates from all of the MTX treated rats  

had higher nitrotyrosine protein adducts as compared with the controls displays a representative 

Western blot analysis, showing the bulk of the nitrated proteins had apparent molecular mass 

region between 12 and 72 kDa.  We got positive bands with approximate molecular masses 57 

kDa (270.3 ± 181 vs. 182.3 ± 66.6), 54 kDa (331.3 ± 235.7 vs. 166.3 ±84.3), 35 kDa (357 ± 

127.6 vs. 96.3 ± 54.2), 25 kDa (1081.3 ± 169.4 vs. 576 ± 153), and 21 kDa (4972 ±837.8 vs. 

2482 ± 991.3) in response to methotrexate when compared to control. 
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In the nuclear fraction some proteins were more nitrated and some less compared with that of 

control intestine; increased nitration of 17kDa (982.7 ± 192.8 vs. 330.3 ± 259.1), 35kDa (38.3 ± 

3.1 vs. 12 ± 1.4), and 58kDa (176 ± 28.8 vs. 45 ± 16.5) proteins was observed while the proteins 

with molecular weights 63 kDa (52 ± 13.7 vs. 99.3 ± 20.2), 47 kDa (130.3 ± 51.1 vs. 423.7 ± 

200.9), 40 kDa (16.3 ± 9.29 vs. 44 ± 13.5), 25 kDa (58.3 ± 18 vs. 619.6), 21 kDa (81.3 ± 26.9 vs. 

499 ± 119.1) showed decreased nitration after MTX treatment as compared to control (Figure: 

6.1.9).   

 

In the mitochondrial fraction, many proteins were nitrated, the predominant nitrated proteins had 

molecular weights of 12 kDa (201.7 ± 153.9 vs. 79.7 ± 61.1), 21kDa (1550.3 ± 144.3 vs. 908 ± 

173.3), 27kDa (83.7 ± 24.6 vs. 45 ± 14.7), 35kDa (99.7 ± 22.1 vs. 33.3 ± 20.2), 52 kDa (94.7 ± 

37 vs. 40.7 ± 3.5), and 57kDa (108.3 ± 69.5 vs. 30 ± 7) were decreased nitration in MTX treated 

compared to control  (Figure: 6.1.10). 

 

In the microsomes, proteins with molecular weight 14 kDa (78.7 ± 15.3 vs. 333.7 ± 81.4),  

16 kDa (79 ± 12.1 vs. 911.3 ± 74, ), 19 kDa (104.7 ± 24.7 vs. 691.7 ± 158.2), 21 kDa (160 ± 27 

vs. 918.7 ± 91.7), 22 kDa (151.3 ± 16.9 vs. 811 ± 150.1), 27 kDa (45 ± 21.4 vs. 544.3 ± 116.6), 

33 kDa (146 ± 44.2 vs. 744.7 ± 54.8), 38 kDa (46.3 ± 35.6 vs. 327 ± 78.6) showed decreased 

nitration after MTX treatment compared to control (Figure: 6.1.11).   

 

In the cytosol also, many proteins were nitrated. The predominant nitrated proteins had 

approximate molecular weights of 12kDa (916 ± 254.1 vs. 406.3 ± 77.7), 19kDa (799 ± 257.3 vs. 



Figure: 6.1.8    HOMOGENATE SAMPLES 

   

 

Coomassie brilliant blue staining, 

nitrotyrosine blot and 

representative quantification of 

bands identified in nitrotyrosine 

blot of homogenate samples of 

control and MTX treated small 

intestine mucosa samples. 

Western blotting analysis of 

nitrotyrosine of homogenate samples 

revealed increased nitrated protein 

expression with approximate 

molecular masses 57 kDa, 54 kDa, 

35 kDa, 25 kDa, and 21 kDa in 

response to methotrexate when 

compared to control. 

 



Figure: 6.1.9    NUCLEUS SAMPLES 

 

 

Coomassie brilliant blue staining, 

nitrotyrosine blot and 

representative quantification of 

bands identified in nitrotyrosine 

blot of nucleus samples of control 

and MTX treated small intestine 

mucosa samples. 

Western blotting analysis of 

nitrotyrosine of nucleus samples 

revealed increased nitrated protein 

expression with approximate 

molecular masses 58 kDa, 35 kDa, 

17 kDa and decreased nitrated 

protein expression with approximate 

molecular masses 63 kDa, 47 kDa, 

40 kDa, 25 kDa, 21 kDa in response 

to methotrexate when compared to 

control. 

 



Figure: 6.1.10    MITOCHONDRIA SAMPLES 

 

 

Coomassie brilliant blue staining, 

nitrotyrosine blot and 

representative quantification of 

bands identified in nitrotyrosine 

blot of mitochondria samples of 

control and MTX treated small 

intestine mucosa samples. 

Western blotting analysis of 

nitrotyrosine of mitochondria 

samples revealed increased nitrated 

protein levels with approximate 

molecular masses 57 kDa, 52 kDa, 

35 kDa, 27 kDa, 21 kDa, 12 kDa in 

response to methotrexate when 

compared to control. 

 



Figure: 6.1.11    MICROSOME SAMPLES 

 

 

 

Coomassie brilliant blue staining, 

nitrotyrosine blot and 

representative quantification of 

bands identified in nitrotyrosine 

blot of microsome samples of 

control and MTX treated small 

intestine mucosa samples. 

Western blotting analysis of 

nitrotyrosine of microsome samples 

revealed decreased expression of 

nitrated proteins with approximate 

molecular masses 38 kDa, 33 kDa, 

27 kDa, 22 kDa, 21 kDa, 19 kDa, 16 

kDa, 14 kDa and no change in 

expression with molecular mass 45 

kDa in response to methotrexate 

when compared to control. 

 



Figure: 6.1.12    CYTOSOL SAMPLES 

 

 

 

Coomassie brilliant blue staining, 

nitrotyrosine blot and 

representative quantification of 

bands identified in nitrotyrosine 

blot of cytosol samples of control 

and MTX treated small intestine 

mucosa samples. 

Western blotting analysis of 

nitrotyrosine of cytosol samples 

revealed increased nitrated protein 

levels with approximate molecular 

masses 52 kDa, 48 kDa, 35 kDa, 22 

kDa, 19 kDa, 11 kDa in response to 

methotrexate when compared to 

control. 
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373 ± 48.4), 22 kDa (518.7 ± 93.1 vs. 189.7 ± 27.1, 35kDa (263.7 ± 60.4 vs. 51 ± 19), 45 kDa 

(234.3 ± 38.6 vs. 52.7 ± 11.2), and 60 kDa (186.7 ± 16.3 vs. 46.3 ± 13.2) (Figure: 6.1.12).   

 

The precise localization of nitrated proteins in distinct subcellular sites such as the mitochondria, 

nucleus, microsomes, and cytosol implies that specific proteins are targeted for nitration by 

MTX.  These results suggest that MTX mediated small intestinal injury is mediated by 

differential nitration of proteins i.e., increased nitration of selected proteins, and decreased 

nitration of some other proteins.  

 

It has been demonstrated that in „in vivo „inflammatory conditions certain proteins are 

selectively nitrated and their activity altered. We compared the molecular mass of the proteins 

that are nitrated upon MTX treatment with the molecular mass of proteins that are known to 

undergo nitration in inflammatory states.  

 

Based on this, we speculate that the proteins that undergo nitration in the mitochondria of MTX 

treated rat intestines correspond to cytochrome c molecular weights 12 kDa, MnSOD 25kDa, 

carbonic anhydrase 29 kDa, creatine kinase 47 kDa, and glutamate dehydrogenase 62 kDa.  In 

the cytosol molecular weights of nitrated proteins correspond approximately to cytochrome c 

12kDa, caspase 3 19kDa, GST 45 kDa, and catalase 60 kDa  

 

MTX treatment resulted enhance nitration of aconitase, SDH.  A proteomic approach toward 

targets of protein nitration in both in vivo and cell culture inflammatory disease modelsh 

identified more than 40 nitrotyrosine-immunopositive proteins, became modified as a 
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consequence of the inflammatory response. Therefore next, we attempted to identify the 

individual proteins that undergo nitration.  

 

Three critical enzymes aconitase, Mn SOD, Succinate DH selected for further characetisation 

with respect to nitration.  These proteins were enriched by IP with specific antibodies. After IP, 

Western blotting with the monoclonal anti-3-NT antibody (mouse IgG) was performed.  For all 

the proteins studied, protein levels were not significantly different between control and MTX, 

but the extent of nitration was higher for aconitase, and SDH in the MTX treated rats as 

compared with control. With respect to SOD, we were not able to demonstrate significant 

nitration. 
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6.1.6. DISCUSSION 

In order to investigate the role of nitrosative stress in MTX induced small intestinal damage, we 

first estimated the nitric oxide levels (measured as the stable degradation production, nitrites and 

nitrate) in the small intestinal homogenates. The control rat small intestines showed measurable 

amount of nitric oxide level. The basal production of NO in the small intestines of control rats 

indicates a physiological role for NO. In fact, nitric oxide (NO) plays a critical role in several of 

the physiological processes that occur in the GI tract including motility, secretion, digestion, 

absorption and elimination. The importance of NO in GI mucosal defense is well established 

(99).  NO also contributes to mucosal defense through its cytotoxic properties, a primary defense 

against ingested bacteria and parasites (100). The actions of NO overlap considerably with those 

of prostaglandins: modulation of the activity of mucosal immunocytes (e.g., mast cells and 

macrophages), reduction of leukocyte-endothelial adhesive interactions, modulation of mucosal 

blood flow, reduction of epithelial permeability, stimulation of mucus, and bicarbonate secretion 

(246). NO has proven to be the primary non-adrenergic non-cholinergic neurotransmitter in the 

GI tract (101). In the present study, MTX treatment resulted in more than two fold increase in 

NO. High concentrations of NO are related to numerous pathological processes of GIT including 

peptic ulcer, chronic gastritis, gastrointestinal cancer, bacterial gastroenteritis, celiac or chronic 

inflammatory bowel diseases (103).  

 

NO is synthesized from L-arginine by the enzyme nitric oxide synthase (NOS). The GIT 

expresses three types of NOS. The constitutive (calcium dependent) isoforms, neuronal NOS 

(nNOS or bNOS) and endothelial NOS (eNOS), produce small amounts of NO which acts as a 

neurotransmittor and vasodilator respectively.  Recent studies indicate that iNOS is expressed in 
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a small amount and plays a role in intestinal mucosal integrity under physiological conditions 

(102). The inducible (calcium independent) isoform (iNOS) produces much larger amounts of 

NO and is expressed during inflammation. iNOS is induced by cytokines like interferon-

gamma(IFN-γ), tumor necrosis factor α, interleukin-1 (IL-1) and  lipopolysaccharide (LPS). 

iNOS induction is suppressed by transforming growth factor (TGF-β), and interleukin -8 and -10 

(IL-8,-10).  There is a general agreement that NO derived from the constitutively expressed NOS 

(e.g., eNOS or nNOS) is “protective/anti-inflammatory and the large amounts of NO derived 

from the inducible iNOS is proinflammatory. Therefore, it is not surprising to find basal amounts 

of NO in control rat intestines. In the present study we were able to demonstrate basal levels of 

iNOS protein and mRNA expression in normal rat intestines.  The presence of iNOS in normal 

tissue of intestine should not be surprising, because recent studies show that small amounts of 

NO produced by iNOS has physiological role. iNOS is expressed in a small amount and plays a 

role in intestinal mucosal integrity under physiological conditions (102). Because the gut 

epithelium is constantly exposed to the foreign antigens/noxious substances entering 

gastrointestinal tract either with the food or produced by the bacteria residing in the intestine as 

part of the normal intestinal milieu (247), basal expression of iNOS may have protective effects.  

Under pathological conditions, excessive iNOS and NO, however, are harmful to intestinal 

mucosal barrier (102, 150, 248).  Recently, this hypothesis that cNOS is always beneficial and 

iNOS is always deleterious, has been questioned, since that a series of data suggest that the 

increase of cNOS activity could be responsible for the derived pathological changes and, by 

contrast, NO liberated by the inducible isoenzyme might play a repairing effect in certain 

pathological disorders (103). 
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In the present study, MTX treatment resulted in induction of iNOS protein and mRNA 

expression as compared with control and was accompanied by inflammatory changes in the 

small intestines as evidenced by elevated MPO (shown in our earlier publication) (24) and TNF 

levels (shown in chapter 3).  It has been shown that iNOS-derived NO can act as a homoeostatic 

regulator of inflammatory leucocyte recruitment and the role of iNOS in leucocyte recruitment 

has been examined in several inflammatory models, including intestinal inflammation (249-250).  

In the gut, inflammatory, epithelial, endothelial  and neuronal cells  can express iNOS (251). In 

the present study iNOS protein was detectable in the enterocytes and infiltrating leucocytes.  It 

has been shown earlier that in inflamed gastrointestinal tissue, iNOS is richly expressed by 

infiltrating and resident activated macrophages (225, 252).  The NO generated by activated 

macrophages may have significant physiological benefits.  For example, NO produced by 

macrophage iNOS has important antimicrobial functions and inhibits the growth of viruses, 

parasites, and gram-positive organisms that invade the gastrointestinal tract. Although 

macrophage derived NO appears to be important in innate immunity, the high diffusion 

efficiency of NO makes it potentially reach unintended targets (e.g., neighboring epithelial cells). 

Inflammatory cytokines will also trigger iNOS expression by epithelial cells. Thus the salutary 

effects and potentially detrimental consequences of NO generation in inflammation exist along a 

continuum related to the magnitude and chronicity of NO exposure.  

 

Several studies have demonstrated that intestinal epithelial cells express iNOS during 

inflammatory conditions such as celiac disease, inflammatory bowel disease (IBD), diverticulitis, 

and endotoxemia.  Overproduction of NO and upregulation of iNOS have been reported to play 

role in intestinal inflammation caused by different agents including anti-cancer drugs, LPS, I/R 
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injury. Lima-Júnior R et al have shown using a rat model that overproduction of NO, 

upregulation of iNOS play role in pathogenesis of irinotecan-induced intestinal mucositis (253).  

Induction of iNOS and overproduction of NO have been reported to play a role in FU and MTX 

induced mucositis in rats (225, 239).  Upregulation of iNOS mRNA and protein expression as 

well as overproduction of NO have been reported to play role in acute endotoxemia induced 

intestinal mucosal injury in rats (254). When stimulated by LPS, NO is excessively expressed 

and induces multi-organ functional lesions in stomach and intestine of mice (255). Inhibition of 

NO production has been shown to protect the intestines from injury (218).   

 

NO can be directly cytotoxic but can also react with superoxide anions (O2•-) yielding the 

oxidizing agent peroxynitrite (ONOO-). During inflammatory reactions when large amounts of 

NO and superoxide are formed, the combination of both leads to the formation of reactive 

nitrogen species, such as the peroxynitrite. This toxic compound has the ability to initiate lipid 

peroxidation, sulfhydryls oxidation, and readily nitrates phenolic compounds such as tyrosine 

residues on proteins, resulting in augmented inflammation and tissue injury (256-257) 

 

The reaction between superoxide anion and NO not only yields peroxynitrite a potent pro-

oxidant, but also alters levels of nitric oxide, which in turn affect physiological functions. The 

formation of peroxynitrite within cells and tissue from the reaction of cellular nitric oxide (NO) 

with the superoxide radical was first proposed by Beckman nearly two decades (258).   

 

The peroxynitrite anion is extremely unstable thus evidence of its formation in vivo has been 

indirect via the occurrence of nitrated moieties including nitrated lipids and nitrotyrosine 

residues in proteins. Formation of 3-nitrotyrosine (protein nitration) is a “molecular fingerprint” 
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of peroxynitrite formation. The standard index of peroxynitrite formation in vivo is the formation 

of nitrated tyrosine residues. Protein nitration has been widely reported in a number of 

pathological states associated with inflammation but is reported to occur in normal physiology 

and is thought of as a prevalent, functionally relevant post-translational modification of proteins.  

The formation of nitrotyrosine has been observed in numerous states of chronic inflammation 

(243, 259) 

 

Immunohistochemistry is an important and often used tool in the investigation of nitrotyrosine, 

which is a marker of oxidative injury that is frequently linked to altered protein function during 

inflammatory conditions (243, 260). Nitrotyrosine can be detected in multiple species, organ 

systems, tissues, and cell types during inflammation. Therefore we analysed 3-NT in the 

intestinal tissues by immunohistochemical methods and western blot. Basal levels of 3NT were 

detectable in the small intestines of control rats suggesting a physiological role for PTN. Protein 

3-nitrotyrosine is a post-translational modification (PTM) of the amino acid tyrosine, with the 

covalent substitution of a nitrite group positioned in the 3-position in the aromatic phenol of 

tyrosine (261). The modification is mediated by reactive nitrogen species and can be formed 

under a number of physiological conditions. Western blots using anti-nitrotyrosine antibodies 

demonstrate that multiple proteins are modified under normal conditions (262-264). The role 

protein nitration plays in cell physiology is unclear. 

 

A significant increase of nitrotyrosine immunostaining was observed in the intestinal segments 

of MTX-treated rats. In addition we were able to demonstrate using western blot technique more 

than 2 fold increase in 3NT adducts in MTX treated rat intestine as compared with control, 
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reinforcing the role of NO via peroxynitrite on intestinal mucositis. The degree of protein 

nitrotyrosine formation is considered an indication of the production of reactive nitrogen species 

and of potential cell damage (265). 

 

Studies have shown that sustained NO production and ONOO- formation occurring in 

inflammatory states may differentially accelerate apoptosis in the villus apex and/or inhibit 

proliferation at the base of the crypts resulting in expanded extrusion zones at the villus tip 

resulting, at least transiently, in a "bare area" at the villus tip where bacteria can attach and 

traverse the epithelium. Therefore, Thus ONOO- may promote gut barrier failure not only by 

inducing enterocyte apoptosis but also by disrupting signaling pathways involved in enterocyte 

proliferation (118-119). 

 

Tyrosine nitration has often been regarded as non-selective oxidative damage to proteins; 

however, recently more specific roles have been described.8 For example, tyrosine nitration 

triggers dissociation of IκB from Nuclear Factor-κB (NF-κB), which results in activation of this 

pathway that plays an important role in cancer and inflammation (266-267).   

 

Nitrotyrosine formation, along with its detection by immunostaining, was initially proposed as a 

relatively specific means for detection of the “footprint” of peroxynitrite (111). Recent studies 

indicate, however, that certain other reactions can also induce tyrosine nitration. Nitrite and 

hydrogen peroxide may be used by peroxidases, such as myeloperoxidase, to generate nitrogen 

dioxide, another potent nitrating agent. It is noteworthy to mention here that we observed 

massive increase in MPO activity in the small intestine of MTX treated rats in our previous 

publication, suggesting that this may also contribute to protein tyrosine nitration (24-25).  
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Another possible mechanism involves the Fenton reaction. Increase in NO leads to release of 

heme from proteins that can then serve as catalysts for nitration of adjacent proteins. In the 

presence of H2O2, the heme is converted to ferryl π-cation radical species, which subsequently 

converts nitrite to ·NO2 to increase nitration.  Thus, increased nitrotyrosine staining is considered 

to be an indicator of “increased nitrosative stress” rather than a specific marker of peroxynitrite 

(243). 

 

Peroxynitrite anion is formed mainly from the fast diffusion controlled reaction between nitric 

oxide and superoxide, where nitric oxide out competes SOD for superoxide. Key regulators of 

peroxynitrite formation are therefore amounts of NO and superoxide (109).  Indeed, 

mitochondria are central intracellular sources of O2 , and peroxynitrite formation is favored by 

the facile diffusion of 
•
NO from the cytosol, main sites of PON production. Because of low 

levels of glutathione and antioxidant enzymes in mitochondria than in cytosol, mitochondrial 

lipids, DNA, and proteins can be more susceptible to oxidative and nitrative modifications under 

increased nitrative stress one would expect mitochondrial proteins to be nitrated preferentially 

(23).  

 

To determine whether there is any preferential subcellular protein targets for PON, the small 

intestines were homogenized, subcellular organelles separated and their nitration status was 

examined by Western blotting analyses. Coomassie staining of the protein samples showed that 

there was no obvious difference in the intensity of the protein spots between controls and MTX 

treated groups.  In all the subcellular organelles of the small intestines, there was basal 

expression of NT. These data indicate that nitric oxide-dependent protein tyrosine nitration is a 



104 

 

physiologically relevant process localized within specific subcellular compartments in close 

proximity to iNOS (268). These results clearly demonstrated that there was some intrinsic 

nitration in some proteins in the normal heart, and the intrinsic protein nitration was significantly 

enhanced after MTX injury. After MTX treatment, a general increase in protein nitration was 

observed as well as a change in the spectrum of proteins that are nitrated. MTX treatment 

resulted in nearly 2 fold increase in 3-nitrotyrosine formation in cytosol, mitochondria, nucleus 

and microsomes.  Studies have shown that PON has a half life less than 100 ms which allows it 

to travel distances of 5-20 μm (1-2 cell diameters) across extra and intracellular compartments.  

Once formed, peroxynitrite can permeate cell membranes through either anion channels or 

passive diffusion of the anionic and protonated forms, respectively (269), and over a biological 

half-life of ∼5–20 ms, it promotes toxic effects locally at up to one- to two-cell diameters . This 

may provide explanation for the detection of nitrated proteins in many subcellular oragelles, 

although mitochondria are the main site of PON production. This suggests a role for increased 

PTN and ubiquitous nitration of proteinds in MTX incuded enteritis 

 

Studies carried out using different agents have shown that subcellular nitration of proteins 

induced by the agents is both organ specific and agent specific.  Challenge of mouse dendritic 

cells with lipopolysaccharide induced iNOS protein expression in cytosol and peroxisomes and 

was associated with an increased 3-nitrotyrosine formation in cytosol, mitochondria, and 

peroxisomes. Organ specific and Site specific nitration of proteins have been reported in drug 

induced and LPS induced tissue injury (270).  In AAP induced liver injury, significant increase 

in nitrotyrosine adduct formation in the mitochondrial and cytosol, But no significant the nucleus 

or in microsomes (271).  Nitrotyrosine immunoreactivity, increased in the hippocampal region 
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after acute exposure to combustion smoke revealed predominantly mitochondrial and 

cytoplasmic staining.   

 

There are many reports on nitrated proteins in various diseases, identified by current proteomic 

methods such as 2D-PAGE or LC-MS/MS. The biological functions and the subcellular 

locations of identified nitrated proteins are classified into multiple categories. Of the identified 

nitrated proteins in in vivo disease models, 25%, 20%, 28% are derived from mitochondria, 

extracellular, and cytoplasm or intracellular, respectively. Since, various active redox reactions 

occur in mitochondria, it is expected to be the center of nitration. The major nitrated proteins 

identified are shown to be involved in energy metabolism (20%), which includes many redox 

reactions (272) 

 

Having found the difference in extent of  nitration of proteins in the various subcellular 

compartments,  we were interested in finding out the molecular weight of protein that undergo 

nitration in the subcellular oragnelles of the small intestines after MTX treatment.. In the 

mitochondrial and cytosolic fraction extensive nitration of proteins with molecular mass ranging 

from 12-52 KDa was observed. In the nuclear fraction some proteins were more nitrated and 

some less compared with that of control intestine; increased nitration of 17Kda,35Kda, and 

58KDa proteins was observed while the proteins with molecular weights 63,47,40 25, 21 showed 

decreased nitration after MTX treatment. In the microsomes, proteins with molecular weight 14 -

38 showed decreased nitration after MTX treatment, while the overall 3NT in the microsomes 

was increased. The different magnitude of enhancement suggests that protein nitration induced 

by MTX in the small intestines is specific and selective. 
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Studies have shown that different agents target proteins of different molecular weights. Upon 

acetaminophen treatment, the liver homogenates from all of the mice had nitrotyrosine protein 

adducts. The predominant nitrated proteins had molecular weights of 36 kDa, 44 kDa, and 85 

kDa. A protein with a molecular weight of 85 kDa appeared to have the greatest concentration of 

nitrotyrosine (273).  I/R in an in vivo rat myocardial I/R model, marked increase in 3-

nitrotyrosine formation with several major bands located at 45-50 and 25-30 kDa (274).  In TCE 

induced the nitrated proteins spots were found in the pI range of pH 4.9 to 8.8 and molecular 

weights of 19.1 to 128.3 kDa (275). Aniline exposure led to increased tyrosine nitration of 

splenic proteins, as determined by 2D Western blotting with anti-3-nitrotyrosine specific 

antibody, compared to the controls. The analyzed nitrated proteins were found in the molecular 

weight range of 27.7 to 123.6kDa (276). 

 

A proteomic approach toward targets of protein nitration in both in vivo and cell culture 

inflammatory disease models identified more than 40 nitrotyrosine-immunopositive proteins that 

became modified as a consequence of the inflammatory response. These targets include proteins 

involved in oxidative stress, apoptosis, ATP production, and other metabolic functions (272). 

Three critical enzymes aconitase, Mn SOD, SDH were selected for further characetisation with 

respect to nitration post MTX treatment. According to Guo et al. (245), immunoprecipitation 

with an anti-nitrotyrosine ntibody is the preferred technique for detecting unknown tyrosine-

nitrated proteins intissue. Therefore, we used the IP followed by SDS-PAGE and Western blot 

analysis to determine whether aconitase, SDH, SOD are nitrated. MacMillan-Crow and 

Thompson were the first to describe a method for theimmunoprecipitation of nitrotyrosine-
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containing proteins based on the use of a monoclonal anti-nitrotyrosine antibody  followed by 

SDS-PAGE and Westernblot analysis. (245) 

 

The proteins form small intestines were subjected to SDS PAGE electrophoresis and probed with 

specific antibodies (aconitase, SDH, and SOD) followed by immunoblot with anti-3NT antibody.  

Protein levels of these enzymes were not different between control and MTX. In the small 

intestines of MTX treated rats, aconitase, and SDH were shown to undergo more nitration as 

compared with control.  However, to our surprise SOD, a protein that is proven to undergo 

nitration during inflammatory states did not show any difference in nitration between controls 

and MTX treatment.  

 

Failure to demonstrate significant nitration of proteins after MTX treatment does not mean that 

nitration of these proteins does not occur as several factors affect PTN and hence the detection of 

nitrated proteins. Firstly, protein nitration is residue-, protein- and tissue-specific, with not all 

tyrosine residues of a protein being nitrated and not all proteins nitrated (107) (110), depending 

on cellular location of the protein and the peroxynitrite generating system, the concentration of 

peroxynitrite produced and interaction with other molecules. Secondly, the abundance of the 

protein and its tyrosine content have been proposed to influence protein nitration (110). The 

frequency of tyrosine occurrence in proteins is 3-4 mol%.  Thridly, the location of the tyrosine 

residue (surface/packed within), neighbouring amino acids (particularly glutamic acid) (277),  

and presence of active site metals e.g. prostacyclin synthase (278) and heme proteins (279). 

Tyrosine nitration may also be favored in a hydrophobic environment due to the fact that 

peroxynitrous acid can readily pass through lipid membranes (280). Finally, some nitrated 
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proteins are transiently expressed while the amounts of other nitrated proteins could be decreased 

possibly through proteolytic degradation upon nitration. Therefore, it is difficult to capture and 

characterize all nitrated proteins analyzed at one time point. 

 

As protein tyrosine nitration is typically a low-yield process and requires sensitive analytical 

methods for characterization. Nitrated proteins should be isolated or enriched before they are 

subjected to gel electrophoresis separation and protein digestion followed by final MS analysis to 

identify proteins and possibly Tyr-nitrated peptides. Several methods have been reported to 

detect Tyr nitration including, but not limited to: (1) two-dimensional gel electrophoresis 

followed by immunoblot analysis with specific anti-3-NT antibody (281), (2) 

immunoprecipitation with the specific antibody (282) or immunoaffinity chromatography using 

immobilized specific anti-3-NT antibody on Sepharose followed by capturing nitrated proteins 

(283), (3) solution isoelectric focusing, and (4) redox proteomic approach via conversion of 

nitro-Tyr to amino-Tyr followed by its labeling with biotin or dansyl chloride (268) to isolate 

nitrated proteins.   Although indirect evidence is helpful in deciding whether a protein is nitrated, 

the gold standard is to sequence and identify the modified amino acid in the protein sequence 

(281-282). 

 

Our study is the first one to investigate the effect of MTX on nitration of subcellular proteins in 

the intestinal mucosa and to identify the molecular weights of proteins that are nitrated.  A 

limitation of this study is that we were unable to pinpoint the specific proteins that are affected.  

Until recently, the lack of specific enrichment and sensitive identification methods for nitrated 

residues has prevented the analysis of low-level protein modifications. Recently, tandem mass 



109 

 

spectrometry has been applied to the identification of nitrosative modification of tyrosine 

residues. These approaches have made it possible to identify several potentially important 

modification sites (284).  In future, we plan to measure protein tyrosine nitration by immunoblot 

analysis using an anti-3-nitrotyrosine antibody in two dimensional PAGE separation and 

Western blot analysis, followed by mass spectrometric identification of immunopositive protein 

spots. 



 

STUDY – II 

Effect of MTX on the activities of enzymes 

that are established targets of 

peroxynitrite and are known to undergo 

nitration in inflammatory conditions 
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STUDY II: Effect of MTX on the activities of enzymes that are established 

targets of peroxynitrite and are known to undergo nitration in inflammatory 

conditions 

 

6.2.1. ABSTRACT 

During inflammatory states, many proteins have been shown to be nitrated by PON. In inflamed 

tissues nitration of mitochondria proteins have been shown to inactivate them and decrease their 

activity. Some of the PON target mitochondrial proteins are key enzymes in energy production; 

these include enzymes that are involved directly or indirectly in the citric acid cycle (e.g., 

aconitase, succinate dehydrogenase, glutamate dehydrogenase) and are involved in the electron 

transport chain (e.g., complexes I, II, complex IV (cytochrome oxidase)  and Complex V( F1 

ATPase) and energy distribution (e.g., creatine kinase). In addition to these mitochondrial 

proteins, four enzymes that protect cells against oxidative damage appear to be nitrated: 

MnSOD, catalase, glutathione S-transferase, and carbonic anhydrase III.  

 

In the present study we assessed the effect of MTX on the activities of enzymes that are known 

to undergo nitration and inactivation. The above mentioned enzymes were assayed in the 

mucosal homogenates of control and MTX treated samples by spectrophotometric methods.  The 

activities of ETC complexes: cytochrome c oxidase and F1-ATPase were decreased by 66% and 

71% respectively in MTX rat intestines as compared to control. With respect to the activities of 

mitochondrial energy related enzymes, the activity of aconitase was decreased by 73%, succinate 

dehydrogenase by 85%, glutamate dehydrogenase by 61%, and creatine kinase by 71%, in MTX 

treated samples as compared with control.  With regard to the antioxidant enzymes, superoxide 
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dismutase activity was increased and the activity of catalase was decreased by 68%, glutathione 

peroxidase by 60%, glutathione-s-transferase by 49% and carbonic anhydrase by 80% in MTX 

treated rat intestines as compared with control.  This result indicates that MTX alters the activity 

of the enzymes that are known to undergo nitration and inactivation. MTX induced loss of ETC 

complex activity and depletion of antioxidant enzymes may contribute to mitochondrial injury, 

enterocyte apoptosis, and small intestinal injury. 

 

6.2.2. INTRODUCTION 

Protein nitration is a process that is found in normal tissues and is increased in disease states, 

mainly inflammatory states (106). A proteomic approach 2D-PAGE or LC-MS/MS toward 

targets of protein nitration in both in vivo and cell culture inflammatory disease models 

identified more than 40 nitrotyrosine-immunopositive proteins that became modified as a 

consequence of the inflammatory response (285).  The biological functions and the subcellular 

locations of identified nitrated proteins are classified into multiple categories. Of the identified 

nitrated proteins in in vivo disease models, 25%, 20%, 28% are derived from mitochondria, 

extracellular, and cytoplasm or intracellular, respectively (285) .  

 

Since, various active redox reactions occur in mitochondria, it is expected to be the center of 

nitration.  These targets include proteins involved in oxidative stress, apoptosis, ATP production, 

and other metabolic functions. Mitochondria are essential for energy production and apoptosis, 

and both of these functions are affected by NO and related oxides.  The major nitrated proteins 

identified are shown to be involved in energy metabolism (20%), (97, 200).   Some of the PON 

target mitochondrial proteins are key enzymes in energy production; these include enzymes that 
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are involved directly or indirectly in the citric acid cycle (e.g., aconitase, SDH and 

glyceraldehyde phosphate dehydrogenase, glutamate dehydrogenase) and are involved in the 

electron transport chain (e.g., complexes I, II, complex IV (cytochrome oxidase) and Complex V 

(F1 ATPase) and energy distribution (e.g., creatine kinase).  In addition to these mitochondrial 

proteins, four enzymes that protect cells against oxidative damage appear to be nitrated: 

MnSOD, catalase, glutathione S-transferase, and carbonic anhydrase III (286). 

  

Protein tyrosine nitration alters the functions of proteins: the inhibition of function is a much 

more common consequence of protein tyrosine nitration (243).  While gain of function as well as 

no effect on function are less common were reported for tyrosine nitrated proteins. Nitration of a 

tyrosine residue may also prevent further phosphorylation of that residue (287), thereby 

interfering with signaling pathways that are dependent on phosphorylation of tyrosine. 

Mitochondrial ETC complexes II, IV and F1 ATPase, glutamate dehydrogenase, aconitase, 

glyceraldehyde phosphate dehydrogenase, creatine kinase, SDH , MnSOD, catalase, and 

carbonic anhydrase III are examples of proteins that lose their catalytic activity upon nitration, 

and glutathione S-transferase  and caspases are examples of enzymes that gain function upon 

tyrosine nitration (288-289). 

 

Tyrosine nitration of mitochondrial proteins results in mitochondrial dysfunction through the 

impairment of catalysis and protein-protein interaction.  The activities of complexes II, IV and V 

are significantly inhibited in ONOO--treated mitochondria (290).  In the previous study (chapter 

1) we have demonstrated increased PTN and differential nitration of proteins in the small 

intestines of MTX treated rats. PTN can result in a loss, an increase, or no effect on protein 
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function. In the present study we investigated the effects of MTX on the activities of the 

enzymes that are known targets of PON. 

 

6.2.3. AIM and OBJECTIVES 

The aim of the present study is to investigate the effect of MTX on the activities of enzymes that 

are targets of PON and are known to undergo nitration during inflammatory states 

The objectives of the present study are to  

 The effect of MTX on the activities of ETC complexes-  cytochrome oxidase  (complex 

IV) and complex V (F1 ATPase) 

 Study the effect of MTX on the activities of key enzymes in energy production – 

Aconitase, Succinate dehydrogenase, Glutamate dehydrogenase , creatine kinase 

 Study the effect of MTX on the activities of antioxidant enzymes, MnSOD, catalase, 

Glutathione peroxidase, glutathione S-transferase, and carbonic anhydrase III  

 

6.2.4. SUMMARY OF EXPERIMENT 

Adult male wistar rats (200 – 250g) were treated with MTX 7mg/kg body weight and the control 

rats were treated with vehicle alone intraperitoneally for three consecutive days.  After 24 hours 

of the final dose of MTX the rats were sacrificed and the entire length of small intestine tissue 

and the mucosa scrapings was collected, stored for enzyme analysis.  Mucosa samples were 

homogenized and 10% clear homogenate was used to assess alteration in the activities of 

enzymes that are known to be nitrated during inflammation including ETC complex enzymes, 

TCA cycle enzymes and antioxidant enzymes.  All the enzyme assays was carried out by 

spectrophotometric method.  
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6.2.5. RESULT 

MTX decreased the activities of ETC complexes 

The activities of mitochondrial ETC complexes was decreased significantly, complex IV by 66% 

(0.209 ± 0.08 vs. 0.46 ± 0.11, P = 0.019) (Figure: 6.2.1), and F1ATPase by 71 % (0.106 ± 0.02 

vs. 0.26 ± 0.07, P = 0.008) (Figure: 6.2.2) in the MTX treated rat intestine as compared with 

control. 

 

MTX decreased the activities of TCA cycle enzymes and GDH 

The activities of TCA cycle enzyme aconitase (Figure: 6.2.3) was reduced by 73 % (0.0026 ± 

0.0002 vs. 0.006 ± 0.001, P = 0.010) and succinate dehydrogenase (Figure: 6.2.4) by 85% 

(0.0008 ± 0.0004 vs. 0.006 ± 0.001, P = 0.016) in MTX compared to control.  

 

The activity of Glutamate dehydrogenase (Figure: 6.2.5), marker of mitochondrial injury was 

decreased by 61 % (0.036 ± 0.006 vs. 0.05 ± 0.006, P = 0.002) and Creatine kinase (Figure: 

6.2.6) was decreased by 71 % (0.003 ± 0.0007 vs. 0.007 ± 0.001, P= 0.002) in the mitochondrial 

fractions of MTX treated rat intestines as compared with control.  
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MTX altered the antioxidant enzyme activity 

To our surprise, the activity of Superoxide dismutase (Figure: 6.2.7), the guardian of the 

mitochondria was increased 40% (0.031 ± 0.007 vs. 0.02 ± 0.003, P = 0.015) in the small 

intestines of MTX treated rats as compared with control.  

 

With respect to the activities of other antioxidant enzymes, catalase (Figure: 6.2.8) activity was 

decreased by 68 % (0.74 ± 0.13 vs. 2.98 ± 0.7, P = 0.029), Glutathione peroxidase (Figure: 6.2.9) 

activity was increased 60% (0.0047 ± 0.0002 vs. 0.0023 ± 0.0001, P = 0.025) and Glutathione s 

transferase (Figure: 6.2.10) by 49 % (1.78 ± 0.54 vs. 3.24 ± 0.8, P = 0.010) in the intestines of 

MTX treated rats as compare with control. Carbonic anhydrase (Figure: 6.2.11), an important 

antioxidant that prevent cell damage was 80 % (0.016 ± 0.006 vs. 0.04 ± 0.008, P = 0.010) 

decrease in activity in MTX treated rats compared to that of control.  

 

 

 

 



 
 

Figure: 6.2.1 - Effect of MTX on cytochrome-c-oxidase (CYT-C) enzyme activity in the 

small intestines of control and experimental rats 24 hours after the treatment of MTX.  

Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

Figure: 6.2.2 - Effect of MTX on F1-ATPase (ATPase) enzyme activity in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 



 

Figure: 6.2.3 - Effect of MTX on aconitase (ACO) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

Figure: 6.2.4 - Effect of MTX on succinate dehydrogenase (SDH) enzyme activity in the 

small intestines of control and experimental rats 24 hours after the treatment of MTX.  

Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 



 

Figure: 6.2.5 - Effect of MTX on glutamate dehydrogenase (GDH) enzyme activity in the 

small intestines of control and experimental rats 24 hours after the treatment of MTX.  

Data represent mean ± SD, N = 6 in each group, ** P value < 0.005 as compared to control. 

 

Figure: 6.2.6 - Effect of MTX on creatine kinase (CK) enzyme activity in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, ** P value < 0.005 as compared to control. 



 

Figure: 6.2.7 - Effect of MTX on superoxide dismutase (SOD) enzyme activity in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

Figure: 6.2.8 - Effect of MTX on catalase (CAT) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, * P value < 0.05 as compared to control. 



 

Figure: 6.2.9 - Effect of MTX on glutathione peroxidase (GPO) enzyme activity in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

Figure: 6.2.10 - Effect of MTX on glutathione-s-transferase (GST) enzyme in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 



 

Figure: 6.2.11 - Effect of MTX on carbonic anhydrase (CA) enzyme activity in the small 

intestines of control and experimental rats 24 hours after the treatment of MTX.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 
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6.2.6 DISCUSSION 

 

During inflammatory conditions, among the proteins that undergo nitration over a third of the 

proteins that were identified are located in the mitochondria. Mitochondria are essential for 

energy production and apoptosis, and both of these functions are affected by NO and related 

oxides.  Thus altered mitochondrial function may lead to cell death. While the reactions of NO 

with enzymes are usually eversible, the reactions of peroxynitrite are not. Through oxidation of 

critical cysteine residues, peroxynitrite irreversibly inactivates many components of the ETC, 

including complex II, complex III and complex V, leading to inhibition of oxidative 

phosphorylation and ultimately, cell death (291). 

 

Some of the PON target mitochondrial proteins are key enzymes in energy production; these 

include enzymes that are involved directly or indirectly in the citric acid cycle (e.g., glutamate 

dehydrogenase, aconitase, and succinate dehydrogenase) and are involved in the electron 

transport chain (e.g., complex II, cytochrome oxidase (complex IV, and F1 ATPase) and energy 

distribution (e.g., creatine kinase). Therefore, we assayed the activities of these enzymes in 

mucosal homogenates.  

 

In inflamed tissues, nitration of these and other mitochondria proteins have been shown to 

inactivate them and decrease their activity (108). In the present study we noted that the activities 

of Complexes IV and V were diminished significantly after MTX treatment 66% and 71%.  

Inhibition of complex IV may result in decreased mitochondrial respiration (115, 198). In 

addition, complex IV inhibition is predicted to increase ROS production, initially superoxide 



117 

 

anion, from electrons lost from the ETC.  Studies have shown that excess NO inhibits 

cytochrome-c oxidase and superoxide may transiently leaks from the ETC, leading to the 

formation of peroxynitrite (292).  

 

The activity of Complex V was decreased by 73% in MTX.  ATP synthase in the mitochondrial 

electron transport chain catalyzes ADP phosphorylation to ATP. Mitochondrial ATP synthase is 

essential for providing cellular energy (i.e., ATP) for proper maintenance and survival of all 

living cells. ATP synthase/ATPase activity has been shown to be inhibited by tyrosine nitration 

(293). If ATP synthase (mitochondrial complex V) is inhibited, this leads to depletion of an 

essential energy source, thus contributing to necrotic tissue injury. The mitochondrial F1-ATP 

synthase α subunit is a component of the ATP generating complex V and is central to energy 

generation and able to respond to varying tissue energy demands. Immunoblot analysis with the 

anti-3-NT antibody following the immunoprecipitation of ATP synthase show that  Complex V 

undergoes nitration and inactivation in different conditions  such as in mice subjected to I-R 

injury, in MDMA exposed rats, in LPS-exposed Ppara(−/−)mice, and in mice exposed to a toxic 

dose of APAP or alcohol and mice with Alzheimers disease (294-296).  It is noteworthy to 

mention that, in all of these models, the protein levels of ATP synthase seemed unchanged in 

response to any of those treatments, suggesting that the inhibition of its activity was mainly due 

to nitration mediated inactivation.  

 

The nitration of ETC complexes appears to be agent specific. For instance, the 24 kDa subunit of 

complex I was shown to be 3-NT-immunopositive in diabetic mouse heart (297). During the 

process of aging, increased levels of nitration were observed in subunits from complex I, 
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complex III, complex IV and ATP synthase (298). Peroxynitrite reacts with mitochondrial 

membranes from bovine heart to significantly inhibit the activities of complexes I, II, and V (50-

80%) but with less effect upon complex IV and no significant inhibition of complex III (290). 

We next assessed the activities of enzymes that are reported to undergo nitration during 

inflammatory conditions, and are directly or indirectly related to energy production aconitase, 

SDH, GDH and Creatine Kinase in the small intestinal homogenates of control rats and MTX 

treated rats.  

 

We found a significant decrease in aconitase activity in the MTX treated rat intestines as 

compared with controls. Aconitase appears to be the most sensitive of the studied mitochondrial 

enzymes to the effects of peroxynitrite (299). Aconitase, the TCA (tricarboxylic acid) cycle 

enzyme is a 4Fe24S cluster-containing protein that binds citrate and catalyzes its isomerization 

to isocitrate via the intermediate cis-aconitate. Aconitase also participates in cellular iron 

regulation and mitochondrial energy production by regulating the stability and translation of 

mRNA coding for proteins controlling as a function of iron availability (300).  Decrease in 

aconitase activity is likely to affect the overall turnover efficiency of the citricacid cycle.  

Because intermediates produced in the citric acid cycle through anaplerosis do not accumulate in 

the mitochondria, and are diverted via cataplerosis, the citrate produced by citrate synthase 

would not be isomerized by aconitase and, consequently, would be exported. The accumulation 

of citrate in the cytosol would quite likely activate fatty acid synthesis. In addition, a decrease in 

aconitase activity would ultimately affect the products of the downstream reactions in the cycle.  
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PON is reported to in activate aconitase by two mechanisms. Peroxynitrite can bind to and 

directly nitrate the enzyme. ONOO−has been shown to provoke nitration of mitochondrial ACO2 

at Tyr151 and Tyr472, both of which are located in close proximity to the active site of the 

enzyme. Nitration of these tyrosine residues has been postulated to cause conformational 

changes that destabilize the active site, thereby contributing to the ability of ONOO− to decrease 

ACO2 activity (301).  In addition it can cause the disassembly of the cubane [4Fe-4S] cluster via 

its oxidative attack.  Iron released from aconitase can further propagate intramitochondrial 

oxidative damage by metal-mediated formation of oxidizing and nitrating species. Evidence 

exista for in vivo PON induced nitration and loss of activity of aconitase in different pathological 

states that tyrosine nitration probably contributes to the decrease in renal mitochondrialACO2 

activity evident in rats and mice with Type 1 DM (302), and in db/db mice (a model of Type 2 

DM)  despite more than 2-fold increase in renal cortical ACO2 protein levels (303). 

Interestingly, in the heart of diabetic rats, the overall activity of the TCA cycle is reduced due to 

ACO2 activation inthe reverse mode (isocitrate→citrate). This process relies on ACO2 

phosphorylation at several sites, including Ser481, which may be influenced by nitration of the 

adjacent Tyr472 residue. (304) 

 

With respect to the activity of SDH is one of the most important marker enzymes for 

mitochondria, as compared with control. Diminished SDH activity in diabetic rats affects the 

succinate-fumarate conversion, contributing to depressed oxidative metabolism in mitochondria.  

Satav and Katyare (305), the hepatic SDH activity was significantly decreased in STZ-induced 

diabetic rats.. It has been suggested that the diabetogenicity of STZ is due to the inhibition of the 

activities of citric acid cycle enzymes, such as SDH.  
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GDH activity was decreased by 61% in MTX treated rat intestines as compared with control. 

Glutamate dehydrogenase (GDH), located in the mitochondrial matrix, catalyzes the reversible 

deamination of glutamate to α-ketoglutarate, ammonium, and NADH.   This α-ketoglurate can be 

channeled into the Kreb‟s cycle to stimulate ATP production. It is particularly useful in the 

truncated TCA cycle which cannot efficiently use glucose to generate energy (306).  NADH can 

donate electrons to the electron transport system resulting in ATP production. In addition, GDH 

is also important in preventing accumulation of extracellular glutamate.  GDH is known to 

contain seeral tyrosine residues that can undergo nitration.  Bovine GDH contains 18 tyrosine 

residues, four of which (Tyr262, Tyr401, Tyr471 and Tyr493) are known to be susceptible to 

nitration (307). GDH is reported to undergo nitration and loss of activity in the livers of diabetic 

rats.  Accumulation of tyrosine-nitrated GDH arises during conditions of sustained nitrosative 

stress, as evident in the liver during aging (308).  

 

We assayed the CK and we found 70% decrease in the activity in the MTX treated rat intestines.  

Creatine kinase catalyzes phosphorylation of creatine by ATP at sites of ATP production, thus 

playing a key role in energy homeostasis with different isozymes localized at sites of energy 

production (mitochondria) and utilization (cytosol). Reduced activity of CK can reduce ADP 

supply to the mitochondrial ATP synthase and thereby compromise energy generation (309). 

Creatine kinase isoenzymes are very susceptible to free radical damage and are inactivated by 

superoxide radicals and peroxynitrite in vitro catalytic activity of creatine kinase is reduced by 

nitration.  MS/MS analysis of nitrated peptides obtained from aging rat heart and skeletal muscle 

show that  Tyr14 of creatine kinase undergoes nitration and enxyme becomes inactivated (310). 

Myofibrillar isoform of creatine kinase (a critical energetic controller of cardiomyocyte 
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contractility) is shown to be particularly sensitive target of peroxynitrite-induced nitration and 

inactivation in vivo (311).   

 

MALDI-TOF MS and ESI-MS/MS analysis for the identification of nitrated proteins shown that 

the protein target for nitration depends on the agent or condition that induces nitrative stress. 

However, most of the the proteins that are targeted are those involved in energy metabolism. 

Western blot showed an age-related increase in the nitration of beta-enolase, alpha-fructose 

aldolase, and creatine kinase, succinate dehydrogenase, rab GDP dissociation inhibitor beta 

(GdI-2), triosephosphate isomerase, troponin I, alpha-crystallin, and glyceraldehyde-3-phosphate 

dehydrogenase (GAPDH) which perform important functions in muscle energy metabolism 

(312). Nitrated proteins in renal tissue from sepsis-induced AKI rats were glutamate 

dehydrogenase, methylmalonate-semialdehyde dehydrogenase, and aldehyde dehydrogenase, 

mitochondrial proteins involved in energy metabolism or antioxidant defense (313).  In cardiac 

tissues of aged Fisher 344/Brown Norway F1 rats total of 48 nitrated proteins were putatively 

identified. Among the identified proteins, there are important enzymes responsible for energy 

production and metabolism as well as proteins involved in the structural integrity of the cells.  

The identified proteins were alpha-enolase, alpha-aldolase, desmin, aconitate hydratase, 

methylmalonate semialdehyde dehydrogenase, 3-ketoacyl-CoA thiolase, acetyl-CoA 

acetyltransferase, GAPDH, malate dehydrogenase, creatine kinase, electron-transfer 

flavoprotein, manganese-superoxide dismutase, F1-ATPase, and the voltage-dependent anion 

channel (314). 
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Oxidative stress and inflammation are tightly correlated. Pathways that generate mediators of 

inflammation (e.g., adhesion molecules, and interleukins) are induced by oxidative stress (53, 

315). Antioxidant enzymes are considered to be the first line of cellular defense against oxidative 

damage. Intestinal inflammation is accompanied by excessive production of reactive oxygen and 

nitrogen metabolites. In order to counteract their harmful effects, the intestinal mucosa contains 

an extensive system of antioxidants A non-harmful concentration of ROS/RNS is sustained by 

the anti-oxidative defence mechanisms, that include enzymes such as CAT, SOD or GPx and 

non-enzymatic endo- and exogenous scavengers like glutathione (GSH), transient ions (e.g. Fe
2+

, 

Cu
2+

) or flavonoids.  

 

SOD is normally present at low micromolar concentrations in cells.  This makes SOD-catalyzed 

dismutation of superoxide very feasible. SOD can act as an antioxidant by different mechanisms. 

By decreasing the intracellular steady state levels of superoxide, SOD could successfully inhibit 

the reaction between O2
•–

 and 
•
NO and the formation of a potent oxidant, ONOO

−
.  In addition, 

SOD could prevent the release of iron ions from the iron–sulfur cluster enzymes, as superoxide is 

known to rapidly react with the iron–sulfur centers and release iron. Thus, SOD can also 

indirectly prevent the formation of hydroxyl radical from the Fenton reaction (316). Three 

mammalian SOD isoforms, copper/zinc (SOD1), mitochondrial (SOD2) and extracellular 

(SOD3), catalyse the reaction of O2
•−

 reduction to H2O2.  SOD1 is a cyanide-sensitive 

homodimer localized mainly in the cytoplasm and to some extent in the nucleus, but absent in 

the mitochondria of epithelial cells and phagocytes. The mitochondria are protected from O2
•−

 by 

SOD2, which is vital for cell survival as mice lacking SOD2 gene die within several days after 
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birth. SOD3 dominates in plasma and interstitium and has a high affinity to glycosaminoglycans 

like heparin (317). 

 

Manganese superoxide dismutase (MnSOD) provides the first line of defense against superoxide 

generated in mitochondria SOD competes with nitric oxide for reaction with superoxide and 

prevents generation of peroxynitrite, a potent oxidant that can modify proteins to form 3-

nitrotyrosine. Thus, sufficient amounts of catalytically competent MnSOD are required to 

prevent mitochondrial damage. Manganese superoxide dismutase (Mn-SOD), a critical 

mitochondrial antioxidant enzyme, becomes inactivated and nitrated in vitro and potentially in 

vivo by peroxynitrite (318).  Tyrosine 34 of human MnSOD was exclusively nitrated to 3-

nitrotyrosine and almost completely inactivated by the reaction with peroxynitrite. The nitrated 

MnSOD has been found in many diseases caused by ischemia/reperfusion, inflammation, and 

others and may have a pivotal role in the pathology of the diseases. Most of the post-translational 

modifications have given rise to a reduced activity of SOD. Since phosphorylation and nitration 

of SOD have been shown to have a possible reversible process, these modifications may be 

related to a redox signaling process in cells (319).  In our study, we found significant increase in 

MnSOD activity in the intestines of MTX treated rats as compared to control. This observation is 

rather surprising as several studies have shown this posttranslation nitration of SOD results in its 

inactivation and decreased activity in various conditions including ischemia/reperfusion, 

inflammation, and others and it is suggested that it may have a pivotal role in the pathology of 

the diseases (320). 
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PTN and inactivation of SOD have been reported in several models of tissue toxicity. The 

inactivation of MnSOD, by tyrosine nitration represents a pathophysiological cellular mechanism 

contributing to self-perpetuation and amplification of CsA-related vascular toxicity (321).
 
  LPS 

administration also resulted in a rapid and significant loss of more than 80% of pulmonary EC-

SOD in a time- and dose-dependent manner, but other types of SODs, cytoplasmic CuZn-SOD 

and mitochondrial Mn-SOD, were not affected (322). It has been reported that MnSOD is a 

target of tyrosine nitration after traumatic brain injury (TBI) in mice and that is associated with a 

decrease in its enzymatic activity.  The authors have suggested that nitration and inactivation of 

MnSOD could lead to self-amplification of oxidative stress in the brain progressively enhancing 

peroxynitrite production and secondary damage (323). Furthermore, oxidation and nitration of 

MnSOD were identified in the asthmatic airway, correlating with physiological parameters of 

asthma severity. These findings link oxidative and nitrative stress to loss of SOD activity and 

downstream events that typify asthma, including apoptosis and shedding of the airway 

epithelium and hyper-responsiveness (324). 

 

The activity of SOD is known to serve protective function for the elimination of reactive free 

radicals and thus it represents an important antioxidant defense in nearly all cells exposed to 

oxygen (316) and therefore we propose that increase in the activity of SOD after MTX treatment 

may be a defense mechanism.  SOD is an interesting enzyme since at low levels, the SOD 

enzymes are anti-inflammatory, whereas at high doses they exhibit proinflammatory effects 

(325). Under normal conditions, the superoxide anions produced from the ETC will be 

dismutated to hydrogen peroxide, thus making superoxide unavailable for peoxynitrite 

formation. The H2O2 formed by the SOD will be detoxified by catalase and glutathione 
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peroxidases. Thus low levels of SOD are anti-inflammatory. The proinflammatory effects of the 

SOD enzyme are not well understood, but it is speculated to be due to its production of high 

amounts of the reactive oxidizing agent hydrogen peroxide which in the presence of iron results 

in the production of the very toxic hydroxyl radical via the Fenton reaction (326). In contrast to 

O2
•–

, H2O2 is more stable and could freely diffuse to other compartments in cells. Under 

conditions by which an excess of superoxide anion is produced, and where iron is available we 

may suddenly see the SOD functioning more as a generator of hydroxyl radicals rather than as a 

primary scavenger of superoxide radicals. Thus, overexpression of SOD may exacerbate the 

tissue damage by producing excessive H2O2. Thus increased activity of SOD in the small 

intestines of MTX treated rats observed in the present study may be a defense mechanism to 

minimize PON formation and hence tissue injury or it may exacerbate the tissue damage by 

producing excessive H2O2 and depleting the physiological levels of NO (320, 326). 

 

H2O2 (hydrogen peroxide) is a strong membrane passing oxidant that is rapidly eliminated from 

the cell to prevent induction of oxidative damage to lipids, proteins and DNA. H2O2 is detoxified 

to water by catalases and peroxidases (327).   Catalase detoxifies hydrogen peroxide and is one 

of the well-known antioxidant enzymes. The conjugation of catalase / glutathione peroxidase to 

SOD appears to ensure that as soon as a superoxide dismutation reaction occurs, the resultant 

H2O2 is removed by the immediate proximity of the catalase / peroxidase molecule (328). CAT is 

widely expressed in the cytoplasm and peroxisomes of GI epithelium and lamina propria and 

activated when concentrations of H2O2 increase, e.g. during inflammatory process (98). 

Therefore we assayed the activitiy of catalase and shown to be decreased by 68% in MTX treated 

rat intestine. 
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Catalase deficiency may lead to accumulation of reactive oxygen metabolites and this may cause 

the initiation of inflammation and tissue injury. Catalase is a priority enzyme of the antioxidant 

system in defense for oxidative stress occurring in many pathological conditions including 

cancer, diabetes, cataract, atherosclerosis, ischemic-reperfusion damage, arthritis, neuro-

degenerative disease, nutritional deficiency, and aging (329-330).  

 

GPx has higher affinity to H2O2 than CAT and also reduces lipid hydroperoxide levels, 

preventing peroxynitrite-mediated oxidation (331). GPx enzymatic activity requires glutathione 

as a proton donor.  Currently, five isoforms of GPx, have been shown to be expressed in GIT. 

GPx1 and GPx2 play an important role in the intracellular antioxidant defence, but in different 

layers of the gut; GPx1 is highly expressed in the lymphatic tissue and the lamina propria, 

submucosa, muscularis and serosa, but not the luminal epithelium, which is the area of the action 

of GPx2. GPx3 most likely contributes to the extracellular antioxidant defense of the intestinal 

mucosa, as it is secreted by intestinal epithelial cells (332). Recently, GPx4 has been detected in 

colonic and ileal tissues (333). This isoform is responsible for a repair of oxidatively damaged 

DNA by reducing thymine hydroperoxide and for scavenging phospholipid hydroperoxides and 

repressing lipid peroxidation.  In the present study we were able to detect GPO by 2 fold in 

MTX. Studies have shown that both catalase and GPx can be inactivated by NO
•
, peroxynitrite or 

diminished GSH levels (334).  

 

It is suggested that catalase/GPO itself is without significant effect, since the H2O2 accumulation 

is low in the absence of SOD. Ferric ion has a similar catalytic effect but at concentrations 2 -3 

orders of magnitude higher. Only at these higher concentrations will the iron compete with SOD 
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for available superoxide as a reductant.  In our study an increase in SOD activity was 

accompanied by a drastic decrease in the activity of catalase and GPO in the small intestines of 

rats after MTX treatment. This suggests that the overproduction of H2O2 by increased SOD 

activity, and the underutilization of H2O2 by decreased catalase activity may contribute to MTX 

induced small intestinal injury. 

 

GST proteins, another important class of mucosal antioxidant defense are abundant in the 

gastrointestinal tract, GST distribution varies considerably along the digestive tract (mainly in 

colon and to lesser extent in the small intestines) and their activity and expression is influenced 

by diet, drug exposure, and clinical conditions (335).  In the present study GST activity in the 

MTX treated rat intestines was significantly decreased as compared with control .Studies have 

shown that the microsomal glutathione S-transferase 1 is activated rather than inactivated by 

peroxynitrite and suggested that this could be attributed to nitration of tyrosine residues rather 

than to other effects of peroxynitrite. The activation of microsomal glutathione S-transferase 1 by 

peroxynitrite is mediated by nitration of tyrosine residue 92 and represents one of the few 

examples in which a gain in function has been associated with nitration of a specific tyrosine 

residue (336). Our findings are in agree with two other studies that have been reported, However, 

two other study show nitration and inactivation.  Treatment of isolated GSTs or rat liver 

homogenates with either peroxynitrite, resulted in loss of GST activity with a concomitant 

increase in the formation of protein-associated 3-nitrotyrosine (NO) Tyr (337). 

 

Studies have shown that carbonic anhydrase (CA) (mainly CA III) could have a direct role in 

cellular response to oxidative damage. Therefore, we assayed the activity of CA in the small 
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intestinal tissues. CA was decreased. CA III is abundant in tissues such as skeletal muscle, which 

may make it physiologically a significant pool of reactive sulfhydryls that function as oxyradical 

scavengers. It has been shown that the concentration of CA III in these cells could reach the 

same order of magnitude as that of glutathione. Chatterjee et al. have described a protein 

(senescence marker protein-1) that is present in high amounts in adult rat liver and decreases 

during aging. This protein was later identified to be CA III (338). Carbonic anhydrase III (CAIII) 

functions as an anti-oxidant agent in skeletal muscle.  Thus CAIII responds to oxidative stress 

with a distinctive sulfhydryl oxidation patterns reflecting duration and severity that may prove 

sensitive indices of extent and type of damage in muscle injury (339).  S-thiolated forms of CA 

III were also detected in rat skeletal muscle and heart showing the utility of this method for 

determining the effect of oxidative stress on specific S-thiolatable protein in several tissues in 

vivo (340). 

 

In this study we show decreased activity of enzymes that are susceptible to nitration by PON in 

the small intestines of MTX treated rats. However, we have not demonstrated that the loss of 

activity is due to protein tyrosine nitration. Protein tyrosine nitration is not the only mechanism 

by which enzymes get inactivated.  There are other mechanisms such as cysteine nitrosylation, 

lipid peroxidation, loss of metal ion from active site that are known to inactivate these enzymes.   

In future, we plan to investigate whether there is any causal relationship between protein tyrosine 

nitration and loss of activity of the enzymes studied. 



 

 

STUDY – III 

Role of inflammatory pathway in 

methotrexate induced small intestinal 

injury 
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STUDY III: Role of NFκB-iNOS-COX-TNFα inflammatory pathway in 

methotrexate induced small intestinal injury 

 

6.3.1. ABSTRACT 

As a major transcription factor and a first responder to harmful cellular stimuli, NF-κB plays a 

central role in inflammation through its ability to induce transcription of proinflammatory genes. 

Reactive oxygen and nitrogen intermediates are thought to be important in activation of the 

redox-sensitive transcription factor, NF-κB. In chap 1we have demonstrated increase protein 

tyrosine nitration in the small intestines of MTX treated rats. Studies have shown that tyrosine 

nitration triggers dissociation of IκB from NuclearFactor-κB (NF-κB), which results in activation 

of this pathway that plays an important role in cancer and inflammation. NF-κB controls the 

activity of numerous genes crucial for immunity, inflammation, and stress responses, including 

TNFα, NOSII, COX-2, and cPLA2.  Therefore, we investigated the role of NFκB inflammatory 

pathway in MTX induced mucositis. Adult wistar rats were treated with MTX 7mg/kg body 

weight and control rats with vehicle for 3 consecutive days.  After 24 hours of the final dose of 

MTX rats were sacrificed and the small intestine was removed.  A piece of small intestinal 

segments was stored for immunohistochemistry, immunofluorescence studies and the mucosa 

was collected and stored for the western blot, RT-PCR analysis. 

 

MTX treatment resulted in NFκB activation and nuclear translocation as evidenced by 

immunofluorescence, immunohistochemitry and immunoblot analysis of intestinal segments.  

Western blot analysis revealed 50% increase NFkB expression in nucleus and 55% decrease in 

cytosol fraction in MTX when compared to control.  Gene transcription of NFκB assayed by RT 
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PCR revealed significant increase more than 50%.  The protein and mRNA expressions of NFκB 

target genes TNF-α, iNOS, COX-2, PLA2, HO-1, HSP70, MMPs 2 and 9 were determined by 

IHC, WB and RTPCR.  There was increased immunostaining of COX2 and PLA2 in MTX 

treated rat intestines. We found 75% increase in TNFα and 70% increase COX2 protein 

expression in MTX treated rats as compared to control.  RT-PCR revealed significant increase in 

gene expression: TNFα by 60%, iNOS by 55%, COX2 by 80%, HO-1 by 90%, HSP70 by 75%, 

MMP2 by 78% and MMP9 by 40% in MTX as compared to control.  Protein expression of 

MMP2 was increased by 65% and MMP9 by 50% in MTX treated samples as compared to 

control.  In conclusion, this study demonstrates that activation of NFκB signaling inflammatory 

pathway plays a role in MTX treated rats.  

 

6.3.2. INTRODUCTION 

Inflammation is a protective response to cellular and tissue damage/injury. The purpose of this 

process is to destroy and remove the injurious agents and injured tissues, thereby promoting 

tissue repair. When this beneficial response occurs in an uncontrolled manner, the result is 

excessive cellular/tissue damage that results in chronic inflammation and destruction of normal 

tissue.  Many of the known inflammatory target proteins, such as matrix metalloproteinase-9 

(MMP-9), intercellular adhesion molecule-1 (ICAM-1), vascular cell adhesion molecule-1 

(VCAM-1), (COX-2), and (cPLA2), are associated with inflammatory signaling pathways 

induced by various stimuli, including tumor necrosis factor-α (TNF-α), interleukin-1β (IL-1β), 

adenosine-5-triphosphate (ATP), , lipoteichoic acid (LTA), or lipopolysaccharide (LPS) (132).   

Once ONOO− forms, it can act via several distinct mechanisms; first it has direct toxic effects 

leading to lipid peroxidation, protein oxidation and DNA damage. The second mechanism 
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involves the induction of several transcription factors including nuclear factor-kappa B (NF-κB) 

and activator protein-1 (AP-1) leading to cytokine induced chronic inflammation. This cascade, 

once activated, causes the release of pro-inflammatory cytokines including tumor necrosis factor-

α (TNF-α) andinterleukin-1β (IL-1β), and a variety of chemokines which induces widespread 

inflammation (114, 341).   

 

As a major transcription factor and a first responder to harmful cellular stimuli, NF-κB plays a 

central role in inflammation through its ability to induce transcription of proinflammatory genes 

(127).  NF-κB controls the activity of numerous genes crucial for immunity, inflammation, and 

stress responses, including TNF-α, NOSII, COX-2, and cPLA.  Reactive oxygen and nitrogen 

intermediates, and cytokines such as TNF are thought to be important in activation of the redox-

sensitive transcription factor, NF-κB (130). Studies have shown that tyrosine nitration triggers 

dissociation of IκB from NuclearFactor-κB (NF-κB), which results in activation of this pathway 

that plays an important role in cancer and inflammation (111, 131).  Tyr-66 and Tyr-152 of p65 

subunit of NFκB have been shown to undergo nitration (342-343). 

 

NFκB has been studied extensively since its first description by (126) for its role in immunity 

and stress responses.  NFκB is normally stabilized in the cytosol when bound to its inhibitor 

protein, IκB to form p50/p65 IκB complex. Activation of the IκB kinase complex by numerous 

stimuli leads to the phosphorylation of IκB, causing its dissociation from the NF-κB heterodimer 

and subsequent degradation by the proteasome (344) leaving NFκB available for translocation to 

the nucleus and activation of target genes. Some target genes for NFκB include pro-

inflammatory cytokines such as , cyclooxygenase-2 (COX-2),tumor necrosis factor (TNF)-α, 
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iNOS, MMP 9, HO-1,interleukin (IL)-1β and IL-6, which in turn lead to tissue injury and 

apoptosis (345).  

 

Persistent activation of NF-κB signaling pathways is often associated with chronic inflammatory 

diseases, such as rheumatoid arthritis, inflammatory bowel disease, psoriasis and asthma (133).  

NF-κB activity and nuclear localization have been consistently detected in biopsies from such 

patients, and are accompanied by enhanced recruitment of inflammatory cells and production of 

proinflammatory mediators such as IL-1, IL-6, and TNF (133, 346). Genetic manipulations that 

lead to increased NF-κB activity often trigger inflammation-related pathologies (347-348). Other 

studies confirmed that NF-κB inhibition has antiinflammatory effects in vivo (349).   

 

It has been postulated that mucositis occurs in five overlapping phases that occurs sequentially: 

initiation, up-regulation and message generation, signaling and amplification, ulceration and 

inflammation and healing phase (69). During the second phase, significant up-regulation of 

inflammatory mediators is observed and nuclear factor kappa-B (NF-κB) is thought to be pivotal 

in this process. Upon activation by an extensive range of agents such as bacteria and bacterial 

cell wall products, viruses, cytokines, free radicals such as ROS and RNS,, ionizing radiation, 

and even the use of anti-neoplastic agents (cisplatin, doxorubicin, taxol, paclitaxel, and 

etoposide),  NFκB acts to induce gene expression of many cytokines involved predominantly in 

mucosal inflammation, and angiogenesis, chemokines, immunoreceptors, cell adhesion 

molecules, proapoptotic and antiapoptotic as well as stress response genes (60, 67, 350-351). 

Nuclear factor kappa B (NFκB), cyclooxygenase-2 (COX-2) as well as pro-inflammatory 
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cytokines (in particular interleukin (IL)-1β (IL-6) and tumour necrosis factor (TNF)) have been 

suggested to play a key role in this 5 phase mucositis model. 

 

In the previous studies we have demonstrated ROS and RNS and protein tyrosine nitration play 

important roles in MTX induced enteritis (25).  As NF-κB is a redox-sensitive transcription 

factor that can be modulated by tyrosine nitration and as nuclear factor kappa-B (NF-κB) is 

thought to be pivotal role during the second phase of mucositis, the present study is aimed at 

investigating in detail the role of NFκB inflammatory pathway in MTX induced mucositis.  

 

6.3.3. AIM and OBJECTIVES 

The present study was designed to examine the role of NFκB-iNOS-COX-2 TNFα inflammatory 

signaling pathway in MTX enteritis.   

 

The objectives of this study is to investigate the effect of MTX on 

 NFκB activation - NFκBp65 protein expression and mRNA expression by      

immunofluorescence, and western blot and immunohistochemical methods and quantitive 

real time PCR respectively 

 COX-2 and TNF gene expression and protein expression by qRT PCR and western blot 

and IHC respectively as well as PLA2 by IHC. 

 MMP2 and MMP9 gene expression and protein expression by qRT PCR and western blot 

rspectively 

 HSP 70 and heme oxygenase-1 mRNA expression by qRT PCR 
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6.3.4. SUMMARY OF EXPERIMENT 

Adult male wistar rats (200 – 250g) were treated with MTX 7mg/kg body weight and the control 

rats were treated with vehicle alone intraperitoneally for three consecutive days.   Twenty four 

hours after the final dose of MTX/saline the rats were sacrificed and the entire length of small 

intestine tissue was removed, washed with saline and a piece of segments (duodenum, jejunum, 

ileum) was stored for immunohistochemistry and immunofluorescence studies.  The mucosa 

scrapings was collected and used for the isolation of cell fractions by ultracentrifugation and also 

for the isolation of RNA for RT-PCR studies. The gene expression of TNF α, NFκB, iNOS, 

COX-2, HO-1, HSP70, MMP2, MMP9 was done by RT-PCR.  The cell fractions were used for 

the western blot of TNF α, NFκB, COX-2, MMP2 and MMP9.  Immunofluorescence of NFκB 

and immunolocalisation of NFκB, COX-2, PLA2 was done by immunohistochemistry. 
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6.3.5. RESULT 

MTX resulted in activation and nuclear translocation of NFκB as assessed by 

Immunofluorescence, Immunohistochemistry, Western blot and RT PCR  

The nuclear transcription factor NF-κB is a key regulator of the inducible expression of many 

genes involved in immune and inflammatory response in the gut.  The expression and location of 

NF-κB p65 was examined by IF, immunohistochemistry and western blot in small intestinal 

tissue. Immunofluorescence showed increased NFκB expression in the nucleus in all small 

intestine segments duodenum, jejunum and ileum of MTX treated rats when compared to control 

(Figure: 6.3.1). The intensity of p-65 immunohistochemical staining was used to assess NF-κB 

activation indirectly in intestinal tissue from rats treated with MTX.  NF-κB p65 protein was 

detected throughout the cytoplasm of crypt epithelial cells and surface epithelium, suggesting 

that NF-κB is constitutively active at low levels in the small intestines, whereas a high 

expression of nuclear factor appeared in intestinal mucosa of MTX treated rat, as evidenced by 

increased intensity of brown staining.  Immunolocalization of NFκB (Figure: 6.3.2) revealed 

increased expression in duodenum, jejunum and ileum of MTX as compared to control.    There 

were many brown p65-reactive cells in the crypts and villi of-MTX-treated intestine.  NF-κB p65 

was mainly expressed in the nucleus, to lesser extent in the cytoplasm of epithelia and 

macrophages.  

 

Nuclear translocation of NFκBp65 is often recognized as cell reaction to ROS and cytokine 

stimulation and correlate with NF-κB-mediated transcriptional activation. So, we measured the 

level of NF-κB p65 protein in the nucleus (Figure: 6.3.3) and cytosolic (Figure: 6.3.4) fractions 

of intestinal homogenates using western blot.  In the control rats the amount of NFκB in the 
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cytoslic fraction was higher as compared with nuclear fraction, suggesting that most of the NFκB 

is in the resting state. MTX treatment resulted in nearly a two fold increase in p65 levels in the 

nucleus (1.93 ± 0.96 vs. 0.90 ± 0.17) as compared with cytosol (0.75 ± 0.21 vs. 1.67 ± 0.26) 

suggesting the activation of NFκB pathway after MTX treatment.  

 

To demonstrate the effect of MTX on NF-κB gene expression, we utilized real-time quantitative 

PCR. The results indicate that mRNA expressions of NF-κB p65 was significantly increased 1.65 

fold (0.009 ± 0.003 vs. 0.004 ± 0.001, P = 0.016) in MTX-treated rats as compared with controls.  

(Figure: 6.3.5).  



Figure: 6.3.1   NFκB translocation in nucleus by IF 

 

Representative image of nuclear factor kappa B (NFκB) expression that reveal nuclear 

translocation in the small intestine segments of rats 24 hours after the treatment with 

vehicle and MTX by immunofluorescence analysis (40X).  MTX treated rats shown 

increased immunofluorescnece of NFκB expression (red) as well as nuclear (blue) 

translocation when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 



Figure: 6.3.2     NFκB IHC 

 

Representative image of nuclear factor kappa B (NFκB) protein expression in the small 

intestine segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of NFκB when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 

 

 

 

 

Site Duodenum Jejunum Illeum 

VEH -ve -ve -ve 

MTX ++ ++ ++ 



 

Figure: 6.3.3 

 

 

Representative blot and corresponding graph of NFκB protein expression in the nucleus 

fraction of control and MTX treated small intestine mucosa tissue samples after 24hours of 

final dose.  There is increased NFκB expression in nucleus fraction of MTX than control. 

Data represent mean ± SD, N = 3 in each group. 

 



 

Figure: 6.3.4 

 

 

Representative blot and corresponding graph of NFκB protein expression in the cytosol 

fraction of control and MTX treated small intestine mucosa tissue samples after 24hours of 

final dose.  There is decreased NFκB expression in cytosol fraction of MTX than control. 

Data represent mean ± SD, N = 3 in each group. 

 

 



 

 

Figure: 6.3.5 

 

Effect of MTX on NFκB mRNA levels.  RT-PCR analysis of NFκB mRNA expression after 

24hours of final dose of MTX and vehicle treated small intestine mucosa tissue.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

 

 

 

 



137 

 

MTX treatment increased protein and mRNA expression of NFκB proinflammatory target 

genes COX-2, PLA2 and TNF 

Important target genes of NFκB during inflammation are TNF and COX-2, both of which are key 

mediators in inflammation.  Immunohistochemical analysis of control rat intestine showed little 

COX-2 (Figure: 6.3.6) and PLA2 (Figure: 6.3.9) staining, whereas after treatment with MTX, 

COX-2 expression was seen in villus epithelial cells and subepithelial fibroblasts.  COX-2 

expression was also noted to be present within the cytoplasm of epithelial cells lining the crypts, 

with expression spanning the entire crypt, and in those lining the luminal surface. 

 

Western blot analysis of intestinal protein levels of COX-2 indicated 2 fold increase (1.59 ± 0.47 

vs. 0.43 ± 0.1) in MTX treated rat intestine (Figure: 6.3.7).  RT-PCR analysis of COX-2 mRNA 

expression showed nearly 5 fold (0.0002 ± 0.00008 vs. 0.00003 ± 0.000004, P = 0.029) increase 

in MTX treated rat intestine (Figure: 6.3.8). 

 

Western blot analysis of protein levels of TNF-α in the small intestines of MTX treated rats 

showed nearly 5 fold (0.53 ± 0.10 vs. 0.12 ± 0.04) increase as compared with control (Figure: 

6.3.10).  RT-PCR for TNF-α was used as a sensitive biomarker of proinflammatory changes in 

the intestine. Small intestinal TNF mRNA expression was increased by 2.5 fold (0.0008 ± 0.0001 

vs. 0.0003 ± 0.00008, P = 0.036) after MTX treatment. (Figure: 6.3.11). These findings suggest a 

role for inflammatory mediators TNF, COX-2, PLA2 in MTX mucositis. 

 



Figure: 6.3.6     COX2 IHC 

 

Representative image of cyclooxygenase 2 (COX2) protein expression in the small intestine 

segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of COX2 when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 
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Figure: 6.3.7 

 

 

Representative blot and corresponding graph of COX-2 protein expression in the cytosol 

fraction of control and MTX treated small intestine mucosa tissue samples after 24hours of 

final dose.  There is increased COX-2 expression in cytosol fraction of MTX than control. 

Data represent mean ± SD, N = 3 in each group. 

 

 



 

 

Figure: 6.3.8 

 

Effect of MTX on COX2 mRNA levels.  RT-PCR analysis of COX2 mRNA expression after 

24hours of final dose of MTX and vehicle treated small intestine mucosa tissue.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

 

 

 

 

 



Figure: 6.3.9     PLA2 IHC 

 

Representative image of phospholipase A2 (PLA2) protein expression in the small intestine 

segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of PLA2 when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 
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Figure: 6.3.10 

 

 

Representative blot and corresponding graph of TNFα protein expression in the cytosol 

fraction of control and MTX treated small intestine mucosa tissue samples after 24hours of 

final dose.  There is increased TNFα expression in cytosol fraction of MTX than control. 

Data represent mean ± SD, N = 3 in each group. 

 



 

 

Figure: 6.3.11 

 

Effect of MTX on TNFα mRNA levels.  RT-PCR analysis of TNFα mRNA expression after 

24hours of final dose of MTX and vehicle treated small intestine mucosa tissue.  Data 

represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 
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MTX treatment increased protein and mRNA expressions of MMP2 and MMP 9 

MMP enzyme family members are responsible for the degradation of connective tissue and the 

transcription of several MMPs and are mainly regulated by nuclear factor-κB.  MMP-9 released 

from intestinal epithelial cells during inflammation could be responsible for degradation of ECM 

components with subsequent loss of mucosal integrity. Therefore we next analyzed the protein 

and mRNA expression of MMPs. 

 

In western blot analysis, MMP-2 (1.87 ± 0.98 vs. 0.55 ± 0.44, P = 0.10) and MMP-9 (2.75 ± 2.15 

vs. 1.37 ± 0.8) protein bands were faint in control intestines, but the bands were intense in MTX 

treated rat intestines (Figure: 6.3.12). In RT-PCR, mRNA expression levels for MMPs 2 and 9 

were up-regulated, indicating the transcriptional upregulation of MMPs 2/9. RT-PCR of MMP2 

(0.002 ± 0.001 vs. 0.0002 ± 0.00007, P = 0.016) (Figure: 6.3.13) and MMP-9 (0.0004 ± 0.0001 

vs. 0.0002 ± 0.00007, P = 0.063) (Figure: 6.3.14).  

 

 



Figure: 6.3.12 

 

    

Representative blot and corresponding graph of MMP-2 and MMP-9 protein expression of 

control and MTX treated small intestine mucosa tissue samples after 24hours of final dose.  

There is increased MMP2 and MMP9 protein expression in MTX compared to control.  

Data represent mean ± SD, N = 3 in each group. 



 

Figure: 6.3.13 - Effect of MTX on MMP2 mRNA levels.  RT-PCR analysis of MMP2 

mRNA expression after 24hours of final dose of MTX and vehicle treated small intestine 

mucosa tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as 

compared to control. 

 

Figure: 6.3.14 - Effect of MTX on MMP9 mRNA levels.  RT-PCR analysis of MMP9 

mRNA expression after 24hours of final dose of MTX and vehicle treated small intestine 

mucosa tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as 

compared to control. 
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MTX treatment upregulates HO-1 and HSP 70 gene expressions 

High levels of NO exposure induce protective stress responses, stimulating Hsp70 expression 

and HO-1 expression. Induction of these HSPs protects cells from damage due to oxidative 

injury and cytokine-mediated cytotoxicity.  The activation of HO-1 could act as a natural 

defensive mechanism to alleviate inflammation and tissue injury in the gastrointestinal tract. 

Therefore we assessed the mRNA expressions of HO-1 and HSP70 by RTPCR. We found basal 

expression of HO-1, which was increased by 18 fold after MTX treatment (0.003 ± 0.001 vs. 

0.0001 ± 0.00005, P = 0.010) (Figure: 6.3.15).  

 

HSP 70 was increased by 7 fold (0.0003 ± 0.0001 vs. 0.00005 vs. 0.00001, P = 0.010) (Figure: 

6.3.16) in the small intestines of MTX rats as compared to control. This shows that HO-1 and 

HSP70 are expressed constitutively in normal intestinal mucosa, and are up-regulated in MTX 

induced inflammation. The up-regulation of HO-1 and HSP70 suggest that their activation could 

act as a natural defensive mechanism to alleviate intestinal inflammation and tissue injury caused 

by MTX.   

 

 

 

 

 

 



 

Figure; 6.3.15 - Effect of MTX on HO-1 mRNA levels.  RT-PCR analysis of HO-1 mRNA 

expression after 24hours of final dose of MTX and vehicle treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control. 

 

Figure: 6.3.16 - Effect of MTX on HSP70 mRNA levels.  RT-PCR analysis of HSP70 mRNA 

expression after 24hours of final dose of MTX and vehicle treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control. 
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6.3.6. DISCUSSION 

NF-kappaB has multiple, often opposing functions in the intestine. NF-κB activity is of 

particular importance for maintenance of epithelial barriers, but it was also proposed that NF-κB 

activation in epithelial cells can lead to production of inflammatory chemokines that recruit 

immune cells to the tissue, thereby initiating an inflammatory amplification cascade (133).  

Antiapoptotic actions of NF-κB in intestinal epithelial cells dominate tissue responses to many 

acute inflammatory and injurious challenges, whereas proinflammatory and cell survival 

functions of NF-κB in macrophages, T cells govern chronic intestinal inflammation (134-135). 

 

As the nuclear transcription factor NF-κB is a key regulator of the inducible expression of many 

genes involved in immune and inflammatory response in the gut we assessed the expression and 

location of NF-κB p65 was examined by IF and immunohistochemistry in small intestinal tissue. 

NF-κB p65 protein was detected in nuclei of normal intestinal mucosa, whereas a high 

expression of nuclear factor appeared in intestinal mucosa of MTX treated rat.  Although NF-κB 

is well characterized as a primary mediator of inflammatory responses during infection and 

immune reactions, it has recently become evident that NF-κB also mediates a potent 

cytoprotective, homeostatic function under basal conditions in the intestine, which is challenged 

not only with a range of microbial pathogens, but is also in constant contact with potent 

proinflammatory commensal bacteria and their products. Therefore, it is not surprising to find 

basal intrinsic expression of NFκB in the intestines of normal rats.   De. Plaen. etal have showed 

that NFκB is constitutively expressed in the normal rat intestines (352). 
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As nuclear translocation of NFκBp65 is often recognized as cell reaction to ROS and cytokine 

stimulation and correlate with NF-κB-mediated transcriptional activation (353), we measured the 

level of NF-κB p65 protein in the nucleus and cytosolic fractions of intestinal homogenates using 

western blot. MTX treatment led nearly a two fold increase in p65 levels in the nucleus as 

compared with cytosol, suggesting the activation of NFκB pathway after MTX treatment. In 

addition, using real-time quantitative PCR, we were able to demonstrate nearly 2 fold increase in 

mRNA expressions of NF-κB p65 in MTX-treated rats as compared with controls. All these 

findings suggest that MTX induced intestinal inflammation is mediated via activation of NFκB, 

traslocation into nucleus and increased NFκB gene transcription.   

 

It has long been appreciated that inflammation and infection reduce drug metabolism and that 

exposure to drug metabolism-inducing xenobiotics can impair immune function. A new study 

reveals the mutual repression between the xenobiotic nuclear receptor PXR/SXR and NF-kappaB 

signaling pathways, providing a molecular mechanism linking xenobiotic metabolism and 

inflammation (354). 

 

Activation of NF-κB is an important event innumerous inflammatory processes of the 

gastrointestinal tract. Induction of this transcription factor has been reported in Helicobacter 

pylori gastritis, inflammatory bowel disease, and pancreatitis, rheumatoid synovium, intestinal 

ischemia and necrotizing enterocolitis and obstruction (133).  NF-κB activation is also found in 

biopsy tissues in cancer patients treated with radiation (144) and several chemotherapeutic drugs, 

except 5-FU (353). As a consequence of the gene upregulation by the initial activation of NF-κB, 

a broad range of biological active proteins accumulate and target to the submucosa tissue in the 



142 

 

gastrointestinal tract. NF-κB activation induced by anti-neoplastic agents and radiation is 

therefore though to elicit the inflammatory and apoptotic responses that lead to the mucosal 

injury (67, 69) 

 

Once activated by ROS/RNS, NF-κB acts to induce its proinflammatory  target gene expression 

and production of pro-inflammatory cytokines such as , cyclooxygenase-2 (COX-2),tumor 

necrosis factor (TNF)-α, iNOS, MMP 9,HO-1,interleukin (IL)-1β and IL-6, which in turn lead to 

tissue injury and apoptosis (345, 355). These cytokines are known to in turn activate NF-κB. The 

positive feedback is believed to serve to amplify inflammatory signals and exacerbate tissue 

injury (356).Therefore we next assessed the effect of MTX on protein and gene expression of 

NFκB target genes involved in inflammation. 

 

In the previous study we have demonstrated increase protein and mRNA expression of iNOS in 

the small intrstines of rats challenged with MTX. NO is the prototypic redox-signaling molecule 

more versatile than O2- or H2O2 and clearly better identified with redox-related modifications of 

intracellular proteins including NFκB.  NO and NF-κB signaling pathways are intimately linked. 

While, NF-κB activation is essential for NOS2 gene transcription (357), and NO regulates  

NF-κB at various points in its activation cascade (358).  In vivo studies show that NO up-

regulates NF-κB activation in situations like hemorrhagic shock and reperfusion injury.  It also 

has been demonstrated that interfering with iNOS ameliorates hemorrhagic shock- or sepsis-

induced NF-κB activation in the gut (359).   
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Cytokines are key mediators in inflammation, and several cytokines are dysregulated in intestinal 

inflammation. Important target genes of NFκB during inflammation are TNF and COX-2 both of 

which are key mediators in inflammation (129, 360).  Therefore we analyzed the protein and 

mRNA expression of these proteins in the small intestines. Significant increase in protein and 

mRNA expressions of COX-2 and iNOS was observed in the small intestines of MTX treated 

rats suggesting a role for TNF and COX-2 in MTX induced intestinal injury. 

 

TNF mediates distinct physiological effects through two separate transmembrane receptors, 

TNFR1, and TNFR2. Physiological levels of TNF result in a preferential ligation to TNFR2, 

which promotes cellular migration, proliferation, and wound healing, while higher 

concentrations of TNF lead to ligation of TNFR1 and subsequent activation of inflammatory 

responses (129, 361). TNF-α up-regulates the transcription of chemokine genes and hence its 

own synthesis through the activation of NF-κB (362-363).  Claud, et al., have previously 

demonstrated that intraperitoneal TNF-α induces intestinal epithelial NF-κB activation (141). 

The TNF-α is capable of inducing iNOS expression in various cells. Bertrand et al. demonstrated 

that NSAID induced local production of TNF-α in the small intestine and this event occurred 

before the elevation of NO production and MPO activity as well as lesion formation (142). 

 

TNF-α released early after an inflammatory stimulus, can initiate the infiltration of inflammatory 

cells into the intestine by activating ICAM-1 and other adhesion molecules (143). TNF is 

reported to play vital role in various models of  GI injury including Radiotherapy-induced sub-

acute damage (144) and chemotherapy induced mucositis including MTX , FU  and irinotecan. 

TNF-α is a crucial cytokine involved in the pathogenesis of mucositis, which amplifies the  
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NF-κB signal and initiates mitogen activated protein kinase (MAPK) pathway (145).  Studies 

have shown that methotrexate increased the mRNA levels of TNF-α, IL-1β, MIP-2, and TLR4 in 

the small intestine (364).  5-FU-induced epithelial damage increased the MPO activity 

(neutrophil number) and the level of pro-inflammatory cytokines (IL-4, TNF-α, IL-1β and 

CXCL-8) in the duodenum (365). Infliximab, a monoclonal antibody against TNF-α, led to the 

reduction of intestinal expression of iNOS in irinotecan treated mice. Thus, suggesting that 

inflammatory cytokines and nitric oxide are among the main drivers of tissue damage in this 

model of mucositis (253). 

 

The source of mucosal TNFα is not known at the moment; however, it could be associated to the 

MTX induced hyperpermeability of the intestinal microcirculation (i.e., TNFα from the 

circulation could enter mucosa of the small intestine). Alternatively, increase in TNFα levels 

could be a result of leukocyte recruitment or activation of the intestinal epithelial cells. 

Regardless of the source of TNFα, increased mucosal levels of TNFα can potentiate the remote 

intestinal inflammation/injury imposed by MTX. Thus, inflammatory process, once initiated gets 

amplified continues as a cascade. 

 

The COX enzymes are critical in the biosynthesis of prostanoids, play significant roles in the gut 

are key for intestinal epithelium maintenance.  COX, the enzyme that catalyzes the first two 

steps in the biosynthesis of the prostaglandins from arachidonic acid, exists in two isoforms. 

COX-1 is constitutively expressed throughout the GI tract and, at least in the absence of damage 

or inflammation, is the major source of prostaglandin synthesis in these tissues (151). The 

inducible form, COX-2, is either undetectable or expressed at extremely low levels in the healthy 
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GI tract of humans and various animals. However, in response to various proinflammatory 

stimuli, COX-2 is rapidly induced.  Cyclooxygenase-2, a rate-limiting enzyme in the 

biosynthesis of prostanoids (152), leading to increased prostanoid production. Prostanoids play 

an important role in intestinal epithelial homeostasis and inflammation (155-156) and are known 

to protect intestinal cells from apoptosis (153-154). 

 

NF-κB up-regulates the transcription of COX-2, a stress response protein, which in turn leads to 

the synthesis of prostaglandins involved in the inflammatory cascade resulting in edema and 

tissue injury (366).  NO enhances the activity and expression of COX-2 in a variety of cell types 

(367).  During the inflammatory process, COX-2, is activated over a similar time course to 

iNOS, and crosstalk between these enzymes was suspected as iNOS-derived NO had been shown 

to activate COX. During inflammation, iNOS has been shown to interact with, S-nitrosylate, and 

thus enhance the activity of COX-2. Similarly, iNOS appears to bind to, S-nitrosylate, and 

increase the activity of phospholipase A2 (PLA2), an AA-generating enzyme. Thus, NO can 

promote PG generation via S-nitrosylation of the two key enzymes (PLA2 and COX-2) involved 

in PG biosynthesis.  

 

Overactivation of COX-2 and production of PGs have been reported in various conditions of 

intestinal inflammation such LPS induced  GI injury in mice (152), NASID induced  enteropathy 

(155), animal models of necrotizing enterocolitis NEC (156) and inhibition of COX-2 by 

different agents such as have been shown to inhibit COX-2 , PG production and intestinal 

inflammation.  In both humans and animal model, the role of COX-2 in GI intestinal mucositis is 

supported by the observations that the administration of COX-2 specific inhibitors prevents GI 
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injury and inflammation. Patients taking a supra therapeutic dose of rofecoxib or celecoxib had 

significantly lower rates of GI-related adverse events than those taking a nonselective NSAID 

(368).   

 

Studies have reported that the role of COX-2 in mucositis may be to increase the severity of 

mucosal injury and prolong the inflammatory and ulcerative event (70, 366). COX-2 contributes 

to the activation of matrix metalloproteinases, which then cause the breakdown in collagenous 

subepithelial matrix by matrix metalloproteinase-1 and destruction of the epithelial basement 

membrane by matrixmetalloproteinase-3 (14). This breakdown of the mucosal barrier by matrix 

metalloproteinase-3 would worsen the hypersecretion of chloride and fluid caused by increased 

prostaglandins (35).  

 

Cytosolic phospholipase A(2)alpha (cPLA(2)alpha) is the rate-limiting key enzyme that cleaves 

arachidonic acid (AA) from membrane phospholipids for the biosynthesis of eicosanoids, 

including prostaglandin E(2) (PGE(2)), a key lipid mediator involved in inflammation and 

carcinogenesis (369).  Phospholipase A2 (PLA2) is a key enzyme in the formation of arachidonic 

acid metabolites, platelet activating factor, and lysophosphatidylcholine, all of which may take 

part in inflammatory reactions in the gastrointestinal tract. TNF-α, is known to stimulate cPLA2 

(56). Therefore we investigated the effect of MTX on the PLA2 protein expression by IHC. PLA2 

expression was increased in the small intestines of MTX treated rats, suggesting its role in MTX 

induced intestinal injury.  PLA2-II has been found by immunohistochemistry in the epithelial 

cells of the gastrointestinal tract. The enzyme was localised in Paneth cells and in the brush 

border and cytoplasm of enterocytes (370).  The activity of PLA2 was found to be increased in 
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the ileal mucosa of patients with Crohn's disease, and the increased PLA2 activity was associated 

with early symptomatic recurrent ileal inflammation after surgery (371). 

 

Activation of PLA2-II may have dual effects on the mucosa. It can cause harmful effects on the 

mucosa by generating free radicals or causing release of lysosomal enzymes (372). On the other 

hand, PIA2-II might protect the mucosa against invasion of pathogenic microbes or play an 

immune defensive part mediated by chemotaxis (369).  Stduies have shown that cPLA(2)alpha 

protein is S-nitrosylated, and its activity is enhanced by nitric oxide (NO) and that COX-2 

enhances the formation of cPLA(2)alpha-iNOS binding complex. It appears that COX-2-induced 

augmentation of cPLA(2)alpha S-nitrosylation is mediated at least in part through increased 

association between iNOS and cPLA(2)alpha. These findings disclose a novel link among 

cPLA(2)alpha, iNOS, and COX-2, which form a multiprotein complex leading to cPLA(2)alpha 

S-nitrosylation and activation (148). 

 

In recent years matrix metalloproteinases (MMPs) have been implicated as being key mediators 

in the development of mucositis, possibly through inflammatory pathways, alterations in 

extracellular matrix composition, adhesion molecules and tight junctions (176, 373).  MMPs can 

be induced by the activity of pro-inflammatory cytokines such tumor necrosis factor-α, 

interleukin (IL)-1, IL-6 and IL-8 and  NFκB that bind to specific elements on MMP gene 

promoters (178).  

 

MMP's also regulate inflammation by directly and indirectly acting on pro-inflammatory 

cytokines, such as TNF-α and TGF-β, to control chemokine activity (374).  The MMP family 
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consists of a group of zinc-dependent enzymes, which can be divided into several subgroups 

including: collagenases, gelatinases, stromelysins, stromelysin-like matrix metalloproteinases 

(MMPs), matrilysins, membrane-type MMPs, and other MMPs. They are released as inactive 

proenzymes and are activated by proteolytic cleavage of the N-terminal domain. Most MMPs are 

constitutively secreted once they become translated.  In gelatinase subfamily of MMPs (MMP-2 

and MMP-9), the catalytic domain that includes the Zn
2+

 binding site also contains repeats of 

fibronectin motifs allowing the ability to bind gelatin, their major substrate. MMPs and their 

inhibitors (TIMPs) play multiple functions in physiological processes and interact with many 

other mediators regulating inflammatory processes, cell behavior, and angiogenesis (375). 

 

Studies have shown that MMPs2 and 9 play a role in gut barrier function (177). Therefore we 

assayed the protein and mRNA expressions of MMPs 2 and 9 in the small intestines of MTX 

treated rats. We found that MMP-2 and MMP-9 mRNA levels were increased in the mucositis 

lesions of MTX treated rat intestines   as compared to the control intestinal tissues. Moreover, 

MMPs levels as assessed by Western blotting were elevated in the mucositis lesions.   

 

MMP2 and 9 appear to have apposing effects on the intestines, while MMP 2 has anti-

inflammatory effect and MMP9 has proinflammatory effect (179-180).  It has been hypothesized 

that MMP-9 plays an important role in both initiation and termination of the inflammatory 

response. It is suggested that MMP-2 expression during colitis served to protect from the 

development of inflammatory response likely through its effect on the epithelial barrier.  On the 

other hand, overexpression of MMP-9 impaired wound healing in cultured intestinal epithelial 

cells in vitro and modulated colonic epithelial differentiation, suggesting that MMP-9 mediates 
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inflammatory response and/or tissue damage.  It is implicated that the tissue damaging effect of 

MMP-9 overrides the barrier protective role of MMP-2 during colitis (179). 

 

MMP-9, the largest and most complex member of the MMP family, regulates a variety of 

cellular functions, including proliferation, differentiation, and angiogenesis. Endogenous tissue 

inhibitors of MMPs (TIMPs) regulate their activation, and TIMP-1 shows greater preference for 

MMP-9 than any other MMP.  Activation of proMMP-9can also be mediated by MMP-2 (376).  

MMP-9 is released by epithelial cells and  neutrophils and is a key effector molecule of 

inflammatory cells, aiding migration of inflammatory leukocytes through tissue barriers, lysing 

protein substrates, modulating smooth muscle cell migration, and promoting angiogenesis (373). 

Castaneda et al have demonstrated that epithelial, but not immune cell derived, MMP9 mediates 

inflammation (377). In addition to its role in regulating inflammation, MMP9 also plays an 

important role in epithelial cell differentiation by mediating the preferential differentiation of 

progenitor cells to enterocytes (179). 

 

MMP-9 plays an important role in the development of gastric damage induced by an NSAID in 

rats. In a rat experimental model, up-regulation of MMP-9 induced intestinal barrier dysfunction 

and bacterial translocation (378).  Furthermore, the administration of MMP inhibitor ONO-4817 

significantly attenuated not only MMP-9 activity but also indomethacin-induced small intestinal 

damage. ONO-4817 specifically inhibited MMP-2 and MMP-9, but not other MMPs. a chymase 

inhibitor, TY-51469, prevents the development of small intestinal damage may depend on the 

inhibition of MMP-9 activation in small intestinal damage after indomethacin administration.  

Studies have demonstrated that genetic ablation of MMP9 protected mice from chemical (DSS- 
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and TNBS-) as well as bacteria-(Salmonella)-induced colitis (379-380). Several studies have 

shown that MMP-2 and MMP-9 are highly expressed in IBD inflamed colonic mucosa of IBD 

patients and are associated with disease activity (381). MMPs have been shown to function in 

several of the pathways which are known to be up-regulated in mucositis and contribute to tissue 

injury and inflammation in many pathological conditions including chemotherapy and 

indomethacin (177, 382). 

 

Expression of heat shock protein (HSP) is an endogenous mechanism by which living cells adapt 

to stress. Induction of HSPs protects cells not only from damage due to heat but also from 

damage due to oxidative injury and cytokine-mediated cytotoxicity (157). Interestingly, these 

same oxygen-free radicals, such as superoxide, also induce the expression of various HSPs 

which take part in the defense against oxidative stress.  HSPs are expressed in many tissues, 

including heart, brain, muscle, lung, kidney, liver and intestinal and colonic epithelium (157). 

These highly conserved molecules are responsible for maintaining adequate protein folding (383) 

and influencing the degradation of proteins (384) and cell repair processes after damage (158). 

Furthermore, HSPs are involved in the modulation of immune responses, autoimmunity, cell 

signalling, cell proliferation, apoptosis, and tumour cell differentiation and invasion (157).   

 

Based on their molecular weight they can be classified into six major families: small HSPs 

(molecular weight <30 kDa), HSP60s, HSP70s, HSP90s, HSP100s, and other non-ubiquitous 

HSPs. HSPs can act as “danger signals” for the immune systematic sites of tissue injury (159). 

HSP70 can also promote cell survival by inhibiting the mitochondrial translocation of Bax and 

subsequent release of cytochrome c and activation of caspase-9 and -3 (385), an intrinsic 
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apoptotic pathway that is initiated by intracellular stress signals (160).  Induction of Hsp70 

protects cells not only from damage due to apoptosis induction but also from damage due to 

oxidative injury. Furthermore, only cells overexpressing Hsp70 were found to be protected from 

both ROI- and TNF induced cytotoxicity. 

 

High levels of NO exposure induce protective stress responses, stimulating Hsp70 expression 

(161). NO donor-induced Hsp70 expression inhibits both ROI production and lipid peroxidation. 

Accumulated data suggest that relevant levels of nitric oxide may contribute to apoptotic 

pathway suppression by the upregulation of Hsp70 and that interaction is an early line of defense 

for protecting cells from death. Heat shock proteins (HSPs) play an important role in mucosal 

defense of gastrointestinal tract (163, 386).  Since MTX induced small intestinal injury is 

associated with overproduction of NO and ROS, induction of iNOS and NFκB activation, we 

investigated the levels of hsp 70 expression in the small intestines of rats after MTX treatment. 

MTX treatment resulted in significant upregulation of hsp 70 in the small intestines. The 

upregulation of hsp70 may be a defense mechanism against MTX induced overproduction of 

ROS and NO.  Studies have shown that  the expression of HSPs in the small intestine is normally 

negligible (162), but the expression of HSP25 and HSP70 is markedly increased in the intestinal 

epithelial cells under stress (163). The predominant localization of HSPs in intestinal epithelial 

cells suggests their primary role is in maintaining the integrity of the enterocyte layer, as 

demonstrated by Kojima et al (164). 

 

HSP 70 protects cells against stress by two mechanisms. Firstly, HSP70 activates antioxidant 

enzyme activities (such as superoxide dismutase, glutathione peroxidase, and total antioxidant 
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capacity) and inhibits lipid peroxidation.  Secondly, HSP70 reduces iNOS expression by 

specifically binding to iNOS and its transcription factor Krueppel-like factor 6; moreover, its 

upregulation was shown to inhibit nuclear factor (NFκB) activation, thereby providing cellular 

protection against stress (387).  HSP70s protect intestinal epithelial cells by preserving the 

integrity of the actin cytoskeleton and cell-cell contact (163, 388).  

 

Heme Oxygenase (HO)-1, known as HSP 32, is ubiquitously distributed in mammalian cells and 

tissues and is potently induced by various stimuli, such as oxidative stress and pathological 

conditions (26).  Heme oxygenase-1 (HO-1) is the inducible of three isoforms of HO, the 

enzyme that catalyzes heme breakdown, generating equimolar amounts of bilirubin, free iron, 

and carbon monoxide (CO) (165). Many studies showed that HO-1 is involved in a variety of 

regulatory and protective cellular mechanisms as a stress-responsive protein (389).  Heme 

oxygenase (HO) 1 is inducible by a variety of oxidative stress and is thought to play an important 

role in the protection of tissues from oxidative injuries. In addition, HO-1 is also reported to be 

one of the target of NFκB which is plays a pivotal role in inflammation. It is important to 

mention that HO-1 gene expression is not only regulated via NF-κB 1 but that HO-1 can 

modulate the activity of NF-κB in various cell types (166). 

 

As MTX induced intestinal injury is associated with increased c oxidative stress and NFκB 

activation, we were interested in finding out whether threes ia nay alteration in HO-1 induction 

in the small intestines of rats after MTX treatment. There was basal expression of HO-1 in the 

normal rat intestines, and after MTX treatment there was a massive increase (nearly 15 fold) in 

HO-1 mRNA. This may be an adaptive defense mechanism in order to combat MTX induced 
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Oxidative stress. Studies have shown that HO-1 is expressed constitutively in normal 

gastrointestinal tract (GIT) (390-391).  The GIT is lined by a simple epithelium that separates the 

hostile processes of digestion and absorption that occur in the intestinal lumen from the aseptic 

environment of the internal milieu by defensive mechanisms. GIT undergoes constant oxidative 

stress, inflammation and cell cycle/apoptosis. The normal expression and up-regulation of HO-1 

after MTX treatment  indicate that activation of HO-1 could act as a natural defensive 

mechanism to alleviate inflammation and tissue injury caused by MTX These findings show that 

HO-1 induction may  plays a fundamental role in protecting mucosal cells of the intestine from 

oxidative damages induced by MTX  and also that the activation of HO-1 could act as a natural 

defensive mechanism to alleviate inflammation and tissue injury in the gastrointestinal tract. 

 

HO-1 is expressed constitutively in normal gastric, intestinal, and colonic mucosa (167), and is 

up-regulated in their inflamed tissue (168).  HO-1 induction plays a fundamental role in 

protecting mucosal cells of the intestine from oxidative damages (169).  Chung and coworkers 

(170) demonstrated that there is an exaggerated lethality in HO-1 homozygous knockout mice 

(KO, Hmox1
-/-

) following sepsis due to gross tissue destruction and loss of bowel integrity in the 

ileum and colon.  Overexpression of HO-1 in smooth muscle cells and myofibroblasts of blood 

vessels was shown to increase bacterial clearance by enhancing phagocytosis and the 

endogenous antimicrobial response, thus improving survival.  

 

Interestingly, expression of HO-1 is usually increased in gastrointestinal inflammation and 

injury. This was shown in gastric ulcers (392), colitis (393), radiation enteritis (171), in-

flammatory bowel disease (IBD)(172) of animal models or patients suggesting that the activation 
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of HO-1 may act as an endogenous defensive mechanism to reduce inflammation and tissue 

injury in the intestinal tract.  

 

Several agents reportedly exhibit cytoprotective action in the gastrointestinal mucosa through 

induction of HO-1.  Moreover, some agents including glutamine, tranilast, RDP58, Octreotide, 

lansoprazole, Ketamine, Polaprezinc (PZ, an anti-ulcer drug) and gliotoxin may contribute to the 

preservation of gastrointestinal mucosa in some experimental models, such as colitis, radiation 

enteritis, and acute gastric mucosal lesions his protective effect is partly mediated by the 

induction of HO-1 expression. The administration with a HO inducer (hemin) results in lessened 

mucosal injury and improved intestinal transit following gut I/R 374(394). These results 

demonstrate that HO-1 may be implicated in cytoprotection and may be an effective agent for the 

treatment of diseases characterized by mucosal inflammation in GIT. 

 

The protective role of HO-1 appears to be mediated by the anti-inflammatory and 

immunomodulatory effects of its products, CO, biliverdin, and bilirubin (395). HO-1 detoxifies 

the pro-oxidant heme into CO, Fe and biliverdin. The latter is subsequently converted into 

bilirubin, a potent endogenous free radical scavenger and antioxidant.  In addition, the HO-

1product CO has been reported to have anti-inflammatory and anti-apoptotic effects 

immunomodulatory properties (396).  

 

In this study, we found that NF-κB inflammatory pathway was induced by MTX in the intestine 

as evidenced by upregulation of its target proinflammatory genes, iNOS, COX-2, TNF, MMP 

and PLA2. Studies have shown that activation of NFκB and subsequent upregulation of 
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proinflammatory cytokines may be a potentially important factor in the pathobiology of 

chemotherapy induced by irinotecan, methotrexate (MTX) (60, 67).  However, in 5-FU-induced 

mucositis in rats, the role of NF-κB remains controversial. Logan etal (344) have done 

Immunochemistry on mucosal tissue of rats treated with 5FU showed elevation of TNF-α and 

IL-1β levels but no significant increased staining for NF-κB and IL-6. These authors have 

suggested that apoptotic and inflammatory changes in 5-FU-induced mucositis may be secondary 

to pathways independent of NF-κB. Interestingly, NF-κB activation is also found in biopsy 

tissues in cancer patients treated with radiation and several chemotherapeutic drugs, except 5-FU 

(67, 69).  However, recent studies (397-398) suggest a role for NFκB in FU mucositis.  Thus, 

pathobiology of chemotherapy-induced alimentary tract mucositis appears to be influenced by 

the type of mucotoxic drug administered.  Therapeutics targeting NFκB inhibition may help in 

confirming the central role of this key driver of inflammation in MTX induced enteritis. 

 

 

 



 

 

STUDY – IV 

Role of apoptotic pathway in methotrexate 

induced small intestinal injury 
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STUDY IV: To investigate the effect of MTX on the apoptotic pathway in the 

small intestines 

 

6.4.1 ABSTRACT 

Protein tyrosine nitration of proteins modifies functions and activities of such proteins.  Many 

studies have shown that such protein modifications have consequences like alteration in 

biological activity, increase/decrease in its expressions, alterations in biochemical reactions 

leading to changes in the cellular functions.  Apoptosis is one of mechanism which occurs due to 

the changes in the protein involved in the process.  It has been shown that nitration of 

cytochrome-c leads to the release from mitochondria to cytosol and the activation of the caspase 

cascade. The hypothesis of this study is to detect the role of intrinsic apoptotic pathway in MTX 

induced small intestinal injury.  To study this, rats were treated with MTX 7mg/kg body weight 

and control rats with vehicle alone.  All the rats were sacrificed after 24 hours of the final dose of 

MTX and the small intestine was removed, washed with saline and the mucosal scrapings was 

collected and stored.  A piece of tissue was used for the process of immunohistochemistry and 

immunofluorescence of proteins involved in the pathway. The cell fractions was isolated from 

the mucosa by ultracentrifugation method and utilized for western blots of cytochrome-c, 

caspase-3, caspase-9 and parp.  Some of the mucosa sample was immediately processed for 

DNA isolation to assess the fragmentation.  We observed a significant release of cytochrome-c 

from 2.2 fold decrease in mitochondrial fraction to 2 fold increase in cytosol in the MTX treated 

rats when compared to control.  The expression of cleaved fragments of caspase-9, caspase-3 and 

PARP was significantly increased by 2.8 fold, 4 fold, 1 fold in MTX treated rats.  The caspase 3 

gene expression decreased by 80% and caspase 3 activity decreased by 50% in MTX treated rats.  
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The expression of PARP in the nucleus was increased in the immunofluorescence staining of 

MTX segments. We also found increased DNA fragmentation and decreased DNA content in 

MTX treated rats when compared to control.  In conclusion, the study shows that the intrinsic 

apoptotic pathway is activated in MTX treated rat intestines. 

 

6.4.2 INTRODUCTION 

Exposure of cells to peroxynitrite leads to cell death via two possible mechanisms, necrosis or 

apoptosis. Cell death primarily through inhibition of mitochondrial respiration and loss of ATP 

production is normally classified as necrotic. By contrast, apoptotic cell death is characterized by 

the ATP-dependent activation of cysteine proteases (caspases) (182).  Recently, a large number 

of studies have associated mitochondrial dysfunction caused by ROS/RNS lead to both 

accidental cell death (necrosis) and programmed cell death (apoptosis) (184-186). 

 

Peroxynitrite can trigger the release of mitochondrial pro-apoptotic factors and trigger 

cytochrome-c-dependent apoptosis in the cytosol through the peroxynitrite dependent oxidation 

of permeability transition pore components (108, 399). Mitochondrial outer membrane 

permeabilization (MOMP) leads to the release of cytochrome c (cyt c) into the cytosol. Cyt c is a 

key activator of caspases. Although peroxynitrite may cause necrosis by de-energizing the 

mitochondria, it can also lead to apoptotic cell death via activation of the caspase machinery 

MOMP and the resulting efflux of proapoptotic signaling molecules occur universally following 

peroxynitrite exposure.  Cytosolic cyt c acts in concert with apoptosis activating factor-1 (Apaf-

1) to activate procaspase9. Active caspase 9 is an initiator caspase, which in turn activates 
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effector caspases, such as caspases 3 and 7. Active effector caspases execute apoptosis by 

dismantling key proteins and cellular structures (187). 

 

Caspase-3, one of the key executioners of apoptosis, is essential for DNA fragmentation and the 

morphological changes associated with apoptosis.  Caspase mediated apoptotic cell death is 

accomplished through the cleavage of several key proteins required for cellular functioning and 

survival.  PARP-1 is one of several known cellular substrates of caspases (400).Cleavage of 

PARP-1 by caspases is considered to be a hallmark of apoptosis. The cleavage of PARP-1 by 

these caspases results in the formation of 2 specific fragments: an 89-kD catalytic fragment and a 

24-kD DBD (401-402).  Under basal conditions, the primary function of PARP-1 is to detect and 

repair DNA damage.  However, cells with severely damaged DNA have amplified PARP-1 

activity resulting in high NAD+ consumption (depleting ATP pools). If unchecked, this activity 

inevitably leads to passive necrotic cell death (resulting from prolonged ATP depletion) (403). 

This process is blocked by rapid cleavage and inactivation of PARP-1 by the action of caspases. 

However, insults which initiate necrosis cause PARP-1 overactivation that proceeds unchecked 

due to inadequate caspase activation, lower PARP-1 cleavage and less PARP-1 24-kD fragment 

formation (404). 

 

Apoptosis is an inherent protective mechanism used by cells to regulate proliferation and occurs 

at a low level in the healthy, normal small intestine. Thus, apoptosis is an important factor in 

gastrointestinal physiological cell renewal, which can be triggered by noxious stimuli such as 

trauma and ischemia (205-206). Previous studies definitely demonstrated that apoptosis of the 

intestinal epithelial cells plays an important role in the gut barrier damage and increased 
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permeability of the intestinal epithelium, leading to possible translocation of intraluminal 

microbes and bacterial toxins (143, 207).  Previous studies using irinotecan, 5FU, MTX have 

shown that the earliest effect of chemotherapy is the rise of apoptosis in intestinal crypts  (58, 64, 

405). 

 

Apoptosis is considered playing a critical role in the occurrence of intestinal mucositis induced 

by 5-FU chemotherapy (406).  In fact, a large number of apoptotic cells where found in mouse 

intestinal crypt prior to serious mucosal destruction and in intestinal biopsy specimens of patients 

undergoing chemotherapy (58).  The mechanisms involved in chemotherapy-mediated induction 

of small intestinal cell apoptosis are still poorly understood. Therefore, in the present study we 

investigated in detail the role of apoptotic pathway in MTX induced mucositis.  Apoptosis was 

evaluated by (a) Cytochrome c release from mitochondria to cytosol, (b) IHC detection of active 

caspases -9 and 3 and PARP-1, (c) Immunoblot detection of caspases -9 and 3 and full length 

and cleaved PARP-1, (d) Quantification of DNA fragmentation and  (e) Hematoxylin and Eosin 

(H&E) staining 

 

6.4.3 AIM and OBJECTIVES 

The present study was designed to investigate the apoptotic pathway in MTX treated rat 

intestines. 

 

The objectives of the present study is to assess the apoptotic pathway by the 

 Quantification of DNA fragmentation by laddering 

 Immunoblot of cytochrome c in the cytosol and mitochondria (to determine cyt c release) 
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 Immunoblot detection of active  caspase 9, caspase-3 and cleaved PARP 

 IHC detection of caspases -9 and 3 and PARP-1 

 Assay of caspase 3 activity by ELISA and mRNA by RTPCR 

 Hematoxylin and Eosin (H&E) staining for apoptotic cells 

 

6.4.4 SUMMARY OF EXPERIMENT 

Adult male wistar rats (200 – 250g) were treated with MTX 7mg/kg body weight and the control 

rats were treated with vehicle alone intraperitoneally for three consecutive days.  After 24 hours 

of the final dose of MTX the rats were sacrificed and the entire length of small intestine tissue 

was removed, washed with saline and a piece of segments (duodenum, jejunum, ileum) was 

stored for immunohistochemistry studies.  The mucosa scrapings was collected and used for the 

isolation of cell fractions by ultracentrifugation and also for the isolation of DNA. The cell 

fractions was used for the western blot of cytochrome-c, cleaved caspase-3, caspase-9 and 

PARP.  The DNA isolated was used for DNA fragmentation assay.   
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6.4.5 RESULTS 

MTX treatment resulted in cytochrome c release into the cytosol 

Cytochrome c is released from mitochondria into cytosol through the MPT pore during an early 

period of apoptosis. To evaluate the degree of cytochrome c release after MTX-treatment 

immunocytochemical staining and Western blot analysis using anti-cyt c antibody. 

 

Immunolocalization of cytochrome c (CYTC) (Figure: 6.4.1), protein expression revealed 

increased expression in enterocyte regions, lamina propria cells of duodenum, jejunum and ileum 

of MTX as compared to control.  Weak and uniform basal immunostaining was found in the 

normal control rats small intestine segments which treated with the vehicle.  As shown in Figure: 

6.4.1, mitochondria-enriched perinuclear regions of control rat intestines cells stained clearly 

with the antibody. However, perinuclear localization of cytochrome c decreased markedly after 

MTX treatment. 

 

Western blot was used for analyzing cytochrome c release using anti-cytochrome c antibody in 

cytosolic fraction and mitochondria. In the control rat intestine cyt c was mainly present in the 

mitochondrial fraction, and cytosol had negligible amounts. In the MTX treated rat intestinal 

homogenates, cytochrome c level accumulated in the cytosolic fraction, suggesting cyt c release 

after MTX treatment. Western blots revealed cytochrome c expression decreased by 2.2 fold 

(0.319 ± 0.2 vs. 2.49 ± 3.1) in mitochondria fraction and 2.0 fold (2.26 ± 2.0 vs. 0.002 ± 0.003) 

increased in cytosol fraction of MTX treated samples (Figure: 6.4.2).   



Figure: 6.4.1     CYT-C IHC 

 

Representative image of cytochrome c (CYTC) protein expression in the small intestine 

segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of CYTC when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 

 

 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- +/- +/- 

MTX +++ ++ +++ 



Figure: 6.4.2 

 

 

 

Representative blot and graph of CYT-C protein in mitochondria and cytosol fraction of 

control and MTX treated small intestine mucosa tissue samples after 24hours of final dose.  

There is decreased CYT-C in mitochondria fraction and increased in cytosol fraction of 

MTX as compared to control.  Data represent mean ± SD, N = 3 in each group. 
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MTX treatment resulted in the activation of caspases 9 and 3 

Immunohistochemistry of for active caspases 9 and -3 in the small intestines of control rats 

revealed basal caspase 9 (Figure: 6.4.3) and caspase 3 (Figure: 6.4.5) expression. This finding 

suggests that in the small intestinal epithelial cells partial activation of caspase-3 takes place 

normally. Caspase-3 may have important roles in physiological progression of IEC apoptosis and 

replacement of IEC .In the MTX treated rat intestines, the staining for caspases was more intense 

in the villi enterocytes, suggesting that MTX causes activation of caspases 9 and 3, thereby 

promoting apoptosis. 

 

The activation of the upstream caspase, (caspase-9) and the executor caspase, caspase 3 were 

analysed in the cytosolic fractions of the small intestines by western blot.  Cleaved (activated) 

caspase 9 and 3 were negligible in the control rats.  However, in the MTX treated rat intestines 

the protein levels of active caspase 9 (Figure: 6.4.4) was increased by 2.5 fold (2.8 ± 0.01 vs. 

0.0006 ± 0.0002) and caspase 3 (Figure: 6.4.6) by 4 fold (4.2 ± 0.01 vs. 0.0006 ± 0.0002) as 

determined by densitometry of caspase 9 and caspase 3 specific bands using western 

immunoblot. 

 

Gene expression of caspase 3 (CASP3) was 3.33 fold (0.003 ± 0.0009 vs. 0.011 ± 0.003, P = 

0.004) decreased (Figure: 6.4.7) and the total caspase-3 activity was significantly decreased by 3 

fold (0.029 ± 0.01 vs. 0.062 ± 0.02, P = 0.04) (Figure: 6.4.8) in MTX treated samples as 

compared to control. This may be an adaptive mechanism in order to check extensive apoptosis 

initiated by MTX. 



Figure: 6.4.3     CASP-9 IHC 

 

Representative image of caspase 9 (CASP9) protein expression in the small intestine 

segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of CASP9 when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- +/- +/- 

MTX +++ ++ +++ 



Figure: 6.4.4 

 

 

Representative blot and corresponding graph of active CASP-9 protein in cytosol fraction 

of control and MTX treated small intestine mucosa tissue samples after 24hours of final 

dose. There is increased active CASP-9 in cytosol fraction of MTX than control.  Data 

represent mean ± SD, N = 3 in each group. 

 

 



Figure: 6.4.5     CASP-3 IHC 

 

Representative image of caspase 3 (CASP3) protein expression in the small intestine 

segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of CASP3 when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- + + 

MTX ++ +++ +++ 



Figure: 6.4.6 

 

 

Representative blot and corresponding graph of active CASP-3 protein expression in 

cytosol fraction of control and MTX treated small intestine mucosa tissue samples after 

24hours of final dose.  There is increased active CASP-3 in cytosol fraction of MTX than 

control.  Data represent mean ± SD, N = 3 in each group. 

 



 

Figure: 6.4.7 - Effect of MTX on CASP3 mRNA levels.  RT-PCR analysis of CASP3 mRNA 

expression after 24hours of final dose of MTX and vehicle treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control. 

 

Figure: 6.4.8 - Effect of MTX on caspase-3 (CASP-3) enzyme activity in the small intestines 

of control and experimental rats 24 hours after the treatment of MTX.  Data represent 

mean ± SD, N = 6 in each group, * P value < 0.05 as compared to control. 

 

* 
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MTX treatment resulted in extensive PARP cleavage 

Caspases are well-known proteases capable of PARP cleavage and the promotion of apoptosis. 

Therefore, cleavage of PARP-1 by caspases is considered to be a hallmark of apoptosis.  The 

cleavage of PARP-1 by these caspase 3 results in the formation of 2 specific fragments: an 89-

kD catalytic fragment and a 24-kD DBD.  PARP-1 has been implicated in the process of 

apoptotic cell death following cellular injuries inflicted by the inflammatory response, ROS, and 

ischemia reperfusion. Therefore, we next assessed PARP expression by immunofluorescence, 

immunohistochemistry and western blot. Immunofluorescence staining for PARP in the 

intestinal tissues revealed basal PARP expression in the enterocyte nucleus of control rat 

intestines and was increased after MTX treatment (Figure: 6.4.9).   

 

PARP was detected in the small intestines by immunohistochemistry (Figure: 6.4.10). PARP 

staining was detected in the gut of control rats and was very intense in the MTX treated rat. 

PARP was detected mainly at the damaged tip of the villi, and localized in the necrotic epithelial 

cells. Furthermore, nuclei of intestinal epithelial cells and stromal cells also displayed strong 

immunostaining for PARP in the MTX treated rats.   

 

Next, we assessed PARP cleavage by Western blot. Western blots of PARP protein in nuclear 

fractions of intestines of control rats showed the presence of full length PARP 116-kDa, and 

cleaved PARP was almost not detectable. Whereas, in the nuclear fraction of small intestines of 

MTX treated rats full length PARP almost disappeared and there was significant appearance of 

the 85-kDa (breakdown fragment (Figure: 6.4.11). These finding suggest a role for caspase 

induced PARP cleavage in MTX induced small intestinal damage. 



Figure: 6.4.9   PARP activation in nucleus by IF 

 

Representative image of Poly ADP-ribose polymerase (PARP) expression on nucleus in the 

small intestine segments of rats 24 hours after the treatment with vehicle and MTX by 

immunofluorescence analysis (40X).  MTX treated rats shown increased 

immunofluorescence of PARP expression (green) on nucleus (blue) when compared to 

basal immunostaining in control rat small intestine tissue treated with vehicle. 

 



Figure: 6.4.10     PARP IHC 

 

Representative image of Poly ADP-ribose polymerase (PARP) protein expression in the 

small intestine segments of rats 24 hours after the treatment with vehicle and MTX by 

immunohistochemical analysis (20X).  MTX treated rats shown increased immunostaining 

of PARP when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle. 

 

 

 

Site Duodenum Jejunum Illeum 

VEH +/- +/- +/- 

MTX ++ +++ +++ 



 

Figure: 6.4.11  

 

 

 

Representative blot and corresponding graph of active PARP protein in nucleus fraction of 

control and MTX treated small intestine mucosa tissue samples after 24hours of final dose.  

There is decreased full length PARP and increased cleaved active PARP in MTX than 

control.  Data represent mean ± SD, N = 3 in each group. 
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MTX treatment resulted in decreased DNA content and increased DNA fragmentation 

DNA was isolated from the mucosal samples and the concentration was measured using 

nanodrop with the factor 50 as microgram/ microliters.  We found a decrease in the concentration 

of the DNA in MTX (2.71 ± 2.02 vs. 8.59 ± 1.46, P = 0.02) as compared to control. (Figure: 

6.4.12a) 

 

Nuclear DNA degradation is a critical event in the mechanism of cell death.  DNA damage can 

be seen as DNA laddering. We analysed the effect of MTX on DNA fragmentation.  There was 

intact DNA without any laddering in the control group. There was substantial increase in 

internucleosomal DNA fragmentation evident from DNA laddering pattern in the agarose gel 

induced by MTX treatment. (Figure: 6.4.12b) 

 

 

 

 

 

 

 

 

 

 

 

 



Figure: 6.4.12a - DNA content in the intestinal mucosa of MTX treated rat and control rat 

 

Figure: 6.4.12 b  DNA FRAGMENTATION ASSAY 

 

Effect of MTX on DNA fragmentation and respective concentration.  C1, C2, C3 – control 

samples.  M1, M2, M3 – methotrexate treated samples.  DNA was fragmented in MTX 

treated samples and DNA content was decreased significantly when compared to control. 
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6.4.6 DISCUSSION 

The intestine is unique among solid organs because of its high cell turnover, with epithelial 

proliferation, differentiation and cell elimination occurring within a few days (407). Although 

cells can be removed from the intestinal crypts and villi by either apoptosis or exfoliation into the 

lumen, mathematical models suggest that apoptosis accounts for the bulk of cell loss in the 

intestine (408). Both increased and decreased gut epithelial apoptosis have been implicated in the 

pathophysiology of multiple local and systemic disease states including (but not limited to) 

sepsis, cancer, radiation-injury, inflammatory bowel disease, ischemia/reperfusion, burn injury, 

and necrotizing enterocolitis (409).  Depending on the inciting event, gut epithelial apoptosis can 

occur via the receptor mediated (extrinsic) pathway, the mitochondrial (intrinsic) pathway or a 

combination of both pathways (410). 

 

NO is a key mediator of intestinal cell and barrier function (102, 218, 247).  When NO is present 

in excess, however, the result is barrier dysfunction (218).  NO production acts as a promoter of 

different species that may lead to deleterious responses such as necrosis or apoptosis (411). 

Moreover, the importance of NO- and peroxynitrite mediated apoptosis has been recognized 

clinically in a variety of dysfunctions and transplant diseases. Many apoptotic factors activate 

programmed cell death via cytochrome c release, among them sustained mitochondrial NO 

generation and peroxynitrite formation. Peroxynitrite is a highly reactive molecule that exerts its 

cytotoxic effects by inducing mitochondrial membrane depolarizationand by cytochrome c 

release (412). 
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NO can induce apoptosis directly or indirectly through its conversion to peroxynitrite. NO can 

reversibly inhibit enzymes that produce free radical intermediates, such as those involved in the 

mitochondrial electron transport chain (ETC). When NO inhibits cytochrome-c oxidase, 

superoxide may transiently leak from the ETC, leading to the formation of peroxynitrite (292). 

While the reactions of NO with enzymes are usually reversible, the reactions of peroxynitrite are 

not. Through oxidation of critical cysteine residues, peroxynitrite irreversibly inactivates many 

components of the ETC, including complex I, complex II, complex III and complex V (291), 

leading to inhibition of oxidative phosphorylation and ultimately, cell death (182, 411).  

Interestingly, in our study we found drastic decrease in the activities of the ETC complexes in 

the small intestine of rats after treatment with MTX. This was accompanied by PON 

overproduction as evidenced by 3NT, suggesting that the loss of activities of these enzymes may 

be due to their nitration. In an earlier study we have demonstrated loss of mitochondrial function 

as evidenced by reduced RC, MTT reduction and mitochondrial swelling (23).  These findings 

suggest that PON overproduction, disruption of etc complexes and loss of mitochondrial function 

may play a role in MTX induced enterocyte apoptosis and small intestinal injury. 

 

Intestinal basal stem cell is susceptible to the toxicity of chemotherapeutic drugs for its character 

of rapid turning-over, leading to cell apoptosis in gut tissue and resulting in mucositis.  Two key 

events in the mitochondrial pathway of apoptosis include cytochrome c release from 

mitochondria and activation of caspase-3 (188, 190).  Therefore we assessed the effect of MTX 

on cytc release and caspase activation. We analysed cyt c protein expression by IHC and western 

blot analysis of cyt c protein in cytosolic fraction and mitochondrial fractions in the small 

intestines. In the control intestines, cyt c was almost exclusively found in the mitochondrial 
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fraction, with very minimal amounts in the cytosolic fraction. On the other hand, in the MTX 

treated rat intestines, cytc was predominantly seen in the cytosolic fraction and small amounts in 

the mito suggesting cyt c release from mito into the cytosol. 

 

Cytochrome c (cyt c) is a small globular heme protein present at high concentrations (~ 1 mM) in 

the intermembrane space of mitochondria (413). The primary role of cyt c is to shuttle electrons 

between respiratory complex III (cytochrome bc1 complex) and complex IV (cytochrome c 

oxidase), where oxygen is reduced to water (413). However, possible alternative functions of cyt 

c have been recognized recently. As cyt c is abundant in the mitochondrial intermembrane space, 

it is a potential target of the diffusible PN generated within or near the mitochondria. ONOO
−
 

formation induces cytochrome c release, an indicator of mitochondrial distress and potential 

inducer of cell death (414).  

 

Cyt c nitration by PN in vitro has been previously studied by Radi et al (200). Respiratory 

cytochrome c (Cc) is the main target for RNOS in mitochondria, where it is both nitrated and 

nitrosylated in vivo (115, 415).  The preferential nitration of cytochrome by peroxynitrite-derived 

radicals in tyrosine residues (Tyr-74) leads to a conformational change that causes the 

displacement of the sixth ligand to the heme (Met-80) and a gain in peroxidase activity, the 

conformational change induced by nitration in cells also facilitates its translocation to the cytosol 

(even in non-apoptotic cells) (416).   

 

It is suggested that the decrease of mitochondrial cytochrome c even in the range of 10–20% s 

may have a significant effect on initiation of caspase activation and apoptosis within 
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cardiomyocytes. Early changes in approximately 50 kDa and approximately 25 kDa protein were 

observed in tyrosine nitration along with a loss of cytochrome c (417). In the present study as 

cyt-c release is accompanied by overproduction of PON (as evidenced by increased 3NTin the 

small intestines of MTX treated rats), we speculate that PON induced nitration of Cytc may be 

responsible for its translocation into the cytosol, thereby initiating apoptosis. 

 

Caspases are well-known proteases the promotion of apoptosis. After apoptosis is triggered, 

caspases are activated by the cleavage of proenzymes (zymogens) into distinct subunits that 

rearrange to form the active cysteine proteases (418). Caspases transduce and augment the 

apoptotic signal by activation of other caspases.  Cytosolic cyt c acts in concert with apoptosis 

activating factor-1 (Apaf-1) to activate procaspase9.  Active caspase 9 is an initiator caspase, 

which in turn activates effector caspases, such as caspases 3 and 7 Caspase3 is a member of 

caspase family and plays a central role in the execution-phase of cell apoptosis and cleaves the 

majority of cellular substrates in apoptotic cells (419).  Therefore we analysed the expressions of 

caspases 3 and 9 by WB, IHC. In the normal rat intestines here was basal expression of the 

caspases suggesting that they may have physiological roles. In the small intestine, cells generated 

from stem cells at the base of the crypt differentiate into absorptive cells and are finally lost from 

the tips of villi by apoptosis, resulting in replacement of lining cells every two to three days. 

Although cells can be removed from the intestinal crypts and villi by either apoptosis or 

exfoliation into the lumen, mathematical models suggest that apoptosis accounts for the bulk of 

cell loss in the intestine (420). Therefore it is not surprising to find caspase positive (apoptotic 

cells) at the tips of villi as well as in crypts in normal rat intestines. MTX treatment resulted in 

increased expression and activation of caspases 9 and 3 in the small intestines suggesting 
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enhanced apoptosis may be one of the mechanisms by which MTX exhibits GI toxicity. Several 

studies showed that caspase-3 activity was increased in the process of intestinal apoptosis during 

chemotherapy, including 5-FU treatment (406). We observed a marked increase in 

immunopositive cells for cleaved caspase-3, the active form of caspase-3, which localized to the 

intestinal crypt in a manner consistent with the localization of apoptotic cell.  MTX treatment 

significantly lowered the mRNA levels of caspase3. The relevance of this finding is not clear. 

However, we suggest that this may be defense mechanism to prevent excessive apoptosis 

induced by MTX. 

 

Caspase mediated apoptotic cell death is accomplished through the cleavage of several key 

proteins required for cellular functioning and survival. PARP-1 is one of several known cellular 

substrates of caspases, mainly 3 and 9. Activated caspases may trigger the cleavage of PARP 

(421), and may also act upon a variety of intracellular targets to promote apoptosis (422).  

 

The PARP family consists of 17 members which have different structures and diverse functions 

in cells. PARP-1 is an abundant nuclear enzyme with approximately1-2 million copies in the cell 

which account for ~85% of total cellular PARP activity (400).  PARP-has a wide range of 

physiological as well as pathological functions. PARP-1 facilitates DNA repair and has been 

implicated in the process of apoptotic cell death following cellular injuries inflicted by the 

inflammatory response, ROS, and ischemia reperfusion.  Under basal conditions, the primary 

function of PARP-1 is to detect and repair DNA damage. However, cells with severely damaged 

DNA have amplified PARP-1 activity resulting in high NAD+ consumption (depleting ATP 

pools).  If unchecked, this activity inevitably leads to passive necrotic cell death (resulting from 
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prolonged ATP depletion) (423). This process is blocked by rapid cleavage and inactivation of 

PARP-1 by the action of caspases. However, insults which initiate necrosis cause PARP-1 

overactivation that proceeds unchecked due to inadequate caspase activation, lower PARP-1 

cleavage and less PARP-1 24-kD fragment formation (400).  

 

Having shown caspase 9 and 3 activation in the MTX treated rat intestines, we next assessed the 

expression of full length PARP-1 by IF, IHC and cleaved PARP-1 by WB. IF and IHC showed 

overexpression and nuclear translocation of PARP-1 in the MTX treated rat intestines. Western 

blot analysis of nuclear extracts from control rat intestines presented only 1 band at 113 kDa 

corresponding to the full length of PARP-1, while cleaved PARP was almost absent. Western 

blots of PARP protein in nuclei isolated from small intestines indicated that there was no 

disappearance of the 116-kDa active form of PARP and no significant appearance of the 85-kDa 

breakdown fragment in the control rats.  After MTX treatment, significant cleavage of PARP-1 

was seen as shown by the formation of 2 specific fragments: an 89-kD catalytic fragment and a 

24-kD DBD, in addition to moderate amounts of full length PARP.  It has been shown that 

cleavage of PARP by caspases to generate 89-kDa and 24-kDa fragments, is a hallmark of 

apoptosis and that this cleavage is thought to be a regulatory event for cellular death.  

 

Although cleavage of PARP-1 by caspases is a universal phenomenon during apoptosis, the 

significance of this cleavage in vivo is largely unknown. It is postulated that PARP-1 cleavage 

might occur in cells undergoing apoptosis to inactivate their capacity to repair DNA in order to 

preserve energy pools (424). An 89-kD catalytic fragment and a 24-kD DBD are 2 specific 

fragments obtained as a result of PARP-1 cleavage by caspase 3(400).  The 89-kD fragment 
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containing AMD and the catalytic domain of the enzyme has a greatly reduced DNA binding 

capacity and is liberated from the nucleus into the cytosol. The 24-kD cleaved fragment with 2 

zinc-finger motifs is retained in the nucleus, irreversibly binding to nicked DNA where it acts as 

a transdominant inhibitor of active PARP-1. Importantly, irreversible binding of the 24-kD 

PARP-1 fragment to DNA strand breaks inhibits DNA repair enzymes (including PARP-1) and 

attenuates DNA repair (also conserving cellular ATP pools) (425).  Thus, Cleavage and 

inactivation maintains the cellular ATP stores indispensable for apoptosis to proceed properly. 

Consistent with these hypotheses, cell lines expressing a caspase-resistant PARP-1 by mutating 

the DEVD214 site displayed increased apoptosis and necrosis after TNF-a treatment (424). 

These studies indicate that the caspase cleavage of PARP-1 is an important regulatory event in 

cellular functions. 

 

It must be stressed that PARP activation and PARP cleavage are fundamentally distinct events, 

linked to completely different modes of cell demise, that is, either necrotic or apoptotic.   The 

relationship between PARP activation and PARP cleavage, apoptosis vs. necrosis, is complex, 

but accumulating evidence suggests that PARP activation contributes to cell necrosis, while 

PARP cleavage (leading to a decreased PARP-1 activity) may serve as a protective mechanism 

(to prevent necrosis by cellular energy exhaustion) and thereby permit apoptosis.  Studies have 

shown that PARP cleavage functions as a molecular switch between apoptotic and necrotic 

modes of cell death (426). 

 

In the present study we have demonstrated increased PARP cleavage in the small intestines of 

MTX treated rats by different methods. Our studies demonstrate that IEC constitutively contain 
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the machinery of cell death, which is activated by MTX, leading to caspase activation.It is 

therefore proposed that caspase 3 activation and PARP cleavage and apoptosis contribute to 

MTX induced small intestinal injury.  

 

In addition to apoptotic cell death, PARP-1 cleavage seems to regulate expression of 

inflammation mediators through its role in coactivation with NF-kB (427).   As a co-activator of 

nuclear factor kappa B (NF-κB), PARP-1 may potentiate injury by promoting the synthesis of 

pro-inflammatory mediators at the site (424).  As PARP-1 fragments can costimulate NF-kB 

activity, it is reasonable to speculate that cleaved fragments of PARP-1 might modulate the 

interaction of p300 and NF-kB with the basal transcription machinery (428-429). However, the 

exact molecular mechanisms have yet to be investigated. Studies have shown that NFkB 

transcriptional activity was impaired in PARP-1KI/KI cells in response to inflammatory stress 

(424, 430). These results suggest that the PARP-1 cleavage event is physiologically relevant in 

the regulation of an inflammatory response in vivo. 

 

Indeed, we found that enhanced PARP cleavage is accompanied by increased NF-kB 

transcriptional activity in the small intestines of MTX treated rats, thereby suggesting a role for 

PARP-1 in inflammation.  In certain inflammatory conditions such as coeliac disease, nematode 

infections, and graft versus host disease, numbers of apoptotic nuclei were reported to be 

increased in villus epithelial cells, indicating that apoptosis has important roles not only in 

physiological replacement of villus epithelial cells but also in pathological conditions (421). 

Nuclear DNA degradation is a critical event in the mechanism of cell death (431-432), and at 

least in part this process seems to be linked to mitochondrial dysfunction. There is good evidence 
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that exposure of cells to oxidant stress (e.g. H2O2, peroxynitrite, etc.) results in strand breaks in 

DNA. As MTX induced mucositis is associated with overproduction of ROS and RNS, we 

analysed DNA fragmentation by agarose gel electrophoresis of DNA isolated from rat intestine. 

In the control group, there was intact DNA without any laddering. MTX treatment resulted in 

substantial increase in internucleosomal DNA fragmentation evident from DNA laddering 

pattern indicating apoptotic death of enterocytes. 

 

Apoptosis in the crypts and villus of the small intestine is reported to contribute to 

chemotherapeutic drug and radiation induced small intestinal injury (433).   Augmentation of 

enterocyte apoptosis has been shown to one of the mechanisms by which chemotherapeutic drug 

induced mucositis (434).  Inhibition of enterocyte apoptosis by different agents has been shown 

to improve intestinal recovery following chemotherapy -induced intestinal-mucositis in rats (58).  

Methotrexate, irinotecan, and 5-fluorouracil, cisplatin have been reported to mediate their GI 

toxicity by activation of the mitochondrial apoptotic pathway (23, 405-406, 435). This is 

evidenced by their induction of chromatin condensation, DNA fragmentation, caspase-3 

activation and cytochrome c release. The key role of apoptotic pathway in chemotherapeutic 

drug uinduced mucositis is supported by the observations that combined treatment of the CT 

with antioxidants such as NAC, carnitine, genestein, vitamin C and tocopherol attenuated the 

apoptotic pathway and prevented SI injury (433, 436-439).  The findings of our study is 

supported by earlier reports that IEC-6 cells exposed to MTX, the chromatin condensation, DNA 

fragmentation, caspase-3 activation and cytochrome c release were observed (440).  The MTX-

induced apoptosis of IEC-6 cells was shown to be depressed by AGE (440-441).     

 



174 

 

In summary, apoptosis appears to play a role in the occurrence of intestinal mucositis induced by 

MTX chemotherapy.  The mitochondrial pathway of apoptosis appears to play a predominant 

role in MTX mucositis as evidenced by cytochrome c release, activation of caspases 9 and 3, 

PARP cleavage, and DNA fragmentation. 

 

 

 

 

 

 

 

 



 

 

STUDY – V 

Protective effect of Aminoguanidine, 

selective inhibitor of iNOS on MTX induced 

mucositis 
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STUDY 5: Effect of pretreatment with aminoguanidine, a selective inhibitor 

of iNOS on MTX induced nitrosative stress, upregulation of NFkB 

inflammatory pathway and apoptotic pathway, and small intestinal mucositis 

 

6.5.1. ABSTRACT 

Aminoguanidine, a selective iNOS inhibitor, has powerful antioxidant property in addition to its 

potency to attenuate nitrosative stress.  Our earlier studies have shown that MTX induced small 

intestinal damage is due to increased oxidative stress and nitrosative stress.  In the present study 

we analyzed the protective effect of aminoguanidine on MTX treated enteritis.  To study this, 

rats were pretreated with aminoguanidine 30mg or 50mg /kg body weight 1 hour before the 

treatment of MTX 7 mg/kg body weight.  Control rats receive vehicle alone. A group of rats also 

received aminoguanidine 30mg or 50mg/ kg body weight.  After 24 hours of the final dose of 

MTX the rats were sacrificed and the small intestine tissue was removed. The segments of small 

intestine were stored for histology and histochemistry studies.  The mucosa was collected and 

used for rest of the experiments. The small intestine of rats in MTX treated group showed 

obvious mucosa atrophy and villi loss with the degeneration and necrosis of epithelium cells and 

infiltration of inflammatory cells. When the animals were pretreated with aminoguanidine, the 

development of these intestinal lesions was prevented in a dose-dependent manner. As expected, 

AG pretreatment significantly decreased MTX induced iNOS upregulation, NO overproduction, 

and 3NT. AG pretreatment attenuated MTX induced loss of activities of antioxidant enzymes 

including catalase, GST, CA, as well as ETC complexes IV and V and TCA enzymes, aconitase, 

and SDH. AG pretreatment attenuated MTX induced upregulation of NFκB and its 

proinflammatory target genes protein expressions, iNOS, TNF, COX-2 and PLA2. AG 
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pretreatment attenuated MTX induced mitochondrial apoptotic pathway, CYT-C, CASP-9, 

CASP-3, PARP cleavage, and DNA fragmentation. However, AG pretreatment had no 

significant effect on the mRNA expressions of these proteins. In conclusion, AG pretreatment 

improved MTX induced morphological changes in the small intestine inhibited the NFkB 

inflammatory pathway and apoptotic pathway.  Thus, aminoguanidine has a protective role in 

MTX induced mucositis.  

 

6.5.2. INTRODUCTION 

Chemotherapy is one of the most effective treatments for patients with cancer. However, the 

cytotoxicity of chemotherapeutic agents to normal tissues is a critical factor that undermines the 

curative potential of chemotherapy. Chemotherapy-induced alimentary mucositis is an extremely 

common condition that is caused by a breakdown of the mucosal barrier. It occurs in between 40 

- 100% of cancer patients depending on the treatment regimen. Symptoms typically include pain 

from oral ulceration, vomiting and diarrhea (442). Alimentary mucositis often necessitates 

chemotherapy reductions or treatment breaks, overall potentially compromising survival 

outcomes. Consequently, alimentary mucositis creates a burden not only on patients' quality of 

life but also on healthcare costs. Despite this, currently, there is no clinically effective 

localised/pharmacological therapy intervention strategy to prevent alimentary mucositis. 

 

To achieve the method for selective killing of cancer cells without causing side effects of 

chemotherapeutic agents, it is important to elucidate the mechanism of cell death induced by the 

agents. Studies have shown that NO plays a role in intestinal mucositis (102, 253), the detailed 

mechanism by which NO contributes to SI injury is not fully understood. Mucositis has been 
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induced in the rats by the administration of chemotherapeutic agents, including methotrexate 

(225), Studies have shown that mucositis in this model mimics the symptoms and mucosal 

damage that occur in mucositis occurring in humans. 

 

We used MTX in order to investigate in detail the role of NO in chemotherapy induced 

mucositis. In chapter 1 we have demonstrated increased protein tyrosine nitration, and selective 

nitration of proteins. We have also shown that NFkB and its target inflammatory cytokines TNF 

and COX-2 contribute to MTX induced mucositis (chap 3).  In addition, we have demonstrated 

(chap 4) that apoptotic pathway plays a role in MTX induced SI injury as evidenced by the 

release of cytochrome c from the mitochondria to the cytosol, activation of caspases 9 and 3, 

PARP cleavage and DNA fragmentation.  

 

In the gastrointestinal tract (GIT) NO shows a dual behavior: at physiological concentrations, 

released through the constitutive synthase (cNOS), it regulates house-keeping functions, whereas 

its overproduction by the inducible isoenzyme (iNOS) exhibits cytotoxic activity (103).  Thus, 

non-selective NOS inhibitors such as L-NAME, L-NMMA, and other L arginine analogs not 

only inhibit the high output inducible NOS, but also inhibited constitutive NO synthesis that is 

critical to regulating tissue perfusion, microvascular permeability, and platelet and leukocyte-

endothelial interactions (443). Thus, a specific inhibitor of iNOS will be needed, so that not 

compromising the activity of eNOS and the corresponding vasoregulatory function of •NO in the 

endothelium.  
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Aminoguanidine (AG) is a bifunctional molecule comprising the guanido group from L-arginine 

linked to hydrazine, and was first described by Corbett et al. (212) as a selective inhibitor of 

iNOS. Misko et al. (211) showed that AG selectively inhibits iNOS without increasing blood 

pressure; AG was 50-fold more effective on inhibiting the enzymatic activity of iNOS than 

eNOS or nNOS (212). 

 

In this study, we tested whether the effects of AG on MTX induced SI injury. We used two doses 

of AG, 30 mg and 50 mg per kg body weight.  The doses were chosen based on earlier studies 

(444-446).  

 

6.5.3 AIM and OBJECTIVES 

The present study was designed to evaluate the efficacy of aminoguanidine in the prevention of 

MTX mucositis. 

The main objective of this study is to investigate the effect of AG pretreatment on 

 Morphology of the small intestines 

 Nitrated protein level in the small intestines 

 Activities of enzymes that are reported targets of peroxynitrite 

 NFkB inflammatory signaling pathway 

 Apoptotic pathway 

 

6.5.5. SUMMARY OF EXPERIMENT 

Adult male wistar rats (200 – 250g) were treated as follows: 

Group I : Control rats received vehicle alone 
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Group II: Rats received MTX 7mg/kg body weight intraperitoneally for 3 consecutive days.  

Group III: Rats received aminoguanidine 30mg/kg body weight intraperitoneally for 3 

consecutive days.  

Group IV: Rats were pretreated with aminoguanidine 30mg/kg body weight 1 hour before the 

treatment of MTX 7mg/kg body weight intraperitoneally for three consecutive days.   

Group V: Rats received aminoguanidine 50mg/kg body weight intraperitoneally for 3 

consecutive days. 

Group VI: Rats were pretreated with aminoguanidine 50mg/kg body weight 1 hour before the 

treatment of MTX 7mg/kg body weight intraperitoneally for three consecutive days.   

After 24 hours of the final dose of MTX the rats were sacrificed and the entire length of 

small intestine tissue was removed, washed with saline and a piece of segments (duodenum, 

jejunum, ileum) was stored for histology, immunohistochemistry and double 

immunofluorescence studies.  The mucosa scrapings was collected and used for the rest of the 

analysis.   

 

Histology 

The small intestine segments (duodenum, jejunum, ileum) was fixed in 10% buffered 

formaldehyde, dehydrated in graded ethanol and embedded in paraffin.  Five-micron sections 

were cut on a microtome, mounted on clear glass slides and stained with haematoxylin and eosin. 

The sections were examined by light microscopy (Leica) and evaluated by pathologist in a 

blinded fashion. 
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Nitric oxide levels 

Nitric oxide level was measured in mucosal homogenate by analysis of its metabolites (nitrate 

and nitrite levels) using copper cadmium alloy and griess reagent and the results were expressed 

as nmoles/mg protein. 

Enzyme assays 

The activities of ETC complex enzymes (IV, F1 ATPase), TCA cycle enzymes (aconitase, 

creatine kinase, succinate dehydrogenase, and glutamate dehydrogenase) and antioxidant enzymes 

(catalase, superoxide dismutase, glutathione s transferase, carbonic anhydrase) were measured by 

spectrophotometric method and expressed as respective units/mg protein. 

Immunohistochemistry 

Small intestine segments (duodenum, jejunum, ileum) was sectioned as 5microns and fixed on 

microscopic slides.  Sections were incubated using iNOS, NTY, NFkB, COX2, CYTC, CASP3, 

CASP9, PARP primary antibody.  The bound primary antibody was detected by the addition of 

secondary antibody conjugated with horseradish peroxidase polymer and DAB substrate. Later 

the slides were counterstained with Harris Haematoxylin and mounted with DPX mountant 

medium.  Sections were examined under bright field light microscopy (Olympus - cellsens 

standard software) and evaluated by pathologist.  The intensity of brown precipitate in the tissue 

sections indicates the presence of proteins. 

IHC Scoring 

Qualitative scoring was done based on the intensity of staining as score 1 for weak staining, 

score 2 for moderate staing and score 3 for strong staining.  Quantitative scoring was done based 

on the positive cells as score 0 for <10% positive cells, score 1+ for 10-25% positive cells, score 

2+ for 25-50% positive cells, score 3+ for 50-75% positive cells, score 4+ for >75% positive 
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cells.  Quick score (Q) was calculate as results scored by multiplying the percentage of positive 

cells (P) by the intensity (I). Formula: Q = P x I; Maximum = 300 cells to be taken  

Immunofluorescence 

Small intestine segments (duodenum, jejunum, ileum) was sectioned as 5microns and fixed in 

microscopic slides.  All the sections was incubated using NFkB and PARP primary antibodies 

and detected using respective fluorochrome conjugated secondary antibody.  Nuclei 

counterstained by DAPI.  Sections examined under fluorescence microscope.  The intensity of 

red and green stain indicates the protein expression and the merge of red/green stain and blue 

stain indicated the location of protein on nuclei in small intestine sections.   

PCR 

RNA was isolated from small intestine mucosa samples using TRI reagent, cDNA was 

constructed and mRNA iNOS, NFkB, COX2, TNFA, CASP3 gene expression was analyzed 

using SYBR green reagent kit. 

DNA fragmentation 

DNA was isolated using TRI reagent.  Isolated DNA was separated in 1% agarose gel that 

contained 0.05% ethidium bromide, using Tris-aceticacid-EDTA (TAE) buffer 40mM Tris base; 

Glacial acetic acid; 0.5M EDTA, Disodium Salt, Dihydrate; Final pH 8.0 . The separated bands 

were visualized and documented using an AlphaEase FC gel documentation system.  The intact 

band indicates no fragmentation and the multiple bands seen in gel indicates fragmentation. 
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6.5.5 RESULT 

(I) EFFECT OF AG PRETREATMENT ON HISTOLOGY OF MTX TREATED SMALL 

INTESTINE TISSUE: 

AG pretreatment attenuated MTX induced small intestinal injury 

We analyzed the structure of small intestine in rats of different groups by microscopic 

examination As shown in Figure: 6.5.1 the architecture of mucosa under light microscopy was 

intact in healthy rats (control rats). The villi were present as finger-like projections and well 

arranged in intestinal tissue and the infiltration of inflammatory cells was hardly observed in the 

intestinal mucosa.  Muscularis mucosae were intact at the boundary of the mucosa and 

submucosa in healthy rats (Figure: 6.5.1).  In MTX-induced rats, massive destruction of the 

intestinal mucosa was observed with atrophic, shorter, and fractured villi and infiltration of 

inflammatory cells into the lamina propria and muscular layer. Besides, serious swell of villi and 

loose structure of mucous membrane were observed (Figure: 6.5.1). In contrast, AG pretreatment 

ameliorated MTX induced small intestinal damage in a dose-dependent manner at 30mg (Figure: 

6.5.2) and 50mg (Figure: 6.5.3). After the administration of AG, mucosa morphology was 

significantly improved compared with MTX group.  The mucosa was thicker, better organized 

and infiltrated with less inflammatory cells. Small intestines of rats treated with aminoguanidine 

alone (30 mg / 50 mg) showed normal morphology (Figure: 6.5.2 and Figure: 6.5.3).  Thus AG 

pretreatment had a dose dependent protective effect against the histological damage induced by 

MTX. 

 



Figure: 6.5.1 

 

Histology of the duodenum (A), jejunum (B) and ileum (C) of control and MTX after 24 

hours of final dose, magnification X100.  V – Villus, CL – Crypts of Leiberkhun; ME – 

Muscularis Externa.  Control rats showing normal architecture. MTX rats show 

morphological changes like, villi were shortened in the duodenum (A), distorted in the 

jejunum (B) and aborted, flattened, blunted and fused in the ileum (C). Black arrow 

indicates the villi and the white arrow indicates the crypt abscess.   



Figure: 6.5.2 

 

Histology of the duodenum (A), jejunum (B) and ileum (C) of 30mg aminoguanidine alone 

(30mg AG) and 30mg aminoguanidine pretreated MTX (30mg AGM) after 24 hours of 

final dose, magnification X100.  30mg AG rats show normal architecture. 30mg AGM rats 

show taller villi and normal crypt in the duodenum (A), taller villi and crypt abcess in the 

jejunum (B) and taller villi and crypt improvement in the ileum (C). Blue arrow indicates 

the normal villi, red arrow indicates normal crypt and the white arrow indicates 

morphological changes in the crypt.   



Figure: 6.5.3 

 

Histology of the duodenum (A), jejunum (B) and ileum (C) of 50mg aminoguanidine alone 

(50mg AG) and 50mg aminoguanidine pretreated MTX (50mg AGM) after 24 hours of 

final dose, magnification X100.  50mg AG rats show normal architecture. 50mg AGM rats 

show taller villi and improvement of crypt in the duodenum (A), normal architecture of 

villi and crypt in the jejunum (B) and taller villi and crypt abcess in the ileum (C). Blue 

arrow indicates the normal villi and the white arrow indicates morphological changes in 

the crypt.   
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(II) EFFECT OF AG PRETREATMENT ON NITROSATIVE STRESS PARAMETER IN 

THE SMALL INTESTINES OF MTX TREATED RATS: 

AG pretreatment reduced MTX induced increased NO level, iNOS protein expression and 

protein tyrosine nitration in the small intestines 

MTX treatment resulted in more than 2 fold increase in NO levels (nitrite + nitrate) in the small 

intestines of rats. Pretreatment with AG suppressed the levels of nitric oxide more than 50% 

caused by MTX (Figure: 6.5.4).   

 

With respect to iNOS immunostaining, MTX-treated rats presented intense iNOS 

immunostaining in the enterocytes, lamina propria cells, and neutrophils and other inflammatory 

cells surrounding and within necrotic crypts, when compared to the weak immunostaining of 

villus and crypt regions from unchallenged rats.  Aminoguanidine pretreatment considerably 

reduced the immunostaining for iNOS (Figure: 6.5.5).  iNOS mRNA levels were increased 2 fold 

in the small intestines of MTX treated rats as compared with control.  However, AG pretreatment 

had no significant effect on iNOS gene expression (Figure: 6.5.6). 

 

Rats receiving MTX presented intense immuno-labeling for nitrotyrosine both in enterocytes and 

lamina propria cells, in contrast to the weak immunostaining seen in the control rats. 

Aminoguanidine pretreatment considerably reduced the immunostaining for nitrotyrosine 

(Figure: 6.5.7).  Thus, aminoguanidine pretreatment attenuates MTX induced nitrosative stress in 

the small intestines. 

 



 

         

 

Figure: 6.5.4 – Nitrite, nitrate and nitric oxide levels in the small intestine mucosa of 

control and experimental rats, 24 hours after the final dose of vehicle, MTX and AG 

respectively.  Data represent mean ± SD, N = 6 in each group, ** P value < 0.005 as 

compared to control, # P value < 0.05 as compared to MTX, ## P value < 0.005 as 

compared to MTX. 



Figure: 6.5.5     iNOS IHC 

 

 

 

 

 

Site VEH MTX 30mg AG 30mg AGM 50mg AG 50mg AGM 

Duodenum +/- ++ +/- + +/- + 

Jejunum +/- ++ +/- ++ +/- + 

Illeum + +++ +/- ++ +/- ++ 

Representative image of iNOS protein expression in the ileum of rats 24 hours after 

the treatment with MTX and AG pretreated by immunohistochemical analysis 

(20X).  MTX treated rats shown increased immunostaining of iNOS when compared 

to basal immunostaining in control rat small intestine tissue treated with vehicle.  

The expression was decreased in AG pretreated (30mg AGM and 50mg AGM) 

samples when compared to MTX. 



 

 

 

 

 

Figure: 6.5.6 - Effect of AG on MTX treated iNOS mRNA levels.  RT-PCR analysis of 

iNOS mRNA expression after 24hours of final dose of MTX treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, ## P value < 0.005 as compared to 

MTX, && P value < 0.005 as compared to 30AGM. 

 

 

 

 

 



Figure: 6.5.7     NTY IHC 

 

 

 

 

Site VEH MTX 30mg AG 30mg AGM 50mg AG 50mg AGM 

Duodenum +/- ++ ++ +++ ++ ++ 

Jejunum +/- +++ ++ ++ + ++ 

Ileum ++ +++ ++ ++ ++ +++ 

Representative image of NTY protein expression in the jejunum of rats 24 hours 

after the treatment with MTX and AG pretreated by immunohistochemical analysis 

(20X).  MTX treated rats shown increased immunostaining of NTY when compared 

to basal immunostaining in control rat small intestine tissue treated with vehicle.  

The expression was decreased in AG pretreated (30mg AGM and 50mg AGM) 

samples when compared to MTX. 
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(III) EFFECT OF AG PRETREATMENT ON MTX INDUCED ALTERATIONS IN 

ENZYME ACTIVITY IN SMALL INTESTINES 

AG pretreatment restored MTX induced alterations in the activities of mitochondrial ETC 

complexes and TCA cycle enzymes 

We analyzed the activities of enzymes involved in the energy production of the cell to assess the 

protective role of aminoguanidine on insufficient energy metabolism caused by MTX. The MTX 

treatment resulted in significant reduction in the activities of ETC complexes: 60% cytochrome c 

oxidase - complexes IV (Figure: 6.5.8) and more than 50% F1 ATPase - complex V (Figure: 

6.5.9) in the small intestine.  AG pretreatment significantly restored the activities of these 

enzymes as compared to MTX. 

The MTX treatment also resulted in significant reduction in the activities of TCA cycle enzymes 

and creatine kinase: 65% in aconitase (Figure: 6.5.10), 70% in succinate dehydrogenase (Figure: 

6.5.11), and 80% in creatine kinase (Figure: 6.5.12) in the intestines. AG pretreatment restored 

the activities of all these enzymes. 

 

AG pretreatment restored MTX induced alterations in the activities of antioxidant 

enzymes in the small intestines 

To investigate the involvement of antioxidant enzymes in mediating antioxidant activity of AG, 

the activities of the intracellular antioxidant enzymes were measured in the different treatment 

groups. The activities of SOD, CAT, GST and CA were done. To eliminate ROS from the 

cellular system, SOD and CAT function coordinately to remove superoxide radicals. In the 

MTX-treated group, SOD activity was increased by 1.66 fold compared to the vehicle control. In 

the AG pretreated group, the activity was found to be decrease, which was comparable to the 
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MTX (Figure: 6.5.14).  SOD catalyzes the dismutation of superoxide radicals into O2 and H2O2, 

which is in turn converted into H2O by catalase, thus preventing oxidative stress. In this study, 

the activity of catalase was decreased by 70% s in the MTX treated rats, and this decrease in 

activity was prevented in the AG pretreated rats (Figure: 6.5.15). 

GST, a secondary antioxidant enzyme used in drug detoxification, helps in the radical-

scavenging activity of GSH. The activity of GST was reduced 55% in the MTX treated group 

compared to the control group. Significant protection was observed in the AG pretreated group 

(Figure: 6.5.16).  Therefore, the attenuation of these antioxidant enzyme activities reveals the 

antioxidant property of AG. 

CA, is an enzyme which maintains the chemical environment of the cells and helps to prevent 

the damage to the cells.  The MTX treatment decreased the activity of CA by 80% as compared 

to control group.  AG pretreatment significantly restored the activity (Figure: 6.5.17).  

 

 

 

 

 

 



 

Figure: 6.5.8 - Cytochrome-C oxidase (CYTC) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as 

compared to MTX, $ P value < 0.05 as compared to AG. 

 

Figure: 6.5.9 - F1 ATPase (ATPase) enzyme activity in the small intestines of control and 

experimental rats 24 hours after the treatment of MTX.  Data represent mean ± SD, N = 6 

in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as compared 

to MTX. 



 

Figure: 6.5.10 - Aconitase (ACO) enzyme activity in the small intestines of control and 

experimental rats 24 hours after the treatment of MTX.  Data represent mean ± SD, N = 6 

in each group, * P value < 0.05 as compared to control, # P value < 0.05 as compared to 

MTX, ## P value < 0.005 as compared to MTX. 

 

Figure: 6.5.11 - Succinate dehydrogenase (SDH) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as 

compared to MTX, $$ P value < 0.005 as compared to AG. 



 

Figure: 6.5.12 - Creatine kinase (CK) enzyme activity in the small intestines of control and 

experimental rats 24 hours after the treatment of MTX.  Data represent mean ± SD, N = 6 

in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as compared 

to MTX, $$ P value < 0.005 as compared to AG. 

 

Figure: 6.5.13 - Glutamate dehydrogenase (GDH) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, ## P value < 0.005 as compared to MTX, & P value < 0.05 as 

compared to 30AGM. 



 

Figure: 6.5.14 - Superoxide dismutase (SOD) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as 

compared to MTX. 

 

Figure: 6.5.15 - Catalase (CAT) enzyme activity in the small intestines of control and 

experimental rats 24 hours after the treatment of MTX.  Data represent mean ± SD, N = 6 

in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as compared 

to MTX. 



 

Figure: 6.5.16 - Glutathione-S-transferase (GST) enzyme activity in the small intestines of 

control and experimental rats 24 hours after the treatment of MTX.  Data represent mean 

± SD, N = 6 in each group, ## P value < 0.005 as compared to MTX. 

 

Figure: 6.5.17 - Carbonic anhydrase (CA) enzyme activity in the small intestines of control 

and experimental rats 24 hours after the treatment of MTX.  Data represent mean ± SD,  

N = 6 in each group, ** P value < 0.005 as compared to control, ## P value < 0.005 as 

compared to MTX. 
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(IV) EFFECT OF AG PRETREATMENT ON INFLAMMATORY SIGNALLING 

PATHWAY  

AG pretreatment inhibited NF-κB translocation into nucleus and decreased NFκB protein 

level but had no effect on its gene expression 

We intended to investigate whether AG pretreatment could result in inactivation of NF-κB signal 

pathway. We examined whether AG pretreatment could block NF-κB translocation into nucleus, 

since nuclear translocation seemed to correlate with NF-κB-mediated transcriptional activation. 

Using immunoflourescence, in the control rats, NFκB p65 was detected mainly in the cytoplasm.  

Treatment with MTX induced translocation of NFκB p65 from the cytoplasm to the nucleus, 

which was inhibited by AG pretreatment (Figure: 6.5.18). 

 

In addition, the expression and location of NF-κB p65 was examined by immunohistochemistry 

in small intestinal tissue. The expression level of NF-κB p65 in MTX treated group was 

significantly higher than that in the control group. NF-κB p65 was mainly expressed in the 

nucleus, cytoplasm of epithelia. AG pretreatment significantly reduced the expression level of 

NF-κB compared to the MTX treated rats without AG pre treatment (Figure: 6.5.19). 

AG pretreatment had no effect on MTX induced increase in NFκB mRNA expression (Figure: 

6.5.20). The results indicate that AG pretreatment suppresses the inflammation response in MTX 

induced mucositis via NF-κB signaling pathway 

 

AG pretreatment decreased the protein expressions of NFκB target gene: COX2 and PLA2 

With regard to COX-2 and PLA2 protein expression the control rat intestine showed little 

staining whereas after treatment with MTX resulted in intense staining for COX-2 (Figure: 
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6.5.21) and PLA2 (Figure: 6.5.22). AG pretreatment was decreased the COX-2 and PLA2 

expression as compared to MTX.  The mRNA expression levels of COX-2 was in MTX treated 

group were significantly higher than that in the control group. However, AG pretreatment had no 

effect on MTX induced increase in COX-2 mRNA (Figure: 6.5.23).   

 

AG pretreatment has no effect on gene expressions of other NFκB target genes - TNF, 

MMP2, MMP9, HO-1 and HSP70 

TNF-α and IL-6 are two major pro-inflammatory cytokines released in intestinal mucosa during 

the disruption of intestinal epithelial barrier integrity, which leads to intestinal epithelial barrier 

dysfunction. In order to examine the effect of AG on inflammatory response, the expression level 

of intestinal TNF-α was determined by RT PCR. The mRNA expression levels of TNF-α was in 

MTX treated group were significantly higher than that in the control group. However, AG 

pretreatment had no effect on MTX induced increase in TNF mRNA (Figure: 6.5.24).   

 

RT-PCR was performed to investigate the effect of AG in the regulation of HO-1, HSP70, 

MMP2, MMP9 mRNA expressions in intestinal tissue. The mRNA expressions of HO-1, 

HSP70, MMP2, MMP9 were significantly higher in the MTX treated groups as compared with 

control. AG pretreatment further increased HSP70 mRNA as compared with MTX (Figure: 

6.5.26). This may be an adaptive response.  However, AG pretreatment had no significant effect 

on MTX induced alteration in these genes HO-1 (Figure: 6.5.25), MMP2 (Figure: 6.5.27), 

MMP9 (Figure: 6.5.28). These results suggest that aminoguanidine exerts its beneficial effects at 

the translational levels and has no effect at transcription level.  



Figure: 6.5.18   NFκB translocation in nucleus by IF 

 

  

 

Representative image of NFkB in the small 

intestine segments of rats 24 hours after the 

treatment with MTX and AG pretreated by 

immunofluorescence analysis (40X).  MTX 

treated rats shown increased 

immunofluorescence of NFkB nuclear 

translocation when compared to basal 

immunostaining in control rat small intestine 

tissue treated with vehicle.  The expression was 

decreased in AG pretreated (30mg AGM and 

50mg AGM) samples when compared to MTX. 

 



Figure: 6.5.19     NFκB IHC 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum - ++ - + - - 

Jejunum - ++ - + - - 

Illeum - ++ - + - - 

Representative image of NFκB protein expression in the jejunum of rats 24 hours 

after the treatment with MTX and AG pretreated by immunohistochemical analysis 

(20X).  MTX treated rats shown increased immunostaining of NFκB when compared 

to basal immunostaining in control rat small intestine tissue treated with vehicle.  

The expression was decreased in AG pretreated (30mg AGM and 50mg AGM) 

samples when compared to MTX. 

 



 

 

 

 

 

Figure: 6.5.20 - Effect of AG on MTX treated NFκB mRNA levels.  RT-PCR analysis of 

NFκB mRNA expression after 24hours of final dose of MTX treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control, $$ P value < 0.005 as compared to AG. 

 

 

 

 



Figure: 6.5.21     COX-2 IHC 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum - + + + ++ + 

Jejunum - + + ++ + +/- 

Ileum - ++ + ++ +/- + 

Representative image of COX2 protein expression in the illeum of rats 24 hours 

after the treatment with MTX and AG pretreated by immunohistochemical 

analysis (20X).  MTX treated rats shown increased immunostaining of COX2 when 

compared to basal immunostaining in control rat small intestine tissue treated with 

vehicle.  The expression was decreased in AG pretreated (30mg AGM and 50mg 

AGM) samples when compared to MTX. 

 



Figure: 6.5.22     PLA2 IHC 

 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum -ve + + + ++ + 

Jejunum -ve + + ++ + +/- 

Ileum -ve ++ +/- + +/- + 

Representative image of PLA2 protein expression in the ileum of rats 24 hours after 

the treatment with MTX and AG pretreated by immunohistochemical analysis 

(20X).  MTX treated rats shown increased immunostaining of PLA2 when 

compared to basal immunostaining in control rat small intestine tissue treated with 

vehicle.  The expression was decreased in AG pretreated (30mg AGM and 50mg 

AGM) samples when compared to MTX. 

 



 

Figure: 6.5.23 - Effect of AG on MTX treated COX2 mRNA levels.  RT-PCR analysis of 

COX2 mRNA expression after 24hours of final dose of MTX treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as compared to 

control, $$ P value < 0.005 as compared to AG, && P value < 0.005 as compared to 

30AGM. 

 

Figure: 6.5.24 - Effect of AG on MTX treated TNFα mRNA levels.  RT-PCR analysis of 

TNFα mRNA expression after 24hours of final dose of MTX treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, ## P value < 0.005 as compared to 

MTX, $$ P value < 0.005 as compared to MTX, && P value < 0.005 as compared to 

30AGM. 



 

Figure: 6.5.25 - Effect of AG on MTX treated HO-1 mRNA levels.  RT-PCR analysis of 

HO-1 mRNA expression after 24hours of final dose of MTX treated small intestine mucosa 

tissue.  Data represent mean ± SD, N = 6 in each group, ** P value < 0.05 as compared to 

control, $$ P value < 0.005 as compared to AG. 

 

Figure: 6.5.26 - Effect of AG on MTX treated HSP70 mRNA levels.  RT-PCR analysis of 

HSP70 mRNA expression after 24hours of final dose of MTX treated small intestine 

mucosa tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as 

compared to control, ## P value < 0.005 as compared to MTX, $$ P value < 0.005 as 

compared to 30AGM. 



 

Figure: 6.5.27 - Effect of AG on MTX treated MMP2 mRNA levels.  RT-PCR analysis of 

MMP2 mRNA expression after 24hours of final dose of MTX treated small intestine 

mucosa tissue.  Data represent mean ± SD, N = 6 in each group, * P value < 0.05 as 

compared to control, $$ P value < 0.005 as compared to AG. 

 

Figure: 6.5.28 - Effect of AG on MTX treated MMP9 mRNA levels.  RT-PCR analysis of 

MMP9 mRNA expression after 24hours of final dose of MTX treated small intestine 

mucosa tissue.  Data represent mean ± SD, N = 6 in each group, # P value < 0.05 as 

compared to MTX, $$ P value < 0.005 as compared to AG. 
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(V) EFFECT OF AG PRETREATMENT ON APOPTOSIS SIGNALLING PATHWAY 

OF MTX TREATED SMALL INTESTINE TISSUE: 

Disruption of the mitochondrial membrane potential and an increasing concentration of cytosolic 

cytochrome c are important biomarkers of oxidative stress-induced cell damage, and the 

subsequent activation of caspase 9/3 represents a key step in the mitochondria-dependent cell 

death pathway. To determine if AG pretreatment protects against the MTX induced 

mitochondria-mediated toxicity, critical events of the cell death pathway, including the 

immunoreactive concentration of caspases, PARP activation, and DNA fragmentation were 

measured by IHC.  

 

Mitochondrial membrane permeability transition facilitates release of cytochrome c from 

mitochondria to cytosol. IHC analysis of intestines of MTX treated rats showed significant 

increase in cytosolic cytochrome c as compared to control, whereas in AG pretreated group this 

release was reduced (Figure: 6.5.29). 

 

Cytochrome c stimulates the cytosolic assembly of the apoptosome, which leads to the 

oligomerization and activation of caspase 9 and cleavage of caspase 3.  Furthermore, caspase 9/3 

is the most frequently activated death proteases for chromatin condensation and DNA 

fragmentation, which are essential processes associated with the degradation of cellular 

machinery (447). 

 

Caspase activation and PARP cleavage are hallmarks of apoptosis.  Therefore, we investigated 

the of AG pretreatment on caspase activation and PARP cleavage.  Immunohistochemistry (IHC) 
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for active caspases 9 (Figure: 6.5.30) and caspases 3 (Figure: 6.5.31) showed basal expression in 

the small intestines of control rats. In the MTX treated rat intestines, the staining for caspases 

was more intense and several villi enterocytes showed increased staining for caspases 9 and 3. 

AG pretreatment reduced MTX induced caspase activation as evidenced by weak staining for the 

caspases. AG pretreatment had no significant effect on MTX induced lowering of caspase 3 

mRNA expression (Figure: 6.5.32). 

 

With regard to PARP, intense staining was observed both the by immunohistochemically 

(Figure: 6.5.33) and immunofluorescence (Figure: 6.5.34) small intestine sections of MTX 

treated group.   Weak immunostaining of intestinal PARP was evident in control rats.  In the rats 

treated with MTX there was intense staining for PARP. The immunolocalisation of PARP 

protein expression was markedly decreased in aminoguanidine pretreated groups (30mg AGM 

and 50mg AGM) as compared to MTX treated group.  These results suggest that AG can also 

suppress the intestinal PARP-1 activation triggered by MTX administration.  

 

To determine if AG pretreatment protects against the MTX-induced DNA damage, DNA damage 

was qualitatively assessed through agarose gel electrophoresis.  Orderly degraded DNA and the 

characteristic oligonucleosome length of the DNA cleavage product were observed in the MTX-

treated rats. AG preatment prevented DNA fragmentation substantially as evident by the absence 

of DNA laddering pattern.   There was no DNA fragmentation in control, 30AG and 50AG group 

of samples. We also found restoration of the DNA quantity in 30AG and 50AG pretreated 

samples as compared to MTX (Figure: 6.5.35).  These results suggest that aminoguanidine 

pretreatment reduces apoptosis in MTX treated samples. 



Figure: 6.5.29     CYT-C IHC 

  

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum + +++ + ++ + ++ 

Jejunum +/- +++ + ++ + ++ 

Illeum + +++ + ++ + ++ 

Representative image of CYTC protein expression in the duodenum of rats 24 

hours after the treatment with MTX and AG pretreated by 

immunohistochemical analysis (20X).  MTX treated rats shown increased 

immunostaining of CYTC when compared to basal immunostaining in control 

rat small intestine tissue treated with vehicle.  The expression was decreased in 

AG pretreated (30mg AGM and 50mg AGM) samples when compared to MTX. 

 



Figure: 6.5.30     CASP-9 IHC 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum + +++ + ++ + + 

Jejunum + +++ + ++ + + 

Illeum + +++ + ++ + + 

Representative image of CASP9 protein expression in the jejunum of rats 24 

hours after the treatment with MTX and AG pretreated by immunohistochemical 

analysis (20X).  MTX treated rats shown increased immunostaining of CASP9 

when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle.  The expression was decreased in AG pretreated (30mg 

AGM and 50mg AGM) samples when compared to MTX. 

 



Figure: 6.5.31     CASP-3 IHC 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum +/- ++ + ++ ++ ++ 

Jejunum + +++ + ++ + ++ 

illeum + +++ + ++ + ++ 

Representative image of CASP3 protein expression in the ileum of rats 24 hours 

after the treatment with MTX and AG pretreated by immunohistochemical 

analysis (20X).  MTX treated rats shown increased immunostaining of CASP3 

when compared to basal immunostaining in control rat small intestine tissue 

treated with vehicle.  The expression was decreased in AG pretreated (30mg AGM 

and 50mg AGM) samples when compared to MTX. 

 



 

 

 

Figure: 6.5.32 

 

Effect of AG on MTX treated CASP3 mRNA levels.  RT-PCR analysis of CASP3 mRNA 

expression after 24hours of final dose of MTX treated small intestine mucosa tissue.  Data 

represent mean ± SD, N = 6 in each group, ** P value < 0.005 as compared to control, $$ P 

value < 0.005 as compared to AG. 

 

 

 

 



Figure: 6.5.33     PARP IHC 

 

 

 

Site VEH MTX 30mg AG 30mgAGM 50mg AG 50mgAGM 

Duodenum + ++ + ++ + ++ 

Jejunum - +++ + + + +  

Illeum + +++ + + + ++ 

Representative image of PARP protein expression in the jejunum of rats 24 hours 

after the treatment with MTX and AG pretreated by immunohistochemical 

analysis (20X).  MTX treated rats shown increased immunostaining of PARP when 

compared to basal immunostaining in control rat small intestine tissue treated with 

vehicle.  The expression was decreased in AG pretreated (30mg AGM and 50mg 

AGM) samples when compared to MTX. 

 



Figure: 6.5.34   PARP activation in nucleus by IF 

 

 

 

Representative image of PARP on nucleus in 

the small intestine segments of rats 24 hours 

after the treatment with MTX and AG 

pretreated by immunofluorescence analysis 

(40X).  MTX treated rats shown increased 

immunofluorescence of PARP on nucleus 

when compared to basal immunostaining in 

control rat small intestine tissue treated with 

vehicle.  The expression was decreased in AG 

pretreated (30mg AGM and 50mg AGM) 

samples when compared to MTX. 

 



 

Figure: 6.5.35   DNA FRAGMENTATION ASSAY 

 

Effect of aminoguanidine on DNA fragmentation in methotrexate treated small intestine 

tissue.  AG pretreatment protected against MTX induced DNA fragmentation. 
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6.5.6 DISCUSSION 

We have examined in detail the role of NO in MTX induced intestinal mucositis. We have 

demonstrated induction of iNOS protein and mRNA expression, nitrate accumulation, increased 

protein tyrosine nitration, and selective nitration of proteins in the small intestines of MTX 

treated rats (chap 1). We have also shown that NFκB and its target inflammatory cytokines TNF 

and COX-2 contribute to MTX induced mucositis (chap 3). In addition, we have demonstrated 

(chap 4) that apoptotic pathway plays a role in MTX induced SI injury as evidenced by the 

release of cytochrome c from the mitochondria to the cytosol, activation of caspases 9 and 3, 

PARP cleavage and DNA fragmentation. 

 

As MTX mucositis is associated with increased iNOS expressions and NO (PON) 

overproduction, we hypothesized that that the administration of AG, a selective iNOS inhibitor 

may protect against MTX induced SI injury by attenuating NO over production and PON 

formation.  We first assessed the effects of AG pretreatment MTX induced morphological 

changes in the small intestines. MTX induced intestinal injury was assessed by histology using 

staining with hematoxylin and eosin. Cross-sections of small intestines from MTX treated rats 

demonstrated mucosa atrophy, broadening of the intestinal villi, degeneration and necrosis of 

epithelium cells .edema, and infiltration of inflammatory cells. When the animals were pretreated 

with AG, the development of these intestinal lesions was prevented in a dose-dependent manner.  

Thus, AG is protective against histological damage induced by MTX.  

 

Biochemically, aminoguanidine pretreatment attenuated MTX induced iNOS protein expression 

and nitrite levels. Our findings are in agreement with those reported earlier (225). Other studies 
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have shown that aminoguanidine attenuates oral mucositis induced in rats by 5-FU treatment by 

blocking iNOS expression (239) and intestinal ulceration induced by indomethacin by 

suppressing NO production due to iNOS (448).  Selective inhibition of iNOS by agents other 

than AG has been shown to protect against intestinal injury caused by different agents.  

Minocycline protects mice from gut injury induced by 5-FU by inhibiting iNOS (449), 400 W, a 

iNOS specific iNOS inhibitor s attenuates oral mucositis induced in rats by 5-FU treatment (239, 

450).   Anti-inflammatory agents such as CR3294 inhibit the expression of inducible nitric oxide 

synthase (iNOS) and protects the epithelium from injury in validated animal models of GI 

inflammation (439). Geldanamycin GA inhibits hemorrhage-induced iNOS overexpression, 

which diminishes the iNOS-induced cell injury (451). It is important to note that iNOS blockade 

has been shown to be beneficial in preventing I/R-induced gut injury/dysfunction (451-452). 

Inhibitory effect of baicalin on iNOS and NO expression in intestinal mucosa of rats with acute 

endotoxemia (254).  These findings provide strong evidence for the role of iNOS in intestinal 

inflammation.  

 

Nitration of protein tyrosine (3NT) is considered as foot print of PON formation. In this regard, 

we detected a significant increase of nitrotyrosine immunostaining in the intestinal segments of 

MTX-treated rats, reinforcing the role of NO via peroxynitrite on intestinal mucositis. 

Aminoguanidine pretreatment considerably reduced the immunostaining for nitrotyrosine 

suggesting that the decrease in the NT observed when aminoguanidine was administered to 

MTX-treated rats is probably related to suppression of peroxynitrite formation. Anti-

inflammatory drugs like corticoids, indomethacin have been shown to be protective against 

peroxynitrite-mediated small intestinal injury and to decrease protein nitration levels (453-454).  
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NO and NF-κB signaling pathways are intimately linked. While, NF-κB activation is essential 

for NOS2 gene transcription, and NO regulates NF-κB at various points in its activation cascade. 

NO-related molecules modulate NF-κB signal transduction in a cell- and stimulus-specific 

manner, NO has been found to positively modulate NF-κB activation by affecting signaling 

cascades regulating inflammation (247).  In vivo studies show that NO up-regulates NF-κB 

activation in situations like hemorrhagic shock and reperfusion injury (357). Therefore, we 

speculated that inhibition of iNOS may prevent NFκB activation.  Indeed, in our study we found 

that AG pretreatment inhibits MTX induced NF-κB p65 nuclear translocation as evidenced by 

IF, IHC and WB. It has been demonstrated that interfering with iNOS ameliorates hemorrhagic 

shock- or sepsis-induced NF-κB activation in the gut.  It has also been shown that iNOS protein 

and mRNA can be regulated transcriptionally via NFκB in the rat intestine (455). The resulting 

increased production of NO from iNOS may then produce intestinal injury and dysfunction 

directly or through the recruitment of leukocytes into the intestine. In several models of intestinal 

injury inhibition of NFκB has been shown to be beneficial in preventing intestinal injury, 

inflammation and lowering TNF, nitrite and iNOS expression (67).   

 

We have demonstrated that MTX upregulates NF-κB inflammatory pathway resulting in the 

induction of its proinflammatory target gene such as, cyclooxygenase-2 (COX-2), tumor necrosis 

factor (TNF)-α, iNOS, MMP 9, in the small intestines. Since AG pretreatment attenuated MTX 

induced activation of NFκB, we speculated that it may inhibit the production of the 

proinflammatory cytokines. 
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Therefore, we next assessed the effects of AG pretreatment on MTX induced changes in protein 

and mRNA expressions of COX-2, TNF, MMP2, and iNOS.  AG pretreatment attenuated MTX 

included increased protein expressions of iNOS, COX-2, TNF but had no effect of their gene 

expression. These results suggest that the protective effect of AG is at the level of protein 

expression and not gene expression. In fact, ischemia/reperfusion injury in rat small intestine, 

aminoguanidine pretreatment protected against injury but had no effect on ischemia/reperfusion 

injury induced increased TNF mRNA (456). 

 

As MTX induced small intestinal injury is associated with overproduction of NO by iNOS and 

increased enterocyte apoptosis as evidenced by cytc release, caspase 3 activation and DNA 

fragmentation, we speculated that iNOS inhibition and hence NO overproduction may prevent 

MTX induced apoptosis. AG pretreatment significantly prevented MTX induced cytochrome c 

release, caspase 3 activation, DNA damage, enterocyte apoptosis and intestinal injury. Two 

conclusions may be drawn from these findings 1. NO induced enhanced apoptosis plays role in 

MTX induced SI injury and 2. AG pretreatment protects SI from MTX induced SI injury by 

attenuating the apoptotic pathway.  Studies have shown that many agents have protective effect 

against MTX induced intestinal mucositis by inhibiting enterocyte apoptosis (223, 457-464). 

However, in these studies apoptosis has been evaluated histologically and the components of the 

apoptotic pathway has not been studied in detail, to the best of our knowledge. Our studies and 

those reported earlier strongly support the role of apoptotic pathway in MTX induced intestinal 

damage. 
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Our results from chap 2 showed that MTX induced SI injury was associated with loss of 

activities of mitochondrial ETC complex including cytochrome oxidase (complex IV) and F1 

ATPase and enzymes that are involved directly or indirectly in the citric acid cycle (e.g., 

aconitase, and succinate dehydrogenase),. Several studies have shown that these enzymes are 

targets for PON and that these enzymes undergo nitration and inactivation in inflammatory 

states. As MTX induced mucositis is associated with induction of iNOS and overproduction of 

NO, we speculated that loss of activities of these enzymes in the small intestines of rats after 

MTX treatment may be due to their nitration. Therefore, we hypothesized that aminoaguanidine 

pretreatment may prevent the loss of activities of these enzymes by attenuation of nitrosative 

stress. Indeed, AG pretreatment prevented MTX induced loss of activities of ETC complexes. 

The protective effect of AG on the ETC complexes may be due to its inhibition of iNOS, NO 

overproduction, and hence their nitration. 

 

The direct antioxidant effect of AG may also contribute to the protective effect of AG against 

MTX induced SI injury as there is growing evidence for the role of aminoguanidine as an 

antioxidant. AG has been reported to be an effective hydroxyl radical scavenger (214). AG 

exhibits a significant dose-dependent effect against free radical damage. Aminoguanidine has 

been shown to exhibit trapping activity toward lipid-derived aldehydes such as MDA and 4-

hydroxynonenal (215).  Several studies have shown that AG acts as an antioxidant and can 

restore the antioxidants in the tissues as well as prevent cellular damage.  AG treatment has been 

shown to alleviate the adverse effects of doxorubicin (DOX) in heart. by the reducing the levels 

of MDA, conjugated diene and restoration in the activities of antioxidant enzymes (465). Studies 

have shown that AG prevents gastric oxidative stress and nitric oxide formation as well as gastric 
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hemorrhagic erosion (466). Aminoguanidine has been shown to protect against the tissue damage 

associated with periodontitis by reducing nitric oxide production and oxidative stress, and 

increasing glutathione content (467). In a very recent study, aminoguanidine has been shown to 

reduce cisplatin induced nephrotoxicity due to its antioxidant effect (468). In another recent 

study, aminoguanidine has been shown to increase the endogenous antioxidant defense 

mechanism in rats and protect the animals from radiation-induced lung toxicity (469). Abdel-

Zaher et al.(470) have shown that AG markedly inhibits acetaminophen -induced hepatic and 

renal depletion of antioxidants as well as nitric oxide overproduction.   

 

Therefore, we speculated that AG antioxidant property may also contribute to its protective 

effect against MTX induced mucositis, in addition to its action as an iNOS inhibitor. Our studies 

show that AG pretreatment partially but significantly restored MTX induced decreased activities 

of the antioxidant enzymes, namely, catalase, GST, SOD, and carbonic anhydrase.  These 

findings suggest that the antioxidant property of AG may also contribute to its protective effect 

against MTX induced mucositis. 

 

In conclusion, AG appears to attenuate the severity of small-intestine mucositis induced in rats 

by MTX treatment.  The therapeutic mechanisms of AG may involve inhibition of inducible 

nitric oxide synthase (iNOS), suppression of proinflammatory cytokines, including tumor 

necrosis factor-α (TNF-α) COX-2 and inhibition of matrix metalloproteinase expression, 

cytochrome c release, caspase activation, and (PARP-1) cleavage. The antioxidant property of 

AG may also contribute to its protective effect on MTX enteritis.  



 

 

CHAPTER – 7 

Summary and 

Conclusion 
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SUMMARY AND CONCLUSION OF THE STUDIES 

The ultimate purpose of the study was to identify the modifications and consequence due to 

nitrosative stress by which MTX causes small intestinal damage.  Increased nitric oxide 

production was found to be associated with gut barrier failure and inflammation.  In the first 

study, we have assessed the role the nitrosative stress in MTX induced small intestinal damage 

by measuring the nitrosative stress parameters in the small intestine samples at 24 hours after 3 

consecutive intraperitoneal injections of MTX at the dose of 7 mg / kg body weight.   Nitric 

oxide level (Nitrite + Nitrate), expression of inducible nitric oxide synthase and nitrotyrosine was 

increased in MTX treated samples.   

 

We also assessed peroxynitrite induced protein tyrosine nitration, subcellular distribution on 

nitrated proteins to identify the proteins that may undergo nitration.  We found many proteins 

either increase or decrease expression of nitrotyrosine modification in the cell fractions including 

homogenate, nucleus, mitochondria, microsomes and cytosol.   Thus, it is concluded that there is 

strong association of nitrosative stress that lead to nitration of proteins to the extent of major 

subcellular fractions may play a role in MTX induced mucositis.   

 

First study suggested the role of nitrotyrosine but not consequence of nitration in MTX induced 

small intestine damage.  Nitrosative stress leads to modification in the activity and function of 

enzymes that are protein in nature.  Therefore, the second study was designed to determine the 

alteration in the activity of enzymes thay may undergo nitration. Therefore, we assessed the 

activity of enzymes those we speculate proteins from the first study mainly ETC complexes, 

TCA cycle and antioxidant enzymes.  The ETC complex enzymes - cytochrome-c-oxidase and 
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F1-ATPase enzyme activity was significantly decreased in MTX treated samples when compared 

to control.  The TCA cycle enzymes - aconitase, succinate deydrogenase, creatine kinase and 

glutamate dehydrogenase were significantly decreased in MTX treated samples when compared 

to control.  The antioxidant enzymes - catalase, glutathione peroxidase, glutathione-s-transferase, 

carbonic anhydrase enzyme activity was significantly decreased and superoxide was increased in 

MTX treated samples as compared to control.  This result indicates that MTX alters the activity 

of the enzymes that are known to undergo nitration and inactivation. MTX induced loss of ETC 

complex activity and depletion of antioxidant enzymes may contribute to mitochondrial injury, 

enterocyte apoptosis, and small intestinal injury. 

 

Previous studies have shown that tyrosine nitration triggers dissociation of IκB from 

NuclearFactor-κB (NF-κB), which results in activation of this pathway that plays an important 

role in cancer and inflammation.  Therefore, the third study was designed to assess the role of 

inflammatory signaling pathway in MTX induced small intestine damage.  MTX treatment 

resulted in NFκB activation and nuclear translocation as evidenced by immunofluorescence, 

immunohistochemitry and immunoblot analysis of intestinal segments. We also found that there 

is significant increased expression of NFκB target proteins and genes including TNFα, COX2, 

iNOS, PLA2, MMP2, MMP9, HO1 and HSP70 in MTX treated samples as compared to control.  

These results concluded that there is activation of NFκB signaling inflammatory pathway in 

MTX treated small intestine samples. 

 

Studies have been shown that nitration of cytochrome-c leads to the release from mitochondria to 

cytosol and activates caspase cascade leading to activation of apoptosis pathway.  Therefore, the 
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fourth study was designed to assess the role of apoptotic signaling pathway in MTX induced 

small intestine damage.  The expression of CYT-C was decreased in mitochondria and increased 

in cytosol fraction in MTX treated samples as compared to control.  We also found significant 

increase in active caspases expression (CASP-9 and CASP-3), PARP expression and DNA 

fragmentation in the MTX treated small intestine samples as compared to control.  Thus, it is 

concluded that there is activation of intrinsic apoptotic signaling pathway in MTX treated small 

intestine samples.   

 

Aminoguanidine, specific inhibitor of iNOS reduces the nitrosative stress induced damages.  

Thus, the last study was designed to investigate the protective effect of aminoguanidine in MTX 

induced small intestine damage.  Rats were pretreated with two different concentrations (30mg 

and 50mg per kg body weight) of aminoguanidine one hour prior to MTX administration.  There 

is improvement in the morphology of the damaged small intestine section in aminoguanidine 

pretreated group when compared to MTX treated group.  Thus, aminoguanidine attenuated MTX 

induced small intestine damage by light microscopy.  The nitrosative stress parameters like nitric 

oxide levels, expression of iNOS and NTY was decreased and the alteration in the activity of 

enzymes in MTX treated samples was reversed by aminoguanidine pretreatment.   Thus, 

aminoguanidine abolished the increased nitrosative stress in response to MTX.   

 

AG pretreatment attenuated MTX induced upregulation of NFκB and its proinflammatory target 

genes protein expressions, iNOS, TNF, COX-2 and PLA2. AG pretreatment attenuated MTX 

induced mitochondrial apoptotic pathway, CYT-C, CASP-9, CASP-3, PARP cleavage, and DNA 

fragmentation. However, AG pretreatment had no significant effect on the mRNA expressions of 
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these proteins. In conclusion, AG pretreatment improved MTX induced morphological changes 

in the small intestine inhibited the NFκB inflammatory pathway and apoptotic pathway.  Thus, 

aminoguanidine has a protective role in MTX induced mucositis.  

 

Aminoguanidine has been administered in both physiological and pharmacological amounts to 

humans and animals, and there is widespread agreement that it is non-toxic even at higher 

concentration up to 500mg.  It is therefore concluded that aminoguanidine appeared to be 

potential agent that reduce MTX induced small intestinal damage. 
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The results of the current studies reveal the role of nitrosative stress, modification of proteins and 

enzymes due to nitrosative stress, activation of inflammatory and apoptosis signaling pathway in 

MTX induced small intestine damage of rat.  Further studies are required to check the specific 

list of proteins that undergo nitration after methotrexate therapy. 

Aminoguanidine used in the studies has been shown to protect against MTX induced small 

intestinal damage in a rat model.  Thus, aminoguanidine shows potential extend to be used in 

humans.  The possible benefits of aminoguanidine need to be explored further and its clinical 

utility need to be assessed in patients to ascertain whether they can be recommended for use in 

pathiets who need to take methotrexate therapy on a long-term basis. 

 

In future, we plan to carry out the following studies 

1. Identify the individual proteins that are nitrated in the small intestines of rats after MTX 

treatment, using mass spectrometry 

2. To study the role of protein cysteine nitrosylation in MTX induced enteritis 

3. To investigate whether the administration of NFkb inhibitors can attenuate MTX enteritis   

4. To measure the levels of nitrites, iNOS protein and protein tyrosine adducts in the serum 

of patients on MTX therapy 
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