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Abstract
Oxygen free radical and lipid peroxides (oxidative stress) are highly reactive and represent very damaging compounds. Oxidative stress could be a major contributing factor to the tissue injury and fibrosis that characterize Crohn’s disease. An imbalance between increased reactive oxygen species levels and decreased antioxidant defenses occurs in Crohn’s patients. Decreased blood levels of vitamins C and E and decreased intestinal mucosal levels of CuZn superoxide dismutase, glutathione, vitamin A, C, E, and (-carotene have been reported for Crohn’s patients. Increased levels of proinflammatory cytokines, such as interleukin-1 and -8 and tumor necrosis factor, have been detected in inflammatory bowel disease. Oxidative stress significantly increased the production of neutrophils, chemokines, and interleukin-8. These effects were inhibited by antioxidant vitamins and arachidonic acid metabolite inhibitors in human intestinal smooth muscle cells isolated from the bowels of Crohn’s disease patients. The main pathological feature of Crohn’s disease is an infiltration of polymorphonuclear neutrophils and mononuclear cells into the affected part of the intestine. Activated neutrophils produce noxious substances that cause inflammation and tissue injury. Due to the physiological and biochemical actions of reactive oxygen species and lipid peroxides, many of the clinical and pathophysiological features of Crohn’s disease might be explained by an imbalance of increased reactive oxygen species and a net decrease of antioxidant molecules. This review describes the general concepts of free radical, lipid peroxide and antioxidant activities and eventually illustrates their interferences in the development of Crohn’s strictures.
© 2013 Baishideng. All rights reserved.  
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Core tip: Crohn’s disease is associated with an imbalance, comprising increased reactive oxygen species (ROS) and decreased net antioxidant activity. A deficiency in antioxidant molecules could lead to increased levels of lipid peroxides or ROS, which could act locally or be secreted into the circulation to produce different systemic effects in the patient. Future research should address the question of whether ROS are involved in increasing the production of the different extracellular proteins by enhancing the transcriptions of certain genes using specific transcription factors. 
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INTRODUCTION
Crohn’s disease (CD) is a debilitating illness of the bowel characterized by chronic inflammation of unknown etiology[1]. In the United States and Europe, the incidence ranges from 6-20 cases per 100000 population per year, and the prevalence, from 90-300 per 100000 population. This disease most often occurs between the ages of 15 and 20, with a secondary peak between the ages of 55 and 60[2]. It can affect any level of the alimentary tract, but the terminal ileum and proximal colon are most frequently involved. A classical feature of CD is the sharp demarcation of the affected bowel segment from adjacent uninvolved segments[1]. This disease is characterized pathologically as a recurrent granulomatous inflammation of all layers of the bowel wall[2-4]. Patients usually suffer from abdominal pain, cachexia, anorexia, chronic diarrhea, intestinal obstruction, malnutrition, weight loss, and growth failure. 

The precise etiology of CD remains unclear. It is thought that interactions among various factors, including genetic factors, host immune system and environmental factors (including diets and microbiological agents), play crucial roles in disturbing the intestinal homeostasis, leading to the dysregulated inflammatory responses of the gut. As inflammation is intimately related to the formation of reactive intermediates, including reactive oxygen species (ROS), oxidative stress has been proposed as a mechanism underlying the pathophysiology of CD. The main pathological feature of CD is an infiltration of polymorphonuclear neutrophils and mononuclear cells into the affected part of the intestine[5-10]. As the disease becomes more established, neutrophils infiltrate isolated crypts, forming abscesses in the affected mucosa and underlying tissue layers[1]. Neutrophils, like other leukocytes, produce noxious substances, such as ROS, tumor necrosis factor alpha (TNFα), interleukin-1 (IL-1) and protease[11-14]. It has been shown that an imbalance in the levels of proinflammatory and anti-inflammatory cytokines occurs in CD[13,14]. Increased levels of proinflammatory cytokines, such as IL-1, IL-8 and TNFα, can be detected in CD. 

Reactive oxygen species may play an important role in CD. As will be discussed in the following sections, the ROS generated from activated leukocytes or from other sources may affect various biological molecules, generating tissue damage that could have been prevented by dietary antioxidants. This review describes the general concepts of free radical, lipid peroxide and antioxidant activities and eventually illustrates their interference into the development of Crohn’s strictures.  

CONCEPTS OF FREE RADICALS
A free radical can be defined as any chemical species that has one or more unpaired electrons in the outermost orbital electron shell [15]. Due to these chemical changes in the free radical atoms, they are chemically reactive. ROS include superoxide ((O2–), the hydroxyl radical ((OH), the hydroperoxyl radical ((O2H), nitric oxide (NO(), and singlet oxygen (1O2)[16]. In general, most free radicals are derivatives of oxygen, such as superoxide.

During the normal aerobic metabolism, oxygen is the final electron acceptor at the end of the mitochondrial respiratory chain, during which it is fully reduced to water[17-19]. A small percentage of the electrons do not travel to the end of the electron transport chain in the mitochondrial membrane (cytochrome oxidase); they escape and react directly with oxygen in the early part of the chain, forming (O2–[20]. It has been estimated based on studies of isolated brain mitochondria that 1%-2% of the electrons that travel down the respiratory chain leak out and reduce oxygen to superoxide and its dismutation product, hydrogen peroxide (H2O2)[21,22]. Hydrogen peroxide is not a radical, but it serves as a precursor to the generation of the hydroxyl radical ((OH) in the presence of iron ions. Superoxide is also produced endogenously through the action of oxidase enzymes (e.g., xanthine oxidase) in postischemic tissues[23,24]. Redox cycling substrates (e.g., catecholamines), the cytochrome P450 system and soluble oxidases, such as nicotinamide-adenine dinucleotide phosphate (NADPH) oxidase in phagocyte cells (e.g., neutrophils and monocytes), are endogenous sources of superoxide production[17-19,25-27]. Arachidonic acid metabolizing enzymes (cyclooxygenase and lipoxygenase) are other sources of intracellular superoxide production[28-30]. Although superoxide serves as a precursor to many ROS (e.g., (OH, (O2H), it is not the most reactive of the species[15]. Figure 1 illustrates the chemical interconversions that are driven by (O2–. Superoxide reacts with hydrogen to form hydrogen peroxide by nonenzymatic or by superoxide dismutase-catalyzed dismutation. One of the most important reactions for this is the •O2– driven Fenton reaction, in which ferric or cupric ions (Fe3+, Cu2+), usually Fe3+, are reduced by superoxide, and then, the reduced metal ion reacts with H2O2 to form (OH[17]. Another important free radical, NO(, is synthesized from L-arginine by the enzyme nitric oxide synthase. NO• can interact with •O2– to generate another damaging molecule, peroxynitrite (ONOO–) (Figure 1). Once ROS are formed by the mechanisms explained in Figure 1, they can generate oxidative damage to a variety of biological molecules, such as lipids, proteins, and nucleic acids. The most important ROS involved in cellular oxidative damage is •OH. Prime targets for ROS are the unsaturated fatty acids in membrane lipids, which will be discussed in the lipid peroxidation section. Proteins may also be damaged by ROS. This damage can be achieved through different stages, starting with site-specific lesions in the protein structure that leads to fragmentation products and cross-linked reaction products with other cellular components[25-27,31-33]. This oxidative damage to proteins by ROS can cause enzymatic dysfunction. For example, oxidation of the active site of the α-protease inhibitor inactivates the protein itself, causing tissue damage[31]. Nucleic acids can also be affected by ROS. Oxidative damage to the DNA can occur after the attack of hydroxyl radicals on the sugar residues, yielding strand break products[31]. This may occur indirectly, when oxidative stress activates endonuclease, or directly, through the reaction of H2O2 with DNA–bound metal ions and the formation of (OH, which fragments the DNA at site-specific spots[15,31,34]. 

ROS play an important role in increasing the intracellular levels of calcium. Ikebuchi et al reported that the superoxide anion activates calcium channels in human amnion cells to increase the intracellular calcium concentrations[35]. Hirosumi et al[36] and others have shown that the superoxide anion also increases the intracellular calcium concentration in endothelial cells[37,38]. ROS inhibit the Ca2+-ATPase, leading to elevated intracellular Ca2+ concentration[39]. Kimura et al[38] have found that •O2– attenuated smooth muscle contraction by impairing Ca2+ release-activated Ca2+ entry (CRAC), ATP-induced Ca2+ transient, and Ca2+ sensitivity in bovine aortic smooth muscle cells. Recent studies have shown that intracellular Ca2+ is involved in capsaicin-induced apoptosis. However, the molecular mechanisms of these intracellular Ca2+ signal pathways that lead to a sensitivity for the TNF-related induction of apoptosis remain unclear[40,41]. We will see in the next section that ROS are able to increase lipid peroxidation in the cell membrane to alter its permeability to ions and proteins. 

CONCEPTS OF OXIDIZED LIPIDS
Oxidized lipids, also known as lipid hydroperoxides and lipid peroxides, can be formed in the presence of oxygen free radicals. The double bonds of polyunsaturated fatty acids (PUFA), such as linoleic acid, are most susceptible to oxidation by ROS[42]. The peroxidation chain reactions of membrane PUFA begin when oxygen free radicals extract hydrogen atoms from the methylene carbons adjacent to carbon-carbon double bonds. The presence of the double bond in the fatty acids weakens the carbon-hydrogen bonds in the carbon atoms adjacent to the double bonds, thus allowing hydrogen to be removed in the presence of ROS[15]. Because a hydrogen atom has only one electron, the loss of hydrogen from a methylene group leaves behind an unpaired electron on the carbon atom adjacent to the double bond, and the lipid becomes a lipid radical (L•). Next, the reaction of lipid radicals with oxygen (O2) molecules forms a peroxyl radical (LOO(). Peroxyl radicals are capable of abstracting a hydrogen atom from adjacent lipids to form lipid hydroperoxides (LOOH), sometimes called lipid peroxides. Once the chain of lipid peroxide formation is initiated, it becomes self-propagating. These events are illustrated in Figure 2. Reduced iron (Fe2+, Fe3+) complexes can react with lipid peroxides to form strong oxidizing agents, such as alkoxyl radicals (LO() and LOO( (Figure 2D and E).

Lipid peroxides and oxygen radicals are responsible for many of the damaging reactions in the cell. They stimulate the peroxidation reactions that are toxic to cells and cell membranes. They can damage biological membranes, make the membrane leaky, and eventually cause complete membrane breakdown[43]. Furthermore, endothelial cell injury, the enhanced adhesion and activation of neutrophils, platelet aggregation, an increased uptake of low density lipoproteins by the endothelium, increased intracellular calcium and increased production of toxic aldehydes, as well as many other cellular dysfunctions, are due to the effects of LOOH and oxygen free radicals[42]. The breakdown products of lipid peroxidation, such as malondialdehyde, can affect membrane proteins by cross-linkage, rendering them useless as receptors or enzymes[44]. These different lipid peroxide effects can lead to cellular dysfunction and may result in the deaths of the affected cells.

CONCEPTS OF ANTIOXIDANTS
An antioxidant is any substance or compound that scavenges oxygen free radicals or inhibits the oxidation process in the cell[45]. The level of antioxidant defenses available within the cells and extracellularly should be sufficient to oppose the toxic effects of lipid peroxides and to maintain normal physiology. This balance can be lost due to the over-production of free radicals or the inadequate intake of nutrients containing antioxidant molecules. Antioxidants can be considered plasma antioxidants and intracellular antioxidants. 

The major role of plasma antioxidant defense is to bind transition metal ions, such as iron and copper, thereby lowering their plasma concentration and capacity to stimulate free radical reactions[15]. This prevents the formation of hydroxyl radicals of the very potent variety that is able to generate lipid peroxides. This is achieved by plasma antioxidants, such as transferrin, lactoferrin, ceruloplasmin, albumin, uric acid, haptoglobins, and hemopexin[45]. Ascorbic acid is also a plasma antioxidant that can scavenge water-soluble peroxyl radicals and other ROS[17-19]. This is accomplished through the completion of two reactions. First, the ascorbic acid is converted into the ascorbyl radical and then to dehydroascorbate. Ascorbic acid can also reduce α-tocopheryl radicals to α-tocopherol at the cell membrane surface[46]. Vitamin E (α-tocopherol), a lipid peroxidation, chain-breaking antioxidant, is localized in membranes and lipoproteins[17]. It is the most important lipid-soluble antioxidant in the human plasma[47-50]. Vitamin E usually donates a hydrogen atom to the peroxyl radical and prevents the propagation of the chain reaction of lipid peroxidation. Each tocopherol can react with two LOO(, the first LOO( reacts with α-tocopherol to form the α-tocopherol radical that reacts with the second LOO( to form a stable adduct (LOO-α-tocopherol)[45]. Decreased blood and mucosal levels of vitamins A, C, E and (-carotene were reported in Crohn’s patients[51-60]. Reimund et al[61] showed that antioxidants inhibited the production of inflammatory cytokines, such as IL-1 and TNFα, in the colonic mucosa of inflammatory bowel disease patients. Vitamin C and E inhibited the levels of oxidative stress in human intestinal smooth muscle (HISM) cells isolated from Crohn’s bowels[62]. 

The main intracellular antioxidant enzymes are superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), and catalase. Human plasma has very little or no catalase, but it contains low activities of SOD and GSH-Px[15]. SOD is localized in both the cytosol (CuZn-SOD) and the mitochondria and acts to dismutate superoxides into hydrogen peroxide and molecular oxygen[17]. SOD is considered as the major intracellular enzyme because it is capable of reducing the most abundant free radical, •O2–. Catalase reacts rapidly with hydrogen peroxide, a precursor of (OH in the presence of iron, and converts it into water and molecular oxygen. Selenium glutathione peroxidase also converts hydrogen peroxide into water and lipid hydroperoxides into water and harmless fatty acid alcohols[45]. Decreased intestinal mucosal levels of CuZn superoxide dismutase and glutathione were reported in Crohn’s patients[63-69].

OXIDANT STRESS IN CROHN’S DISEASE
Oxidant stress is a major factor in Crohn’s disease. Reactive oxygen species can cause DNA modifications and damage, as briefly discussed in the previous section. The major sign of these modifications is the formation of 8-hydroxyguanine (8-OHDG). It was reported that 8-OHDG levels were significantly higher in the inflamed part of the bowel of Crohn’s patient[70]. These data show an important indication of the role and existence of ROS in the pathogenesis of Crohn’s disease.

There is direct and indirect evidence suggesting that the chronically inflamed intestines of Crohn’s patients may be subjected to considerable oxidative stress. The direct evidence includes the demonstration of the increased production of ROS in response to various stimuli by phagocytic cells (neutrophils, monocytes, and macrophages) isolated from the inflamed bowels of patients with IBD (both Crohn’s disease and ulcerative colitis)[7,71-73]. Kitahora et al[74] have demonstrated that monocytes from patients with Crohn’s disease release large amounts of ROS during stimulation. It is well known that active IBD is characterized by persistent neutrophil infiltration into the injured site. The influx of neutrophils and macrophages into the bowel wall during inflammation causes a large degree of tissue damage due to their release of myeloperoxidase, which constitutes 5% of their total protein load. Myeloperoxidase metabolizes H2O2 and chloride ions to form the potent oxidizing agent hypochlorous acid, commonly known as bleach, which is thought to be 100-1000 times more toxic than superoxide and hydrogen peroxide. Inflammatory phagocytes are activated by certain pro-inflammatory agents, such as leukotriene B4 (LTB4), platelet-activating factor (PAF), immune complexes, and bacterial products. As a result, the phagocytes release large amounts of ROS into the extracellular space[72-75]. Increased synthesis of LTB4 and PAF was detected in mucosal samples obtained from patients with active IBD[76-80]. Alzoghaibi et al[81] showed a significant increase in the production of the neutrophil-attracting chemokine, IL-8, LTB4 and other arachidonic acid metabolites in isolated HISM cells from Crohn’s strictures after stimulation by linoleic acid or oxidized linoleic acid (OxLA). The cyclooxygenase and lipoxygenase enzymes generate ROS when activated. Both cyclooxygenase and lipoxygenase have been involved in the production of IL-8 from HISM cells (Figure 3). OxLA increased the levels of lipid peroxidation, an indicator of oxidative stress, as quantified by thiobarbituric acid reactive substances in HISM cells. These pro-inflammatory mediators activate certain receptors on the phagocytes’ plasma membranes, resulting in the activation of plasma membrane-associated NADPH oxidase. NADPH oxidase reduces oxygen molecules to superoxide on the cell membrane and releases the superoxide extracellularly. 

Most of the evidence for the role of the ROS in Crohn’s disease is indirect. Under normal physiological conditions, dietary and enzymatic antioxidants protect tissues from the damaging effects of ROS. However, a state of oxidative stress may exist when there is an imbalance in the levels of antioxidants and ROS. When the levels of antioxidants are low and ROS are high, increased cellular oxidative stress is present; such is the case in Crohn’s disease[63,82-89]. The intestinal mucosa is particularly favored, as it is the location of many different enzymes necessary for the production of large amounts of ROS, such as xanthine oxidase, cyclooxygenase, and 5-lipoxygenase[75]. In addition to these sources of ROS, the number of the main sources of ROS (phagocyte cells) is increased in IBD[72,82]. For example, neutrophils account for up to 20% of the cells found in the lamina propria in active IBD[86]. On the other hand, Crohn’s patients have low blood levels of vitamin C and vitamin E[63]. They also have low levels of CuZn superoxide dismutase, glutathione peroxidase, catalase, vitamin A and (-carotene in their intestinal mucosa, submucosa and muscularis-serosa[72,82-85,89]. This coincidence of increased levels of ROS and decreased levels of antioxidant defenses results in a state of oxidative stress in Crohn’s strictures. A study of mucosal biopsies obtained from patients with IBD by Simmonds et al[86] demonstrated a significant increase in chemiluminescence, a very sensitive measurement for ROS, in comparison to controls. The addition of various antioxidant enzymes and scavengers, such as SOD, catalase, dimethyl sulfoxide (hydroxyl radical scavenger) and taurine (hydrochloride scavenger), confirmed that this increase in chemiluminescence was due to ROS. A study of HISM cells demonstrated a significant inhibition in TBARS after the cells had been exposed to antioxidant vitamins, such as C and E. Vitamin C and E also inhibited the effect of oxidized linoleic acid on the production of the most potent neutrophil-attracting chemokine, IL-8, from HISM cells[62]. 

Clinical data suggest that ROS may play a role in the pathogenesis of Crohn’s disease. Emerit and coworkers reported that intramuscular injections of bovine CuZn-SOD had a beneficial effect in attenuating mucosal inflammation and injury in Crohn’s patients[90,91]. The beneficial effect of this antioxidant enzyme is a strong indication of the role of ROS in Crohn’s disease. Another piece of evidence of the involvement of ROS in this disease is the use of 5-aminosalicylic acid (5-ASA) in treating patients with IBD. It is well known that the oral administration of sulfasalazine (SAZ) is capable of reducing the mucosal injury and inflammation associated with Crohn’s disease. 5-ASA is the pharmacologically active moiety of SAZ[72,75]. It has been suggested that 5-ASA protects the gut mucosa by inhibiting cyclooxygenase and lipoxygenase activities. Several studies have reported that 5-ASA is a potent antioxidant and free radical scavenger. Research from several laboratories has demonstrated that 5-ASA is very effective in scavenging hydroxyl radicals, interacting with superoxides and causing the rapid decomposition of this free radical[92,93]. Anfelt-Ronne et al[71] demonstrated a high rate of lipid peroxidation in the gut mucosa obtained from patients with IBD. They also reported a significant inhibition in lipid peroxidation among patients who had been treated with SAZ for 5 wk[94]. These data implicate the involvement of ROS in Crohn’s disease due to the antioxidant and free radical scavenging actions of 5-ASA or due to its role as an inhibitor of cyclooxygenase and lipoxygenase, which are enzymatic sources of ROS. 

In summary, ROS could be an important factor in Crohn’s disease. Crohn’s disease is associated with an imbalance, comprising increased ROS and decreased net antioxidant activity. A deficiency in antioxidant molecules could lead to increased levels of lipid peroxides or ROS, which could act locally or be secreted into the circulation to produce different systemic effects in the patient. Obviously, more work is needed in this area to demonstrate the effects of ROS on the production of other neutrophil chemokines from different layers of Crohn’s strictures. Future research should also address the question of whether ROS are involved in increasing the production of the different extracellular proteins, such as collagen, that lead to increased thickness of the bowel wall and deceased bowel diameters by enhancing the transcriptions of certain genes using specific transcription factors. 
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Figure 1 Reactions of superoxide ((O2() that generate highly reactive oxygen species. (O2( can be dismutated into H2O2, which, in the presence of Fe2+, can generate the highly reactive hydroxyl radical, HO(. (O2( may react with NO( to form the strong pro-oxidant peroxynitrite (ONOO(); alternatively, it may react with HO( to form singlet oxygen (1O2). 

Figure 2 Initiation and propagation of the free-radical chain reaction of lipid peroxidation. Reactions D and E represent the metal-catalyzed Fenton reaction. 

Figure 3 Two proposed mechanisms through which linoleic acid could increase the production of interleukin-8 via the activation of arachidonic acid pathways. By the generation of reactive oxygen species (ROS) from the cyclooxygenase and lipoxygenase enzymes to activate Nuclear factor-ĸB (NF-ĸB), increasing interleukin (IL)-8 production; or by the use of AA metabolites to increase IL-8 production. LTs: Leukotrienes; Tx: Thromboxane.
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