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OXIDATIVE STRESS

Oxidative stress is the tissue 
damage caused by highly reactive 
molecules,  which include: 
reactive oxygen species (ROS), 
reactive nitrogen species and 
reactive sulfur species. 

Reactive oxygen species are 
radicals, molecules or ions that 
contain partially reduced oxygen. 
Since there is an unpaired 
electron in the valence electron 
shell of oxygen, these are unstable 
and reactive molecules, which 
can react with lipids, proteins 
and nucleic acids and lead to 
their damage [1].

If they are present in small 
amounts, ROS can be beneficial 
for the body because they 
participate in the process of 
destroying microorganisms, 
wound healing and the process 
of tissue repair [2].

Reactive oxygen species are 
formed as a result of exposure 
to various factors (ultraviolent 
radiation, smoking, infections, 
ischemia, etc.), but are also 
produced in numerous metabolic 
processes in the body [1, 2]. 
Various cell organelles are a 
source of ROS, and due to their 
electron transport chains. These 
are: mitochondria, nucleus, 
plasma membrane [nicotinamide 
d i n u c l e o t i d e  p h o s p h a t e 
(NADPH) oxidase], endoplasmic 
reticulum (cytochrome P450), 
liposomes (myeloperoxidase), 
p erox is omes  (p erox idas e , 
oxidase, catalase) [1]. In addition 
to organelles, the source of ROS 

EDITORIAL DOI: http://dx.doi.org/10.15403/jgld-5172

are also enzymes located in the cytoplasm [e.g., xanthine 
oxidase (XO)] [1]. The two most important enzyme systems that 
induce intracellular ROS generation are NADPH oxidase and 
XO. They catalyze the reaction between NADPH, i.e., xanthine 
or hypoxanthine (for XO) with oxygen, generating superoxide 
anion [2]. Hydroxyl radical (OH−), considered the most reactive 
free radical in vivo, is formed in the reaction between O2

− and 
H2O2 (hydrogen peroxide) in the Fenton reaction. 

All the above mentioned indicates that ROS are very 
reactive compounds that in appropriate situations lead to the 
cell damage. Therefore, cells have developed a system to avoid 
the harmful effects of free radicals - the so-called antioxidant 
protection.

ANTIOXIDANTS

Antioxidants are substances that have the ability to 
neutralize ROS. They can be classified into endogenous 
(enzymes) and exogenous (ubiquinones, vitamins, polyphenols 
and carotenoids) [1].

The most important endogenous antioxidants are [1, 2]: 
superoxide dismutase (SOD), catalase (CAT), glutathione 
peroxidase, glutathione reductase.

Superoxide dismutase catalyzes the reaction between 
superoxide radicals and hydrogen, producing H2O2 and oxygen 
[1]. CAT is an enzyme that catalyzes the next reaction in the 
detoxification of ROS. Catalase leads to decomposition of H2O2 
into water and oxygen [1]. 

PATHOGENESYS OF PEPTIC ULCER

The wall of the digestive tube consists of mucosa, submucosa, 
muscularis propria and serosa/adventitia [1, 3]. Damage to the 
continuity of the wall of the gastrointestinal tube is categorized 
into erosions and ulcerations. Erosions are superficial damage 
to the mucosa, while ulcerations are deeper damages that break 
through the lamina muscularis mucosae [4]. 

Peptic ulcer occurs as a result of an imbalance between 
aggressive and protective factors (Fig. 1). The gastric mucosa 
can be attacked by numerous aggressive factors, such as: 
hydrochloric acid, pepsin, bile salts, various toxins, drugs, 
ischemia, infectious agents, oxidative stress etc. However, the 
two most significant factors are nonsteroidal anti-inflammatory 
drugs (NSAIDs) and Helicobacter pylori (H. pylori) [5-8].
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oxidative stress in the digestive tract can also be provoked by 
metabolic factors, such as methionine load [12, 13].

Inflammation is a key mechanism of ROS generation and 
oxidative damage in the development of peptic ulcer. It is 
mainly caused by NSAIDs use and H. pylori infection. In this 
situation of chronic inflammation, phagocytes are considered 
the main source of free radicals. Furthermore, stomach 
inflammation induced by ethanol consumption is linked to 
overproduction of O2. 

Oxidative Stress Related to NSAIDs
In addition to a direct toxic effect on the gastrointestinal 

mucosa, NSAIDs also have a harmful effect through the 
inhibition of cyclooxygenase (COX). There are two isoforms 
of COX, COX-1 and COX-2 [11]. COX-1 is the constitutive 
form of the isoenzyme found in tissues and under physiological 
conditions, while COX-2 is expressed in inflamed tissue [8].

Due to NSAID-induced COX-1 inhibition, the production 
of prostaglandins E2, I2 and thromboxane A2 is reduced [8,9]. 
All these eicosanoids are physiologically important, and as 
a result of their depletion there is a decrease in blood flow 
through the mucosa, a decrease in the secretion of protective 
factors, which leads to damage to the mucosa of the digestive 
tract [9]. 

In addition to the already mentioned prostaglandin-
dependent mechanism of NSAID-induced ulceration, there 
is another, equally significant mechanism of mucosal damage 
mediated by NSAIDs, which is the so-called prostaglandin-
independent mechanism [14]. The basis of the prostaglandin-
independent mechanism is primarily the increased production 
of ROS as well as the initiation of an inflammatory response. 
Excessive use of NSAIDs leads to increased accumulation of 
neutrophilic infiltrate and subsequent release of inflammatory 
mediators and consequently oxidative tissue damage [14]. 
Oxidative stress, which is the basis of excessive use of NSAIDs, 
leads to cell apoptosis through the mitochondrial pathway. 
Study conducted in rats showed that indomethacin leads to 
altered morphology and function of mitochondria leading to 
oxidative stress in this organelle [15].

On the other hand, it should be mentioned that there are 
cellular protection mechanisms aimed at suppressing the 
apoptosis pathway in NSAID-induced ulcers, among which 
the nuclear factor erythroid 2-related factor 2/hemoxygenase-1 
(Nrf2/HO-1) signaling pathway is significant. The transcription 
factor Nrf2 and the enzyme HO-1 play a significant role in the 

Protective factors are primarily localized at the level of the 
mucosal barrier and include: secretion of mucus, bicarbonate, 
gastric cell resistance, mucosal blood flow, etc. [9]. Mucus 
forms a protective layer over the epithelium, protecting it from 
aggressive factors and, together with bicarbonates, enables 
an increase in the pH value around the epithelium [9]. Chief 
cells of the stomach are resistant to low pH, but only on the 
apical membrane, while the basolateral membrane is very 
sensitive [9]. Numerous autocides (prostaglandins, nitric 
oxide, hydrogen sulfide, calcitonin gene-related peptide) also 
have protective significance [9]. Adequate mucosal blood flow 
limits the progression of necrosis to the deeper layers of the 
mucosa [9]. Therefore, all etiological factors that directly or 
indirectly reduce protective factors can lead to the formation 
of peptic ulcer.

Oxidative Stress in the Pathogenesis of Peptic Ulcer
The digestive tract is daily exposed to various exogenous 

and endogenous sources of ROS. The following factors are 
significant in the pathogenesis of peptic ulcer, from the aspect 
of oxidative stress [2]: 1) action of exogenous sources of free 
radicals; 2) NSAIDs; 3) H. pylori infection; 4) ethanol intake; 
5) ischemia; 6) reduction of endogenous and exogenous 
antioxidants.

After the formation of ROS, they lead to lipid peroxidation 
and oxidative damage to proteins and nucleic acids [2].

Lipid peroxidation leads to damage of membrane integrity, 
damage to its transport characteristics, alter cellular signal 
transduction and finally damage to cell function [2]. Lipid 
peroxidation that affects cell membranes, lipoproteins and 
other molecules leads to the creation of primary highly reactive 
intermediates, which further breakdown give secondary 
products of lipid peroxidation [10]. 

Malondialdehyde (MDA), as a product of lipid peroxidation, 
can be chemically bound to DNA molecules [11]. This damages 
the DNA, preventing biochemically complete replication. As a 
result of oxidative damage to the DNA molecule, the separation 
and splitting of its chains or hydroxylation of the constitutive 
bases may occur [11].

All these damages lead to apoptosis or cause disruption of 
maturation and differentiation of cells, which ultimately leads 
to inflammation, damage to the epithelium and endothelium, 
and damage to the digestive tube [2]. A mucosa damaged in 
this way, is susceptible to further damage under the influence 
of aggressive factors. In addition to the already listed causes, 

Fig. 1. Pathogenesis of erosions and ulcerations.
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protection of the gastrointestinal tract through the renewal of 
the antioxidant protection system [16]. Additionally, HO-1 
activity prevents the initiation of an inflammatory response 
by reducing nuclear factor-kappa B (NF-kB) activation [17].

Oxidative Stress Related to Helicobacter pylori
Helicobacter pylori is a microaerophilic, gram-negative 

bacterium. More than half of the world‘s population is 
infected with this microorganism [6]. H. pylori causes chronic 
inflammation and peptic ulcer but can also cause gastric 
adenocarcinoma and mucosa-associated lymphoid tissue 
(MALT) lymphoma [18, 19]. Helicobacter pylori infection is 
the cause of about 95% of cases of duodenal ulcer and 70% of 
gastric ulcer [2].

The virulence factors of the bacterium H. pylori play a 
significant role in the colonization of the gastric mucosa, the 
maintenance and progression of the chronic inflammation. 
Flagella, urease and lipopolysaccharide play the most 
important role in H. pylori colonization [18]. Helicobacter pylori 
with urease decomposes urea into CO2 and ammonium, which 
acts as a buffer. Since ammonium is a base, it contributes to 
the alkalinization of stomach acid and provides more favorable 
microenvironmental conditions for H. pylori. When H. pylori 
reaches the gastric mucosal cells, it binds to them using 
adhesion molecules. The most defined adhesion molecule 
is blood group antigen binding adhesion (BabA) [13, 19]. 
After adhesion, the key role is played by exotoxins, cytotoxin-
associated gene A (CagA), vacuolized cytotoxin (VacA), etc. 

[19, 20]. CagA is associated with cell adhesion, tight junction 
disruption, oxidative stress, inflammation and apoptosis [20]. 
CagA induces the formation of H2O2 in gastric mucosal cells 
by inducing the enzyme spermine oxidase, which catalyzes 
the reaction between spermine, oxigen and water, whereby 
spermidine, 3-aminopropanal and H2O2 are formed [20, 21]. 
VacA is associated with apoptosis. It leads to the formation 
of acidic vacuoles in the cytoplasm of mucous cells [19]. This 
cytotoxin primarily leads to mitochondrial damage, through 
the signaling pathway of β-linked protein, intracellular influx of 
calcium ions and ROS accumulation [20]. The main virulence 
factors of H. pylori and the pathogenesis of damage to the 
gastric mucosa caused by this bacterium are shown in Fig. 2.

A very significant feature of H. pylori in the pathogenesis 
of damage to the gastric mucosa mediated by free radicals 
is its chemotaxic effect on neutrophils [22]. This effect is 
achieved by the release of chemotaxic factors by the bacteria 
such as N-formyl-methionyl-leucyl-phenylalanine peptide, 
which leads to the initiation of an inflammatory response by 
inducing the release of IL-8 and IL-1β from the gastric mucosa 
[23]. In the presence of H. pylori, neutrophils are attracted 
to the tissue colonized by the bacteria by chemotaxis. In 
activated neutrophils, the enzyme myeloperoxidase leads to 
the formation of a potent oxidant (hypochlorous anion). 

Literature data indicate the importance of oxidative stress 
in the pathogenesis of gastritis caused by H. pylori. Namely, 
studies have shown significantly elevated levels of MDA in the 
tissue of patients with H. pylori, with increased glutathione 

Fig. 2. The main virulence factors of H. pylori and the pathogenesis of gastric 
mucosa damage. T4SS: type 4 secretion system; BabA: blood group antigen 
binding adhesion; OMP: outer inflammatory protein A; Sab A: sialic acid-binding 
adhesin; Cag A: cytotoxin-associated gene A; Vac A: vacuolized cytotoxin; ROS: 
reactive oxygen species; SMOX: spermine oxidase; DUOX: dual oxidase; NOX2: 
nicotinamide dinucleotide phosphate oxidase 2; DNA: deoxyribonucleic acid; 
LPOx: lipid peroxidation; POx: protein oxidations; PMN: polymorphonuclear 
leukocytes.
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turnover [24]. This unequivocally indicates oxidative tissue 
damage, given that MDA is an initiator molecule of lipid 
damage, and glutathione is considered the most important 
intracellular antioxidant.

From the perspective of the pathophysiological mechanism 
of gastric ulcer disease, oxidative stress contributes to the 
inflammatory response during H. pylori infection through 
numerous redox signaling pathways. One of the mechanisms 
includes the activation of NF-κB and activator protein 1, under 
the influence of ROS, which lead to increased production of 
IL-8 in gastric epithelial cells, promoting an inflammatory 
response [25].

Although it is possible that during H. pylori infection there 
is an increased activity of the main antioxidant enzymes, as part 
of the adaptive response, glutathione depletion and oxidative 
inactivation of peroxidase of the gastric mucosa, which lead to 
increased lipid peroxidation and damage to cell membranes, 
which all lead to the progression of ulcer disease [26]. The 
intracellular antioxidant defense system should prevent and 
suppress the inflammatory response, but often this is not the 
case because this system is damaged by H. pylori infection 
[27]. Namely, H. pylori possesses γ-glutamyl transpeptidase 
as a virulence factor that induces apoptosis and enhances the 
inflammatory response in gastric epithelial cells [27].

Oxidative stress, in addition to having a harmful effect 
on the structures of the stomach, also has a harmful effect 
on H. pylori. If it did not have developed defense systems 
against oxidative stress, H. pylori would be destroyed very 
quickly. The mechanisms that allow H. pylori to defend against 
oxidative stress are: antioxidant enzymes (SOD, CAT and 
peroxiredoxins), biological reparative systems and inhibitors 
of oxidant generation [28]. 

Clinical Features of Ulcer Disease
The clinical presentation of damage to the gastroduodenal 

mucosa ranges from asymptomatic to very severe 
symptomatology. Patients may present with abdominal pain, 
nausea, vomiting and dyspeptic symptoms [9]. About 6% of 
patients with peptic ulcer disease may have iron deficiency 
anemia [29]. The most typical symptom of peptic ulcer 
is pain, but patients with NSAID-induced ulcers do not 
always have pain, and due to the analgesic effect of NSAIDs 
[8]. The diagnosis of mucosal damage is confirmed by 
esophagogastroduodenoscopy (Fig. 3). 

THERAPY OF PEPTIC ULCER DISEASE

Conventional Therapy
In the past, antacids and anticholinergics were used to treat 

peptic ulcer disease, and surgery was often indicated. In the 
treatment of peptic ulcers, a significant revolution was made by 
the use of histamine H2-receptor blockers. However, they have 
been almost completely supplanted by proton pump inhibitors 
(PPIs), which effectively inhibit gastric acid secretion and lead 
to healing of peptic ulcers/erosions [5]. If peptic ulcer disease 
complications occur (bleeding, perforation, penetration, 
obstruction), endoscopic therapy, interventional radiology or 
surgery are indicated.

Given that the most common causes of peptic ulcers are 
H. pylori infection and NSAIDs, the key points in therapy 
and prevention are the eradication of H. pylori infection and 
gastroprotection when using NSAIDs.

Helicobacter pylori Eradication
Eradication of H. pylori infection is carried out using 

PPI and antibiotics. First-line eradication therapy is 
clarithromycin triple therapy, bismuth quadruple therapy or 
non-bismuth concomitant quadruple therapy [30]. Adding 
antioxidants to clarithromycin triple therapy can improve 
the eradication rate, especially if high-dose vitamins are 
used as antioxidants [31]. However, this was not confirmed 
in some earlier meta-analyses [32]. A potential protective 
treatment with antioxidants on the gastric mucosa after the 
eradication of H. pylori infection can also be considered. 
Thus, the protective effect of vitamins A, C and E on the 
gastric mucosa in patients after H. pylori eradication has been 
proposed, most likely due to a reduction in oxidative stress 
and proinflammatory cytokines level [33].

Misoprostol
Prostanoid depletion is one of the key reasons for damage 

to the gastroduodenal mucosa due to the use of NSAIDs. 
Therefore, misoprostol can be used for prevention, but its use 
is limited due to adverse effects [9]. The main drugs in the 
prevention of NSAID-induced damage to the gastrointestinal 
tract are PPIs. 

Non-conventional Therapy
Antioxidants
Given that oxidative stress is of great importance in the 

development of peptic ulcer disease, the effect of antioxidants 
in its healing was investigated. Flavonoids have shown a 
significant effect in the healing of peptic ulcers, in vitro, so they 
are promising in this indication [34]. Flavonoids have shown 
a protective effect in NSAID-induced ulcerations, due to their 
antioxidant, anti-inflammatory and anti-apoptotic effects [35, 
36]. Also, dietary polyphenols can be an effective and safe therapy 
for peptic ulcer disease [37, 38]. Sulforaphane contributes to 
the protection of the gastrointestinal mucosa from the harmful 
effects of NSAIDs and H. pylori infection [39]. Also, the effects 
of exogenous 8-hydroxydeoxyguanosine in the regulation of 
gastritis induced by oxidative stress were demonstrated, as this 
molecule blocks the gastric inflammatory cascade. Based on these 
effects, exogenous 8-hydroxydeoxyguanosine can be considered Fig. 3. Endoscopic appearence of gastric ulcer.
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an anti-inflammatory and antioxidant mediator of gastritis and 
gastritis-based carcinogenesis [40].

CONCLUSIONS

Observed from the aspect of oxidative stress, the basis of 
peptic ulcer disease is the balance between the harmful effects 
of free radicals and the antioxidant defense system. Since 
oxidative stress is recognized as one of the basic mechanisms 
in the pathophysiological process of gastrointestinal ulcer 
disease, it is justified to consider the use of antioxidants in 
order to prevent an advanced form of inflammation and more 
intense mucosal damage. 

There are literature data that show the beneficial effects of 
the use of antioxidants in the protection of the gastrointestinal 
mucosa, but additional research in this area is definitely 
required. 

Although PPIs are available, which are effective drugs in 
the treatment of peptic ulcer disease, further research in this 
area is necessary. We believe that future research should be 
directed in two directions, towards the treatment of peptic 
ulcer disease and its prevention. In treatment, it is necessary 
to further develop more effective drugs for gastrointestinal 
ulcers/erosions. In prevention, further research is necessary 
in the development of a vaccine against H. pylori, the use of 
more effective and tolerable eradication protocols and the use 
of adequate probiotics. There is no doubt that research into the 
use of antioxidants in the prevention and treatment of peptic 
ulcer disease will remain relevant.
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