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ABSTRACT:
Background: Inflammatory bowel disease (IBD) is

a chronic immune-mediated disorder encompassing
Crohn’s disease (CD) and ulcerative colitis (UC). Increas-
ing evidence suggests that impaired intestinal immune
regulation in IBD is closely linked to an imbalance between
reactive oxygen species (ROS) production and antioxidant
defenses, resulting in oxidative stress. Excessive ROS gen-
eration and lipid peroxidation contribute to mucosal in-
jury, activation of inflammatory signaling pathways, and
disease progression.

Objective: The aim of this study was to evaluate the
role of oxidative stress markers—ROS production and
malondialdehyde (MDA)—measured in peripheral blood,
as well as antioxidant status, in relation to disease course
and treatment in patients with IBD.

Materials and Methods: A cross-sectional study was
conducted including 21 children and young adults with
IBD (aged 14–25 years; mean age ~17.1 years) and 22 age-
matched healthy controls (mean age ~17.6 years). Among
the IBD cohort, 9 patients (42%) were male and 12 (58%)
were female; 7 patients were diagnosed with CD and 14
with UC. All IBD patients underwent histological assess-
ment.

Results: Increased ROS production was positively
correlated with elevated MDA levels, indicating enhanced
lipid peroxidation and oxidative stress in patients with
IBD.

Conclusions: The therapeutic efficacy of anti-inflam-
matory treatments, including azathioprine, corticosteroids,
mesalazine, and biological agents, may be partly attributed
to their capacity to reduce ROS production and lipid
peroxidation in intestinal mucosal cells, thereby promot-
ing mucosal healing in patients with IBD.

Keywords:  IBD, ROS production, lipid peroxi-
dation, anti-inflammatory drug efficacy,

INTRODUCTION
Inflammatory bowel disease (IBD) has increased

markedly over the past decade, particularly among children
and adolescents. IBD is a chronic, immune-mediated dis-
order that includes Crohn’s disease (CD) and ulcerative coli-
tis (UC), both affecting the gastrointestinal tract. CD is
characterized by discontinuous (“skip”) transmural inflam-
mation, most commonly involving the ileum and colon,
and is frequently associated with granulomas, strictures, fis-
tulas, abscesses, and intestinal obstruction. In contrast, UC
is limited to the superficial mucosal layers of the colon and
rectum—regions with dense microbial colonization [1, 2].

A growing body of evidence implicates redox im-
balance and excessive production of reactive oxygen spe-
cies (ROS) in colonic tissues as key contributors to IBD
pathogenesis. Oxidative stress induces structural and func-
tional damage to lipids, proteins, and DNA, disrupts intra-
cellular signaling, promotes mucosal infiltration by acti-
vated phagocytes, and amplifies inflammatory responses,
thereby facilitating disease progression and exacerbation
[3, 4]. ROS, which arise as by-products of aerobic metabo-
lism, include superoxide anion (•O2

-), nitric oxide (•NO),
hydroxyl radical (•OH), hydroperoxyl radical (•O2H), hy-
drogen peroxide (H2O2), and singlet oxygen (¹O2) [5, 6].

In IBD, excessive ROS accumulation particularly af-
fects cellular membrane lipids rich in polyunsaturated fatty
acids (PUFAs), leading to uncontrolled lipid peroxidation
and the formation of lipid peroxyl radicals (LOOH/LOO•)
[7]. These processes disrupt membrane architecture and li-
poprotein interactions in intestinal epithelial cells, result-
ing in the generation of reactive aldehydes such as
malondialdehyde (MDA), which can further potentiate in-
flammatory signaling pathways, including Toll-like receptor
4 activation [7, 8].

Secondary products of lipid peroxidation may also
form covalent adducts with amino acid residues, including
lysine, histidine, and cysteine, thereby impairing protein
structure and function [8]. Collectively, these oxidative
modifications compromise epithelial membrane integrity and
weaken the intestinal barrier, increasing permeability and fa-
cilitating the translocation of luminal antigens and micro-
bial products into underlying tissues. This process triggers
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inappropriate immune activation and sustains chronic intes-
tinal inflammation characteristic of IBD [3, 6, 8, 9].

Activated phagocytic immune cells infiltrating the
intestinal mucosa further exacerbate oxidative stress
through enhanced ROS generation, leading to increased
levels of superoxide anion (•O2

-) and hydroxyl radicals
(•OH). These radicals promote oxidative chain reactions via
the Haber–Weiss and Fenton pathways [10]. In parallel, hy-
droxyl and hydroperoxyl radicals contribute to mucin
depolymerization, mitochondrial dysfunction, and
oxidative damage to mitochondrial RNA and DNA, as well
as lipid peroxidation of gastrointestinal lipoproteins [11].

Under physiological conditions, enterocytes of the
small intestine maintain relatively low ROS levels, whereas
colonic enterocytes exhibit significantly higher basal ROS
production [12]. The resulting oxidative modifications of-
ten form stable biomolecular adducts that serve as measur-
able biomarkers of ROS generation, lipid peroxidation, and
overall oxidative stress status.

Based on these considerations, the aim of the present
study was to investigate and compare ROS production and
lipid peroxidation levels in pediatric patients with CD and
UC, both during disease progression and in response to
treatment.

MATERIALS AND METHODS:
Ethical approval
The study was approved by the Ethics Committees

of Trakia University Hospital and University Hospital
“Prof. Stoyan Kirkovich,” Stara Zagora, Bulgaria, in accord-
ance with the Declaration of Helsinki (approval code: 10-
816/12 October 2019). Written informed consent was ob-
tained from all participants or their legal guardians prior
to enrollment.

Study population
This study included patients admitted to the partici-

pating clinics between January 2023 and February 2025
with symptoms suggestive of inflammatory bowel disease,
including diarrhea, bloody stools, and cramping abdomi-
nal pain. The diagnosis of Crohn’s disease (CD) or ulcera-
tive colitis (UC) was established based on clinical presen-
tation, physical examination, endoscopic findings, and his-
topathological evaluation (Table 1).

Disease activity was assessed using the Harvey–
Bradshaw Index for CD [13] and the Rachmilewitz Index
for UC [14]. Inflammatory status was further evaluated us-
ing standard laboratory markers, including C-reactive pro-
tein (CRP), erythrocyte sedimentation rate (ESR), platelet
and leukocyte counts, fecal calprotectin, hemoglobin, and
serum albumin levels [15].

A total of 21 children and young adults with IBD
(aged 14–25 years; mean age ~17.1 years) were enrolled.
The cohort included 9 males (42%) and 12 females (58%).
Seven patients were diagnosed with active CD and four-
teen with active UC. All IBD patients underwent histologi-
cal confirmation of diagnosis.

The control group consisted of 22 age-matched
healthy individuals (mean age ~17.6 years) who were non-
smokers, not receiving medication, without comorbidities,

and with no clinical signs, symptoms, or history of IBD or
other inflammatory diseases.

Inclusion and exclusion criteria
Inclusion criteria for IBD patients were: positive

colonoscopic findings with histological confirmation and
elevated fecal calprotectin levels. Exclusion crite-

ria were: evidence of intestinal infection and presence of
other acute infectious conditions.

Treatment regimens
All patients included in the study were receiving one

or more of the following treatments for IBD: corticosteroids
(40 mg/day), azathioprine (100 mg/day), mesalazine (3 g/
day), and, in selected cases, biological therapy (infliximab
or adalimumab).

Sample collection and laboratory analyses
After a 12-hour overnight fast, venous blood sam-

ples (1.5 mL) were collected from both IBD patients and
controls at 7:30 a.m. Serum was separated by centrifuga-
tion (2000×g, 10 min, 4°C) and analyzed immediately.
Complete blood count, ESR, CRP, reactive oxygen species
(ROS) production, and lipid peroxidation assessed as
malondialdehyde (MDA) levels were measured.

Antioxidant enzyme activity was evaluated by meas-
uring glutathione peroxidase-1 (GPx-1; ELISA kit No.
ab41464), while lipid peroxidation was assessed via MDA
levels (ELISA kit No. ab233471), according to the manu-
facturers’ instructions.

ROS and oxidative stress measurements
Total ROS production in serum was determined fol-

lowing the method described by Shi et al. [16]. Briefly, 100
µL of serum was mixed with 900 µL of 50 mM N-tert-butyl-
á-phenylnitrone (PBN) dissolved in dimethyl sulfoxide
(DMSO), centrifuged at 4000×g for 10 min at 4 °C, and
analyzed by electron paramagnetic resonance (EPR)
spectroscopy.

Serum superoxide anion (•O2
-) levels were measured

using the spin trap CMH (1-hydroxy-3-methoxycarbonyl-
2,2,5,5-tetramethylpyrrolidine), based on the method of
Perrone et al. [17]. Briefly, 30 µL of serum was mixed with
30 µL of CMH (1:1) on ice, incubated for 5 min, and sub-
sequently analyzed by EPR.

Protein oxidation was assessed by evaluating albu-
min thiol (–SH) group modifications using spin conjuga-
tion with 3-maleimido-proxyl (5-MSL). Serum samples
(100 µL) were mixed with 20 mM 5-MSL dissolved in 900
µL DMSO and centrifuged at 1000 rpm for 15 min at 4°C.
Albumin conformational changes were recorded in tripli-
cate using EPR spectroscopy with slide modification, as
previously described [18].

EPR spectroscopy
All EPR measurements were performed five times per

sample. Spectral acquisition parameters included a center
field of 3503–3515 G, microwave power of 6.42–20.00 mW,
and modulation amplitude of 5–10 G per sample. Results
are expressed in arbitrary units (a.u.).

STATISTICAL METHODS:
Statistical analyses were performed using GraphPad

Prism software (version 8.0.1 for Windows; GraphPad Soft-
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ware Inc., San Diego, CA, USA). Comparisons between two
independent groups were conducted using Student’s t-test.
For analyses involving multiple group comparisons, one-
way analysis of variance (ANOVA) was applied. A p-value
d” 0.05 was considered statistically significant.

EPR spectral processing was carried out using WIN-
EPR SimFonia software (version 1.2/6130860). Quantita-
tive EPR data were subjected to the same statistical crite-
ria, with statistical significance defined as p d” 0.05.

RESULTS:
The diagnosis of inflammatory bowel disease was

confirmed in all 21 patients based on a combination of
clinical presentation (100%), biochemical markers (93%),
endoscopic findings (100%), and histopathological crite-
ria (91%). Key laboratory abnormalities included reduced
serum albumin levels and elevated C-reactive protein
(CRP), along with markedly increased fecal calprotectin
concentrations in all patients. Mean fecal calprotectin lev-
els were approximately 1290 µg/g in patients with Crohn’s
disease (CD; n = 7) and 1820 µg/g in patients with ulcera-
tive colitis (UC; n = 14), with a statistically significant dif-
ference compared with controls (p < 0.001).

All patients underwent colonoscopic evaluation,
which revealed characteristic mucosal abnormalities con-

sistent with IBD. Histological examination of biopsy speci-
mens further confirmed typical inflammatory changes. At
the time of evaluation, 17 patients (81.0%) were classified
as having active disease, while 4 patients (19.0%) were in
remission (p < 0.005). Among patients with active disease,
6 individuals with CD (85.7%) and 11 with UC (78.6%)
were identified (p < 0.005). In contrast, remission was ob-
served in 1 patient with CD (14.3%) and 3 patients with
UC (21.4%) (p < 0.002).

All treatment-naïve patients received therapy in ac-
cordance with established clinical guidelines. Patients with
CD were primarily treated with immunosuppressive regi-
mens, including azathioprine (100 mg/day; n = 7) and
corticosteroids (40 mg/day; n = 5). Patients diagnosed with
UC were treated with mesalazine (3 g/day), either as
monotherapy or in combination with immunosuppressive
agents. Biological therapy (infliximab or adalimumab) was
required in only three patients across both CD and UC
groups to achieve adequate inflammatory control.

Comparative analysis revealed no significant differ-
ences between CD and UC groups with respect to sex dis-
tribution, median age, disease duration, diagnostic delay,
or baseline inflammatory activity (Table 1). Extraintestinal
manifestations were rare; only one patient with CD (2.09%)
presented with associated arthritis.

Table 1. Demographic and clinical characteristics of patients with inflammatory bowel disease (IBD)—Crohn’s dis-
ease (CD, n = 7) and ulcerative colitis (UC, n = 14)—and healthy controls (n = 22). Comparisons between independent
groups were performed using Student’s t-test.

Demographic and clinical CD UC Controls

characteristics (n= 7) (n= 14) (n=22)

 Gender:    male 4 (57.1%) 5 (35.7%) 9 (42.9%)

                  female 3 (42.9%) 9 (64.3%) 13 (59.6%)

Age (years) : 15.8± 0.01 20.4± 0.09 17.6 ± 0.07

BMI (kg/m2) ≤+1SD, ~20,9% ≤+1SD, ~19,7% 22.9

Disease duration ~2.6 years 3 years -

Diagnostic delay (months) 9 3 -

Familial IBD yes/no No No No

Active IBD 6 (85.7%) 11 (78.6%) - 

Remission 1 (14.3%) 3  (21.4%) - 

Fecal calprotectin µg/g ~1290 ~1820 - 

Disease type, n (%) 7 (33.3%) 14 (66.7 %) -

Disease location (n):

Ileum 6 0 - 

Colon 0 14 -

Ileo-colon 1 0 -

Disease behavior (n):

Inflammatory 6 14 -

Stricturing 1 0 -

Fistulizing 0 0 -
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According to international WHO age- and sex-spe-
cific BMI reference standards, no significant differences in
BMI were observed between the study groups. Elevated
ambulatory fecal calprotectin levels (mean ~1290 µg/g) to-
gether with positive colonoscopic findings in all 21 pa-
tients were used to confirm the diagnosis of IBD and to
distinguish between CD and UC.

Serum glutathione peroxidase-1 (GPx-1) levels were
significantly lower in both CD and UC patient groups com-

pared with healthy controls (p < 0.003). In contrast, no sta-
tistically significant differences were observed in plasma
malondialdehyde (MDA) levels between IBD patients and
controls (p > 0.05). Notably, serum GPx-1 levels in CD and
UC patients receiving immunosuppressive therapy (aza-
thioprine and/or corticosteroids) were significantly higher
than those in untreated CD and UC patients (p < 0.05) and
exceeded levels observed in the control group (p < 0.05)
(Figure 1A).

Extra-intestinal disease (n):

Anemia  1  1 - 

Skin 1 0 -

Arthritis 1 0 - 

Pharmacotherapy (n)*

Mesalazine      (3 g/ day) - 14 - 

        Corticosteroids (40 mg/day) 5 8 -

        Asathioprine (100 mg/day) 7 1 -

        Biologics 1 2 -

* Some patients received more than one pharmacological agent concurrently.
Statistical significance was defined as p < 0.05.

Fig. 1. Effects of therapy on oxidative stress markers in patients with Crohn’s disease (CD) and ulcerative colitis
(UC): (A) antioxidant glutathione peroxidase-1 (GPx-1) activity and (B) lipid peroxidation assessed by malondialdehyde
(MDA) levels. Data are presented as mean ± standard error (SE). Statistical analysis was performed using one-way analy-
sis of variance (ANOVA) followed by Student’s t-test. p < 0.05 vs. control group; p < 0.001 vs. corresponding groups
before treatment.

Serum MDA levels did not differ significantly be-
tween the UC and CD groups (p > 0.05). However, MDA
concentrations in both CD and UC patients receiving aza-
thioprine or corticosteroid therapy were approximately
two-fold lower compared with untreated CD and UC pa-
tients (p < 0.001) (Figure 1B).

Serum ROS production was significantly increased
in both CD and UC patients, irrespective of disease ac-
tivity status (active or remission), compared with healthy
controls (p < 0.005) (Figure 2A). Among treated patients,
ROS production remained significantly elevated in CD
patients receiving azathioprine and/or corticosteroids,

whereas UC patients receiving the same therapies exhib-
ited an approximately 2.7-fold reduction in ROS levels
compared with untreated UC patients (p < 0.005).

The mean serum superoxide anion (•O2
-) concen-

tration was significantly higher in patients with CD (14.61
± 4.94 µmol/L) compared with healthy controls (p =
0.048) and with patients with UC (p < 0.05). Elevated •O2

-

levels were also observed in male patients with UC (20.12
± 5.71 µmol/L) (Figure 2B). In contrast, no significant dif-
ferences in •O2

- concentrations were detected between CD
and UC patients treated with immunosuppressive therapy
(p > 0.05).
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Fig. 2. Effects of therapy on oxidative stress param-
eters in patients with Crohn’s disease (CD) and ulcerative
colitis (UC): (A) reactive oxygen species (ROS) production,
(B) superoxide anion radical (•O2

-), and (C) protein oxida-
tion assessed by thiol (–SH) conformational changes. Radi-
cal species were measured in triplicate by electron para-
magnetic resonance (EPR) spectroscopy using WinEPR and
SimFonia software and are expressed in arbitrary units (a.u.).
Data are presented as mean ± standard error (SE). Statisti-
cal analysis was performed using one-way analysis of vari-
ance (ANOVA) followed by Student’s t-test. p < 0.05 vs. con-
trols; p < 0.005 vs. corresponding groups before treatment.

Protein modification and oxidation, reflected by –SH
conformational changes, were significantly increased in un-
treated CD and UC patients compared with controls, indi-
cating enhanced oxidative stress and a compromised sys-
temic antioxidant defense (p < 0.001). Protein oxidation lev-
els were approximately 4.5-fold higher in untreated CD and
UC patients than in healthy controls (p < 0.002), with no
significant difference observed between the two disease
groups. These findings suggest an inadequate adaptive anti-
oxidant response to excessive ROS production in IBD.

In contrast, protein oxidation levels were signifi-
cantly reduced—by approximately 2.2-fold—in patients
receiving immunosuppressive therapy with azathioprine
and/or corticosteroids compared with untreated IBD pa-
tients (p < 0.005). Protein oxidation values in treated CD
and UC patients did not differ significantly between
groups, indicating a comparable therapeutic effect on
oxidative protein damage.

Patients with IBD in remission exhibited plasma lev-
els of GPx-1 activity, MDA concentration, ROS production,
superoxide anion levels, and protein oxidation that were
comparable to those of healthy controls; however, these dif-
ferences did not reach statistical significance (p > 0.056).

Correlation analysis revealed significant positive as-
sociations among oxidative stress markers, particularly in
patients with CD compared with UC. Significant correla-
tions were observed between ROS production and •O2

- ac-
tivation (r = 0.63, p < 0.05), •O2

- activation and protein
oxidation (r = 0.66, p < 0.05), •O2

- activation and MDA
levels (r = 0.71, p < 0.003), and ROS production and GPx-
1 activity (r = 0.68, p < 0.002).

DISCUSSION:
Excessive production of reactive oxygen species

(ROS) and the subsequent accumulation of oxidative stress
(OS) are increasingly recognized as key mechanisms con-
tributing to immune dysregulation and inflammatory tis-
sue injury in inflammatory bowel disease (IBD). Interac-
tions among intestinal microbiota, dietary components, and
activated immune cells promote excessive generation of
pro-oxidants in the inflamed gut, thereby amplifying mu-
cosal damage and perpetuating inflammation [1, 6, 19].
Recent evidence, including the findings of Xu et al. [19],
highlights oxidative injury as a critical factor in both the
initiation and progression of IBD. Similar redox distur-
bances observed in systemic inflammatory conditions, such
as sepsis, further support the role of disrupted redox
signaling, molecular damage, and impaired antioxidant
defenses in disease pathophysiology. Collectively, these
observations suggest that therapeutic strategies targeting
ROS-mediated mechanisms may offer meaningful benefits
in IBD management [19, 20].

Previous studies have demonstrated a reduction in
antioxidant defense capacity within the intestinal mucosa
of patients with active CD and UC [20, 21]. However, re-
ported findings regarding glutathione peroxidase (GSH-Px/
GPx) activity remain inconsistent, with some studies de-
scribing increased enzyme activity in both active and re-
mission phases [21, 22], while others report no significant
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differences between UC patients and healthy controls.
These discrepancies may reflect disease heterogeneity and
indicate the presence of distinct antioxidative mechanisms
in CD and UC.

In the present study, serum GPx-1 levels differed sig-
nificantly between patients with CD and UC and healthy
controls (p < 0.003). Notably, antioxidant activity improved
following therapeutic intervention, particularly in patients
with CD (p < 0.05), suggesting a beneficial effect of stand-
ard anti-inflammatory treatments, including azathioprine,
mesalazine, and corticosteroids. This observation is con-
sistent with previous reports demonstrating that IBD
therapy reduces ROS production and attenuates oxidative
stress through suppression of inflammatory signaling and
cellular proliferation [22, 23].

Azathioprine exerts its immunosuppressive effects
through enzymatic conversion into active metabolites by
phosphoribosyl transferase and thiopurine
methyltransferase, leading to inhibition of purine synthe-
sis and subsequent suppression of DNA and RNA replica-
tion [24]. This mechanism not only limits immune cell ac-
tivation but may also reduce ROS generation and oxidative
metabolic burden. In contrast, Thomas et al. [24] reported
elevated plasma GPx levels in untreated CD patients, in-
terpreted as a compensatory mucosal response to increased
oxidative stress. Together, these findings suggest that ef-
fective anti-inflammatory therapy restores redox balance by
reducing ROS-mediated damage and enhancing antioxidant
defense capacity.

Overall, the present results support the concept that
conventional IBD therapies contribute to disease control
not only through immunomodulation but also via attenu-
ation of oxidative stress. Strategies that reduce ROS pro-
duction, limit cellular injury, and restore antioxidant en-
zyme activity—such as GPx-1—may therefore play a cru-
cial role in promoting mucosal healing and improving clini-
cal outcomes in patients with IBD [1, 2, 24].

Therapy-induced activation of the glutathione per-
oxidase (GPx) antioxidant defense system contributes to
the reduction of hydroperoxides within the gastrointestinal
tract. Intestinal inflammation in Crohn’s disease (CD) is
characterized by pronounced lipid peroxidation and in-
creased levels of oxidized lipoproteins, particularly dur-
ing active disease. Distinct oxidative mechanisms have
been described in ulcerative colitis (UC) and CD: lipid
peroxidation in UC has been linked to epithelial catalase
(CAT) expression through hydrogen peroxide–mediated
pathways, whereas in CD it is associated with mitochon-
drial superoxide dismutase (SOD) activity involving hy-
droxyl (•OH) and superoxide (•O2

-) radicals [6, 8, 20].
In the present study, assessment of lipid peroxidation

revealed a significant reduction in malondialdehyde (MDA)
levels in both CD and UC patients treated with azathio-
prine, mesalazine, and corticosteroids compared with un-
treated patients (p < 0.05) (Figure 1B). Although the de-
crease in MDA levels was not significantly different be-
tween treated CD and UC patients, these findings suggest
that pharmacological therapy effectively reduces lipid per-
oxide–mediated membrane damage. The combined thera-

peutic approach may synchronize the detoxification of hy-
drogen peroxide as well as hydroxyl and superoxide radi-
cals by limiting inflammatory cell infiltration and promot-
ing mucosal healing, particularly in CD.

Consistent with these observations, Tüzün et al. [21]
reported lower MDA levels in CD patients during remis-
sion compared with healthy controls. Persistent oxidative
damage, impaired regulation of antioxidant enzymes, and
enhanced lipid peroxidation further underscore the central
role of oxidative stress in CD pathogenesis [20, 25].

Emerging evidence also suggests that combining
anti-inflammatory therapy with probiotics in IBD may en-
hance antioxidant enzyme activity and more effectively re-
duce ROS levels, thereby mitigating mucosal injury and re-
storing disrupted epithelial barrier integrity [26]. Conse-
quently, further investigation of ROS-sensitive therapeutic
strategies that augment endogenous antioxidant defenses
and modulate ROS-driven inflammatory pathways is war-
ranted.

Electron paramagnetic resonance (EPR) spectroscopy
employing stable nitroxide spin probes enables quantita-
tive assessment of oxidative stress (OS) and reactive oxy-
gen species (ROS) accumulation in blood and tissues [27].
In the present study, ROS production, superoxide anion
(•O2

-) activation, and protein oxidation were overall in-
creased in patients with Crohn’s disease (CD) and ulcera-
tive colitis (UC), although these elevations did not reach
statistical significance in some comparisons. These find-
ings underscore the contribution of hydroxyl (•OH) and
superoxide radicals to oxidative stress–mediated cellular
damage (Figure 2).

Following anti-inflammatory therapy, several
oxidative stress markers demonstrated a statistically sig-
nificant reduction. Specifically, ROS production (Figure
2A, p < 0.005), •O2

- activation (Figure 2B, p < 0.05), and
protein oxidation (Figure 2C, p < 0.05) decreased by ap-
proximately two-fold in both CD and UC patient groups.
These results indicate that standard immunosuppressive
therapy effectively attenuates systemic oxidative burden.

Consistent with these findings, Dudziñska et al. [25]
reported a positive correlation between elevated ROS lev-
els, lipid hydroperoxides (LOO•/LOOH), and increased en-
dogenous oxidative stress in patients with CD and UC. ROS
overproduction appears to be a central factor in disease pro-
gression, oxidative tissue damage, and therapeutic respon-
siveness. Previous studies have also shown that both in-
testinal and peripheral T cells in CD and UC exhibit
immunoregulatory abnormalities, while activated
phagocytes infiltrating the intestinal mucosa represent the
primary source of excessive ROS generation [28].

Moreover, Velayutham et al. [29] demonstrated ap-
proximately nine-fold higher serum •O2

- activation com-
pared with colonic tissue in UC, suggesting continuous re-
lease of tissue-derived oxidants into the systemic circula-
tion. Similarly, Wang et al. [30] reported higher rates of
oxidative stress induction during the active phase of CD
and UC compared with remission.

In the present cohort, 17 of 21 patients (81.0%) were
in the active phase of IBD at the time of evaluation. The
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elevated inflammatory burden, together with combined im-
munosuppressive therapy (azathioprine, mesalazine, and
corticosteroids), likely contributed to the observed two-fold
regulation of ROS production, lipid peroxidation, and over-
all oxidative stress. The lack of statistically significant re-
ductions in certain oxidative markers, particularly in CD
patients, may be influenced by disease duration, timing of
diagnosis, and the severity of inflammation and oxidative
injury [30–33].

Finally, protein oxidation, reflecting conformational
alterations of thiol (–SH) groups and formation of thiyl radi-
cals (R–S•), demonstrated an approximately three-fold in-
crease in systemic oxidative stress (OS) and excessive ROS
production in patients with Crohn’s disease (CD) and ul-
cerative colitis (UC) compared with healthy controls. Re-
duced free thiol (R–SH) levels, enhanced protein confor-
mational changes, and systemic OS strongly correlate with
endoscopic disease activity in both CD and UC, even when
compared with fecal calprotectin levels [20, 31]. Elevated
protein oxidation in untreated CD and UC patients during
the active disease phase was associated with increased in-
flammatory severity. In contrast, protein oxidation was
markedly reduced in CD and UC patients receiving com-
bined immunosuppressive therapy with azathioprine,
mesalazine, and corticosteroids, supporting the role of sys-
temic protein oxidation and thiol redox imbalance as key
markers of oxidative stress and inflammation in IBD [32].
Recent evidence suggests that nitroxide-sensitive protein
oxidation may serve as a sensitive biomarker for IBD ac-
tivity, potentially outperforming C-reactive protein (CRP),
which is influenced by confounding factors such as age and
serum albumin levels [20, 30]. This marker may be particu-
larly valuable for detecting moderate endoscopic activity
and improving disease monitoring in CD and UC patients
[20, 33].

Several limitations of the present study should be
acknowledged. First, the relatively small sample size (n =
21) limits statistical power and may restrict the
generalizability of the findings to broader pediatric IBD
populations. Second, the cross-sectional, observational de-
sign precludes definitive conclusions regarding causal re-
lationships between oxidative stress markers, disease ac-
tivity, and therapeutic response. Third, although multiple
OS parameters were assessed, measurements were confined
to serum biomarkers and did not include tissue-specific
analyses or direct assessment of intestinal mucosal redox
status. Additionally, treatment regimens were not uniform
across patients, and only a limited number received bio-
logical therapy, constraining comparative evaluation of
therapy-specific oxidative stress responses.

Immunosuppressive agents, mesalazine, and biologi-
cal therapies exert distinct mechanisms of action on intes-
tinal mucosal inflammation in IBD. Given the limited
number of patients receiving each specific pharmacologi-
cal regimen in this cohort, definitive conclusions regard-
ing the individual effects of these therapies on oxidative
stress markers cannot be drawn. Therefore, larger, longitu-
dinal, and prospective studies are warranted to clarify the

differential antioxidant and redox-modulating effects of
specific therapeutic classes and to further validate
oxidative stress biomarkers for clinical monitoring in IBD.

CONCLUSION:
This study underscores the pivotal role of oxidative

stress (OS) and excessive reactive oxygen species (ROS)
production in the pathophysiology of pediatric inflamma-
tory bowel disease (IBD), including both Crohn’s disease
(CD) and ulcerative colitis (UC). Treatment-naive patients
exhibited markedly elevated serum ROS levels, lipid
peroxidation, and protein oxidation, reflecting a pro-
nounced redox imbalance and impaired antioxidant
defense. Notably, superoxide anion (•O2

-) levels were sig-
nificantly increased during active disease, particularly in
CD, and showed positive correlations with other OS mark-
ers, including malondialdehyde (MDA) and protein oxida-
tion.

Serum GPx-1 activity was significantly reduced in
untreated CD and UC patients but increased following im-
munosuppressive therapy with azathioprine and
corticosteroids, indicating partial restoration of antioxidant
capacity. Therapeutic intervention was associated with an
approximately two-fold reduction in ROS production, li-
pid peroxidation, and protein oxidation, most prominently
in UC patients, supporting the efficacy of standard anti-
inflammatory regimens in attenuating oxidative damage
and improving redox homeostasis. Furthermore, patients in
remission demonstrated OS marker levels approaching
those of healthy controls, reinforcing the link between ef-
fective disease control and normalization of oxidative bal-
ance.

Collectively, these findings suggest that OS-related
biomarkers—particularly protein oxidation and •O2

- gen-
eration—may serve as sensitive indicators of disease ac-
tivity and therapeutic response in pediatric IBD. Given
accumulating evidence that ROS, MDA, and protein oxi-
dation correlate with inflammatory burden, incorporation
of these markers into clinical monitoring as adjunct,
noninvasive tools may enhance disease assessment. Serial
measurement alongside established indices such as clini-
cal activity scores,  C-reactive protein,  and fecal
calprotectin could facilitate detection of subclinical in-
flammation, patient stratification based on oxidative
stress status, and more precise monitoring of treatment ef-
ficacy. Ultimately, integrating oxidative stress biomarkers
into routine follow-up may support earlier intervention,
treatment optimization, and a more individualized ap-
proach to disease management. Future studies should fur-
ther explore the therapeutic potential of antioxidant strat-
egies in combination with conventional immunosuppres-
sive treatments to mitigate ROS-mediated intestinal injury
and promote mucosal healing.
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