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Abstract

Background: Chronic inflammatory diseases are strongly linked to mitochondrial dysfunction,
dysregulated oxidative stress, and metabolic reprogramming that lead to ongoing inflammatory
activation and cell injury.

Objective: The aim of this study was to assess mitochondrial metabolic changes, oxidative stress
markers and inflammatory mediators in patients with chronic inflammatory diseases compared to
healthy subjects.

Methods: We performed a cross-sectional case-control study in 50 patients with chronic inflammatory
diseases and 30 healthy controls. Spectrophotometric and ELISA-based assays were used to measure
serum levels of adenosine triphosphate (ATP), lactate, reactive oxygen species (ROS),
malondialdehyde (MDA), total antioxidant capacity (TAC), tumour necrosis factor-alpha (TNF-a) and
interleukin-6 (IL-6).

Results: Patients with chronic inflammatory diseases had significantly higher levels of ROS, MDA,
lactate, TNF-a and IL-6 and significantly lower concentrations of ATP and TAC compared with
controls (p<0.001). Increased lactate with decreased ATP levels means metabolic shift to aerobic
glycolysis. Correlations between ROS and inflammatory cytokines were strong and positive and
antioxidant depletion was related to increased lipid peroxidation

Conclusion: Mitochondrial dysfunction, oxidative stress and inflammatory activation are strongly
linked to chronic inflammatory diseases. Assessment of mitochondrial and oxidative stress biomarkers
may offer key diagnostic and therapeutic information for the management of chronic inflammatory
diseases.

Keywords: Mitochondria, Metabolic Reprogramming, Oxidative Stress, Chronic Inflammation,
Cytokines

Introduction

Chronic inflammatory diseases are characterized by sustained immune activation, continuous
production of inflammatory mediators, and progressive tissue damage, which together
contribute to metabolic disturbances and systemic complications 1. There is an increasing
body of evidence that mitochondrial dysfunction plays a key role in the pathogenesis of these
disorders via disruption of cellular energy metabolism, oxidative balance and inflammatory
signalling pathways 2. Mitochondria are not only involved in the classical production of
adenosine triphosphate (ATP) through oxidative phosphorylation but also in the control of
apoptosis, calcium homeostasis, the generation of reactive oxygen species (ROS) and innate
immune responses 241,

In chronic inflammatory conditions, mitochondrial dysfunction leads to increased ROS
generation, depolarization of mitochondrial membrane and release of mitochondrial DNA
into the cytosol where it acts as a damage-associated molecular pattern that can trigger
inflammatory pathways including Toll-like receptor and cGAS-STING signalling €1, These
alterations are associated with metabolic reprogramming in which cells shift from oxidative
phosphorylation to aerobic glycolysis with increased lactate production, a phenomenon often
observed in activated immune and inflammatory cells 781, This metabolic adaptation is the
basis for increased cytokine production, inflammatory activation and proliferation of immune
cells, contributing to the persistence and progression of chronic inflammatory disorders.

~752~


https://www.biochemjournal.com/
https://www.doi.org/10.33545/26174693.2026.v10.i5i.8522

International Journal of Advanced Biochemistry Research

Pro-inflammatory cytokines, particularly interleukin-6 (IL-
6) and tumour necrosis factor-alpha (TNF-a), further
contribute to mitochondrial dysfunction and oxidative injury
through activation of multiple inflammatory signalling
cascades [l Persistent oxidative stress resulting from
excessive ROS accumulation may induce lipid peroxidation,
protein oxidation, DNA damage, and depletion of
antioxidant defence systems. Consequently, biomarkers
such as malondialdehyde (MDA), total antioxidant capacity
(TAC), reduced glutathione (GSH), and mitochondrial ROS
have emerged as valuable indicators of inflammatory
severity and mitochondrial impairment in chronic
inflammatory diseases [1%-13], Continuous oxidative injury
may also establish a vicious cycle of mitochondrial damage
and inflammatory activation that accelerates disease
progression and tissue dysfunction.

Despite  growing evidence linking  mitochondrial
dysfunction to chronic inflammatory disorders, the
biochemical relationships between mitochondrial metabolic
reprogramming, oxidative stress, and inflammatory
mediators remain insufficiently understood. Therefore, the
present study aimed to investigate mitochondrial metabolic
reprogramming, oxidative stress markers, and inflammatory
mediators in patients with chronic inflammatory diseases by
evaluating ATP production, lactate levels, ROS generation,
lipid peroxidation, antioxidant status, and pro-inflammatory
cytokines.

Materials and Methods

Study Design and Ethical Considerations

This cross-sectional case-control study was conducted
between January and October 2025 to evaluate
mitochondrial metabolic reprogramming and oxidative
stress markers in chronic inflammatory diseases. The study
protocol was approved by the Institutional Research Ethics
Committee, College of Education for Pure Science,
University of Baghdad (The study protocol was reviewed
and approved by the Institutional Research Ethics
Committee, College of Education for Pure Science,
University of Baghdad. Written informed consent was
obtained from all participants before inclusion in the study.).
Written informed consent was obtained from all participants
prior to sample collection and biochemical analysis. A total
of 80 participants were enrolled, including 50 patients with
chronic inflammatory diseases and 30 age- and sex-matched
healthy controls.

Inclusion and Exclusion Criteria

Individuals who enrolled in this trial were screened based on
predefined selection criteria - these included being an adult
aged 20 - 60 years, having been diagnosed by a specialist
physician with a chronic inflammatory disease; not having
received any antioxidant supplementation over the last three
months; giving their written consent & willing to participate
in the research. Individuals who were not accepted into this
study included: those with acute infections with infectious
agents; those with any type of cancer; those with end stage
chronic kidney or liver failure; women who were pregnant
or breastfeeding; individuals who smoke or use alcohol; and
individuals who have undergone surgery or experienced
trauma in the last 90 days.

Sample Collection and Preparation

All individuals participating in this study had 10-12 hours of
overnight fasting prior to having their venous blood drawn
(5 mL) under sterile conditions using a sterile syringe.
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Blood was collected into a plain gel tube, allowed to clot at
room temperature for 15-20 minutes, and then centrifuged at
3000 rpm for 10 minutes to separate serum from the rest of
the blood. Serum was removed and placed in a sterile
Eppendorf tube and used only for biochemical
quantification to preserve the integrity of the biomarkers
evaluated. All serum samples were maintained at —80°C
until time of use in order to prevent degradation of oxidative
stress and inflammatory mediator biomarker values.

Biochemical Measurements

All biochemical analyses were performed according to
standardized laboratory protocols and manufacturer
instructions.

Measurement of Adenosine Triphosphate (ATP)

A highly- sensitive bioluminescence assay based on the
luciferin-luciferase reaction has been used to quantify serum
concentrations of ATP. A microplate reader was used to
measure the emitted light intensity (which is directly
proportional to the concentration of ATP) after ATP
concentration determination according to the bioenergetic
assessment method was performed 241,

Measurement of Serum Lactate

Concentrations of lactate in serum were measured using an
enzymatic colorimetric assay. Lactate oxidase reacts with
lactate to form pyruvate and produces hydrogen peroxide
that creates a measurable colour signal (at 570 nm) when it
reacts with a chromogenic substrate. This method is a
reliable measure of a shift in glycolytic metabolism 151,

Assessment of Reactive Oxygen Species (ROS)

The generation of reactive oxygen species was measured
using the following fluorescent probes that are created using
oxidation reactions (i.e. Amplex Red) to determine how
quickly superoxide and hydrogen peroxide were produced.
The amount of fluorescence intensity observed from the
sample correlated with the amount of intracellular ROS
being produced 61,

Determination of Malondialdehyde (MDA)

Lipid peroxidation was evaluated through measurement of
serum malondialdehyde levels using the Thiobarbituric Acid
Reactive Substances (TBARS) assay with
spectrophotometric detection at 532 nm according to
established protocols [*7],

Determination of Total Antioxidant Capacity (TAC)

Total antioxidant capacity was determined
spectrophotometrically using the Ferric Reducing Ability of
Plasma (FRAP) assay, which measures the ability of serum
antioxidants to reduce ferric ions under acidic conditions.

Results were expressed as mmol/L antioxidant equivalents
[18],

Measurement of Tumour Necrosis Factor-Alpha (TNF-
a)

Serum TNF-a concentrations were measured using high-
sensitivity sandwich ELISA kits with monoclonal antibody
detection systems. Cytokine concentrations were quantified
using standard calibration curves and absorbance
measurements at 450 nm 21,
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Measurement of Interleukin-6 (IL-6)

Serum IL-6 levels were determined using commercially
available high-sensitivity ELISA Kkits according to the
manufacturer’s instructions 2%,

Statistical Analysis

The Statistical Package for Social Sciences (SPSS) software
version 26 was used to analyse the data, and the results are
presented as mean + standard deviation (Mean £ SD). An
independent sample t-test and one-way Analysis of Variance
(ANOVA) were used to compare the groups. Correlations
(i.e., Pearson’s and Spearman’s) were calculated between
the mitochondrial biomarker(s), oxidative stress parameters
and inflammatory cytokines as appropriate. A p-value of <
0.05 was considered statistically significant.

Results

This study found marked changes in mitochondrial activity,
oxidative stress markers and inflammatory markers for
people with chronic inflammatory diseases compared to
non-infected subjects. As shown in Table 1, there were no
major differences between patients and controls on age and
body mass index (BMI), demonstrating proper matching of
study groups.

According to Table 2, the patient's group had major
metabolic and biochemical dysfunction. The concentrations
of total antioxidant capacity (TAC) and serum ATP were
both lower than those of the controls (P<0.001), which
indicates mitochondrial bioenergetic failure and depleted
antioxidant defences. In contrast, four other metabolic
markers (i.e., MALTOXA, IL-6, and TNF-oa) were
significantly higher than their control values in patients with
chronic inflammatory conditions (p<0.001) indicating
oxidative stress, increased lipid peroxidation, inflammatory
activation, and mitochondrial metabolic dysfunctions in the
burned child's body as a result of chronic inflammation.

A significant decrease (>40%) in ATP concentration was
noted within the patient group, indicating a major disruption
in mitochondrial oxidative phosphorylation and cellular
energy generation. Simultaneously, the concentration of
lactate was more than 2.4 times higher in the patient group
than in controls, providing compelling support for a shift
away from oxidative phosphorylation to aerobic glycolysis
through mitochondrial metabolic reprogramming or a
Warburg-like metabolic phenotype.

Elevated ROS and MDA levels support this observation
which prove that chronic inflammatory diseases experience
a large degree of oxidative stress and imbalance. The
increased production of ROS are linked to increased rates of
lipid peroxidation and depletion of antioxidants; thus,
indicating that chronic inflammatory diseases have high
levels of ongoing oxidative injury, as well as impaired
cellular redox homeostasis.

The correlation analysis illustrated in Table 3 provides
strong evidence of positive correlations between reactive
oxygen species and inflammatory cytokines (incrementally,
TNF-o. and IL-6). Additionally, lactate levels were
positively correlated to IL-6 levels and ATP levels had an
inverse correlation to inflammatory markers suggesting that
mitochondrial dysfunction is closely linked to the activation
of inflammation and that there is a metabolic
reprogramming taking place.

The key biochemical changes observed within the patient
population are summarized in Table 4. These changes
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demonstrate  potential  clinical relevance regarding
mitochondrial ~ dysregulation;  oxidative  stress; the
inflammatory process; and altered cellular metabolism
associated with chronic inflammatory disease.

Discussion

In this current investigation we evaluated how and what was
altered to the mitochondrial bioenergetics & oxidative stress
markers/inflammatory  mediators. The alterations in
mitochondrial bioenergetic markers, oxidative stress and
inflammatory mediators were markedly different in patients
as opposed to controls [ Table 2 clearly
summarises/reports that ATP (2.5X) and total antioxidant
capacity (2.5X) were significantly reduced, while levels of
reactive oxygen species (ROS) (2X), malondialdehyde
(MDA) (1.7X), lactate (2X), Tumour necrosis factor (TNF)
(3.4X) and Interleukin 6 (IL) (2.5X) were significantly
raised in chronic inflammatory disease patients when
compared to healthy controls. Thereby this study provides
further support to the theories presented, that chronic
inflammation is not only an immune-based response; but is
also a primary mitochondrial metabolic dysfunction via
compromised oxidative phosphorylation, mitochondrial
redox capabilities and inflammatory response [?21,

Another important finding from this investigation was the
significant decrease in ATP concentrations found in patients
with chronic inflammatory conditions; as described earlier,
ATP depletion indicates an inefficient process for making
ATP by mitochondria (oxidative phosphorylation) which
involves disrupted electron transport chain function and thus
impairing cellular energy metabolism. In addition, as shown
in Figure 3, the strong negative correlation found between
ATP and TNF-a levels further shows that this inflammatory
response contributes to mitochondrial dysfunction due to
inflammation's activation. These results are corroborated by
Qin et al. who reported that the presence of chronic
inflammatory disease/injury leads to inhibition of key
mitochondrial respiratory complexes and, consequently,
reduced ATP production 2%, In addition, data from more
recent studies have identified Interleukin-6 (IL-6) as serving
as a metabolic "off-switch" through its activation of the
gp130-JAK1/STAT1/3-HIF 1o signalling pathway where it
typically inhibits mitochondrial biogenesis and respiration
capabilities 24,

The current research supports the finding that lactate levels
were significantly elevated as indicated by a metabolic shift
from OxPhos to aerobic glycolysis. Given that lactate levels
among patients were elevated 2.4 times above pre-injury
levels, this provides strong support for mitochondrial
metabolic reprogramming and Warburg-like metabolic
adaptation during chronic inflammation 2%, Lactate
historically has been viewed as a waste product of
metabolism, but more recently it is being recognized as an
important immunometabolic mediator/pro-inflammatory
fuel. The accumulation of lactate facilitates lactation of
histones and the pro-inflammatory M1 metabolic
reprogramming of macrophages, while inhibiting the
metabolic transition to the anti-inflammatory M2 phenotype
[26]

In addition, these results are consistent with recent studies
that have shown lactate's involvement in the maintenance of
chronic inflammatory processes and the activation of
immune cells.
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Patients with chronic inflammatory diseases had
significantly higher levels of ROS and MDA compared to
those without. On the other hand, TAC levels were
decreased. This shows evidence of oxidative stress and
depletion of antioxidants. ROS and TNF-a levels were
positively correlated as seen in Figure 1. In contrast, TAC
and MDA concentration were inversely correlated as shown
in Figure 4. Chronic oxidative stress may lead to damage of
the mitochondrial membrane through damaging lipids and
causing further inflammation. Chronic oxidative stress may
also provide a mechanism for leakage of mitochondrial
DNA into the cytosol, leading to the activation of TLR9 and
cGAS-STING inflammatory cascades 21, Other researchers
have shown a relationship between oxidative stress and the
severity of disease in autoimmune and inflammatory
diseases having mitochondrial dysfunction.

Moreover, according to the findings presented in this
investigation, increased concentrations of IL-6 and TNF-a
indicate an increased incidence of inflammation and
disturbances in the immune system associated with chronic
inflammatory diseases. From the graph, the data show that
there is a significant positive correlation between levels of
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ROS and IL-6, suggesting that oxidative stress is directly
involved in creating more cytokines and escalating
inflammation. There is significant evidence that
mitochondrial-derived ROS can activate NF-xB and
inflammasome pathways resulting in long-term tykine
production and release of inflammatory mediators. This
series of events creates an ongoing pathological cycle that
contains a connection among mitochondrial dysfunction,
oxidative stress, metabolic reprogramming, and chronic
inflammation 281, The results of this research suggest that
the dysfunction of mitochondria is one of the main ways that
oxidative stress, inflammation, and metabolic abnormalities
are linked together in chronic inflammation. Therefore, a
combination of ATP, lactate, ROS, MDA, TAC, TNF, and
IL6 's' clinical chemistry will provide an additional method
for diagnosing and predicting the severity of chronic
inflammatory diseases through chemical analysis using the
above markers. Recent research has also indicated that
mitochondrial targeted antioxidants, biochemical
modulators, and structured exercise programs may improve
mitochondrial function and reduce the burden of
inflammation and restore redox homeostasis 21,

Table 1: Demographic Characteristics of Study Participants

Parameter Unit Patients (n=50) Controls (n=30) p-value
Age Years 43.8+9.1 41.5+8.6 0.31
BMI kg/m? 29.6+45 27.8+3.9 0.08

Table 2: Mitochondrial Function, Oxidative Stress, and Inflammatory Biomarkers

Parameter Unit Patients Controls p-value
ATP gmol/L 1.8+0.5 3.6%0.7 <0.001
Lactate mmol/L 49+12 21+0.6 <0.001
ROS u/mL 156 + 24 82+ 16 <0.001
MDA nmol/mL 6.7+1.3 29+0.8 <0.001
TAC mmol/L 0.72+0.16 1.48+0.24 <0.001
TNF-a pg/mL 39.5+8.2 16.4+4.1 <0.001
IL-6 pg/mL 28.9+6.3 10.2+27 <0.001

Table 3: Correlation Analysis Between Oxidative Stress, Mitochondrial Dysfunction, and Inflammatory Biomarkers

Correlation Parameters Correlation Coefficient (r) Direction p-value
ROS vs TNF-a 0.74 Positive <0.001
ROS vs IL-6 0.69 Positive <0.001

ROS vs Lactate 0.63 Positive <0.001
ATP vs TNF-a -0.58 Negative <0.001
ATP vs IL-6 -0.54 Negative <0.001

TAC vs MDA -0.66 Negative <0.001

Table 4: Summary of Significant Biochemical Alterations in Patients with Chronic Inflammatory Diseases

Biomarker Observed Change Clinical Interpretation
ATP Decreased Impaired mitochondrial energy production
Lactate Increased Enhanced glycolytic metabolism
ROS Increased Elevated oxidative stress
MDA Increased Increased lipid peroxidation
TAC Decreased Reduced antioxidant defense
TNF-a Increased Enhanced inflammatory response
IL-6 Increased Chronic inflammatory activation

~755"~


https://www.biochemjournal.com/

International Journal of Advanced Biochemistry Research

https://www.biochemjournal.com

ATP (umol/L)

Fig 3: Negative correlation between ATP and TNF-a levels.
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Conclusion

The current study showed that chronic inflammatory
diseases exhibit a strong association with mitochondrial
dysfunction and elevated oxidative stress, indicating an
inflammatory process that is linked to metabolic
reprogramming. A reduction in ATP and TAC levels, along
with an increase in ROS, MDA, lactate, TNF-a, and IL-6
concentration demonstrates that mitochondrial energy
production is impaired and that redox imbalances have been
present for some time. Additionally, the correlation between
oxidative stress markers and inflammatory markers suggest
that mitochondrial dysfunction contributes to the
development of chronic inflammation.

Chronic inflammation is characterized by mitochondrial
metabolic reprogramming and oxidative stress-induced
damage to the mitochondria; current evidence indicates that
metabolic biomarkers (e.g., lactate and ATP) might provide
useful  diagnostic/prognostic  markers in  chronic
inflammation.  Interventions  targeting  mitochondrial
metabolism and pathways associated with oxidative stress
are potentially beneficial for treating chronic inflammatory
diseases.
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