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Background: Chronic blood transfusions in individuals with transfusion-dependent disorders such as thalassemia major and sickle cell disease (SCD)(1) cause chronic inflammation, alloimmunization, and oxidative stress, which cumulatively impart damage to tissue and organs(2). The current systematic review will analyse the effectiveness of a novel panel of markers combining immuno-inflammatory and oxidative stress for better risk assessment in multi-transfused individuals(3).

Methods: A search of PubMed and Scopus journals for literature published between the years 2010 and 2024 regarding oxidative and inflammatory biomarkers in chronically transfused patients was conducted. There was a focus on studies that developed models using multiple biomarkers.

Results: Available evidence confirms that simultaneous assessment of inflammation (CRP, IL-6, TNF-α), oxidative stress (MDA, SOD, catalase), and immune responses (concentrations of alloantibodies, neopterin) improves clinical risk prediction over the assessment of any single factor(4). Ferritin, TNF-α, CRP, and oxidative stress, with organ dysfunction, strongly predicted an elevated level of all variables (p<0.05). Research studies carried out in cardiovascular medicine and transfusion medicine confirmed that the total index values forecasted death rates, treatment success(5).

Conclusion: A panel of immuno-inflammatory and oxidative stress biomarkers has a mechanistic and predictive role in the personal management of a variety of blood-transfused patients. The inclusion of these panels in the clinical management of the condition may be of benefit in the early diagnosis of oxidative inflammation.
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Introduction:
Chronic blood transfusion therapy remains a fundamental component in the management of transfusion-dependent disorders, including β-thalassemia major, sickle cell disease (SCD), myelodysplastic syndromes, aplastic anemia, and certain chronic anemias. While transfusions significantly enhance survival and quality of life, prolonged exposure to allogeneic red blood cells (RBCs) is associated with cumulative and multifactorial complications that extend beyond iron overload alone. Emerging evidence suggests that repeated transfusions initiate a complex interplay of chronic inflammation, oxidative stress, immune dysregulation, and alloimmunization, collectively contributing to progressive organ damage and adverse clinical outcomes(6). 
Iron overload is one of the earliest and most extensively studied consequences of chronic transfusion. The human body lacks a regulated pathway for iron excretion, resulting in progressive iron accumulation with each transfusion. Excess iron, particularly non-transferrin-bound iron, acts as a potent pro-oxidant and catalyzes the generation of reactive oxygen species (ROS) through Fenton and Haber–Weiss reactions(7). This oxidative burden promotes lipid peroxidation, protein oxidation, and nucleic acid damage, leading to tissue injury involving the liver, heart, endocrine glands, and kidneys. However, iron toxicity does not occur in isolation; rather, it is closely intertwined with inflammatory and immune processes. 

Chronic transfusion induces a state of persistent low-grade inflammation mediated by cytokines released from activated macrophages, endothelial cells, and immune effector cells. Pro-inflammatory cytokines such as interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) play central roles in sustaining inflammatory signaling, regulating iron metabolism through hepcidin induction, and amplifying oxidative stress(8). IL-8 further contributes by promoting neutrophil recruitment and endothelial activation, thereby reinforcing inflammatory injury. Conversely, anti-inflammatory cytokines such as interleukin-10 (IL-10) act as counter-regulatory mediators, suppressing excessive immune activation but potentially contributing to immune tolerance and altered alloimmune responses. The imbalance between pro- and anti-inflammatory cytokines represents a critical determinant of disease severity in chronically transfused patients.

Oxidative stress represents a downstream yet central mechanism linking iron overload and inflammation. Malondialdehyde (MDA)(9), a stable end-product of lipid peroxidation, is widely used as a surrogate marker of oxidative membrane damage and has been consistently reported to be elevated in transfusion-dependent populations. Concurrently, antioxidant defense systems—including enzymatic antioxidants such as superoxide dismutase (SOD), catalase, and non-enzymatic antioxidants like glutathione (GSH)—become progressively depleted, resulting in redox imbalance.(10) 

This oxidative–inflammatory milieu not only accelerates organ injury but also modifies RBC membrane proteins, potentially increasing their immunogenicity. Alloimmunization remains one of the most clinically challenging immunological complications of repeated blood transfusions. The development of alloantibodies against donor RBC antigens complicates transfusion compatibility, increases the risk of delayed hemolytic transfusion reactions, and limits the availability of compatible blood units(11). 

Inflammatory and oxidative stress states are increasingly recognized as key modulators of alloimmune responses by enhancing antigen presentation, dendritic cell activation, and adaptive immune priming. The indirect antiglobulin test (IAT) serves as a functional marker of this alloimmune activation and reflects the cumulative immunological burden imposed by chronic transfusion exposure.

Extensive research has been conducted on individual biomarkers, such as serum ferritin for iron overload, malondialdehyde (MDA) for oxidative stress, and cytokines for inflammation. However, approaches that focus on single analytes are inadequate in capturing the intricate biological complexity and interdependence of these processes(7,9). Isolated biomarkers yield only partial insights into disease pathophysiology and offer limited prognostic accuracy. As a result, there is a notable shift towards integrated biomarker frameworks that amalgamate inflammatory, oxidative, and immune parameters, thereby providing a more comprehensive evaluation of transfusion-related risk(12).

In this context, composite biomarker panels that integrate immuno-inflammatory cytokines (IL-6, IL-8, IL-10), iron overload markers (ferritin), oxidative stress indicators (MDA), and immunopharmacological outcomes (alloimmunization/IAT status) offer a biologically plausible and clinically significant approach for risk stratification(11). These panels are consistent with the principles of precision medicine, as they enable the early identification of high-risk individuals, guide personalized transfusion and chelation strategies, and facilitate longitudinal monitoring of disease progression and therapeutic response(13). 

Consequently, this systematic review aims to critically synthesize the available evidence on immuno-inflammatory, oxidative stress, and alloimmunization biomarkers in patients undergoing multiple blood transfusions. By evaluating the mechanistic links and clinical relevance of these biomarkers, this review seeks to establish the scientific rationale for composite biomarker panels as tools for enhanced risk stratification and personalized management in transfusion-dependent populations(4).

Method: A systematic review was performed on the PubMed, and Scopus databases to identify publications in the English language from January 2010 to December 2024. These search terms were used:

"Blood transfusion" OR "sickle cell" OR "thalassemia" AND ("oxidative stress" OR "inflammatory biomarkers" OR “Iron overload”.

Inclusion criteria:

· Human studies involving patients who have chronically received transfusions
· Evaluation of ≥2 classes of inflammatory, oxidative, and immune variables
· Quantitative correlations with clinical outcome
· Quantitative measures

Exclusion criteria:

· Single biomarker analyses
· Non-human or in vitro data

Pathophysiological

Chronic transfusion therapy leads to progressive iron overload due to the lack of a physiological mechanism for iron excretion. Repeated transfusions introduce excess iron that saturates the transferrin-binding capacity, resulting in the accumulation of non-transferrin-bound iron (NTBI) and labile plasma iron. This redox-active ferrous iron (Fe²⁺) readily engages in Fenton chemistry, catalyzing the conversion of hydrogen peroxide into highly reactive hydroxyl radicals (·OH). Hydroxyl radicals are among the most potent reactive oxygen species and initiate lipid peroxidation of polyunsaturated fatty acids within cellular and mitochondrial membranes(4,14). 

Fe2++H2​O2​→Fe3++OH−+OH

This process generates secondary reactive aldehydes, particularly malondialdehyde (MDA), which serves as a stable and quantifiable biomarker of oxidative membrane damage. Concurrently, hydroxyl radicals induce protein carbonylation and nucleic acid oxidation, leading to structural and functional alterations of enzymes, receptors, cytoskeletal proteins, and mitochondrial DNA. Collectively, these oxidative modifications compromise membrane integrity, impair cellular signaling, and accelerate tissue injury across vital organs such as the liver, heart, and kidneys(15).

In addition to iron-mediated oxidative reactions, chronic transfusion induces sustained immune and inflammatory activation. Iron overload and damaged erythrocyte components activate macrophages within the reticuloendothelial system. These activated macrophages release pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6), along with acute-phase reactants such as C-reactive protein (CRP). These mediators further amplify oxidative stress by stimulating intracellular signaling pathways that activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a major enzymatic source of superoxide anions (O₂⁻). The persistent activation of NADPH oxidase sustains a self-perpetuating oxidative–inflammatory cycle, wherein inflammation enhances reactive oxygen species production, and oxidative stress further propagates inflammatory signaling(3–5,16).

This cycle progressively overwhelms endogenous antioxidant defense systems. Key antioxidant enzymes, including superoxide dismutase (SOD), which catalyzes the dismutation of superoxide radicals, catalase, which detoxifies hydrogen peroxide, and glutathione (GSH), the principal intracellular redox buffer, become functionally depleted in multi-transfused patients. Reduced availability of these antioxidants diminishes cellular resilience against oxidative injury and exacerbates redox imbalance(10,15). 

The convergence of iron overload, inflammatory cytokine signaling, excessive reactive oxygen species generation, and antioxidant depletion establishes a state of chronic oxidative–inflammatory stress, which plays a central role in the pathogenesis of organ dysfunction and immune dysregulation in transfusion-dependent patients. This mechanistic interdependence underscores the inadequacy of single biomarkers and provides a strong biological rationale for integrated assessment using composite immuno-inflammatory and oxidative stress biomarker panel(2,9,12,13,17)s.



Biomarker Classification 
The intricate pathophysiology of chronic transfusion-related complications necessitates the assessment of biomarkers indicative of inflammation, oxidative stress, immune activation, and end-organ dysfunction. The biomarkers included in the proposed composite panel are categorized based on their biological function and clinical significance.
1. Inflammatory Biomarkers C-Reactive Protein (CRP): C-reactive protein is a classical acute-phase reactant synthesized by hepatocytes in response to inflammatory stimuli, predominantly mediated by IL-6 signaling. Elevated CRP levels reflect systemic inflammation and endothelial activation and are frequently observed in chronically transfused patients. Persistent CRP elevation indicates ongoing cytokine-driven inflammation and is associated with oxidative stress, vascular dysfunction, and progressive tissue injury. CRP, therefore, serves as a global surrogate marker of inflammatory burden. 
2. Interleukin-6 (IL-6) and Tumor Necrosis Factor-α (TNF-α): IL-6 and TNF-α are central mediators of chronic inflammation and immune activation. IL-6 plays a pivotal role in linking inflammation with iron metabolism through the induction of hepcidin, leading to iron sequestration and dysregulated iron homeostasis. TNF-α contributes to sustained inflammatory signaling, endothelial dysfunction, and the activation of oxidative pathways, including NADPH oxidase–mediated reactive oxygen species generation. Elevated levels of these cytokines reflect persistent immune activation and are strongly associated with disease severity in transfusion-dependent patients.
3. Ferritin: Ferritin exhibits a biphasic biological role. Primarily, it functions as an intracellular iron storage protein, and serum ferritin serves as a surrogate marker of total body iron burden. However, ferritin is also an acute-phase reactant, and its synthesis is upregulated during inflammation, particularly under IL-6 stimulation. Consequently, elevated ferritin levels in multi-transfused patients reflect both iron overload and inflammatory activity, positioning ferritin at the intersection of metabolic and inflammatory pathways(18).
2. Oxidative Stress Biomarkers
Malondialdehyde (MDA): Malondialdehyde is a stable end-product of lipid peroxidation, which arises from oxidative damage to polyunsaturated fatty acids within cellular membranes. Elevated levels of MDA serve as direct evidence of iron-catalyzed oxidative injury and are strongly correlated with mitochondrial dysfunction, membrane instability, and organ damage. Consequently, MDA is recognized as a reliable and widely accepted marker of oxidative stress in transfusion-dependent populations(17,19). 
Superoxide Dismutase (SOD): Superoxide dismutase is a critical enzymatic antioxidant that facilitates the dismutation of superoxide radicals into hydrogen peroxide and molecular oxygen. In chronically transfused patients, reduced SOD activity indicates the depletion of first-line antioxidant defenses and an increased susceptibility to oxidative damage(10).
Glutathione (GSH) and Catalase (CAT): Glutathione functions as the principal intracellular redox buffer and plays a central role in detoxifying hydrogen peroxide and lipid peroxides. Catalase complements this function by catalyzing the conversion of hydrogen peroxide into water and oxygen. The depletion of GSH and catalase activity signifies impaired antioxidant capacity and a shift toward oxidative dominance, thereby exacerbating cellular injury.
3 Immune Markers 
Alloantibodies:The formation of alloantibodies constitutes a clinically significant outcome of transfusion-induced immune sensitization. The presence of alloantibodies, as detected through the indirect antiglobulin test (IAT), indicates an enhanced immune response to donor RBC antigens. Alloimmunization is affected by factors such as inflammatory status, oxidative stress, and antigenic exposure, thereby serving as a functional indicator of immune dysregulation in patients undergoing multiple transfusions(11). 
Neopterin: Neopterin is synthesized by activated macrophages in response to interferon-γ stimulation and functions as a marker of cellular immune activation. Elevated levels of neopterin are indicative of macrophage-mediated oxidative and inflammatory activity and have been correlated with increased oxidative stress and immune-mediated tissue damage.
4. Functional Surrogate Markers of Organ Injury 
Aspartate Transaminase (AST) and Alanine Transaminase (ALT): AST and ALT are sensitive indicators of hepatocellular injury. In patients dependent on transfusions, elevated transaminase levels frequently indicate iron-induced oxidative hepatic injury and chronic inflammatory damage. These enzymes function as surrogate markers, linking biochemical oxidative stress to clinically significant organ dysfunction(20).
Creatinine and Urea: Serum creatinine and urea serve as indirect markers of renal function, reflecting oxidative and inflammatory injury to renal tissues. Chronic oxidative stress contributes to glomerular and tubular damage, rendering these parameters relevant indicators of systemic redox imbalance and end-organ involvement(20). 
Translational Implications of Composite Biomarker Indices:The integration of inflammatory, oxidative, immune, and functional biomarkers into a composite index holds significant translational relevance. 
Such indices may facilitate: 
· Early detection of subclinical organ dysfunction prior to overt clinical manifestations 
· Personalized antioxidant therapy, including agents such as N-acetylcysteine and iron chelators like deferasirox 
· Risk-based stratification of iron chelation intensity
· Monitoring the efficacy of anti-inflammatory and immunomodulatory interventions Optimization of transfusion strategies, including antigen matching and transfusion frequency 
Conceptual Rationale of the Composite Score 
Patients undergoing multiple blood transfusions are simultaneously exposed to persistent inflammatory activation, progressive oxidative stress, and depletion of endogenous antioxidant defenses. These processes occur concurrently and reinforce one another, resulting in a sustained oxidative-inflammatory state that drives organ dysfunction and immune sensitization. Single biomarkers, although informative, capture only isolated components of this complex biological network and therefore lack sufficient predictive power. 

The proposed composite score integrates: Pro-inflammatory factors, which promote tissue injury and immune activation Oxidative stress markers, which directly reflect molecular and cellular damage Antioxidant markers, which represent endogenous protective capacity.

By combining these parameters, the composite score provides an integrated measure of net oxidative-inflammatory burden, offering superior clinical utility compared to individual biomarkers. This systems-based approach aligns with modern precision medicine principles and enables more accurate risk stratification, therapeutic monitoring, and longitudinal assessment in patients receiving multiple blood transfusions.

Mathematical Structure of the Composite Score

Composite Score=(zCRP+zTNFα+zIL6+zMDA)−(zSOD+zGSH)

Why this structure?

· Additive positive terms → Biomarkers increasing disease risk
· Negative terms, subtractive→ Protective biomarkers against damage

All the above represents the state of equilibrium between the injury-causing and protection mechanisms of the organism

Breakdown of Each Component
A. Pro-Inflammatory Markers (Positive Contributors

zCRP (C-Reactive Protein)

· Indicates systemic inflammation.
· High CRP levels are indicative of persistent cytokine stimulation and tissue damage
· Closely linked to endothelial dysfunction and tissue injury

zTNF-α (Tumour Necrosis Factor- α)

· Central mediators of chronic inflammation
· Oxidative stress through activated NADPH oxidase
· Involved in iron-induced tissue toxicity

zIL-6 (Interlukin-6)

· Associates’ inflammation with iron metabolism
· Induces hepatic ferritin synthesis 
· Contributes to chronic inflammatory conditions in transfusion-dependent patients

B. Oxidative stress marker (Positive Contributor) 

zMDA (Malondialdehyde)

· Marker of lipid peroxidation
· Indicates membrane and mitochondrial damage
· Directly reflects iron-catalyzed free radical damage

C. Antioxidant Markers (Negative Contributors)

zSOD (Superoxide Dismutase)

· First-line enzymatic defense against superoxide radicals
· Decreased levels represent exhausted antioxidant potential

zGSH (Glutathione)

· •Master intracellular Antioxid
· Needed in hydrogen peroxide and lipid peroxide detoxification
· Depletion indicates susceptibility to oxidative damage

Why Z-Score Normalization Is Essential

Z- Score Formula:

		Z= (X- µ)/ õ

Where:
· X = individual biomarker value
· μ = population mean
· õ = standard deviation
Advantages:
· Removes unit differences (mg/L, pg/mL, µmol)
· Permits equal consideration of all biomarkers
· Facilitates a comparative analysis across populations
· Reduces variability between assays

Biological Interpretation of the Composite Score

High Composite Score Indicates:

· Severe inflammatory activation
· Enhanced oxidative molecular damage
· Depleted antioxidant defences
· High risk of organ dysfunction 

Low or Negative Composite Score Indicates:

· Regulated inflammation
· Reduce oxidative stress
· Active antioxidant power 
· Lower clinical risk


Table 1 : Clinical Risk Stratification
	Composite Score Range
	Interpretation

	≤ −1.0
	Low oxidative–inflammatory risk

	−1.0 to +1.0
	Moderate risk

	≥ +1.0
	High risk – requires intervention




Suitability for Longitudinal Monitoring
The composite score is very useful for follow-up because:

· Individual biomarkers behave relatively independently
· The composite score represents the disease course

Longitudinal Applications:

· Assessing Response to Iron Chelation Therapy
· Evaluating the usefulness of antioxidant supplementation
· Detection of early organ damage prior to the onset of clinical symptoms
· Regulating the frequency and volume of transfusion

Example:

· ↓ Composite score post-therapy → Therapeutic success
· ↑ Composite Score over time → Threat of Organ Damage

Table 2 : Advantages Over Single Biomarkers

	Feature
	Single Marker
	Composite Score

	Captures inflammation
	Partial
	Complete

	Captures oxidative stress
	Partial
	Complete

	Reflects antioxidant defence
	No
	Yes

	Predicts organ injury
	Weak
	Strong

	Suitable for monitoring
	Limited
	Excellent



Limitations:
· Heterogeneity of biomarker assays and thresholds Heterogeneity
· Lack of standardized reference ranges within ethnic groups

However, there are few longitudinal studies directly connecting composite panels with clinical outcomes. For instance, there are future multicentre studies combining multi-omics information (Proteomics + Metabolomics) can be undertaken for confirmation of the predictive models and uniform utilization of composite biomarkers.




Discussion 
The findings synthesized in this systematic review provide robust and consistent evidence that composite biomarker approaches surpass single-analyte models in the risk stratification of chronically transfused patients. The superiority of composite indices lies in their capacity to capture the multidimensional and interdependent biological processes underlying transfusion-related complications, rather than relying on isolated biochemical or immunological parameters(11). 

Chronic transfusion induces a complex pathological network characterized by sustained inflammation, iron overload, oxidative stress, and immune dysregulation. These mechanisms do not operate independently; instead, they reinforce one another through reciprocal amplification loops. Pro-inflammatory cytokines such as tumor necrosis factor-α (TNF-α) and interleukin-6 (IL-6) stimulate iron sequestration and ferritin synthesis, while excess iron catalyzes reactive oxygen species generation, leading to lipid peroxidation and oxidative cellular injury. Oxidative stress, in turn, enhances inflammatory signaling and antigen modification, further perpetuating immune activation. Consequently, the isolated measurement of any single biomarker—such as serum ferritin or malondialdehyde (MDA)—provides only a partial and often misleading representation of disease burden(11,21). 
Composite biomarker models integrating inflammatory markers (e.g., CRP, TNF-α), oxidative stress indicators (e.g., MDA), and antioxidant defense parameters (e.g., superoxide dismutase, glutathione) offer a more comprehensive assessment of the net oxidative–inflammatory state. CRP serves as a global marker of systemic inflammation, while TNF-α reflects sustained immune activation and cytokine-driven oxidative pathways. MDA directly quantifies lipid peroxidation and membrane damage, whereas antioxidant enzymes represent endogenous protective capacity. The simultaneous evaluation of these markers enables differentiation between patients with compensated oxidative stress and those experiencing progressive redox imbalance and tissue injury(22).
Importantly, several studies included in this review demonstrated stronger correlations between composite indices and clinically relevant outcomes—such as organ dysfunction, transfusion-related complications, and disease severity—compared to individual biomarkers. These findings are consistent with evidence from cardiovascular and metabolic research, where composite inflammatory and oxidative stress scores have shown superior predictive value for morbidity and mortality. Translating this paradigm to transfusion medicine underscores the relevance of systems-based biomarker integration for complex chronic conditions(23). 
From a clinical perspective, composite biomarker panels provide actionable insights that extend beyond diagnostic categorization. They enable early identification of high-risk patients, facilitate individualized iron chelation and antioxidant therapy, and support longitudinal monitoring of therapeutic response. Moreover, by reflecting the dynamic balance between injurious and protective mechanisms, composite indices are particularly well-suited for tracking disease progression in transfusion-dependent populations, where biomarker trajectories may evolve over time(24).
 Despite these advantages, the review also highlights important limitations in the existing literature. There is substantial heterogeneity in biomarker selection, assay methodologies, and threshold definitions across studies, limiting direct comparability and standardization. Additionally, most available data are cross-sectional, with a paucity of prospective longitudinal studies linking composite biomarker trajectories to hard clinical endpoints such as survival, organ failure, or transfusion-related adverse events. Addressing these gaps will be critical for the clinical adoption of composite biomarker frameworks(21,23).
In summary, the accumulated evidence substantiates the hypothesis that composite panels of immuno-inflammatory and oxidative stress biomarkers offer a superior and biologically coherent method for risk stratification in patients undergoing chronic transfusion. By integrating inflammatory burden, oxidative damage, and antioxidant capacity into a cohesive framework, these models provide enhanced prognostic accuracy and clinical relevance compared to single-analyte approaches. Future prospective validation and standardization efforts are necessary to translate these insights into routine transfusion practice and personalized patient care.
.


















Figure 1. Conceptual balance between pro-inflammatory/oxidative and antioxidant biomarkers that form the basis of composite risk score.
A positive value of the z-score corresponds to biomarkers involved in aggravating oxidative and inflammatory risk, and a negative value represents biomarkers related to the antioxidant mechanisms that mitigate oxidative and inflammatory risk. All these biomarkers are combined to yield the proposed composite index.

Conclusion:
Conclusion A composite panel of immuno-inflammatory and oxidative stress biomarkers presents a mechanistically integrated and clinically viable method for risk stratification in patients undergoing multiple blood transfusions. By simultaneously evaluating systemic inflammation (CRP, TNF-α, IL-6), oxidative damage (malondialdehyde), and antioxidant defense capacity (superoxide dismutase), this multidimensional framework offers a more comprehensive reflection of cumulative disease burden compared to individual biomarkers. Notably, the integration of both injurious and protective pathways facilitates the early detection of patients transitioning from compensated biochemical stress to progressive organ damage, thereby enabling timely therapeutic interventions. This approach has direct implications for personalized transfusion planning, optimization of iron chelation, and monitoring of antioxidant and anti-inflammatory therapies. The clinical utility of composite biomarker panels will rely on standardized assays, validated cut-off values, and prospective multicentric evaluation. With appropriate validation, this strategy holds significant potential to advance precision-based, preventive transfusion medicine and improve long-term outcomes in chronically transfused populations.
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