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Abstract:  
Background: Red blood cell (RBC) transfusion is a critical therapeutic intervention in managing anemia, surgical 
blood loss, and trauma. However, prolonged storage of RBCs induces metabolic, structural, and biochemical 
changes, collectively known as the "storage lesion." These changes may affect the plasma metabolome post-
transfusion, potentially leading to adverse outcomes. 
Aim: This study aimed to evaluate the effects of aged, stored RBCs on the human plasma metabolome, focusing 
on metabolic changes and their clinical implications. 
Methods: A prospective observational study was conducted with 100 participants who received RBC 
transfusions. Participants were categorized into three groups based on RBC storage duration: <14 days, 14–28 
days, and >28 days. Plasma samples were collected pre-transfusion, and at 24 and 72 hours post-transfusion, and 
analyzed using advanced metabolomic techniques. Key parameters, including hemoglobin levels, plasma lactate, 
potassium was measured. Statistical analysis was performed using SPSS version 23.0, with a significance 
threshold of p<0.05. 
Results: Plasma lactate levels significantly increased post-transfusion across all groups, with the highest levels 
observed in the >28 days group (mean: 3.2 mmol/L at 24 hours). Plasma potassium levels also showed a marked 
increase, with levels peaking at 5.8 mmol/L in the >28 days group. Hemoglobin levels increased uniformly in all 
groups, confirming effective oxygen-carrying capacity restoration. Statistical analysis revealed significant 
differences in plasma metabolite levels between groups, particularly between the <14 days and >28 days groups 
(p<0.001). 
Conclusion: Aged stored RBCs induce significant metabolic changes in the plasma metabolome, particularly 
elevated lactate, and potassium levels. While hemoglobin levels remained unaffected, the findings highlight the 
potential metabolic stress associated with transfusing older RBCs. 
Recommendations: To mitigate the risks associated with aged stored RBCs, it is recommended to prioritize 
fresher RBCs for vulnerable populations and explore interventions to minimize storage-induced metabolic 
alterations. Further research is warranted to establish clinical thresholds for RBC storage durations. 
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Introduction

Red blood cell (RBC) transfusion is an essential 
therapeutic intervention in modern medicine, with 
millions of units transfused annually to manage 
conditions such as anemia, trauma, and 
perioperative blood loss. To meet clinical demands, 
donated RBCs are stored for up to 42 days under 
regulated conditions to maintain their viability and 
function. However, during storage, RBCs undergo a 
series of biochemical, structural, and functional 
changes collectively referred to as the "storage 

lesion" [1,2]. These changes have raised concerns 
about the efficacy and safety of older stored RBCs, 
particularly in critically ill patients. Storage-induced 
alterations in RBCs include membrane damage, 
reduced deformability, and metabolic changes such 
as the depletion of adenosine triphosphate (ATP) 
and 2,3-diphosphoglycerate (2,3-DPG) [3]. 
Additionally, the accumulation of oxidative and 
inflammatory metabolites, including reactive 
oxygen species (ROS) and lipid peroxidation 
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products, can affect the integrity of stored RBCs and 
their interactions with the recipient’s plasma 
metabolome post-transfusion [4]. These metabolic 
shifts may result in adverse effects such as impaired 
oxygen delivery and increased oxidative stress in 
recipients, particularly when transfusing RBCs 
stored for extended durations. 

Recent advancements in metabolomics have 
provided insights into the plasma metabolome 
changes associated with transfused RBCs. Studies 
have shown that longer storage durations correlate 
with significant alterations in plasma metabolite 
profiles, including elevated levels of lactate, 
potassium, and free hemoglobin, which may 
contribute to inflammatory responses and 
endothelial dysfunction [5]. Furthermore, the release 
of microvesicles and storage-induced hemolysis 
exacerbates the metabolic burden on recipients, 
especially those with underlying comorbidities [6]. 
The clinical implications of these storage-related 
changes have been debated. While most evidence 
supports the safety of standard storage practices, 
there is increasing recognition of potential risks in 
specific patient populations, such as neonates, 
critically ill adults, and those undergoing massive 
transfusions [7]. To optimize transfusion outcomes, 
research efforts are focused on identifying 
biomarkers of RBC quality and metabolic age, 
which could guide the use of fresher RBCs for 
vulnerable patients. This study aimed to evaluate the 
effects of aged, stored RBCs on the human plasma 
metabolome, focusing on metabolic changes and 
their clinical implications. 

Methodology 

Study Design: This was a prospective observational 
study. 

Study Setting: The study was conducted in the 
Transfusion Medicine Department at RNT Medical 
College & Hospital, Udaipur, Rajasthan. The study 
spanned a duration of one year, allowing sufficient 
time for participant recruitment, data collection, and 
analysis. 

Participants: The study included 100 participants 
receiving blood transfusions at the Transfusion 
Medicine Department. Participants were categorized 
based on the storage duration of the transfused RBCs 
to assess their impact on plasma metabolite profiles. 

Inclusion Criteria 

● Adult patients aged 18–60 years. 

● Patients required RBC transfusion as part of 
their clinical management. 

● Patients who provided informed consent for 
participation. 

Exclusion Criteria 

● Patients with known metabolic disorders. 
● Patients with active infection or sepsis. 
● Patients who had received blood transfusions 

within the past 6 months. 
● Pregnant or lactating women. 

Bias: To minimize bias, participants were 
consecutively enrolled based on eligibility criteria. 
Stratification by RBC storage duration (e.g., <14 
days, 14–28 days, >28 days) ensured uniform 
distribution across storage categories. Data analysis 
was blinded to storage duration to eliminate 
observer bias. 

Data Collection: Data were collected at multiple 
time points, including pre-transfusion (baseline) and 
post-transfusion (at 24 hours and 72 hours). Plasma 
samples were obtained for metabolomic analysis, 
and relevant demographic and clinical data were 
recorded. Samples were stored at 2-6 degree until 
analysis. 

Procedure: Eligible participants were identified, 
and informed consents were obtained. Participants 
underwent blood sampling before transfusion and at 
designated intervals post-transfusion. Transfused 
RBC units were categorized based on their storage 
duration. Plasma samples were analyzed using 
advanced metabolomic techniques, such as liquid 
chromatography-mass spectrometry (LC-MS), to 
identify and quantify metabolite changes. 

Statistical Analysis: Data were analyzed using 
SPSS version 23.0. Descriptive statistics was 
summarized participant characteristics and 
metabolite concentrations. Continuous variables 
were analyzed using paired or unpaired t-tests or 
ANOVA, as appropriate. Correlations between RBC 
storage duration and metabolite changes were 
assessed using Pearson’s or Spearman’s correlation. 
A p-value of <0.05 was considered statistically 
significant. 

Results 

The study evaluated the effects of aged stored 
(RBCs) on plasma lactate, potassium, and 
hemoglobin levels in 100 participants. Participants 
were grouped based on the storage duration of 
transfused RBCs

Table 1: Plasma Lactate Levels 
Storage Duration 
(Days) 

Participan
ts (n) 

Pre-Transfusion 
Mean value (mmol/L) 

24 Hours Post Mean 
value (mmol/L) 

72 Hours Post Mean 
Value (mmol/L) 

<14 35 1.2 ± 0.2 2.1 ± 0.3 1.8 ± 0.3 
14–28 35 1.3 ± 0.2 2.6 ± 0.4 2.2 ± 0.4 
>28 30 1.4 ± 0.3 3.2 ± 0.5 2.9 ± 0.4 
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Plasma lactate levels significantly increased at 24 
hours post-transfusion across all groups, with the 
greatest rise observed in the >28 days group. By 72 
hours, levels began to decrease but remained higher  

than pre-transfusion levels, particularly in the >28 
days group. This suggests a metabolic disturbance 
caused by transfusion of older RBCs.

Table 2: Plasma Potassium Levels 
Storage 
Duration (Days) 

Participants 
(n) 

Pre-Transfusion 
Mean value (mmol/L) 

24 Hours Post 
Mean value (mmol/L) 

72 Hours Post 
Mean value 
(mmol/L) 

<14 35 4.1 ± 0.3 4.7 ± 0.4 4.5 ± 0.3 
14–28 35 4.2 ± 0.3 5.2 ± 0.4 5.0 ± 0.4 
>28 30 4.3 ± 0.4 5.8 ± 0.5 5.5 ± 0.4 

Potassium levels showed a significant increase 24 
hours post-transfusion, with the highest levels in the 
>28 days group, reflecting potassium leakage  

from older RBCs. By 72 hours, levels declined 
slightly but remained above pre-transfusion levels in 
all groups, particularly in the >28 days group.

Table 3: Hemoglobin Levels 
Storage Duration (Days) Participants (n) Pre-Transfusion 

Mean value (g/dL) 
Post-Transfusion Mean 
value (g/dL) 

<14 35 9.0 ± 1.2 11.0 ± 1.1 
14–28 35 9.1 ± 1.3 11.1 ± 1.0 
>28 30 9.0 ± 1.2 11.2 ± 1.1 

Hemoglobin levels increased similarly across all 
groups post-transfusion, indicating effective 
oxygen-carrying capacity restoration. No significant  

differences were noted between the groups, 
suggesting RBC storage duration did not affect 
hemoglobin delivery.

Table 4: Statistical Analysis 
Parameter <14 vs 14–28 

Days (p-value) 
<14 vs >28 Days 
(p-value) 

14–28 vs >28 
Days (p-value) 

Plasma Lactate (24h Post) 0.04 <0.001 0.03 
Plasma Lactate (72h Post) 0.03 <0.001 0.02 
Plasma Potassium (24h Post) 0.02 <0.001 0.01 
Plasma Potassium (72h Post) 0.01 <0.001 0.001 
Hemoglobin (post-transfusion) >0.05 >0.05 >0.05 

Plasma lactate and potassium levels showed 
statistically significant differences between groups, 
with the >28 days group consistently showing the 
most pronounced effects. Hemoglobin levels, 
however, showed no significant differences across 
groups (p > 0.05). 

Summary of Results 

Plasma Lactate: Lactate levels increased 
significantly post-transfusion, correlating with RBC 
storage duration, suggesting higher metabolic stress 
from older RBCs. 

Plasma Potassium: Potassium levels rose 
significantly post-transfusion, with the >28 days 
group showing the highest levels due to potassium 
leakage from aged RBCs. 

Hemoglobin: Hemoglobin levels increased 
effectively post-transfusion in all groups, indicating 
successful RBC delivery regardless of storage 
duration. 

Discussion 

This study explored the impact of aged stored 
(RBCs) on human plasma metabolome, focusing on 
lactate and potassium levels as indicators of 
metabolic changes, along with hemoglobin levels as 
a marker of transfusion efficacy. A total of 100 
participants were divided into three groups based on 
RBC storage duration: <14 days, 14–28 days, and 
>28 days. 

Plasma Lactate Levels: Lactate levels significantly 
increased in all groups at 24 hours post-transfusion, 
with the highest levels observed in the >28 days 
group. This increase suggests a higher metabolic 
stress induced by older RBCs. Although lactate 
levels started to decline by 72 hours, they remained 
elevated compared to pre-transfusion levels, 
especially in the >28 days group. These findings 
indicate that prolonged RBC storage may lead to 
greater metabolic byproducts in the recipient, 
potentially affecting cellular oxygen delivery and 
utilization. 

Plasma Potassium Levels: Potassium levels also 
increased significantly at 24 hours post-transfusion, 
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with a similar trend as lactate. The highest post-
transfusion potassium levels were found in the >28 
days group, reflecting potassium leakage from older 
RBCs during storage. At 72 hours, potassium levels 
declined slightly but remained elevated compared to 
pre-transfusion levels. Elevated plasma potassium 
can increase the risk of hyperkalemia, especially in 
vulnerable populations, highlighting a potential 
adverse effect of transfusing older RBCs. 

Hemoglobin Levels: Post-transfusion hemoglobin 
levels increased uniformly across all groups, 
irrespective of RBC storage duration. This indicates 
that RBCs stored for longer durations retain their 
oxygen-carrying capacity and effectively contribute 
to hemoglobin levels in recipients. However, the 
metabolic disturbances seen with prolonged storage 
durations suggest a trade-off between transfusion 
efficacy and metabolic side effects. 

Sex, age, and ethnicity of blood donors influence the 
metabolic resilience of stored RBCs. RBCs from 
female donors, older individuals, and certain ethnic 
groups demonstrated improved antioxidant 
metabolism and lower oxidative hemolysis. These 
characteristics were linked to glucose 6-phosphate 
dehydrogenase levels and pathways associated with 
redox homeostasis. This suggests donor biology as a 
key determinant of RBC quality during storage [8]. 
Similarly, metabolic adaptations in glycolytic and 
redox pathways in aged RBCs were associated with 
genetic traits and donor age, suggesting these factors 
could influence transfusion efficacy and outcomes 
[9]. Other studies investigated storage-induced 
coagulopathy and immune responses. Stored RBCs 
exhibited reduced coagulability due to prolonged 
storage, which could not be fully corrected by 
plasma addition [10]. Furthermore, aged RBCs 
released extracellular vesicles (EVs) and bioactive 
molecules during storage, potentially inducing 
immunomodulation and altering recipient immune 
responses, as shown by changes in T-cell activation 
and cytokine secretion in vitro [11]. RBC 
metabolism and quality during storage were also 
shown to vary based on storage additives and 
conditions. Zhou et al. found that RBCs stored in 
MAP solution experienced time-dependent 
metabolic alterations in glycolysis, glutathione 
homeostasis, and purine metabolism, further 
illustrating the complexity of RBC aging during 
storage [12]. Hypoxic storage conditions were 
shown to mitigate storage lesions and improve post-
transfusion recovery in murine models, indicating 
potential strategies to enhance stored RBC quality 
[13]. 

Conclusion 

The study results reveal that while hemoglobin 
delivery is unaffected by RBC storage duration, 
older RBCs (>28 days) are associated with greater 

metabolic alterations, including increased plasma 
lactate and potassium levels. These changes could 
have clinical implications, particularly for patients 
with pre-existing metabolic or cardiovascular 
vulnerabilities. Optimizing RBC storage duration or 
implementing strategies to mitigate these metabolic 
effects could improve transfusion safety and 
outcomes. 
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