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Accepted 08.11.2025 B-thalassemia is set of genetic illnesses defined by abnormalities in the synthesis of the beta chains of hemoglobin. A broad
spectrum of phenotypes is observed, they are presented inside red blood cells. 2,3-bisphosphoglycerate (2,3-bpg) is a key compo-
nent that controls the hemoglobin's oxygen binding. The study examined the effect of the drug deferoxamine on the levels of 2,3-

bisphosphoglycerate, Na*/K* ATPase in patients with thalassemia type beta. The study was a case-control study. A total of 130
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munesorbent assay (ELISA), while Na*/K* ATPase was measured by ghost. Patients exhibited elevated 2,3-bisphosphoglycerate
levels in comparison to the control group, accompanied by elevated Na*/K* ATPase levels in patients compared to the controls.
Elevated levels of 2,3-bisphosphoglycerate dehydrogenase in p-thalassemia patients are due to increased hemolysis, as it is
formed within the red blood cell as a result of glycolysis. The level of sodium potassium ATPase, present in the red blood cell
membrane, also rises during red blood cell breakdown.
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Introduction

B-thalassemia is a genetic disorder that results from mutations or
deletions in the beta-globin gene (Ansharullah et al., 2025). The glo-
bin gene, located on chromosome 11, is responsible for the synthesis
of hemoglobin. In the absence of this gene, or in cases where it is not
fully expressed, the body experiences a deficiency in hemoglobin,
which can lead to a variety of health complications. Beta chains are a
subject of interest in this field (Galanello et al., 2011).

There are several forms of beta thalassemia, including beta-tha-
lassemia minor, this particular form of beta-thalassemia arises from a
mutation in one of the beta globin genes. However, it seldom results
in substantial interference with the capacity of the hemoglobin protein
to carry out its customary operations (Shafique et al., 2021). Individu-
als who are carriers of the thalassemia minor gene are predominantly
clinically asymptomatic. However, they may occasionally manifest
moderate anemia (Muncie et al., 2009).

In B-thalassemia intermediate patients suffering from this syndro-
me possess two defective genes et still manage to produce a certain
amount of B-globin. The disease is characterized by severe anemia,
fatigue, weakness, shortness of breath, bone deformities, moderate ja-
undice, and an enlarged spleen due to a lack of beta polypeptide in the
hemoglobin (Muncie et al., 2009; Shafique et al., 2021).

B-thalassemia major, which is also called Cooley anemia, is a
condition where both genes are not working well together. It might be
missing entirely. HbF (fetal hemoglobin) is present at birth and symp-
toms usually start to appear when the child is six months old (Cappel-
lini, 2012).

Untreated patients usually show the following signs of illness:
anemia that requires transfusions, an enlarged spleen, bone abnormal-
lities, slow growth, a unique face (Cappellini, 2012). 2,3-bisphospho-
glycerate (2,3-BPG) is a key component that controls the hemo-
globin's oxygen binding. It works by lowering hemoglobin's oxygen
affinity and moving the oxygen dissociation curve to the right
(StatPearls, 2023). Later research showed that 2,3-DPG is a major
controller of Hb's affinity to oxygen (Bunn, 2022). A result of the
anaerobic Embden-Meyerhof pathway, the glycolytic intermediate
2,3-DPG has been discovered to be present at the highest amounts of
all organic phosphates in human erythrocytes (Haidas et al., 1975).

Na*/K*-ATPase (EC 7.2.2.13) it is a membranous enzyme has a key
role in controlling nerve cell excitability by electrochemical gradients
maintaining via the active transport of sodium and potassium ions
across the cell membrane (Al-Rikabi et al., 2021).

This enzyme uses the energy released from the hydrolysis of
ATP to ADP + Pi to pump three sodium ions out of the cell and two
potassium ions into the cell simultaneously, generating sodium-potas-
sium ion gradients across membrane of the cell membrane (Zhou
etal., 2008).

Patients are required to regularly administer DFO (marketed as
Desferal) to eliminate excess iron resulting from hemolysis of blood
cells. The human body lacks a natural mechanism for eliminating ex-
cess iron, leading to its accumulation in essential organs, especially
the heart and liver. This phenomenon produces numerous harmful
toxic effects (Taher et al., 2017; Pivovarov et al., 2019).

Materials and methods

The scientific committee of the Maternity and Children’s Hospi-
tal and Centre for Thalassemia in Babylon province obtained ethical
approval. The aims of this investigation were communicated to all
study participants to acquire verbal acceptance from the attending pa-
tients. The research was approved by the scientific committee of the
Chemistry Department of Babylon College of Science. The local
ethics committee reviewed and approved the research protocol, sub-
ject data, and consent on 26/11/2024 under document number 1977.

Blood samples were obtained from patients with beta thalassemia
who were registered at the Thalassemia Center at the Maternity and
Children's Hospital in Babylon, Irag, to conduct this case-control stu-
dy. The ages of the patients who participated in the study ranged from
1-25 years. A total of 130 cases were categorized into two groups:
70 patients with beta thalassemia aged 25 + 1 years, 60 healthy con-
trols aged 25 + 2 years. All clinical data were documented, including
the duration of treatment, the number of doses, and repeated blood
transfusions. Patients with a history of heart and kidney disease and
patients who had had their spleen removed were excluded and divid-
ed according to the duration of treatment.

Samples were collected according to established protocols. 2 mL
of blood was extracted and transferred to an EDTA tube to ensure ho-
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mogeneity and shaken well. The blood sample was stored at —20 °C.
The EDTA was then transferred to the laboratory for immediate cen-
trifugation at 3,000 x g. Following this procedure, plasma was separa-
ted into separate Eppendorf tubes, according to standard laboratory
protocols. Meanwhile, the lower cell layer was immediately proces-
sed to prepare red blood cell membrane ghosts for measuring sodium
potassium ATPase activity, while plasma was used to determine 2,3-
bisphosphoglycerate levels. The 2,3-bisphosphoglycerate was measu-
red by Enzyme Linked Immunosorbent Assay (ELISA) Sunlong kit,
China, while Na*/K*-ATPase was measured by spectrophotometer
Biolabo (France).

The mean and standard deviation (SD) presentations of the data
using T-test and linear regression analysis, which helped to find note-
worthy variations between the groups and the normalcy of continuous
variables was evaluated. The results were compared using the Tukey
test with Bonferroni correction. P-values were considered highly sig-
nificant if less than 0.001 and significant if less than 0.05.

Results

As shown in Table 1, the levels of 2,3 bisphosphoglycerate were
significantly elevated (P < 0.01) in the patients’ group. Also as shown
in Table 2, the levels of 2,3 bisphosphoglycerate were significantly
elevated in the patients” group (P < 0.01) when compared with the
control group according sex distribution.

Table 1
2,3-bisphosphoglycerate (ng/mL) in patients and controls

Groups N Mean + SD
Controls 60 176+63
Patients 70 59.5 +25.0**

Note: **—P <0.01.

Table 2 shows clear and significant differences in 2,3-bisphos-
phoglycerate levels between males and females when comparing pati-
ents and the control group. Healthy males recorded a mean level of
17.7 £ 5.4 ng/mL, while male patients showed a significantly higher
level of 49.2 + 15.6 ng/mL (P < 0.01). The results also showed an
even greater difference in females, with the mean biomarker level in
the control group being 16.9 + 6.4 ng/mL, compared to a significantly
higher level of 67.1 £ 27.1 ng/mL in female patients (P < 0.01).
These differences confirm that the increase in 2,3-BPG levels is asso-
ciated with disease status in both sexes, although the increase was
more pronounced in females than in males.

Table 2
2,3-bisphosphoglycerate (ng/mL) in patients and controls
according sex (mean + SD)

Table 3
2,3-bisphosphoglycerate (ng/mL) in patients and controls
grouped by age (mean + SD)
Age groups, years N (controls)  Controls N (patients) Patients
1-10 22 182 +55° 22 459+13.6°
11-20 27 164 +64° 31 64.2 +26.3
21-25 11 176+6.0° 17 59.4 +20.7°
Note: see Table 2.
Table 4
The ROC curve parameters of 2,3-bisphosphoglycerate
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Fig. 1. The ROC of 2,3 bisphosphoglycerate

Table 5 shows a significant increase in Na'/K*-ATPase enzyme
levels in the patient group compared to the control group, with a mean
concentration of 569.4 + 168.0 pg/g in patients versus 327.4 +
66.1 pug/g in healthy individuals, indicating high statistical significan-
ce (P < 0.01). This marked increase in enzyme activity suggests the
presence of a physiological disorder or changes associated with the
disease, making this indicator important for assessing the condition
and accurately describing the differences between the two groups.

Table 5
Na*/K*-ATPase (ug/g) in patients and controls (mean + SD)

Sex Control N (control) Patients N (patients)
Male 17.7+542 30 492 +156° 35
Female 16.9+64° 30 67.1+27.1° 35

Groups N Mean + SD
Controls 60 327 £66
Patients 70 569 + 168**

Note: different letters indicate values which reliably differed one from another
within one line of the table according to the results of comparison using the
Tukey test with Bonferroni correction.

Table 3 shows significant differences in 2,3-bisphosphoglycerate
levels between different age groups when comparing patients to heal-
thy individuals. The 1-10 year age group showed a mean level of
45.9 + 13.6 ng/mL in the patients compared to 18.2 + 5.5 ng/mL in
the control group. The 11-20 year age group recorded the highest
mean biomarker among patients at 64.2 + 26.3 ng/mL compared to
16.4 + 6.4 ng/mL in healthy individuals, while 2,3-BPG levels in pati-
ents in the 21-25 year age group reached 59.4 + 20.7 ng/mL compa-
red to 17.6 £ 6.0 ng/mL in the control group. These results show a
significant increase (P < 0.01) in the levels of this biomarker across all
age groups in patients compared to the healthy control group, confir-
ming the association between age and disease status in determining
2,3-BPG levels.

The ROC curve results show the excellent diagnostic value with
sensitivity and specificity (98.5%, 95.4%) respectively and area under
curve is 98.5% with cut off value 20.2 ng/mL, as shown in Table 4.

2

Note: **—P < 0.01.

Table 6 shows significant differences in Na”/K*-ATPase enzyme
levels between males and females when comparing patients and the
control group. The average enzyme concentration in healthy males
was 330.8 + 70.4 pg/g, while in male patients it was significantly hig-
her, reaching 582 + 157 pg/g (P < 0.01). Females in the control group
showed an average of 320 + 54 ug/g, while females with the disease
recorded a significantly higher level of 550 + 179 pg/g (P < 0.01).
These results indicate that enzyme activity is clearly elevated in pati-
ents of both sexes, with only slight variations between males and fe-
males, reflecting a strong correlation between physiological differen-
ces and disease state in determining Na*/K*-ATPase levels.

Table 7 shows clear and significant differences in Na'/K*-ATPase
enzyme levels between patients and the control group across different
age groups. The 1-10 year age group recorded the highest enzyme le-
vel in the patient group, with an average of 607.0 + 174.6 pg/g, com-
pared to 331.2 + 68.8 ug/g in healthy individuals. The 11-20 year age
group recorded an average of 561.1 + 177.3 pg/g in patients, com-
pared to 323.6 + 55.6 pg/g in the control group. Finally, the enzyme
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levels in the 21-25 year age group reached 497.0 + 136.0 ug/g in
patients, compared to 320.7 + 63.4 pg/g in healthy individuals. These
results confirm a significant increase (P < 0.01) in enzyme activity
across all age groups of patients, clearly indicating the effect of age
and disease status on Na'/K*-ATPase levels.

Table 6
Na'/K*-ATPase (ug/g) in patients and controls
according sex (mean + SD)

Sex Control N (control) Patients N (patients)
Male 331700 30 582 + 1570 35
Female 320 +542 30 550 + 179° 35
Note: see Table 2.

Table 7

Na'/K*-ATPase (ug/g) in patients and controls

according age (mean + SD)

Age groups, years N (controls)  Controls N (patients) Patients
1-10 22 331 £ 692 22 607 + 175°
11-20 27 324 + 562 31 561 +177°
21-25 11 321 + 632 17 497 +136%

Note: see Table 2.

As shown in Table 8, the ROC curve results show the excellent
diagnostic value with sensitivity and specificity (92.6%, 64.9%) re-
spectively and area under curve 92.2% with cut off value 340 (ug/g).

Table 8
The ROC curve parameters of Na*/K*-ATPase
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Area  SE Sensitivity, Specificity, P- confidence interval
% % value
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Fig. 2. The ROC of Na*/K*-ATPase
Discussion

In the present study, patients' 2,3BFG levels were higher than
those of the controls because of lower tissue oxygen supply and incre-
ased hemolysis, which caused more 2,3-BPG production to improve
oxygen release from hemoglobin. Oxygen availability to tissues is im-
proved by this shift rightward in the dissociation curve (Geering,
2008). Along with this, there was a surplus of unpaired alpha-globin
chains in B thalassemia precipitate, producing oxidative damage and
membrane instability. This pressure could indirectly increase 2,3-
BPG synthesis to offset compromised oxygen delivery (Patel et al.,
2023). Hemolysis is the destruction of RBCs, leading to the release of
intracellular contents — including 2,3-BPG — into plasma/serum.

These findings are consistent with Sadiq et al. (2024), who propo-
sed that the increased 2,3-DPG levels in B thalassemia heterozygotes
lead to lower oxygen affinity, with P50 (the partial pressure at which

hemoglobin is 50% saturated with oxygen) shifted to the right by aro-
und 2 mmHg above the normal mean. Despite reduced hemoglobin
levels, this physiological adaptation guarantees sufficient tissue oxy-
genation (Sadiq et al., 2024).

In human red blood cells, 2,3-bisphosphoglycerate (2,3-BPG) is a
crucial modulator of hemoglobin's affinity for binding oxygen. This
anionic molecule, present at quantities about 5 mmol/L, stabilizes de-
oxygenated hemoglobin (T-state) by occupying its central cavity and
establishing salt bridges with B-chain residues (lysine and histidine).
This interaction diminishes hemoglobin's oxygen affinity by around
30%, promoting oxygen release to tissues (Webb et al., 2022).

The core cavity of deoxygenated hemoglobin (the T-state) is bo-
und by 2,3-bisphosphoglycerate (2,3-BPG), which controls the relea-
se of oxygen from hemoglobin. This interaction stabilizes the T-state
conformation, characterized by a diminished affinity for oxygen.
Consequently, hemoglobin is predisposed to discharge oxygen into
tissues. The presence of 2,3-BPG changes the oxygen dissociation
curve to the right, indicating that at any certain partial pressure of oxy-
gen, hemoglobin will release a greater amount of oxygen than it
would in the absence of 2,3-BPG. This technique is especially crucial
in circumstances like hypoxia or anemia, when tissues need increased
oxygen supply. The control is essential for effective oxygen delivery,
particularly in scenarios when oxygen demand is heightened or sup-
ply is diminished (Jorge et al., 2016; Patel et al., 2023). Studies and
biochemical understanding indicate that when red cells lyse, the 2,3-
BPG they contain may be released into the surrounding plasma or se-
rum. The ROC curve results show excellent diagnostic value with
sensitivity and specificity (98.5%, 95.4%) respectively and area under
curve 98.5% with cut off value 20.2 ng/mL. While 2,3-BPG levels re-
present erythrocyte adaptation to anemia in beta thalassemia, they do
not provide a definite diagnosis. Their significance is in understanding
disease pathogenesis and directing care, rather than as a solitary diag-
nostic marker, and no other research has confirmed this yet (Omar
etal., 2017).

In this study, the activity of Na/K ATPase in patients could be at-
tributed to a compensatory mechanism for adaptation to low oxygen
levels and its physiological function within the cell. This was in line
with Omar et al. (2017). The study revealed that the activity in healthy
individuals exhibited much lower values compared to patients with
iron deficiency, with the difference being highly significant. This sug-
gests that the activity of Na*/K*-ATPase may be utilized for the eva-
luation of individuals with hematological diseases or disorders (Zhang
etal., 2022). More precisely, studies have shown that Na*/K*-ATPase
activity is diminished in milder forms of thalassemia (thalassemia-like
cells), but it is elevated in severe alpha-thalassemia and p-thalassemia
cells. This contradictory rise in Na*/K*-ATPase activity in extreme
cases may signify a compensatory reaction to heightened cellular
stress. In thalassemia, oxidative damage caused by free globin chains
drastically alters the enzyme's function, which has been linked to the
development of membrane defects (Hirsch etv al., 2017).

In this study, the ROC curve results show the excellent diagnostic
value with sensitivity and specificity (92.6%, 64.9%) respectively and
area under curve 92.2% with cut off value 340 (ug/g), while Omar
etal. (2017) suggest that measuring Na*/K*-ATPase activity can ser-
ve as an additional biomarker for differentiating thalassemia from
other blood disorders, with reported sensitivity and specificity values
as high as 94% and 93%, respectively, at certain cut-off values (Omar
etal., 2017).

In B-thalassemia patients, 2,3-bisphosphoglycerate in red blood
cells is mostly due to glycolytic pathway activity and hemoglobin re-
gulation of oxygen supply. Bisphosphoglycerate mutase converts 1,3-
bisphosphoglycerate to 2,3-BPG in the Rapoport-Luebering pathway
during glycolysis in RBCs. A balance between energy production and
oxygen delivery is shown by bypassing an ATP-generating phase
(Lyu et al., 2024). Hypoxia results from persistent anemia and inade-
quate erythropoiesis in beta-thalassemia. RBCs boost 2,3-BPG pro-
duction to adapt. The increased 2,3-BPG hinds exclusively to hemo-
globin's deoxygenated beta subunits, maintaining the deoxy state and
lowering oxygen affinity. This action helps tissues release oxygen, co-
unteracting hypoxia despite beta-thalassemia’s decreased or faulty he-
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moglobin (Sun et al., 2017).The enhanced glycolysis in  thalassemia
increases 2,3-BPG levels due to metabolic changes and surface enzy-
me activity in RBCs undergoing rapid destruction and production.
B-Thalassemia patients compensate by increasing oxygen release ca-
pability despite anemia (Fibach et al., 2017).

Conclusion

In conclusion, levels of 2,3-bisphosphoglycerate represent the ad-
aptation of red blood cells to anemia in beta thalassemia, but they do
not provide a specific diagnosis. Their importance lies in understand-
ing the causes of the disease and guiding care, not as a single diagnos-
tic sign. No other research has confirmed this to date. High sodium
potassium ATPase activity in patients results from a compensation.
mechanism to adapt to the low oxygen and physiological cycle in the
cell. Measuring sodium potassium ATPase activity serves as an addi-
tional biomarker to differentiate thalassemia from other blood disor-
ders.

References

Al-Rikabi, E. H., Mousa, M. J., & Yasser, O. M. (2021). Estimation of Na/K-
ATPase enzyme activity and endogenous digitalis in patients with diabetic
neuropathy. NeuroQuantology, 19(5), 95-103.

Ansharullah, B. A., Sutanto, H., & Romadhon, P. Z. (2025). Thalassemia and
iron overload cardiomyopathy: Pathophysiological insights, clinical impli-
cations, and management strategies. Current Problems in Cardiology,
50(1), 102911.

Bunn, H. F. (2022). Oxygen delivery in the treatment of anemia. New England
Journal of Medicine, 387(25), 2362—2365.

Cappellini, M. D. (2012). The thalassemias. In: Goldman, L., & Schafer, A. I.
(Eds.). Goldman’s Cecil Medicine. Twenty-fourth edition. Vol. 1. Elsevier
Saunders. Pp. 1060-1066.

Fibach, E., & Rachmilewitz, E. A. (2017). Pathophysiology and treatment of
patients with beta-thalassemia — an update. F1000Research, 6, 2156.

Galanello, R., & Cao, A. (2011). Alpha-thalassemia. Genetics in Medicine,
13(2), 83-88.

Geering, K. (2008). Functional roles of Na,K-ATPase subunits. Current Opini-
on in Nephrology and Hypertension, 17(5), 526-532.

Haidas, S., Zannos-Mariolea, L., & Matsaniotis, N. (1975). Red cell 2,3-di-
phosphoglycerate levels in children with hereditary haemolytic anaemias.
British Journal of Haematology, 31(4), 521-530.

Hirsch, R. E., Sibmooh, N., Fucharoen, S., & Friedman, J. M. (2017). HbE/B-
thalassemia and oxidative stress: The key to pathophysiological mecha-
nisms and novel therapeutics. Antioxidants and Redox Signaling, 26(14),
794-813.

Jorge, S. E., Ribeiro, D. M., Santos, M. N. N., & de Fatima Sonati, M. (2016).
Hemoglobin: Structure, synthesis and oxygen transport. In: Costa, F. F., &
Conran, N. (Eds.). Sickle cell anemia. From basic science to clinical prac-
tice. Springer, Cham. Pp. 1-22.

Lyu, J., Ni, M., Weiss, M. J., & Xu, J. (2024). Metabolic regulation of erythro-
cyte development and disorders. Experimental Hematology, 131, 104153.

Muncie Jr,, H. L., & Campbell, J. (2009). Alpha and beta thalassemia. Ameri-
can Family Physician, 80(4), 339-344.

National Center for Biotechnology Information (2025). PubChem Compound
Summary for CID 9548671, 2,3-bisphosphoglycerate.

Omar, A. K., Ahmed, K. A., Helmi, N. M., Abdullah, K. T., Qarii, M. H., Ha-
san, H. E., Ashwag, A., Nabil, A. M., Abdu, A.-G. M., & Salama, M. S.
(2017). The sensitivity of Na*/K*-ATPase as an indicator of blood diseas-
es. African Health Sciences, 17(1), 262—269.

Patel, S., Jose, A, & Mohiuddin, S. S. (2023). Physiology, oxygen transport and
carbon dioxide dissociation curve. StatPearls Publishing, Treasure Island.

Pivovarov, A. S., Calahorro, F., & Walker, R. J. (2018). Na*/K*-pump and
neurotransmitter membrane receptors. Invertebrate Neuroscience, 19(1), 1.

Sadig, I. Z., Abubakar, F. S., Usman, H. S., Abdullahi, A. D., lbrahim, B., Kas-
tayal, B. S., Ibrahim, M., & Hassan, H. A. (2024). Thalassemia: Patho-
physiology, diagnosis, and advances in treatment. Thalassemia Reports,
14(4), 81-102.

Salamone, F. A. (1999). Drake, St. Clair, Jr. (02 January 1911-15 June 1990),
anthropologist. American National Biography Online.

Shafique, F., Ali, S., Almansouri, T., Van Eeden, F., Shafi, N., Khalid, M.,
Khawaja, S., Andleeb, S., & Hassan, M. U. (2021). Thalassemia, a human
blood disorder. Brazilian Journal of Biology, 83, €246062.

Sun, K., Liu, H., Song, A., Manalo, J. M., D’Alessandro, A., Hansen, K. C.,
Kellems, R. E., Eltzschig, H. K., Blackburn, M. R., Roach, R. C., & Xia,
Y. (2017). Erythrocyte purinergic signaling components underlie hypoxia
adaptation. Journal of Applied Physiology, 123(4), 951-956.

Taher, A. T., & Saliba, A. N. (2017). Iron overload in thalassemia: Different
organs at different rates. Hematology, 2017(1), 265-271.

Webb, K. L., Dominelli, P. B., Baker, S. E., Klassen, S. A., Joyner, M. J., Sene-
feld, J. W., & Wiggins, C. C. (2022). Influence of high hemoglobin-
oxygen affinity on humans during hypoxia. Frontiers in Physiology, 12,
763933.

Zhang, X., Lee, W., & Bian, J.-S. (2022). Recent advances in the study of
Na*/K*-ATPase in neurodegenerative diseases. Cells, 11(24), 4075.

Zhou, G., Dada, L. A., & Sznajder, J. I. (2008). Regulation of Na,K-ATPase by
reactive oxygen species. Current Topics in Membranes, 61, 131-146.

Regulatory Mechanisms in Biosystems, 2025, 16(4), €25212


http://doi.org/10.14704/nq.2021.19.5.nq21053
http://doi.org/10.14704/nq.2021.19.5.nq21053
http://doi.org/10.14704/nq.2021.19.5.nq21053
http://doi.org/10.1016/j.cpcardiol.2024.102911
http://doi.org/10.1016/j.cpcardiol.2024.102911
http://doi.org/10.1016/j.cpcardiol.2024.102911
http://doi.org/10.1016/j.cpcardiol.2024.102911
http://doi.org/10.1056/nejmra2212266
http://doi.org/10.1056/nejmra2212266
http://doi.org/10.1016/b978-1-4377-1604-7.00165-2
http://doi.org/10.1016/b978-1-4377-1604-7.00165-2
http://doi.org/10.1016/b978-1-4377-1604-7.00165-2
http://doi.org/10.12688/f1000research.12688.1
http://doi.org/10.12688/f1000research.12688.1
http://doi.org/10.1097/gim.0b013e3181fcb468
http://doi.org/10.1097/gim.0b013e3181fcb468
http://doi.org/10.1097/mnh.0b013e3283036cbf
http://doi.org/10.1097/mnh.0b013e3283036cbf
http://doi.org/10.1111/j.1365-2141.1975.tb00887.x
http://doi.org/10.1111/j.1365-2141.1975.tb00887.x
http://doi.org/10.1111/j.1365-2141.1975.tb00887.x
http://doi.org/10.1089/ars.2016.6806
http://doi.org/10.1089/ars.2016.6806
http://doi.org/10.1089/ars.2016.6806
http://doi.org/10.1089/ars.2016.6806
http://doi.org/10.1007/978-3-319-06713-1_1
http://doi.org/10.1007/978-3-319-06713-1_1
http://doi.org/10.1007/978-3-319-06713-1_1
http://doi.org/10.1007/978-3-319-06713-1_1
http://doi.org/10.1016/j.exphem.2024.104153
http://doi.org/10.1016/j.exphem.2024.104153
https://pubchem.ncbi.nlm.nih.gov/compound/2_3-bisphosphoglycerate
https://pubchem.ncbi.nlm.nih.gov/compound/2_3-bisphosphoglycerate
http://doi.org/10.4314/ahs.v17i1.32
http://doi.org/10.4314/ahs.v17i1.32
http://doi.org/10.4314/ahs.v17i1.32
http://doi.org/10.4314/ahs.v17i1.32
http://doi.org/10.1007/s10158-018-0221-7
http://doi.org/10.1007/s10158-018-0221-7
http://doi.org/10.3390/thalassrep14040010
http://doi.org/10.3390/thalassrep14040010
http://doi.org/10.3390/thalassrep14040010
http://doi.org/10.3390/thalassrep14040010
http://doi.org/10.1093/anb/9780198606697.article.1401032
http://doi.org/10.1093/anb/9780198606697.article.1401032
http://doi.org/10.1590/1519-6984.246062
http://doi.org/10.1590/1519-6984.246062
http://doi.org/10.1590/1519-6984.246062
http://doi.org/10.1152/japplphysiol.00155.2017
http://doi.org/10.1152/japplphysiol.00155.2017
http://doi.org/10.1152/japplphysiol.00155.2017
http://doi.org/10.1152/japplphysiol.00155.2017
http://doi.org/10.1182/asheducation-2017.1.265
http://doi.org/10.1182/asheducation-2017.1.265
http://doi.org/10.3389/fphys.2021.763933
http://doi.org/10.3389/fphys.2021.763933
http://doi.org/10.3389/fphys.2021.763933
http://doi.org/10.3389/fphys.2021.763933
http://doi.org/10.3390/cells11244075
http://doi.org/10.3390/cells11244075
http://doi.org/10.1016/s1063-5823(08)00207-x
http://doi.org/10.1016/s1063-5823(08)00207-x

