


Red Cell Functional Plasticity in Gestation: Beyond Indices to Oxygen-Sensing and Rheology


Abstract
Background:
Pregnancy induces coordinated hematologic adaptations to sustain maternal–fetal oxygen exchange. While clinical assessment traditionally relies on red cell indices such as hemoglobin concentration, hematocrit, and mean corpuscular volume, these static measures incompletely reflect the dynamic functional remodeling of erythrocytes during gestation. Emerging evidence indicates that red blood cells (RBCs) undergo significant biochemical and biomechanical adaptations that influence oxygen delivery, vascular signaling, and microcirculatory flow.
Objective:
To synthesize current evidence on red cell functional plasticity in pregnancy, emphasizing mechanisms beyond conventional indices, including oxygen-sensing modulation, membrane biomechanics, nitric oxide handling, and rheologic adaptation.	Comment by Maher: Aim
Methods:
This narrative review integrates experimental, clinical, and translational studies examining erythrocyte physiology in normal and complicated pregnancies. Key domains analyzed include hemoglobin–oxygen affinity regulation (notably 2,3-bisphosphoglycerate dynamics), red cell deformability, oxidative stress responses, ATP-mediated vascular signaling, and microvascular rheology. Evidence from hypertensive disorders of pregnancy, fetal growth restriction, and gestational anemia is incorporated to contextualize pathophysiologic implications.	Comment by Maher: The
Results:
Gestation is associated with adaptive increases in erythropoietic activity, enhanced red cell deformability, rightward shifts in the maternal oxygen dissociation curve mediated by 2,3-bisphosphoglycerate, and modulation of nitric oxide–dependent vascular interactions. These changes optimize uteroplacental oxygen transfer and systemic hemodynamics. In contrast, pathologic pregnancies demonstrate impaired deformability, oxidative membrane injury, dysregulated nitric oxide signaling, and altered rheologic properties, contributing to placental hypoperfusion and adverse outcomes. Conventional hematologic indices fail to capture these functional alterations.	Comment by Maher: (ODC)
Conclusion:
Red cell functional plasticity represents a critical yet under-recognized component of maternal–fetal physiology. Incorporating functional erythrocyte phenotyping—such as oxygen affinity assessment and deformability testing—into obstetric evaluation may enhance early detection of high-risk pregnancies and inform precision hematology approaches. Transitioning from static indices to functional biomarkers offers a refined framework for understanding and managing hematologic adaptation in gestation.
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Introduction
Pregnancy represents one of the most profound examples of physiologic adaptation in human biology. Within a relatively short temporal window, the maternal organism must accommodate increased metabolic demand, expanded vascular capacity, and the oxygenation requirements of a genetically distinct fetus. Central to this adaptive process is the hematologic system, particularly the red blood cell (RBC), whose primary role in oxygen transport becomes critically amplified during gestation. While gestational hematology has traditionally been framed around changes in hemoglobin concentration, hematocrit, and red cell indices, contemporary evidence indicates that erythrocytes undergo substantial functional remodeling that extends beyond quantitative expansion or dilutional shifts [1-2]. The concept of “physiologic anemia of pregnancy” has dominated clinical discourse for decades. Plasma volume increases by approximately 40–50%, exceeding the 20–30% rise in red cell mass, resulting in relative hemodilution. Although this adaptation reduces blood viscosity and enhances uteroplacental perfusion, it provides only a partial explanation for optimized maternal–fetal oxygen transfer. Hemoglobin concentration alone does not determine tissue oxygen delivery; rather, oxygen transport is governed by an integrated interplay among hemoglobin affinity, red cell deformability, microvascular flow dynamics, and vascular signaling pathways. Thus, a purely index-based assessment of erythrocytes risks underestimating the complexity of gestational adaptation [2].
Red blood cells are increasingly recognized as metabolically active and functionally versatile cells. Despite lacking nuclei and mitochondria, erythrocytes possess intricate regulatory networks involving glycolytic flux, redox buffering systems, nitric oxide metabolism, and mechanotransduction responses to shear stress. These systems enable RBCs to respond dynamically to hypoxic cues and vascular conditions. During pregnancy, hormonal influences, altered cytokine milieus, and increased erythropoietic drive collectively reshape red cell phenotype and function. Such plasticity ensures adequate oxygen unloading at the uteroplacental interface, where diffusion gradients are relatively narrow and efficiency is paramount [3-4].
A critical component of this adaptation lies in modulation of hemoglobin–oxygen affinity. Maternal erythrocytes exhibit adjustments in intracellular 2,3-bisphosphoglycerate (2,3-BPG), shifting the oxygen dissociation curve rightward to facilitate oxygen release to tissues. This maternal shift operates in concert with the intrinsically left-shifted fetal hemoglobin dissociation curve, creating a complementary system optimized for transplacental oxygen exchange. Beyond oxygen affinity, erythrocyte deformability plays a decisive role in enabling passage through the low-resistance, high-flow microvasculature of the placenta. Subtle alterations in membrane cytoskeleton composition, lipid asymmetry, and intracellular hydration state can significantly influence microvascular rheology and oxygen diffusion efficiency [5-6].	Comment by Maher: (ODC)
[bookmark: _GoBack]Furthermore, RBCs participate actively in vascular homeostasis through nitric oxide (NO) signaling and ATP release under hypoxic stress. These mechanisms modulate endothelial tone and local perfusion, processes that are particularly relevant in pregnancy, where systemic vasodilation and reduced vascular resistance are physiologic hallmarks. Disruption of erythrocyte-mediated signaling pathways has been implicated in hypertensive disorders of pregnancy, including preeclampsia, underscoring the pathophysiologic significance of red cell functional integrity [7]. Oxidative stress represents another dimension of red cell adaptation in gestation. Increased metabolic turnover and placental mitochondrial activity elevate reactive oxygen species production. Erythrocytes, equipped with antioxidant systems such as glutathione, superoxide dismutase, and catalase, must maintain redox balance to preserve membrane flexibility and hemoglobin functionality. Failure of these protective systems can precipitate membrane rigidity, impaired oxygen handling, and shortened erythrocyte lifespan—features observed in complicated pregnancies [8]. This review therefore examines the multidimensional remodeling of erythrocytes in gestation, synthesizing molecular, biophysical, and translational perspectives. By moving beyond conventional indices toward functional phenotyping, a more comprehensive framework emerges for understanding both physiologic adaptation and the hematologic contributions to adverse pregnancy outcomes.
Methods
This narrative review was conducted to synthesize current knowledge on red blood cell (RBC) functional plasticity in pregnancy, focusing on oxygen-sensing, deformability, rheology, nitric oxide signaling, and redox adaptation. A comprehensive literature search was performed using major biomedical databases, including PubMed, Scopus, and Web of Science, for studies published up to 2025. Search terms included combinations of “red blood cell,” “erythrocyte,” “pregnancy,” “oxygen affinity,” “2,3-bisphosphoglycerate,” “deformability,” “rheology,” “nitric oxide,” “ATP release,” “oxidative stress,” and “uteroplacental perfusion.” Both experimental and clinical studies were considered, including in vitro mechanistic studies, observational cohort studies, and translational research.	Comment by Maher: delete
Inclusion criteria encompassed studies examining functional aspects of erythrocytes in normal and complicated pregnancies, including hypertensive disorders, gestational diabetes, anemia, and fetal growth restriction. Studies that focused solely on quantitative red cell indices without functional assessment were excluded unless providing context for comparative discussion. Reference lists of retrieved articles were manually screened to identify additional relevant publications. The review integrates evidence across multiple domains, including molecular mechanisms (e.g., 2,3-bisphosphoglycerate metabolism, oxidative stress pathways), biophysical properties (e.g., deformability, membrane biomechanics), rheologic and microvascular studies, and translational clinical research. Data were synthesized narratively to highlight adaptive mechanisms, pathophysiologic disruptions, and clinical implications. Emphasis was placed on recent discoveries within the past decade while acknowledging foundational studies that established key principles of gestational hematology. This approach enables a comprehensive, multidimensional understanding of red cell functional plasticity in pregnancy, emphasizing physiological relevance and translational potential for clinical practice.
Gestational Hematologic Remodeling: Beyond Hemodilution
The hematologic adaptation to pregnancy has long been summarized under the umbrella of “physiologic anemia,” a term that reflects the disproportionate expansion of plasma volume relative to red cell mass. While this hemodilution is clinically observable and hemodynamically advantageous—reducing blood viscosity and facilitating uteroplacental perfusion—it represents only the surface manifestation of a far more intricate remodeling process within the erythron. Beneath the quantitative shifts in hemoglobin concentration and hematocrit lies a dynamic recalibration of erythropoiesis, red cell phenotype, and systemic regulatory pathways. From early gestation, rising estrogen and progesterone levels stimulate activation of the renin–angiotensin–aldosterone system, promoting sodium and water retention and driving plasma volume expansion. Concurrently, maternal oxygen demand increases due to heightened metabolic activity, expansion of uterine tissues, and the oxygen requirements of the developing fetus. These physiologic pressures trigger enhanced erythropoietin (EPO) production, predominantly via renal hypoxia-sensing mechanisms mediated by hypoxia-inducible factors (HIFs). The result is augmented erythropoietic activity within the bone marrow, leading to a measurable rise in red cell mass, albeit insufficient to match plasma expansion [9-10].
However, gestational erythropoiesis is not merely quantitative; it is qualitatively distinct. Pregnancy is associated with increased reticulocytosis, reflecting accelerated marrow output and a relatively younger circulating erythrocyte population. Younger erythrocytes are metabolically more active, possess higher deformability, and exhibit enhanced glycolytic capacity compared with senescent cells. This demographic shift within the circulating red cell pool contributes meaningfully to improved microvascular flow and oxygen delivery, even when hemoglobin concentration appears reduced [11-12]. Iron metabolism undergoes substantial recalibration to sustain this erythropoietic expansion. Maternal hepcidin levels are physiologically suppressed during pregnancy, facilitating increased intestinal iron absorption and mobilization from stores. This suppression is partly mediated by erythroferrone released from erythroblasts in response to EPO stimulation. The resulting enhancement in iron bioavailability supports hemoglobin synthesis but also influences intracellular metabolic pathways, including those regulating 2,3-bisphosphoglycerate production and redox balance. Inadequate iron availability, even in the absence of overt anemia, may impair these functional adaptations and compromise oxygen unloading efficiency [13-14].
Beyond erythropoiesis, gestation induces modifications in red cell membrane composition and cytoskeletal organization. Alterations in membrane phospholipid distribution, cholesterol content, and spectrin–actin interactions have been described, collectively influencing membrane fluidity and mechanical resilience. These structural adjustments are likely adaptive responses to the evolving hemodynamic environment characterized by increased cardiac output and reduced systemic vascular resistance. The net effect is preservation—or modest enhancement—of red cell deformability, a critical determinant of effective perfusion within the uteroplacental microcirculation [15-16]. Systemic inflammatory and immunologic modulation during pregnancy also intersects with hematologic remodeling. Although pregnancy is often described as a state of controlled inflammation, cytokine fluctuations can subtly influence erythropoiesis and red cell lifespan. Anti-inflammatory dominance in early and mid-gestation supports efficient erythroid maturation, whereas dysregulated inflammatory responses in complicated pregnancies may disrupt marrow responsiveness and accelerate erythrocyte clearance [17]. Thus, gestational hematologic remodeling represents an orchestrated, multilayered process encompassing plasma expansion, erythropoietic acceleration, iron trafficking optimization, and structural refinement of circulating red cells. Hemodilution, though clinically prominent, is only one dimension of this adaptive landscape. A more comprehensive appreciation of pregnancy-associated erythron dynamics reveals a system actively recalibrating itself to sustain oxygen homeostasis under evolving physiologic demands [18].
Oxygen-Sensing and Hemoglobin Affinity Modulation
Effective maternal–fetal oxygen transfer during pregnancy depends not solely on hemoglobin concentration, but on the finely tuned regulation of hemoglobin–oxygen affinity and cellular oxygen-sensing mechanisms. The erythrocyte operates as a responsive biochemical unit capable of adjusting oxygen unloading in accordance with systemic metabolic demand and local microenvironmental cues. In gestation, these regulatory processes undergo adaptive recalibration to optimize oxygen delivery across the uteroplacental interface, where diffusion gradients are relatively modest and physiologic efficiency is paramount [19]. Central to this adaptation is modulation of the oxygen dissociation curve (ODC). Maternal erythrocytes exhibit a rightward shift of the ODC during pregnancy, largely mediated by increased intracellular concentrations of 2,3-bisphosphoglycerate (2,3-BPG). This glycolytic intermediate bind deoxygenated hemoglobin, stabilizing the T (tense) conformation and reducing oxygen affinity. The functional consequence is enhanced oxygen release at the tissue level, particularly in the relatively low-oxygen environment of the placenta. Even subtle alterations in 2,3-BPG concentration can significantly influence P50 values—the partial pressure of oxygen at which hemoglobin is 50% saturated—thereby modulating oxygen unloading capacity without necessitating changes in hemoglobin mass [20].	Comment by Maher: delete
Hormonal influences appear to contribute to this metabolic recalibration. Estrogen and progesterone, which rise progressively throughout gestation, may affect erythrocyte glycolytic flux and enzyme activity, including bisphosphoglycerate mutase, the key enzyme regulating 2,3-BPG synthesis. Additionally, gestational increases in erythropoietin stimulate production of younger erythrocytes, which possess higher glycolytic activity and consequently greater 2,3-BPG levels. The aggregate effect is a maternal red cell population biochemically primed for oxygen release [21]. The maternal adaptation is physiologically complemented by fetal hemoglobin (HbF), which inherently exhibits higher oxygen affinity due to reduced interaction with 2,3-BPG. This intrinsic left-shifted ODC allows fetal erythrocytes to extract oxygen efficiently from maternal blood within the placental circulation. The bidirectional gradient—maternal right shift and fetal left shift—creates a synergistic transfer system that maximizes oxygen flux across the syncytiotrophoblast. This elegant biochemical interplay underscores the interdependence of maternal and fetal erythrocyte physiology [22].
Oxygen sensing in pregnancy extends beyond hemoglobin affinity modulation. Hypoxia-inducible factor (HIF) pathways, primarily activated in response to tissue oxygen tension, regulate erythropoietin production and influence iron metabolism through downstream mediators such as erythroferrone and hepcidin. Subtle fluctuations in maternal oxygenation—whether due to altitude, anemia, or placental insufficiency—activate these pathways, altering erythropoietic output and systemic iron handling. Thus, the oxygen-sensing network integrates renal, hepatic, and marrow responses to maintain equilibrium between oxygen supply and demand [23-24]. Acid–base balance further modulates hemoglobin affinity through the Bohr effect. Pregnancy is characterized by mild respiratory alkalosis due to progesterone-mediated hyperventilation. The resulting reduction in carbon dioxide levels slightly shifts the ODC leftward; however, the concurrent rise in 2,3-BPG typically predominates, ensuring an overall rightward functional bias. This balance reflects a complex interplay between respiratory physiology and erythrocyte metabolism, illustrating the systemic integration of maternal adaptation [25]. In pathologic states, these finely tuned mechanisms may become disrupted. Iron deficiency, even before overt anemia develops, can impair 2,3-BPG synthesis and alter ODC dynamics. Hypertensive disorders of pregnancy have been associated with oxidative modification of hemoglobin and altered red cell metabolism, potentially compromising oxygen unloading efficiency. Such disturbances may exacerbate placental hypoxia and contribute to fetal growth restriction [26].
Red Cell Deformability and Membrane Biomechanics
Red blood cell deformability is a fundamental determinant of effective microcirculatory flow, particularly in pregnancy where uteroplacental perfusion must accommodate progressively increasing metabolic demands. The erythrocyte, with a resting diameter of approximately 7–8 μm, routinely traverses capillaries narrower than itself. This capability depends on its unique biconcave geometry, viscoelastic membrane properties, and a highly organized cytoskeletal network. During gestation, these biomechanical characteristics undergo adaptive modulation to sustain optimal oxygen delivery within a dynamically evolving hemodynamic environment [27]. At the structural level, the red cell membrane consists of a lipid bilayer anchored to an underlying spectrin–actin cytoskeleton through protein complexes including ankyrin and band 3. This architecture confers both flexibility and resilience, allowing reversible deformation under shear stress. In normal pregnancy, several studies suggest preservation—or modest enhancement—of deformability, likely reflecting the combined effects of increased reticulocyte proportion and adaptive membrane remodeling. Younger erythrocytes possess greater surface-area-to-volume ratios and more robust cytoskeletal elasticity, characteristics that facilitate efficient capillary transit [28].
Gestational hormonal changes and metabolic shifts may influence membrane lipid composition and fluidity. Alterations in cholesterol-to-phospholipid ratios, redistribution of phosphatidylserine, and modulation of membrane-bound enzymes have been observed in physiologic states associated with increased erythropoietic activity. These changes can subtly modify membrane viscosity and mechanical responsiveness. Importantly, the expanded plasma volume and reduced systemic vascular resistance characteristic of pregnancy create a hemodynamic milieu in which optimal red cell flexibility reduces flow resistance and enhances oxygen diffusion at the placental interface [29]. Intracellular hydration status further influences red cell deformability. Osmotic balance regulates cell volume and cytoplasmic viscosity; dehydration increases intracellular hemoglobin concentration, raising internal viscosity and reducing flexibility. In normal gestation, plasma osmolarity decreases slightly, which may contribute to maintenance of favorable rheologic properties. However, disturbances in fluid balance or metabolic stress can disrupt this equilibrium [30].
Oxidative stress represents a critical modulator of membrane biomechanics. Although pregnancy entails increased metabolic activity and reactive oxygen species generation, uncomplicated gestation is typically accompanied by upregulated antioxidant defenses within erythrocytes, including glutathione and superoxide dismutase systems. These mechanisms preserve membrane integrity and prevent lipid peroxidation. When oxidative stress exceeds protective capacity—as observed in preeclampsia or gestational diabetes—structural proteins and membrane lipids undergo oxidative modification. The result is increased rigidity, reduced deformability, and impaired microvascular passage. Such mechanical alterations may exacerbate placental hypoperfusion and contribute to adverse fetal outcomes [31-32]. Red cell aggregation dynamics also interact with deformability to influence overall blood rheology. Elevated fibrinogen levels during pregnancy promote reversible erythrocyte aggregation, particularly under low-shear conditions. While physiologic aggregation may aid microcirculatory efficiency, excessive aggregation coupled with reduced deformability can increase viscosity and impair placental blood flow. Thus, deformability must be interpreted within the broader rheologic context [33]. Advances in biophysical assessment techniques, including laser-assisted optical rotational cell analyzers (ektacytometry) and microfluidic deformability assays, have enabled more precise characterization of erythrocyte mechanical properties in pregnancy. These technologies reveal functional differences not apparent in standard hematologic testing, highlighting the inadequacy of relying solely on red cell indices to evaluate gestational adaptation (Table 1) [34].	Comment by Maher: GSH	Comment by Maher: SOD
Table 1. Red Cell Deformability and Membrane Biomechanics in Pregnancy
	Feature
	Gestational Adaptation
	Mechanistic Basis
	Clinical Significance
	Pathologic Alterations

	Deformability
	Maintained or slightly enhanced
	Increased proportion of young erythrocytes, cytoskeletal remodeling, favorable membrane lipid composition
	Facilitates microvascular transit and efficient oxygen delivery, especially in uteroplacental circulation
	Reduced in preeclampsia, gestational diabetes; contributes to impaired placental perfusion

	Membrane Fluidity
	Slight increase
	Altered phospholipid-to-cholesterol ratio, asymmetric lipid distribution
	Preserves flexibility for capillary passage and shear stress adaptation
	Lipid peroxidation or oxidative damage reduces fluidity, increasing rigidity

	Cytoskeletal Integrity
	Optimized spectrin–actin network
	Cytoskeletal reorganization, phosphorylation of membrane proteins
	Supports reversible deformation and resilience to mechanical stress
	Disrupted in oxidative stress or inflammation, leading to hemolysis or impaired microcirculation

	Reticulocyte Fraction
	Increased
	Elevated erythropoietin levels and accelerated erythropoiesis
	Younger RBCs are more deformable and metabolically active, enhancing oxygen delivery
	Insufficient reticulocyte response in anemia or iron deficiency limits deformability adaptation

	Oxidative Resistance
	Upregulated antioxidant defenses
	Glutathione, superoxide dismutase, catalase activity
	Protects membrane integrity, maintains deformability
	Overwhelmed in preeclampsia or gestational diabetes, causing rigidity and early RBC clearance

	Mechanical Response to Shear Stress
	Preserved
	Membrane-cytoskeleton coupling, ATP-mediated signaling
	Ensures efficient perfusion through narrow placental microvasculature
	Impaired in hypertensive disorders, increasing microvascular resistance


Nitric Oxide, ATP Release, and Vascular Signaling
Red blood cells are increasingly recognized as active regulators of vascular tone rather than passive oxygen carriers. In pregnancy, where systemic vasodilation and reduced peripheral vascular resistance are defining physiologic features, erythrocyte-mediated signaling assumes particular relevance. Through modulation of nitric oxide (NO) bioavailability and shear-dependent adenosine triphosphate (ATP) release, red cells contribute to the fine control of microvascular perfusion, especially within the uteroplacental circulation [35]. Nitric oxide is central to vascular homeostasis. Synthesized primarily by endothelial nitric oxide synthase (eNOS), NO diffuses into smooth muscle cells, activating guanylate cyclase and promoting vasodilation. Red blood cells interact with this pathway in multiple ways. Hemoglobin can bind, transport, and release NO-related species, including S-nitrosothiols, functioning as both a sink and a reservoir. The balance between NO scavenging and controlled release is influenced by hemoglobin oxygenation state; deoxygenated hemoglobin has greater capacity to carry and potentially deliver bioactive NO equivalents. This oxygen-dependent modulation creates a feedback loop in which local hypoxia promotes vasodilatory signaling, thereby enhancing regional blood flow [36].
During normal pregnancy, increased cardiac output and expanded vascular capacity necessitate coordinated regulation of NO pathways. Elevated estrogen levels stimulate endothelial NO production, while erythrocytes modulate downstream distribution and buffering. The dynamic interplay between endothelial synthesis and erythrocyte handling ensures that vasodilation is sufficient to accommodate rising uteroplacental demands without compromising systemic hemodynamic stability [37]. ATP release from red blood cells represents another critical mechanism linking oxygen sensing to vascular response. Under conditions of reduced oxygen tension or increased shear stress, erythrocytes release ATP into the plasma. Extracellular ATP binds to purinergic receptors on endothelial cells, triggering NO production and vasodilation. This process effectively couples local oxygen demand to microvascular perfusion, forming a rapid adaptive system independent of neural input. In the context of pregnancy, where placental oxygen gradients are finely balanced, ATP-mediated signaling may enhance blood flow precisely in regions experiencing relative hypoxia [38].
The integrity of red cell membrane channels and cytoskeletal components is essential for regulated ATP release. Alterations in membrane deformability, intracellular calcium handling, or oxidative damage can impair this mechanism. Evidence suggests that in uncomplicated gestation, ATP release responsiveness is preserved or enhanced, supporting optimal placental perfusion. Conversely, in hypertensive disorders of pregnancy such as preeclampsia, diminished ATP release and disrupted NO signaling have been documented. These abnormalities contribute to endothelial dysfunction, vasoconstriction, and impaired uteroplacental circulation [39]. Oxidative stress further complicates erythrocyte–vascular interactions. Reactive oxygen species can inactivate NO and promote hemoglobin oxidation, limiting the availability of bioactive nitrogen species. When redox balance is disrupted, the erythrocyte may shift from a facilitator of vasodilation to a contributor to vascular stiffness and inflammation. Such changes underscore the importance of maintaining red cell antioxidant capacity during gestation [40-41].
Oxidative Stress and Redox Adaptation
Pregnancy is characterized by heightened metabolic activity, accelerated mitochondrial respiration within the placenta, and increased oxygen consumption by maternal tissues. These physiologic shifts inevitably generate reactive oxygen species (ROS), placing the maternal circulation in a state of controlled oxidative tension [42-43]. Within this environment, red blood cells occupy a uniquely vulnerable yet strategically important position. Constantly exposed to high oxygen flux and lacking nuclei or mitochondria for repair and renewal, erythrocytes rely on tightly regulated redox systems to preserve membrane integrity, hemoglobin functionality, and microvascular competence [44-45]. In uncomplicated gestation, redox balance is maintained through adaptive upregulation of antioxidant defenses. The glutathione system serves as the primary intracellular buffer against oxidative injury, supported by enzymes such as glutathione peroxidase, superoxide dismutase, and catalase. These enzymatic pathways neutralize superoxide radicals and hydrogen peroxide, preventing lipid peroxidation and protein oxidation within the red cell membrane. Evidence suggests that during normal pregnancy, erythrocytes exhibit enhanced antioxidant capacity, reflecting a compensatory response to increased oxidative load. This adaptive strengthening of red cell redox machinery preserves deformability and sustains efficient oxygen transport despite systemic metabolic stress [46].
Hemoglobin itself participates in redox chemistry. Under physiologic conditions, a small proportion of hemoglobin undergoes auto-oxidation to methemoglobin, which is rapidly reduced back to its functional ferrous state by methemoglobin reductase systems. During pregnancy, maintenance of this reduction–oxidation equilibrium is essential to prevent accumulation of non–oxygen-binding hemoglobin species. Subtle disruptions in this balance may impair oxygen delivery efficiency without altering total hemoglobin concentration, further illustrating the limitations of static indices [47]. The red cell membrane is particularly susceptible to oxidative injury. Lipid peroxidation alters membrane fluidity, disrupts phospholipid asymmetry, and damages cytoskeletal proteins such as spectrin and ankyrin. These structural perturbations reduce deformability and increase susceptibility to premature clearance by the reticuloendothelial system. In physiologic pregnancy, controlled antioxidant activity mitigates these effects, ensuring preservation of membrane resilience despite increased circulatory turnover [48].
Pathologic pregnancies, however, are often characterized by exaggerated oxidative stress. In preeclampsia, placental ischemia–reperfusion phenomena amplify ROS generation, overwhelming erythrocyte antioxidant defenses. Elevated levels of malondialdehyde and other lipid peroxidation markers have been documented, correlating with reduced red cell flexibility and altered nitric oxide bioavailability. Similarly, gestational diabetes introduces glyco-oxidative stress, promoting nonenzymatic glycation of membrane proteins and impairing redox buffering capacity. These cumulative insults compromise red cell survival and function, contributing to vascular dysfunction and placental hypoperfusion [49]. Iron metabolism further intersects with redox dynamics. While iron is indispensable for hemoglobin synthesis, excess labile iron can catalyze Fenton reactions, generating highly reactive hydroxyl radicals. The physiologic suppression of hepcidin during pregnancy enhances iron mobilization but requires tight regulatory control to avoid oxidative excess. Thus, gestational iron homeostasis must balance erythropoietic demand with redox safety [50]. Oxidative stress in pregnancy is not uniformly detrimental; rather, it serves as a signaling mechanism in controlled quantities. Redox-sensitive pathways influence erythropoiesis, vascular tone, and immune modulation. The challenge lies in maintaining equilibrium between physiologic signaling and pathologic injury. Red blood cells, positioned at the interface of oxygen transport and vascular regulation, function both as targets and modulators of this balance.
Microvascular Rheology and Uteroplacental Perfusion
Effective maternal–fetal exchange depends fundamentally on the rheologic properties of blood within the uteroplacental circulation. While systemic hemodynamics in pregnancy are characterized by increased cardiac output and reduced peripheral vascular resistance, the efficiency of oxygen and nutrient delivery at the placental interface is governed at the microvascular level. In this confined and highly specialized vascular bed, red blood cell (RBC) behavior—its deformability, aggregation tendency, and interaction with plasma proteins—becomes a decisive determinant of perfusion quality [51]. Blood viscosity is not a static parameter but a dynamic property influenced by hematocrit, plasma composition, shear rate, and erythrocyte mechanics. In normal pregnancy, plasma volume expansion reduces hematocrit and lowers bulk viscosity, facilitating flow through low-resistance vascular networks. However, this apparent dilutional advantage is only one dimension of gestational rheology. The functional competence of individual erythrocytes to traverse narrow spiral arteries and intervillous spaces is equally critical. Enhanced deformability and a relatively younger red cell population support efficient capillary transit, minimizing flow resistance within placental microchannels [52].
The uteroplacental circulation operates under unique structural conditions. Maternal blood enters the intervillous space through remodeled spiral arteries, creating a low-pressure, high-volume exchange environment. Within this system, RBCs must navigate complex flow patterns and sustain adequate oxygen diffusion across the syncytiotrophoblast. Subtle changes in red cell mechanical properties can significantly influence oxygen flux. Increased rigidity or aggregation elevates local viscosity, slows transit time, and may reduce effective oxygen unloading despite normal systemic oxygen content [53]. Plasma proteins play a substantial role in modulating erythrocyte aggregation. Pregnancy is associated with elevated fibrinogen and other acute-phase reactants, which promote reversible red cell aggregation under low shear conditions. Physiologically, this may optimize axial flow and enhance plasma skimming effects, thereby improving microvascular efficiency. However, excessive aggregation, particularly when combined with reduced deformability, increases resistance and may predispose to placental hypoperfusion. The balance between aggregation and dispersion is therefore finely regulated and sensitive to inflammatory and metabolic perturbations [54].
In pathologic pregnancies, rheologic disturbances become more pronounced. Hypertensive disorders such as preeclampsia are associated with endothelial dysfunction, increased circulating inflammatory mediators, and oxidative stress—all of which adversely affect erythrocyte flexibility and aggregation behavior. Elevated blood viscosity and impaired microcirculatory flow have been documented in these conditions, correlating with reduced uteroplacental perfusion and adverse fetal outcomes, including growth restriction. Similarly, gestational diabetes and inflammatory states can alter plasma protein profiles and red cell membrane characteristics, compounding rheologic impairment [55]. Microvascular rheology also interacts with oxygen delivery kinetics. Prolonged capillary transit time may enhance oxygen extraction under certain conditions, but excessive slowing due to increased viscosity or rigidity can paradoxically reduce overall tissue oxygenation by limiting perfusion volume. Thus, optimal uteroplacental function requires a precise equilibrium between flow velocity and oxygen diffusion efficiency [56]. Advances in microfluidic modeling of placental circulation have illuminated how small variations in red cell deformability or aggregation significantly alter oxygen transfer dynamics. These models underscore that gestational adaptation is not solely about increasing oxygen content but about preserving the mechanical and flow characteristics that permit effective distribution.
Clinical Implications 
Conventional hematologic evaluation, which relies primarily on static indices such as hemoglobin concentration, hematocrit, and red cell indices, provides an incomplete picture of erythrocyte adaptation. Functional alterations—encompassing oxygen-sensing, deformability, rheology, nitric oxide handling, and redox resilience—can precede measurable changes in routine laboratory parameters, offering an opportunity for earlier detection of maternal or fetal compromise [57]. One major clinical application lies in the assessment and management of anemia. Traditional diagnostic thresholds may underestimate functional oxygen delivery capacity. For instance, iron deficiency, even in the absence of overt anemia, can impair 2,3-bisphosphoglycerate synthesis and reduce oxygen unloading at the tissue level. Functional evaluation of erythrocyte oxygen affinity could identify subclinical compromise, guiding timely iron supplementation and reducing the risk of fetal growth restriction or maternal fatigue. Similarly, in pregnancies complicated by advanced maternal age or multifetal gestation, monitoring erythrocyte deformability and microvascular flow could provide additional insight into oxygen delivery efficiency beyond hemoglobin measurements [58].
The predictive value of red cell functional assessment extends to hypertensive disorders of pregnancy, including preeclampsia. Impaired red cell deformability, altered membrane biomechanics, and disrupted nitric oxide signaling have been associated with endothelial dysfunction and placental hypoperfusion. Identifying these early alterations could inform risk stratification and the initiation of preventive interventions such as low-dose aspirin, antioxidant therapy, or enhanced surveillance. Moreover, functional markers may help monitor response to therapy, providing a dynamic assessment of maternal vascular adaptation [59]. Microvascular rheology also informs obstetric care in conditions predisposed to thrombotic complications. Altered red cell aggregation or increased blood viscosity can exacerbate placental insufficiency and predispose to fetal growth restriction. By integrating rheologic and functional red cell assessments, clinicians may better identify pregnancies at risk for adverse outcomes, enabling targeted monitoring, timely delivery planning, or prophylactic anticoagulation in selected cases [60]. Red cell functional plasticity has translational implications for emerging diagnostic technologies. Microfluidic devices, ektacytometry, and real-time oxygen dissociation measurements offer the potential to incorporate functional erythrocyte profiling into routine prenatal care. By moving beyond static indices, these approaches can provide individualized assessments of maternal–fetal oxygen delivery and vascular competence, supporting precision obstetric management (Table 2) [61].
Table 2. Clinical Implications of Red Cell Functional Plasticity in Pregnancy
	Functional Parameter
	Gestational Adaptation
	Clinical Relevance
	Potential Complications if Dysregulated

	Oxygen Affinity (2,3-BPG modulation)
	Rightward shift of maternal oxygen dissociation curve to facilitate tissue oxygen unloading	Comment by Maher: delete	Comment by Maher: (ODC)
	Ensures efficient maternal–fetal oxygen transfer
	Iron deficiency or disrupted 2,3-BPG metabolism → impaired oxygen delivery, fetal hypoxia

	Red Cell Deformability
	Maintained or enhanced to optimize microvascular transit
	Supports uteroplacental perfusion and systemic oxygen delivery
	Reduced deformability → placental hypoperfusion, preeclampsia, fetal growth restriction

	Membrane Biomechanics
	Adaptive cytoskeletal and lipid remodeling
	Preserves flexibility and shear stress response
	Oxidative damage or inflammation → hemolysis, microvascular obstruction

	Nitric Oxide Handling
	S-nitrosothiol-mediated NO transport and release
	Contributes to systemic and local vasodilation
	Impaired NO signaling → endothelial dysfunction, hypertension, impaired uteroplacental flow

	ATP Release
	Shear- and hypoxia-dependent release stimulates endothelial vasodilation
	Matches oxygen delivery to local tissue demand
	Reduced ATP release → microvascular constriction, increased vascular resistance

	Redox Balance
	Upregulated antioxidant defenses in RBCs
	Maintains hemoglobin function and membrane integrity
	Oxidative stress overwhelms defenses → increased RBC rigidity, early clearance, and vascular compromise

	Rheology and Aggregation
	Optimal aggregation and viscosity for microvascular efficiency
	Supports placental perfusion while minimizing systemic resistance
	Excessive aggregation or hyperviscosity → impaired perfusion, fetal growth restriction, thrombotic risk

	Clinical Monitoring Implications
	Functional changes may precede standard indices
	Potential for early detection of high-risk pregnancies
	Reliance solely on hemoglobin/hematocrit may miss subclinical dysfunction


Conclusion
Red blood cells in pregnancy exhibit remarkable functional plasticity that extends far beyond traditional hematologic indices. Through coordinated modulation of oxygen affinity, membrane biomechanics, deformability, nitric oxide signaling, ATP-mediated vascular interactions, redox balance, and microvascular rheology, erythrocytes actively contribute to maternal–fetal oxygen homeostasis and vascular adaptation. These dynamic processes enable efficient oxygen delivery to the developing fetus while accommodating the hemodynamic and metabolic demands of gestation.
Disruption of these adaptive mechanisms—whether through iron deficiency, oxidative stress, hypertensive disorders, or metabolic dysregulation—can compromise microvascular flow, impair oxygen unloading, and contribute to adverse outcomes such as preeclampsia, fetal growth restriction, or gestational anemia. Traditional reliance on static red cell indices often fails to capture these functional impairments, highlighting the need for more comprehensive, functional approaches to obstetric hematology.
Incorporating assessments of red cell deformability, oxygen-sensing capacity, rheology, and redox resilience into clinical practice offers a framework for precision monitoring, early risk detection, and individualized management. By recognizing erythrocytes as active participants in maternal–fetal physiology rather than passive oxygen carriers, clinicians and researchers can better understand the pathophysiology of complicated pregnancies and develop strategies to optimize perinatal outcomes. Ultimately, moving from index-based evaluation to functional phenotyping represents a paradigm shift in the hematology of pregnancy, bridging molecular insight with clinical relevance.
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