Section 10  Hematologic Alterations

John W. Adamson, Dan L. Longo

PART 2

HEMATOPOIESIS AND THE PHYSIOLOGIC BASIS
OF RED CELL PRODUCTION

Cardinal Manifestations and Presentation of Diseases

Hematopoiesis is the process by which the formed elements of blood
are produced. The process is regulated through a series of steps beginning with the hematopoietic stem cell. Stem cells are capable of producing red cells, all classes of granulocytes, monocytes, platelets, and
the cells of the immune system. The precise molecular mechanism—
either intrinsic to the stem cell itself or through the action of extrinsic
factors—by which the stem cell becomes committed to a given lineage
is not fully defined. However, experiments in mice suggest that erythroid cells come from a common erythroid/megakaryocyte progenitor that does not develop in the absence of expression of the GATA-1
and FOG-1 (friend of GATA-1) transcription factors (Chap. 89e).
Following lineage commitment, hematopoietic progenitor and precursor cells come increasingly under the regulatory influence of growth
factors and hormones. For red cell production, erythropoietin (EPO) is
the primary regulatory hormone. EPO is required for the maintenance
of committed erythroid progenitor cells that, in the absence of the
hormone, undergo programmed cell death (apoptosis). The regulated
process of red cell production is erythropoiesis, and its key elements are
illustrated in Fig. 77-1.
In the bone marrow, the first morphologically recognizable erythroid precursor is the pronormoblast. This cell can undergo four to
five cell divisions, which result in the production of 16–32 mature red
cells. With increased EPO production, or the administration of EPO
as a drug, early progenitor cell numbers are amplified and, in turn,
give rise to increased numbers of erythrocytes. The regulation of EPO
production itself is linked to tissue oxygenation.
In mammals, O2 is transported to tissues bound to the hemoglobin
contained within circulating red cells. The mature red cell is 8 μm in
diameter, anucleate, discoid in shape, and extremely pliable in order
to traverse the microcirculation successfully; its membrane integrity
is maintained by the intracellular generation of ATP. Normal red cell
production results in the daily replacement of 0.8–1% of all circulating
red cells in the body, since the average red cell lives 100–120 days. The
organ responsible for red cell production is called the erythron. The
erythron is a dynamic organ made up of a rapidly proliferating pool of
marrow erythroid precursor cells and a large mass of mature circulating
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Figure 77-1 The physiologic regulation of red cell production by
tissue oxygen tension. Hb, hemoglobin.
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red blood cells. The size of the red cell mass reflects the balance of red
cell production and destruction. The physiologic basis of red cell production and destruction provides an understanding of the mechanisms
that can lead to anemia.
The physiologic regulator of red cell production, the glycoprotein
hormone EPO, is produced and released by peritubular capillary lining
cells within the kidney. These cells are highly specialized epithelial-like
cells. A small amount of EPO is produced by hepatocytes. The fundamental stimulus for EPO production is the availability of O2 for tissue
metabolic needs. Key to EPO gene regulation is hypoxia-inducible
factor (HIF)-1α. In the presence of O2, HIF-1α is hydroxylated at a key
proline, allowing HIF-1α to be ubiquitinated and degraded via the proteasome pathway. If O2 becomes limiting, this critical hydroxylation
step does not occur, allowing HIF-1α to partner with other proteins,
translocate to the nucleus, and upregulate the expression of the EPO
gene, among others.
Impaired O2 delivery to the kidney can result from a decreased red
cell mass (anemia), impaired O2 loading of the hemoglobin molecule or
a high O2 affinity mutant hemoglobin (hypoxemia), or, rarely, impaired
blood flow to the kidney (renal artery stenosis). EPO governs the dayto-day production of red cells, and ambient levels of the hormone can
be measured in the plasma by sensitive immunoassays—the normal
level being 10–25 U/L. When the hemoglobin concentration falls below
100–120 g/L (10–12 g/dL), plasma EPO levels increase in proportion
to the severity of the anemia (Fig. 77-2). In circulation, EPO has a
half-clearance time of 6–9 h. EPO acts by binding to specific receptors
on the surface of marrow erythroid precursors, inducing them to proliferate and to mature. With EPO stimulation, red cell production can
increase four- to fivefold within a 1- to 2-week period, but only in the
presence of adequate nutrients, especially iron. The functional capacity
of the erythron, therefore, requires normal renal production of EPO,
a functioning erythroid marrow, and an adequate supply of substrates
for hemoglobin synthesis. A defect in any of these key components can
lead to anemia. Generally, anemia is recognized in the laboratory when
a patient’s hemoglobin level or hematocrit is reduced below an expected
value (the normal range). The likelihood and severity of anemia are
defined based on the deviation of the patient’s hemoglobin/hematocrit
from values expected for age- and sex-matched normal subjects. The
hemoglobin concentration in adults has a Gaussian distribution. The
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Figure 77-2 Erythropoietin (EPO) levels in response to anemia.
When the hemoglobin level falls to 120 g/L (12 g/dL), plasma EPO
levels increase logarithmically. In the presence of chronic kidney
disease or chronic inflammation, EPO levels are typically lower than
expected for the degree of anemia. As individuals age, the level of
EPO needed to sustain normal hemoglobin levels appears to increase.
(From RS Hillman et al: Hematology in Clinical Practice, 5th ed. New York,
McGraw-Hill, 2010.)
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