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Summary. The glycoprotein hormone erythropoietin (EPO) counteracts tissue hypoxia by increasing the systemic 
oxygen-carrying capacity. It induces augmentation of red blood cell mass by stimulating the formation and differen- 
tiation of erythroid precursor cells in the bone marrow. 
EPO production is increased under various forms of diminished oxygen supply such as anemic or hypoxic hypoxia. 
In the adult organism, the kidneys are the major source of EPO. The precise nature of the cells responsible for renal 
EPO production, however, has not yet been elucidated. Most likely, peritubular cortical cells, e.g. interstitial or 
endothelial cells, are involved in the elaboration of the hormone, From the observation that isolated perfused rat 
kidneys produce EPO in an oxygen-dependent fashion we conclude that the 'oxygen sensor' that controls hypoxia-in- 
duced EPO synthesis is located in the kidney itself. Within the kidneys, the local venous oxygen tension which reflects 
the ratio of oxygen supply to oxygen consumption is measured and transformed into a signal that regulates the 
formation of EPO. However, the mechanism by which a decrease of oxygen delivery to the kidneys is linked to an 
enhanced EPO gene expression is not yet known. Two possible mechanisms of regulation are discussed: First, renal 
hypoxia could lead to enhanced formation of metabolic mediators, for example prostaglandins or adenosine, which 
might stimulate EPO gene transcription by increasing cellular levels of second messenger molecules. Second, some 
kind of molecular 'oxygen receptor' such as a heme protein, that controls EPO formation by an oxygen-dependent 
conformational change, could mediate signal transduction. 
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Introduction 

Tissue hypoxia is characterized by a disproportion be- 
tween tissue oxygen supply and tissue oxygen consump- 
tion. Since adequate oxygen delivery is essentially main- 
tained by the systemic oxygen-carrying capacity, as 
determined by the red blood cell mass, the enhanced 
formation of erythroid precursors in the bone marrow 
represents an effective mechanism of long-term adapta- 
tion to hypoxia. The glycoprotein hormone erythro- 
poietin (EPO), which is produced physiologically by the 
kidneys, is the main regulator of erythroid cell differenti- 
ation and maturation 21. The physiological role of EPO 
is to adjust the pool of circulating erythrocytes to the 
actual oxygen demand 26. Hence, EPO production is in- 
creased under conditions of diminished oxygen supply 
such as anemia or hypoxia 21. In this context, the ques- 
tion arises of the precise site of 'oxygen sensing', and of 
the mechanism of signal transduction by which reduced 
oxygen delivery induces enhanced EPO production in the 
kidneys. In the following, we will discuss present con- 
cepts of the regulation of EPO formation and give a short 
overview of the physiology and biochemistry of the hor- 
mone. 

EPO - Molecular structure and sites of  action 

EPO is a glycoprotein hormone with a molecular weight 
of approximately 34,000 Da28' 31,41. Its protein back- 
bone is composed of 165 amino acids, and has a molecu- 
lar weight of about 18,400 Da 28'31'41. Four complex 
carbohydrate chains containing a high amount of sialic 
acid are attached to the protein at three N-linked glyco- 

sylation sites and one O-linked one 44. Deglycosylation 
of the EPO molecule results in a loss of in vivo bioactivity 
but not of immunoreactivity 49. This loss of biological 
activity in vivo can be ascribed to a higher clearance rate 
of the deglycosylated form as compared to the intact 
molecule 49. 
The target cell for EPO in the erythropoietic pathway is 
the colony-forming unit erythroid (CFU:E), a late ery- 
throid precursor in the bone marrow 34, 54. At physiolog- 
ical levels, EPO increases the mitotic rate of CFU-E and 
stimulates the proliferation of proerythroblasts 34, 54. At 
higher concentrations, EPO also acts on the late burst 
forming unit erythroid colony cells (BFU-E), which are 
early erythroid progenitors s4. Recent studies indicate 
that the EPO molecule binds to a low and to a high 
affinity class of EPO receptors. It is thought that the high 
affinity receptors are the physiologically important 
ones 5. A calcium-dependent reaction seems to be in- 
volved in the mechanism that initiates cell division when 
the EPO molecule binds to the receptor on its target 
cell. 33 

EPO production sites 

The classic work demonstrating that the kidneys are the 
main EPO production site in the adult organism was 
performed by Jacobson and co-workers in 1957. They 
were able to show that bilateral nephrectomy prevented 
a rise in serum EPO levels in rats following bleeding 19. 
More direct evidence for renal de novo synthesis of EPO 
was provided by the demonstration of EPO messenger 
RNA in kidneys taken from hypoxic and anemic ani- 
mals 3,4, 4-6. 
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The cellular site of EPO formation within the kidneys, 
however, is still subject to discussion. Using cDNA 
probes for EPO 18, 30,a8 several groups of investigators 
could show that the EPO-producing cells are located in 
the peritubular interstitium of the kidney cortex 23, 27. 
However, further attempts to reveal the nature of these 
cells with immunohistochemical methods - possible can- 
didates are endothelial cells, macrophages or interstitial 
cells - failed to provide clear evidence 9, 27. More detailed 
information could be obtained in future by combining on 
the same tissue section in situ hybridization for EPO 
mRNA with immunohistochemical staining of cell- 
specific antigens. 
Besides the kidneys, the liver, which is the most impor- 
tant source of extrarenal EPO, accounts for approxi- 
mately 20 % of total EPO i 5. However, the liver cannot 
compensate for a loss of EPO formation by the kidneys, 
e.g. during chronic renal failure. Nevertheless, it repre- 
sents the main source of EPO during fetal life 56. 

Regulation of EPO formation in vivo 

Since levels of circulating serum EPO are elevated in 
different forms of hypoxia including anemia (decreased 
oxygen transport capacity) and hypoxic hypoxia (re- 
duced oxygen saturation) it becomes evident that the 
primary determinant of EPO formation is the oxygen 
content of the blood2' a l,26. The latter only becomes 
apparent after the removal of a certain amount of oxygen 
from the blood during capillary passage. In conclusion, 
the 'oxygen sensor' that governs renal EPO formation is 
sensitive to changes in the local venous P022, 26. This in 
turn is not only influenced by the oxygen supply but is 
also affected by the oxygen consumption, which indicates 
that the 'oxygen sensor' records changes in the ratio of 
oxygen delivery to oxygen demand. Hence the following 
questions arise: 
I. Where in the organism is the blood oxygen content 
measured and transformed into a signal that regulates 
the elaboration of EPO? 
2. Of what kind is the signal transduction mechanism 
that links decreased oxygen supply to an enhanced EPO 
production by the kidneys ? 

Renal versus extrarenal oxygen-sensing sites 
Until now, the question whether the sensing of oxygen 
supply and its transduction into adequate EPO synthesis 
is performed extrarenally or in the kidney itself is a mat- 
ter for controversy 2, a6. The first clinical evidence for a 
subdiaphragmal localization of the 'oxygen sensor' was 
provided by Stohlman et al., who described a patient 
with severe erythrocytosis due to a patent ductus arteri- 
osus with a reversed shunt leading to selective hypoxemia 
of the lower half of the body 50. In this context, the 
'oxygen sensor' is operationally defined as the oxygen- 
measuring process that controls renal EPO synthesis. A 
major argument against an essential oxygen sensing by 
the kidneys comes from the observation that selective 

reduction of oxygen supply to the kidneys by renal artery 
constriction only causes a linear increase of serum EPO 
levels in rats, whereas the same decrease of oxygen supply 
caused by reduction of the systemic oxygen transport 
capacity (exchange-transfusion of blood with plasma) 
leads to an exponentially increasing EPO production 36. 
However, when interpreting these data, it should be re- 
membered that the reduction of renal blood flow not 
only causes a decrease of oxygen delivery to the kidneys 
but also decreases tubular sodium load, and thereby 
leads to a reduction of renal oxygen consumption 6. Since 
the rate of renal EPO formation seems to depend more 
upon the ratio of oxygen supply to the kidneys to oxygen 
consumption by the kidneys than upon the oxygen deliv- 
ery alone 8, diminished tubular sodium reabsorption 
would result in a decreased sensitivity of the 'oxygen 
sensor' and consequently in a reduction of EPO forma- 
tion 2, S 

Strong evidence for an intrarenal localization of the 'ox- 
ygen sensor' that controls EPO formation would be ob- 
tained from the demonstration that isolated perfused 
kidneys produce EPO in an oxygen-dependent manner, 
as is known for the intact organism. For this purpose, 
we isolated kidneys from normoxic rats and perfused 
them in a recircnlating system at a constant pressure of 
100 mm Hg, as described 4s. The perfusion medium con- 
sisted of a modified physiological saline containing 
bovine serum albumin (2 g/dl) and a 10% fraction of 
freshly-washed human erythrocytes. The perfusate 
was continuously dialyzed against a 20-fold volume of 
protein-free Krebs-Henseleit solution. The oxygen sup- 
ply to the kidneys was adjusted by equilibrating the 
dialysate with gas mixtures of different oxygen content. 
The amount of EPO produced by the kidneys was deter- 
mined by radioimmunoassay in aliquots drawn from the 
perfusion medium 7. Using this model we were able to 
extend previous studies indicating that isolated perfused 
kidneys release significantly more EPO upon lowering 
the oxygen tension in the perfusion medium ~0, ~2, 25, 55. 
Furthermore, the maximal amount of EPO released by in 
vitro perfused kidneys was approximately the same as 
that calculated for hypoxia-induced EPO production in 
the intact organism. Since the kidneys contain no stores 
of EPO 2o. 48 the amount of EPO detected in the perfu- 
sion medium directly reflects hypoxia-induced de novo 
synthesis of EPO. 
From the observation that isolated kidneys produce EPO 
in an oxygen-dependent fashion, one might conclude that 
the 'oxygen sensor' that controls renal EPO formation is 
located within the kidneys. The precise cellular site of this 
renal 'oxygen sensor' is yet unknown. Since, as outlined 
above, renal EPO formation is not only determined by 
the oxygen supply to the kidneys but also depends upon 
the oxygen consumption of the kidneys 8, more detailed 
information on the localization of the intrarenal oxygen- 
sensing process should be obtained from experiments in 
which site-specific inhibition of tubular sodium reab- 
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sorption along different segments of the nephron is per- 
formed. Recently, it was shown that only the inhibition 
ofproxirnal tubular sodium transport, caused by acetazo- 
lamide, significantly reduced hypoxia-induced EPO for- 
mation in mice 8. On the other hand, furosemide, hy- 
drochlorothiazide and amiloride, which inhibit sodium 
transport predominantly at the thick ascending limb of 
the loop of Henl~, the early distal tubule, and the late 
distal tubule and collecting duct, respectively, failed to 
prevent the rise of EPO production in response to nor- 
mobaric hypoxia (8 and 14% 02) and reduced oxygen 
transport capacity (0.1% carbon monoxide) 8. These re- 
suits suggest that the production of EPO is related to 
proximal tubular sodium reabsorption. It remains to be 
clarified by future work whether the EPO-producing cells 
themselves act as 'oxygen sensors' - in this case the rate 
of proximal tubular sodium transport would modulate 
the oxygen sensitivity of those cells - or whether the 
proximal tubule is sensitive to hypoxia, thereby generat- 
ing some kind of biochemical signal which induces a 
distinct cell type in its environment to produce EPO. 

The process of signal transduction 
With regard to the subcellular regulation of EPO forma- 
tion, strong 6vidence has been provided that the produc- 
tion of the hormone is at least in part controlled at the 
level of gene transcription. Firstly, it has been shown that 
the rise of serum EPO levels of rats exposed to hypoxia 
is paralleled by a preceding increase in the EPO mRNA 
content of the kidneys 26. Furthermore, experiments per- 
formed on isolated rat kidney cell nuclei revealed active 
EPO gene transcription in kidney nuclei from anemic-hy- 
poxic animals, whereas EPO transcriptional activity was 
not detectable in nuclei from control kidneys 47. In addi- 
tion, Koury and co-workers have recently shown that 
increasing anemia in mice is accompanied by an increase 
of total renal EPO mRNA content and of serum EPO 
levels which both correlate with the number of EPO-pro- 
ducing cells in the kidneys 24. Those findings also indicate 
that under anemic conditions, additional cells are recruit- 
ed to maintain adequate EPO synthesis, rather than indi- 
cating that solely the amount of EPO produced by an 
individual cell is increased. However, the mechanism, by 
which diminished oxygen supply might induce enhanced 
EPO gene expression is unknown. Nevertheless, the fol- 
lowing concepts about the signal transduction mecha- 
nism appear rational (fig.): 

1. Renal hypoxia might activate a metabolic pathway 
and thereby lead to increased levels of intracellular sec- 
ond messenger molecules. In analogy to other genes (e.g., 
human vasoactive intestinal polypeptide gene, and hu- 
man c~-gonadotropin gene)43, the rate of EPO gene tran- 
scription could also be modulated by the cellular content 
of second messengers. 

2. A defined 'oxygen receptor', e.g., a heme protein, 
might act as 'oxygen sensor' and increase EPO transcrip- 

metabolic mediators 

e.g. prostaglandins 

e.g. adenosine 

Renal Hypoxia ] 

"molecular oxygen sensor" 
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1199 

tional activity by an oxygen-dependent change of its con- 
formational state 17 

Metabolic mediators indicating renal hypoxia 

The entirety of the metabolic events following renal hyp- 
oxia is much too complex to be considered in this con- 
text (for review see Jones Z2). There is some evidence, 
however, that prostaglandins might be important for the 
regulation of kidney function during hypoxia 52, 53. An 
intact prostaglandin system seems to be crucial for ade- 
quate EPO formation by the kidneys 13, 2t. The mecha- 
nism by which the enhanced release of prostaglandins 
might stimulate EPO production is still elusive. Since it is 
known that prostaglandins (PGE2, prostacyclin) activate 
adenylate cyclase in vivo and in vitro 13,al, one might 
suggest that the prostaglandins exert their stimulatory 
effect on EPO formation by increasing the intracellutar 
levels of the classic 'second messenger' cyclic AMP 1, 2o. 
The transcriptional activity of various genes, such as the 
rat somatostatin, the human c~-gonadotropin and the hu- 
man vasoactive intestinal peptide genes, is known to be 

Schematic diagram illustrating two possible regulatory pathways of EPO 
formation: 1. Renal hypoxia could activate metabolic mediators such as 
adenosine or prostaglandins thereby leading to increased cellular levels of 
second messenger molecules which in turn could regulate EPO gene tran- 
scriptional activity. 2. Some kind of 'molecular oxygen sensor', e.g. a 
heme protein, could modulate expression of the EPO gene by an oxygen- 
dependent change of its conformation. For further details see text. 
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regulated by cyclic AMP 4a. From recent studies on 
cAMP-dependent control of gene expression strong evi- 
dence has been obtained that the catalytic subunit of 
cAMP-dependent protein kinase can induce transcrip- 
tion of genes containing cAMP-responsive enhancer ele- 
ments 42. However, direct experimental support for the 
theory of cAMP-dependency of EPO gene expression is 
still missing at the moment. Moreover, since the normal 
day-to-day elaboration of EPO is so precisely fine-tuned, 
one would expect more than one single effector system, 
such as the prostaglandins, to be involved in the control 
of EPO formation. 
A further metabolic indicator for renal hypoxia is the 
nucleoside adenosine (for review see Osswald35). 
Adenosine is generated in the kidneys by ATP hydrolysis 
via AMP dephosphorylation 3 s. The key enzyme in this 
process is ecto-5'-nucleotidase, which has been demon- 
strated to occur in the kidney cortex 29. In vivo studies as 
well as hypoxic perfusion of isolated rat kidneys provid- 
ed strong evidence that renal hypoxia leads to a depletion 
of tissue ATP that is paralleled by an increased adenosine 
release from the kidneys 39,4o. Moreover, it was demon- 
strated in two recent reports that exogenously applied 
adenosine stimulates EPO formation in hypoxic mice as 
well as in isolated perfused rat kidneys 37' sl. However, 
since the intraarterial application of adenosine causes 
renal vasoconstriction 3s it remains difficult to distin- 
guish whether adenosine directly acts on the EPO-pro- 
ducing cells or indirectly stimulates EPO formation by a 
reduction of oxygen supply to the kidneys. 
Using the isolated perfused rat kidney model described 
above, we examined in a second series of experiments 
whether hypoxia-induced EPO production can be mim- 
icked by increasing the cellular levels of classic second 
messengers. Forskolin (10 btM), which was considered to 
stimulate adenylate cyclase, thereby increasing cellular 
cyclic AMP content, significantly decreased renal vascu- 
lar resistance and caused a more than 20-fold increase in 
renin release from the kidneys. 8-bromo-cyclic GMP 
(100 btM), a membrane-permeable analogue of cyclic 
GMP, also markedly decreased renal vascular resistance. 
Calmidazolium (1 gM), and W-7 (10 gM), two struc- 
turally different putative calmodulin antagonists, were 
used to inhibit intracellular calcium binding to calmod- 
ulin 16. Although the tested drugs apparently showed bi- 
ological activity, they all failed to stimulate EPO produc- 
tion in isolated kidneys. Calmidazolium (1 btM) and W-7 
(10 gM), however, regularly prevented hypoxia-induced 
increase of EPO formation in this model without altering 
renal oxygen consumption. These results suggest that a 
calcium/calmodulin (Ca/CaM)-dependent reaction is 
possibly involved in the signal transduction process that 
controls renal EPO formation. The subcellular mecha- 
nism, however, by which Ca/CaM could regulate the 
generation of EPO remains speculative. Considering that 
the production of EPO seems to be inversely related to 
the calcium permeability of the cell membrane 1~' 32 it 

would be conceivable that a CaM-dependent Ca 2+ 
pump is possibly involved in the signal transduction pro- 
cess. 

Molecular 'oxygen receptor' mechanisms 

Besides the 'metabolic pathway' described above, it is 
also possible that renal EPO production is under the 
control of a 'molecular oxygen receptor'. Very recently, 
experimental evidence was provided for a very elegant 
model of 'molecular oxygen sensing'. From experiments 
performed on a liver carcinoma cell line which produces 
EPO in an oxygen-dependent fashion, Goldberg and co- 
workers concluded that a heme protein might regulate 
EPO synthesis 17. They proposed that this heme protein 
would control EPO gene expression by an oxygen-depen- 
dent conformational change: At sufficiently low oxygen 
tensions the heme protein would be in the deoxy or tense 
conformation and thereby trigger the expression of the 
EPO gene, whereas the oxy or relaxed state, which would 
be adopted in conditions of high oxygen partial pressure, 
is inactive in the stimulation of EPO synthesis iv. The 
strongest argument was derived from the observation 
that carbon monoxide (10%) significantly reduced hyp- 
oxia-induced EPO formation in this hepatoma cell 
line ~7. Carbon monoxide was thought to bind with high 
affinity to the heine moiety of this protein which would 
thereby be kept in the oxy conformation and thus pre- 
vent hypoxia-induced increase of EPO gene transcrip- 
tion 17. Elegant though this concept is, it has to be con- 
firmed by the demonstration that a heine protein that 
controls EPO gene expression by an oxygen-dependent 
change of its conformation is really present within these 
cells. 
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