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Introduction

 

Erythropoietin (EPO), a humoral activator of erythropoiesis,
was first named by Bonsdorff and Jalavisto in 1948 [1]. EPO

is a monomeric globular acidic glycoprotein containing 165
amino acids. EPO acts via cell surface receptors on target cells
in the bone marrow to prevent apoptosis of the erythrocytic
progenitors and to trigger erythroid maturation and differen-
tiation to increase the red cell mass in response to tissue
hypoxia. In adult life, 90% of EPO production originates in
the kidney [2] from peritubular fibroblasts in the renal cortical
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Abstract

 

Aims

 

An erythropoietin (EPO)-deficient anaemia is recognized in Type 1 dia-
betic patients with early nephropathy and symptomatic autonomic neuropathy
(DN). The aim of this study was to determine whether the EPO response to
hypoxia was deficient in order to clarify the mechanisms involved in this process.

 

Methods

 

Five Type 1 diabetic patients DN (age 39 (28–48) years (mean
(range))) with EPO-deficient anaemia (haemoglobin, Hb 10.6 (9.5–12.0) g/dl,
EPO 5.0 (3.2–6.5) IU/l) and early diabetic nephropathy (persistent proteinuria
1161.6 (130–2835) mg/day, serum creatinine 97.6 (63–123) 

 

µ

 

mol/ l)) were
compared with nine normal subjects (age 31 (24–39) years, Hb 13.4 (11.8–
15.7) g/dl, EPO 7.6 (5.6–10.3) IU/l) and four patients with non-diabetic
advanced chronic renal failure RF (proteinuria 2157.5 (571–4578) mg/day,
serum creatinine 490.2 (406–659) 

 

µ

 

mol/l, Hb 10.3 (9.0–11.3) g/dl, EPO 4.6
(2.9–8.5) IU/l). The subjects were exposed to 6 h of hypoxia (inspired oxygen
11.6–12.6%) by breathing a gas mixture via a hood. Hourly serum EPO levels
were measured.

 

Results

 

All groups showed a rise in EPO production after 2 h. The diabetic
DN group achieved a similar maximal response to the normal subjects at 6 h
(EPO 17.3 

 

±

 

 5.4 vs. 17.8 

 

±

 

 7.9 IU/l). The renal failure patients mounted an EPO
response to hypoxia but at lower EPO levels.

 

Conclusions

 

Although the DN patients have inappropriately low EPO levels
for the severity of their anaemia, they can mount an appropriate EPO response
to moderate hypoxia. The mechanism underlying the EPO-deficient anaemia
present in some diabetic patients remains unclear.
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interstitium [3]. When chronic renal failure progresses to
an extent that the glomerular filtration rate falls below
approximately 40 ml/min (equivalent to a serum creatinine
of greater than approximately 177 

 

µ

 

mol/ l), a chronic anaemia
develops, which is associated with inappropriately low serum
EPO levels [4,5].

Anaemia occurs in some patients with long-standing
diabetic complications. We recently reported the development
of an EPO-deficient anaemia in patients with early diabetic
nephropathy as defined by persistent proteinuria without
renal failure [6], perhaps due to a tubulointerstitial lesion
known to be present in diabetic nephropathy [7], which
may lead to damage or dysfunction of the EPO producing
fibroblasts in the renal interstitium. We and others have shown
that patients with severe diabetic autonomic neuropathy may
become anaemic with an associated EPO deficiency [8–10].
EPO deficiency in these patients may result from autonomic
dysfunction possibly leading to renal denervation, with sup-
porting evidence cited from animal studies [11–14], and
observations that patients with primary autonomic failure
also suffer an EPO-associated deficiency [15]. However, all
these diabetic patients had early diabetic nephropathy and
therefore the concomitant renal damage was the most likely
cause of the EPO deficiency. The aim of the present study
was therefore to elucidate the mechanism of the EPO
deficiency in anaemic diabetic patients with early nephropathy
and neuropathy to determine whether or not the EPO response
to hypoxia was blunted.

 

Patients and methods

 

Patients were recruited from the Diabetes Clinic and the Low
Clearance Clinic in the Renal Unit at King’s College Hospital.
Five Type 1 diabetic patients (DN) with persistent proteinuria
and symptomatic diabetic autonomic neuropathy were recruited;
and there were four non-diabetic patients with end-stage renal
failure and proteinuria (RF). All these patients were anaemic
with an associated erythropoietin deficiency and without
correctable haematinic deficiencies (normal serum ferritin,

serum B12, and folate levels). EPO deficiency was determined
by comparison with results from a group of patients with
iron-deficient anaemia recently described by us [10] (Fig. 1).
Nine healthy (control) subjects without anaemia were recruited
to establish a normal response. The King’s Healthcare NHS
Trust Research Ethics Committee approved the study and all
patients gave written informed consent. The characteristics of
the study groups are shown in Table 1.

A detailed medical history was obtained for all subjects,
and all patients were questioned for symptoms of diabetic
autonomic neuropathy as described by Guy 

 

et al

 

. [16], includ-
ing gustatory sweating, postural hypotension, diarrhoea,
gastroparesis and bladder paresis. Patients with any clinical
contraindication to prolonged hypoxia including significant
respiratory, cardiovascular and neurological conditions were
excluded. All patients were fully examined including a
comprehensive neurological examination involving a battery
of peripheral and autonomic function tests. The results of the
tests are shown in Table 2.

Figure 1 The normal relationship between the natural logarithm (ln) 
of serum erythropoietin (EPO) levels and haemoglobin concentration 
in non-diabetic iron-deficient anaemic subjects (s) as recently described 
by us [10]. The values of ln(EPO) against haemoglobin (Hb) are plotted 
for the diabetic patients (d) and renal failure patients (j) patients in the 
present study to illustrate that these patients have inappropriately low 
serum EPO levels.

Table 1 Clinical, biochemical and haematological characteristics of study groups

Control DN RF Normal values

No 9 5 4
M:F 5:4 1:4 4:0
Age (years) 31 (24–39) 39 (28–48) 43 (34–51)
DM duration (years) — 24 (16–32) —
Nephropathy (years) — 7 (1–15) 4 (1–11)
Creatinine (µmol/ l) 74.7 (65–93) 97.6 (63–123) 490.2 (406–659) 45–120
Proteinuria (mg/day) — 1161.6 (130–2835) 2157.5 (571–4578)
HbA1c (%) — 11.1 (8–14.9) —
Hb (g/dl) 13.4 (11.8–15.7) 10.6 (9.5–12.0) 10.3 (9.0–11.3) 11.5–15.5
EPO (IU/l) 7.6 (5.6–10.3) 5.0 (3.2–6.5) 4.6 (2.9–8.5) 3.3–16.6
Vitamin B12 (ng/ l) 533.8 (347–657) 549.5 (398–717) 223–1132
Folate (µg/l) 9.1 (4.2–15.8) 5.2 (4.4–7.1) 3.1–12.4
Ferritin (ng/ml) 33.2 (7–111) 203.3 (100–341) 10–200
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All the DN patients had evidence of persistent albustix-
positive proteinuria (mean 1161.6 (130–2835) mg/day),
though none was in renal failure (mean serum creatinine
97.6 

 

µ

 

mol/ l; maximum serum creatinine 123 

 

µ

 

mol/ l). All had
evidence of diabetic autonomic neuropathy (DAN) with at least
one symptom, and this was confirmed by cardiac autonomic
function tests. All had received treatment for proliferative
diabetic retinopathy.

All RF patients were in advanced chronic renal failure
(mean serum creatinine 490.2 (406–659) 

 

µ

 

mol/ l), not yet
requiring dialysis. The causes of renal failure were IgA
nephropathy in two patients, Henoch–Schönlein purpura in
one patient and hypertensive nephropathy in one patient. None
of these patients had symptoms of autonomic dysfunction, and
all neurological tests were normal.

 

Peripheral nerve and cardiovascular autonomic 

function tests

 

Peripheral nerve tests included assessment with a 10-g Semmes
Weinstein monofilament, the biosthesiometer (Biomedical
Instruments Co., Newbury, OH, USA) and thermal threshold
assessment (Thermotest; RDG Medical, Croydon, UK). A
battery of cardiovascular autonomic function tests using
standard methods was performed as previously described
[6,17]. Postural hypotension was defined as a systolic blood
pressure drop of >20 mmHg [18].

 

EPO assay

 

Serum EPO was measured using an ELISA based on the
double antibody sandwich method (Quantikine IVD EPO
ELISA; R&D Systems, Minneapolis, MN, USA). The within
assay precision was 3.1% (

 

n

 

 = 30, mean 16.2 IU/l) and between
assay coefficient of variation was 6.5% (

 

n

 

 = 20, mean 10.6 IU/l).
The laboratory normal range of EPO for non-anaemic subjects
is 3.3–16.6 IU/l.

 

Hypoxia study design

 

The subjects underwent a 6-h period of hypoxia with an
inspired oxygen concentration of 11.6–12.6% equivalent to
an altitude of approximately 4000 m. Patients were cannulated
and baseline measurements were taken for full blood count,
serum EPO and biochemical profile. Normal saline was then
infused to replace fluid. Two serum EPO levels were taken

within the first hour of the study and subsequently hourly for
the 6-h duration. Whole blood glucose was measured from
the diabetic patients hourly (Medisense Card Sensor; Abbott
Laboratories Co., UK) to ensure there were no extreme blood
glucose excursions.

Patients were monitored continuously using a three-lead ECG
monitor, a pulse oximeter, and blood pressure was measured
intermittently. Compressed air from a Hydrovane Factair Safe
Air cabinet at a continuous flow rate of approximately 30 ml/
min, measured via a KDG 200 Flowmeter, was mixed in a wide
bore tube with nitrogen flowing from a cylinder at approxi-
mately 20 ml/min. The gas mixture was fed into a transparent
hood placed over the subject’s head and upper body and
subsequently evacuated via the bottom of the bag into the
atmosphere. The percentage of inspired oxygen concentration
was continuously monitored and intermittent expired values
were obtained via a mouth piece by using a fine sampling tube
attached to a mass spectrometer (Mediflex software, VG
Medical Systems, UK). The gas mixture in the hood was
adjusted to maintain the desired inspired oxygen levels
(11.6–12.6%). As an additional safety measure, the patient’s
oxygen saturation was not allowed to fall to < 80%. No more
than three short breaks (around 5 min) were allowed during the
procedure.

 

Statistical analysis

 

All patient baseline data are expressed as the mean and range or
mean 

 

±

 

 

 

SD

 

. Baseline EPO values were determined from the mean
of two values taken within the first half hour of the study for
each subject. All EPO data were transformed using the natural
logarithm. Individual regression lines were fitted to ln(EPO)
against time (1 h to 6 h) for each study. Individual slopes,
baseline ln(EPO), maximal ln(EPO) values, inspired percentage
oxygenation and oxygen saturation were compared among the
three groups using 

 

ANOVA

 

 followed by 

 

post hoc

 

 comparisons.
According to the Bonferroni correction, pairwise group
comparisons were significant at the 5% level if their 

 

P

 

-value
was < 0.017.

 

Results

 

Both the DN group and the RF group were anaemic with
inappropriately low levels of EPO for the severity of the
anaemia. This is illustrated in Fig. 1, which compares the
results from these patients plotted on a graph of the ln(EPO)

Table 2 Peripheral and autonomic function test results of patient groups

DN (n = 5) RF (n = 4) Normal values [17,18]

Vibration perception 36.2 ± 17.9 10.5 ± 6.5 < 20
Monofilament 10 g (perception +:−) 1:4 4:0 All points perceived
Thermal threshold 24.1 ± 9.7 8.0 ± 4.2 < 10
Resting heart rate (HR) (beats/min) 83 ± 6 78 ± 17
HR variability 2 ± 1 16 ± 7 > 12
HR increase on standing 4 ± 2 19 ± 2 > 12
Systolic BP drop (mmHg) 17 ± 7 8 ± 15 < 20
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vs. the haemoglobin concentration against the normal rela-
tionship of ln(EPO) with haemoglobin in a group of patients
with iron-deficient anaemia. The data from all the DN and RF
patients fall below the line.

The response to the hypoxic stimulus is illustrated in Fig. 2.
There was no difference between the three groups in terms
of percentage inspired oxygen levels (controls 11.8 

 

±

 

 0.33%,
DN 12.2 

 

±

 

 0.23%, RF 12.2 

 

±

 

 0.32%, 

 

F

 

 = 3.071, 

 

P

 

 = 0.076) or
oxygen saturation (controls 84.3 

 

±

 

 3.0%, DN 83.0 

 

±

 

 2.3%,
RF 85.8 

 

±

 

 2.5%, 

 

F

 

 = 1.122, 

 

P

 

 = 0.352). It can be seen that
the DN patients were able to achieve a similar rise in serum
EPO over 6 h compared with the control group despite the fact
that they had a lower EPO level for the degree of anaemia. The
control results compare favourably with previous altitude
studies performed by Eckardt [19]. There was no statistical
difference in the maximal ln(EPO) level between the DN and
control groups. The RF group started with a lower baseline
EPO level than the controls (

 

P

 

 = 0.008) and the maximal
ln(EPO) level at 6 h was statistically lower than both the
control (

 

P

 

 = 0.001) and the DN groups (

 

P

 

 = 0.002).
After the first hour, the control group began to show a

rise in ln(EPO) with a steady rise during the following 5 h.
For each hour the ln(EPO) increased by 0.17 (

 

SD

 

 0.0592,
confidence interval (CI) 0.126–0.217), i.e. serum EPO was
estimated to change by a factor of 1.18 per hour. When
comparing the slopes of the rise in ln(EPO) with time between
all three groups there was no statistical difference (

 

F

 

 = 3.3,

 

P

 

 = 0.06).
Thus, although the DN patients had an EPO-deficient

anaemia, they were able to mount an appropriate response
to hypoxia comparable with normal controls. However, the
RF patients had a lower baseline level of EPO, and produced
lower levels of EPO at 6 h. Despite this, however, the production
rate per hour for the RF group did not differ from the control
or DN groups.

 

Discussion

 

This study illustrates that, although diabetic patients with
early nephropathy associated with symptomatic autonomic
neuropathy may become chronically anaemic with an associ-
ated EPO deficiency, these patients are able to produce EPO
appropriately when challenged by moderate hypoxia. We
may assume that if hypoxia in simulated altitude can produce
an EPO response, other conditions causing acute tissue
hypoxia such as significant haemorrhage or acute respiratory
dysfunction may also stimulate appropriate EPO production.
This observation contrasts with that seen in patients with
end-stage renal failure, where although the EPO production
rate is similar the EPO levels remain lower throughout the 6 h.

The EPO response to tissue hypoxia in renal failure patients
has been reported previously to be either absent or blunted.
One study showed no response to 3.5 h of acute hypobaric
hypoxia at 4560-m altitude equivalent [20], although this
duration of hypoxia was probably insufficient to elicit a
response. Renal failure patients exposed to acute hypoxic
stress (e.g. pulmonary oedema, acute haemolysis, congestive
cardiac failure and hypotension from sepsis) have been shown
to mount a several-fold increase in serum EPO levels from
previous steady state values [5,21,22]. End-stage kidneys are
capable of increasing EPO production sufficiently to produce
an improvement in the anaemia following the introduction of
continuous ambulatory peritoneal dialysis [23]. These studies
suggest that although EPO production is possible, the levels of
EPO remain inappropriate, and it is therefore unable to correct
the anaemia resulting from various acute insults.

The severity of anaemia in end-stage renal failure can be
variable, suggesting that the pathogenesis is multifactorial. A
number of explanations have been proposed for the failure of
adequate EPO production in renal failure, which may also
account for the anaemia with EPO deficiency observed in
diabetic patients with early diabetic nephropathy and neuro-
pathy. Renal damage may lead to an inability to sustain the
required increased EPO levels due to a limited renal mass,
damage of the fibroblasts or inadequate extrarenal supply of
EPO [5]. However, as the diabetic patients have a normal EPO
response to hypoxia, it seems unlikely that the EPO-producing
fibroblasts are destroyed by the tubulointerstitial damage of
early diabetic nephropathy [7]. The renal fibroblasts seem to
be able to produce EPO appropriately in response to hypoxia.
We cannot disprove the theory that the increased EPO produc-
tion in the diabetic patients is from the liver, which is known
to produce around 10% of the total production in adults [3].
Alternative explanations for the low EPO levels associated
with an anaemia might include a reduced oxygen affinity of
haemoglobin, a decreased sensitivity of the renal oxygen
sensor, or an increased EPO metabolism and malnutrition.
Inhibitors of erythropoiesis may also contribute to the anaemia
[24]. Cytokines such as IL-1 (

 

α

 

 or 

 

β

 

) and tumour necrosis
factor (

 

α

 

 or 

 

β

 

) [25] are thought to inhibit both EPO action and
EPO production, causing the anaemia of chronic disease and

Figure 2 Serum EPO levels (mean ± SEM) in response to hypoxia in 
diabetic patients (DN), renal failure patients (RF) and healthy control 
subjects. –––, Mean control; - - - - -, mean DN; –––––, mean RF.
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end-stage renal failure. It seems possible that cytokine
involvement may contribute to the anaemia of early diabetic
nephropathy but that these inhibitors can be overcome by
moderate hypoxic stimulation.

Thus, the pathogenesis of the EPO-associated chronic
anaemia of diabetic patients with renal and neurological
complications remains unclear. Inhibition of EPO production
by cytokines, decreased sensitivity of the oxygen sensor in
the kidney, reduced oxygen demand of the diabetic kidney,
and the role of dysautonomia need further investigation in
diabetes.
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