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Abstract We investigated erythropoietin (Epo) response
in a cohort of diabetic patients with various types of anemia
to approach the pathogenesis of some cases of “unex-
plained” anemia encountered among diabetics. Serum Epo
levels were determined totally in 747 evaluable subjects
with normal renal and hepatic function, of whom 694 had
anemia. Among anemic patients, 237 were diabetics, while
among the 53 nonanemic persons, there were also 21 dia-
betics. Diabetic and nondiabetic subjects were uniformly
balanced in relation to their demographic features and were
categorized according to the etiology of their anemia. He-
moglobin (Hb) did not differ between diabetic and non-
diabetic subjects in all the etiological groups and in the
whole population. Diabetic patients had significantly lower
serum Epo levels as compared to nondiabetics (36.5+61 vs
69.4+191 IU/ml, p<0.0001), and this was true for all eti-
ologic groups of anemia with the exception of patients with
myeloproliferative disorders and those with megaloblastic
anemia. The natural logarithmic (In)-EpoxHb component
was used as an index of response to anemia and was found
to be significantly decreased in almost all subgroups of
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diabetic patients. Serum Epo levels were also negatively
correlated with the percentage of glycosylated Hb, HbA1¢
(=—0.446), and the correlation was stronger with the In
of serum Epo (r=—0.638, p<0.001). Inappropriately low
serum Epo level is a uniform feature in patients with type
II diabetes mellitus and may represent a constitutive blunt-
ed response to anemia or an altered metabolic rate of
Epo, probably as a result of abnormal glycosylation of the
cytokine.
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Introduction

Noninsulin-dependent diabetes mellitus (NIDDM) is a
systemic disease which involves many organs of the body.
Anemia is mostly associated with various complications of
diabetes, and its etiology is multifactor. Nutritional or sec-
ondary to occult blood loss iron deficiency, megaloblastic
anemia associated with the presence of antiparietal anti-
bodies, B, malabsorption or folate deficiency, and anemia
ofrenal failure are main causes, although other less common
factors such as hemolysis due to microangiopathy or to
drug-induced immune mechanisms, marrow hypoplasia,
and increased membrane rigidity [1] have been implicated.
There are, however, some cases where no etiology of anemia
can be found.

In a recently published study, the incidence of anemia
among 1,054 diabetic patients was 12.5%, but in the ma-
jority of cases, it was unrecognized, undetected, or under-
estimated [2]. In a previous study, searching risk factors for
unexpected hospitalizations in diabetic patients, anemia was
such a predictive factor [3].

In the majority of the anemic patients, there is an inverse
relationship between hemoglobin (Hb) concentration and
serum erythropoietin (Epo) levels [4]. This is not, however,
the case in patients with renal failure [5] or in anemia of
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chronic diseases [6, 7], where serum Epo is inappropriately
low for the degree of anemia. In anemic patients with type |
diabetes, but without overt renal failure, serum Epo has
been found to be inappropriately low, as compared to that
of nondiabetic patients with glomerulonephritis [8], and
this finding has been postulated to represent a sign of
coexisted autonomic neuropathy [9, 10], while for patients
with diabetic nephropathy, serum Epo reflects the severity
of the disease [11].

The observation that many patients with as yet uncom-
plicated diabetes and anemia had inappropriately low serum
Epo levels for the degree of their anemia [12], as well as the
fact that no comparative study to nondiabetic anemic pa-
tients existed in literature, prompted us to perform a more
systemic study in the time period between 1995 and 2004
and to compare diabetic and nondiabetic patients with ane-
mia of different etiologies and severities in relation to their
serum Epo levels. We also correlated the percentage of
glycosylated Hb in diabetic patients, a marker of appropriate
control of the disease, with serum Epo levels. While our
investigation was in progress, several studies were pub-
lished reporting reduced Epo response to anemia in rel-
atively small numbers of patients with type I [13, 14] and
type 11 [15, 16] diabetes.

Patients and methods

Plasma Epo was measured totally in 908 subjects, includ-
ing 851 anemic patients (308 diabetics and 543 nondia-
betics), who were evaluated in the hematology out-patient
clinic for anemia of various severities and etiologies. In
these anemic patients, the determination of plasma Epo
levels was part of their baseline workout. Plasma Epo was
also measured in an additional 57 subjects, including 24
nonanemic diabetic patients of the diabetes out-patient clin-
ic of the Department of Internal Medicine, as well as in 33
age-matched normal volunteers after informed consent.
All patients and controls included in the study had normal
renal function as demonstrated by a normal serum creatinine
level (<1.6 mg/dl). Sixty two patients (28 diabetics and 34
nondiabetics) with serum creatinine more than 1.6 mg/dl
were excluded from the analysis. In an additional 47 anemic
patients (22 diabetics and 25 nondiabetics) with a borderline
serum creatinine (1.5—1.6 mg/dl), calculation of creatinine
clearance was performed, and 28 of them (15 diabetics and
13 nondiabetics) with values less than 50 ml/min were also
excluded from the study. Accordingly, 13 patients (11 di-
abetic and 2 nondiabetic) with subclinical nephropathy
estimated by the presence of macroalbuminuria, even if they
had normal serum creatinine, as well as 34 patients in total
(12 diabetics and 22 nondiabetics) receiving angiotensin-
converting enzyme (ACE) inhibitors for the control of their
blood pressure and/or cardiac function, were also not in-
cluded in the study. Finally, 19 patients (7 diabetics and 12
nondiabetics) were excluded due to inadequate data from
their medical history. Thus, in total, 747 subjects, including

694 anemic patients (among them 237 diabetics and 457
nondiabetics) and 53 nonanemic subjects (21 diabetics and
32 control persons), were analyzed, while the remaining 157
anemic patients and 4 nonanemic persons (three diabetics
and one normal control) were excluded from the analysis.

The majority of diabetic patients (251/258 or 97.3%) had
adult-onset noninsulin-dependent DM treated either with
an oral administration of antidiabetics (79/258 or 30.6%),
insulin (163/258 or 63.2%), or with both modalities simul-
taneously (13/258 or 5%). Three patients (1.2%) did not
receive any kind of treatment.

For every person tested, a detailed medical history was
obtained, followed by a physical examination, and a complete
laboratory investigation, including complete blood counts with
evaluation of a blood smear, measurement of reticulocytes,
erythrocyte sedimentation rate, as well as urinalysis and a
basic biochemical profile, including blood urea nitrogen
(BUN), serum creatinine, electrolytes, hepatic enzymes,
total and fractionated bilirubin, lactate dehydrogenase
(LDH), uric acid, total protein and albumin, iron, total
iron binding capacity (TIBC), ferritin, B;,, folate, and
Epo level measurement. Blood samples were obtained be-
tween 8 and 9:30 a.M., and Epo determinations were per-
formed using radioimmunoassay. The linear segment of
the curve was between the values of 0 and 315 mIU/ml.
When a sample was measured above the linear segment of
the curve, the measurement was repeated from the same
blood sample after a 1:10 dilution of the plasma.

In many patients with an initially obscure etiology of
anemia, additional diagnostic procedures, including Hb
electrophoresis, serum protein electrophoresis, erythrocyte
enzyme determination, acidified serum lysis test, serum
thyroid hormone profile, and a bone marrow aspirate with a
subsequent trephine biopsy were performed. The last two
procedures were also performed for staging reasons in all
patients with lymphoproliferative and myeloproliferative
disorders.

For the estimation of the glucose control status in the
diabetic-patient population, determination of glycosylated
Hb by liquid chromatography was performed in 141 (55%)
of the 258 diabetic patients at the same time point with
the rest-patient work-up. Patients with HbAlc determina-
tions at different time points than that of the evaluation of
anemia and serum Epo level determination were not in-
cluded in the analysis of relationship between serum Epo
levels and glucose control status.

Statistical package SPSS V.11 was used for the statistical
analysis. Mann—Whitney U test was applied to compare the
Hb and Epo levels between the various groups resulting
from the etiology of anemia. Pearson’s x> was applied for
comparisons of frequencies and percentages. The effect
of Hb on Epo levels was assessed by regression analysis
after natural logarithmic (In) transformation of indepen-
dent variable to moderate the skewed distribution. The 5%
level was chosen for the assessment of the statistical sig-
nificance in all tests.



Table 1 Groups of patients studied
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Diabetics Nondiabetics

Male/female Total Median age (range) Male/female Total Median age (range)
Nonanemic 10/11 21 59 (43-72) 15/17 32 59 (35-73)
Iron-deficiency anemia 5/11 16 49 (24-69) 7/19 26 48 (27-75)
Megaloblastic anemia 6/11 17 69 (43-88) 10/21 31 67 (35-89)
Anemia of chronic diseases 6/8 14 63 (46-73) 9/15 24 68 (31-79)
Hemolytic anemia 3/3 6 63 (54-78) 5/5 10 66 (37-72)
Aplastic anemia 4/4 8 61 (46-76) 8/10 18 64 (28-79)
[3-Thalassemia trait 11/9 20 65 (43-78) 15/13 28 65 (31-77)
[3-Thalassemia homozygous 18/22 40 29 (19-47) 42/39 81 32 (18-71)
Myelodysplastic syndromes 43/14 57 72 (53-91) 68/22 90 71 (21-88)
Lymphoproliferative disorders 17/10 27 72 (53-80) 37/24 61 71 (20-84)
Myeloproliferative disorders 24/8 32 71 (40-84) 62/26 88 70 (19-87)
Total 147/111 258 64 (19-91) 278/211 489 65 (18-89)
Results (106/258) and 45.2% (221/489), respectively, and for mild

Clarification of the etiology of the anemia

After the clarification of the etiology of the anemia, pa-
tients were classified as presented on Tables 1 and 2. There
was no difference in age and sex distribution between the
two groups of subjects tested. The diabetic patient pop-
ulation consisted of 147 males and 111 females (male to
female ratio 1.324) with a median age of 64 years (age
range 19-91 years). The nondiabetic patient population
consisted of 278 males and 211 females [male to female
ratio 1.317, x*=0.16, p is not significant (NS)] with a
median age of 65 years (range 18-89 years). In almost
all etiologic subgroups, male and female patients were
uniformly distributed. For each diabetic patient, roughly
two nondiabetics with anemia of the same etiology were
compared.

In the anemic patient population, Hb values ranged be-
tween 4.1 and 12 g/dl among the diabetics and between 3.7
and 12 g/dl among the nondiabetics. There was a uniform
distribution of the severity of anemia in both groups
(Pearson x> 6.06, p=0.810). Forty one (15.9%) out of 258
diabetic patients and 73 (14.9%) out of 489 nondiabetic
patients had severe anemia (Hb<8 g/dl); the corresponding
numbers for moderate anemia (Hb 8-9.9 g/dl) were 41.1%

Table 2 Patients excluded from the analysis

anemia (Hb 10-12 g/dl), the corresponding numbers were
30.2% (78/258) for diabetics and 28.2% (138/489) for the
nondiabetic population. There were also 12 (4.7%) mar-
ginally anemic patients (Hb 12-12.5 g/dl) among the di-
abetic group and 25 (5.1%) similarly anemics among the
nondiabetic group. Finally, the nonanemic population (Hb
>12.5 g/dl) consisted 8.1% (21/258 patients) of the diabetic
group and 6.5% (32/489) of the nondiabetic group.

Serum Epo levels in anemic patients
with or without NIDDM

Table 3 shows the Hb levels and serum Epo concentrations
of the 694 diabetic and nondiabetic patients suffering from
anemia of various causes, after the clarification of the eti-
ology of their anemia, and of the 53 nonanemic subjects.
The Hb concentration of every etiologic group was not
different when compared between the diabetic and nondi-
abetic patient populations. In contrast to Hb, serum Epo
levels were significantly lower among the diabetic popu-
lation than among the nondiabetics in almost all the anemic
groups tested, especially when a large number of patients
had been included, and in the whole patient population.
Only in two etiologic groups, namely, in the group of pa-

Diabetics Nondiabetics

Anemic Nonanemic Total Anemic Nonanemic Total
Overt renal failure (creatinine >1.6 mg/dl) 28 0 28 34 0 34
Creatinine clearance <50 ml/min 15 0 15 13 0 13
Subclinical nephropathy (macroalbuminuria) 10 1 11 2 0 2
Treatment with ACE inhibitors 11 1 12 22 0 22
Coexistent nonhematologic malignancy 1 0 1 4 0 4
Inadequate data 6 1 7 11 1 12
Total 71 3 74 86 1 87
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Table 3 Serum hemoglobin and erythropoietin levels according to the etiology of anemia

Diabetics Nondiabetics Mann—
Hemoglobin Erythropoietin Hemoglobin Erythropoietin Whitney
(g/dl) (mIU/ml) (g/dl) (mIU/ml) U test
Etiology of anemia Median SD 25-75 p® Median SD  25-75 p'® Median SD 25-75 p'* Median SD  25-75p* p
No anemia 134 12 12.5-142 120 63 7-16 13.3 1.1 12.8-13.7 153 82 11-17 <0.05
Iron deficiency 10.1 1.0 9.1-109 16.8 26 8-37 9.7 09 9.0-104 76.5 65 44-105 <0.01
Megaloblastic 77 1.6 59-88 415 43 36-59 7.5 2.1 6396 99 91 30-113 NS
Anemia of chronic 10.6 1.0 10.2-11.4 18.7 8.6 15-28 10.2 1.1 9.2-112 36.1 23 24-55  <0.05
diseases
Hemolytic anemia 99 1.6 86-11.3 246 13 11-35 9.5 1.7 84-11.1 1694 133 32-298 <0.05
Aplastic anemia 79 1.7 7.2-103 1203 132 18-284 8.6 1.6 6.8-9.1 3150 355 201-528 <0.05
[3-Thalassemia trait 11.2 09 10.8-11.8 153 8.1 9.6-20 11 1.2 10.1-11.8 219 11.6 1426 <0.05
[3-Thalassemia 9.7 09 93-10.1 504 46 33-78 9.6 1.1 8.9-10.1 67.1 102 42-139 <0.05
homozygous
Myelodysplastic 86 12 79-94 486 69  23-95 9.0 1.1 8198 1745 155 58-233 <0.01
syndromes
Lymphoproliferative 89 14 8299 384 52 20-71 9.3 1.2 8.6-10.8 83.6 82 32-153 <0.01
disorders
Myeloproliferative 95 1.7 87-10.8 49.6 64 26-93 9.6 1.8 8.5-114 547 165 22-167 NS
disorders
Total 97 1.8 8.6-10.8 36.1 62 18-75 9.6 1.9 85-10.8 67.3 196 31-182 <0.0001

p' Percentile

Hb values did not differ significantly between diabetic and nondiabetic patients in any etiologic subgroup or in the whole patient population

tients with myeloproliferative disorders and in that of pa-
tients with megaloblastic anemia, did the difference not
reach the level of statistical significance or was of bor-
derline significance, probably because of the relative small
number of patients tested, and due to a large variation of
values.

When all anemic patients, irrespective of the etiology of
their anemia, were compared, serum Epo levels were very
significantly lower in the diabetic, than in the nondiabetic,
patient population (Mann—Whitney U test z=—7.38, p<0.001),
although the Hb values of the two groups were comparable
(z=—0.46, p=0.645).

Serum Epo levels in nonanemic persons

When we compared serum Epo levels in the 21 diabetic
patients without anemia and in the 32 healthy persons,
matched for age and sex and used as controls (Table 3), we
detected a significantly decreased serum Epo level among
the diabetic group as compared to the control population
(Mann—Whitney U test p=0.035). Again, the Hb levels of
the two groups were similar (p=0.780).

Association between Hb and Epo

In both diabetic (group I) and nondiabetic (group II) subjects,
there was a significant negative correlation between serum
Epo levels and Hb concentration after the values of the two
variables were In-transformed (Spearman’s 7, group [=—0.611,

p<0.001; group [I=—0.684, p<0.001; Fig. 1). To further eval-
uate the effect of Hb on Epo levels, we tested the regression
of In-Hb on In-Epo in both groups of subjects studied. The
resulting regression lines are described by the following
equations:

Diabetic patients : In —Epo = 7.018 — 0.358 x In —Hb,
R* =0.40, p < 0.001

and

Non — diabetic subjects : In —Epo = 8.304 — 0.420
x In —Hb,
R* =0.46, p < 0.001

Hb values are expressed in g/dl, and Epo values are ex-
pressed in mIU/ml.

To assess the effect of age, we inserted that factor in each
regression, but the resulting /' change was insignificant
(»p>0.05), which implies that there is no effect of age in
either group. The comparison of the two regression lines
(performed by fitting a single model containing a dummy
variable, z, taking the values 0 for diabetics and 1 for non-
diabetics) showed that they are parallel but with different
intercepts that are lower in the diabetic group of patients
(»<0.05). This finding suggests that serum Epo levels in the
diabetic population tested were consistently lower than the
corresponding levels of the nondiabetic population at all
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levels of hemoglobin, i.e., at all degrees of severity of the
anemia. The above findings are presented in Fig. 1.

Serum Epo levels and percentage of glycosylated Hb

To investigate whether the impaired serum Epo levels in
relation to blood Hb concentration which we observed in
anemic diabetic patients, irrespective of the severity and
the etiology of their anemia, was influenced by the level
of glucose control achieved by the patient, we correlated
serum Epo levels with the percentage of glycosylated Hb
(fragment HbA 1), which was measured in 141 of the di-
abetic patients at the same time point. The two variables

Fig. 2 Association of In-Epo
with the percentage of HbAlc:

In-Epo=6.23-0.52xHbAl¢ 12%
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LnHb

were regressed with a negative correlation (=—0.446,
p<0.01). The correlation was stronger between the In of
serum Epo and HbAlc (=—0.638, p<0.001). The fitted
model was as follows: In-Epo=6.23-0.52xHbAlc (R?
=0.41, p<0.001), (Fig. 2).

Discussion

In this study, we detected significantly decreased serum
Epo levels for the degree of Hb in diabetic patients with
anemia of almost any etiology, except of megaloblastic
anemia, and anemia of myeloproliferative disorders. This is
in accordance with a recent report of 35 diabetic patients

Correlation of In-Epo and HbA1c in Diabetic patients

(R?=0.41, p<0.001)

M R=-0.638, P <0.001
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with anemia of uncertain etiology without advanced ne-
phropathy, published during the accrual of our patients, in
which reduced Epo responsiveness to anemia was found
[15]. The authors hypothesized that decreased Epo levels
may reflect early renal interstitial damage affecting the
Epo-synthesizing cells. Cotroneo et al. have found a blunt-
ed Epo response in 10 of 13 anemic patients studied with
type I diabetes [14]. An inhibitory activity of proinflam-
matory cytokines and of advanced glycation end products
[10], as well as loss of Epo in the urine, have been proposed
as contributing factors. Anemia with blunted Epo response
was present in 38% of 84 patients with primary autonomic
failure [9], and autonomic neuropathy has been suggested
as a possible cause of anemia in patients with type I dia-
betes without overt renal failure [10]. In another study,
diabetes itself was an independent risk factor for the de-
velopment and/or deterioration of anemia among nondi-
alyzed patients with renal failure [17].

Our results indicate that inappropriately low serum Epo
is a rather uniform feature of NIDDM accompanying not
only anemic but also nonanemic diabetics, compared to
nondiabetic persons, matched for Hb, age, and sex. The
observed inverse correlation between HbAlc and serum
Epo probably suggests a relationship between poor gly-
cemic control and blunted Epo response. If this is true, then
many otherwise “unexplained” cases of anemia accompa-
nying diabetes can be explained, and a better glucose con-
trol can ameliorate Epo response, thus improving anemia in
a proportion of diabetics. A prospective study is certainly
needed to address this issue. However, many additional
factors such as subclinical nephropathy, affecting the para-
glomerular apparatus, local microangiopathy, and/or dis-
turbances of the autonomic nervous system of the kidney,
all rather common lesions in long-standing and poorly con-
trolled NIDDM, can affect Epo production.

Besides chronic renal failure [5], a blunted Epo response
is observed in the anemia of chronic diseases commonly
encountered in inflammatory, infectious, autoimmune, and
neoplastic diseases. The pathogenesis of this anemia is not
fully understood, although negative regulators of eryth-
ropoiesis such as tumor necrosis factor (TNF)«x, trans-
forming growth factor (TGF)(, and interferon (IFN)y are
considered to play an important role [6, 7]. In many of our
patients with coexistent chronic/systemic, benign, or ma-
lignant diseases, the presence of NIDDM was an additional
adverse prognostic factor for the development and perpet-
uation of anemia. Similar findings have also been report-
ed by others [17]. We therefore suggest that NIDDM
should be included among the causes producing a blunted
Epo response and leading to a normochromic, sideroach-
restic anemia.

Another possible explanation might be a more rapid
clearance of Epo from the circulation. Epo is a glycopro-
tein, and about 40% of its molecule consisted of N- and
O-linked sugar chains. There are three N-linked sugar
chains at asparagine (Asn)24, Asn38, and Asn83 and one
O-linked chain in each Epo molecule [18, 19]. The addition
of various sugars at these positions, and especially the ter-
minal sialylation, confers stabilization to the molecule,

while the nonglycosylated protein, although retaining its
biologic activity, has a short half-life and is rapidly degrad-
ed by the hepatocytes [19, 20]. In addition to enzymatic
(covalent) glycosylation, Epo molecule is noncovalently
glycosylated, mainly at Asn and lysine (Lys) residues, and
the rate of this process is highly dependent upon serum
glucose levels. In diabetic patients, nonenzymatic glyco-
sylation is a global, steady-state process, which affects both
structural and functional proteins [21] and alters the physi-
cochemical properties of the exposed proteins, and in
particular, modulates its catabolic rate [22]. Although var-
iability in the degree of glycosylation may exist, this can be
average-estimated by the determination of Hb glycosyla-
tion, i.e., by HbA 1. It is therefore possible that in diabetic
patients, Epo may be produced normally, but catabolized
faster, as a result of increased or abnormal glycosylation.
Supporting the above are the findings of Bosman et al.,
who demonstrated a normal Epo response to hypoxia in
five diabetic patients with inappropriately low serum Epo
levels indistinguishable to that of nine normal subjects
[23]. Clearly, a biochemical study of circulating Epo mol-
ecule in diabetic patients appears mandatory to address this
hypothesis.

A blunted Epo response in NIDDM, albeit potentially
important for the pathogenesis of anemia, should not lead to
underestimation of additional factors, which might con-
tribute to anemia in these patients, including iron and B,
deficiency, hemolysis, and coexistent infectious complica-
tions. Therefore, treatment of anemia in diabetic patients
must always take into account all other possible etiologic
factors and treat them accordingly [24]. There are sporadic
reports of therapeutic use of rh-Epo in diabetics. Interest-
ingly, rh-Epo appears to affect glucose control through
many different mechanisms, and there are conflicting data
in literature [25]. In our population, only 2 of the 14 di-
abetic patients with persistent substantial anemia of chronic
diseases were administered rh-Epo 100 IU/kg three times
weekly. They both responded well, increasing their Hb >2
g/dl after 2 months of treatment. Thus, in selected cases of
anemia in diabetics, when no other etiology is found, even
when prominent renal failure is absent, treatment with rh-
Epo can be effective and should be considered as a ther-
apeutic option.
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