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ABSTRACT

BACKGROUND

Although vascular endothelial growth factor (VEGF) is a primary mediator of retinal
angiogenesis, VEGF inhibition alone is insufficient to prevent retinal neovasculariza-
tion. Hence, it is postulated that there are other potent ischemia-induced angiogenic
factors. Erythropoietin possesses angiogenic activity, but its potential role in ocular an-
giogenesis is not established.

METHODS

We measured both erythropoietin and VEGF levels in the vitreous fluid of 144 patients
with the use of radioimmunoassay and enzyme-linked immunosorbent assay. Vitreous
proliferative potential was measured according to the growth of retinal endothelial
cells in vitro and with soluble erythropoietin receptor. In addition, a murine model of
ischemia-induced retinal neovascularization was used to evaluate erythropoietin expres-
sion and regulation in vivo.

RESULTS

The median vitreous erythropoietin level in 73 patients with proliferative diabetic reti-
nopathy was significantly higher than that in 71 patients without diabetes (464.0 vs.
36.5 mIU per milliliter, P<0.001). The median VEGF level in patients with retinopathy
was also significantly higher than that in patients without diabetes (345.0vs. 3.9 pg per
milliliter, P<0.001). Multivariate logistic-regression analyses indicated that erythro-
poietin and VEGF were independently associated with proliferative diabetic retinopa-
thy and that erythropoietin was more strongly associated with the presence of prolifer-
ative diabetic retinopathy than was VEGF. Erythropoietin and VEGF gene-expression
levels are up-regulated in the murine ischemic retina, and the blockade of erythropoi-
etin inhibits retinal neovascularization in vivo and endothelial-cell proliferation in the
vitreous of patients with diabetic retinopathy in vitro.

CONCLUSIONS

Our data suggest that erythropoietin is a potent ischemia-induced angiogenic factor
that acts independently of VEGF during retinal angiogenesis in proliferative diabetic
retinopathy.
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ATHOLOGIC GROWTH OF NEW BLOOD

vessels is a common final pathway in ocular

neovascular diseases, such as proliferative
diabetic retinopathy, that often result in catastroph-
icloss of vision. Vascular endothelial growth factor
(VEGF) is a primary angiogenic factor that medi-
ates such ischemia-induced retinal neovasculariza-
tion. VEGF levels are elevated in the vitreous fluid
of patients with proliferative diabetic retinopathy,
and VEGF induces proliferation in vascular endo-
thelial cells in vitro.* Although inhibition of VEGF
reduces retinal neovascularization,®3 it does not
completely inhibit ischemia-driven retinal neovas-
cularization. Thus, the involvement of other angio-
genic factors in this process seems likely.

The glycoprotein erythropoietin stimulates the
formation of red cells by enhancing both their pro-
liferation and their differentiation and by prevent-
ing apoptotic death of erythropoietin-responsive
erythroid precursor cells.*® A major signal that reg-
ulates the production of erythropoietin in these tis-
sues is hypoxia, and the brain has a paracrine sys-
tem involving erythropoietin and erythropoietin
receptors, suggesting that erythropoietin contrib-
utes to the survival of neurons by protecting them
from ischemic damage.”-® Furthermore, erythropoi-
etin shows angiogenic activity in vascular endothe-
lial cells, stimulating proliferation, migration, and
angiogenesis in vitro, probably by means of the
erythropoietin receptor expressed in those cells.*®**
Such angiogenic activity involves several signal-
transduction cascades such as extracellular signal-
regulated kinase, Janus kinase 2 (known as JAK?2),
and signal transducer and activator of transcrip-
tion 5 (STAT5).12"15 Moreover, the inhibition of
erythropoietin by soluble erythropoietin receptor
abrogates angiogenesis in vivo.*®*”

Since erythropoietin is an ischemia-induced para-
crine factor that promotes angiogenesis, we wished
to identify its potential role during retinal angio-
genesis in proliferative diabetic retinopathy. There-
fore, we examined in vitro the expression and func-
tion of erythropoietin in the vitreous fluid of patients
with proliferative diabetic retinopathy and evaluat-
ed the role of erythropoietin in an in vivo experi-
mental model of retinal angiogenesis. Our data
provide strong evidence that erythropoietin is a po-
tent retinal angiogenic factor independent of VEGF
and is capable of stimulating ischemia-induced
retinal angiogenesis in proliferative diabetic reti-
nopathy.

N ENGL J MED 353;8 WWW.NEJM.ORG

METHODS

PREPARATION OF VITREOUS-FLUID SAMPLES

AND ANALYSIS OF ERYTHROPOIETIN

AND VEGF LEVELS

We conducted this study in accordance with the
Declaration of Helsinki and received institutional
approval from the review committees of Kyoto Uni-
versity Hospital and Otsu Red Cross Hospital. Pa-
tients with proliferative diabetic retinopathy or
nondiabetic ocular diseases who were seen consec-
utively for treatment with pars plana vitrectomy at
these centers were approached for participation
from June 1997 through September 2004. All pa-
tients provided written informed consent. Samples
of undiluted vitreous fluid were harvested from the
eyes of participating patients who had proliferative
diabetic retinopathy or nondiabetic ocular diseas-
es. None of the patients with nondiabetic ocular
diseases had diabetes mellitus. Proliferative dia-
betic retinopathy was classified clinically as active
neovascularization if there were perfused, multi-
branching iridic or preretinal capillaries and as
quiescent if previously documented active prolifer-

Table 1. Characteristics of the Patients.*

Proliferative Diabetic
Retinopathy

Characteristic (N=73)
Age —yr 60.8+10.1
Female sex — no. (%) 34 (47)
Duration of diabetes — yr 12.3+9.0
Glycosylated hemoglobin — % 7.6£1.6
Subgroups — no. (%)

Active 52 (71)

Quiescent 21 (29)

Idiopathic epiretinal membrane —
Inflammation
Idiopathic macular hole

Rhegmatogenous retinal
detachment

Otherx

Nondiabetic
Ocular Diseases
(N=71)

61.4+14.1
47 (66)

* Plus—minus values are means +SD. Dashes denote not applicable.
7 The inflammation subgroup includes 3 patients with proliferative vitreoret-

inopathy and 11 with uveitis.

1 Other includes two patients with retinal macroaneurysms, two with Terson’s

syndrome, and one with choroidal neovascular membrane.
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ation had regressed fully or if there were only non-
perfused, gliotic vessels or fibrosis.*

Blood samples were collected if available. Eryth-
ropoietin levels were measured with the use of ra-
dioimmunoassay (Recombigen Epo kit, Diagnostic
Products Corporation). VEGF levels were measured
with the use of an enzyme-linked immunosorbent
assay (ELISA) (R&D Systems).

CELL CULTURE, WESTERN BLOT ANALYSIS,

AND ASSAYS OF CELL GROWTH

Total protein levels were obtained from primary
cultures of bovine retinal microvascular endothe-
lial cells (BRECs),*® and the expression of specific
antigens was assessed by Western blot analysis®®
with primary antibodies against phospho-p44/p42
(New England Biolabs), extracellular signal-regu-
lated kinase 1 (Santa Cruz Biotechnology), phos-
pho-STATS (Upstate Biotechnology), and STATS
(Santa Cruz Biotechnology).

BRECs were plated separately (700 cells per
well) in 96-well culture plates coated with collagen
type L.* The next day, human recombinant eryth-
ropoietin (0.1 to 50 IU per milliliter) (Kirin), human
recombinant VEGF (10 ng per milliliter) (Genzyme),
orvitreous fluid (final volume, 20 percent) was add-
ed in conjunction with phosphate-buffered saline,
soluble erythropoietin receptor (25 pg per millili-
ter), soluble Flt-1-Fc chimera (2.5 pg per milliliter)
(Genzyme), both proteins, or heat-denatured sol-
uble erythropoietin receptor (25 pg per milliliter).
Soluble erythropoietin receptor was prepared as
previously described.?® After four days, cell growth
was assayed with the use of 5-bromo-2'-deoxyuri-
dine during DNA synthesis. The absorbance of each
sample was measured with an ELISA reader and
compared with the absorbance of control samples
stimulated with phosphate-buffered saline. We per-
formed the assay of cell growth in triplicate for the
samples from each patient.

REAL-TIME POLYMERASE CHAIN REACTION

Total RNA was prepared from the retinas of mice
with the use of an acid guanidinium thiocyanate—
phenol-chloroform method. This was followed by
synthesis of complementary DNA and a real-time
polymerase chain reaction (PCR).**

ISCHEMIA-INDUCED RETINAL
NEOVASCULARIZATION IN A MURINE MODEL

All animals were handled according to the Associ-
ation for Research in Vision and Ophthalmology

Figure 1 (facing page). Vitreous Levels of Erythropoietin
and Vascular Endothelial Growth Factor (VEGF).

In Panel A, box-and-whisker plots show the levels of eryth-
ropoietin and VEGF for patients with proliferative diabetic
retinopathy (PDR) and for patients with nondiabetic ocu-
lar diseases. The plots also show the levels in the subgroups
with active and quiescent proliferative diabetic retinopathy
and those in the following subgroups of nondiabetic ocular
diseases: idiopathic macular hole, rhegmatogenous retinal
detachment, inflammation, idiopathic epiretinal mem-
brane, or other diseases. The lower and upper whiskers
correspond to the 10th and 90th percentiles, respectively.
The line in the box corresponds to the median value, and
the plus sign (+) represents the mean value. Panel B shows
a scatter plot for the correlation between log-transformed
vitreous VEGF levels and vitreous erythropoietin levels in
patients with proliferative diabetic retinopathy.

Statement for the Use of Animals in Ophthalmic
and Vision Research (www.arvo.org/AboutARVO/
animalst.asp). Litters of seven-day-old C57BL/6]
mice were exposed to oxygen (mean [£SD], 75%2
percent) for five days and then returned to room air
on day 12.22 Mice of the same age, kept in room air,
served as controls. A 0.5-pl solution containing var-
ious concentrations of either soluble erythropoietin
receptor, soluble Flt-1-Fc, both proteins, or heat-
denatured soluble erythropoietin receptor was in-
jected into the vitreous of one eye on day 12 and
day 14. As a control, an equivalent volume and
concentration of human IgG was injected into
the contralateral eye on the same days. On day 19,
neovascular quantification was performed in a dou-
ble-masked manner.>

STATISTICAL ANALYSIS

The primary objective of this study was to deter-
mine whether erythropoietin is an angiogenic fac-
tor independent of VEGF in patients with prolifera-
tive diabetic retinopathy. For primary analyses, we
performed a two-sample t-test to compare the level
of erythropoietin in the group of patients who had
proliferative diabetic retinopathy with the level in
the group with nondiabetic ocular diseases. We cal-
culated the Pearson correlation coefficient between
the erythropoietin and VEGF levels in the prolifera-
tive diabetic retinopathy group; data on erythropoi-
etin and VEGF levels were transformed with the
use of common base-10 logarithms. We also per-
formed the Mann-Whitney rank-sum test and cal-
culated the Spearman rank-correlation coefficient
to confirm the results of parametric analyses. To
demonstrate and quantify the independent associ-
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ations of erythropoietin and VEGF with prolifera-
tive diabetic retinopathy, we performed multivari-
ate logistic-regression analyses with disease status
(proliferative diabetic retinopathy or nondiabetic
ocular diseases) as the response variable and with
four covariates — erythropoietin, VEGF, age, and
sex. In vitro data were analyzed with the use of one-
way analysis of variance followed by Fisher’s least-
significant-difference test. For evaluation of in vivo
retinal angiogenesis, the paired t-test or the Mann—
Whitney rank-sum test was used for quantitative
data. All reported P values are two-sided.

To detectan approximately 100 percent mean dif-
ference in erythropoietin between the group of pa-
tients with proliferative diabetic retinopathy and the
group with nondiabetic ocular diseases with the use
of a two-sample t-test on log-transformed data, with
atwo-sided alpha of 0.05 and a power of 95 percent,
a sample size of 72 was required for each group.
Thevariance of the log-transformed erythropoietin
value was set to be 0.24, which was suggested as a
result of preliminary data from five patients with
proliferative diabetic retinopathy. To analyze the cor-
relation between erythropoietin and VEGF for 72
patients with proliferative diabetic retinopathy, we
had a power of 0.94 when we used a test of no cor-
relation on the basis of the Fisher transformation
of the Pearson correlation coefficient, resultingina
true correlation value of 0.4.

RESULTS

VITREOUS ERYTHROPOIETIN AND VEGF LEVELS
Samples of undiluted vitreous fluid were harvested
from the eyes of 73 patients with proliferative dia-
betic retinopathy and 71 patients with nondiabet-
ic ocular diseases, including idiopathic epiretinal
membrane, proliferative vitreoretinopathy, uveitis,
idiopathic macular hole, rhegmatogenous retinal
detachment, retinal macroaneurysms, Terson’s syn-
drome, and choroidal neovascular membrane (Ta-
ble 1). Samples of aqueous humor harvested from
seven patients with uveitis were included.

The vitreous erythropoietin and VEGF levels
were significantly higher in the patients with pro-
liferative diabetic retinopathy than in those with
nondiabetic ocular diseases (Fig. 1A). The median
erythropoietin level was 464.0 mIU per milliliter
(range, 64.5 to 3720.0) in the patients with prolif-
erative diabetic retinopathy and 36.5 mIU per milli-
liter (range, 0.4 to 698.0) in the patients with non-
diabetic ocular diseases (P<0.001). The median

VEGF level was 345.0 pg per milliliter (range, 0 to
10,600.0) in the group with proliferative diabetic
retinopathy and 3.9 pg per milliliter (range, 0 to
2130.0) in the nondiabetic group (P<0.001). Clearly,
the proportion of patients with proliferative diabetic
retinopathy, which corresponds to the response
variable in the multivariate logistic-regression analy-
ses, was higher in higher quartiles of erythropoi-
etin and VEGF levels (Table 2).

For exploratory purposes, we also examined the
erythropoietin and VEGF levels in subgroups of pa-
tients with various stages of proliferative diabetic
retinopathy as compared with subgroups of patients
with various nondiabetic ocular diseases (Fig. 1A).
The level of erythropoietin was significantly high-
er in the patients with active as compared with qui-
escent proliferative diabetic retinopathy (P=0.001).
The level of erythropoietin was significantly higher
in the patients with proliferative diabetic retinop-
athy than in the patients in the nondiabetic sub-
groups (P<0.001). Among the patients with nondi-
abetic ocular diseases, those with inflammation
had slightly higher levels of erythropoietin than did
those with the other diseases.

A scatter plot of log-transformed levels of eryth-
ropoietin and VEGF in the patients with prolifer-
ative diabetic retinopathy indicated a weak corre-
lation (Fig. 1B). The Pearson correlation coefficient
was 0.29 (P=0.01). The corresponding value for pa-
tients with active proliferative diabetic retinopathy
was 0.14 (P=0.32), and that for patients with qui-
escent proliferative diabetic retinopathy was 0.28
(P=0.23). Similar results were obtained from rank-
based nonparametric analyses (data not shown).

Blood samples were collected from 36 patients
with proliferative diabetic retinopathy and 42 with
nondiabetic ocular diseases. The median plasma
level of erythropoietin was 18.7 mIU per milliliter
(range, 7.0 to 43.4) in the group with proliferative
diabetic retinopathy and was slightly lower than
that in the nondiabetic group (22.4 mIU per milli-
liter; range, 5.6 to 63.6). The Pearson correlation
coefficient for the plasma and the vitreous erythro-
poietin levels in patients with proliferative diabetic
retinopathy was —0.16 (P=0.14).

In multivariate logistic-regression analyses, the
association of erythropoietin and VEGF with pro-
liferative diabetic retinopathy was initially assessed
with the use of untransformed values but was found
to fit substantially better with the use of log trans-
formations to make the erythropoietin and VEGF
distributions symmetric. Neither age (P=0.39) nor
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sex (P=0.74) was significantly associated with pro-
liferative diabetic retinopathy (Table 3), and the two
covariates were thus dropped from the model. When
we fitted only log-transformed erythropoietin and
VEGF, we observed that both were significantly as-
sociated with proliferative diabetic retinopathy, but
erythropoietin more strongly (Table 3).

TREATMENT WITH SOLUBLE ERYTHROPOIETIN
RECEPTOR TO ATTENUATE ERYTHROPOIETIN
INTRACELLULAR SIGNALING

Erythropoietin (10 IU per milliliter) increased phos-
phorylation of intracellular signaling substrates of
STATS and 42/44 mitogen-activated protein kinase
15 minutes after stimulation of BRECs. This increase
was inhibited by the addition of soluble erythropoi-
etin receptor ata concentration 2500 times as great
as that of erythropoietin (Fig. 2A).

EFFECT OF ERYTHROPOIETIN, VEGF,
AND VITREOUS FLUID ON THE GROWTH

OF RETINAL ENDOTHELIAL CELLS

The growth of BRECs was stimulated in a dose-
dependent manner after exposure to erythropoi-
etin, with a maximal cell growth observed at 20 IU
of erythropoietin per milliliter (absorbance, 1.63+
0.19 times as high as that of control samples stim-
ulated with phosphate-buffered saline; P<0.001)
(Fig. 2B). VEGF (10 ng per milliliter) also stimulat-
ed cell growth (absorbance, 1.90+0.29; P<0.001).
Vitreous samples from eight patients with prolifer-
ative diabetic retinopathy stimulated the growth of
BRECs, which was significantly inhibited by solu-
ble erythropoietin receptor (25 pg per milliliter) in
all cases (range of inhibition, 22 to 74 percent). Sol-
uble Flt-1-Fc also inhibited cellular growth in each
case (range of inhibition, 22 to 85 percent) (Fig. 2C),
and the mean inhibitory effect of erythropoietin
and VEGF blockade on cellular growth, expressed
as a percentage of the level induced by the vitreous
fluid from each of the eight patients, was 56, 54,
and 16 percent after the addition of soluble eryth-
ropoietin receptor, soluble Flt-1-Fc, and both, re-
spectively. Heat-denatured soluble erythropoietin
receptor did not affect the proliferation of BRECs in-
duced by vitreous samples from four patients with
proliferative diabetic retinopathy (Fig. 2D).

EXPRESSION OF ERYTHROPOIETIN AND VEGF

IN ISCHEMIC RETINAS OF MICE

Retinal levels of erythropoietin messenger RNA
(mRNA) in mice increased dramatically when they

N ENGL J MED 353;8 WWW.NEJM.ORG

Table 2. The Proportion of Patients with Proliferative Diabetic Retinopathy
in Each Quatrtile of the Vitreous Levels of Erythropoietin and Vascular
Endothelial Growth Factor (VEGF).
Patients with Proliferative
Variable Diabetic Retinopathy*
no. (%)

Percentile of erythropoietin levels

0to 25th 0

26th to 50th 9 (25.0)

51st to 75th 29 (80.6)

76th to 100th 35 (97.2)
Percentile of VEGF levels

0to 25th 2 (5.6)

26th to 50th 7 (19.4)

51stto 75th 31 (86.1)

76th to 100th 33 (91.7)

* There were 144 patients (36 in each quartile).

Table 3. Logistic-Regression Analyses Showing the Association
of Erythropoietin and VEGF with Proliferative Diabetic Retinopathy.
Odds Ratio
Analysis (95% Cl)* P Value
Univariate logistic regression
Erythropoietin 49.78 (14.76-167.89) <0.001
VEGF 13.04 (6.22-27.35) <0.001
Multivariate logistic regression (4 covariates)
Erythropoietin 27.51 (5.95-127.12)  <0.001
VEGF 4.51 (1.88-10.82) 0.001
Age (per yr) 1.03 (0.97-1.09) 0.39
Sex (M vs. F) 0.77 (0.16-3.69) 0.74
Multivariate logistic regression (2 covariates)
Erythropoietin 22.46 (5.80-87.01) <0.001
VEGF 4.24 (1.84-9.76) 0.001

* For erythropoietin and VEGF, the odds ratio pertains to an increase of 1 SD
in a base-10 log-transformed scale. Cl denotes confidence interval.

were 17 days old, then decreased somewhat on day
19. The levels of VEGF mRNA were also increased
on day 17 and paralleled the changes to erythropoi-
etin transcript levels (Fig. 3A).

SOLUBLE ERYTHROPOIETIN RECEPTOR
AND SOLUBLE Flt-1-Fc IN AN IN VIVO

MODEL OF ISCHEMIA-INDUCED RETINAL
NEOVASCULARIZATION

Intraocular injections of soluble erythropoietin re-
ceptor reduced histologically evident retinal neovas-
cularization in 19-day-old mice in a dose-depen-
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Figure 2. Immunoblots of Phosphorylation (Phospho) of Signal Transducer and Activator of Transcription 5 (STAT5)

and Extracellular Regulated Kinase (ERK) Induced by Erythropoietin (Panel A), Growth of Bovine Retinal Microvascular
Endothelial Cells (BRECs) after Treatment with Recombinant Erythropoietin or VEGF (Panel B), Growth of BRECs in Re-
sponse to Erythropoietin and VEGF in Vitreous Fluid (Panel C), and the Mean Inhibitory Effects of Erythropoietin

and VEGF Blockade on Cellular Growth (Panel D).

In Panel A, BRECs were treated with either human recombinant erythropoietin (10 U per milliliter) or erythropoietin pre-
incubated with soluble erythropoietin receptor at a concentration 2500 times as great as that of erythropoietin for 15
minutes, and total proteins were assessed by Western blot analysis, of which a representative blot is shown. Similar data
were obtained from other Western blots (data not shown). In Panel B, recombinant erythropoietin and VEGF were added
to the growth cultures. Growth stimulation was assessed by measuring at 405 nm the amount of erythropoietin and
VEGF that the treated cells absorbed as compared with the control, with a reference wavelength of 490 nm. The determi-
nations were performed in triplicate, and experiments were repeated three times. P values are for the comparison with
control samples stimulated with phosphate-buffered saline. Data are means +SD. In Panel C, control samples of phos-
phate-buffered saline or samples of vitreous fluid from eight patients with proliferative diabetic retinopathy were added
to cultures of BRECs. The level of cell growth that was stimulated by vitreous fluid of each patient is shown. Soluble
erythropoietin receptor (25 pg per milliliter), soluble Flt-1-Fc chimera (2.5 pg per milliliter), or a combination of both pro-
teins was added to the cultures. Heat-denatured soluble erythropoietin receptor (25 g per milliliter) was added as a
control. We compared the four groups to which we added human vitreous according to the ratio of cell growth in each
group with that in the control group, to which phosphate-buffered saline was added in each experiment. All P values are
for the comparison with samples from each patient stimulated only with vitreous fluid. Panel D shows the mean inhibi-
tory effect of erythropoietin and VEGF blockade on cellular growth in each sample, expressed as a percentage of the level
induced by vitreous-fluid stimulation. Data are means +SD.

(52 percent), with no statistically significant differ-
ence (P=0.81). The mean percentage inhibition of
neovascularization was 30 percent when a combi-
nation of soluble erythropoietin receptor and solu-
ble Flt-1-Fc was injected (Fig. 3B).

DISCUSSION

The present study indicates that the level of eryth-
ropoietin in the vitreous fluid of patients with pro-
liferative diabetic retinopathy is strikingly higher
than the level in nondiabetic patients. With the use

of multivariate logistic-regression analyses, we ob-
served that erythropoietin and VEGF were each in-
dependently associated with proliferative diabetic
retinopathy. Indeed, erythropoietin was more
strongly associated with proliferative diabetic reti-
nopathy than was VEGF. No significant correlation
was observed between the vitreous and plasma lev-
els of erythropoietin, suggesting that increased
erythropoietin levels in the vitreous fluid are prob-
ably due to increased local production in the retina,
as we have shown in the murine model of ischemia-
induced retinal neovascularization.
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Figure 3. Expression of Erythropoietin mRNA and VEGF mRNA in Ischemic
Retinas of Mice.

Real-time PCR was performed to analyze mRNA levels of erythropoietin and
VEGF from the retinas of mice (from 12 days, 0 hours, of age to 19 days). After
normalization to ribosomal protein S18 mRNA concentrations as an internal
control, the increases in the expression of each gene at each time point, as
compared with expression in age-matched controls at day 12, 0 hours, are
shown. The light blue bar denotes age-matched controls, and the blue bar ex-
perimental mice. Panel B shows the inhibitory effects of erythropoietin and
VEGF blockades on ischemia-induced retinal angiogenesis. The inhibition of
retinal neovascularization is dose-dependent on the extent of erythropoietin
inhibition. Intraocular injections of soluble erythropoietin receptor, soluble
Flt-1-Fc chimera, a combination of these proteins, or heat-denatured soluble
erythropoietin receptor were performed on days 12 and 14 in one eye. An equiv-
alent dose of human IgG was injected into the contralateral eye as a control.
Retinal neovascularization, as determined from neovascular nuclei counts per
6-ym histologic section per eye, is expressed as a percentage of the counts

in the contralateral eye. Data are means +SE.
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The presence of erythropoietin in the vitreous is
probably not due to the breakdown of the blood-
retinal barrier. However, we cannot rule out the pos-
sibility of an intraocular mechanism for controlling
levels of erythropoietin, much like the mechanism
that increases ascorbate in the aqueous humor (i.e.,
saturation kinetics).?32* Ascorbate protects ocular
tissues such as the lens against free radicals pro-
duced mainly by ultraviolet radiation.

Although we observed dramatic and concomi-
tant up-regulation of both VEGF and erythropoietin
in an experimental murine model of ischemic reti-
nas, we observed only a weak correlation between
the vitreous levels of erythropoietin and VEGF in
patients with proliferative diabetic retinopathy. It is
well documented that erythropoietin is up-regulat-
ed in situations of hypoxia by a molecular mecha-
nism similar to that of VEGEF, including transcrip-
tional activation by hypoxia-inducible factor®®> and
increased mRNA stability.?® We also observed a
slight increase in the vitreous erythropoietin level
in patients with inflammatory eye diseases. Al-
though erythropoietin, like VEGF, is an ischemia-
induced local retinal factor, the present data sug-
gest that a stimulant other than ischemia, such as
high glucose levels, oxidative stress, intraocular in-
flammation, or the presence of other cytokines, may
also differentially affect erythropoietin expression.

Other evidence also supports the concept that
erythropoietin is involved in proliferative diabetic
retinopathy. Erythropoietin stimulates proliferation
of BRECs in a dose-dependent way. However, eryth-
ropoietin may have a biphasic effect on endothe-
lial proliferation much as VEGF does.?”"2 Eryth-
ropoietin in the vitreous fluid of patients with
proliferative diabetic retinopathy is bioactive and
stimulates proliferation of BRECs. The blockade
of erythropoietin inhibited the stimulation of cell
growth in vitro as efficiently as did VEGF, sug-
gesting that erythropoietin might have angiogen-
ic potency equivalent to that of VEGF in patients
with proliferative diabetic retinopathy. The com-
bination of soluble erythropoietin receptor and
soluble Flt-1-Fc reduced the proliferation of BRECs,
though the inhibition with both proteins was still
incomplete when samples from Patients 2, 4, and
8 were used. These in vitro results suggest that al-
though VEGF and erythropoietin seem to have ma-
jor roles in the pathogenesis of proliferative dia-
betic retinopathy, other growth factors may also be

AUGUST 25, 2005

Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission.
Copyright © 2005 Massachusetts Medical Society. All rights reserved.



ERYTHROPOIETIN IN PROLIFERATIVE DIABETIC RETINOPATHY

involved. Our results with the in vivo model are
consistent with this hypothesis.

Several reports show the efficacy of treatment
with erythropoietin for various diseases. Correct-
ing anemia with erythropoietin therapy may slow
the progression of renal failure3° and may reduce
the progression of tumors.3* Erythropoietin treat-
ment can counter neural damage in patients who
have had strokes.3* Small case studies of patients
with diabetic nephropathy indicate that treating
anemia with erythropoietin improves diabetic reti-
nopathy.333* However, patients in those studies
were also being aggressively treated for other coex-
isting conditions that can affect retinopathy (e.g.,
hypertension, hyperlipidemia, and azotemia). Fur-
thermore, both of those reports lacked compari-
son groups of untreated patients.333* In addition,
erythropoietin is used to treat anemia, and this may
confound observations, since anemia is a risk fac-
tor for diabetic retinopathy.>®

Erythropoietin blockade is likely to be beneficial
for the treatment of proliferative diabetic retinopa-
thy. However, erythropoietin blockade may be haz-

ardous for retinal diseases that involve apoptosis of
retinal photoreceptors.3® In fact, this strategy might
worsen diabetic neuropathy if administered indis-
criminately,3” because erythropoietin is a survival
factor for retinal photoreceptors3®3° and acts as a
neurologic protection factor in diabetic neuropa-
thy.37*° Conversely, the possibility that erythro-
poietin might have a beneficial effect on neuronal
damage may be counterbalanced by risk for patients
who also have retinal vasoproliferative diseases.
Local as opposed to systemic therapy might poten-
tially overcome these problems. Further studies,
including the analysis of neuronal side effects, will
be necessary to determine whether erythropoietin
blockade would work as an approach to the treat-
ment of proliferative diabetic retinopathy.

Supported by grants-in-aid for scientific research from the Japa-
nese Ministry of Education, Science, and Culture and Ministry of
Health and Welfare.

We are indebted to Dr. Tetsuji Yamashita (Mitsubishi Kagaku Bio-
clinical Laboratory) for his technical advice and assistance with
ELISA and radioimmunoassay techniques and to Dr. Lois E.H. Smith
(Department of Ophthalmology, Children’s Hospital and Harvard
Medical School) and Dr. Nobuyuki Takakura (Cancer Research Cen-
ter, Kanazawa University) for their helpful discussion.

REFERENCES

1. Aiello LP, AveryRL, Arrigg PG, etal. Vas-
cular endothelial growth factor in ocular flu-
id of patients with diabetic retinopathy and
other retinal disorders. N Engl ] Med 1994;
331:1480-7.

2. Aiello LP, Pierce EA, Foley ED, etal. Sup-
pression of retinal neovascularization in vivo
by inhibition of vascular endothelial growth
factor (VEGF) using soluble VEGF-receptor
chimeric proteins. Proc Natl Acad Sci U S A
1995;92:10457-61.

3. Bainbridge JW, Mistry A, De Alwis M,
et al. Inhibition of retinal neovascularisa-
tion by gene transfer of soluble VEGF recep-
tor sFlt-1. Gene Ther 2002;9:320-6.

4. Krantz SB. Erythropoietin. Blood 1991;
77:419-34.

5. Jelkmann W. Erythropoietin: structure,
control of production, and function. Physiol
Rev 1992;72:449-89.

6. Youssoufian H, Longmore G, Neumann
D, Yoshimura A, Lodish HE. Structure, func-
tion, and activation of the erythropoietin re-
ceptor. Blood 1993;81:2223-36.

7. Masuda S, Nagao M, Takahata K, et al.
Functional erythropoietin receptor of the cells
with neural characteristics: comparison with
receptor propetties of erythroid cells. J Biol
Chem 1993;268:11208-16.

8. Morishita E, Masuda S, Nagao M, Yasu-
da, Sasaki R. Erythropoietin receptor is ex-
pressed in rat hippocampal and cerebral
cortical neurons, and erythropoietin pre-

N ENGL J MED 353;8 WWW.NEJM.ORG

Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission.

vents in vitro glutamate-induced neuronal
death. Neuroscience 1997;76:105-16.

9. Masuda S, Okano M, Yamagishi K, Na-
gao M, Ueda M, Sasaki R. A novel site of
erythropoietin production: oxygen-depen-
dent production in cultured rat astrocytes.
J Biol Chem 1994;269:19488-93.

10. Anagnostou A, Liu Z, Steiner M, et al.
Erythropoietin receptor mRNA expression
in human endothelial cells. Proc Natl Acad
Sci U S A1994;91:3974-8.

11. Yamaji R, Okada T, Moriya M, et al. Brain
capillary endothelial cells express two forms
of erythropoietin receptor mRNA. Eur J Bio-
chem 1996;239:494-500.

12. Anagnostou A, Lee ES, Kessimian N,
Levinson R, Steiner M. Erythropoietin has
a mitogenic and positive chemotactic effect
on endothelial cells. Proc Natl Acad Sci US A
1990;87:5978-82.

13. Carlini RG, Reyes AA, Rothstein M. Re-
combinant human erythropoietin stimulates
angiogenesis in vitro. Kidney Int 1995;47:
740-5.

14. Ribatti D, Presta M, Vacca A, et al. Hu-
man erythropoietin induces a pro-angiogen-
ic phenotype in cultured endothelial cells and
stimulates neovascularization in vivo. Blood
1999;93:2627-36.

15. Fuste B, Serradell M, Escolar G, et al.
Erythropoietin triggers a signaling pathway
in endothelial cells and increases the throm-
bogenicity of their extracellular matrices

in vitro. Thromb Haemost 2002;88:678-
85.

16. Yasuda Y, Masuda S, Chikuma M, Inoue
K, Nagao M, Sasaki R. Estrogen-dependent
production of erythropoietin in uterus and its
implication in uterine angiogenesis. J Biol
Chem 1998;273:25381-7.

17. YasudaY, Musha T, Tanaka H, etal. Inhi-
bition of erythropoietin signalling destroys
xenografts of ovarian and uterine cancers in
nude mice. BrJ Cancer 2001;84:836-43.

18. King GL, Goodman AD, Buzney S,
Moses A, Kahn CR. Receptors and growth-
promoting effects of insulin and insulin-
like growth factors on cells from bovine ret-
inal capillaries and aorta. J Clin Invest 1985;
75:1028-36.

19. Suzuma I, Suzuma K, Ueki K, et al.
Stretch-induced retinal vascular endothe-
lial growth factor expression is mediated
by phosphatidylinositol 3-kinase and pro-
tein kinase C (PKC)-zeta but not by stretch-
induced ERK1/2, Akt, Ras, or classical/nov-
el PKC pathways. J Biol Chem 2002;277:
1047-57.

20. Nagao M, Masuda S, Abe S, Ueda M,
Sasaki R. Production and ligand-binding
characteristics of the soluble form of mu-
rine erythropoietin receptor. Biochem Bio-
phys Res Commun 1992;188:888-97.

21. Kobayashi T, Yanase H, Iwanaga T, Sasa-
ki R, Nagao M. Epididymis is a novel site of
erythropoietin production in mouse repro-

AUGUST 25, 2005

Copyright © 2005 Massachusetts Medical Society. All rights reserved.

791



792

ERYTHROPOIETIN IN PROLIFERATIVE DIABETIC RETINOPATHY

ductive organs. Biochem Biophys Res Com-
mun 2002;296:145-51.

22. Smith LE, Wesolowski E, McLellan A,
et al. Oxygen-induced retinopathy in the
mouse. Invest Ophthalmol Vis Sci 1994;35:
101-11.

23. Purcell EF, Lerner LH, Kinsey VE. Ascor-
bic acid in aqueous humor and serum of pa-
tients with and without cataract: physiologi-
cal significance of relative concentrations.
Arch Ophthalmol 1954;51:1-6.

24, Barany E, Langham ME. On the origin of
the ascorbic acid in the aqueous humour of
guinea-pigs and rabbits. Acta Physiol Scand
1955;34:99-115.

25. Rondon IJ, MacMillan LA, Beckman BS,
et al. Hypoxia up-regulates the activity of a
novel erythropoietin mRNA binding pro-
tein. J Biol Chem 1991;266:16594-8.

26. Semenza GL, Wang GL. A nuclear factor
induced by hypoxia via de novo protein syn-
thesis binds to the human erythropoietin
gene enhancer at a site required for tran-
scriptional activation. Mol Cell Biol 1992;12:
5447-54.

27. Ashley RA, Dubuque SH, Dvorak B,
Woodward SS, Williams SK, Kling PJ. Eryth-
ropoietin stimulates vasculogenesis in neo-
natal rat mesenteric microvascular endothe-
lial cells. Pediatr Res 2002;51:472-8.

28. Hamma-Kourbali Y, Vassy R, Starzec A,
etal. Vascular endothelial growth factor 165
(VEGF(165)) activities are inhibited by car-
boxymethyl benzylamide dextran that com-
petes for heparin binding to VEGF(165) and
VEGF(165).KDR complexes. J Biol Chem
2001;276:39748-54.

29. Chow]J, Ogunshola O, Fan SY, Li Y, Ment
LR, Madri JA. Astrocyte-derived VEGF me-
diates survival and tube stabilization of hy-
poxic brain microvascular endothelial cells
in vitro. Brain Res Dev Brain Res 2001;130:
123-32.

30. Kuriyama S, Tomonari H, Yoshida H,
Hashimoto T, Kawaguchi Y, Sakai O. Rever-
sal of anemia by erythropoietin therapy re-
tards the progression of chronic renal failure,
especially in nondiabetic patients. Nephron
1997;77:176-85.

31. Glaspy J, Dunst J. Can erythropoietin
therapy improve survival? Oncology 2004;
67:Suppl 1:5-11.

32. Ehrenreich H, Hasselblatt M, Dem-
bowski C, et al. Erythropoietin therapy for
acute stroke is both safe and beneficial. Mol
Med 2002;8:495-505.

33. Friedman EA, Brown CD, Berman DH.
Erythropoietin in diabetic macular edema
and renal insufficiency. Am J Kidney Dis
1995;26:202-8.

34. Sinclair SH, DelVecchio C, Levin A.
Treatment of anemia in the diabetic patient
with retinopathy and kidney disease. Am J
Ophthalmol 2003;135:740-3.

35. Davis MD, Fisher MR, Gangnon RE, et
al. Risk factors for high-risk proliferative di-
abetic retinopathy and severe visual loss:
Early Treatment Diabetic Retinopathy Study
Report #18. Invest Ophthalmol Vis Sci
1998;39:233-52.

36. Becerra SP, Amaral J. Erythropoietin —
an endogenous retinal survival factor. N Engl
JMed 2002;347:1968-70.

37. Lipton SA. Erythropoietin for neurolog-
ic protection and diabetic neuropathy. N Engl
J Med 2004;350:2516-7.

38. Grimm C, Wenzel A, Groszer M, et al.
HIF-1-induced erythropoietin in the hypoxic
retina protects against light-induced retinal
degeneration. Nat Med 2002;8:718-24.

39. Junk AK, Mammis A, Savitz SI, et al.
Erythropoietin administration protects reti-
nal neurons from acute ischemia-reperfu-
sion injury. Proc Natl Acad Sci U S A 2002;
99:10659-64.

40. BianchiR, Buyukakilli B, Brines M, etal.
Erythropoietin both protects from and re-
verses experimental diabetic neuropathy.
Proc Natl Acad Sci U S A 2004;101:823-8.
Copyright © 2005 Massachusetts Medical Society.

CLINICAL PROBLEM-SOLVING SERIES

The Journal welcomes submissions of manuscripts for the Clinical Problem-Solving
series. This regular feature considers the step-by-step process of clinical decision
making. For more information, please see http://authors.nejm.org.

N ENGL J MED 353;8 WWW.NEJM.ORG

AUGUST 25, 2005

Downloaded from www.nejm.org on November 26, 2009 . For personal use only. No other uses without permission.

Copyright © 2005 Massachusetts Medical Society. All rights reserved.



