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Abstract
Aim: To study the pharmacokinetics and toxicity of intravitreal erythropoietin 
(EPO) for potential clinical use.  Methods: For toxicity study, 4 groups 
(60 rabbits) with intravitreal injection (IVit) of EPO were studied 
(10 U, 100 U, or 1 000 U) per eye for single injection and 0.6 U/eye (the designed 
therapeutic level in rabbits) for monthly injections (6×).  Eye examination, 
flash electroretinogram (ERG), and fluorescein angiography (FA) were carried 
out before and after injection.  The rabbits were killed for histological study at 
different intervals.  For the pharmacokinetic study, after IVit of 5 U EPO into left 
eyes, 44 rabbits were killed at different intervals, and the EPO levels in vitreous, 
aqueous, retina and serum were analyzed by enzyme-linked immunosorbent 
assay.  Results: At all of the time points examined, the eyes were within normal 
limits.  No significant ERG or FA change was observed.  The histology of 
retina remained unchanged.  The pharmacokinetic profile of EPO in ocular 
compartments was summarized as follows.  The half-life times of EPO in 
vitreous, aqueous and serum were 2.84, 3.24 and 2.12 d, respectively; and Cmax 
were 4615.75, 294.31 and 1.60 U/L, respectively.  EPO concentrations in the 
retina of the injected eye peaked at 1.36 U/g protein at 6 h following injection, 
with the half-life observed to be 3.42 d.  Conclusions: IVit of EPO in a wide 
range is well tolerated and safe for rabbit eyes.  At doses up to 10-fold higher 
than therapeutic levels, EPO has a pharmacokinetic profile with faster clearance, 
which is favorable for episodic IVit. 
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Introduction
Apoptosis is an important mode of cell death in 

diabetic retinopathy[1,2].  One of the promising agents, 
erythropoietin (EPO), a 34-kDa glycoprotein hormone, 
has been reported as a cytoprotectant for prevention and 
treatment of early diabetic retinopathy (EDR) in diabetic 
rats[3].  Accumulating data have demonstrated that EPO 
displays effective neuroprotective properties in a spectrum 

of different animal models including several degenerative 
conditions as well as toxic insults[4,5].  

The levels of EPO receptor (EpoR) increase in detached 
retina[6] and EDR[3].  IVit of EPO maintains the blood-
retina barrier (BRB) and protects retinal neurons from 
apoptosis in early diabetes[3].  IVit of EPO had a protective 
effect on retinal ganglion cell (RGC) in a rat glaucoma 
model[7], and significantly increased RGC somata and axon 
survival following optic nerve transection[8], indicating its 
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neuroprotective and neurotrophic effects.  
The pharmacokinetics of EPO were studied in rabbits 

as well as in other species after systemic administration[9,10].  
However, the toxicity of the IVit of EPO has not been 
studied, and the pharmacokinetic profile after IVit is also 
currently unknown.  Therefore, in the present study, the 
ocular and systemic toxicity and pharmacokinetic profile 
after IVit of EPO were studied in New Zealand albino 
rabbits.  

Materials and methods

Animals  104 male New Zealand albino rabbits, 
weighing 2.5–3.0 kg, were included in the study.  All of the 
experimental procedures adhered to the ARVO Resolution 
on the Treatment of Animals in Research.  For the toxicity 
study, before IVit or ocular examinations, the rabbits 
were anesthetized by an intravenous injection of 1.5–2.0 
mL of 3% sodium pentobarbital.  Topical anesthesia with 
0.4% oxybuprocaine hydrochloride eye drops (Eisai Co 
Ltd, Tokyo, Japan) was applied to reduce the animals’ 
discomfort.  The pupils were fully dilated with 0.5% 
tropicamide (Wuxi Shanhe Group, Jiangsu, China).  A 
complete eye examination including electroretinogram 
(ERG), and fluorescein angiography (FA) was carried out 
before and after the IVit.  For histological evaluation, 6 
rabbits at each time point were killed at 2 weeks, 4 weeks 
or 6 months after IVit, by intravenous injection of an 
overdose of sodium pentobarbital.  For the pharmacokinetic 
study, 4 rabbits at each time point were killed from 0 h to 
14 d after EPO IVit.  

Erythropoietin  Recombinant human EPO (rHuEPO, 
1×107 U/L in the original vial, Shenyang Sunshine 
Pharmaceutical Co, Ltd, Shenyang, China), diluted by 
normal saline (NS), was used in the present study.  A 
single injection (1000 U/100 µL per eye, 100 U/50 µL 
per eye or 10 U/50 µL per eye) or monthly repeated EPO 
injections (0.6 U/50 µL per eye, 6 times) were carried out 
to the left eyes of the rabbits.  The dose of 0.6 U/eye was 
the therapeutic level in rabbits, calculated based on the 
rat study of EDR as reported previously[3].  The right eyes 
were injected with the same volume of NS as a control.  
For the pharmacokinetic study, EPO (5 U/50 µL per eye), 
was given intravitreally into the left eyes, whereas the 
right eyes were left untreated.  The optimal dose range of 
intravitreal EPO for its protection in diabetic retina of rat 
is 8–32 mU/eye[3].  The optimal doses of EPO in possible 
human objects were calculated based on the optimal doses 
obtained from the rat study.  The vitreous volumes for rat 

and human are about 15 µL and 4.5 mL, respectively.  The 
optimal doses for EPO in human are estimated as 2.4–9.6 
U/eye.  Therefore, we choose 5 U/eye of EPO as the 
designed therapeutic dose for human objects.  The same 
dose (5 U/eye) was used for pharmacokinetic study in 
rabbits, although the vitreous volume of rabbit is about one 
third of the human.

Intravitreal injection  The IVit was carried out, using 
a 30-gauge, 0.5-inch needle (BD Biosciences, Franklin 
Lakes, NJ, USA) on a microsyringe (Hamilton, Reno, NV, 
USA), at approximately 2 mm posterior to the limbus in 
the superotemporal quadrant.  Povidone-iodine solution 
(5%) was applied before and immediately after the IVit. 

Slit lamp and fundus examination  Before and 
after IVit, the anterior segments were examined and 
photographed through a slit-lamp with an anterior segment 
digital imaging system (YZ5F Slit lamp; 66 Vision Tech, 
Co, Ltd, Suzhou, China and YTFX-QB1A Imaging System, 
Xiamen, China).  After 1 d, 3 d, 1 week, 2 weeks, 1 month 
and 6 months following the IVit, fundus examination 
was carried out by indirect ophthalmoscopy with a 
20-D aspheric lens.  Fluorescein sodium injection (20%, 
Guangzhou Mingxing Pharmaceutical Co, Ltd, Guangzhou, 
China) was applied via the marginal ear vein.  FA was 
carried out in randomly selected animals (3 in each group) 
at intervals of 2 weeks, 4 weeks and 6 months, following 
the IVit.

Electroretinogram  Retinal neuron functions were 
examined with ERG, using a Tomey EP-1000 system 
(Japan).  After the pupils were dilated, the rabbits were 
dark-adapted for at least 30 min before the examination.  
Flash ERG responses were recorded from both eyes 
through corneal electrodes (Fabrinal SA, Switzerland), 
with the negative electrode placed in the subcutaneous 
space of the forehead, and the ground electrode clipped to 
the earlobe.  Electric gel was used to maintain the proper 
conduction.  The ERG signals were amplified (20 000×) 
and filtered (0.1–300 Hz) by differential amplifiers.  Light 
stimuli were obtained from a Ganzfeld light source with a 
maximum intensity of 3 cd·s/m2.  ERG analysis was based 
on the b-wave amplitude, measured from the trough of the 
a-wave to the peak of the b-wave.  

Histological examination  At the designed time 
points, rabbits were killed.  The eyes were enucleated and 
fixed in phosphate-buffered saline (PBS)-buffered 4% 
paraformaldehyde for 24 h.  The orientation was marked 
at 12 clock of the limbus.  The eyes were embedded in 
paraffin, sectioned at 2 µm, and stained with hematoxylin 
and eosin for light microscopy.  The thicknesses of different 
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retinal layers were measured on the sections that were 
through the optic nerve head, under 200× magnification, 
including: (1) outer limiting membrane to inner limiting 
membrane (OLM-ILM); (2) outer nuclear layer to outer 
plexiform layer (ONL-OPL); (3) inner nuclear layer (INL); 
and (4) inner plexiform layer (IPL).  Two measurements 
were taken on each section, 1 mm distant from the edges 
of the optic nerve head.  Data from 5 to 6 rabbits were 
averaged to avoid potential anatomic variations in the 
different topographic regions.  The cell numbers in ONL 
and INL were counted in the same region as the thickness 
measurement, under the 1000× magnification.  All the cell 
nuclei within a fixed 50 µm column, centered with the 1 
mm reference lines, were counted.  The cell density was 
expressed as the cell count/mm width of retina.

Enzyme-linked immunosorbent assay for EPO 
measurement  At each time point the undiluted aqueous 
humor was collected.  The vitreous samples were 
transferred to a tube and centrifuged at 16 000×g for 5 
min at 4 °C.  Supernatants were frozen at –80 °C.  Blood 
samples were collected and then serum samples were 
prepared.  Retinas were carefully isolated and frozen at 
–80 °C.  Before analysis, the retina was homogenized in 
ice-cold radioimmune precipitation assay (RIPA) buffer 
supplemented with a protease inhibitor PMSF (Shenergy 
Bicolor Bioscience Technology Company, Shanghai, 
China) and sonicated at 0.5 Hz for 40 s (50-watt sonicator, 
Sonics & Materials, Danbury, CT, USA).  The lysate 
was centrifuged at 20 000×g for 15 min at 4 °C.  The 
supernatants were collected independently and frozen 
at –80 °C.  EPO concentration was determined with an 
enzyme-linked immunosorbent assay (ELISA) kit (R&D 
Systems, Genetimes Technology, Inc,  Shanghai, China) 
following the manufacturer’s protocol.  Absorbance at 
450 nm and reference at 600 nm was measured using a 
microplate reader (Safire2, Tecan Group Ltd, Maennedorf, 
Switzerland).  The protein levels of EPO in the retina were 
normalized by the total protein content, as determined by 
a bicinchoninic acid (BCA) kit (PIERCE, IL, USA).  Data 
are presented as U/g·protein.

Pharmacokinetic analysis  Erythropoietin concentra-
tions in the vitreous, aqueous humor, serum and retina 
were analyzed with ELISA as previously described.  The 
pharmacokinetics of EPO in vitreous, aqueous humor, 
retina, and serum after intravitreal administration were 
determined by a noncompartmental method, and analyzed 
using the software Pharsight’s WinNonlin version 5.2 
(InforSense,Shanghai,China).  Values below the minimal 
detecting limit of the assays were excluded from all 

analyses.  
Statistics  Data are expressed as mean±SD.  The 

statistical analyses were carried out using Student’s t-test.  
A P-value of 0.05 or less was considered statistically 
significant.

Results
Slit lamp and fundus examination  At all time points, 

the conjunctiva and cornea were apparently normal in 
rabbits after IVit of EPO or NS.  No anterior chamber 
reaction was found.  No iris abnormality, particularly no 
rubeosis, was observed in any eye.  The lens remains clear 
in all animals.  

After IVit, vitreous, retina and choroid appeared 
to be normal through fundus photography in all 4 
groups of animals (Figure 1).  FA showed no sign of 
neovascularization, and no changes in retinal vascular 
leakage and choroidal perfusion up to 6 months after high 
doses of EPO (10 U/eye to 1000 U/eye) (Figure 2).  There 
was no sign of vascular leakage or neovascularization after 
repeated EPO injections (0.6 U/eye, 6 times) (data not 
shown).

Electroretinogram  Electroretinogram was carried 
out as an objective assessment of the retinal function of 
rabbit eyes.  In both the single injection (10–1000 U/eye) 
groups and the repeated injection group, there were no 
significant changes in the amplitude of b-waves (P>0.05).  
No statistically significant change was found in b-wave 
amplitudes from 1 d to 6 months after IVit in any group for 
both eyes (Figure 3).  

Histological examination  Retinal cell counts in both 
ONL and INL and retinal layer thickness were essentially 
unchanged in different groups (Figure 4A, 4B) at 2 
weeks, 4 weeks and 6 months after the IVit.  No sign of 
retinal necrosis, cystic degeneration, or hypocellularity 
of the nuclear layers was observed in any of the injected 
groups (Figure 4C).  There is no significant difference in 
histological examination between repeated EPO- and NS-
injected eyes (data not shown).

Pharmacokinetics The changes of EPO concentration 
over the time following IVit in vitreous, retina, aqueous 
humor as well as in the serum are illustrated in Figure 5.  
Endogenous EPO was undetectable in above compartments 
of the normal rabbits, because the ELISA kit is for 
detection of rHuEPO.  After IVit of 5 U EPO, the peak 
concentration in vitreous was 4615.75 U/L at 1 h, and then 
declined in a monoexponential fashion with a half-life of 
2.84 d.  Vitreous EPO concentration was maintained at 
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Figure 1.  The fundus examination after 6 months 
of IVit of rabbits in four groups.  OS: left eyes for 
EPO injection; OD: right eyes for NS (normal saline) 
injection.

Figure 2.  Fluorescein angiogram after 6 months of IVit.  A–D: EPO 10 U/eye; E–H: EPO 1000 U/eye.  No neovascularization or vessel leakage was 
found.
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155.55 U/L 2 weeks after the EPO IVit.  In comparison, 
EPO concentration in the aqueous humor was much lower.  
The peak EPO concentration in aqueous humor was 294.31 
U/L at 24 h after the injection.  Very low concentrations of 
EPO were detected in the serum after IVit.  A maximum 
serum concentration of 1.60 U/L reached at 12 h.  There 
was no measurable EPO in the circulation 3 d after the IVit.  
The elimination of EPO from the aqueous humor and serum 
was parallel to that from the vitreous humor, with half-
life times of 3.24 d (aqueous humor) and 2.12 d (serum) 
respectively.  EPO in the retina of the injected eye reached 
a peak concentration of 1.36 U/g·protein at approximately 
6 h after the injection.  No EPO was detected in the 
aqueous humor or the vitreous in the non-injected fellow 

eye of the same animals.  The basic pharmacokinetic 
parameters of EPO in the eyes are demonstrated in Tables 
1 and 2.  The maximum concentration of EPO attained 
in the aqueous humor was 6.38% of the maximum EPO 
concentration in the vitreous.  The maximum serum EPO 
concentration was only 0.04% of the maximum vitreous 

Table 1.  EPO pharmacokinetic profile I: parameters of EPO in the aqueous, vitreous and serum after IVit of 5 U EPO.

 Compartment    T1/2 (d)                 Tmax (h)               Cmax (U/L)               % of Vitreous                       AUC0-∞                     Exposure to EPO as a
                                                                                                                                                    Cmax                       (U·L-1·d)          % of Vitreous exposure
 
 VH 2.84   1   4615.75   – 14228.25    –
 AH 3.24 24   294.31 6.38   1239.87   8.71 
 Serum 2.12 12       1.60 0.04         5.40   0.04

Table 2.  EPO pharmacokinetic profile II: Parameters of EPO in the retina 
after IVit of 5 U EPO.

Compart-          T1/2 (d)           Tmax (h)   Cmax                                 AUC0-∞

ment                                                 [U/g (protein)]    [U/g (protein)·d]            
 
Retina 3.42 6 1.36 1.75

Figure 3.  The ERG examination after EPO intravitreal administration.  EPO 0.6 U/eye every month, total 6 times in left eyes (A); 10 U/eye (B); 100 U/
eye (C) and 1000 U/eye (D) for single injection of left eye.  NS was injected into right eyes.  D: days after IVit; W: week after  IVit; M: months after  IVit; 
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EPO concentration.  The total exposure of the aqueous 
humor to EPO was 8.71% of that of the vitreous, and the 
total exposure of the serum to EPO was 0.04% of that of 
the vitreous, indicating very low systemic exposure when 
comparing area under the curve (AUC) values.

Discussion
The rHuEPO has an identical amino acid sequence to 

Figure 4.  (A) Retinal cell counts of both ONL and INL 2 weeks after IVit; (B) The retinal thickness (OLM-ILM) measurement; (C) The representative 
retinal histology of rabbit eyes 2, 4 and 24 weeks after IVit.  The ganglion cell layer is facing the upper side of the photograph. No structural changes can 
be seen in the retina (HE; magnification ×400).  E: EPO injected into left eyes; NS: normal saline injected into right eyes.

that of the isolated natural EPO.  rHuEPO was approved 
by the Food and Drug Administration in the United States 
and its counterparts in other countries for the treatment 
of different types of anemia[11,12].  It has been reported 
that patients undergoing systemic EPO treatment may 
develop adverse reactions such as flu-like symptoms[13], 
seizures[14], hypertension, and increased risk of thrombotic 
complications[15,16].  Since systemic treatment of retinal 
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diseases with EPO may be limited by such adverse 
reactions as well as from the possible erythropoietic and 
angiogenic activities[17,18], IVit of EPO may offer a preferred 
approach[3].

In the present study, a complete eye examination 
focusing on FA and ERG did not show any clinical and 
functional change to the BRB and retinal neurons after 
IVit of EPO in a wide range.  Histological examination 
was also used to determine whether any structural change 
occurred.  In the single-dose-injection experiment, the dose 
of 3-magnitude higher (1000 U/eye) than the designed 
therapeutic level (0.6 U/eye)[3] was tested to be free of side-
effects.  The repeated injections at the therapeutic level 
did not cause any change in anterior segment, vitreous or 
retina.  For repeated higher doses of EPO (higher than 0.6 
U/eye), a recent report demonstrated that monthly IVits 
of rHuEPO at a dose of up to 1000 U over 7 months were 
well-tolerated and do not cause adverse effects on retinal 
function, architecture, or vasculature in a rabbit model[19].  
This experiment also verified the safety of monthly 

injections in the eyes with a wide range of EPO.
The present study provides ocular tissue distribution 

and clearance of EPO after IVit and lays a foundation of 
dose designing and of assessment of systemic safety.  The 
rabbit system is a well-established model used for the 
study of intravitreal pharmacokinetics of ocular drugs[20,21].  
However, limitations of the rabbit model must include that 
the retina is less vascular than in the human eye, and the 
volume of distribution is different.  The half-life of EPO, 
when given systemically, is 4–13 h in the human[22] and 
about 4 h in rabbits[23].  In comparison, the half-life of EPO, 
when given directly into the eye, was 2.84 d in vitreous 
cavity and 3.24 d in aqueous humor in the rabbit.  After 2 
weeks, vitreous EPO was still maintained at high levels.  
This was not surprising because the lack of vasculature 
in the vitreous would significantly slow the clearance 
of the drug from the vitreous.  The maximum serum 
concentration after an IVit was low, 1.6 U/L, and no EPO 
was found in the non-injected control eyes of the same 
rabbit.  Both the small amount of injected EPO in the eye 
and the greater volume of the circulating blood, as well as 
the quick clearance of EPO by binding to its receptor and 
by degradation in rabbits may explain such observations.

In conclusion, clinical observation, electrophysiological 
and light microscopic evaluation demonstrated that 
intravitreal delivery of EPO is safe, well tolerated and 
nontoxic to the intraocular structures at doses from 0.6 U 
to 1000 U per rabbit eye.  After IVit of 5 U/eye, the serum 
EPO levels were always minimal, within a physiologic 
range, indicating a rapid systemic clearance of EPO.  
After 2 weeks, vitreous EPO was still maintained at high 
levels, whereas serum EPO could not be detected.  This 
pharmacokinetic profile is favorable for intravitreal use of 
EPO by episodic (such as monthly) injections.  
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