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Abstract 
AIM: To analyze the localization of erythropoietin 
receptor on gastric specimens and characterize the 
effects of erythropoietin on the normal gastric epithelial 
proliferation using a porcine gastric epithelial cell culture 
model.

METHODS: Erythropoietin receptor was detected by 
RT-PCR, Western blotting and immunohistochermistry. 
Growth stimulation effects of erythropoietin on cultured 
gastric mucosal cells were determined by ELISA using 
bromodeoxyuridine (BrdU). 

RESULTS: Erythropoietin receptor was detected 
on cultured porcine gastric mucosal epithelial cells. 
Erythropoietin receptor was also detected histochemically 
at the base of gastric mucosal epithelium.  BrdU assay 
demonstrated a dose-dependent increase in growth 
potential of cultured porcine gastric mucosal epithelial 
cells by administration of erythropoietin, as well as 
these effects were inhibited by administration of anti- 
erythropoietin antibody (P < 0.01). 

C O N C L U S I O N : These f i n d i ng s i nd i c a t e t h a t 
erythropoietin has a potential to proliferate gastric 
mucosal epithelium via erythropoietin receptor.
 
© 2006 The WJG Press. All rights reserved.
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INTRODUCTION
Erythropoietin (EPO) is a glycoprotein (molecular 
weight = 34 ku) produced in adult kidney and the fetal 
liver that regulates growth, differentiation, and survival 
of  erythroid progenitors

[1]. The effects of  EPO are 
transduced via EPO receptors (EPO-R), members of  the 
cytokine receptor superfamily, that are primarily expressed 
on the cell surface of  erythroid cells[2].

Pr ior to 1990, morbidity and mor tal i ty due to 
hemorrhagic lesions in dialysis patients was relatively 
high[3,4].  However, the impact of  this complications has 
been attenuated by the advent of  EPO which is used for 
treatment of  renal anemia and by the marked reduction in 
the incidence peptic ulcer disease due to the eradication 
of  H pylori. Studies on gastric mucosal defense factors 
have focused on the protective role of  gastric mucosal 
blood flow, oxygen supply, and radical oxygen suppression, 
and the importance of  ferrous ions in the gastric mucosa 
has also been demonstrated[5,6].  However, direct effects 
of  EPO on the gastric mucosa have not fully been 
investigated.

Recen t l y, t he e f f e c t o f  r e comb inan t human 
erythropoietin (rhEPO) on cellular proliferation has 
been examined in human umbilical vein endothelial cells 
(HUVEC)[7] and bovine pulmonary artery endothelial 
cells[8]. The growth of  these cells was stimulated by EPO. 
Further, we have previously demonstrated the growth 
promoting effects of  EPO on porcine gastric mucosal 
vascular endothelial cell[9].  These effects may improve 
the gastric lesions found in dialysis patients through the 
neovascularization in mucosal tissue. 

Okada e t a l [10 ] r epor ted that EPO s t imula ted 
proliferation of  rat gastric-derived cell lines via EPO-R 
expressed on these cells.  Although these rat stomach 
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derived cells were morphologically epithelioid, they were 
also immortalized with very short doubling times, which 
suggests that these cells had undergone transformation 
and possess characteristics that differ from normal gastric 
epithelium. Indeed, many types of  tumor cells express 
EPO-R and show increased growth in response to EPO 
exposure in vitro[11]. Therefore, the goal of  the present 
study was to analyze the localization of  EPO-R on gastric 
epithelium and to characterize the effects of  EPO on the 
normal gastric epithelium using a porcine gastric epithelial 
cell culture model.

MATERIALS AND METHODS
Reagents 
Collagenase and EDTA were purchased from Wako Pure 
Chemicals (Tokyo, Japan). Keratinocyte-SFM medium, 
modified Eagle medium (MEM), Dulbecco’s modified 
minimum essential medium, trypsin, newborn calf  serum, 
TRIzol reagent and penicillin-streptomycin mixture were 
purchased from Gibco BRL (Gland Island, NY). Human 

recombinant basic fibroblast growth factor was purchased 
from Intergen (Purchase, NY). rhEPO (Epoetin Beta) was 
purchased from Chugai Pharmaceutical Co.(Tokyo, Japan). 
Monoclonal anti- porcine H+/K+ ATPase antibody was 
purchased from Affinity Bioreagents (Golden, CO). Anti-
porcine stomach pepsin goat antibody was purchased 
from Polyscinences (Warrington, PA). Monoclonal anti-
human gastric mucin antibody (MUC5AC) was purchased 
from NeoMarkers (Union City, CA). Rabbit anti-human 
EPO-R antibody was kindly provided by collaborative 
researcher: Dr. M. Higuchi of  Chugai Pharmaceutical 
Co. (Tokyo, Japan). Isotype matched rabbit IgG against 
anti-EPO antibody was from Chemicon (Temecula, CA). 
Horseradish peroxidase-labeled rabbit IgG antibody was 
purchased from Zymed Laboratories Inc. (South San 
Francisco, CA). Texas Red labeled anti-mouse IgG and 
FITC- labeled anti-goat IgG were purchased from Vector 
Laboratories (Burlingam, CA).

Cell culture
Porcine gastric mucosal epithelial cells were separated by 
the method with modification which has been developed 
for the cultivation of  human pulmonary epithelial cells[12]. 
Fetal porcine gastric mucosa was digested with 0.1% 
collagenase, and cells obtained were seeded onto plastic 
dishes in plain medium (Dulbecco’s minimum essential 
medium supplemented with 10% newborn calf  serum, 100 
U/mL of  penicillin and 100 μg/mL of  streptomycin) and 
incubated at 37 ℃. The viability of  the separated cells was 
about 80% - 90%. After the epithelial cell colonies grew 
large enough, other cells were detached from the dish 
manually with a small piece of  silicon rubber under the 
phase contrast microscopy. The colonies were collected 
with small grass cylinder (internal diameter 10 mm) and 
0.05% trypsin-0.02% EDTA, and the cells were seeded 
onto new dishes using the growth medium (keratinocyte-
SFM containing 10% new born calf  serum and 10 ng/mL 
of  basic fibroblast growth factor). The culture medium 
was changed twice a week. The cells were passaged in the 

Figure 1  Expression of pepsin, 
M U C 5 A C  a n d  p r o t o n - p u m p 
in  cu l tured gastr ic  ep i the l ia l 
c e l l s  o b s e r v e d  b y  d o u b l e 
immunolabe l l ing .  A confoca l 
microscopic image demonstrates 
the FITC-positive anti-pepsin-
positive cells (A) and Texas Red-
positive anti-MUC5AC-positive 
cells (B) in the same area. The 
anti-pepsin-positive cells, which 
co-express MUC5AC, are indicated 
yellow (C). A confocal microscopic 
image also demonstrates the 
FITC-positive anti-pepsin-positive 
cells (D) and Texas Red-positive 
anti-proton pump-positive cells (E) 
in the same area. The anti-pepsin-
positive cells which co-express 
proton pump are indicated yellow 
(F).Scale bars indicate 100 μm.
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Figure 2  RT-PCR analysis of EPO-R in cultured gastric epithelial cells. 207 bp 
products are detected. MWM; molecular weight marker. 
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split at the ratio 1:4 and were used in younger generation 
(passages 6-7). 

Identification of gastric mucosal epithelial cells in culture
Cells were also identified as gastric epithelial cells by 
double staining with anti- porcine H +/K + ATPase 
antibody, anti-pepsin antibody and anti-gastric mucin 
antibody in order to identify for gastric parietal cells, chief  
cells and mucin-producing cells, respectively. Cell growth 
assessed by the overnight bromodeoxyuridine (BrdU) 
uptake showed that about 60% of  the cells retained growth 
potential and the population doubling time was about 36 h 
in these culture conditions.

EPO-R gene expression on gastric mucosal epithelial cells
Analys is of  EPO-R by RT-PCR: EPO-R gene 
expression in porcine gastric mucosal epithelial cells (1×107) 
was analyzed by RT-PCR. Total RNA was extracted using 
TRIzol reagent. RNA samples were treated with RNase-
free DNaseⅠat 37 ℃for 30 min to eliminate genomic 
DNA contamination. RNA was purified with 1 volume 
of  phenol:chloroform (5:1). RT-PCR was performed by 
RNA PCR Kit (AMV) ver. 2.1 (Takara, Japan). Briefly, 
1 μg of  RNA was primed with random primers and 
reverse transcribed using reverse transcriptase in a final 
volume 20 μL. 5 μL of  this mixture was PCR- amplified 
in a 25 μL reaction using Takara Taq DNA polymerase. 
The following PCR priming sets were used under PCR 
conditions of  94 °C for 45 s, 58 °C for 1 min, and 72 °C 
for 2 min. EPO-R: forward primer (5'-AGC TGT GGC 
TGT ACC AAA CTG A-3'), reverse primer (5'-ACT TGT 

CCA GCA CCA GGT AGG T-3'); number of  cycles: 36, 
40, and 44. All PCR products were separated on ethidium 
bromide-stained gel. 

Analysis of EPO-R by Western blotting
Porcine epithelial cells (0.5 - 1×107) were cultured in 
modified Eagle’s medium (MEM) containing 10% fetal 
calf  serum (FCS) for 48 h. EPO (1 µg/mL) was added, 
and the cells were incubated for an additional 24 h. The 
cells were homogenized in cold buffer. The protein 
concentration was measured by DC protein assay kit (Bio-
Rad, CA) according to the manufacturer’s instruction. 
Aliquots of  50 µg protein were applied each lane of  
10% SDS-polyacrylamide gel and electrophoresed. After 
electrophoresis, samples were transferred onto PVDF 
membrane (Millipore, MA). The filter was then incubated 
with anti-human EPO-R monoclonal antibody (diluted 
1:100, 1:500, 1:1 000 and 1:2 000 respectively). Reaction 
product was demonstrated using ECL-plus Kit (Amersham. 

100 ku→

      × 100           × 500            × 1 000           × 2 000      NC

Figure 3   Western blotting analysis of EPO-R in cultured gastric epithelial cells. 
EPO-R is detected as a predicted size. The intensity of signals is dependent on 
anti-EPO-R antibody dilution.

Figure 4   Immunolocalization of EPO-R and MUC5AC on porcine gastric 
mucosa. Immunolocalization of EPO-R as well as gastric mucin MUC5AC is 
detected in epithelial cells. (× 60). 
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Figure 5  Evaluation of erythropoietin effects on cultured gastric epithelial cells. 
(A) BrdU assay shows a dose-dependent effect of EPO on growth stimulation 
of porcine gastric mucosal epithelial cells. (B) Growth stimulation effects of EPO 
on gastric mucosal epithelial cells. Treatment with EPO (closed bar) significantly 
increased cell growth. This effect is inhibited by anti-EPO neutralizing antibody 
(hatched bar), not by isotype matched IgG (dotted bar). Results are expressed as 
the means ± SD of six different experiments. aP < 0.05,bP < 0.01.
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Bioscience, UK). For a negative control experiment, the 
primary antibody was omitted from the solution.

Analysis of EPO-R in the tissues by Immunohistochemical 
staining
Stomaches were resected from pig fetuses and dissected 
along the greater curvature. The gastric mucosa was 
visually inspected, removed from the anterior wall, fixed 
in 10% formalin, embedded in paraffin, and cut into 5 µm 
sections. Primary antibodies against EPO-R and MUC5AC 
were used in the immunohistochemical staining. Tissue 
sections were incubated overnight with primary antibodies 
at 4 °C and then treated with horse radish peroxidase-
labeled rabbit IgG antibody for 1hr at room temperature. 
The immunoreactive products were visualized with DAB 
staining (ABC method). Counterstaining was performed 
with hematoxylin. For negative controls, the primary 
antibody was replaced with rabbit or mouse nonimmune 
serum. Double staining for EPO-R and MUC5AC was 
performed with DAB staining (ABC method) followed by 
Ni-DAB staining (PAP method). For negative controls, the 
protocol was similar to that used for single staining. 

Growth stimulation effects of EPO on cultured porcine 
gastric mucosal epithelial cells 
Cultured porcine gastric mucosal epithelial cells were 
incubated with Keratinocyte-SFM containing 20% 
newborn calf  serum. EPO (0.002, 0.004, 0.008, 0.016, 
0.031, 0.063, 0.125, 0.25, 0.5, 1 µg/mL) was added to the 
supernatant to evaluate the dose-dependent effects on 
growth potential of  the gastric mucosal cells. 

To eva lua t e the spec i f i c i t y o f  EPO e f f ec t s , 
four sets of  groups were established: 1) untreated 
cultures; 2) EPO 1 µg/mL treated cultures; 3) EPO 
1 µ g / m L  +  a n t i - E P O antibody 1 µg/mL treated 
cultures; and 4) EPO 1 µg/mL +nonspecific antibody 
(rabbit IgG) 1 µg/mL treated cultures. Quantification of  
cell growth was measured by ELISA using BrdU. 

Cultures and quantitative analysis were performed 
using 96-well plates (Nunc, Naperville, IL). Medium 
was prepared for each experimental group and aliquoted 
(50 µL/well) in to 6 we l l s pe r g roup. T he g as t r i c 
mucosal epithelial cells were adjusted to a density of  
1×105 c e l l s /mL , and 50 µL were aliquoted into each well 
and incubated (5 000 cells/well) for 4 d. In accordance with 
a cell proliferation ELISA protocol, 10 µL/well of  BrdU 
solution was added, and incubation was continued for 24 h. 
After discarding the supernatants, 200 µL/well of  fixation 
reagent was added for 30 min to fix the cells and denature 
the DNA. After discarding the supernatants, 100 µL/well 
of  anti-BrdU peroxidase solution was added and followed 
by incubation for 1 h. After discarding the supernatants 
and washing, 100 µL/well of  substrate solution was added 
and incubated for 30 min, and absorbance at 370 nm 
(control wavelength, 492 nm) was assessed.   
 
Statistical analysis
All results are expressed as mean ± SE. Statist ical 
comparisons were made using the Student t-test or Welch’s 
t-test after the analysis of  variances. The results were 
considered significantly different at P < 0.05. 

RESULTS
Identification of gastric mucosal epithelial cells in culture
Cells were identified as gastric epithelial cells by double 
staining with anti-proton pump antibody, anti-pepsin 
antibody and anti-gastric mucin antibody in order to 
identify for gastric parietal cells, chief  cells and mucin-
producing cells, respectively (Figure 1). In the most cells, 
immunofluorescence showed double positive staining for 
anti-pepsin antibody and anti-proton pump antibody or 
for anti-pepsin antibody and anti-gastric mucin antibody.

EPO-R gene expression on gastric mucosal epithelial 
cells
RT-PCR: EPO-R was detected on the cultured porcine 
gastric mucosal epithelial cells. 207 bp products were 
detected (Figure 2).

Western blottting
We examined the expression of  EPO-R protein in porcine 
epithelial cells by Western blotting. EPO-R protein 
expression was detected as a predicated size. The intensity 
of  signals was dependent on anti-EPO-R antibody dilution 
(Figure 3).

Immunohistochemical staining of EPO-R in the gastric 
tissue
EPO-R showed a punctate expression pattern at the 
base of  gastric mucosal epithelial cells. MUC5AC was 
observed in the mucosal cell reticulum. Double staining 
was performed to examine the correlation between 
mucosal epithelial expression of  EPO-R and presence of  
glycoproteins, which are an important component of  the 
mucosal barrier. The findings were positive for EPO-R 
in the foveoral epithelial cells that were also positive for 
MUC5AC (Figure 4)

Growth stimulation effects of EPO on gastric mucosal 
epithelial cells
BrdU assay demonstrated a dose-dependent increase in 
growth potential of  cultured porcine gastric mucosal 
epithelial cells at EPO doses ranging from 0.002 to 
1 µg/mL. Evaluation of  EPO dose dependence in this 
study showed the greatest growth potential at 1 µg/mL 
(Figure 5A) compared to untreated cultures, cultures 
treated with EPO showed statistically significant growth 
stimulation. In contrast, co-culturing with EPO antibody 
showed a significant growth inhibition effect. On the 
other hand, there was no significant inhibition effect of  
cell growth with a nonspecific antibody. These findings 
suggested that growth stimulation by EPO of  gastric 
mucosal cells was mediated via EPO-specific receptors 
(Figure 5B).

DISCUSSION
The incidence of  gastrointestinal bleeding is higher in 
hemodialysis patients than in the general population. The 
advent and use of  histamine-2 (H2) receptor blockers 
and proton pump inhibitors (PPIs) has resulted in a small 
decrease in gastrointestinal bleeding events in hemodialysis 
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patients, but the use of  EPO therapy for treatment of  
anemia associated with renal failure has led to a more 
dramatic decrease in this complication for reasons that 
were previously unclear. Decreased blood supply secondary 
to anemia leads to low local oxygen concentrations in the 
gastric mucosa and results in formation of  gastric lesions 
in dialysis patients[3,4,6].  Thus an increase in red blood cell 
production in response to EPO may reduce the incidence 
of  hemorrhagic lesions by increasing oxygen delivery to 
the gastric mucosa. However, the present study suggests 
that the direct effect of  EPO to gastric mucosa may also 
mediate the efficacy of  EPO therapy found in dialysis 
patients.

The EPO gene was cloned and recombinant human 
EPO was purified in 1985, followed by identification of  
EPO-R on erythroid cells using iodine-labeled EPO. The 
EPO-R density on the surface of  erythroid cells is low, 
ranging from a few hundred to a few thousand per cell. 
In the hematopoietic system, EPO-R is mainly expressed 
at the stage of  late erythroid progenitor cells,[13] and 
the number of  receptors decreases with differentiation 
into mature erythrocytes. In addition to erythroid 
progenitors, EPO-R is expressed on megakaryocytes[14], 
vascular smooth muscle cells[15], endothelial cells[7] skeletal 
myoblasts[16], neural cells[17], renal cells[18], ischemic retinal 
cells[19] and in the epicardium and pericardium[20]. Further, 
studies of  the digestive tract have shown EPO-R mRNA 
in hepatic stromal cells in fetal mice[21], and EPO-R protein 
has been found in the intestinal villi during development 
in humans and rats.[22,23] Okada et al [10] investigated whether 
EPO stimulated gastric mucosal development in vitro in 
a rat gastric mucosal cell line (RGM-1) and reported that 
EPO produced a dose-dependent increase in thymidine 
uptake and c-myc gene expression. In addition, RT-
PCR confirmed EPO-R gene expression, thus showing a 
direct growth effect on RGM-1 cells. It should be noted, 
however, that RGM-1 may represent transformed cell line 
rather than normal gastric epithelial cells. We previously 
demonstrated EPO-R mRNA expression in cultured 
porcine gastric mucosal microvascular endothelial cells[9].

In the present study, we confirmed the EPO-R 
mRNA in the cultured normal gastric epithelial cells.　
In addition, we used immunohistochemical analysis in the 
tissue sections to demonstrate EPO-R immunoreactivity 
in gastric mucosa cell, predominantly in foveolar epithelial 
cells. These data suggests that EPO may play a direct role 
in modulating normal gastric mucosal cells. 

The dose-dependent effects of  EPO on mucosal 
epithelial cell growth were observed at doses up to 
1 µg/mL. Treatment of  the porcine gastric mucosal 
epithelial cells with EPO clearly resulted in increased cell 
growth. The increase was inhibited by co-culturing with 
anti-EPO antibody, with significantly lower growth than 
in cells co-cultured with nonspecific antibody (rabbit 
IgG), which suggests that the growth stimulation effect of  
EPO is a direct and specific effect on the gastric mucosal 
epithelial cells. 

EPO may have direct action on other types of  mucosal 
and stromal cells. A previous study reported that treatment 
of  rats with EPO before surgical anastomosis increased 
anastomosis strength and improved healing[24]. Further, 

in a retrospective study in premature rats, treatment with 
EPO decreased the incidence of  experimentally-induced 
necrotizing enteritis[25,26]. In addition, treatment with EPO, 
both orally and parenterally, increased jejunal villus surface 
area. As compared to a control group, villus length was 
increased in groups treated with oral or parenteral EPO[27].  
These findings indicate that EPO has a trophic action on 
the small intestine. EPO also stimulates growth of  hepatic 
stromal cells in fetal mice, and furthermore, there is a 
dose-dependent effect. These results are consistent with 
data from the present study performed in gastric mucosal 
cells.  EPO-specific mucosal cell growth is a noteworthy 
finding in our study, and the present study suggests EPO 
may prevent hemorrhagic gastric lesions in dialysis patients 
by a systemic hematopoietic effect and by a local effect 
on the gastric mucosa. EPO directly and specifically 
stimulated gastric mucosal epithelial cell proliferation. 
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