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The erythropoietin receptor (EpoR) is widely expressed but its reno-
protective action is unexplored. To examine the role of EpoR in vivo
in the kidney, we induced acute kidney injury (AKI) by ischemia-
reperfusion in mice with different EpoR bioactivities in the kidney.
EpoR bioactivity was reduced by knockin of wild-type human EpoR,
which is hypofunctional relative to murine EpoR, and a renal tubule-
specific EpoR knockout. These mice had lower EPO/EpoR activity
and lower autophagy flux in renal tubules. Upon AKI induction, they
exhibited worse renal function and structural damage, more apoptosis
at the acute stage (�7 days), and slower recovery with more tubulo-
interstitial fibrosis at the subacute stage (14 days). In contrast, mice
with hyperactive EpoR signaling from knockin of a constitutively
active human EpoR had higher autophagic flux, milder kidney dam-
age, and better renal function at the acute stage but, surprisingly,
worse tubulointerstitial fibrosis and renal function at the subacute
stage. Either excess or deficient EpoR activity in the kidney was
associated with abnormal peritubular capillaries and tubular hypoxia,
creating a “U-shaped” relationship. The direct effects of EpoR on
tubular cells were confirmed in vitro by a hydrogen peroxide model
using primary cultured proximal tubule cells with different EpoR
activities. In summary, normal erythropoietin (EPO)/EpoR signaling
in renal tubules provides defense against renal tubular injury main-
tains the autophagy-apoptosis balance and peritubular capillary integ-
rity. High and low EPO/EpoR bioactivities both lead to vascular
defect, and high EpoR activity overides the tubular protective effects
in AKI recovery.

AKI; autophagy; EpoR; peritubular capillary; tubulointerstitial fibro-
sis

INTRODUCTION

Erythropoietin (EPO) is a glycoprotein hormone that binds
and signals through the erythropoietin receptor (EpoR) and is
required for erythropoiesis (50, 60). EPO also has cytoprotec-
tive properties against ischemic injury in a variety of extra-
hematopoietic tissues including brain, heart, and kidney (10,
23, 25, 47, 65, 79, 83, 88, 96). The cytoprotection by EPO has
been proposed to involve other receptors such as the �-com-
mon receptor (�cR) (63). Whether the renoprotection con-
ferred by EPO against ischemia-reperfusion injury (IRI) is
dependent on EpoR has not been studied.

We previously showed that functional EpoR is present in rat
kidney and in a renal tubular epithelial cell line (34). Overex-
pression of EpoR in renal cells protected cells against hydrogen
peroxide (H2O2) cytotoxicity and apoptosis, while knockdown
of endogenous EpoR rendered cells more vulnerable to H2O2-
induced cytotoxicity and apoptosis, proving that EpoR miti-
gates kidney cell damage induced by oxidative stress (34).
However, the protective role of EpoR in vivo has not been
examined.

The pathophysiology of IRI-induced acute kidney injury
(AKI) is complex and composed of renal tubular and endothe-
lial cell injury, apoptosis and necrosis, infiltration of inflam-
matory cells, release of proinflammatory and profibrotic cyto-
kines, and oxidative stress at the acute injury stage, followed
by subsequent renal tubular regeneration, angiogenesis, and
regression of inflammation and fibrosis at the recovery stage
(3, 8, 22, 51, 54). EPO/EpoR signaling is potentially involved
in the onset, progression, or recovery of AKI. We used mice
where EpoR signaling activity was altered via genetic manip-
ulation to examine whether EpoR signaling activity affects the
severity of kidney damage and the outcome after IRI. We
provide proof-of-concept data as well as some molecular
mechanisms underlying how EpoR signaling modifies IRI-
induced AKI and renal fibrosis post-AKI. In the acute phase,
there is a direct positive relationship between EpoR level and
activity in the renal tubule and renoprotection. The situation
post-AKI differs. Post-AKI recovery is optimal at normal
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EpoR levels and worsened with both low and high EpoR
activity creating a “U-shaped” relationship. The underlying
molecular mechanisms are complex with higher EpoR levels
promoting autophagy, which is beneficial, but high EpoR
levels also cause vascular defects, which may cast a dominat-
ing effect postinjury and impair recovery.

MATERIALS AND METHODS

Animal lines. All animal experiments were conducted strictly
following the Guide for the Care and Use of Laboratory Animals by
the National Institutes of Health and were approved by the Institu-
tional Animal Care and Use Committee at the University of Texas
Southwestern Medical Center. Animals were housed in a temperature-
controlled room with a 12:12-h light-dark cycle and given ad libitum
access to tap water and standard rodent chow before the experiments.

All mice were from a 129 S1/SVlmJ (129 SV) background with
equal numbers of males and females at 10–12 wk old. Several lines
with different levels of EpoR activity were used. Mice with condi-
tional knockout of EpoR in renal tubules (Ksp-Cre;EpoRflox/flox, syn-
onymous with RT-EpoR�/�) were generated by cross-mating floxed
EpoR (EpoRflox/flox) mice (generously provided by Dr. H. Wu, Uni-
versity of California Los Angeles, Los Angeles, CA) (87) with
Ksp-cadherin promoter driven Cre recombinase (Ksp–Cre) mice (82)
(O’Brien Kidney Research Center at the University of Texas South-
western).

Mice with global knockin of the mutant truncated human (MTH)
EpoR after the first tyrosine residue of the intracellular domain with
gain-of-function had hyperfunction of EpoR signal transduction
(EpoRMTH/MTH, herein referred to as EpoRM/M). Mice with global
knockin of the wild-type human (WTH) EpoR mice (hEpoRWTH/WTH,
herein referred to as hEpoRW/W) had hypofunctional EpoR signal
transduction compared with mice with wild-type of murine EpoR (19)
(kindly provided by Dr. J. Prchal, University of Utah, Salt Lake City,
UT). Genotyping of hEpoRM/M and hEpoRW/W mice was performed
based on published literature (19). IRI was deployed in hEpoRW/W and
hEpoRM/� but not in hEpoRM/M mice, because mice homozygous for
knockin of the truncated gain-of-function human EpoR were severely
polycythemic and hypertensive, while mice heterozygous for this
mutant allele (hEpoRM/�) had only mildly elevated hematocrit and are
normotensive; thus, for the purpose of our studies, the heterozygous
state of hyperactive gain-of-function suffices (19). To examine the
association of EpoR levels with autophagy activity in mouse kidney,
RT-EpoR�/�, hEpoRW/W, and hEpoRM/� mouse lines were mated
with GFP-LC3 reporter mouse line kindly provided by Dr. N. Miz-
ushima (Tokyo Medical and Dental University, Tokyo, Japan). New
three animal lines were subject to bilateral IRI.

AKI model. Bilateral IRI was conducted as described previously
(33, 37). Sham animals underwent laparotomy of the same surgical
duration and manipulation of the kidneys without arterial clamping.

Blood, urine, and kidney procurement. At defined times after
reperfusion, 24-h urine was collected in individual metabolic cages.
At termination, mice were anesthetized with isoflurane and blood was
collected in heparinized tubes and centrifuged (3,000 g for 5 min at
4°C), and plasma was stored at �80°C until analysis. Mice were
euthanized after kidney harvest while still under anesthesia. One slice
of the kidney was fixed with 4% paraformaldehyde and embedded in
paraffin block for histological and immunohistological studies; the
remainder was snap frozen in liquid N2 and stored at �80°C until
analysis.

Plasma and urine chemistry of animals were measured with a
Vitros Chemistry Analyzer (Ortho-Clinical Diagnosis, Rochester,
NY). Plasma and urine creatinine was measured using a P/ACE MDQ
capillary electrophoresis system and photodiode detector (Beckman-
Coulter, Fullerton, CA) at 214 nm (66). Mouse plasma EPO was
determined by ELISA with mouse erythropoietin quantikine ELISA

kit (R&D Systems, Minneapolis, MN) according to the manufactu-
rer’s instruction.

New antibodies against EpoR. The synthetic human anti-EpoR
antibody (Fab6) was isolated from a phage-displayed library and
synthesized as previously described (34). A set of new mouse anti-
human EpoR monoclonal antibodies was raised. Animal husbandry
and immunizations adhered to animal protocol were approved by
Oregon Healthand Science University Institutional Animal Care and
Use Committee. In brief, female Balb/c mice (10 wk old) were
immunized with three doses of intraperitoneal injection (10 �g hEpoR
protein) given 3 wk apart. Mice were euthanized 4 days after the last
dose, and splenocytes were harvested and fused with SP2/0 Ag14
myeloma cells. Hybridoma clones were grown in methylcellulose-
containing HAT medium (Stem Cell Technologies, Vancouver, BC).
A total of 576 isolated hybridoma clones were generated, picked, and
transferred to 96-well plates. Supernatants were collected and
screened by ELISA. Clones of particular interest were cryopreserved
and expanded in culture in DMEM (GIBCO, Grand Island, NY)
supplemented with 10% (vol/vol) fetal bovine serum. Supernatants
from selected ELISA-positive clones were shipped to University of
Texas Southwestern for further characterization in cells and tissue.
The 1-B9 antibody was used for this study. We discuss it below.

Other antibodies. Mouse monoclonal antibody against �-actin
(�-actin) was from Sigma-Aldrich (St. Louis, MO); mouse monoclo-
nal antibody against Akt, rabbit antibody against phospho-Akt, and
rabbit antibody against cleaved caspase-3 were from Cell Signaling
Technology (Danvers, MA); mouse monoclonal antibody against
CD31 and rabbit polyclonal antibody against CD31 (CD31) were
from Abcam (Cambridge, MA); goat polyclonal antibody against
CD34 (CD34) was from R&D Systems; rabbit polyclonal antibody
against human Ki67 (Ki67) and, mouse monoclonal antibody against
connective tissue growth factor (CTGF) were from Abcam; mouse
monoclonal antibody against common �CR was from R&D Systems;
rabbit antibody against EpoR (EpoR, M-20) was from Santa Cruz
Biotechnology (Santa Cruz, CA); rabbit antibody against phospho-
and total extracellular signal-regulated kinase (Erk) was from Cell
Signaling Technology; mouse monoclonal antibody against hypoxia-
inducible factor-1� (HIF1�) and rabbit polyclonal antibody against
HIF2� were from Novus Biologicals (Littleton, CO); mouse antibody
against phospho- c-Jun NH2-terminal kinase (JNK) and rabbit anti-
body against JNK were from Cell Signaling Technology; rabbit
antibody against microtubule-associated light chain 3 (LC3) was from
Novus Biologicals (Littleton, CO); guinea pig antibody against p62
(p62) was from Progen Biotechnik (Heidelberg, Germany); rabbit
antibody against pimondazole with hydroxyprobe-1 kit [pimonidazole
(PIM)] was from Pharmacia International (Belmont, MA); mouse
monoclonal antibody against �-smooth muscle actin (�-SMA) was
from Sigma-Aldrich (St. Louis, MO); rabbit monoclonal antibody
against phospho-Stat5 was from Abcam; rabbit polyclonal antibody
against VEGF-A (VEGF-A) for immunoblotting and goat polyclonal
antibody against VEGF-A for immunohistochemistry were from
Santa Cruz Biotechnology; and rat monoclonal antibody against
flk-1/VEGFR2 (VEGFR2) was from BD PharMingen (San Jose, CA).
Secondary antibodies coupled to horseradish peroxidase for immuno-
blotting, or to FITC, Alexa Fluor, or Cy5, and Syto 61 infra red
fluorescent nuclear acid stain for immunohistochemistry were pur-
chased from Molecular Probes/Invitrogen (Molecular Probes, Eugene,
OR). FITC-conjugated Lotus tetragonobus lectin [LTL-lectin (LTL)]
was from Vector Laboratories (Burlingame, CA).

Kidney histology and histopathology. Kidney tissues were fixed in
4% paraformaldehyde for 16 h at 4°C, and 4-�m sections of paraffin-
embedded kidney tissues were stained with hematoxylin and eosin
and trichrome. Histology was examined and photographed by a
researcher blinded to the identity of the samples. A semiquantitative
pathological scoring system was used as described previously (37,
66). The total score for each kidney was calculated by summation of
all scores from 20 fields with a maximum numeric score of 30 at �40
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magnification. To evaluate renal fibrosis, 4-�m paraffin-embedded
kidney sections were stained with Masson trichrome and then exam-
ined and photographed by a pathologist blinded to the experimental
protocol. Fibrotic area and fibrosis intensity were quantified with
ImageJ software with published methods (32, 33, 78).

Primary culture of renal proximal tubules. Renal tubules were
isolated from collagenase-digested cortical fragments of mouse kid-
neys using previously described protocols with modification (86).
Briefly, renal cortexes were dissected visually on petri dishes on ice,
and slices were digested with collagenase. After digestion, the super-
natant was passed tandemly through two nylon sieves (pore size: 180
and 80 �m, Millipore). The tubules were seeded into plates and left
undisturbed for 48 h at 37°C and 5% CO2. After 7 days, post-
confluent cells were treated with H2O2 (200 �M; 24 h) in 10% fetal
bovine serum. The culture media were collected for lactate dehydro-
genase (LDH) determination (Cytotoxicity Detection Kit; TaKaRa
Bio, Mountain View, CA).

Immunohistochemistry and immunoblotting in the kidney. Four-
micrometer sections of paraffin-embedded kidney were subjected to
immunohistochemistry using standard protocols (35, 36). Total kid-
ney lysate covering all kidney zones was prepared as described
previously (35, 36, 66). Fifty micrograms of protein of kidney lysate
was solubilized in Laemmli’s sample buffer and fractionated by
SDS-PAGE, transferred to PVDF membranes, and immunoblotted
with different primary antibodies and �-actin for loading control. The
signal was visualized with the ECL kit (Perkin-Elmer LAS, Boston,
MA). To quantify the number of proliferating cells, triple immuno-
staining for nuclei with Syto61, proliferating cells with Ki-67, and
proximal tubules with FITC-labeled LTL-lectin was performed, and
the numbers of Ki-67-positive cells in proximal tubules (LTL-posi-
tive) were counted.

Renal hypoxia. Hypoxia in the kidney was examined with a
hydroxyprobe-1 kit (PIM; Pharmacia International, Belmont, MA)
with published methods (76). Briefly, PIM HCl was intraperitoneally
injected (60 mg/kg body wt) 2 h before terminational study. Paraffin-
embedded kidney sections were stained with PIM antibody (Pharma-
cia International) to detect PIM adducts in renal tubules, and hypoxia
area was visualized with fluorescent microscopy.

Real time quantitative RT-qPCR. Total RNA was extracted using
RNAeasy kit (Qiagen, Germantown, MD) from mouse kidneys. Com-
plimentary DNA (cDNA) was generated with Oligo-dT primers using
SuperScript III First Strand Synthesis System (Invitrogen, Carlsbad,
CA) according to the manufacturer’s protocol. The primers used for
qPCR are shown in Table 1 with the condition described in our
previous publications (35, 36, 66). The reaction was performed in
triplicate for each sample. Data are expressed at amplification number
of 2���Ct by normalization of cyclophilin and comparison of con-
trols.

Statistical analyses. Data are expressed as means 	 SD from six
animals unless the number of samples was noted. Analysis was
performed with Sigma Plot software (Systat Software, San Jose, CA).
As appropriate, statistical analysis was performed using unpaired
Student’s t-test or one-way ANOVA followed by the Student-New-

man-Keuls post hoc test when applicable. P � 0.05 was considered
statistically significant.

RESULTS

IRI induced a transient increase in EpoR in the kidney. The
protective effect of EpoR/EPO signaling on ischemia injury
has been described in several organs (10, 23, 25, 34, 47, 65, 74,
79, 83, 88, 91). We examined the biology of EpoR in AKI by
first defining the time profile of alteration of native EpoR
expression in the kidney after IRI (37). The changes in plasma
creatinine (PCr) and blood urea nitrogen (BUN) are as expected
(Fig. 1, A and B). Although we combined female and male
mice and used mixed gender as one group, we did examine the
gender effect on the severity of kidney injury induced by IRI.
Male mice had more severe kidney injury and slower renal
recovery than females (Table 2). The better renal function in
female AKI mice might be due to renoprotection by estrogen
and of testosterone on enhancement of susceptibility to isch-
emic kidney injury, respectively (38, 39, 43, 68, 75).

Both EpoR mRNA (Fig. 1C) and protein expression (Fig.
1D) were transiently increased from days 1 to 4 and returned to
baseline at ~7 days. Due to previous experience with multiple
ambiguous reagents, we used three anti-EpoR antibodies in-
cluding a newly generated anti-EpoR monoclonal antibody to
measure EpoR protein and also corroborated the results with
EpoR mRNA. The specificity of our new anti-EpoR monoclonal
antibody hEpoR0-1-B9 (1-B9) was validated and is shown in Fig.
1E. In contrast to EpoR, the renal mRNA level of its ligand EPO
was transiently reduced at 24 h and returned to baseline in ~4 days
(Fig. 1C). Neutrophil gelatinase-associated lipocalin (NGAL)
transcript, a kidney injury marker (26), was dramatically increased
in the kidney at 24 h and returned to near baseline in 1 wk (Fig.
1D). No change was observed in the expression of �CR protein
(Fig. 1D), which has been postulated to mediate EPO cytoprotec-
tive effects in the brain and the heart (7, 14).

Mouse lines of different EpoR signaling activities generated
by genetic manipulation. To study the effects of EpoR activ-
ity on kidney injury and kidney recovery post-AKI, we used
two murine lines of low EPO/EpoR signaling activity. The
global hypofunctional model from knockin of wild-type
human EpoR, which has lower activity than native murine
EpoR (hEpoRWTH/WTH, referred to as hEpoRW/W), was previ-
ously described (19). In addition, we generated a renal tubule-
specific deletion of EpoR mice (Ksp-Cre
;EpoRflox/flox, referred to
as RT-EpoR�/�) mice.

hEpoRW/W mice exhibited weaker EPO/EpoR signaling ac-
tivity in all tissues including hematopoietic cells as evidenced
by the mild anemia with compensatory elevation of renal and

Table 1. Primers used for qPCR

Forward Primer Sequence Reverse Primer Sequence

CD31 5=-TCC CCG AAG CAG CAC TCT T-3= 5=-ACC GCA ATG AGC CCT TTC T-3=
EPO 5=-CAT CTG CGA CAG TCG AGT TCT-3= 5=-CAC AAC CCA TCG TGA CAT TTT C-3=
EpoR 5=-GGA CCC TCT CAT CTT GAC GC-3= 5=-CTT GGG ATG CCA GGC CAG AT-3=
NGAL 5=-CCA GTT CGC CAT GGT ATT TT-3= 5=-CCT TGA GGC CCA GAG ACT-3=
VEGF-A 5=-CCA CGT CAG AGA GCA ACA TCA-3= 5=-TCA TTC TCT CTA TGT GCT GGC TTT-3=
VEGFR2 5=-ACT GCA GTG ATT GCC ATG TTC T-3= 5=-TCA TTG GCC CGC TTA ACG-3=
Cyclophilin 5=-TGC TCT TTT CGC CGC TTG CT-3= 5=-TCT GCT GTC TTT GGA ACT TTG TCT G-3=

EPO, erythropoietin; EpoR, erythropoietin receptor; NGAL, neutrophil gelatinase-associated lipocalin.
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plasma EPO (Table 3) (19). In the kidney, hEpoRW/W mice had
lower EPO/EpoR signaling activity as shown by lower levels
of renal phospho-Akt and phospho-Stat5 at baseline compared
with WT mice (Fig. 2, A and B).

In addition, we created a renal tubule-specific deletion of
EpoR (RT-EpoR�/�) (Fig. 2C). Cre recombinase protein ex-
pression in the kidney is shown in Fig. 2D. RT-EpoR�/� mice
had slightly higher hematocrit in an EpoR gene dose-dependent
manner, associated with elevation of EPO mRNA in the kidney
and EPO protein in plasma in RT-EpoR�/� mice (Table 3). The
mechanism of augmentation of EPO and hematocrit is not
known but may be in response to renal hypoxia due to vascular
rarefaction in the kidney (see below). As expected, RT-
EpoR�/� mice had much lower EpoR mRNA and protein in the
kidney (Fig. 2E) as well as lower EpoR signaling activity (Fig.
2, F and G), supporting the functional consequences of reduced
renal tubule EpoR.

We used a mouse line with knockin of mutant constitut-
ively hyperactive human EpoR (hEpoRMTH/�, referred to as
hEpoRM/�). These mice express a truncated EpoR devoid of
negative regulatory mechanisms (19). Homozygous mice with
knockin of mutant human EpoR (hEpoRMTH/MTH, referred to as
hEpoRM/M) had severe polycythemia (19), which resembles

Fig. 1. Transient increase in renal erythropoietin receptor (EpoR) expression in ischemic-reperfusion injury (IRI)-induced acute kidney injury (AKI). AKI was induced
in wild-type (WT) mice by IRI via renal arterial clamping for 30 min, followed by reperfusion. At predetermined time points, 6 mice from each group were killed and
blood were collected for the measurement of plasma creatinine (PCr; A) and blood urea nitrogen (BUN; B). Statistical significance was assessed by unpaired Student’s
t-test and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups at same time point for A and B. C: mRNA of EpoR (left), EPO (middle), and
neutrophil gelatinase-associated lipocalin (NGAL) (right) by quantitative polymerase chain reaction (qPCR). D: EpoR and �-common receptor (�CR) protein expression
in the kidney. Left: representative immunoblots for EpoR determined by 3 EpoR antibodies (synthetic antibody Fab 6, commercial M-20, and monoclonal B9) and �CR.
Right: summary of all immunoblots. Data are expressed as means 	 SD (n � 6) from each group, statistical significance was evaluated by one-way ANOVA followed
by Student-Newman-Keuls post hoc test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups for C and D. E: characterization of new
anti-EpoR monoclonal antibody. BaF3 cells, a murine interleukin 3 (IL-3)-dependent hematopoietic pro-B cell line, was purchased from American Type Culture
Collection (Manassas, VA). BaF3-cell (EpoR-null) stably expressing Flag mouse EpoR cell line was generated by transfection of BaF3 cells with COOH-terminal
Flag-tagged murine full-length EpoR retroviral vector. BaF3 cells transfected with empty vector only were used for negative control of EpoR expression. After
confluence, cell lysate was prepared and subjected to immunoblot. Hybridoma supernatant from selected positive clones (by ELISA) was tested. Representative
immunoblots for EpoR protein from 3 independent experiments using monoclonal anti-human EpoR antibodies (top), Flag-tagged EpoR protein with Flag antibody
(middle), and �-actin protein (bottom) in native BaF3 cells and BaF3-expressing flag-tagged murine EpoR cells.

Table 2. Renal function in WT male and female mice

Both Genders Female Mice Male Mice
Female vs.
Male Mice

Plasma Cr, mg/dl
Day 1 0.33 	 0.04 0.31 	 0.02 0.37 	 0.03 P � 0.021
Day 4 0.12 	 0.02 0.11 	 0.01 0.14 	 0.03 P � 0.176
Day 14 0.11 	 0.02 0.09 	 0.01 0.13 	 0.02 P � 0.036

Plasma BUN, mg/dl
Day 1 43.5 	 5.6 39.4 	 2.2 47.5 	 3.9 P � 0.035
Day 4 21.5 	 4.7 17.7 	 3.5 25.8 	 4.8 P � 0.075
Day 14 24.9 	 4.2 20.8 	 2.5 28.9 	 3.9 P � 0.038

Data are expressed as means 	 SD from 3 mice from each gender, and
statistical analysis was analyzed with unpaired Student’s t-test for the differ-
ences between female and male mice. Cr, creatine; BUN, blood urea nitrogen;
WT, wild-type.
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primary familial congenital polycythemia in humans, and hence
are not suitable for our experiments. In contrast, hEpoRM/� mice
had much lower hematocrit than hEpoRM/M, but still higher
hematocrit, lower plasma, and renal EPO expression than WT
littermates (Table 3), which is consistent with the published
data (19). Furthermore, hEpoRM/� mice had increased EpoR
signaling activity in the kidney compared with WT mice at
baseline (Fig. 2, H and I).

Altered EpoR signaling activity is associated with disturbed
peritubular capillary structure. EPO/EpoR signaling is re-
quired for normal angiogenesis and vasculogenesis. Defective
EPO/EpoR signaling leads to vascular loss (4, 11, 13, 15, 55),
and elevated EPO/EpoR signaling can result in excessive
proliferation of capillary beds, which can lead to disruption of
structure and loss of function (44, 81). In addition, AKI is
associated with vascular rarefaction, which contributes to renal
fibrosis and AKI-to-CKD progression (4, 13, 55). Thus we
explored whether EpoR levels affect peritubular capillaries.
We found lower vascular density in hEpoRW/W mice with
reduced EpoR signaling in whole kidney. Interestingly, we also
found lower vascular density in RT-EpoR�/� mice whose
EpoR signaling activity was reduced selectively in renal tu-
bules (Fig. 3A). Moreover, there was lower expression of
CD31 mRNA and protein, an endothelial marker, vascular
endothelial growth factor A (VEGF-A), and VEGFR2, the key
receptor of VEGF-A in the kidney of hEpoRW/W and RT-

EpoR�/� mice, compared with WT mice (Fig. 3, B–E), indi-
cating that peritubular capillary rarefaction is associated with
deficient VEGF-A/VEGFR2 signaling. Notably, hEpoRM/�

mice showed higher density of but disorganized peritubular
capillaries with thicker basement membrane as well as
higher CD31, VEGF-A, and VEGFR2 (Fig. 3, A–E) and
higher collagen IV with nonquantitative immunohistochem-
istry (Fig. 4A). These results support the notion that VEGF-A/
VEGFR2, a key signaling pathway for vasculogenesis and
angiogenesis, may be downstream of EPO/EpoR signaling
(62, 94).

Aberrant EpoR signaling activity is associated with renal
tubular hypoxia. As there were severe abnormal peritubular
vascular structures in mice with either deficient or excessive
EpoR signaling activity, we used the hydroxyprobe (PIM) to
map hypoxia in the renal tubules to examine the relationship
between EPO/EpoR signaling and the severity of renal tubular
hypoxia at baseline. There were more PIM adducts in the renal
tubules of diminished (hEpoRW/W mice) or excessive EpoR
signaling (hEpoRM/
 and hEpoRM/M mice) compared with WT
mice (Fig. 4A). Hypoxia was present in areas with less vessel
density in hEpoRW/W mice, and in areas with the thicker
peritubular, capillary basement membrane stained for collagen
IV and disorganized capillary structure in hEpoRM/M mice.
Therefore, disturbed peritubular capillary formation such as
thicker capillary basement membrane and disorganized peritu-

Fig. 2. Measurement of EpoR signaling activity in three genetically modified mouse lines. A and B: EpoR signaling activity in the kidney of WT mice and
hEpoRW/W mice at baseline. A: representative immunoblots for phospho-Akt (P-Akt, left), and summary of all immunoblots (right). Data are expressed as
means 	 SD (n � 6) from each group, statistical significance was assessed by unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P �
0.01, between 2 groups. B: representative immunofluorescent images from 3 independent experiments for phospho-Stat5 in renal cortex of WT mice and
hEpoRW/W mice. Scale bar � 50 �m. C: generation and genotyping of specific knockout of EpoR in renal tubules. Mice with renal tubule-specific deletion of
EpoR in (homozygous: Ksp-Cre
;EpoRflox/flox � RT-EpoR�/�; heterozygous: Ksp-Cre
;EpoRflox/
 � RT-Epo
/� and Ksp-Cre�;WT- EpoRflox/flox � RT-EpoR
/
)
were generated after mating Ksp-Cre
;EpoRflox/
 with Ksp-Cre
;EpoRflox/
 mice. Left: PCR of extra-renal tissue (tail) displaying floxed EpoR and WT EpoR
bands. Right: PCR results in the kidney and truncated EpoR transcript. Floxed EpoR and WT EpoR bands and truncated EpoR band were present in DNA samples
extracted from kidney. D: representative fluorescent immunohistochemical image from 3 independent experiments. Paraffin-embedded kidney sections were
stained with anti-Cre (green) and the nuclei with Cyto-61 (blue). E: EpoR expression in the kidney of mice. Representative immunoblot from 4 independent
experiments for EpoR with several antibodies and for �cR in the kidney (left) and a summary of all immunoblots (right). F: representative immunoblots from
4 independent experiments for phospho-Akt (P-Akt, left) and a summary of all immunoblots (right). Data are expressed as means 	 SD (n � 4) from each group,
statistical significance was evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test, and significance was accepted when *P � 0.05,
**P � 0.01, between 2 groups for E and F. G: representative immunofluorescent images for phospho-Stat5 in the kidney. H and I: EpoR signaling activity in
the kidney of WT mice and hEpoRM/� mice at baseline. H: representative immunoblots from 4 independent experiments for phospho-Akt (P-Akt, left) and a
summary of all immunoblots (right). Data are expressed as means 	 SD (n � 4) from each group, statistical significance was assessed by unpaired Student’s
t-test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups. I: representative immunofluorescent images from 3 independent
experiments for phospho-Stat5 in the kidney of mice. Bar scale � 50 �m.

Table 3. Comparison of hematocrit, plasma and renal EPO transcripts in mouse lines with different EpoR
signaling activities

Hematocrit, % Plasma EPO, pg/ml
Kidney EPO mRNA

(�2�� vs. WT)

Global low EpoR signaling activity: knockin of human WT EpoR
WT 46.8 	 3.1 130.0 	 13.4 1.0
hEpoRW/W 42.7 	 2.8* 212.8 	 17.9** 30.5 	 3.1**

Low EpoR signaling activity in renal tubules: conditional knockout of
mouse EpoR in the renal tubules

RT-EpoR
/
(WT) 46.8 	 2.3 121.8 	 12.9 1.0
RT-EpoR
/� 48.2 	 2.9* 184.9 	 14.4** 3.8 	 0.3**
RT-EpoR�/� 50.6 	 4.0** 202.6 	 20.8**# 25.5 	 1.4*##

Global high EpoR signaling activity: knockin of human mutant EpoR
WT 47.1 	 3.5 127.3 	 10.1 1.0
hEpoRM/� 51.8 	 4.1* 89.8 	 6.2** 0.5 	 0.2**

Data are expressed as means 	 SD from each group. Statistical significance was accepted when *P � 0.05, **P � 0.01 vs. WT mice; #P � 0.05, ##P � 0.01
vs. RT-EpoR
/� mice by one-way ANOVA.
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bular capillary in hEpoRM/M mice can lead to less efficient
oxygen delivery to renal tubules and consequently tubule
hypoxia even at baseline (Fig. 4A).

To further confirm hypoxia in the kidney of mice at baseline,
we measured HIF1� and HIF2�, which are known to respond
to hypoxia and contribute to renal fibrosis (27, 29, 58). We
found that HIF1� expression was upregulated in highly PIM-
labeled tubules (Fig. 4B). A similar pattern of HIF2� expres-
sion was also found (data not shown). Immunoblots of HIF
showed higher HIF1� and HIF2� proteins in the kidney of
both hEpoRW/W and hEpoRM/M mice compared with WT mice
(Fig. 4C). Interestingly, both the EpoR-deficient and EpoR-
hyperactive mice had vascular rarefaction or abnormal peritu-
bular structure respectively, leading to impairment of oxygen
delivery to renal tubules, renal tubular hypoxia, and HIF
upregulation (Fig. 4, B and C).

Reduced renal EPO/EpoR signaling activity rendered the
kidney more prone to ischemic injury and at higher risk of
renal fibrosis. To examine whether low EpoR signaling in the
kidney influences kidney damage and recovery post-AKI, we
conducted IRI in hEpoRW/W mice. hEpoRW/W mice had moder-
ately but statistically higher PCr at the acute stage (2–7 days) and
slower decline of PCr at the subacute stage (14 days) compared
with WT mice (Fig. 5A), indicating that lower EPO/EpoR axis
signaling is associated with more severe kidney damage and
slower recovery after IRI. hEpoRW/W mice had more histologic
damage at the acute stage (higher injury score in the outer
medulla, Fig. 5B) and more fibrosis at the subacute stage com-
pared with WT mice (Fig. 5C). Immunoblotting of fibrotic mark-
ers were consistent with the trichrome stain with earlier and more
robust increase in �-SMA and CTGF in the kidney of hEpoRW/W

mice than those in WT mice after IRI (Fig. 5D).

Fig. 3. Both hypofunctional and hyperfunctional EpoR activity induced abnormal architecture of peritubular capillary structure and hypoxia in the kidney. A:
representative micrographs from 3 independent experiments of capillary structure outlined by CD31 stain (white) in the kidney of hEpoRW/W mice, EpoR�/�

mice, WT mice, and hEpoRM/� mice at baseline. Bar scale � 50 �m. B: representative immunoblots from 4 independent experiments for CD31, VEGF-A, and
VEGFR2 protein in the kidney of hEpoRW/W mice, EpoR�/� mice, WT mice, and hEpoRM/� mice at baseline (left) and a summary of all immunoblots (right).
C: representative immunofluorescent images from 3 independent experiments of CD34 (red) and VEGF-A (green) in kidneys of hEpoRW/W mice, EpoR�/� mice,
WT mice, and hEpoRM/� mice at baseline. Bar scale � 20 �m. D: representative immunofluorescent images from 3 independent experiments of VEGFR2 stained
by red fluorescence in cortex and outer medulla (OM) of hEpoRW/W mice, EpoR�/� mice, WT mice, and hEpoRM/� mice at baseline. Bar scale � 50 �m. E: the
transcripts of CD31, VEGF-A, and VEGFR2 in kidneys of hEpoRW/W mice, EpoR�/� mice, WT mice, and hEpoRM/� mice at baseline were quantitatively analyzed
with qPCR. Results are expressed at amplification number of 2���Ct by normalization of cyclophilin and comparison of WT mice. Data are expressed as
means 	 SD (n � 4) from each group, statistical significance was evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test, and
significance was accepted when *P � 0.05, ** P � 0.01, between 2 groups for B and E.
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The hEpoRW/W knockin mouse has global replacement with
the relatively hypofunctional human EpoR, so, strictly speak-
ing, the observed effects can potentially be due to loss of EpoR
in tissues other than the renal epithelia. In addition, we need to
exclude the potential effects of mild anemia on renal outcome
after IR. For this purpose, we conducted AKI model in a renal
tubule-specific reduction of EpoR (RT-EpoR�/�) without ane-
mia but actually a slightly higher hematocrit in an EpoR gene
dose-dependent manner (Table 3).

After IRI induction, RT-EpoR�/� mice had the highest, and
RT-EpoR
/
 mice the lowest, PCr levels with intermediate
values in RT-EpoR
/� at the acute stage (Fig. 6A). Compared
with RT-EpoR
/� and RT-EpoR
/
 mice, RT-EpoR�/� mice
had the slowest recovery of PCr at the subacute stage (Fig. 6A),
indicating more severe injury and impaired recovery of renal
function in RT-EpoR�/� mice post-IRI.

There were more severe histological changes in the kidney
including renal tubular necrosis and tubular casts at the early
stage and more interstitial infiltration at the subacute stage with
higher injury score in RT-EpoR�/� mice compared with RT-
EpoR
/� and RT-EpoR
/
 mice (Fig. 6B). Trichrome staining
also showed more renal fibrosis in RT-EpoR�/� mice (Fig.
6C). Fibrotic markers (�-SMA and CTGF protein) in the
kidney were significantly higher in RT-EpoR�/� mice, com-
pared with RT-EpoR
/
 mice with normal and RT-EpoR
/�

mice with intermediate levels of EpoR (Fig. 6D). Therefore,
selective EpoR deficiency in renal tubules was associated with
more severe kidney damage, delayed renal recovery, and in-
crease in renal fibrosis post-IRI.

The reduction of EpoR in renal tubule is clearly affecting the
vasculature and may engender secondary effects. To define if
EpoR deficiency in the renal tubules per se directly renders
renal tubules more susceptible to oxidative injury, renal tubules
isolated from EpoRW/W or RT-EpoR�/� mice were placed in
primary culture, and subjected to an in vitro model of H2O2-
induced oxidative damage. Cells from EpoRW/W or RT-
EpoR�/� mice had higher LDH release and cells from
EpoRM/� mice had lower LDH release compared with cells
from WT mice (Fig. 7A).

Furthermore, we explored the effect of EpoR activity in on
cell proliferation renal tubules post-AKI by measuring Ki67, a
cell proliferation marker in the kidney. Lower cell proliferation
was found in both RT-EpoR�/� mice (Fig. 7B) and EpoRM/�

mice (Fig. 7C), compared with their WT littermates. These data
suggest that lower EpoR expression in the renal tubules
confers vulnerability of the renal tubules to oxidative injury
and impairs renal epithelial cell recovery. The impaired
renal tubular regeneration in EpoRM/� mice conceivably
resulted from abnormal peritubular capillary (Fig. 3) and
tubular hypoxia (Fig. 4).

Hyperfunctional EPO/EpoR signaling reduced acute kid-
ney damage but “paradoxically” increased renal fibrosis
post-AKI. Given that lower EPO/EpoR signaling renders the
kidney more susceptible to IRI, it is important to test whether
higher EPO/EpoR signaling activity protects against ischemic
injury. To examine this hypothesis, we performed IRI in
heterozygous hEpoRM/� mice. Upon IRI, hEpoRM/� mice had
less elevation of PCr than WT mice at day 1 (Fig. 8A),
consistent with less kidney damage (Fig. 8B). Surprisingly,
in contrast to the rapid decline of PCr observed in WT mice
after IRI, hEpoRM/� mice had elevated PCr 4 days post-IRI

Fig. 4. Abnormal EpoR signaling in the kidney leads to hypoxia in the kidney.
hEpoRW/W mice, WT mice, hEpoRM/� mice, and hEpoRM/M mice at baseline
were intraperitoneally injected with pimonidazole HCl (PIM). Two hours after
injection, the kidneys were harvested for immunohistochemistry. Hypoxia was
visualized with anti-PIM to detect PIM adducts in the renal tubules. A:
representative immunofluorescent images from 3 independent experiments for
CD34, Col IV, and PIM in the kidneys. CD34 (green), collagen IV (Col IV,
blue), and PIM (red) were costained. Arrows indicate disorganized peritubular
capillary with thicker basement membrane. Hypoxic areas are highlighted by
massive PIM adducts (asterisks). G: glomerulus. Bar scale � 50 �m. B:
representative immunofluorescent images from 3 independent experiments for
hypoxia-inducible factor-1� (HIF1�), CD34, and PIM in the kidneys. CD34
(green), HIF1� (blue), and PIM (red) were costained. Arrows indicate nuclear
stain pattern of HIF1�. The hypoxic areas are demonstrated by massive PIM
adducts (asterisks). G: glomerulus. Bar scale � 50 �m. C: representative
immunoblots from 4 independent experiments for HIF1�, HIF2� and histone
3 protein (loading control) in nuclear extracts from the kidney of hEpoRW/W

mice, WT mice, hEpoRM/� mice, and hEpoRM/M mice at baseline (top) and a
summary of all immunoblots (bottom). Data are expressed as means 	 SD
(n � 4) from each group, statistical significance was evaluated by one-way
ANOVA followed by Student-Newman-Keuls post hoc test, and significance
was accepted when *P � 0.05, **P � 0.01, between 2 groups.
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and had sustained elevation up to 2 wk compared with WT
mice (Fig. 8A).

There was milder change of kidney histology in hEpoRM/�

compared with WT mice at day 2 (Fig. 8B). However, the more
favorable phenotype did not persist. At day 7, hEpoRM/� mice had
more severe histologic changes including proteinaceous,
granular, and cellular casts, tubular epithelial necrosis, and
tubulointerstitial infiltration than those at day 2 (Fig. 8B),
indicating that the damage was exacerbated and kidney
recovery was impaired after IRI. Compared with WT mice,
hEpoRM/� mice had more renal fibrosis at 14 days post-IR
(Fig. 8C) and higher expression of fibrotic markers (Fig.
8D). Taken together, hyperfunctional EPO/EpoR signaling
activity delayed kidney recovery and promoted renal fibrosis
post-IRI.

Altered EpoR signaling activity was associated with changes
in autophagy and apoptosis in the kidney. The association
between injury and different levels of EpoR activity was clear,
so we proceeded to explore some potential mechanisms. Be-

cause increased autophagy in renal tubules is associated with
cytoprotection and inhibition of apoptosis (28, 31, 45, 48, 73),
we sought to explore the link between EpoR activity and
autophagy. Notably, in the kidneys of mice with low EpoR
signaling activity (hEpoRW/W and RT-EpoR�/�), there were
lower LC3 II/I ratios and higher p62 than in kidneys of WT
mice, whereas in the kidney of mice with hyperfunctional
EpoR signaling (hEpoRM/�), there were exact opposite
changes (Fig. 9A). After IRI, hEpoRW/W mice and RT-EpoR�/�

mice had lower, and hEpoRM/� mice had higher, LC3 puncta in
the kidney at 2 days after IRI compared with WT mice (Fig.
9B). Additionally, hEpoRW/W mice and RT-EpoR�/� mice had
higher, and hEpoRM/� mice had lower active caspase-3, a
marker of apoptosis, in the kidney at 2 days after IRI (Fig. 9C).
Collectively, the results suggest that normal EPO/EpoR signal-
ing activity is required for maintenance of basal autophagy
activity, and higher EpoR signaling suppresses apoptosis in-
duced by IRI, which might be one cellular mechanism medi-
ating renoprotection by EpoR.

Fig. 5. hEpoRW/W mice with low EpoR signaling activity had more severe kidney damage induced by IRI. AKI was induced in WT and hEpoRW/W mice by IRI.
At predetermined time points, mice were killed, blood was collected and kidneys were harvested. A: plasma creatinine (PCr). Data are expressed as means 	 SD
(n � 6) from each group, statistical significance was assessed by unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P � 0.01, between
2 groups at same time point. B: histologic kidney damage in WT mice and hEpoRW/W mice. Representative micrographs from 4 independent experiments of
hematoxylin and eosin (H&E) stain (top) in kidney cortex and OM and kidney injury scores (bottom) obtained in a blinded fashion at days 2 and 7 after IRI.
Scale bar � 100 �m. Data are expressed as means 	 SD (n � 4) from each group and statistical significance was evaluated by one-way ANOVA followed by
Student-Newman-Keuls post hoc test and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups. C: renal fibrosis in WT mice and hEpoRW/W

mice. Representative micrographs from 4 independent experiments of Trichrome stains (left) in kidney sections and renal fibrosis scores (right) obtained in a
blinded fashion at day 14 after IRI. Scale bar � 200 �m. Data are expressed as means 	 SD (n � 4) from each group, statistical significance was assessed by
unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups. D: representative immunoblots from 4 independent
experiments for �-smooth muscle actin (�-SMA) and connective tissue growth factor (CTGF) in the kidney (top) of WT mice and hEpoRW/W mice at
predetermined time points after IRI. Summary of arbitrary units from all immunoblots (bottom). Data are expressed as means 	 SD (n � 4) from each group,
statistical significance was evaluated by unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups at same time
point.
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DISCUSSION

EPO is required for maintenance of erythropoiesis through
binding to EpoR. In addition, EPO also confers cytoprotection
against oxidative stress and apoptosis in extraerythropoietic
tissue (89). Whether EPO’s tissue-protective properties are
mediated by EpoR or in combination with the �cR as a putative
a coreceptor is not well established yet (14, 46, 80). The EPO
working model is further complicated by the fact that EPO may
act on the ephrin receptor EphB4 (53). The distribution of
EpoR in nonhematopoietic tissue was debated due to the
suboptimal quality of the anti-EpoR antibodies, although EpoR
transcripts are unequivocally and widely present (2, 20, 34, 70,
87). In vitro studies from our (34) and other (9) laboratories
showed that EpoR is cytoprotective in several kidney cell lines.
Nevertheless, the in vivo effect of EpoR on IRI-induced AKI

was never characterized. The clear phenotype with renal tubule
deletion unequivocally testifies to the role of EpoR in the renal
epithelium.

The current paper provides several novel findings; first, the
reduction of EpoR activity in the kidney rendered it more
susceptible to IRI at the acute stage, retarded renal recovery,
and accelerated renal tubulointerstitial fibrosis. Second, exces-
sive EpoR activity in the kidney decreased acute kidney dam-
age at the acute stage but delayed recovery of kidney function
and promoted renal fibrosis at the subacute stage. Third,
EpoR-mediated protection against acute ischemia was associ-
ated with induction of autophagy, low EpoR signaling reduced
autophagy and heightened apoptosis, and high EpoR signaling
increased autophagy and suppressed apoptosis in the kidney.
Fourth, hyperfunctional EpoR activity led to the aberrant

Fig. 6. Mice with low EpoR expression in renal tubules had more severe kidney damage and more renal tubulointerstitial fibrosis after acute kidney injury (AKI).
AKI was induced in RT-EpoR
/
 mice, RT-EpoR
/� mice, and RT-EpoR�/� mice by bilateral IRI. At predetermined time points, were killed, blood was collected
and kidneys were harvested. A: plasma creatinine (PCr). B: Representative micrographs from 4 independent experiments of H&E stain (top) of kidney cortex and
OM and kidney injury scores (bottom) obtained in a blinded fashion at days 2 and 7 after IRI. Scale bar � 100 �m. C: renal fibrosis in RT-EpoR
/
 mice,
RT-EpoR
/� mice, and RT-EpoR�/� mice. Representative microscopic images from 4 independent experiments of Trichrome stain (left) in kidney sections and
renal fibrosis scores (right) obtained in a blinded fashion at day 14 after IRI. Scale bar � 200 �m. Data are expressed as means 	 SD (n � 4) from each group,
statistical significance was evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test, and significance was accepted when *P � 0.05,
**P � 0.01, between 2 groups for B and C. D: representative immunoblots from 4 independent experiments for �-SMA and CTGF in the kidney (top) of
RT-EpoR
/
 mice, RT-EpoR
/� mice, and RT-EpoR�/� mice at predetermined time points after IRI and a summary of all immunoblots (bottom). Data are
expressed as means 	 SD from each group, statistical significance was evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test, and
significance was accepted when *P � 0.05, **P � 0.01 vs. RT-EpoR
/
 mice; #P � 0.05, ##P � 0.01 vs. RT-EpoR
/� mice at same time point for A (n �
6) and D (n � 4).
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structure of peritubular capillaries, renal tubular hypoxia, im-
paired renal tubular regeneration, and increased fibrosis post-
IRI.

The consequences of altered EpoR signaling can result from
two major effects of EpoR on renal tubules and peritubular
capillaries during AKI onset and recovery. The effect of EpoR
on autophagy in the renal tubules determines the severity of
tubular damage and apoptosis induced by ischemic injury,
while the effect of EpoR on peritubular capillaries affects the
renal outcome (recovery vs. progression) after AKI. Therefore,
precise and timely regulation of EPO/EpoR signaling activity
in the kidney is important for prevention of ischemic kidney
injury, sustenance of renal tissue perfusion and suppression of
renal fibrosis, and retardation of AKI progression to CKD.

The correction of anemia was proposed to be one mecha-
nism underlying EPO-mediated renoprotection (64). However,
the beneficial effects of erythropoiesis-stimulating agents, EPO
derivatives, or EpoR activators devoid of erythropoietic action
on the outcome of AKI, are clearly dissociated from increased
hematocrit (16), indicating that EPO-associated renoprotection
is above and beyond stimulation of erythropoiesis (77). The
present study provided further and direct evidence that reno-
protection is not dependent on correction of anemia. Mice with
renal tubule-specific EpoR deletion actually had slightly higher
levels of renal EPO production and hematocrit but more severe
ischemic kidney damage. Although increased viscosity can
contribute to predisposition of the kidney to ischemia, this is
highly unlikely from the very small increase in hematocrit. Our
ex vivo data showing more severe cell injury in primary culture
of renal tubules isolated from EpoR-deficient mice are congru-
ent with in vitro finding of De Beuf et al. (17) that EPO-
induced protection against oxidative stress was only present in

cells with EpoR expression, supporting that EpoR is requisite
for the protective effect of EPO.

Although there is evidence that EPO/EpoR signaling pro-
tects tissue against ischemia and hypoxia through suppression
of apoptosis (34), there is limited, and in fact controversial,
information about the effect of EPO/EpoR signaling on au-
tophagy (5, 6, 41, 57, 95). In an experimental model of
neonatal necrotizing enterocolitis, EPO reduced both excessive
autophagy and apoptosis (95), suppressed hyperoxia-induced
autophagy, and contained cell damage (5). In contrast, eryth-
ropoiesis-stimulating agents induce autophagy and confer
renoprotection post-IRI (93). How EPO/EpoR signaling mod-
ulates autophagy at baseline is unknown. Because higher EpoR
signaling increases phospho-Akt, which in turn elevates mam-
malian target of rapamycin (mTOR) activity and consequently
downregulates autophagy flux, there should be an mTOR-
independent signaling pathway through which EpoR modu-
lates autophagy flux. In fact, we found higher ERK and JNK
activation in hyperfunctional EpoR active mice. MAPK acti-
vation can dissociate Beclin1 and Bcl-2 complex, which is the
key player to upregulate autophagy (71, 72, 90). The effect of
ERK/JNK activation on autophagic flux may explain the reno-
protection of ERK/JNK activation (21). Therefore, the final
state of autophagy in the kidney is enhanced in mice with
hyperfunctional EpoR because dissociation of Beclin1/Bcl-2
overrides the downregulation of autophagy from Akt/mTOR
activation.

In addition to modulation of autophagic flux, MAPK and
Akt signaling also affect kidney injury and recovery after AKI
(67, 69). Akt activation is associated with suppression of cell
apoptosis and promotion of renal fibrosis in cisplatin nephro-
toxicity and IRI-induced AKI (52, 85). In vitro overexpression

Fig. 7. Association of EpoR activity in renal tubules with
susceptibility to oxidative stress ex vivo. A: renal proximal
tubules were isolated from mice and placed on primary
culture. LDH concentration was determined in culture me-
dia after 24-h incubation of H2O2 (200 �M). Data are
expressed as means 	 SD (n � 4) from each group, statis-
tical significance was evaluated by one-way ANOVA fol-
lowed by Student-Newman-Keuls post hoc test, and signif-
icance was accepted when *P � 0.05, **P � 0.01, between
2 groups. A and B: AKI was induced in RT-EpoR
/
 mice,
RT-EpoR
/� mice, and RT-EpoR�/� mice by bilateral IRI
and kidneys were harvested at day 7 post-IRI for immuno-
histochemistry for Ki67 in the kidney. B: representative
immunohistochemistry from 4 independent experiments for
Ki67 expression in the kidney (left) of RT-EpoR
/
 mice
and RT-EpoR�/� mice at day 7 after IRI. Summary of Ki67
data in renal epithelial cells (right). C: representative im-
munohistochemistry from 4 independent experiments for
Ki67 expression in the kidney (left) of WT mice and
hEpoRM/� mice at day 7 after IRI and a summary of
percentage of Ki67 in renal epithelial cells (right). Arrows
depict proliferating cells. Scale bar � 50 �m. Data are
expressed as means 	 SD (n � 4) each group, statistical
significance was evaluated by unpaired Student t-test, and
significance was accepted when *P � 0.05, **P � 0.01,
between 2 groups.
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of Akt provokes cell senescence and elevates reactive oxygen
species (40). Moreover, suppression of Akt phosphorylation
accelerates tubular repair and inhibits renal fibrosis (92), and
JNK signal activation by ischemia preconditioning contributes
to renoprotection (67, 69). It has been proposed that Stat5
activation, one of the downstream effectors of EpoR, is re-
quired for EPO/EpoR cytoprotection (9, 34) and antiapoptosis
(50). Within the EPO and EpoR circuits, HIFs are important
new players in the defense against hypoxic injury. When
activated, HIF also participates in renal fibrosis (27, 29). Thus,
upon EPO binding to EpoR, diverse signaling pathways can be
activated (59), and a finely tuned control of these signaling
pathways is required to ensure renal recovery post-AKI, but
how these pathways are timely and precisely controlled during
different AKI stages is still largely unknown. These answers
can only be secured after obtaining a mouse line with condi-
tional inducible manipulation of EpoR.

AKI has profound deleterious effects on the renal endothe-
lium, leading to peritubular capillary dysfunction, which is
involved in sustaining ongoing ischemia, and in further renal
tubular injury even after the initial hypoperfusion has ceased.
Vascular rarefaction following IRI promotes progression to

CKD post-AKI (42, 49). EPO or EpoR is crucial for angio-
genesis and vasculogenesis from embryonic development
through adulthood (1, 61). Either defective or excessive EPO/
EpoR signaling activity can be associated with vascular pa-
thology and diseases. Deficient EPO/EpoR signaling activity
decreased vascular stability and caused vascular loss (12, 30)
and impaired vasculogenesis and angiogenesis (62). All these
effects are compatible with the vascular rarefaction observed in
kidneys of both hEpoRW/W and RT-EpoR�/� mice. How de-
fective EpoR signaling in the epithelium leads to peritubular
capillary rarefaction is not known. Lower EpoR in the renal
tubules decreased VEGF-A production in the renal tubules and
reduction of VEGFR2 expression in the capillaries similar to
that in vascular rarefaction due to VEGF deletion in renal
tubules (18), supporting a model of cross talk between renal
tubules and peritubular capillaries. Recent data in strong sup-
port of cross talk include deletion of VEGF-A in renal tubules,
which led to VEGFR2 reduction in peritubular capillary and
peritubular capillary rarefaction in the kidney (18).

Conversely, overexpression of EpoR or VEGF-A is associ-
ated with excess and disturbed capillary formation. Prolifera-
tive retinopathy from invasive and/or tissue-destructive neo-

Fig. 8. Hyperactive EpoR signaling reduced acute kidney damage but promoted tubulointerstitial changes in hEpoRM/� after IRI. At predetermined time points,
mice from each genotype were killed, blood was collected, and kidneys were harvested. A: plasma creatinine (PCr). Data are expressed as means 	 SD (n � 6)
from each group, statistical significance was evaluated by unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups
for same time point. B: acute kidney damage in WT mice and hEpoRW/W mice; representative micrographs from 4 independent experiments of H&E stain (top)
of kidney cortex and OM and kidney injury scores (bottom) obtained in a blinded fashion at days 2 and 7 after IRI. Scale bar � 100 �m. C: renal fibrosis in
WT mice and hEpoRW/W mice; representative microscopic images from 4 independent experiments of trichrome stain (left) in the kidney section and renal fibrosis
scores (right) obtained in a blinded fashion at day 14 after IRI. Scale bar � 200 �m. Data are expressed as means 	 SD from each group and statistical
significance was evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test and significance was accepted when *P � 0.05, **P � 0.01,
between 2 groups for B and C. D: representative immunoblots from 4 independent experiments for �-SMA and CTGF in the kidney (left) of WT mice and
hEpoRM/� mice at predetermined time points after IRI and a summary of all immunoblots (right). Data are expressed as means 	 SD from each group, statistical
significance was evaluated by unpaired Student’s t-test, and significance was accepted when *P � 0.05, **P � 0.01, between 2 groups for same time point for
A and D.

F512 EPOR IN AKI AND RENAL FIBROSIS

AJP-Renal Physiol • doi:10.1152/ajprenal.00306.2017 • www.ajprenal.org
Downloaded from www.physiology.org/journal/ajprenal (068.146.251.028) on May 3, 2019.



vascularization is partially due to higher EpoR expression in
retinal vessels and by massive fibrosis partially due to exces-
sive VEGF-A production (44, 81). We showed that hyperfunc-
tion of signaling in hEpoRM/� and hEpoRM/M mice induced
disorganized neovascularization at baseline and accelerated
renal fibrosis triggered by IRI, suggesting that hyperfunction of
EpoR causes not only polycythemia (19) but also a microvas-
culopathy. The poor renal outcome is probably related, al-
though not restricted, to two factors. First, disorganized peri-
tubular papillary architecture with thicker capillary basement
membrane resulting from overproduction of collagen in mice
leads to renal hypoxia. Second, overproduction of HIFs and
higher HIF signaling trigger renal fibrosis (27, 29). Interest-
ingly, it has been shown that persistent excessive activation of
autophagy may promote renal fibrosis in the unilateral ureter
obstruction model (28, 56). Therefore, whether massive renal
fibrosis post-AKI in mice with hyperfunctional EpoR activity
results from higher autophagy flux remains to be determined.
One study showed that a high dose of EPO significantly
increased renal fibrosis and promoted AKI progression to CKD
(24), which supports the idea that sustained high EPO/EpoR
activity may be deleterious to the renal outcome after AKI.
Therefore, a “blanket approach” of blind administration of
erythropoiesis-stimulating agents post-AKI will unlikely lead
to favorable outcomes.

Given that EpoR deficiency renders the kidney more sus-
ceptible to ischemic injury and promotes renal fibrosis, upregu-
lation of EpoR may be a strategy to prevent against ischemic
kidney injury. We previously showed that one of the molecular
mechanisms underlying Klotho-mediated cytoprotection is up-
regulation of EpoR in a kidney cell line (34). We also docu-

mented that Klotho is renoprotective when it is given imme-
diately after ischemia (37) and blocks AKI-to-CKD progres-
sion when given for the first 4 days after ischemia (84).
Therefore, an in vivo AKI model is needed to examine whether
EpoR is required for Klotho’s renoprotection.

In conclusion, EPO/EpoR signaling in the kidney plays a
critical role in AKI development, recovery, and progression to
CKD by acting on two main renal structures: renal tubules and
peritubular capillaries. EpoR signaling participates in modulat-
ing autophagy flux in renal tubules to protect kidney against
ischemic injury and in maintaining normal angiogenesis of
peritubular capillaryies to promote renal recovery and to sup-
press fibrosis. Importantly, low EPO/EpoR signaling down-
regulates autophagy flux and increases renal susceptibility to
ischemic injury whereas high EPO/EpoR signaling exerts the
opposite effects. In contrast, the effects of EPO/EpoR signaling
on peritubular capillary angiogenesis and secondary renal out-
come post-AKI assume a U-shaped model, because both de-
fective EpoR signaling and hyperfunctional EpoR signaling in
renal tubules impair peritubular capillary architecture, induce
renal tubular hypoxia, delay renal tubular regeneration, accel-
erate renal fibrosis, and promote AKI-to-CKD progression at
the late stage. Theoretically, upregulation of EPO/EpoR sig-
naling at the early stage would attenuate kidney damage,
whereas downregulation of EPO/EpoR signaling after the acute
stage would inhibit renal fibrosis, hence reducing progression
from AKI to CKD. Therefore, it is conceivable that properly
timed modulation of EPO/EpoR signaling activity independent
of its erythropoietic actions can be considered as a novel
strategy for treatment of AKI, promotion of renal recovery, and
attenuation of renal fibrosis.

Fig. 9. Association of EpoR signaling activity with levels of autophagy and apoptosis in the kidney. A: states of renal autophagy in mice with different EpoR
(hEpoRW/W mice, RT-EpoR�/� mice, WT mice, and hEpoRM/� mice) signaling activity at baseline. Representative immunoblots for phospho-ERK, total ERK,
phospho-JNK, total JNK, LC3, and p62 in the kidney (left) and a summary of all immunoblots (right panel). AKI was induced in hEpoRW/W mice, RT-EpoR�/�

mice, WT mice, and hEpoRM/� mice by bilateral renal ischemia of 30 min followed by reperfusion for 48 h (IRI) for evaluation of autophagy (B) and of apoptosis
(C). B: GFP-LC3 puncta per renal tubule. Representative micrographic images of LC3 puncta (top), scale bar � 50 �m; bottom: summary of the number of
GFP-LC3 puncta per renal tubule from analysis of 50 renal tubules in the zone of cortex plus OM in blind manner. C: representative immunoblots for caspase
3 in the kidney of AKI mice (left) and summary of all immunoblots (right). Data are expressed as means 	 SD from each group, statistical significance was
evaluated by one-way ANOVA followed by Student-Newman-Keuls post hoc test, and significance was accepted when *P � 0.05, **P � 0.01, between 2
groups.
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