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Bone marrow–derived mesenchymal stromal cells (MSCs) 
are promising for regenerative medicine applications, 
such as for renoprotection and repair in acute kidney 
injury (AKI). Erythropoietin (Epo) can also exert cytopro-
tective effects on various tissues including the kidney. We 
hypothesized that MSCs gene-enhanced to secrete Epo 
may produce a significant beneficial effect in AKI. Mouse 
Epo-secreting MSCs were generated, tested in vitro, and 
then implanted by intraperitoneal injection in allogeneic 
mice previously administered cisplatin to induce AKI. 
Epo-MSCs significantly improved survival of implanted 
mice as compared to controls (67% survival versus 33% 
with Vehicle only). Also, Epo-MSCs led to significantly 
better kidney function as shown by lower levels of blood 
urea nitrogen (72 ± 9.5 mg/dl versus 131 ± 9.20 mg/dl) 
and creatinine (74 ± 17 µmol/l versus 148±19.4µmol/l). 
Recipient mice also showed significantly decreased amy-
lase and alanine aminotransferase blood concentrations. 
Kidney sections revealed significantly less apoptotic cells 
and more proliferating cells. Furthermore, PCR revealed 
the presence of implanted cells in recipient kidneys, with 
Epo-MSCs leading to significantly increased expression 
of Epo and of phosphorylated-Akt (Ser473) (P-Akt) in 
these kidneys. In conclusion, our study demonstrates 
that Epo gene-enhanced MSCs exert significant tissue 
protective effects in allogeneic mice with AKI, and sup-
ports the potential use of gene-enhanced cells as univer-
sal donors in acute injury.
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Introduction
Bone marrow–derived mesenchymal stromal cells (MSCs), also 
often referred to as mesenchymal stem cells, have demonstrated 
potential for several therapeutic applications, such as for car-
diovascular, bone and cartilage, and also kidney repair.1–4 MSCs 

have shown great promise in regenerative medicine due to the 
ability of these cells to differentiate into a wide variety of cell 
types which include renal cells, but more significantly due to the 
capacity of these cells to release beneficial factors.5–11 Studies have 
revealed that MSCs can exert renoreparative and renoprotective 
effects when delivered in mouse models of acute kidney injury 
(AKI).5,12,13 For instance, reports on the use of MSCs implanted 
intravenously in mice with cisplatin-induced AKI described 
lower impairment of kidney function.5,7,13 Besides intravenous 
delivery, intraperitoneal implantation of MSCs has also been 
found to reduce blood urea nitrogen levels and mortality in mice 
with cisplatin-induced AKI.5

Other than MSCs, erythropoietin (Epo) use has also demon-
strated tissue protective and reparative abilities for various organs, 
such as heart, brain, and also kidneys.14–16 Studies have shown that 
Epo administration can exert renoprotective as well as prorecov-
ery effects in rodents with AKI.17–21 For instance, reports revealed 
improved recuperation of kidney function following intraperito-
neal injection of Epo in rats with cisplatin-induced AKI.17,21 An 
alternative to recombinant Epo is to instead use adult somatic 
cells, such as MSCs, that have been gene-enhanced to secrete Epo. 
Previous research, including ours, have established that MSCs can 
be efficiently gene-modified with Epo in vitro and then used in 
vivo as vehicles for Epo delivery.22–26 For example, we determined 
that Epo gene-enhanced MSCs lead to pharmacologically relevant 
Epo secretion when implanted in immunocompetent mice, and 
also when tested in mice with anemia from experimental chronic 
kidney disease.24–26

Besides being efficient cellular vehicles, MSCs have also been 
reported to home to sites of tissue damage, including injured 
kidneys.2,6,27,28 We therefore hypothesized that combining the 
renoreparative and renoprotective abilities of MSCs with those 
of Epo, through the use of MSCs gene-enhanced to produce Epo, 
may lead to a more significant therapeutic effect in AKI. These 
cells would allow continuous levels of Epo at the site of kidney 
injury and thus spare the systemic erythrocytic effects of frequent 
recombinant Epo injections. Furthermore, since for AKI, a rapid 
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and transient effect would be sufficient to achieve a therapeutic 
outcome, we investigated Epo gene-enhanced MSCs that were 
allogeneic with regards to the recipient. We here report on our use 
of Epo-secreting MSCs delivered intraperitoneally in allogeneic 
mice with AKI. In brief, we observed favorable effects on kidney 
function and mouse survival, brought about by MSCs and partic-
ularly by Epo gene-enhanced MSCs. In addition, due to reported 
beneficial factors secreted by MSCs, i.e., the paracrine effects of 
these cells, we also assessed the action of their secretome in vitro 
on mouse kidney epithelial cells exposed to cisplatin, and noted 
prosurvival effects.

Results
Characterizations of MSCs and Epo-MSCs
In order to determine if our preparations of MSCs and of Epo-
MSCs express the cell surface antigens characteristic of MSCs, 
flow cytometry analysis was conducted. Results revealed that both 
MSCs and Epo-MSCs used in this study had the expected flow 
cytometry phenotype. As shown in Figure 1, these cell prepara-
tions were CD44+, CD73+, CD105+, major histocompatibility 
complex class I positive (MHCI+) (i.e., H-2Kb+), and CD31−, 
CD34−, CD45−, and MHCII− (i.e. I-Ab−), as expected.
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Figure 1 C haracterization of mesenchymal stromal cells (MSCs) and Epo-MSCs. Flow cytometry analysis was conducted (a) on tissue-culture 
expanded primary MSCs and (b) Epo gene-enhanced MSCs to determine the expression of cell surface antigens CD31, CD34, CD44, CD45, CD73, 
CD105, H-2Kb (Kb) and I-Ab, as indicated in the Materials and Methods. The darker line represents the specific antibody, and the lighter line the 
isotype control. (c) Also, a portion of MSCs and Epo-MSCs were tested in vitro by exposure in culture to specific media inducing the osteogenic dif-
ferentiation (center) or adipogenic differentiation (lower) of both cell populations as described in the Materials and Methods, and as revealed follow-
ing Alizarin Red S (100X) or Oil Red O (400X) staining, respectively. These cells were photographed under bright-field microscopy with an Axiovert 
25 microscope.
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To further characterize our preparations of MSCs and verify 
that they maintained their progenitor cell properties, these cells 
were tested for their ability to differentiate into adipocytes and 
osteocytes in vitro when exposed to specific differentiation-induc-
ing media. As shown in Figure 1c, both the MSCs and Epo-MSCs 
populations demonstrated their capacity for osteogenic differen-
tiation as shown following Alizarin Red S staining, and for adipo-
genic differentiation as shown following Oil Red O staining.

In vitro effect of conditioned media from MSCs  
and Epo-MSCs on renal epithelial cells
To reveal any beneficial effect of conditioned media (CM) from our 
preparations of MSCs and Epo-MSCs on mouse kidney cell sur-
vival in vitro, MM55.K mouse kidney epithelial cells were exposed 
to CM from MSCs and Epo-MSCs, in the presence and absence 
of cisplatin. As shown in Figure 2, the percentage of live kidney 
cells after 42 hours exposure to cisplatin (7.5 µg/ml) was 68 ± 1.8% 

with use of MSCs CM, and 76 ± 3.2% with Epo-MSCs CM, both 
values significantly higher (P < 0.005) than the 25 ± 2.7% survival 
observed with use of media alone. The kidney cells exposed to 
the CM from Epo-MSCs always showed greater survival and less 
apoptotic cells (representative example of flow cytometry results 
shown in Figure 2a), but it was not significantly different than the 
beneficial effect exerted by the MSCs CM, as shown by the results 
of three separate experiments (Figure  2b, black columns). Also, 
the survival of kidney cells exposed to MSCs CM or to Epo-MSCs 
CM was not significantly affected by cisplatin, whereas there was 
a significant drop in survival of kidney cells exposed to media 
alone in the presence of cisplatin versus in the absence of cisplatin, 
i.e., 25 ± 2.7% versus 67 ± 2.3% survival, respectively (P < 0.005) 
(Figure  2b, first two columns). In addition, we ascertained that 
there were no significant differences between the three conditions 
when the kidney cells were not exposed to cisplatin (Figure 2b, 
white columns).
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Figure 2 E ffect of conditioned media (CM) from mesenchymal stromal cells (MSCs) and Epo-MSCs on kidney cell survival in vitro. MM55.K 
mouse kidney epithelial cells were exposed to CM from MSCs, CM from Epo-MSCs, or complete media, with or without cisplatin at 7.5 µg/ml for 
42 hours as described in the Materials and Methods. (a) All kidney cells were then recovered, stained, and analyzed by flow cytometry for annexin V 
and propidium iodide (PI) expression. (b) Experiment was performed three separate times and average of live kidney cells (negative for both annexin 
V and PI) calculated. Mean ± SEM.
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In order to further study this increased survival of cisplatin-
treated MM55.K mouse renal cells when exposed to CM from 
MSCs or Epo-MSCs, as opposed to media only, western blot 
analyses were conducted on the renal cell lysates. As shown in 
Figure 3 by the representative images and by the averages of three 
separate experiments, the CM from MSCs and from Epo-MSCs 
led to significantly lower expression of proapoptotic Cleaved 
Caspase-3, i.e., 35 ± 4.7% and 11 ± 7.8%, respectively, of the level 
observed with use of media only (P = 0.01) (Figure 3a). Cleaved 
Caspase-3 expression with use of Epo-MSCs CM was consider-
ably, but not significantly, lower than that seen with MSCs CM 
(P  =  0.06) (Figure  3a). Similarly, MSCs and Epo-MSCs CM 
led to significantly reduced expression of proapoptotic Cleaved 
Caspase-7, i.e., 29 ± 4.5% and 15 ± 5.1%, respectively, of the level 
noted with media only (P < 0.01) (Figure 3b). Cleaved Caspase-7 
expression level with Epo-MSCs CM use was notably, but not 

significantly, lower than that observed with MSCs CM (P = 0.26) 
(Figure 3b).

Also, anti-apoptotic Bcl-2 expression levels with use of CM 
from MSCs and Epo-MSCs were 126 ± 40.8% and 117 ± 14.1%, 
respectively, of the level observed with media only, but the dif-
ferences were not significant (P = 0.59 and P = 0.34) (Figure 3c). 
Furthermore, anti-apoptotic Bcl-xl expression levels with MSCs 
and Epo-MSCs CM use were 89 ± 14% and 118 ± 18.6%, respec-
tively, of the level observed with media only, but not significantly 
different (P = 0.49 and P = 0.43) (Figure 3d).

In addition, to help determine a contributing mechanism for 
the prosurvival effects of the CM from MSCs and Epo-MSCs, 
western blot analysis for the expression of phosphorylated-Akt 
(Ser473) (P-Akt) was conducted on these kidney cells. Results 
indicated that P-Akt expression was increased in cisplatin-treated 
kidney cells exposed to CM from MSCs and Epo-MSCs. More 
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Figure 3 E ffect of mesenchymal stromal cells (MSCs) and Epo-MSCs conditioned media (CM) on protein expression in kidney cells. MM55.K 
mouse kidney epithelial cells were exposed, as described in Materials and Methods, to cisplatin at 7.5 μg/ml in the presence of CM from MSCs, CM 
from Epo-MSCs, or complete media for 42 hours. All kidney cells were then recovered, lysed, and used for Western blot analysis to assess expression of 
(a) Cleaved Caspase-3, (b) Cleaved Caspase-7, (c) Bcl-2, and (d) Bcl-xl, with β-tubulin levels used as internal control. The experiment was conducted 
three separate times and mean ± SEM values for fold change shown under representative blot for each protein.
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precisely, as can be seen in Figure 4a, the level of expression of 
P-Akt in these kidney cells rose with use of increasing concen-
trations of CM from MSCs, and particularly from Epo-MSCs. 
Furthermore, in a separate experiment, we observed that the 
increase in P-Akt expression seen with the use of MSCs CM was 
reduced by the addition of an insulin-like growth factor 1 (IGF-
1) neutralizing antibody (Ab), but not significantly (P  =  0.10), 
whereas it was significantly reduced by a vascular endothelial 
growth factor (VEGF) neutralizing Ab or by the combination of 
these two Abs (P < 0.05) (Figure 4b). With Epo-MSCs CM, we 
noted that the resulting increased P-Akt expression was signifi-
cantly lowered by the IGF-1 neutralizing Ab, and more so by the 
VEGF neutralizing Ab or by these two Abs combined (P < 0.05) 
(Figure  4b). Furthermore, part of the rise in P-Akt expression 
seen with Epo-MSCs CM was significantly blocked by use of an 
Epo neutralizing Ab (P < 0.05) (Figure 4b).

In vivo effect of MSCs and Epo-MSCs in allogeneic 
mice with cisplatin-induced AKI
To determine the effect of our MSCs preparations in vivo in allo-
geneic recipients, C57Bl/6 mouse-derived MSCs and Epo-MSCs, 
at 5 × 106 cells/mouse, were delivered by intraperitoneal injection 
in MHC-mismatched Balb/c mice injected the previous day with 
cisplatin to induce AKI. As shown in Figure 5a, intraperitoneal 
delivery of MSCs and of Epo-MSCs led to blood urea nitrogen 
(BUN) levels of 97 ± 12 mg/dl and 72 ± 9.5 mg/dl, respectively, 
as compared to 131 ± 9.20 mg/dl noted with administration of 
Vehicle only, at day 4 following cisplatin treatment when peak 
BUN levels were determined to occur in these mice. The average 
BUN concentrations observed with MSCs and with Epo-MSCs 
were significantly lower than those seen with Vehicle only (P < 
0.05 and P < 0.0001, respectively) (Figure  5a). BUN levels in 
surviving mice decreased with time, within 14 days, as seen in 
Figure 5b.

Also, survival of cisplatin-treated mice was significantly 
increased by the administration of Epo-MSCs as compared to 
Vehicle only (P < 0.05) (Figure 5c). By day 14 postimplantation, 
67% of cisplatin-treated mice that received Epo-MSCs were alive, 
as compared to 44% of those implanted with MSCs, and versus 
33% of mice injected with Vehicle only (Figure 5c).
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Figure 4 E ffect of conditioned media (CM) from mesenchymal 
stromal cells (MSCs) and from Epo-MSCs on P-Akt expression in 
kidney cells. MM55.K mouse kidney epithelial cells were exposed to 
cisplatin, with/without MSCs CM or Epo-MSCs CM (a) at increasing con-
centrations or (b) at highest concentrations with/without a neutralizing 
anti-IGF-1 antibody (IGF1 Ab), and/or anti-VEGF antibody (VEGF Ab), or 
anti-Epo antibody (Epo Ab), as detailed in the Materials and Methods. 
Cells were collected 42 hours later and lysates used for western blot anal-
ysis of phosphorylated Akt (Ser473) (P-Akt) expression, as well as of load-
ing controls GAPDH or total Akt expression. (b) The bar graph represents 
the mean ± SEM of seven independent experiments.
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Figure 5 E ffect of mesenchymal stromal cells (MSCs) and Epo-MSCs 
on blood urea nitrogen (BUN) and survival of cisplatin-treated mice. 
(a) Mice given cisplatin were injected intraperitoneally with allogeneic 
MSCs (gray box, n  =  30) or Epo-MSCs (black box, n  =  30), or with 
Vehicle only (white box, n = 30), and BUN levels determined from blood 
collected at day 4 (median seen as horizontal bar within box in boxplot 
with whiskers from minimum to maximum), (b) and at three time points 
for mice kept long-term (mean ± SEM, n = 18 on day 4 for each of the 
three groups). (c) Survival of these mice over time was also assessed 
(n = 18). Normal mice not given cisplatin were used as controls.
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Further blood chemistry analysis conducted from higher 
blood volumes obtained from mice killed 4 days postimplanta-
tion showed that the creatinine level in cisplatin-treated mice 
implanted with Epo-MSCs was significantly lower than in those 
implanted with Vehicle only, i.e., 74 ± 17 µmol/l as compared to 148 
± 19.4 µmol/l, P < 0.05. MSCs also led to considerably decreased 
creatinine levels, but not significantly, i.e., 106 ± 22.4 µmol/l, 
P  =  0.178. Moreover, blood amylase concentration in cisplatin-
treated mice administered Epo-MSCs was significantly lower than 
the level with delivery of Vehicle only, i.e., 2,845 ± 354.6 U/l versus 
3,852 ± 273.5 U/l, P < 0.05. Implantation of MSCs led to amylase 
value of 3,351 ± 325.2 U/l, and thus also to lowering of amylase as 
compared to the Vehicle group, but not significantly (Figure 6b). 
Furthermore, simultaneous assessment of blood alanine amin-
otransferase revealed significantly decreased levels in cisplatin-

treated mice administered Epo-MSCs and also in those injected 
with MSCs, i.e., 104 ± 17.2 U/l and 112 ± 18.1 U/l respectively, as 
compared to alanine aminotransferase concentration in Vehicle 
only recipient mice, i.e., 299 ± 82.4 U/l (P < 0.05), (Figure 6c).

Immunohistochemical analysis of mouse kidneys
To assess whether intraperitoneal delivery of MSCs and Epo-
MSCs in cisplatin-treated mice affects the amount of apoptotic 
cells and of proliferating cells in the kidneys, immunohistochemi-
cal detection of Caspase-3 and of Ki-67, respectively, was per-
formed as shown in Figure  7. Results reveal that implantation 
of MSCs and Epo-MSCs significantly lowered the proportion 
of Caspase-3-expressing cells in the kidneys of cisplatin-treated 
mice, as 2.9 ± 0.3% and 2.0 ± 0.3%, respectively, were Caspase-3+ 
per mm2 tissue, as compared to 4.4 ± 0.4% seen with Vehicle only 
administration (P < 0.05 and P < 0.01, respectively) (Figure 7b). 
Furthermore, the decrease in Caspase-3+ cells achieved with use 
of Epo-MSCs was significantly greater than that observed with 
MSCs (P < 0.05) (Figure 7b).

In addition, MSCs and Epo-MSCs led to 5.1 ± 0.4% and 5.8 
± 0.6%, respectively, Ki-67+ cells per mm2 tissue in kidneys of 
recipient mice, in significant contrast to 3.3 ± 0.5% seen in Vehicle 
only-implanted mice (P < 0.05) (Figure  7c). Although more 
Ki-67+ cells were observed with Epo-MSCs than with MSCs, the 
difference was not significant.

PCR and western blot analysis of kidneys
To establish if implanted male mouse-derived MSCs and 
Epo-MSCs engrafted in the kidneys of recipient female cispl-
atin-treated mice, PCR for detection of a mouse Y chromosome-
specific fragment of 444 bp was conducted on kidney genomic 
DNA. As shown in Figure 8a, PCR amplification of the expected 
fragment was seen in tested DNA samples from kidneys of MSCs 
and Epo-MSCs–implanted mice and not in those from Vehicle 
only recipients.

Furthermore, to determine the expression levels of Epo in the 
kidneys of these same mice, western blot analysis was performed 
on the protein isolated from kidneys of cisplatin-treated mice 
implanted with MSCs, Epo-MSCs, or Vehicle only, and the result-
ing blot shown in Figure 8b. Quantitative analysis of the intensity 
of the signal of Epo relative to that of the internal control GAPDH 
revealed that it was significantly greater in mice implanted with 
Epo-MSCs (i.e., 0.86 ± 0.07) as compared to MSCs (i.e., 0.13 ± 0.03, 
P < 0.0005), and to Vehicle only recipient mice (i.e., 0.26 ± 0.08, P 
< 0.0005) (Figure 8b). Moreover, similar evaluation of the levels 
of P-Akt in these same mouse kidneys revealed that the intensity 
of the signal of P-Akt relative to that of the GAPDH internal con-
trol was significantly higher in kidneys of mice implanted with 
Epo-MSCs, as compared to those implanted with Vehicle only 
(i.e., 0.42 ± 0.03 versus 0.23 ± 0.07, P < 0.05) (Figure 8c).

Discussion
In the present study, our main goal was to determine if Epo 
gene-enhanced MSCs can exert a renoprotective effect in alloge-
neic mice with cisplatin-induced AKI, and to analyze this effect 
not only in vivo but also in vitro. We first generated MSCs and 
Epo-secreting MSCs, and ascertained that they expressed the cell 
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Figure 6  Blood creatinine, amylase and alanine aminotransferase 
(ALT) levels in mice. Mice implanted by intraperitoneal injection with 
allogeneic mesenchymal stromal cells (MSCs) (gray columns) or Epo-
MSCs (black columns), or with Vehicle only (white columns) 1 day 
following cisplatin administration, were killed 4 days later, and blood 
collected analyzed for (a) creatinine, (b) amylase and (c) ALT levels 
(n = 9–15, mean ± SEM). Normal mice not given cisplatin were utilized 
as controls (striped columns).
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surface antigens characteristic of MSCs (Figure 1a,b). In addition, 
we demonstrated that they retained their mesenchymal progeni-
tor cell properties as they were successfully induced to differen-
tiate in vitro (Figure 1c). MSCs have shown increasing promise 
for tissue regeneration and repair.2,4,29 This is due in part to the 
ability of these cells to differentiate into several different cell types, 
such as osteocytes, adipocytes, chondrocytes, cardiomyocytes, 
astrocytes, and even into renal tubular cells, but mainly due to 
the capacity of these cells to release factors that exert beneficial 
outcomes.2,4,6,8,9,11,29 These latter paracrine effects of MSCs include 
anti-apoptotic, mitogenic, angiogenic and anti-inflammatory 
actions.5–7,10,11 Epo administration has also been reported to induce 
various cytoprotective cellular responses which include mitogen-
esis, angiogenesis, apoptosis inhibition, as well as vascular repair 
stimulation via endothelial progenitor cell mobilization from the 

bone marrow.14,16,18–20,30 Through our Epo gene-enhanced MSCs, we 
would thus investigate the potential of MSCs and Epo combined 
tissue reparative and protective abilities. We therefore decided to 
examine the effect of the secretomes on the survival of mouse kid-
ney epithelial cells in vitro. We noted that the CM of MSCs and 
of Epo-MSCs protected kidney cells from death-induced by cis-
platin (Figure 2). Both treatments led to significantly higher sur-
vival of kidney cells as compared to use of media only, and to less 
apoptosis. Survival was slightly, but not significantly, greater with 
CM from Epo-MSCs versus that from MSCs. Our observations 
with MSCs CM are consistent with those of another report where 
a prosurvival effect on murine proximal tubular cells exposed to 
cisplatin in vitro was similarly revealed with addition of murine 
MSCs CM.5 Therefore, MSCs CM possess a protective capability 
on renal cells.
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Figure 7  Immunohistochemical analysis of mouse kidneys. Mice implanted intraperitoneally with allogeneic mesenchymal stromal cells (MSCs), 
Epo-MSCs, or Vehicle only, 1 day following cisplatin administration, were killed 4 days later and kidneys removed, sectioned and stained for detec-
tion of Caspase-3 and Ki-67. (a) Caspase-3 (top panel) or Ki-67 (lower panel) expressing cells are indicated by black arrows in representative images. 
(b) The percentages of Caspase-3 positive cells and (c) Ki-67 positive cells per mm2 kidney area were also evaluated as described in the Materials and 
Methods (n = 4–6 mice/group, mean ± SEM). Normal mice not given cisplatin were used as controls.
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Other than cell survival, we also examined apoptotic protein 
expression and noted that the CM from MSCs and from Epo-
MSCs led to very significantly lower levels of active Caspase-3 
and active Caspase-7 in cisplatin-treated kidney epithelial cells, as 
compared to media only (Figure 3). We observed that the reduc-
tion in the expression of these two proteins was more substan-
tial with Epo-MSCs CM as compared to MSC CM, especially for 
active Caspase-3, but the differences were not significant (P = 0.06 
for cleaved Caspase-3 and P  =  0.26 for cleaved Caspase-7). 
Moreover, we showed that the CM of MSCs and of Epo-MSCs 

increased the expression level of phosphorylated serine/threonine 
protein kinase Akt1 (Ser473) (P-Akt) in mouse kidney epithelial 
cells exposed to cisplatin (Figure 4), with higher expression seen 
with use of increasing CM concentrations (Figure 4a). A previous 
study on AKI induced by cisplatin demonstrated the implication 
of the PI3K-Akt pathway in reducing apoptosis of renal tubular 
cells and preserving kidney function.31 We also demonstrated the 
involvement of IGF-1 and mainly of VEGF and of their combina-
tion in this effect, since the use of neutralizing anti-IGF-1 and anti-
VEGF antibodies lowered the MSCs and Epo-MSCs CM-induced 
increase in P-Akt expression (Figure  4b). Furthermore, a neu-
tralizing anti-Epo antibody reduced the rise in P-Akt expression 
caused by the Epo-MSCs CM, indicating the beneficial implication 
of the Epo secreted by the Epo-MSCs (Figure 4b). Our findings are 
consistent with previous reports using MSCs or Epo. In one study, 
murine MSCs were shown to decrease the amount of apoptotic 
cisplatin-treated proximal tubular cells in co-culture experiments, 
more specifically the percentage of Caspase-3 and Caspase-7 pos-
itive tubular cells.7 The role of IGF-1 was demonstrated in that 
study, since silencing IGF-1 in MSCs increased tubular cell apop-
tosis and also limited the protective effect of MSCs in vivo in mice 
with cisplatin-induced AKI.7 Other than IGF-1, the protective 
role of VEGF was revealed in a study where murine MSCs with 
small interfering RNA gene-silenced expression of VEGF showed 
decreased effectiveness in rats with ischemia/reflow-induced 
AKI.32 Besides MSCs, investigations have also linked Epo reno-
protection with impeded activation of Caspase-3.33,34 For instance, 
recombinant Epo was observed to prevent Caspase-3 activation in 
serum-starved human proximal tubule epithelial cells.34

We thereafter tested our preparations of MSCs and Epo-MSCs 
in vivo, and more specifically by intraperitoneal implantation in 
allogeneic mice with cisplatin-induced AKI. In a previous study, 
we showed that MSCs will lead to a cellular immune response and 
their immune rejection in MHC-mismatched recipient mice.35 
Therefore, allogeneic MSCs may not be suited for long-term use 
such as for chronic diseases. However, for acute diseases such 
as AKI when a rapid and short-lived effect may be sufficient for 
beneficial outcome, the use of these cells becomes even more 
promising since they may then be employed as universal donors. 
The results of our present investigation showed that Epo-MSCs 
implantation in allogeneic mice administered cisplatin the previ-
ous day led to significantly less impairment of kidney function, 
as compared to Vehicle only and as determined by significantly 
lower BUN levels (Figure 5a). Implantation of MSCs also consid-
erably decreased BUN levels, but not as much as Epo-MSCs. We 
subsequently observed that in surviving mice in all groups, BUN 
returned to normal or near-normal values within 2 weeks, but that 
the recipients of the Epo-MSCs showed significantly lower levels 
than the Vehicle group (Figure  5b). In addition, we observed 
that blood creatinine levels were also reduced by MSCs and sig-
nificantly so by Epo-MSCs (Figure 6a), confirming the significant 
protective effect of Epo-MSCs on kidney function. Furthermore, 
remarkable was the in vivo effect on survival that the implantation 
of Epo-MSCs caused in cisplatin-treated mice (Figure 5c). Two 
weeks following their intraperitoneal administration, these Epo-
MSCs led to 67% survival, as compared to only 33% seen with 
the use of Vehicle only. MSCs that were not Epo gene-enhanced 
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Figure 8  PCR and western blot analysis of kidneys. (a) Genomic DNA 
isolated from kidneys of cisplatin-treated mice implanted with mes-
enchymal stromal cells (MSCs), Epo-MSCs, or Vehicle only, were used 
to amplify a 444-base pair fragment of mouse Y chromosome and a 
363-base pair fragment of internal control β-globin, and findings from 
individual mice shown. The same mouse kidneys were also used for isola-
tion of total protein used for (b) western blot detection of Epo or (c) of 
phosphorylated-Akt (Ser473) (P-Akt), and (b,c) of GAPDH internal con-
trol. Results from individual mice are shown in upper portions of panels 
b and c, whereas lower portions reveal levels (means ± SEM (n = 6)) of 
Epo or P-Akt expression relative to GAPDH.
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led to 44% survival of cisplatin-treated mice. Therefore, engineer-
ing the MSCs to secrete Epo augmented their beneficial action on 
survival. MSCs have been demonstrated to lead to renoprotective 
effects in AKI in mice.5,12,13 These studies were conducted in synge-
neic recipients. In one investigation using allogeneic rat MSCs in 
a rat model of ischemia/reflow-induced AKI, these cells were also 
found to be effective at renoprotection although not as potently as 
the autologous MSCs.32 Although the effect of MHC-mismatched 
MSCs may not be as considerable, the use of these cells remains 
appealing, especially when gene-enhancing these such as with 
Epo, as we here showed, raised their beneficial effect. Transient 
presence of exogenous allogeneic cells also decreases any safety 
concerns raised with persistence of implanted cells longer than 
required.

The effectiveness of cisplatin, a widely used chemotherapeutic 
drug, is hindered by dose-limiting nephrotoxicity.36,37 Therefore, a 
chemoprotective approach, such as with our Epo gene-enhanced 
MSCs, would enhance the therapeutic potential of cisplatin and 
other chemotherapeutic agents with major dose-limiting toxic-
ity to the kidneys. Other than nephrotoxicity, cisplatin also exerts 
further toxicities, such as neurotoxicity and ototoxicity. Its dis-
tribution in patients was reported to include different organs, 
mostly kidney, liver and testis, as well as pancreas, muscle, lung, 
and nerve tissue.38 Therefore, since cisplatin causes several toxici-
ties and thus not only affects BUN and creatinine, we also looked 
at blood amylase as well as alanine aminotransferase levels. Epo-
MSCs implantation significantly lowered the increase in amylase 
induced by cisplatin (Figure 6). MSCs also reduced blood amy-
lase, but not significantly. MSCs and Epo-MSCs both significantly 
decreased the rise in blood alanine aminotransferase concentra-
tions. These findings suggest that MSCs and mainly Epo-MSCs 
not only protect against cisplatin-induced injury to the kidneys 
but also to other sites affected by this chemotherapeutic agent, 
such as pancreas and liver. Reports have revealed the beneficial 
action of MSCs on pancreas and liver repair.39,40 The migration 
capability of MSCs in vivo to sites of injury therefore allows these 
cells to exert their reparative/protective actions where needed, an 
important added advantage of this cell therapy. Moreover, stud-
ies have shown that the prognosis of patients with AKI that also 
have related injury to other organs is further decreased,41–44 there-
fore indicating the added beneficial potential of our cell and gene 
therapy for toxicities/injuries that affect various organs.

To determine if the anti-apoptotic in vitro effect we observed 
on kidney cells also applies in vivo, we assessed the presence of 
Caspase-3-positive cells in kidneys of AKI mice implanted with 
our MSCs populations. Indeed, both the MSCs and Epo-MSCs 
significantly lowered the amount of Caspase-3-expressing cells in 
the kidneys of cisplatin-treated mice (Figure 7b). Although both 
were significant, Epo-MSCs led to a greater reduction, one which 
was even significantly lower than that obtained with MSCs. As 
indicated above, studies have revealed that both MSCs and recom-
binant Epo can exert anti-apoptotic actions. Our combining these 
two approaches through the use of Epo gene-enhanced MSCs 
appear here to enhance their anti-apoptotic effectiveness.

In addition, MSCs as well as recombinant Epo have also been 
reported to exert mitogenic effects. Therefore, we evaluated the 
amount of proliferating cells, i.e., Ki-67-positive, in the kidneys of 

our AKI mice. Both MSCs and Epo-MSCs administrations led to 
significantly increased numbers of proliferating cells in kidneys of 
cisplatin-treated mice, as compared to Vehicle only (Figure 7c). 
This effect with Epo-MSCs was higher than that achieved with 
MSCs, but not significantly. MSCs can secrete various factors such 
as VEGF, hepatocyte growth factor, and IGF-1, at levels which 
have various beneficial capabilities, such mitogenic, angiogenic, 
anti-inflammatory, and anti-apoptootic.5–7,10,11 Besides Epo, any 
potentially beneficial plasma soluble gene-product may also have 
the ability to improve the effectiveness of MSCs in AKI. In one 
study, kallikrein gene-modified MSCs brought about anti-apop-
totic and anti-inflammatory effects following injection in a rat 
model of ischemia/reperfusion-induced AKI, leading to signifi-
cant renoprotection.45

We chose to inject the cells rather than their CM because we 
aimed for a local effect and this would be feasible since MSCs have 
been found to migrate to sites of tissue injury through homing sig-
nals, and then ameliorate function and microenvironment prin-
cipally through paracrine actions.2,6,27 In one such study, MSCs’s 
CD44 expression was found to be implicated in their migration 
to injured kidneys in a mouse model of glycerol-induced AKI 
where expression of the CD44 ligand hyaluronic acid was ele-
vated.28 We detected donor MSCs and Epo-MSCs in the kidneys 
of our implanted AKI mice (Figure 8a). In addition, we revealed 
that the kidneys of Epo-MSCs–implanted mice had significantly 
higher Epo expression levels than those of MSCs or Vehicle only-
implanted mice (Figure  8b). This result may be attributed to 
Epo-MSCs engrafted in the kidneys, and/or to the effect of the 
Epo delivered by Epo-MSCs on Epo-secreting cells of the kidney. 
Moreover, the expression of P-Akt in the kidneys of Epo-MSCs–
implanted mice was significantly higher than in those of MSCs 
or Vehicle only recipients (Figure 8c). Our findings indicate that 
Epo-MSCs delivered by intraperitoneal injection can home to 
damaged kidneys and reduce cisplatin-induced injury by deliver-
ing not only the beneficial growth factors secreted by all MSCs, 
such as VEGF, but also the secreted Epo from Epo-MSCs, leading 
to augmented expression of prosurvival P-Akt.

Other than in mice, an ongoing phase 1 clinical study is inves-
tigating the safety of human MSCs and their use for prevention 
and treatment in patients at increased risk of developing AKI sub-
sequent to cardiac surgery.46 Therefore, our present investigation 
in mice revealing that gene-enhancing MSCs with Epo raises their 
therapeutic potential for kidney protection in AKI may lead to 
improved outcomes in future studies in patients.

Materials and Methods
Generation of mouse MSCs and Epo-MSCs. A male C57Bl/6 mouse (Harlan 
Laboratories, Indianapolis, IN) weighing ~20g was killed, femurs and 
tibias isolated, and whole bone marrow flushed out with complete media 
[i.e., α-MEM media (Invitrogen-GIBCO, Carlsbad, CA) supplemented 
with 10% heat-inactivated fetal bovine serum (FBS) (Wisent, St-Bruno, 
Quebec, Canada), 1% Penicillin/Streptomycin (Wisent) and 1% l-glu-
tamine (Wisent)], and placed in culture in a 37 °C incubator with 5% CO2. 
Five days later, the nonadherent hematopoietic cells were discarded and 
the adherent marrow MSCs cultured for ~9 passages in complete media to 
generate the population of MSCs used in this study. The generation of Epo 
gene–enhanced MSCs, i.e., Epo-MSCs, was performed by retroviral trans-
duction of MSCs for 5 successive days. More specifically, for each round 
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of transduction, 0.45 µm filtered retroviral supernatant from 293GP2 cells 
transfected with our previously published mouse Epo-containing retrovi-
ral construct25,26,35 and VSV-G expression vector according to the manufac-
turers’ (Invitrogen/Life Technologies, Frederick, MD) protocol was used in 
presence of 6 µg/ml lipofectamine reagent (Invitrogen).

To determine the concentration of Epo secreted by Epo-MSCs, 
CM were collected from Epo-MSCs, and used in an enzyme-linked 
immunosorbent assay specific for mouse Epo (R&D Systems, Minneapolis, 
MN). The preparations of Epo-MSCs used in this study were thus noted 
to secrete ~1.4 µg Epo per one million cells per 24 hours. MSCs were also 
similarly assayed and no Epo secretion by these cells was detected.

Characterization of MSCs and Epo-MSCs. To verify the phenotype of our 
cell populations, flow cytometry was conducted on MSCs and Epo-MSCs 
at passage 9 for analysis of the expression of cell surface antigens CD31, 
CD34, CD44, CD45, CD73, CD105, MHCI, and MHCII. More specifically, 
MSCs were incubated with CD31-biotin/Streptavin-PE; CD34-biotin/
Streptavin-PE; CD44-PE; CD45-PE; CD73-PE,; CD105-PE; H-2Kb-PE; 
I-Ab-PE, (BD Biosciences, San Diego, CA) for 1 hour in the dark at 4 °C 
and then washed with FACS Buffer (3% FBS in phosphate-buffered saline 
(PBS)). Cells that were incubated with the biotin-conjugated antibodies 
were stained with the secondary antibodies (streptavidin-PE, dilution 
1:400) for 30 minutes. Isotypic control analyses were carried out in parallel. 
Cells were washed with FACS Buffer, fixed with 1% paraformaldehyde, and 
analyzed using a fluorescence-activated cell sorter (FACS) Calibur flow 
cytometer (BD Immunocytometry systems, San Jose, CA), with data anal-
ysis performed with FCSExpress (De Novo Software, Los Angeles, CA).

In addition, our MSCs and Epo-MSCs populations were tested 
in vitro for the maintenance of their mesenchymal progenitor cell 
properties, more specifically their capacity for osteogenic and adipogenic 
differentiation. In order to test for osteogenic differentiation of MSCs 
and Epo-MSCs, a portion of these cells when ~70–80% confluent were 
exposed to the following media: complete media supplemented with 
β-glycerol phosphate (10 mmol/l), ascorbic acid 2-phosphate (5 µg/
ml), and dexamethasone (10−8 mol/l; Sigma-Aldrich Canada, Oakville, 
Ontario, Canada)47,48 for 4 weeks and then stained with Alizarin Red S 
(Sigma-Aldrich Canada; pH 4.1 using ammonium hydroxide).48 In order 
to test for adipogenic differentiation of MSCs and Epo-MSCs, a portion of 
these cells when ~70–80% confluent were exposed to the following media: 
complete media supplemented with insulin (10 µg/ml), dexamethasone 
(1 µmol/l), 3-isobutyl-methylxanthine (0.5 mmol/l), and indomethacin 
(46 µmol/l; Sigma-Aldrich Canada) for 7 days, and then stained with Oil 
Red O (Sigma-Aldrich Canada).47

Flow cytometry analysis of effects of MSCs and Epo-MSCs CM on kidney 
cell survival. The media was collected from MSCs and Epo-MSCs at ~80–
90% confluency 96 hours after changing the media for 18 ml fresh complete 
media per 150 mm tissue-culture plate. Collected media were centrifuged 
to eliminate any floating cells and then supernatants, i.e., conditioned 
media (CM), placed at −80 °C until later utilized for in vitro assays. Mouse 
kidney epithelial cell line MM55.K (ATCC, Manassas, VA) was plated in 
6-well tissue-culture dishes at 2 × 105 cells per well in Dulbecco’s Modified 
Eagle’s Medium (D-MEM) with NaHCO3 at 1.5 g/l (ATCC) supplemented 
with 10% heat-inactivated FBS and 1% Penicillin/Streptomycin (Wisent), 
and placed in a 37 °C incubator with 5% CO2. When kidney cell confluency 
was ~60% the following day, this media was removed and replaced with 
serum-free media in order to synchronize the cells, and after 4.5 hours 
replaced with MSCs CM, Epo-MSCs CM, or complete media i.e., α-MEM 
media (Invitrogen/Life Technologies) with 10% FBS and 1% Penicillin/
Streptomycin (Wisent), with or without cisplatin (Mayne Pharma Canada, 
Montreal, Quebec, Canada) at 7.5 µg/ml. After 42 hours in the 37 °C 
incubator, all cells were recovered, adherent and floating, and analyzed 
by flow cytometry following annexin V and propidium iodide staining. 
More specifically for staining, cells were centrifuged, resuspended in 100 µl 

1X binding buffer (BD Biosciences Pharmingen, Mississauga, ON) to 
which 5 µl annexin V FITC and 10 µl propidium iodide (BD Biosciences 
Pharmingen) were then added. Following 15-minute incubation in the 
dark at room temperature, cells were centrifuged, resuspended in 400 µl 
1X binding buffer, and then within 1 hour analyzed with the FACSCalibur 
flow cytometer and FCSExpress.

Western blot analysis of CM effects on kidney cell Caspase-3, -7, Bcl-2 
and Bcl-xl expression. MM55.K mouse kidney cells were plated in 10 cm 
tissue-culture dishes at 1 × 106 cells per plate and the next day serum-
starved for 4.5 hours and exposed as described above, to MSCs CM, 
Epo-MSCs CM, or complete media, in presence of cisplatin at 7.5 μg/ml 
for 42 hours. All cells, floating and adherent, were then lysed using lysis 
buffer (20 mmol/l Tris (pH 7.5), 150 mmol/l NaCl, 1 mmol/l ethylene 
diamine tetraacetate (EDTA), 1 mmol/l ethylene glycol-bis(2-aminoethyl)-
N,N,N′,N′-tetraacetic acid (EGTA), 1% Triton X-100, 2.5 mmol/l sodium 
pyrophosphate, 1 mmol/l b-glycerophosphate, 1 mmol/l Na3VO4, 1 μg/ml 
leupeptin, 1 mmol/l phenylmethylsulfonyl fluoride), and used for western 
blot analysis with antibodies (all from Cell Signaling Technology, Beverly, 
MA) to determine expression of Cleaved Caspase-3, Cleaved Caspase-7, 
Bcl-2, Bcl-xl, all with β-tubulin levels assessed as internal control. Three 
different western blots for each condition were scanned (Scanner model) 
and transferred to Scion Image software (version 4.0.2). Blots were dis-
criminated from surrounding background using the thresholding mode. 
In this mode, pixels equal to or greater than threshold level are displayed in 
black and all other pixels are displayed in white (background). Evaluation 
of blot size and intensity was performed using the Gelplot macro provided 
with the software.

Western blot analysis of CM and antibody effects on kidney cell P-Akt 
expression. Mouse MSCs and Epo-MSCs were seeded at 900 cells per cm2 
and incubated for 5 days in complete culture medium containing αMEM, 
10% FBS, 100 units/ml penicillin, 100 µg/ml streptomycin. The media 
were then harvested from the cells, cell debris were removed by centrifu-
gation, and the supernatants (i.e., CM) were used as follows. First, the 
concentrations of Epo, IGF-1 and VEGF in the CM were determined by 
enzyme-linked immunosorbent assays specific for mouse Epo, IGF-1 and 
VEGF, respectively (R&D Systems). These were respectively 0, 0.68, and 
0.58 ng/ml in MSCs CM, whereas 242, 0.02, and 0.4 ng/ml in Epo-MSCs 
CM. The MSCs CM was tested alone or in combination with neutralizing 
antibodies against IGF-1 (AF791) or VEGF (AF-493-NA) (R&D Systems), 
or against both IGF-1and VEGF. The Epo-MSCs CM was similarly tested 
alone or in combination with neutralizing antibodies against IGF-1, VEGF 
or Epo (MAB959) (R&D Systems), or against both IGF-1and VEGF. The 
amounts of the antibodies against Epo, IGF-1 and VEGF for neutraliza-
tion were respectively 20-, 20- and 80-fold greater than the concentrations 
for half-maximal inhibition of the recombinant protein. For western blot 
analysis of the effect of these CM on P-Akt expression in MM55.K cells, 
these kidney cells when at 60% confluence were starved with serum-free 
α-MEM for 6 hours, and then incubated with either complete α-MEM-
based culture medium or with CM (from MSCs or Epo-MSCs), without 
or with the neutralizing antibodies above for 42 hours, in presence of 
Cisplatin (7.5 µg/ml), 37 °C, 5% CO2. The adherent and floating cells were 
then harvested and lysed using a lysis buffer (same as described above). 
Protein concentrations were determined using the Bio-Rad Protein Assay 
kit (Bio-Rad, Hercules, CA). Whole cell lysates were separated by 4–20% 
Precise Protein Gels (Thermo Scientific, Rockford, IL) and transferred 
to a Nitrocellolose membrane (Bio-Rad). Subsequently, the membranes 
were incubated for 1 hour at room temperature in the solution of TBST 
(10 mmol/l Tris–HCl (pH 8.0), 150 mmol/l NaCl, and 0.05% Tween20) 
supplemented with 10% nonfat dry milk, and probed overnight at 4 °C 
with the appropriate primary antibody, i.e., against P-Akt (Ser473; 1:1000) 
(Cell Signaling Technology). The membrane was washed three times for 
10 minutes each with Tris–buffered saline containing 0.1% Tween 20. The 
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bound primary antibodies were visualized by incubating for 1 hour with 
a suitable secondary antibody conjugated with horseradish peroxidase 
(Bethyl Laboratories, Montgomery, TX). The membrane was washed and 
developed using Chemiluminescent HRP Substrate (Millipore, Billerica, 
MA). Blots were stripped with Re-Blot Plus Strong Solution (Millipore, 
Temecula, CA) and reprobed with antibodies against GAPDH (1:5000) or 
Total Akt (1:2000) (Cell Signaling Technology) as loading controls.

Implantation of MSCs and Epo-MSCs, and analysis of blood of recipi-
ent allogeneic AKI mice. As a chemically-induced mouse model of AKI, 
Balb/c mice, 8–10-week-old (Harlan Laboratories) were injected with cis-
platin subcutaneously at 14.7 mg/kg following a 6-hour period of removal 
of food and water. One day following cisplatin delivery, allogeneic MSCs 
and Epo-MSCs were recovered by trypsinization, centrifuged, washed and 
then resuspended in RPMI media (Invitrogen) for intraperitoneal injec-
tion. The MSCs and Epo-MSCs were implanted intraperitoneally in the 
Balb/c mice with AKI at 5 × 106 cells per mouse, in 370 µl RPMI per mouse. 
As a control group, AKI mice were similarly implanted but with Vehicle 
only, i.e., RPMI, at 370 µl per mouse. We used Balb/c mice as recipients of 
the C57Bl/6 mouse derived MSCs and Epo-MSCs because these are MHC 
class I and class II mismatched and thus are allogeneic with regards to the 
implanted cells. Also, we used male donor C57Bl/6 mice in order to be able 
to detect the donor-derived cells in recipient female Balb/c mice through 
the presence of the Y chromosome.

Long-term experiments were conducted where blood collections 
were performed from the saphenous vein at various days after cisplatin 
delivery, and the concentration of urea nitrogen in plasma assessed by 
colorimetric method (Urea Nitrogen Reagent, Colorimetric Method; Teco 
Diagnostics, Anaheim, CA). Survival of these mice was also determined 
over time. The experiment was repeated, similar results obtained, and 
thus data combined.

Short-term experiments were also performed where mice on day 5 
post-cisplatin were killed in order to collect higher blood volumes by 
cardiac puncture, and to harvest kidneys for several analyses as described 
below. Chemistry analysis to assess blood creatinine, amylase and alanine 
aminotransferase levels was conducted using the Abaxis VetScan VS2 
chemistry analyzer (VetNovations, Barrie, ON).

Animals were handled under the guidelines promulgated by the 
Canadian Council on Animal Care.

Immunohistochemical staining and analysis of kidney sections. Sections 
were prepared and stained at the histology core facility of the Institute for 
Research in Immunology and Cancer (IRIC, Montreal, Quebec, Canada). 
Kidneys were removed, placed in formalin, embedded with paraffin, and sec-
tions were prepared of 3 μm thickness, and stained for Caspase-3 (apoptotic 
cells) and Ki-67 (proliferating cells). Immunohistochemical detection was 
conducted on a Discovery XT automatic immunostainer (Ventana Medical 
Systems, Tucson, AZ) performing deparaffinization and antigen retrieval 
with proprietary reagents (Cell Conditioning 1 from Ventana Medical 
Systems). The anti-Caspase-3 antibody (Biocare Medical; Concord, CA), 
diluted 1:100 with PBS, was incubated at room temperature for 2 hours. 
The anti-Ki-67 antibody (Biocare Medical), diluted 1:200 with PBS, was 
incubated at room temperature for 60 minutes. Subsequently, incubation 
with anti-rabbit biotin conjugated antibody (Jackson ImmunoResearch, 
West Grove, PA) was performed. Streptavidin-horseradish peroxidase, 
3,3-diaminobenzidine detection kit and Avidin-Biotin Blocking kit were 
utilized as indicated in the manufacturer’s instructions (Ventana Medical 
Systems). Sections were counterstained with hematoxylin, and a bluing 
reagent was applied for post-counterstaining.

Stained kidney sections were scanned using the NanoZoomer 
Virtual Microscopy System (Hamamatsu, Bridgewater, NJ). Images from 
three different regions per kidney section were processed using the Paint 
Shop Pro software (version 12.0) using a preprogrammed script, and 
then transferred to Scion Image software (version 4.0.2). Kidneys from 4 

to 6 mice were processed per group, thus constituting 12–18 regions per 
group of mice. Caspase-3 or Ki-67 stained areas were discriminated from 
the background using the thresholding mode. In this mode, pixels equal 
to or greater than threshold level were displayed in black and all other 
pixels were displayed in white (background). Evaluation of the amount of 
stained cells was then conducted by enumerating the black spots.

Extraction of genomic DNA from kidney tissues and PCR analysis. 
Genomic DNA was isolated using AllPrep DNA/RNA/Protein Mini Kit 
(Qiagen, Hilden, Germany) from mouse kidneys that had been harvested 
and kept at −80 °C until use. Since cells from male mice were implanted 
into female recipients, DNA samples (200 ng) were used to amplify a mouse 
Y chromosome fragment (444 bp) using the following primers: sense 
primer 5′ CTCCTGATGGACAAACTTTACG 3′ and antisense primer 
5′ TGAGTGCTGATGGGTGACGG 3′. The PCR cycle conditions for 
Y-chromosome detection were the following: 95 °C for 15 minutes (1 cycle), 
94 °C for 40 seconds, 59 °C for 1 minute, 72 °C for 1 minute (47 cycles), and 
72 °C for 8 minutes. As the internal standard, a 363-bp β-globin product 
was amplified using the primers 5′ GAAGTTGGGTGCTTGGAGAC 3′ 
(sense) and 5′ GGAAGGTTGAGCAGAATAGC 3′ (antisense). The PCR 
cycle conditions for β-globin detection were: 95 °C for 15 minutes (1 cycle), 
94 °C for 30 seconds, 57 °C for 1 minute, 72 °C for 1 minute (40 cycles), and 
72 °C for 8 minutes. The HotstarTaq DNA Polymerase kit (Qiagen) was 
used to amplify the specific DNA fragments.

Protein extraction from kidney tissues and western blot analysis. Tissue 
protein was extracted from harvested mouse kidneys that had been placed 
at −80 °C until use. Briefly, 30 mg of kidney tissue was homogenized in 
400 µl of ice-cold lysis buffer (same as above except also containing 1% 
sodium dodecyl sulfate). Protein concentrations were determined using 
Pierce BCA Protein Assay Kit (Thermo Scientific). The tissue lysates 
(90 µg of protein) were fractionated by 4–20% Precise Protein Gels 
(Thermo Scientific) and transferred to a Nitrocellolose membrane (Bio-
Rad). The membrane was blocked for one hour at room temperature with 
Tris–buffered saline containing 10% nonfat dry milk and 0.05% Tween20, 
and then probed overnight at 4 °C with the primary antibody of P-Akt 
(Ser473; 1:1000). The bound antibodies were visualized with a suit-
able secondary antibody conjugated with horseradish peroxidase using 
Chemiluminescent HRP Substrate (Millipore). The blot was stripped with 
Re-Blot Plus Strong Solution (Millipore) and reprobed with an anti-Epo 
antibody (1:1000, R&D Systems) to determine Epo expression. The blot 
was similarly stripped and reprobed with an antibody against GAPDH 
(1:5000, Cell Signaling Technology) as a loading control.

Statistical analysis. The t-test was employed for comparing most results 
from the different test groups (other than survival results). For compari-
son of survival, the Logrank test was conducted. P ≤ 0.05 was considered 
significant.
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