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Abstract

Background: Acute kidney injury (AKI) causes abrupt deterioration in kidney function that disrupts metabolic, elec-
trolyte and fluid homeostasis. Although the prevalence of AKl is steadily increasing, no definitive treatment options
are available, leading to severe morbidity and mortality. We evaluated the role of uterine-derived multipotent stem
cells in kidney regeneration after ischemic AKI.

Methods: Female C57BL/6J mice were hysterectomized and subsequently subject to AKI by either unilateral or
bilateral renal ischemia—reperfusion injury. Uterine-derived cells (UDCs), containing a population of uterine stem cells,
were isolated from the uteri of female transgenic DsRed mice and injected intravenously to AKI mice. Engraftment of
DsRed cells was analyzed by flow cytometry while serum creatinine levels were determined colorimetrically. Expres-
sion of UDC markers and cytokine markers were analyzed by immunohistochemical and gRT-PCR methods, respec-
tively. The Kaplan—-Meier method was used to analyze survival time while unpaired t test with Welch’s correction used
for data analysis between two groups.

Results: Mice with an intact uterus, and hence an endogenous source of UDCs, had a higher survival rate after bilat-
eral ischemic AKI compared to hysterectomized mice. Mice treated with infusion of exogenous UDCs after hysterec-
tomy/AKl had lower serum creatinine levels and higher survival rates compared to controls that did not receive UDCs.
Engraftment of labeled UDCs was significantly higher in kidneys of bilateral ischemic AKI mice compared to those
that underwent a sham surgery. When unilateral ischemic AKl was induced, higher numbers of UDCs were found

in the injured than non-injured kidney. Immunofluorescence staining demonstrated double-positive DsRed/Lotus
tetragonolobus agglutinin (LTA) positive cells and DsRed/CD31 positive cells indicating contribution of UDCs in renal
tubular and vascular regeneration. Expression of Cxc/12, Bmp2, Bmp4, and Ctnf in renal tissue was significantly higher
in the UDCs injection group than the control group.

Conclusions: UDCs engrafted injured kidneys, contributed to proximal tubule and vascular regeneration, improved
kidney function and increased survival in AKI mice. UDC administration is a promising new therapy for AKl. Endog-
enous uterine stem cells likely also preserve kidney function, suggesting a novel interaction between the uterus and
kidney. We suggest that hysterectomy may have a detrimental effect on response to renal injury.
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Background

Acute kidney injury (AKI) is a cause of chronic kidney
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The community-based incidence of AKI is also stead-
ily increasing [4]. AKI leads to a deterioration in kidney
function that disrupts metabolic, electrolyte and fluid
homeostasis over a period of hours to days. The annual
health care expenditures attributable to hospital-acquired
AKI are estimated to exceed $10 billion [5]. Although
AKI is associated with high morbidity and mortality, no
specific treatment strategies have been introduced other
than management of the underlying cause and provid-
ing supportive care [6]. As conventional treatments have
failed to improve treatment of AKI, focus has shifted
to regenerative medicine as a new therapeutic option.
Animal models of renal failure have demonstrated
that human fetal nephron progenitor cells participate
in repair of renal tubules [7]. The therapeutic effects of
human induced pluripotent stem cells (hiPSCs) on AKI
have been reported in experimental mouse models [8, 9].

Recently, the endometrium has emerged as an acces-
sible source of adult stem cells with remarkable differ-
entiation capacity. The human endometrium is a highly
dynamic tissue that is completely regenerated in approxi-
mately 400 menstrual cycles during a woman’s lifetime. It
is known to contain a robust population of stem/progeni-
tor cells [10-12]; characterization of endometrial stromal
cells has identified a population of mesenchymal stem
cells that can differentiate into adipogenic, chondrogenic
and osteogenic fates in vitro [12, 13]. Since then, numer-
ous therapeutic applications using endometrial stem cells
to treat non-endometrial diseases have been introduced.
Differentiation and transplantation of human endome-
trial stem cells have been shown to increase concentra-
tions of dopamine and its metabolites in mouse and
non-human primate models of Parkinson’s disease [14,
15]. Insulin-producing cells have been generated from
endometrial stem cells, and their therapeutic potential
has been demonstrated using a diabetic mouse model.
Transplantation of human endometrial stem cell-derived
beta-like cells improved hyperglycemia in the recipient
mouse as well as prevented diabetes-associated com-
plications [16]. The uterus has also been shown to be a
potential stem cell source for the treatment of heart dis-
ease. Human menstrual blood-derived mesenchymal
stem cells have been successfully differentiated into spon-
taneously beating cardiomyocyte-like cells and injection
of these cells into infarcted zones in the heart of a murine
model induced functional improvement with smaller
infarct areas [17].

We initially observed a higher survival after AKI in
animals with an intact uterus compared to those that
underwent hysterectomy and hypothesized that uter-
ine stem cells may contribute to renal tubule regenera-
tion. Although applications of endometrial stem cells
have been suggested as a therapeutic option in multiple
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diseases, there are few studies evaluating their potential
in the treatment of AKI. Based on the fact that the uterus
and kidney share the same embryological origin, we
hypothesized that uterine-derived cells (UDCs) may be
participating in kidney repair. In this study, we utilized an
AKI mouse model of renal ischemia—reperfusion injury
and injected UDCs into the circulation. We first evalu-
ated whether UDCs can engraft the injured kidney. Then,
we evaluated the potential use of UDCs for AKI treat-
ment using kidney function testing and survival analysis.
We find an unsuspected role for the uterus and uterine-
derived stem cells in repair of the kidney after ischemic
injury.

Materials and methods

Animals

Female transgenic DsRed (Discosoma sp. Red Fluores-
cent Protein, Strain #009655, C57BL/6]-Tg (Dcx-DsRed)
mice (8-week-old) from Jackson Laboratories (Bar Har-
bor, ME, USA) and female C57BL/6] mice (8-week-old)
from Charles River Laboratories (Wilmington, MA,
USA) were purchased and maintained under controlled
conditions (a 12-h light, 12-h dark cycle, at 22 °C) with
free access to water and chow. Animals were treated in
accordance with a protocol approved by the Yale Uni-
versity Institutional Animal Care and Use Committee
(IACUC), and following the U.S. Principles for Utiliza-
tion and Care of Vertebrate Animals Used in Testing,
Research, and Training.

Hysterectomy

Mice were anesthetized with inhaled isoflurane and
received 1.0 mg/kg meloxicam, 1.2 mg/kg buprenor-
phine. All mice received a ventral midline incision
through the skin and peritoneum. The sham surgery
group received skin and peritoneal incisions only. In the
hysterectomy group, each uterine horn was ligated and
cut below the ovary and oviduct. The uterus was then
separated from the adjacent fat, and the uterocervical
junction was ligated and cut above the cervix. All inci-
sions were sutured with dissolvable vicryl suture, and
mice were allowed to recover under a heat lamp and were
single-housed for 7 days following the surgery.

Ischemia-reperfusion model

Mice were given pentobarbital (60 mg/kg, Sigma, St
Louis, USA) and then heparin (100 units) by intraperi-
toneal injection and kept on a heated surgical pad at
37+1 °C. A cannula was inserted into the right femoral
vein to infuse normal saline at 3 ml/h and also admin-
ister bolus doses of pentobarbital sodium as required.
Another cannula was placed into the right femoral
artery and connected to a pressure transducer (MLT844;
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ADInstruments, Bella Vista, NSW, Australia) for con-
tinuous recording of arterial pressure by means of a
PowerLab/4SP data acquisition system (AD Instruments).
A midline electrosurgical laparotomy was performed to
carefully separate the renal artery and vein from each
other on both sides under a surgical microscope (SZ2-ET;
Olympus Corp., Tokyo, Japan). Following a 30 min equili-
bration period, either one or both renal arteries and veins
and pedicles were occluded using non-traumatic clamps
for 30 min, during which arterial pressure and heart rate
were recorded by the PowerLab. At 5 min before finish-
ing the renal ischemic period, the urinary bladder was
punctured to completely discharge urine and then can-
nulated. Mice body temperature was controlled at 36.8—
37.2 °C during surgery with a temperature-controlled
operating table (Vestavia Scientific). After release of
clamps and confirmation of reperfusion by return of nor-
mal kidney color, an immediate 30-min clearance period
was undertaken. During the clearance period, urine was
collected. A separate group of mice were maintained for
immunohistology studies. At the end of ischemic period
and clearance period, mice in this group had an arterial
blood sample (1 ml) taken and quickly centrifuged, and
then, both kidneys were removed and the mice were
euthanized by infusion of a concentrated KCI solution.
The sham group had all surgical procedures and blood
sampling but without induction of renal ischemia. Each
group consisted of 8 animals. Unilateral kidney injury
in female mice to determine the percent of DsRed cells
engrafted into the injured vs uninjured kidney.

Preparation of UDCs for in vivo treatment

8-12-week-old female mice (C57BL/6) expressing red
fluorescent protein (DsRed) were used as donors. These
mice were euthanized under anesthesia as described
above; the uteri were harvested, stripped of all adja-
cent adipose tissue, and digested in a solution of Hank’s
balanced salt solution (HBSS) containing DNAse I
(0.085 mg/ml) and collagenase B (0.85 mg/ml). Cells were
counted using trypan blue by hemocytometer and the
cell pellet was washed twice and suspended in PBS. One
million (1 x106) UDCs were injected through intrave-
nous (i.v) injection immediately after kidney injury.

Kidney imaging by fluorescence

Kidneys were removed from both the control and UDC
groups, and imaged with Carestream In Vivo MS Fx Pro
(Carestream Health, USA) to capture X-ray and cor-
responding fluorescent images of the uterine cells that
engrafted the kidney.
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Flow cytometry

Kidneys were removed from both the control and UDC
treated groups of mice and assessed to determine the
presence of DsRed+cells using fluorescence-activated
cell sorting (FACS). Kidney tissue was finely minced with
surgical scalpels and subsequently digested with a solu-
tion of Hank’s Balanced Salt Solution (Life Technolo-
gies, Inc, Invitrogen, Carlsbad, CA) containing HEPES
(25 mM), collagenase B (1 mg/ml, Roche Diagnostics,
Indianapolis, IN), and deoxyribonuclease (0.1 mg/ml,
Sigma-Aldrich, St. Louis, MO) for 60-90 min at 37 °C.
All samples were filtered using 70-pm cell strainers and
centrifuged at 3000 rpm at 4 °C for 5 min. Cell pellets
were suspended in FACS buffer and then sorted via FACS
on a Beckman Coulter MoFlo machine (Beckman Coul-
ter, San Jose, CA). Acquired data were analyzed using the
FlowJo V10 software (Tree Star, Ashland, OR) for three
independent experiments.

Immunofluorescence studies

Kidney tissue was fixed in 4% paraformaldehyde and
embedded in paraffin. Five-micrometer tissue sec-
tions (5 um) were mounted on slides, steamed in sodium
citrate at pH 6 for 10 min for antigen retrieval, and
blocked using 10% donkey serum (Vector Laboratories,
Burlingame, CA, USA). Sections on slides were incubated
at 4 °C overnight with primary antibodies, rabbit anti-
CD31 polyclonal antibody (catalog #ab28364 Abcam,
Cambridge, MA, USA), goat anti-DsRed polyclonal anti-
body (catalog # sc-33354, Santa Cruz Biotechnology, Dal-
las, TX), and rat anti-CD45 antibody (catalog # ab23910,
Abcam, Cambridge, MA) and anti-LTA monoclonal anti-
body (catalog # 10R-1174, Fitzgerald Industries Interna-
tional, North Acton, MA, USA). Secondary antibodies
used were Alexa Fluor 568-conjugated donkey anti-goat
(1:200, catalog #A11057, Invitrogen, CA, USA) and Alexa
Fluor 488-conjugated donkey anti-rabbit (1:200, cata-
log #A21206, Invitrogen). Sections were mounted under
coverslips using Vectashield fluorescent mounting media
with  46-diamidino-2-phenylindole (DAPI) (catalog
#H-1200; Vector Laboratories, Burlingame, CA). Visuali-
zation of the slides was performed using a laser scanning
confocal microscope (LSM 710; Zeiss) and the ZEN soft-
ware (Carl Zeiss).

Quantitative real-time polymerase chain reaction
(qQRT-PCR)

RNA was extracted from kidney tissue by TRIzol reagent
(Life Technologies), followed by purification using the
Qiagen cleaning kit (Qiagen, Valencia, CA, USA) to pre-
pare cDNA with 50 ng RNA in a 20 pl reaction mixture
by iScript cDNA Synthesis Kit (Bio-Rad Laboratories,
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Hercules, CA). Quantitative real-time PCR was per-
formed to quantify DsRed, Cxcl12, Bmp2, Bmp4, and Ctnf
mRNA expression. The specificity of the amplified tran-
script (39 cycles) and absence of primer-dimers was con-
firmed by a melting curve analysis. Gene expression was
normalized to the expression of -actin for each sample.
Relative mRNA expression for each gene was calculated
using the comparative cycle threshold (Ct) method, also
known as the 2724CT method. All experiments were car-
ried out three times and performed in duplicate. Nucle-
ase-free water was used as a negative control replacing
the cDNA template.

Serum creatinine estimation for renal function

Blood samples were collected on day 0, 1, 2, 4, 7, 14 and
21 from both the control as well as UDC groups, and
serum was collected by centrifugation at 5000 rpm for
10 min at 4 °C and frozen until used. Serum creatinine
levels were determined colorimetrically using creatinine
assay kit purchased from Abcam (catalog #: ab64340,
Cambridge, MA, USA). Mice serum creatinine levels
were determined by extrapolating the OD values from
the standard curve.

Statistical analysis

Statistical analysis was performed using SPSS 16.0 (SPSS
Inc, Chicago, IL) or GraphPad Prism 6 software (Graph-
Pad Software). Mean total cell counts and creatinine
levels between the groups (control vs. UDC; male vs.
female; injured vs. non-injured) were compared using an
unpaired t-test with Welch’s correction for unequal vari-
ances. The expression levels of mRNAs between the two
groups were also compared using an unpaired t-test with
Welch’s correction. The Kaplan—Meier method was used
to analyze survival time between the two groups. p <0.05
was considered statistically significant, and the data were
expressed as mean &= SEM.

Results

Prior hysterectomy decreased survival after renal injury
Survival rate after AKI via bilateral renal ischemia—rep-
erfusion injury was compared between hysterectomized
mice and those with intact uteri. Mice with intact uteri
had a significantly higher survival rate after 2 weeks com-
pared to that in the hysterectomy group (Fig. 1). Sham
surgery or hysterectomy alone without induction of AKI
had no effect on mortality. This indicated a potential
beneficial role of the uterus in recovery from AKI and in
overall survival.

UDC engraftment of the injured kidney
Our previous studies have characterized a popula-
tion of resident multipotent stem cells in the uterus;
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Fig. 1 Survival of mice with or without hysterectomy. All mice
survived in the sham surgery. Survival in all mice after ischemia—
reperfusion acute kidney injury (AKI) was lower than sham surgery
controls. Mice without hysterectomy (intact uterus, blue) had a
higher rate of survival compared to those with hysterectomy (Hyst,
red). N=8 mice per group. *denotes statistical significance (p <0.05)
comparing AKI+ Hyst or AKI+intact uterus vs sham surgery as well
as comparing AKI+ Hyst vs. AKI +intact

specifically, these cells reside in the uterine endome-
trium. We have demonstrated the ability of labeled
human endometrial stem cells to migrate to the site
of an injury, engraft, differentiate in vivo, and signifi-
cantly improve function in other organ systems [14,
15]. Here, we next evaluated whether UDCs could
engraft injured kidneys. We administered DsRed
UDCs by tail vein injection to animals after AKI or
to those that underwent sham surgery alone. Using
FACS, we identified significantly more uterine cells in
kidneys after ischemia-reperfusion injury compared
to sham surgery without kidney injury (Fig. 2a). The
results were further confirmed by qRT-PCR, ampli-
fying rDsRed mRNA (Fig. 2b); DsRed expression was
low or undetectable in the kidneys of sham surgery
mice and consistently higher in those with bilateral
AKI. These data demonstrate the transport of UDCs
through the circulation to the injured organ and suc-
cessful engraftment. We also treated male mice with
UDCs. The distribution of UDCs varied according to
the gender, with significantly higher numbers of cells
engrafted in males with bilateral kidney injury than
females with bilateral kidney injury (Fig. 2c).

We next compared bilateral to unilateral kidney injury
and demonstrated that the UDCs preferentially engraft
the injured kidney. When UDCs were injected in mice
with unilateral renal ischemia-reperfusion injury, the
numbers of DsRed positive cells were significantly higher
in the injured kidneys than in those without the injury
(Fig. 2d). The UDCs specifically targeted the injured
kidney.
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Fig. 2 Labeled UDCs engraft the injured kidney as demonstrated by cell count, renal DsRed mRNA expression levels, in vivo imaging system and
fluorescence-activated cell sorting (FACS). a Ds-Red positive uterine-derived cells (UDCs) were injected immediately following either sham surgery
or bilateral renal ischemia-reperfusion injury. DsRed positive cells were preferentially incorporated into the injured kidneys as determined by
FACS. b Similarly, elevated DsRed mRNA expression levels were higher in the kidneys of the renal ischemia-reperfusion injury group compared

to the sham surgery group. ¢ DsRed positive cell counts are shown in either male or female kidneys after ischemia-reperfusion injury. DsRed

cells were preferentially incorporated in males. d After unilateral ischemia—reperfusion injured, more DsRed positive cells accumulated in the
injured kidney compared to the non-injured kidney. e In vivo imaging of sham group and unilateral renal ischemia-reperfusion injury. DsRed
positive uterine-derived cells (UDCs, shown here in green) were preferentially incorporated into the injured kidney. f and g demonstrate
fluorescence-activated cell sorting of uninjured and ischemia-reperfusion injured kidneys. f DsRed labeled uterine-derived cells (UDCs) were not
incorporated into the uninjured kidney in significant numbers. g Large numbers of DsRed cells were incorporated into the injured kidney. (N=8 per
group) *denotes statistical significance (p < 0.05) sham vs UDC; male vs female and non-injured vs injured

The findings were further evaluated using in vivo imag-  of the DsRed positive cell population only in injured kid-
ing and fluorescence-activated cell sorting. In vivo imag-  neys (Fig. 2e). Similarly, fluorescence-activated cell sort-
ing in mice with unilateral renal ischemia—reperfusion ing shows the absence of DsRed cells in the non-injured
injury and UDCs injection clearly indicate the presence
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LTA

Fig. 3 Immunofluorescence staining of LTA, CD31, DAPI and DsRed in ischemia-reperfusion injured kidney. Colocalization of DsRed with either LTA
or CD31 shows incorporation of endometrial stem cells into the renal tubules or vasculature, respectively. Scale bar: 50 um

kidneys (Fig. 2f) and indicates the presence of a DsRed
positive cell population in injured kidneys (Fig. 2g).

UDCs contribute to the repair of the injured kidney

Repair of ischemic injury requires regeneration of dam-
aged renal tubules as well as vascular repair. The kid-
neys from mice with the renal ischemia-reperfusion
injury and tail vein injection of DsRed positive UDCs
were extracted and stained with Lotus tetragonolobus
agglutinin (LTA) and CD31 to evaluate the contributions
of UDCs in renal tubule regeneration and blood vessel
formation, respectively. Immunofluorescence staining
detected LTA positive tubular cells in injured kidneys.
Triple staining with LTA, DsRed, and DAPI resulted in
triple positive staining cells. Triple staining with CD31,
DsRed, and DAPI also yielded positive results (Fig. 3).
Together these results show a role for UDCs in tubule
regeneration and revascularization.

Kidney function and survival analysis

To evaluate the effects of UDCs on kidney function after
AKI, blood samples were collected and serum creati-
nine levels measured. On day 0, the day of bilateral renal
ischemia—reperfusion injury, there were no significant
difference in serum creatinine levels between the control
group and the UDC injection group as shown in Fig. 4a.
However, compared to the control group, serum creati-
nine levels of mice with UDCs injection showed signifi-
cantly lower serum creatinine level on Day 2 (0.22 mg/dl
vs 0.45 mg/dl, twofold; p=0.02) as shown in Fig. 4b.

We further analyzed survival of hysterectomized mice
with bilateral renal ischemia—reperfusion injury between
the control and UDCs injection groups. The survival rate
was significantly higher in the group that received UDCs
compared to controls after 2 weeks (68% vs 48%, respec-
tively; p=0.04) (Fig. 4c).

In addition to day 2, we measured the creatinine lev-
els at multiple time points until 3 weeks post-injury;
however, continued measurements were limited to those
mice that survived. In all survivors, the creatinine levels
improved over time and the differences between groups
narrowed as more mice with higher creatine levels died
in the untreated group.

Effects of UDCs on cytokine expression in the injured
kidney

Cytokines that are related to kidney regeneration and
stem cell activity were evaluated in the injured kidneys
after UDCs or control injections as shown in Fig. 5.
Expression of Cxcl12, a known mesenchymal stem cell
chemotactic, was significantly higher in injured kidneys
after UDCs injection than controls. Expressions of Bmp2
and Bmp4, known to be associated with kidney develop-
ment and repair [18—20], were also shown to be elevated
in UDCs treated group compared to controls. Ctnf, a
growth factor known to be involved in renal tubular
repair processes after ischemia—reperfusion injury [21],
displayed significantly higher expression in renal tissue of
the UDC injection group than in controls.
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Discussion
In this study, we evaluated the potential roles of UDCs
in regeneration of renal tubules and kidney function after
AKI. We successfully established an AKI mouse model
by inducing renal ischemia—reperfusion injury. UDCs
were shown to travel through the circulation in order
to target and successfully engraft to the injured kidney.
Furthermore, UDCs are involved in renal tubule regen-
eration and angiogenesis by directly contributing to mes-
enchymal stem cell differentiation, as well as increasing
angiogenic factors and BMPs. Most importantly, UDCs
treatment had beneficial effects on renal function and led
to increased survival of mice after AKIL

Although AKI is associated with increased morbidity
and mortality, renal function can be recovered; recent
studies emphasize the importance of the renal tubu-
lar cells during the recovery process [22—27]. The renal
tubule has an extraordinary capacity to undergo regen-
eration within a few days after AKI, and the sources of

these regenerating cells still remain unclear and con-
troversial. Berger et al. showed that recovery from AKI
involved intrinsic tubular cells and these intrinsic tubular
cells can arise from any surviving tubular cells rather than
from a fixed progenitor cell population [28]. Others have
noted that extrinsic cells from the bone marrow or mes-
enchymal stem cells are not required for tubular recovery
[29, 30]. However, there are numerous studies indicat-
ing the benefits of therapy with mesenchymal stem cells
in the recovery process of AKI through various mecha-
nisms, including anti-inflammation, anti-apoptosis, anti-
fibrosis, immunomodulation, and proangiogenesis [31].
These mesenchymal stem cells are derived from many
different tissues and organs, such as dental pulp [32],
amniotic fluid [33], umbilical cord [34], and bone mar-
row [35, 36]. Our studies on uterine stem cells are further
supported by a recent study showing that uterine-derived
feline mesenchymal stem cells (UMSCs) have a thera-
peutic effect on chronic kidney disease (CKD) in cats
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[37]. Uterine-derived stem cells may be beneficial in the
acute or chronic disease state. Further, exosomes derived
from induced multipotent stems have therapeutic effect
on AKI, suggesting that the identification of molecular
mediators may reduce the need for cell-based therapy
[38]; further studies to determine the relative efficacy are
indicated. All point to a therapeutic use of stem cells in
the treatment of renal disease.

Although promising, use of mesenchymal stem cells
from some tissues and/or organs has several limitations.
To prevent the risk of immune rejection, autologous
mesenchymal stem cell transplantation may be ideal but
is a complex and time-consuming process with rela-
tively high costs. Obtaining stem cells from most sources
requires general anesthesia and an operative procedure.
In this regard, UDCs, specifically endometrial stem cells,
have many advantages over other sources. They are eas-
ily accessible in the outpatient setting with minimal or no
analgesia required (endometrial biopsy). The endome-
trium is additionally a self-renewing tissue. Endometrial
stem cells can also be expended in vitro with vast differ-
entiation potential in vivo and in vitro [39].

In this study, we have shown that UDCs contribute to
regeneration of renal tubules and improve kidney func-
tion in mice with renal ischemia-reperfusion injuries;

our data support a potential role for mesenchymal stem
cells in repair of damaged kidneys. Our findings are in
line with previous work showing human endometrial
regenerative cells from menstrual blood attenuated renal
ischemia—reperfusion injury in mice by anti-inflamma-
tory and immune-regulatory effects [40]. Interestingly,
our data strongly suggest UDCs as one of the origins of
tubular regeneration and recovery, which was confirmed
by double positive staining of LTA and DsRed. The data
also suggest that UDCs contain various cytokines related
to tubule repair, stem cell homing, and angiogenesis,
which promoted new vessel formation in the injured
kidneys.

We further evaluated the renal function and survival
rate of the mice with injured kidneys after UDCs injec-
tion and noted improvement in serum creatinine lev-
els 48 h after treatment, with increased survival after
2 weeks. These findings are supported by a recent sys-
tematic review involving 21 studies indicating improved
outcomes in impaired renal function with the use of
mesenchymal stem/stromal cells therapy in small animal
models [41].

Since it has been suggested that renal ischemia—rep-
erfusion injury involves cellular damage caused by
ischemia as well as delayed renal damage resulting from
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inflammatory and immune responses [42], numerous
studies have focused on inflammation and immune acti-
vations in renal ischemia-reperfusion injury models.
These studies have shown that activation and infiltration
of neutrophils, macrophages, and other inflammatory
mediators are involved in modulating severity of injury
in experimental models [43—45]. In this study, particu-
lar emphasis was made on the role of mesenchymal stem
cells and their recruitment after renal ischemia—reperfu-
sion injury. The results showed that injection of UDCs
increased expression of Cxc/12 and BMPs along with
Ctnf. The increase in Ctnf levels is known to parallel the
recovery of renal structure following ischemia—reper-
fusion injury [21]. Various cytokines related to mesen-
chymal stem cell recruitment and differentiation also
play a significant role in the healing process after renal
ischemia—reperfusion injury.

Interestingly, the survival analysis revealed differences
after renal ischemia-reperfusion injury according to
the presence or absence of the uterus. Hysterectomized
mice had a much lower survival rate than those with
intact uteri after 2 weeks, suggesting the importance of
the uterus and resident endometrial stem cells for renal
regeneration after AKI. Similarly, we saw more exog-
enous uterine-derived cells engrafting the male kidneys,
likely due to the absence of a competing endogenous
source of these cells from a uterus. These results are
consistent with the higher incidence of acute renal fail-
ure in males compared to females based on the analysis
of hospitalized Medicare beneficiaries and a prospective
multicenter community-based study [46, 47]. There are
approximately 600,000 hysterectomies performed yearly
in the USA alone. Diminished renal function after hyster-
ectomy has been historically attributed to unrecognized
injury or obstruction of the ureter. Our results suggest
another possible explanation based on the loss of resi-
dent stem cells that may contribute to renal repair after
injury. Hysterectomy without oophorectomy has tradi-
tionally been considered a low-risk surgery with no long-
term consequences. However, several recent studies have
linked hysterectomy to an increased incidence of renal
cell carcinoma [48-50]. Endometrial stem cells may also
have a role in preserving renal tumor surveillance. Fur-
ther studies are needed to explore the non-gynecologic
consequences of hysterectomy, especially the effect on
kidneys and other embryologically related tissues. Hys-
terectomy should no longer be considered a procedure
void of long-term medical consequences.

Conclusions

We have shown that UDCs engraft injured kidneys fol-
lowing ischemia—reperfusion injury and contribute to
proximal tubule and vascular regeneration, with resultant
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improvement in kidney function and survival. Evidence
of a uterine contribution to tissue repair emphasizes the
importance of the uterus as a source of stem cells and tis-
sue regeneration. This finding has direct clinical impli-
cations considering the high rate of hysterectomy in the
USA. While further validation is needed, the utilization
of UDCs is also a potential therapeutic option for AKI
treatment.

Acknowledgements
Not applicable.

Authors’ contributions

RM involved in data analysis, figures, and manuscript writing; SC involved in
manuscript writing; LM carried out experiments; HT involved in conception
and design, edits and final approval. All authors read and approved the final
manuscript.

Funding

This study was supported by the National Institutes of Health, Department of
Health and Human Services, Bethesda, Maryland, USA (Grant number NIH RO1
HD076422).

Availability of data and materials
Data available with Ramanaiah Mamillapalli and Hugh S Taylor.

Declarations

Ethical approval and consent to participate
Protocols approved by Yale University Institutional Animal Care and Use Com-
mittee (IACUQ).

Consent for publication
All authors and Institute given consent to publish the research data.

Competing interests
All authors declare no competing interests.

Author details

'Department of Obstetrics, Gynecology and Reproductive Sciences, Yale
School of Medicine, 310 Cedar Street, New Haven, CT 06510, USA. *Present
Address: Department of Obstetrics and Gynecology, Gangnam Severance
Hospital, College of Medicine, Yonsei University, Seoul, South Korea.

Received: 24 December 2021 Accepted: 27 February 2022
Published online: 12 March 2022

References

1. Mehta RL, et al. International Society of Nephrology'’s Oby25 initiative for
acute kidney injury (zero preventable deaths by 2025): a human rights
case for nephrology. Lancet. 2015;385(9987):2616-43.

2. Chawla LS, et al. Acute kidney injury and chronic kidney disease as inter-
connected syndromes. N Engl J Med. 2014;371(1):58-66.

3. Sohaney R, et al. In-Hospital and 1-Year Mortality Trends in a National
Cohort of US Veterans with Acute Kidney Injury. Clin J Am Soc Nephrol.
2022;17(2):184-93.

4. Hsu CY, et al. Community-based incidence of acute renal failure. Kidney
Int. 2007;72(2):208-12.

5. Chertow GM, et al. Acute kidney injury, mortality, length of stay, and costs
in hospitalized patients. J Am Soc Nephrol. 2005;16(11):3365-70.

6. Levey AS, James MT. Acute kidney injury. Ann Intern Med.
2017;167(9):ITC66-80.

7. Harari-Steinberg O, et al. Identification of human nephron progenitors
capable of generation of kidney structures and functional repair of
chronic renal disease. EMBO Mol Med. 2013;5(10):1556-68.



Mamillapalli et al. Stem Cell Research & Therapy

20.

21

22.

23.

24.

25.
26.
27.
28.
29.

30.

31

32.

33

(2022) 13:107

Imberti B, et al. Renal progenitors derived from human iPSCs engraft
and restore function in a mouse model of acute kidney injury. Sci Rep.
2015;5:8826.

ToyoharaT, et al. Cell therapy using human induced pluripotent stem
cell-derived renal progenitors ameliorates acute kidney injury in mice.
Stem Cells Transl Med. 2015;4(9):980-92.

Chan RW, Schwab KE, Gargett CE. Clonogenicity of human endometrial
epithelial and stromal cells. Biol Reprod. 2004;70(6):1738-50.

. Schwab KE, Chan RW, Gargett CE. Putative stem cell activity of human

endometrial epithelial and stromal cells during the menstrual cycle. Fertil
Steril. 2005;84(Suppl 2):1124-30.

Gargett CE, et al. Isolation and culture of epithelial progenitors and
mesenchymal stem cells from human endometrium. Biol Reprod.
2009;80(6):1136-45.

Wolff EF, et al. Demonstration of multipotent stem cells in the

adult human endometrium by in vitro chondrogenesis. Reprod Sci.
2007;14(6):524-33.

Wolff EF, et al. Endometrial stem cell transplantation restores dopa-

mine production in a Parkinson'’s disease model. J Cell Mol Med.
2011;15(4):747-55.

Wolff EF, et al. Endometrial stem cell transplantation in MPTP- exposed
primates: an alternative cell source for treatment of Parkinson’s disease. J
Cell Mol Med. 2015;19(1):249-56.

Santamaria X, et al. Derivation of insulin producing cells from human
endometrial stromal stem cells and use in the treatment of murine diabe-
tes. Mol Ther. 2011;19(11):2065-71.

Hida N, et al. Novel cardiac precursor-like cells from human menstrual
blood-derived mesenchymal cells. Stem Cells. 2008;26(7):1695-704.
Yang YL, et al. Bone morphogenetic protein-2 antagonizes renal inter-
stitial fibrosis by promoting catabolism of type | transforming growth
factor-beta receptors. Endocrinology. 2009;150(2):727-40.

Dudley AT, Robertson EJ. Overlapping expression domains of bone mor-
phogenetic protein family members potentially account for limited tissue
defects in BMP7 deficient embryos. Dev Dyn. 1997;208(3):349-62.
Furic-Cunko V, et al. Expression of bone morphogenetic proteins 4, 6
and 7 is downregulated in kidney allografts with interstitial fibrosis and
tubular atrophy. Int Urol Nephrol. 2015;47(7):1219-29.

Yang CW, et al. Upregulation of ciliary neurotrophic factor (CNTF) and
CNTF receptor alpha in rat kidney with ischemia-reperfusion injury. J Am
Soc Nephrol. 2001;12(4):749-57.

Wang HL, Liu NM, Li R. Role of adult resident renal progenitor cells in
tubular repair after acute kidney injury. J Integr Med. 2014;12(6):469-75.
Smeets B, et al. Proximal tubular cells contain a phenotypically distinct,
scattered cell population involved in tubular regeneration. J Pathol.
2013;229(5):645-59.

Andrianova NV, et al. Kidney cells regeneration: dedifferentiation of
tubular epithelium, resident stem cells and possible niches for renal
progenitors. Int J Mol Sci. 2019;20(24):6326.

Little MH, Kairath P. Does renal repair recapitulate kidney development? J
Am Soc Nephrol. 2017;28(1):34-46.

Eymael J, Smeets B. Origin and fate of the regenerating cells of the
kidney. Eur J Pharmacol. 2016;790:62-73.

Kramann R, Kusaba T, Humphreys BD. Who regenerates the kidney
tubule? Nephrol Dial Transplant. 2015;30(6):903-10.

Berger K, et al. Origin of regenerating tubular cells after acute kidney
injury. Proc Natl Acad Sci USA. 2014;111(4):1533-8.

Humphreys BD, et al. Repair of injured proximal tubule does not involve
specialized progenitors. Proc Natl Acad Sci USA. 2011;108(22):9226-31.
Duffield JS, Bonventre JV. Kidney tubular epithelium is restored without
replacement with bone marrow-derived cells during repair after ischemic
injury. Kidney Int. 2005;68(5):1956-61.

Savio-Silva C, et al. Mesenchymal stem cell therapy in acute kidney injury
(AKI): review and perspectives. Rev Assoc Med Bras (1992). 2020,66(Suppl
1):s45-54.

Hattori Y, et al. Therapeutic potential of stem cells from human exfoli-
ated deciduous teeth in models of acute kidney injury. PLoS ONE.
2015;10(10):0140121.

Monteiro Carvalho Mori da Cunha MG, et al. Amniotic fluid derived stem
cells with a renal progenitor phenotype inhibit interstitial fibrosis in renal
ischemia and reperfusion injury in rats. PLoS ONE. 2015;10(8):e0136145.

34.

35.

36.

37.

38.

39.

40.

Page 10 of 10

Qiu Z, Zhou D, Sun D. Effects of human umbilical cord mesenchymal
stem cells on renal ischaemia-reperfusion injury in rats. Int Braz J Urol.
2014;40(4):553-61.

Sherif 10, et al. Renoprotective effects of angiotensin receptor blocker
and stem cells in acute kidney injury: Involvement of inflammatory and
apoptotic markers. Exp Biol Med (Maywood). 2015;240(12):1572-9.
Havakhah S, et al. In vivo effects of allogeneic mesenchymal stem cells
in a rat model of acute ischemic kidney injury. Iran J Basic Med Sci.
2018;21(8):824-31.

Zacharias S, et al. Impact of allogeneic feline uterine-derived mesenchy-
mal stromal cell intravenous treatment on renal function of nephrecto-
mized cats with chronic kidney disease. Res Vet Sci. 2021;141:33-41.

Lim SW, et al. Alleviation of renal ischemia/reperfusion injury by
exosomes from induced pluripotent stem cell-derived mesenchymal
stem cells. Korean J Intern Med. 2021;37:411.

Mutlu L, Hufnagel D, Taylor HS. The endometrium as a source of mesen-
chymal stem cells for regenerative medicine. Biol Reprod. 2015;92(6):138.
Sun P, et al. Human endometrial regenerative cells attenuate renal
ischemia reperfusion injury in mice. J Transl Med. 2016;14:28.

41. Wang, et al. Systematic review and meta-analysis of mesenchymal
stem/stromal cells therapy for impaired renal function in small animal
models. Nephrology (Carlton). 2013;18(3):201-8.

42. Bonventre JV, Zuk A. Ischemic acute renal failure: an inflammatory dis-
ease? Kidney Int. 2004;,66(2):480-5.

43. Jo SK, et al. Macrophages contribute to the initiation of ischaemic acute
renal failure in rats. Nephrol Dial Transplant. 2006;21(5):1231-9.

44. Jang HR, Rabb H.The innate immune response in ischemic acute kidney
injury. Clin Immunol. 2009;130(1):41-50.

45. Ranganathan PV, et al. Netrin-1 regulates the inflammatory response of
neutrophils and macrophages, and suppresses ischemic acute kidney
injury by inhibiting COX-2-mediated PGE2 production. Kidney Int.
2013;83(6):1087-98.

46. Xue JL, et al. Incidence and mortality of acute renal failure in Medicare
beneficiaries, 1992 to 2001. J Am Soc Nephrol. 2006;17(4):1135-42.

47. Liafo F, Pascual J. Epidemiology of acute renal failure: a prospective,
multicenter, community-based study. Madrid Acute Renal Failure Study
Group. Kidney Int. 1996;50(3):811-8.

48. Altman D, et al. Risk of renal cell carcinoma after hysterectomy. Arch
Intern Med. 2010;170(22):2011-6.

49. Karami S, Daugherty SE, Purdue MP. Hysterectomy and kidney cancer risk:
a meta-analysis. Int J Cancer. 2014;134(2):405-10.

50. Gago-Dominguez M, et al. Increased risk of renal cell carcinoma
subsequent to hysterectomy. Cancer Epidemiol Biomarkers Prev.
1999;8(11):999-1003.

Publisher’s Note

Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

Ready to submit your research? Choose BMC and benefit from:

fast, convenient online submission

thorough peer review by experienced researchers in your field

rapid publication on acceptance

support for research data, including large and complex data types

gold Open Access which fosters wider collaboration and increased citations

maximum visibility for your research: over 100M website views per year

K BMC

At BMC, research is always in progress.

Learn more biomedcentral.com/submissions




	Therapeutic role of uterine-derived stem cells in acute kidney injury
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Materials and methods
	Animals
	Hysterectomy
	Ischemia–reperfusion model
	Preparation of UDCs for in vivo treatment
	Kidney imaging by fluorescence
	Flow cytometry
	Immunofluorescence studies
	Quantitative real-time polymerase chain reaction (qRT-PCR)
	Serum creatinine estimation for renal function
	Statistical analysis

	Results
	Prior hysterectomy decreased survival after renal injury
	UDC engraftment of the injured kidney
	UDCs contribute to the repair of the injured kidney
	Kidney function and survival analysis
	Effects of UDCs on cytokine expression in the injured kidney

	Discussion
	Conclusions
	Acknowledgements
	References


