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Intra-renal slow cell-cycle cells contribute to
the restoration of kidney tubules injured by
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Abstract: Renal epithelial cells damaged by ischemia/reperfusion (I/R) can be restored by timely and appropriate treatment.
Recent studies have reported that intra renal adult kidney stem cells contribute to the restoration of tubules damaged by 1/
R. Here, we determined the role of adult tubular cells in the restoration of damaged tubules. We labeled slow cell-cycle cells
(SCCs) with 5-bromo-2'-deoxyuridine (BrdU) and investigated their location in the kidneys as well as their contribution to the
restoration of tubular cells damaged by I/R injury in mice. Thirty minutes of bilateral ischemia resulted in severe disruption of
tubular epithelial cells along with a decline in renal function. The post-ischemic disruption of tubular epithelial cells was most
severe in the S3 segment of the outer stripe of the outer medulla. Damaged tubules demonstrated gradual recovery of renal
function over time. BrdU-labeled SCCs were mainly observed in tubules located at the junction of cortex and outer medulla,
as well as in the inner medulla. The tubular SCCs expressed functional tubule cell markers such as Na/K-ATPase, Na-K-Cl
cotransporter-2, and aquaporin 1 and 2. BrdU-labeled SCCs survived I/R injury and proliferated. These results demonstrate
that SCCs present in tubules contribute to the restoration of tubular epithelial cells injured by I/R.
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Introduction

Ischemia/reperfusion (I/R) in the kidney induces dama-
ge to kidney cells, including tubular epithelial cells and
endothelial cells, resulting in renal functional disorder. I/
R in the kidney is one of the most common causes of acute
kidney injury (AKI) [1, 2]. AKI is a common complication
in hospitalized patients, particularly in medical and surgical
intensive care units [2]. The mortality rate in hospitalized
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AKI patient ranges from 30 to 80% [2, 3]. Despite therapeutic
advances, mortality has remained high over several decades.
Renal tubular epithelial cells injured by I/R insult are res-
tored after appropriate reflow of blood. It has been recognized
that restoration of damaged renal tubular epithelial cells
accounts for the differentiation and/or proliferation of mildly
damaged but surviving intra-renal cells [4, 5]. Recently,
some evidence has demonstrated that extra-renal cells such
as bone marrow-derived stem cells (BMDC) contribute to
the restoration of damaged tubules by incorporation into
the damaged tubules [6-9]. These findings suggest that cells
originated from outside of the kidney can be used in cell-
based treatment for AKI. However, accumulating evidence
including our results has demonstrated that bone marrow-
derived mesenchymal stem cells are not a major contributor
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to the restoration of damaged tubular epithelial cells after I/
R injury, although BMDCs improve renal function after I/R
injury [4, 10, 11]. Recently, the presence of adult stem cells in
the kidney as well as their contribution to the restoration of
tubules injured by I/R were reported [12-15]. However, the
kinetic changes and distribution of intra-renal adult stem cells
during tubular recovery from I/R injury have not been clearly
defined yet.

In the present study, we investigated the location and role
of 5-bromo-2'-deoxyuridine (BrdU)-labeled slow cell-cycle
cells (SCCs), which are recognized as adult stem cells, in the
kidney as well as their role in the restoration of tubules injured
by I/R in mice. Here, we observed that the label-retaining
SCCs were located mainly in the tubular epithelia in the deep
cortex and papilla, and injured tubules were restored when
these cells divided. These results indicate that the kidney
possesses intra-renal stem cells and that intra-renal stem cells
contribute to the restoration of damaged tubules, suggesting
that timely replenishment of damaged tubular epithelial cells
by the activation of intra-renal cell proliferation can be an
important therapeutic strategy for the treatment of AKI .

Materials and Methods

I/R injury

Experiments were performed using 8-week-old BALB/
¢ male mice (Koatech, Namyangju, Korea). All experiments
were carried out according to animal experimental pro-
cedures approved by the Animal Care and Use Committee
of Kyungpook National University. Each animal group
consisted of at least four mice. Mice were anesthetized
with pentobarbital sodium (60 mg/kg body weight; intra-
peritoneally), and kidneys were exposed through flank
incision. Kidneys were subjected to ischemia by clamping
renal pedicles with non-traumatic microaneurism clamps
(Roboz, Rockville, MD, USA). After 30 minutes, the
clamps were removed and blood reflow conformed. Body
temperature was maintained at 36.6-37.5°C throughout the
procedure.

BrdU incorporation

Newborn mice were administrated with 50 mg/kg body
weight of BrdU (Sigma-Aldrich, St. Louis, MO, USA)
intraperitoneally from 12 hours after birth for 6 days.
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Determination of renal function

Seventy microliters of blood was taken from the retrobul-
bar vein plexus at the times indicated in the figures. Plasma
creatinine (Pcr) concentrations were measured using a Beck-
man Creatinine Analyzer II (Beckman, Brea, CA, USA).

Histology

Kidneys were perfused via the left ventricle with phosphate
buffered saline (PBS) for 2 minutes at 37°C and then with
4% PLP (4% paraformaldehyde, 75 mM L-lysine, 10 mM
sodium periodate) fixative. Kidneys were excised, placed in
PLP overnight, washed, and stored in PBS containing 0.02%
sodium azide at 4°C until use. Fixed tissue was embedded in
paraffin and then cut into 4 um sections using a microtome.
Kidney sections were stained with periodic acid Schiff stain.

Immunohistochemistry

Kidney sections were deparaffinized with xylene and
rehydrated with serial dipping in 100, 95, and 80% ethanol.
To unmask the epitopes of antigens, the kidney sections
were boiled in 10 mM sodium citrate buffer, pH 6.0, for 15
minutes. To block the activation of endogenous peroxidase,
the kidney sections were treated with 3% H,O, in methanol
for 30 minutes at 4°C. Kidney sections were blocked with
blocking buffer containing 2% normal horse serum for F6, 2%
bovine serum albumin for BrdU, and 2% normal goat serum
for aquaporin (AQP)1 and AQP2 staining for 30 minutes at
room temperature. The sections were incubated in primary
antibodies (BrdU [Sigma-Aldrich], Na/K-ATPase [F6, Sigma-
Aldrich], AQP1 and AQP2 [Alomone Lab. Jerusalem, Israel],
and Na-K-Cl cotransporter-2 [NKCC2; Alpha Diagnostic
International, San Antonio, TX, USA]) appropriately diluted
with respective blocking buffers overnight at 4°C. The sections
were then washed with PBS three times and incubated
with biotinylated respective secondary antibodies for 60
minutes at room temperature. Sections were treated with
ABC reagent (Vector, Burlingame, CA, USA) and substrate,
then washed with tap water. Sections were mounted with a
permount solution and observed by a light microscope (Nikon
Instrument Inc., Tokyo, Japan).

Quantification of BrdU-positive cell

Quantitative analysis of BrdU-positive cells was performed
by counting the BrdU-positive nuclei in 10 randomly selected
fields per slide, i.e., per kidney, under a light microscope at
400x. Four kidneys were used.
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Statistics

Results are expressed as the mean+SEM. Statistical diffe-
rences among the groups were calculated using analysis of
variance (ANOVA). Differences between the groups were
evaluated by Student's ¢-test. Differences were considered
statistically significant at a P-value of <0.05.

Results

Functional and morphological restoration of dama-
ged kidneys after I/R

To investigate the histological damage of tubular epithelial
cells after I/R injury, we carried out a kinetic morphological
analysis at 1, 2, 3, 4, 5, 7, 9, and 16 days after 30 minutes of
bilateral renal ischemia in mice. Thirty minutes of bilateral

Jinu Kim, et al

renal ischemia and subsequent reperfusion resulted in the
disruption and congestion of tubules (Fig. 1). The loss of
tubular epithelial cells and tubular congestion were most
severe in the outer stripe of the outer medulla in mice (Fig.
1). The loss of tubular epithelial cells in the outer stripe of the
outer medulla peaked at 2 days after I/R and decreased over
time (Fig. 1, arrows indicate damaged tubules), indicating that
damaged tubules were restored overtime. In the cortex and
inner medulla, loss of tubular epithelial cells and congestion
was mild compared with that in the outer stripe of outer
medulla (Fig. 1).

Consistent with the level of kidney tubular epithelial
cell damage, 30 minutes of bilateral ischemia resulted in an
increase in PCr (Fig. 2A). The increase in PCr peaked at
2 days after I/R, then gradually returned to a normal level
overtime (Fig. 2A). Body weights were negatively correlated

Times (day) after ischemia

Fig. 1. Post-ischemic tubular cell damage. BALB/c male mice were subjected to 30 min of bilateral renal ischemia. Kidneys were harvested at the
indicated times and periodic acid Schiff-stained. Severe tubular epithelial cell damage was revealed in the outer stripe of the outer medulla in the

kidneys. Arrows indicate damaged tubules. Scale bar=250 pm.
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Fig. 2. Plasma creatinine (A) and body weight (B) after 30 min of bilateral ischemia. Male BALB/c mice were subjected to either 30 min of

ischemia or sham-operation and plasma creatinine, and body weights were determined at 1, 2, 3, 4, 5, 7, 9, and 16 days after the operation. Values

presented are expressed as the mean+SEM (n=5).

with PCr concentrations and degrees of histological tubular
epithelial cell damage (Fig. 2B).

Localization and counting of label-retaining cells in
kidneys after I/R injury

Since adult stem cells have slow cell-cycle properties [12,
16], we investigated the presence of SCCs in adult kidneys
as well as their contribution to the restoration of disrupted
kidney tubular epithelial cells after I/R. To locate the SCCs,
mice were administered thymidine analogue BrdU (50 mg/kg
body weight, ip) for 6 days beginning at 12 hours after birth.
After a chase phase of 8 weeks, mice were subjected to 30
minutes of bilateral renal ischemia. Eight weeks after BrdU-
administration, BrdU-positive SCCs were located sporadically
throughout the kidneys but prominently on the tubules of the
deep cortex and papilla (Fig. 3A, B). BrdU-positive cells on
the tubules expressed typical membrane transporters accor-
ding to the tubule segments; Na/K-ATPase in the proximal
tubules, AQP2 in the collecting ducts, and NKCC2 in the
distal tubules (Fig. 3C). This indicates the presence of SCCs in
physiologically differentiated adult renal tubules.

To evaluate the contribution of BrdU-retaining SCCs to
the restoration of damaged tubular epithelial cells, we exposed
BrdU-incorporated mice to 30 minutes of bilateral ischemia
and evaluated the distribution and number of BrdU-retaining
cells in the kidney. Since BrdU-signals of BrdU-retaining
cells fade out in response to both cell death and division,
we first determined the numbers and distribution of BrdU-
retaining cells 5 days after ischemia, which is the end-phase

of cell death and early-phase of recovery of damaged tubules
after I/R. Many BrdU-positive cells were detected on the
tubules of the deep cortex and papilla 5 days after ischemia
(Fig. 4A, B), indicating that the BrdU-retaining tubular
cells survived I/R injury. Sixteen days after ischemia, BrdU-
retaining cells were not easily detected in the kidney, and the
number of BrdU-positive cells was significantly reduced when
compared with that 5 days after ischemia (Fig. 4A, B). This
indicates that BrdU-retaining cells that survived I/R injury
contributed to the restoration of damaged tubules presumably
by proliferation.

Discussion

In the present study, we report that label-retaining SCCs,
which mainly reside on the deep cortex and papilla, con-
tribute to the restoration of damaged kidney tubules after
I/R injury. As it is known that the outer stripe of the outer
medulla is most susceptible to I/R injury [2, 17-19], most
of the tubules in the outer stripe of the outer medulla were
disrupted 24 to 72 hours following 30 minutes of ischemia in
mice. The number of damaged tubules gradually decreased
with time along with functional recovery. This suggests
that the damaged tubular epithelial cells were restored and
differentiated to mature functional tubular epithelial cells.

After I/R, most of the tubular epithelial cells in the S3
segment of the proximal tubules are disrupted and removed
from the tubules [17]. Meanwhile, some of the damaged
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Fig. 3. Numbers and characteristics of BrdU-retaining cells in the kidneys. Twelve hours after birth, mice were administered with 50 mg/kg body
weight of BrdU, ip, for 6 days. After a chase period of 8 wk, mouse kidneys were harvested. (A) Kidney sections were immunostained using anti-
BrdU antibody, and images were taken at lower magnification. The right column is a high magnification image. (B) BrdU-positive cells were
counted in 0.1-mm? fields of the superficial cortex, deep cortex, outer medulla, and inner medulla of the kidney (10 fields per kidney). Results are
expressed as the mean+SE (n=4). (C) Kidney sections were double-stained with anti-BrdU, -Na/K-AT Pase, -Na-K-Cl cotransporter-2 (NKCC2),
-aquaporin (AQP)1, or -AQP2 antibody. Images were obtained in the corticomedullary junctions. Arrows indicate BrdU-positive cells. Scale

bar=250 pm (A), 50 ym (C).

but surviving tubules are known to undergo recovery
immediately to several days after I/R [5, 10, 17]. This suggests
that surviving cells within or adjacent to damaged tubules
may be primary sources of regenerated cells [20-22]. Kim
et al. [13, 14] reported that adult renal stem cells reside
predominantly in the S3 segment of the proximal tubules in

http://dx.doi.org/10.5115/acb.2011.44.3.186

humans, which suggests that the mitotic division of resident
stem cells might be stimulated by cellular injury. In a recent
study, we found that tubular epithelial cells in the deep cortex
proliferate very quickly and intensively after I/R injury [17].
Besides, several other studies have demonstrated that cells in
the corticomedullary junction contribute to the restoration

www.acbjournal.org
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Fig. 4. Change in BrdU-retaining cell number after ischemia/reperfusion injury. Twelve hours after birth, mice were administered with 50 mg/kg

body weight of BrdU, ip, for 6 days. Eight weeks after the chase period, mouse kidneys were subjected to 30 min of bilateral ischemia and harvested

S and 16 days after ischemia. (A-C) Kidney sections were immunostained using anti-BrdU antibody, and images were taken at low (A) and high
(B, C) magnifications. (B and C) are high magnification images of the left and right dot boxes of (A), respectively. Scale bars=250 pm. (D) BrdU-
positive cells were counted. Results are expressed as the mean+SE (n=4). *P<0.05 vs. the deep cortex and inner medulla of day 0 in Fig. 3, p<0.05

vs. the inner medulla at respective time point.

of damaged tubular epithelial cells [14, 17, 20]. In the present
study, we found that label-retaining SCCs in the deep cortex
that survived I/R injury disappeared simultaneously with the
restoration of damaged tubules. The disappearance of label-
retaining cells means that label-retaining cells divided and
proliferated, contributing to the restoration of damaged tubule
cells. It is possible that the fade-out of BrdU signaling was
due to the death of BrdU-labeled cells. However, cell death
can not a major reason for the loss of BrdU-labeled tubular
cells since the renal function and morphology were much
improved. In addition, BrdU-labeled cells in the renal papilla,
which were less susceptible to I/R, also faded out. Therefore,
we speculate that the reduction of BrdU-positive cells was
mainly caused by cell division. In an uranyl acetate-induced
acute renal failure model of rat, which causes focal proximal

www.acbjournal.org

tubule depletion in the S3 segment, it has been suggested that
the restoration of damaged tubular epithelial cells occurs by
SCCs in the S3 segment [23-25].

Oliver et al. [15] reported that the inner medulla is a
niche for stem cells that contribute to the restoration of post-
ischemic damaged tubular epithelial cells. In the present
study, we found label-retaining cells also in the inner medulla
following I/R, and the label-retaining cells that survived I/
R disappeared in the recovery phase. This suggests that the
label-retaining cells in the inner medulla also contributed
to the regeneration of tubular cells. On the other hand, the
papilla is far away from the outer stripe of the outer medulla
(several millimeter distance between the outer stripe of
the outer medulla and the inner medulla in adult mice).
Therefore, in the restoration of the S3 segment of proximal

http://dx.doi.org/10.5115/acb.2011.44.3.186
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tubules, the label-retaining cells in the papilla might not be
a major contributor in the early phase of recovery. Probably,
the proliferation of label-retaining cells in the papilla could
contribute to the restoration of tubules located in the papilla
or tubules in the outer medulla during late phase.

In the present study, we found that BrdU-positive cells
were the majority of cells in the cortico-medullar region,
which is just above the outer stripe of the outer medulla,
and possessed a membrane transporter, indicating maturity,
suggesting that vigorous proliferation of SCCs started later
then 5 days after I/R. In a previous study, we found that after
I/R injury, cell proliferation started at about post-ischemic
day 3, peaked at day 4, and maintained a high level until day 9.
These results suggest that, although both label-retaining and
non-label cells contributed to restoration of damaged tubular
epithelia, cell proliferation occurred at a very early point
after ischemia, and cell restoration may be governed mainly
by non-label retaining cells. Maeshima et al. [26] performed
BrdU-injection for 7 days followed by 2 weeks of chase phase
in adult rat and reported that 18 hours after ischemia, BrdU-
labeled cells expressed vimentin, which disappeared over time
into gradual expression of E-cadherin, which is an epithelial
marker. In that study, they suggested that in early phases of
tubular regeneration, descendents of label-retaining cells
dedifferentiated first, followed by maturation into tubular
epithelial cells later [26]. However, to clarify the kinetic
roles of label-retaining and non-label-retaining cells, further
studies are needed.

In conclusion, our present study demonstrates that intra
renal resident cells have stem- or progenitor-like charac-
teristics and contribute to the restoration of damaged tubular
epithelial cells, suggesting that timely activation of mitosis by
intra renal stem cells can be an important therapeutic strategy
for AKI treatment.
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