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ABSTRACT—Ischemic/reperfusion injury (IRI) is the most common cause of acute kidney injury (AKI). Murine studies report
that pretreatment with 173-estradiol protects against AKI using multiple mechanisms, but how 173-estradiol is involved in
regenerating tubular cells is unknown. To visualize the kidney injury and repair, we used 173-estradiol to treat rats with
postischemic acute kidney injury. AKI was induced by clamping the renal pedicle for 90 minutes 2 weeks after a unilateral
nephrectomy. Rats were treated with an intravenous injection of 17B-estradiol or vehicle immediately after reperfusion.
Kidney injury was assessed by measuring biochemical and histopathological changes. Immunohistochemical staining of
vimentin, proliferating cell nuclear antigen (PCNA), and E-cadherin were used to assess dedifferentiation, proliferation, and
redifferentiation. Rats treated with 173-estradiol had less kidney injury than did vehicle-treated rats post-IRI day 1. The
number of PCNA-positive (PCNAP®) cells was significantly higher in post-IRI kidneys on day 1 in 17p-estradiol-treated rats.
Moreover, vimentin™® and E-cadherin™® cells, which were interpreted as regeneration markers, were expressed earlier and
significantly more copiously in 173-estradiol-treated rats. We hypothesize that 173-estradiol attenuates IRI-induced AKI by
reducing inflammation and accelerating injured tubular cell regeneration.

KEYWORDS—Acute tubular necrosis, cell dedifferentiation, estrogen, renal proximal tubule, vimentin

INTRODUCTION

Acute kidney injury (AKI), characterized by increased blood
levels of blood urea nitrogen (BUN) and creatinine (Cr), occurs
in various clinical settings, including renal ischemia (1). One of
the most common forms of human AKI is ischemia/reperfusion
injury (IRI), which causes acute tubular injury. Ischemia leads
to tubular cell damage, physiological dysfunction, and cell
death, and reperfusion injures endothelial cells and then acti-
vates the overproduction of proinflammatory cytokines (2, 3).
IRI models show that the kidney can recover from renal damage
and dysfunction by repairing and regenerating renal tubular
cells (4). Repairing the cells requires the dedifferentiation,
proliferation, and migration of surviving renal tubular cells
to replace dead cells after AKI (4).

Proliferating cell nuclear antigen (PCNA), a DNA polymer-
ase d-associated protein, is used as a marker for cell prolifer-
ation (5). PCNA-Iabeled nuclei identify a population of cells in
the late G1 and S phases of the cell cycle (6). In contrast,
vimentin (7), a mesenchymal cell marker, and E-cadherin,
an epithelial cell marker (8, 9), have been used as markers
of dedifferentiation and redifferentiation of the epithelial phe-
notype, and are interpreted together as regeneration. Vimentin
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expression usually becomes predominant on day 2 or 3 after
reperfusion and is followed by E-cadherin expression (7, 8, 10).
Sex differences in diseases have been reported (11-13). AKI is
also less common and less severe in women than in men (14,
15). Estradiol is a female sex hormone that contributes the sex
difference in diseases. Estradiol treatment protects organs
against different injuries (16—18).

17B-estradiol (E2-B) prevents IRI-induced renal dysfunction
and tissue injury in male rats (19, 20). In addition, estrogen
protects the endothelial barrier function against IRI in vitro and in
vivo (21). However, these three cited studies administered E2-3
before inducing IRI, which does not mimic clinical conditions. It
is not known whether E2-3 accelerates tubular cell repair after
IRI using the mechanisms involving regeneration (9). We there-
fore tested the hypothesis that E2-3 is renoprotective in IRI by
accelerating the regeneration of proximal tubular epithelial cells.
Using IRI, which causes acute tubular injury in rats, we assessed
cell proliferation (e.g., the number of PCNA-positive [PCNA"]
cells) and regeneration (e.g., the number of vimentin" and
E-cadherin®® cells) in IRI rats with and without E2- treatment.
We also evaluated renal function impairment, histopathologic
outcomes, renal levels of a proinflammatory cytokine (e.g.,
tumor necrosis factor [TNF]-a) and an anti-inflammatory cyto-
kine (e.g., interleukin [IL]-10), and serum levels of intercellular
adhesion molecule 1 (ICAMI).

MATERIALS AND METHODS

All of the procedures in this project conformed to guidelines of the Depart-
ment of Science and Technology of the Republic of China (Taipei, Taiwan) on
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Animal Care and were approved by the Animal Care Committee of Chi Mei
Medical Center.

Animals and ischemia/reperfusion injury

Six-week-old male Sprague-Dawley rats were used in all IRI experiments.
All of the rats were intraperitoneally (i.p.) injected with 25 mg/kg of the
anesthetic tiletamine/zolazepam (Zoletil; Virbac, Carros, France) as an anal-
gesic. After they had been randomly assigned to one of three groups—Sham
Control (right nephrectomy and left kidney exposure but no IRI), Vehicle
Control (right nephrectomy, left kidney exposure, IRI-induced AKI, and vehicle
treatment), or 17B-Estradiol (right nephrectomy, left kidney exposure, IRI-
induced AKI, and E2- treatment) (six rats per group)—each rat’s right kidney
was removed through a small flank incision. After a 2-week recovery period, the
rats were anesthetized again, and their left kidneys and renal vessels were
exposed via a flank incision. The left renal artery was ligated with a small
vascular clamp and released after 90 min. E2-f (5 mg/kg) (Sigma-Aldrich, St.
Louis, MO) or vehicle (0.9% normal saline; 1 mL/kg) was injected (i.p.)
immediately after reperfusion. In the Sham Control rats, the kidneys were
treated identically, except for the clamping.

Rats exposed to 90 min of ischemia were housed in cages for 24 h after
reperfusion. Blood samples were taken, the rats were overdosed with tiletamine/
zolazepam, and then the left kidney was excised.

Renal function parameters

Both blood urea nitrogen (BUN) and creatinine (Cr) levels in plasma were
determined using BUN and Cr assays (Wako Pure Chemicals, Osaka, Japan).

Histopathological evaluation

Excised left kidneys were processed, using standard procedures, for light-
microscope examination. The kidneys were then fixed in phosphate-buffered
10% formalin, after which they were chopped into small pieces and embedded
in paraffin wax, cut at 4 um, and stained with periodic acid-Schiff stain.
Histological changes were analyzed for tubular injury (22). Tubular necrosis
and proteinaceous casts were graded as follows: no damage (0), mild (1:
unicellular, patchy isolated damage), moderate (2: damage less than 25%),
severe (3: damage between 25 and 50%), and very severe (4: more than 50%
damage). The degree of medullary congestion was defined as follows:
no congestion (0), mild (1: vascular congestion with erythrocytes identified
using x400 magnification), moderate (2: vascular congestion with erythro-
cytes identified using x200 magnification), severe (3: vascular congestion
with erythrocytes identified using x 100 magnification), and very severe (4:
vascular congestion with erythrocytes identified using x40 magnification).
The histological data were scored by double-blinded independent
observers.

Measuring inflammation response and endothelial cell
damage

To evaluate the inflammatory response by checking IL-10 and TNF-« levels
24h after reperfusion, kidney tissue was homogenized. The level of target
proteins was measured using an enzyme-linked immunosorbent assay (ELISA)
(Rat IL-10 DuoSet & Rat TNF-a DuoSet; R&D Systems, Minneapolis, MN).
The severity of endothelial damage was evaluated by assaying serum samples
obtained 24 h after reperfusion (Rat ICAM1 DuoSet; R&D Systems). Standard
curves of study proteins provided in the ELISA kits were used to quantify the
production of these proteins.

Quantifying apoptosis

Apoptotic cell death was quantified using an apoptosis assay (DeadEnd
Fluorometric TUNEL System; Promega, Madison, WI). Briefly, 3-wm-thick
kidney sections were deparaffinized, hydrated, and treated for 10 min with
proteinase K (PK) solution (20 mg/mL) in Tris-EDTA buffer (100 mM Tris-HCI
[pH 8.0], 50mM EDTA) with a final concentration of 20 pg/mL. After pre-
equilibration, strands of DNA were end-labeled by incubating them with
recombinant terminal deoxynucleotidyl transferase for 1 h at 37°C. The reaction
was terminated by adding x2 saline sodium citrate buffer for 15 min. After the
nuclei had been washed, they were labeled with DAPI (Molecular Probes,
Eugene, OR). The slides were then mounted and viewed at x200 using a
fluorescence microscope (Observer Z1; Carl Zeiss Microscopy, Munich,
Germany). Apoptotic cells were counted in five randomly chosen nonoverlap-
ping fields per section in the outer stripe of the renal medulla for each rat and are
expressed as apoptotic cells per field.
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Immunohistochemistry of proliferating cells

Proliferating cell nuclear antigen (PCNA) localization was detected on
paraffin-embedded sections using the manufacturer’s heat-induced epitope
retrieval method (PCNA Staining Kit; Invitrogen, Carlsbad, CA). PCNA®
cells were counted separately in nonoverlapping fields of each section of the
outer stripe of the renal medulla (x200) of tubular areas for each rat and are
expressed as the number of PCNAP®® cells per field in the tubular region.

Immunofluorescence and image analysis

Immunofluorescence staining was done using the manufacturer’s instruc-
tions. The primary antibodies were used at the indicated dilutions: mouse
monoclonal vimentin antibody (1:100) (ab8069; Abcam Plc, Cambridge, UK)
and mouse monoclonal E-cadherin antibody (1:100) (ab76055; Abcam). Sec-
ondary antibodies used consisted of goat anti-mouse IgG H&L (1:200)
(DyLight 594; ab96873; Abcam) for vimentin antibody, and goat anti-mouse
IgG H&L (1:200) (DyLight 488; ab96871; Abcam) for E-cadherin antibody.
Tissue sections were incubated with the primary antibody at 4°C overnight after
they had been incubated with blocking solution (10% goat serum and 0.3% beef
serum albumin [BSA] in PBS), and then the appropriate secondary antibody
for 1h at room temperature. The slides were mounted with Vectashield and
examined using the fluorescence microscope.

The immunofluorescence staining was analyzed as described below: five
fields from the outer stripe of the renal medulla were randomly selected and
observed at x200 magnification. The percentage (P) of positive stain area in
each section was from 0 to 100%. The number of rats used is indicated for each
experiment. Each immunostaining was done in duplicate.

Statistical analysis

SPSS 15.0 for Windows (SPSS Inc, Chicago, IL) was used for all analyses.
Values are mean =+ standard error of the mean (S.E.M.). One-way analysis of
variance (ANOVA) and then Scheffé’s test for multiple comparisons was used.
Histological data were analyzed using the Kruskal—Wallis non-parametric test
combined with Dunn multiple nonparametric pairwise test. Significance was set
at P <0.05.

RESULTS

Acute IRl was attenuated in E2-3-treated rats

An IRI model—90 min of ischemia and then 24 h of reper-
fusion—was used to induce AKI: severe tubular damage that
resulted in pronounced renal dysfunction in the rats. A signifi-
cant increase in the tubular necrosis score (Table 1) indicated
tubular damage, and increased levels of plasma BUN and Cr
(Fig. 1) indicated renal dysfunction. The renal damage score
(Table 1) and plasma Cr level (Fig. 1) were significantly lower
after E2-3 immediate post-reperfusion treatment.

Cell regeneration was accelerated and cell apoptosis was
attenuated in E2-B-treated IRI rats

Immunohistochemistry was used to analyze PCNA in pos-
tischemic kidneys to detect proliferating cells in proximal renal
tubules 24 h after IRI had been induced (Fig. 2). To detect
regeneration, immunofluorescence was used to analyze vimen-
tin (Fig. 3) and E-cadherin (Fig. 4) in kidney epithelial cells

TasLe 1. Renal damage scores in the rats 1 day after ischemia/
reperfusion acute kidney injury

Sham Vehicle
Control Control 17B-estradiol P

0.32+0.18 3.48+0.10 2.77+0.09 <0.01
0.17+0.07 2.71+042 2.12+0.26 0.35

Histopathological
change

Tubular necrosis

Proteinaceous casts
in tubules

Medullary congestion 0.69+0.05 3.02+0.22 2.56+0.24 0.12

"17B-estradiol group compared with Vehicle-Control group.
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Fic. 1. Effect of 17p-estradiol on blood urea nitrogen (BUN) (A) and

plasma creatinine concentration (B) 1 day after reperfusion. Vehicle or
17B-estradiol (5mg/kg) was intravenously (i.v.) injected immediately after
reperfusion. Each column and bar represents the mean + S.E.M. (n=6).
‘P<o. 05, compared with Sham Controls. ‘P<o. 05, compared with
Vehicle Controls. AKI indicates acute kidney injury; S.E.M.; standard error
of the mean.

AKl+Vehicle

A . Sham

10‘ 'Q ". Y gc,&m

WU ET AL.

24 h after ischemia. TUNEL assays were used to detect apop-
totic cell death 24h after ischemia (Fig. 5). As expected,
there were more PCNA"* cells both in Vehicle Control and
in E2-B-treated IRI rats, and there were significantly more
in E2-B-treated rats than in Vehicle Control and Sham
Control rats. There were significantly more Vimentin"* and
E-cadherin®™ cells in E2-B-treated IRI rats than in Sham
Controls and Vehicle Controls (Figs. 2—4). In contrast, there
were significantly fewer TUNELF® cells in E2-B-treated AKI
rats than in Vehicle Controls and Sham Controls (Fig. 5).

Overproduction of several systemic inflammatory
response molecules was downregulated in E2-p-treated
IRI rats

To detect endothelial damage in ischemic kidneys, renal
levels of TNF-a and IL-10 and serum levels of ICAM1 were
determined in IRI rats 24 h postischemia (Fig. 6). Again, as
expected, TNF-a and ICAM1 levels were significantly lower
and the IL-10 level was significantly higher in E2-3-treated IRI
rats than in Vehicle Controls (Fig. 6).

DISCUSSION

We found that intravenously injecting rats with E2-f3
immediately after IRI attenuated their functional impairment
by reducing apoptosis and inflammation, increasing endothelial
cell survival, and accelerating renal regeneration. The expres-
sion of cell adhesion molecules such as ICAM1 on damaged
endothelial cells and the production of cytokines increased,
which is consistent with other reports (23, 24) that endothelial
cells contribute to the pathology of ischemic AKI in rats.
Chronic kidney fibrosis after IRI is associated with the loss
of peritubular capillaries and the severity of decreased peri-
tubular perfusion in animal experiments (25). E2-3 induces
endothelial cell proliferation and migration mediated by the
classic estrogen receptor, which is expressed by endothelial
cells (26). Thus, the renoprotective effects of E2-3 might be
related to the restoration of normal endothelial function in renal
ischemia. E2-3 protects against renal ischemic injury in several
ways: it attenuates renal ischemic injury after cardiac arrest by
reducing postischemic glomerular endothelial hyperpermeabil-
ity (21); it decreases the production of renal endothelin-1 from
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Fic. 2. A, Light microscopy of the renal tubules of a Sham Control rat, a Vehicle Control rat, and a 173-Estradiol AKI rat. 173-estradiol (5 mg/kg) was
injected immediately after reperfusion. Prollferatmg cell nuclear antigen (PCNA) immunoperoxidase staining, original magnification x200. B, Each column and bar

represents the means + S.E.M. (n=6).
abbreviations.]

“P<0.05, compared with Sham Controls.

‘P<o. 05, compared with Vehicle Controls. [See previous figure legend for
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Fia. 3. A, Colocalization of vimentin and DAPI in kidney cells 24 h after reperfusion of a Sham Control rat, a Vehicle Control AKIl rat, and a 173-
Estradiol AKI rat. Inmunofluorescence staining, original magnification x200. B, Each column and bar represents the mean =+ S.E.M. (n=6). "P<0.05,
compared with Sham Controls, P < 0.05, compared with Vehicle Controls. [See previous figure legends for abbreviations.]

injured endothelial cells after IRI in male rats (20); it activates
the PI3k/Akt/eNOS pathway (22); and it stimulates bone
marrow-derived endothelial progenitor cells to migrate to
ischemic tissue to promote tissue repair by increasing angio-
genesis (27, 28).

The marked increase in PCNAP® cells in renal proximal
tubules as early as 1 day after IRI indicates the initiation of a
repair process; this increase was even greater in E2-3-treated
rats. Vimentin, a mesenchymal marker, is usually expressed
only in the early stages of kidney development. It can, however,
be expressed in proximal renal tubules after IRI, which
indicates that these cells are dedifferentiating for renal repair
(7, 29). The expression of vimentin becomes apparent on day 2

>
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or 3 after IRI, but our findings of significantly more vimentin"®
cells 1 day after IRI in E2-B-treated rats indicate the accel-
eration of the regeneration and repair process. E-cadherin, a
transmembrane glycoprotein, is essential for maintaining epi-
thelial polarity as well as for establishing tight junctions (30).
E-cadherin is present only at very low levels in proximal renal
tubules in rats without IRI, but it can increase after IRI (8, 31).
The expression of E-cadherin after IRI usually appears after
vimentin expression, which indicates the redifferentiation of
tubular cells. We found that E-cadherin expression was also
detectable on day 1 post-IRI in E2-B-treated rats, but not in
vehicle-treated rats. The marked increase in PCNAT® cells,
vimentin©® cells, and E-cadherin™® cells in renal tubules as
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Fia. 4. A, Colocalization of E-cadherin and DAPI 24 h post-reperfusion in the kidney of a Sham Control rat, a Vehicle Control AKI rat, and a
17B-Estradiol AKI rat. Immunofluorescence staining, original magnification x200. B, Each column and bar represents the mean + S.E.M. (n=6). "P<0.05,
compared with Sham Controls, P < 0.05, compared with Vehicle Controls. [See previous figure legends for abbreviations.]
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Fic. 5. A, Colocalization of TUNEL and DAPI in kidney cells at 24 h post-reperfusion of a Sham Control rat, a Vehicle Control AKIl rat, and a 173-
Estradiol AKI rat. Inmunofluorescence staining, original magnification x200. B, Each column and bar represents the mean + S.E.M. (n=6). "P<0.05,
compared with Sham Controls, P < 0.05, compared with Vehicle Controls. [See previous figure legends for abbreviations.]
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early as 1 day after IRI in E2-B-treated rats suggests that the
surviving tubular cells accelerate the process of regeneration.
E2-B increases neural stem cell differentiation and prolifer-
ation, and it regulates skeletal muscle differentiation in vitro
(32-35). Recent studies (36, 37) have also shown that E2-3
promotes the osteogenic differentiation of mesenchymal stem
cells in vitro. These findings imply that E2-B accelerates
kidney regeneration.

Perhaps our most striking finding was that E2-$ attenuated
the impairment of renal function during IRI by promoting
cell proliferation, accelerating cell regeneration, and reducing
inflammation after IRL

This study had some limitations. We administered E2-3
immediately after IRI induction; therefore, we do not know
whether we can detect faster regeneration if we inject E2-f3 ata
later time point when the level of inflammation is greater. We
also do not know whether the faster renal proximal tubular
regeneration is because of the direct effect of E2-3 or because
of the indirect effects of the anti-inflammation and endothelial
cell protection of E2-B. Moreover, we did not study the
molecular mechanism behind the ability of E2-f3 to accelerate

renal tubular cell regeneration. Additional studies are war-
ranted for these questions.

In summary, this is the first study to show that E2-f3 had a
beneficial effect on postischemic kidneys during the repair
phase by accelerating the regeneration process. The pleiotropic
effect of E2-B might serve as a therapeutic approach for
treating AKI.
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