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ABSTRACT
Background: Severe ischemia induces renal injury less frequently in
women than men. In this study, cardiac arrest and cardiopulmonary
resuscitation were used to assess whether estradiol is renoprotec-
tive via an estrogen receptor (ER)-dependent mechanism.
Materials and Methods: Male and female C57BL/6 and ER gene-
deleted mice underwent 10 min of cardiac arrest followed by cardio-
pulmonary resuscitation. Serum chemistries and renal stereology
were measured 24 h after arrest.
Results: Estrogen did not affect mean arterial pressure, regional
renal cortical blood flow, and arterial blood gases. Hence, female
kidneys were protected (mean � SEM: blood urea nitrogen, 65 � 21
vs.149 � 27 mg/dl, P � 0.04; creatinine, 0.14 � 0.05 vs. 0.73 �
0.16 mg/dl, P � 0.01; volume of necrotic tubules, 7 � 1% vs. 10 �
0%, P � 0.04). Estrogen also reduced renal injury. In intact females
(n � 5), ovariectomized/vehicle-treated (n � 8), and ovariectomized/
estrogen-treated (n � 8) animals, blood urea nitrogen was 65 � 21,
166 � 28, and 50 � 14 mg/dl (P � 0.002); creatinine was 0.14 �
0.05, 0.74 � 0.26, and 0.23 � 0.27 mg/dl (P � 0.014); necrotic
tubules were 2.5 � 0.25%, 12.0 � 1.9%, and 5.0 � 1.6% (P �
0.004), respectively. In ER-� and ER-� gene-deleted mice and con-
trols estradiol-reduced functional injury (blood urea nitrogen: estra-
diol 117 � 71, vehicle 167 � 56, P � 0.007; creatinine: estradiol
0.5 � 0.5, vehicle 1.0 � 0.4, P � 0.013), but the effect of estradiol
was not different between ER-� or ER-� gene-deleted mice. Adding
ICI 182,780 to estradiol did not alter injury.
Conclusions: In women, kidneys were protected from cardiac ar-
rest through estrogen. Estradiol-mediated renoprotection was not

affected by ER deletion or blockade. Estradiol is renoprotective after
cardiac arrest. The results indicate that estradiol renoprotection is
ER-� and ER-� independent.

ACUTE kidney injury (AKI) is a common complication
of critical illness1,2 and imposes a mortality of

50–70%.3–5 Notably, AKI is less common6 and less severe7

in women. Although multiple strategies and protective
agents have been used in an attempt to reduce the incidence
of AKI in critically ill patients, none have been successful.
Thus, there is compelling rationale to investigate the mech-
anism responsible for the well-known sex difference in renal
outcomes after ischemia.

Sex steroids, and in particular, estradiol, have been shown to
mediate ischemia–reperfusion injury in multiple organs and
have been a target for investigation of the sex difference in renal
ischemia–reperfusion injury. Testosterone exacerbates renal
ischemia–reperfusion injury in focal (renal pedicle occlus-
ion) ischemia.8 A sex difference and a salutory effect of estradiol
administration have been demonstrated in the pedicle occlusion
model,9 but it is not known whether these effects are present in
whole body ischemia. Findings from global and focal ischemia
models have been divergent in both cerebral and cardiac out-
comes.10,11 If this also true for outcomes in kidney, then gener-
alizing mechanistic findings or therapeutic trials from focal to
global renal ischemia (e.g., from the experimental model of renal
pedicle occlusion to the clinical situation of hypotension with
global no or low flow) could have unanticipated results.

Estrogen induces both rapid nongenomic, nonreceptor-
mediated effects and receptor-mediated transcriptional ef-
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What We Already Know about This Topic

❖ Acute kidney injury in the critically ill is less common in women
❖ Estrogen is protective to regional renal ischemia, but whether

this applies to global ischemia from cardiac arrest is unknown

What This Article Tells Us That Is New

❖ Renal injury after cardiac arrest and resuscitation was reduced
in female mice and was dependent on estrogen

❖ Estrogen receptor blockade did not affect this protection, in-
dicating an effect by estrogen outside signaling by estrogen
receptors � and �
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fects.12 Because even the chronic receptor-mediated effects
occur over hours to days, estrogen’s amelioration of renal
ischemia may be receptor mediated or nonreceptor medi-
ated. Two estrogen receptor (ER) subtypes, ER-� and ER-�,
have been identified. If a specific receptor subtype is respon-
sible for a protective effect, then using selective ER modula-
tors to specifically target the protective receptor may have
important therapeutic implications. These agents have less
dangerous side effect profiles than estrogen and might be
more safely administered in the perioperative period.

Accordingly, we tested the hypothesis that estrogen is reno-
protective in global ischemia via an ER-mediated pathway. Us-
ing normothermic cardiac arrest and cardiopulmonary resusci-
tation (CA/CPR) in the mouse, an established model of whole
body ischemia–reperfusion injury,13 we assessed sex difference
and interrogated for receptor dimorphism by testing animals
with ER-� or ER-� gene deletions. We also evaluated renal
functional impairment and histopathologic outcomes.

Materials and Methods

This study was conducted in accordance with the National
Institutes of Health guidelines for the care and use of animals
in research, and all animal protocols were approved by the
Oregon Health and Science University Institutional Animal
Care and Use Committee, Portland, Oregon.

Animals and Experimental Groups
Male and female C57BL/6 mice were obtained from Charles
River Laboratories in Boston, MA. We used females from
ER-� and ER-� knockout (Er�KO and ER�KO) and wild-
type (WT) mouse strains bred in our laboratory colonies, as
previously described.14–17 Both strains were bred to conflu-
ence in our laboratory colonies from back crosses with the
parent C57BL/6-J mouse strain.
Protocol 1: Effect of Estradiol on Mean Arterial Pressure
during CA/CPR. Ovariectomized female C57BL/6 mice were
treated with either 17�-estradiol or vehicle and subjected to
CA/CPR (n � 5/group). Mean arterial pressure was measured
using a polyethylene-10 catheter placed in the femoral artery
and was recorded 5 min before CA, immediately before CA,
every minute during the 10-min period of CA, and every 5 min
for 20 min after return of spontaneous circulation.
Protocol 2: Effect of Estradiol on Regional Renal Cortical
Blood Flow during CA/CPR. Ovariectomized female C57BL/6
mice were treated with either 17�-estradiol or vehicle and
subjected to CA/CPR (n � 5 or 6/group). A laser Doppler
flow probe was placed perpendicular to the surface of the
right kidney via a flank incision. The probe tip was immersed
in isotonic sodium chloride solution and optimally posi-
tioned for maximal signal. Laser Doppler flow was measured
and recorded 5 min before CA, immediately before CA, ev-
ery minute during CA, and every 5 min after CA for 20 min
after return of spontaneous circulation. The averages of the
measurements taken 5 min before and immediately before
CA served as baseline flow, and all measurements were re-

corded as a percent of baseline flow to minimize variation
between animals.
Protocol 3: Effect of Estradiol on Blood Chemistry before
and after CA/CPR. To ensure that phlebotomy-induced ane-
mia did not affect other experimental groups, a separate co-
hort of ovariectomized female C57BL/6 mice were treated
with either 17�-estradiol or vehicle and subjected to CA/
CPR (n � 5/group). A femoral arterial catheter was placed
before CA 5 min after return of spontaneous circulation, and
again 10 min later, 100 �l of arterial blood was aspirated and
analyzed using an automated blood gas analyzer (Radiometer
1200, Bayer Healthcare, Norwood, MA). Because anemia
induced by the baseline phlebotomy could conceivably affect
survival from CA/CPR or alter post-CA/CPR blood gas anal-
ysis, a separate cohort (n � 5/group) underwent general an-
esthesia and placement of arterial catheters for baseline arte-
rial blood gas analysis.
Protocol 4: Effect of CA/CPR on Urine Neutrophil Gelati-
nase-associated Lipocalin. Ovariectomized female C57BL/6
mice (n � 9/group) were treated with vehicle and subjected
to CA/CPR. Immediately before CA, urine was expressed by
gentle low abdominal pressure and then aspirated into a sy-
ringe. At 24 h after CA/CPR, general anesthesia was induced
with 1.5% isoflurane and 1 ml of isotonic sodium chloride
solution administered subcutaneously. After 30 min, urine
was again expressed and aspirated, and euthanasia, transcar-
dial perfusion, and kidney harvest were performed after tran-
scardial perfusion.
Protocol 5: Sex Difference. Gonadally intact male and fe-
male C57BL/6 mice (n � 10/group) were subjected to CA/
CPR. At 24 h after CA/CPR, deep anesthesia was induced
using 1.5% isoflurane. A blood sample was then collected for
blood urea nitrogen (BUN) and creatinine, and kidney har-
vest was performed after transcardial perfusion.
Protocol 6: Effect of Estradiol on Renal Injury after CA/
CPR. Three groups were assessed. Gonadally intact, ovariec-
tomized vehicle treated and ovariectomized 17�-estradiol
treated C57BL/6 mice (n � 5–8/group) were subjected to
CA/CPR. At 24 h after CA/CPR, deep anesthesia was in-
duced using 1.5% isoflurane. A blood sample was then col-
lected for BUN and creatinine, and kidney harvest was per-
formed after transcardial perfusion.
Protocol 7a: Role of Classic ERs in Estradiol-mediated
Renoprotection Assessed Using ER� and ER� Gene-de-
leted Mice. A total of eight groups were assessed. Ovariecto-
mized female ER-� and ER-� gene-deleted mice and their
respective WT littermate controls (n � 4–14) were treated
with either 17�-estradiol or vehicle and subjected to CA/
CPR. At 24 h after CA/CPR, deep anesthesia was induced
using 1.5% isoflurane. A blood sample was then collected for
BUN and creatinine, and kidney harvest was performed after
transcardial perfusion.
Protocol 7b: Role of Classic ERs in Estradiol-mediated
Renoprotection Assessed Using ICI 182,780, a Classic ER
Antagonist. Ovariectomized female C57BL/6 mice were
treated with either 17�-estradiol or vehicle and ICI 182,780

396 Estrogen Is Renoprotective in Cardiac Arrest

Anesthesiology, V 112 • No 2 • February 2010 Hutchens et al.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/112/2/395/249675/0000542-201002000-00024.pdf by guest on 10 April 2024



and subjected to CA/CPR. At 24 h after CA/CPR, deep
anesthesia was induced using 1.5% isoflurane. A blood sam-
ple was then collected for BUN and creatinine, and kidney
harvest was performed after transcardial perfusion.

In Vivo Whole Body Ischemia–Reperfusion Injury
We conducted CA/CPR as previously described.18–20 Mice
were removed from their home cages in random order with
respect to their strain or treatment. Anesthesia was induced
with 4% isoflurane and was subsequently maintained with
1–2% isoflurane in air/oxygen mixture. Mice were weighed,
positioned on the operating table, and mechanically venti-
lated after tracheal intubation with a 22-gauge catheter. Body
temperature was monitored with a rectal probe and main-
tained at 37.0° � 0.5°C with a heating lamp and warm pad.
A catheter was inserted into the right jugular vein. In some
groups, urine was expressed or a femoral arterial catheter or a
laser Doppler flow probe was placed at this time. The elec-
trocardiogram was monitored with subdermal electrodes,
and CA was induced with 40 �l iced 0.5 M KCl intravenously
and confirmed by electrocardiography. Ventilation was
stopped and the endotracheal tube was disconnected from
the ventilator. After 9.5 min of normothermic CA with no
ventilation, the endotracheal tube was reconnected to the
ventilator, and hyperventilation at 120% of prearrest rate
was initiated using 100% O2. At 10 min, chest compressions
were initiated at a rate of 300/min, and epinephrine (8–15
�g in 0.5–1 ml isotonic sodium chloride solution) was ad-
ministered intravenously in divided doses. CPR was discon-
tinued on return of spontaneous circulation as observed on
the electrocardiograph, or after 4 min of CPR without return
of spontaneous circulation. Electrocardiographic evidence of
return of spontaneous circulation is confirmed after cessation
of CPR by observation of cardiac contractions that are visible
on the chest wall. Animals were extubated when spontaneous
respiratory rate was greater than 60/min, usually 12–18 min
after return of spontaneous circulation. The jugular catheter
was removed, hemostasis obtained, and animals returned to
cages. The recovery cage was placed on a warming mat set at
37°C to maintain normothermia in the postarrest period.
Surviving animals were deeply anesthetized 24 h after CA,
and tissue was fixed via transcardial perfusion for subsequent
renal histologic analysis.

Transcardial Perfusion and Kidney Harvest
At 24 h after CA/CPR, general anesthesia was induced with
isoflurane and transcardial perfusion was performed using 4%
paraformaldehyde in saline. Kidney harvest was then performed
immediately via postmortem midline laparotomy.

Histologic Preparation and Stereological Analysis
After fixation in 4% paraformaldehyde in saline, each kidney
was sectioned in the sagittal plane into 6-�m sections at four
equidistant locations along the long axis of the kidney. These
were then stained with Flouro-Jade B (Histo-Chem, Jeffer-
son, AK) to clearly delineate necrotic versus nonnecrotic cells.

An observer blinded to sex, strain, and treatment assessed the
volume fraction of necrotic tubular epithelium according to
the Cavalieri principle of unbiased stereology.21,22 Com-
puter software (Visiopharm Integrator System, Visiopharm,
Hørsholm, Denmark) was used with an X-Y-Z-controlled
microscope stage and video camera (Leica Microsystems
GMbH, Wetzlar, Germany). The software automatically
and randomly positioned two superimposed grids of points
(one of low resolution and the other of high resolution) over
each of the displayed video images from the microscope.
There are 16 high-resolution points per low-resolution
point. �P(kidney) (the reference space) is determined by
counting the number of low-resolution points that inter-
sect the kidney and multiplying by 16. �P(necrotic tubu-
lar epithelium) is determined by counting the number of
high-resolution points that intersect necrotic epithelium.
The estimated volume fraction of necrotic tubular epithe-
lium is the ratio of these two quantities according to the
following equation:

Vnecrotic tubular epithelium

�
�P(necrotic tubular epithelium)

�P(kidney)

Surgical and Pharmacologic Hormonal Manipulation
In protocols in which estradiol was used, but not ICI
182,780, ovariectomy was performed, and estradiol or ses-
ame oil (vehicle) pellets were simultaneously implanted 7
days before CA/CPR. The estradiol subcutaneous silastic im-
plants contained 35 �l of 180 �g/ml estradiol in sesame oil
(6.3 �g total dose). This estradiol dose has been used previ-
ously by our group and yields physiologic levels of plasma
estradiol comparable with cycling female mice.23

Because we were unable to find precedent in the scientific
literature for delivering ICI 182,780 via silastic implant, we
used osmotic pumps (ALZET 1007D, Durect Corp, Cuper-
tino CA) in Protocol 7b. Pumps were filled with 6.3 �g
17�-estradiol in 50% dimethylsulfoxide/0.9% saline solu-
tion or with 6.3 �g 17�-estradiol and 700 �g ICI 182,780.
This dose of ICI 182,780 was chosen based on previous
work, showing that it antagonizes the effects of physiologic
concentrations of estradiol.24,25 Ovariectomy was performed
and the pumps were implanted via the same incision in a
subcutaneous pocket along the left flank. Seven days after
implant, CA/CPR was performed, and 24 h later, transcar-
dial perfusion and sample acquisition were carried out.

BUN and Serum Creatinine Assay
Blood was drawn from the apex of the left ventricle at the
time of euthanasia and placed in lithium heparin tubes and
then analyzed for urea nitrogen and creatinine, using an en-
zyme-coupled point-of-care analyzer (Abaxis Medical Diag-
nostics, Union City, CA). The creatinine amidohydrolase
catalyzed assay used by this device is more specific for creat-
inine than the commonly used Jaffe technique,26–29 which is
altered by chromogens present in mouse blood samples.30
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Neutrophil Gelatinase-associated Lipocalin Western-blot
Assay
Anti-mouse neutrophil gelatinase-associated lipocalin
(NGAL) antibodies were purchased from R&D Systems
(Minneapolis, MN). Urine samples (7.5 �l) were thawed on
ice and boiled for 5 min at 90°C in 1� sample buffer (In-
vitrogen, Carlsbad, CA) before loading onto a 12% Nupage
Bis-Tris gel (Invitrogen) and electrophoresed for 50 min at
200 V. Gels were then transferred to polyvinylidene fluoride
membranes using 30 V for 2 h. The polyvinylidene fluoride
membranes were then extensively washed in phosphate-buff-
ered saline with Tween-20, blocked, and incubated with the
primary antibody (diluted 1:500) overnight at 4°C. After
washing, membranes were then incubated for 2 h at room
temperature with ECL-Plex Cy3-conjugated secondary anti-
body (GE Life Sciences, Piscataway, NJ) diluted at 1:750.
Immunoreactive bands were visualized using the Typhoon
9400 imager (GE Life Sciences) and analyzed using Image-
Quant software (GE Life Sciences). Band densities were nor-
malized to a single control sample run on every gel under
identical conditions.

Data Analysis
Analysis was performed with Prism 5.0 software (GraphPad
Software, LaJolla, CA). All data are shown as mean � SEM.
For all statistical tests, significance was inferred at P � 0.05.
Physiologic data were analyzed using one-way analysis of
variance with Tukey post hoc test for intergroup comparisons.
Contingencies (mortality) were analyzed using Fisher exact
test. NGAL and sex difference comparisons were made using
Student t test with two-tailed P values. The comparison be-
tween intact females, ovariectomized, vehicle-treated fe-
males, and ovariectomized 17�-estradiol-treated females was
performed using one-way analysis of variance with Tukey
post hoc comparison test. Two-way analysis of variance was
used for analysis of the four-group/two-treatment genetic
ER-deletion protocol. Because no statistically significant dif-
ference was found on two-way analysis of variance, posttest-
ing was not conducted on data from this protocol.

Results

Weight, epinephrine dose required, pre- and intraarrest temper-
ature, and mortality were not different between groups (table 1).
There was no difference in mean arterial pressure or regional
renal cortical blood flow (RRCBF) between 17�-estradiol-
treated and vehicle-treated animals (fig. 1). Arterial blood gas
parameters were similar between 17�-estradiol-treated and ve-
hicle-treated groups (table 2). The duration of CPR was differ-
ent between the ER�KO vehicle- and 17�-estradiol-treated
groups (48 � 5 vs. 70 � 14 s, P � 0.045). At the time of tissue
harvest, 17�-estradiol levels were 20 � 3 pg/ml in untreated
ovariectomized animals and 70 � 11 pg/ml in estradiol-treated
ovariectomized animals (P � 0.0006).

Urine NGAL Is Massively Increased after CA
To further validate the model and show similarity to human
AKI, we assessed pre- and postarrest urine NGAL, a clinically
validated rapid biomarker in the perioperative setting.31 Urine
NGAL is increased after CA/CPR by nearly an order of magni-
tude (1.25 � 0.41 vs. 9.49 � 3.61, n � 9/group, P � 0.04;
fig. 2, representative Western blot).

Table 1. Cardiac Arrest Data

Group (N) Weight, g
Epinephrine

Dose, �g
CPR

Duration, s

ER�KO-VEH (14) 20.3 � 0.2 11.0 � 0.5 70.1 � 5.2
ER�KO-EST (10) 21.8 � 0.7 10.4 � 1.3 62.5 � 9.3
ER�WT-VEH (6) 20.3 � 0.4 9.5 � 1.1 65.5 � 9.8
ER�WT-EST (11) 20.8 � 0.5 10.0 � 1.8 60.5 � 7.0
ER�KO-VEH (5) 20.6 � 1.0 9.6 � 0.4 48.2 � 4.9*
ER�KO-EST (5) 21.0 � 1.6 10.7 � 0.7 69.8 � 13.6
ER�WT-VEH (5) 20.4 � 0.5 11.5 � 0.8 66.6 � 13.2
ER�WT-EST (4) 21.1 � 1.0 8.8 � 0.3 56.5 � 9.0
NGAL (10) 22.4 � 0.4 10.9 � 0.4 51.7 � 3.6
Intact female (5) 23.3 � 1.2 10.4 � 0.8 41.2 � 9.1
OVX-VEH (8) 22.7 � 0.5 9.9 � 0.5 39.3 � 5.7
OVX-EST (8) 23.0 � 0.4 9.9 � 0.5 42.5 � 7.5
EST (12) 23.3 � 0.3 7.1 � 0.3 59.6 � 8.1
EST-ICI (8) 22.6 � 0.4 6.7 � 0.4 55.4 � 8.3
Intact male (10) 24.8 � 0.5 11.3 � 0.8 108.0 � 11.9
Intact female (10) 21.4 � 0.2 10.1 � 0.7 84.2 � 7.7

Parameters recorded during cardiac arrest. Data presented are
mean � SEM.
* P � 0.05 vs. ER�KO-EST.
CPR � cardiopulmonary resuscitation; ER � estrogen receptor;
EST � estrogen; ICI � ICI 182,780; KO � knockout (gene de-
leted); NGAL � neutrophil gelatinase-associated lipocalin;
OVX � ovariectomized; VEH � vehicle; WT � wild type.

Fig. 1. Mean arterial pressure (MAP) and regional renal cortical
blood flow (RRCBF) are not affected by administration of 17�-
estradiol. MAP (solid lines, scale on left axis) and RRCBF (dotted
lines, scale on right Y axis) dropped immediately to nonperfusing
values on cardiac arrest (shaded area). Return of spontaneous
circulation was followed by relative hypertension and ultimately a
gradual return to baseline. RRCBF, in contrast, remained low after
cardiac arrest and did not return to baseline within the 20-min
follow-up period. There was no significant difference in MAP or
RRCBF between 17�-estradiol-treated and vehicle-treated ani-
mals at any time point (mean � SEM, n � 5 or 6/group; EST �
estrogen treated; VEH � vehicle treated).
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Renal Ischemia–Reperfusion Injury after CA/CPR Is
Sexually Dimorphic In Vivo
We then tested the hypothesis that the sex dimorphism
found in human AKI and other animal models of renal isch-
emia is reproducible in our model. Histologic renal injury after
CA/CPR is sexually dimorphic as seen in figures 3 and 4. The
volume of necrotic tubular epithelium was 7 � 1% in fe-
males as contrasted with 10 � 0% in males (n � 10/group,
P � 0.04). Females also exhibit protection from functional
injury (BUN 65 � 21 vs.149 � 27 mg/dl, P � 0.04; creat-
inine 0.14 � 0.05 vs. 0.73 � 0.16 mg/dl, P � 0.01, n � 6
males, 5 females).

17�-estradiol Is Renoprotective in Whole Body
Ischemia–Reperfusion
To establish whether the presence of estradiol protects against
injury from global renal ischemia in vivo, gonadally intact fe-
males, vehicle-treated ovariectomized females, and estradiol-
treated ovariectomized females were subjected to CA/CPR. The
presence of 17�-estradiol, endogenous or exogenous, confers a
reduction in renal functional and histopathologic injury (fig. 5).
BUN was 65 � 21, 166 � 28, and 50 � 14 mg/dl (P � 0.002);
creatinine was 0.14 � 0.05, 0.74 � 0.26, and 0.23 � 0.27
mg/dl (P � 0.014); and volume of necrotic tubular epithelium
was 2.5 � 0.25%, 12.0 � 1.9%, and 5.0 � 1.6% (P � 0.004)
in intact females (n � 5), vehicle-treated ovariectomized females
(n � 5), and estradiol-treated ovariectomized females (n � 8)
respectively.

17�-estradiol Is Renoprotective in the Absence of ER-�
or ER-�
ER-� and ER-� deficient animals along with WT littermate
controls were treated with subcutaneous estradiol pellets

Table 2. Blood Analysis Data (Mean � SEM) for
Estradiol- versus Vehicle-treated Ovariectomized
Wild-type Mice

Parameter
Vehicle
(N � 5)

Estradiol
(N � 5)

pH
Baseline 7.3 � 0.0 7.3 � 0.0
5-min recovery 6.6 � 0.0 6.6 � 0.0
15-min recovery 6.8 � 0.0 6.7 � 0.1

Paco2, mmHg
Baseline 52 � 2 47 � 1
5-min recovery 78 � 5 86 � 4
15-min recovery 50 � 4 51 � 5

Pao2, mmHg
Baseline 286 � 15 288 � 15
5-min recovery 358 � 32 281 � 30
15-min recovery 462 � 29 423 � 56

Bicarbonate, mEq/L
Baseline 21 � 1 21 � 1
5-min recovery 8.0 � 0 7.7 � 1
15-min recovery 7.0 � 1 6.9 � 1

Hemoglobin, mg/dL
Baseline 14.1 � 0.2 14.3 � 0.2
5-min recovery 12.1 � 0.4 11.7 � 0.7
15-min recovery 11.8 � 0.5 12.1 � 0.7

Arterial blood analysis data from ovariectomized estrogen- and
vehicle-treated mice. Arterial blood was obtained from the fem-
oral artery in animals that underwent placement of arterial cath-
eters but not cardiac arrest (“baseline”), and in animals that
underwent cardiac arrest, 5 min after return of spontaneous
circulation, and 15 min after return of spontaneous circulation.
Values were similar for all parameters across groups. Data pre-
sented are mean � SEM. SEMs of “0” and “0.0” resulted from
rounding to appropriate significant digits.
Paco2 � arterial carbon dioxide tension; Pao2 � arterial oxygen
tension.

Fig. 2. Urine neutrophil gelatinase-associated lipocalin is massively
elevated 24 h after cardiac arrest/cardiopulmonary resuscitation
(CA/CPR). Urine samples were obtained immediately before and
24 h after CA/CPR. A representative western blot is depicted. Small
letters (a, b, c, and d) denote individual animals. pre � sample before
cardiac arrest; 24 h � sample 24 h after cardiac arrest.

Fig. 3. Females are protected from functional and histolopathologic
injury after cardiac arrest/cardiopulmonary resuscitation (CA/CPR).
Blood and tissue samples were collected 24 h after CA/CPR. (A and
B) Blood urea nitrogen (BUN) and creatinine. (C) Stereological as-
sessment of volume of necrotic tubules as percent of total renal
tissue volume (mean � SEM, n � 10/group). * P � 0.05.
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or vehicle (ER�KO-estradiol, n � 5; ER�KO-vehicle, n �
5; ER�KO estradiol, n � 10; ER�KO-vehicle, n � 14;
ER�WT-estradiol, n � 4; ER�WT-vehicle, n � 5;
ER�WT-estradiol, n � 9; ER�WT-vehicle, n � 5) and
subjected to CA/CPR to assess the receptor dependency of
the renoprotective effect of 17�-estradiol (fig. 6). Estradiol
reduced functional injury overall (BUN: estradiol 117 � 71
vs. vehicle 167 � 56, P � 0.007, creatinine: estradiol 0.5 �
0.5 vs. vehicle 1.0 � 0.4, P � 0.013); however, there was no
significant difference in the amount of difference between
estradiol- or vehicle-treated groups within strain/control
groups. ER-� and ER-� gene-deleted mice both exhibited a
nonsignificant tendency toward reduced BUN/creatinine
when treated with estradiol. In histologic analysis, no signif-
icant effect of estradiol was found.

Because of the inconclusive finding of no difference in
protection in the ER-� and ER-� gene-deleted mice, ovari-
ectomized female mice treated with either 17�-estradiol or
vehicle and ICI 182,780 (estradiol-ICI) also underwent CA/
CPR. There was no difference in functional or histologic
injury between the groups (BUN: estradiol 36 � 9 vs. estra-
diol-ICI 27 � 4, P � 0.45; creatinine: estradiol 0.3 � 0 vs.
estradiol-ICI 0.2 � 0, P � 0.62; volume of necrotic tubules:
estradiol 4.7 � 1.1% vs. estradiol-ICI 4.7 � 1.3%, P � 0.97,
fig. 7).

Discussion

This study reports three important findings. First, females
experience endogenous histologic and functional renopro-
tection after CA/CPR relative to their male counterparts.
Second, loss of ovarian steroids results in enhanced renal
injury, whereas estradiol replacement in ovariectomized fe-
males restores renal outcomes compared with that of the
gonadally intact female. Third, beneficial effects of estradiol
are not diminished by genetic deficiency of either subtype of
the ER, or by blocking ER-� and ER-�. This finding indi-
cates that estradiol-induced renoprotection after ischemia is
not mediated through either of its cognate receptors. We
conclude that estrogen-mediated renoprotection, likely act-

ing via a non-ER-mediated mechanism, is a significant com-
ponent of the female advantage and sex dimorphism in whole
body ischemia–reperfusion injury.

AKI is quite common after CA, occurring in up to 30% of
survivors.32 CA is itself an extreme example of whole body
ischemia, which is a common precedent for AKI.33 Diagno-
sis of AKI by serum creatinine is commonly delayed 24–48
h34 because creatine kinase must be metabolized to creatinine
to develop an elevated serum level. Active research into rapid
biomarkers of AKI has generated a number of candidates,
including NGAL, which is elevated in the urine within 2 h
after focal ischemia31 and reliably predicts AKI after cardiac
surgery.34,35 We have demonstrated in this study that NGAL
is elevated in the urine 24 h after CA, suggesting that the
CA/CPR model generates renal injury similar to that of hu-
man AKI with respect to the physiology that results in
NGAL elevation. NGAL is likely elevated previously in the
postarrest course, but our study only analyzed blood and
urine at the 24-h time point.

The sexual dimorphism of renal ischemia–reperfusion in-
jury, which we have reproduced here in the CA/CPR model,
is well known and has been reviewed elsewhere.36–38 How-
ever, the specific relative contribution of estrogen is a source
of some contention, despite the fact that the benefit of estra-
diol to other organ systems has been well detailed.15,39–45

The widely reported clinical observation that women have a
decreased risk of AKI except after cardiac and vascular sur-
gery7,36,46–53 suggests that the clinically important mediator
is estrogen (as women undergoing cardiac and vascular sur-
gery are primarily postmenopausal). Indeed, Takaoka et al.9

reported significant 17�-estradiol-induced reductions in
BUN, creatinine, creatinine clearance, and urine output in
rats subjected to 45 min of focal renal ischemia. Consistent
with these results, Müller et al.54 reported improved survival
after renal ischemia in 17�-estradiol-treated male rats and a
nonsignificant decrease in survival in ovariectomized fe-
males. However, they did not report renal function. In an-
other focal ischemia model, Park et al.8 reported that testos-
terone significantly worsens renal ischemia–reperfusion

Fig. 4. Females are protected from histolopathologic injury after cardiac arrest/cardiopulmonary resuscitation. Representative photomicrographs of
Flouro-Jade B-stained kidney sections from male and female mice. Flouro-Jade B stains dead cells bright green, in gray scale they appear bright white.
Color version of this figure is available at www.anesthesiology.org.
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injury but that neither 17�-estradiol administration nor
ovariectomy has as profound an effect.

Although our findings that ovariectomy significantly in-
creases injury and that estradiol replacement restores protec-
tion support data from the study by Takaoka et al.,9 they are
not consistent with the results of the study by Park et al.
Several important differences in the studies may account for
this discrepancy. First, Takaoka et al.9 used a higher dose of
estradiol than Park et al.8 (100 vs. 40 �g/kg), and the post-
mortem serum estradiol level in estradiol-treated animals in
our study is twice that of the estradiol-treated animals in the
study by Park et al. In fact, the anti-ischemic effect of 17�-
estradiol has been shown to be dose dependent.39 Second,
the renal injury in the focal ischemic study by Park et al. is less
profound than that induced by CA/CPR, that is, the mean
BUN and creatinine are lower than our values. Indeed, in the

absence of testosterone, in general, there is little difference
between ischemic and nonischemic animals in the study by
Park et al. The renal insult from CA/CPR is profound as
evidenced by the 10-fold increase in NGAL between pre- and
postarrest states, and this alone may explain the difference in
the magnitude of injury. Also, the focal ischemia model en-
tails a large surgical field around the kidney, and local hypo-
thermia may result, thus reducing injury. Occlusion of the

Fig. 5. Estrogen is renoprotective after cardiac arrest/cardiopul-
monary resuscitation (CA/CPR). Endogenous estrogen (intact fe-
males, n � 5) or 17�-estradiol (n � 8) administration in ovariec-
tomized (OVX) animals reduced functional and histopathologic
renal injury when compared with vehicle (n � 8). Blood and tissue
samples were collected 24 h after CA/CPR. (A and B) Blood urea
nitrogen (BUN) and creatinine. (C) Stereological assessment of
volume of necrotic tubules as percent of total renal tissue volume.
Mean � SEM, * P � 0.05.

Fig. 6. Estrogen is renoprotective, despite genetic deletion of estro-
gen receptors (ER). Female ER-� gene-deleted mice (Er�KO) and
ER-� gene-deleted mice (Er�KO) were ovariectomized, treated with
either 17�-estradiol or vehicle and compared with wild-type (WT)
littermate controls (Er�WT and Er�WT, respectively). Although over-
all functional injury was significantly reduced in 17�-estradiol-treated
animals, there is no significant difference in the magnitude of protec-
tion between any of the groups. Although all animals exhibited sig-
nificant functional injury, the histopathologic injury in this cohort was
not as profound as that in others, this may explain why the his-
topathologic protective effect was not present in any group. Blood
and tissue samples were collected 24 h after cardiac arrest and
cardiopulmonary resuscitation. (A and B) Blood urea nitrogen (BUN)
and creatinine. (C) Stereological assessment of volume of necrotic
tubules as percent of total renal tissue volume (mean � SEM,
ER�KO-vehicle n � 14, ER�KO-estradiol n � 10, ER�WT-vehicle
n � 6, ER�WT-estradiol n � 11, ER�KO-vehicle n � 5, ER�KO-
estradiol n � 5, ER�WT-vehicle n � 5, ER�WT-estradiol n � 4).
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entire renal pedicle involves the creation of venous and uri-
nary congestion and may influence results. Although Park et
al. and Takaoka et al. report maintaining animal tempera-
tures near 37°C, these data have not been recorded in detail;
therefore, it is unclear whether the renal tissue temperature
was tightly controlled.8,9

The protection against ischemic effects conferred by 17�-
estradiol is partly mediated via ERs in cardiac and cerebral isch-
emia, and indeed there is a receptor dimorphism in cerebral
ischemia, with ER-� conferring protection in focal insults and
ER-� acting in global ischemia.55–57 Thus, it was reasonable to
hypothesize that estrogen-mediated renoprotection might also
be selectively mediated by one ER subtype. Our finding that
ER-� and ER-� gene deletion or blockade does not alter the
protective effect of estrogen suggests that estrogen-mediated

renoprotection occurs via a nonreceptor-mediated mechanism.
This finding has important mechanistic and therapeutic impli-
cations: a novel mechanism may be at work in the kidney. Isch-
emia models in other tissues have demonstrated that protective
effects of estrogen occur via phosphoinositide-3 kinase/Akt and
p38 mitogen-activated protein kinase dependent up-regulation
of heme oxygenase-1.58,59 However, both the mechanisms have
been shown to be dependent on classic ERs.60,61 A receptor-
independent action in renal ischemia may offer specific therapy
for this organ system or imply that additional, previously unsus-
pected mechanisms function in addition to receptor-dependent
mechanisms in other tissues. One possibility is that estradiol
uses the so-called rapid membrane effects that are nongenomic
in nature and involves in part cytosolic protein phosphoryla-
tion.62 Some of these mechanisms may prove important in isch-
emia–reperfusion injury and offer important targets for further
investigation and ultimately therapy. Recent investigation
has highlighted the role of the novel g-protein-coupled
ER, G-protein-coupled receptor 30,63 which may mediate
the effect we found in this experiment. A specific, nonestro-
gen agonist exists for this receptor that might offer far more
specific effects than estrogen itself. Accordingly, further under-
standing of the mechanisms of estrogen-mediated renoprotec-
tion is vital if we are to harness the beneficial effects of estradiol
and avoid undesirable consequences of the use of this pleiotropic
steroid. Finally, estrogen regulation of nitric oxide and endothe-
lin-1 has been shown to alter outcome of renal ischemia.9,64

Because both these mediators are thought to act on renal blood
flow, our finding that RRCBF is not affected by estrogen during
the periarrest period suggests that these mechanisms are either
not significantly regulated by estrogen in this model or not
acutely regulated by estrogen in the periarrest period.

Our study has several limitations. CA/CPR is a severe
physiologic challenge to the whole animal and includes
whole body ischemia–reperfusion, unlike focal models of re-
nal ischemia, for example, renal pedicle occlusion. In the
CA/CPR model, it is impossible to exclude effects of distant
organs on postarrest renal function. It is also unclear to what
extent this model mimics clinical scenarios of prolonged
perioperative hypotension or the no-flow period of suprare-
nal aortic clamping. We studied renal injury in mice but
there may be profound differences between species in re-
sponse to renal ischemia. Our evaluation of periarrest phys-
iology is limited to arterial blood gases, mean arterial pres-
sure, and RRCBF. We did not measure myocardial
performance directly and cannot exclude a myocardial effect
of estrogen leading to renal protection. RRCBF as measured
by laser Doppler is specifically limited to a small superficial
region of the kidney and may not reflect total renal blood
flow. Because of the invasiveness of our measurement tech-
niques and the susceptibility of laser Doppler to movement,
we were unable to measure mean arterial pressure or RRCBF
for more than 20 min after return of spontaneous circulation,
thus we cannot exclude late effects of estrogen on renal blood
flow. Estradiol-treated ER�KO mice required longer resus-
citations than those receiving vehicle. It is possible that this

Fig. 7. Estrogen is renoprotective after cardiac arrest/cardiopulmo-
nary resuscitation (CA/CPR) in the presence of pharmacologic es-
trogen receptor (ER) blockade. Female C57BL/6 mice underwent
ovariectomy and were treated with either 17�-estradiol (estradiol,
n � 12) or 17�-estradiol and ICI 182,780 (estradiol-ICI, n � 8), a
nonspecific ER antagonist before CA/CPR. Blood and tissue sam-
ples were collected 24 h after CA/CPR. There is no difference in
functional or histopathologic injury between ER-free and ER-block-
aded animals. (A and B) Blood urea nitrogen (BUN) and creatinine,
respectively. (C) Stereological assessment of volume of necrotic tu-
bules as percent of total renal tissue volume. Data presented are
mean � SEM.
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explains the loss of histologic protection specifically in this
experimental group. However, these animals still exhibit re-
duced functional injury. Because equalization of the resusci-
tation time would be expected to increase injury in the vehi-
cle arm or decrease injury in the estradiol arm, it is unlikely
that this variation would change the conclusion that ER gene
deletion does not alter the effect of estradiol. An effect of
estrogen on histologic injury was not found in our testing of
the effect of ER gene deletion. However, the level of both
functional and histologic injury seen in this protocol is small
and may have obscured real differences. Finally, we chose the
24-h time point to assess histopathology because in previous
work functional injury was maximized at that time, and it is
not possible for small rodents with severe AKI to survive after
the 30 �l phlebotomy required. It is possible that 24 h is not
the ideal time point to assess histopathology, and in future
experiments, we plan to delineate the time course of injury in
the CA/CPR model.

Because of limitations beyond our control, the number of
ER gene-deleted mice was limited, particularly, the Er�WT-
estradiol with n � 4. This low number of experimental ani-
mals makes it difficult to interpret the finding of lack of
significant difference. Because of this doubt, we chose to
confirm our interpretation of the data with the pharmaco-
logic ER antagonist, ICI 182,780. We believe that the find-
ing of no difference between estrogen-treated and estrogen/
ICI 182,780-treated animals warrants our conclusion that
the renoprotective effect of estradiol is not dependent on
ER-� or ER-�. In general, sample sizes in this study are
relatively small (range, 4–14/group), which might limit the
strength of conclusions drawn from lack of statistically sig-
nificant difference. However, the differences in renal insult
between estrogen-treated and estrogen-deprived animals and
between males and females are large in magnitude. This ren-
ders the lack of difference between ER intact and ER-deleted
or blockaded animals all the more striking and suggests our
conclusions are correct.

In summary, we have shown that estrogen is renoprotec-
tive in a global model of renal ischemia, namely, CA/CPR.
Although it is premature to suggest the prophylaxis or treat-
ment of renal ischemia with estrogens, the magnitude of the
effect in our model offers promise for future therapy. We
further present the first evidence to suggest a receptor-inde-
pendent mechanism for this renoprotection. Our findings
suggest that further investigation of estrogen-mediated reno-
protection should focus on nongenomic actions of estrogen,
and perhaps the novel ER, GPR30.
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and Science University, Portland, Oregon), for their assistance.

References

1. Ali T, Khan I, Simpson W, Prescott G, Townend J, Smith W,
Macleod A: Incidence and outcomes in acute kidney in-

jury: A comprehensive population-based study. J Am Soc
Nephrol 2007; 18:1292– 8

2. Levy EM, Viscoli CM, Horwitz RI: The effect of acute renal
failure on mortality. A cohort analysis. JAMA 1996; 275:
1489 –94

3. Chertow GM, Lazarus JM, Paganini EP, Allgren RL, Lafay-
ette RA, Sayegh MH: Predictors of mortality and the pro-
vision of dialysis in patients with acute tubular necrosis.
The Auriculin Anaritide Acute Renal Failure Study Group.
J Am Soc Nephrol 1998; 9:692– 8

4. Lassnigg A, Schmidlin D, Mouhieddine M, Bachmann LM,
Druml W, Bauer P, Hiesmayr M: Minimal changes of serum
creatinine predict prognosis in patients after cardiotho-
racic surgery: A prospective cohort study. J Am Soc Neph-
rol 2004; 15:1597– 605

5. Metnitz PG, Krenn CG, Steltzer H, Lang T, Ploder J, Lenz K,
Le Gall JR, Druml W: Effect of acute renal failure requiring
renal replacement therapy on outcome in critically ill
patients. Crit Care Med 2002; 30:2051– 8

6. Wei Q, Wang MH, Dong Z: Differential gender differences
in ischemic and nephrotoxic acute renal failure. Am J
Nephrol 2005; 25:491–9

7. Xue JL, Daniels F, Star RA, Kimmel PL, Eggers PW, Moli-
toris BA, Himmelfarb J, Collins AJ: Incidence and mortality
of acute renal failure in Medicare beneficiaries, 1992 to
2001. J Am Soc Nephrol 2006; 17:1135– 42

8. Park KM, Kim JI, Ahn Y, Bonventre AJ, Bonventre JV:
Testosterone is responsible for enhanced susceptibility of
males to ischemic renal injury. J Biol Chem 2004; 279:
52282–92

9. Takaoka M, Yuba M, Fujii T, Ohkita M, Matsumura Y:
Oestrogen protects against ischaemic acute renal failure in
rats by suppressing renal endothelin-1 overproduction.
Clin Sci (Lond) 2002; 103(suppl 48):434S–7S

10. Traystman RJ: Animal models of focal and global cerebral
ischemia. ILAR J 2003; 44:85–95

11. Klocke R, Tian W, Kuhlmann MT, Nikol S: Surgical animal
models of heart failure related to coronary heart disease.
Cardiovasc Res 2007; 74:29 –38

12. Gruber CJ, Tschugguel W, Schneeberger C, Huber JC:
Production and actions of estrogens. N Engl J Med 2002;
346:340 –52

13. Kofler J, Otsuka T, Zhang Z, Noppens R, Grafe MR, Koh
DW, Dawson VL, de Murcia JM, Hurn PD, Traystman RJ:
Differential effect of PARP-2 deletion on brain injury after
focal and global cerebral ischemia. J Cereb Blood Flow
Metab 2006; 26:135– 41

14. Wang L, Kitano H, Hurn PD, Murphy SJ: Estradiol attenu-
ates neuroprotective benefits of isoflurane precondition-
ing in ischemic mouse brain. J Cereb Blood Flow Metab
2008; 28:1824 –34

15. Sampei K, Goto S, Alkayed NJ, Crain BJ, Korach KS, Tray-
stman RJ, Demas GE, Nelson RJ, Hurn PD: Stroke in estro-
gen receptor-alpha-deficient mice. Stroke 2000;
31:738 – 43

16. Lubahn DB, Moyer JS, Golding TS, Couse JF, Korach KS,
Smithies O: Alteration of reproductive function but not
prenatal sexual development after insertional disruption
of the mouse estrogen receptor gene. Proc Natl Acad Sci U
S A 1993; 90:11162– 6

17. Krege JH, Hodgin JB, Couse JF, Enmark E, Warner M,
Mahler JF, Sar M, Korach KS, Gustafsson JA, Smithies O:
Generation and reproductive phenotypes of mice lacking
estrogen receptor beta. Proc Natl Acad Sci U S A 1998;
95:15677– 82

18. Hutchens MP, Nakano T, Dunlap J, Traystman RJ, Hurn PD,
Alkayed NJ: Soluble epoxide hydrolase gene deletion re-
duces survival after cardiac arrest and cardiopulmonary
resuscitation. Resuscitation 2007; 76:89 –94

19. Kofler J, Hattori K, Sawada M, DeVries AC, Martin LJ, Hurn
PD, Traystman RJ: Histopathological and behavioral char-
acterization of a novel model of cardiac arrest and cardio-
pulmonary resuscitation in mice. J Neurosci Methods
2004; 136:33– 44

403CRITICAL CARE MEDICINE

Hutchens et al. Anesthesiology, V 112 • No 2 • February 2010

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/112/2/395/249675/0000542-201002000-00024.pdf by guest on 10 April 2024



20. Burne-Taney MJ, Kofler J, Yokota N, Weisfeldt M, Trayst-
man RJ, Rabb H: Acute renal failure after whole body
ischemia is characterized by inflammation and T cell-me-
diated injury. Am J Physiol Renal Physiol 2003; 285:F87–94

21. Nyengaard JR: Stereologic methods and their application
in kidney research. J Am Soc Nephrol 1999; 10:1100 –23

22. Gundersen HJ, Bagger P, Bendtsen TF, Evans SM, Korbo L,
Marcussen N, Moller A, Nielsen K, Nyengaard JR, Pakkenberg B:
The new stereological tools: Disector, fractionator, nucleator
and point sampled intercepts and their use in pathological
research and diagnosis. APMIS 1988; 96:857–81

23. Ardelt AA, McCullough LD, Korach KS, Wang MM, Mun-
zenmaier DH, Hurn PD: Estradiol regulates angiopoietin-1
mRNA expression through estrogen receptor-alpha in a
rodent experimental stroke model. Stroke 2005;
36:337– 41

24. Milligan SR, Balasubramanian AV, Kalita JC: Relative po-
tency of xenobiotic estrogens in an acute in vivo mamma-
lian assay. Environ Health Perspect 1998; 106:23– 6

25. Wade GN, Powers JB, Blaustein JD, Green DE: ICI 182,780
antagonizes the effects of estradiol on estrous behavior
and energy balance in Syrian hamsters. Am J Physiol 1993;
265:R1399 – 403

26. Moss GA, Bondar RJ, Buzzelli DM: Kinetic enzymatic
method for determining serum creatinine. Clin Chem
1975; 21:1422– 6

27. Jaynes PK, Feld RD, Johnson GF: An enzymic, reaction-rate
assay for serum creatinine with a centrifugal analyzer. Clin
Chem 1982; 28:114 –7

28. Fossati P, Prencipe L, Berti G: Enzymic creatinine assay: A
new colorimetric method based on hydrogen peroxide
measurement. Clin Chem 1983; 29:1494 – 6

29. Keppler A, Gretz N, Schmidt R, Kloetzer HM, Groene HJ,
Lelongt B, Meyer M, Sadick M, Pill J: Plasma creatinine
determination in mice and rats: An enzymatic method
compares favorably with a high-performance liquid chro-
matography assay. Kidney Int 2007; 71:74 – 8

30. Meyer MH, Meyer RA Jr, Gray RW, Irwin RL: Picric acid
methods greatly overestimate serum creatinine in mice:
More accurate results with high-performance liquid chro-
matography. Anal Biochem 1985; 144:285–90

31. Mishra J, Ma Q, Prada A, Mitsnefes M, Zahedi K, Yang J,
Barasch J, Devarajan P: Identification of neutrophil gelati-
nase-associated lipocalin as a novel early urinary biomar-
ker for ischemic renal injury. J Am Soc Nephrol 2003;
14:2534 – 43

32. Mattana J, Singhal PC: Prevalence and determinants of
acute renal failure following cardiopulmonary resuscita-
tion. Arch Intern Med 1993; 153:235–9

33. Hou SH, Bushinsky DA, Wish JB, Cohen JJ, Harrington JT:
Hospital-acquired renal insufficiency: A prospective study.
Am J Med 1983; 74:243– 8

34. Dent CL, Ma Q, Dastrala S, Bennett M, Mitsnefes MM,
Barasch J, Devarajan P: Plasma neutrophil gelatinase-asso-
ciated lipocalin predicts acute kidney injury, morbidity
and mortality after pediatric cardiac surgery: A prospec-
tive uncontrolled cohort study. Crit Care 2007; 11:R127

35. Wagener G, Jan M, Kim M, Mori K, Barasch JM, Sladen RN,
Lee HT: Association between increases in urinary neutro-
phil gelatinase-associated lipocalin and acute renal dys-
function after adult cardiac surgery. ANESTHESIOLOGY 2006;
105:485–91

36. Hutchens MP, Dunlap J, Hurn PD, Jarnberg PO: Renal ischemia:
Does sex matter? Anesth Analg 2008; 107:239–49

37. Metcalfe PD, Meldrum KK: Sex differences and the role of
sex steroids in renal injury. J Urol 2006; 176:15–21

38. Kher A, Meldrum KK, Wang M, Tsai BM, Pitcher JM,
Meldrum DR: Cellular and molecular mechanisms of sex
differences in renal ischemia–reperfusion injury. Cardio-
vasc Res 2005; 67:594 – 603

39. Noppens RR, Kofler J, Hurn PD, Traystman RJ: Dose-
dependent neuroprotection by 17�-estradiol after cardiac
arrest and cardiopulmonary resuscitation. Crit Care Med
2005; 33:595– 602

40. McCullough LD, Alkayed NJ, Traystman RJ, Williams MJ,
Hurn PD: Postischemic estrogen reduces hypoperfusion
and secondary ischemia after experimental stroke. Stroke
2001; 32:796 – 802

41. Rusa R, Alkayed NJ, Crain BJ, Traystman RJ, Kimes AS,
London ED, Klaus JA, Hurn PD: 17�-Estradiol reduces
stroke injury in estrogen-deficient female animals. Stroke
1999; 30:1665–70

42. Wang M, Crisostomo P, Wairiuko GM, Meldrum DR: Estro-
gen receptor-alpha mediates acute myocardial protection
in females. Am J Physiol Heart Circ Physiol 2006; 290:
H2204 –9

43. Wang M, Tsai BM, Reiger KM, Brown JW, Meldrum DR:
17�-Estradiol decreases p38 MAPK-mediated myocardial
inflammation and dysfunction following acute ischemia.
J Mol Cell Cardiol 2006; 40:205–12

44. Shen SQ, Zhang Y, Xiong CL: The protective effects of
17beta-estradiol on hepatic ischemia–reperfusion injury in
rat model, associated with regulation of heat-shock pro-
tein expression. J Surg Res 2007; 140:67–76

45. Vilatoba M, Eckstein C, Bilbao G, Frennete L, Eckhoff DE,
Contreras JL: 17beta-estradiol differentially activates mito-
gen-activated protein-kinases and improves survival fol-
lowing reperfusion injury of reduced-size liver in mice.
Transplant Proc 2005; 37:399 – 403

46. Bagshaw SM, Laupland KB, Doig CJ, Mortis G, Fick GH,
Mucenski M, Godinez-Luna T, Svenson LW, Rosenal T:
Prognosis for long-term survival and renal recovery in
critically ill patients with severe acute renal failure: A
population-based study. Crit Care 2005; 9:R700 –9

47. Waikar SS, Curhan GC, Wald R, McCarthy EP, Chertow
GM: Declining mortality in patients with acute renal fail-
ure, 1988 to 2002. J Am Soc Nephrol 2006; 17:1143–50

48. Kowdley GC, Maithal S, Ahmed S, Naftel D, Karp R: Non-
dialysis-dependent renal dysfunction and cardiac sur-
gery-an assessment of perioperative risk factors. Curr Surg
2005; 62:64 –70

49. Bove T, Calabro MG, Landoni G, Aletti G, Marino G,
Crescenzi G, Rosica C, Zangrillo A: The incidence and risk
of acute renal failure after cardiac surgery. J Cardiothorac
Vasc Anesth 2004; 18:442–5

50. Thakar CV, Liangos O, Yared JP, Nelson D, Piedmonte MR,
Hariachar S, Paganini EP: ARF after open-heart surgery:
Influence of gender and race. Am J Kidney Dis 2003;
41:742–51

51. Dietrich W, Busley R, Boulesteix AL: Effects of aprotinin
dosage on renal function: An analysis of 8,548 cardiac
surgical patients treated with different dosages of aproti-
nin. ANESTHESIOLOGY 2008; 108:189 –98

52. Doddakula K, Al-Sarraf N, Gately K, Hughes A, Tolan M,
Young V, McGovern E: Predictors of acute renal failure
requiring renal replacement therapy post cardiac surgery
in patients with preoperatively normal renal function.
Interact Cardiovasc Thorac Surg 2007; 6:314 – 8

53. Katz DJ, Stanley JC, Zelenock GB: Gender differences in
abdominal aortic aneurysm prevalence, treatment, and
outcome. J Vasc Surg 1997; 25:561– 8

54. Müller V, Losonczy G, Heemann U, Vannay A, Fekete A,
Reusz G, Tulassay T, Szabo AJ: Sexual dimorphism in renal
ischemia–reperfusion injury in rats: Possible role of endo-
thelin. Kidney Int 2002; 62:1364 –71

55. Wang M, Crisostomo PR, Markel T, Wang Y, Lillemoe KD,
Meldrum DR: Estrogen receptor beta mediates acute myocardial
protection following ischemia. Surgery 2008; 144:233–8

56. Carswell HV, Macrae IM, Gallagher L, Harrop E, Horsburgh
KJ: Neuroprotection by a selective estrogen receptor beta
agonist in a mouse model of global ischemia. Am J Physiol
Heart Circ Physiol 2004; 287:H1501– 4

57. Dubal DB, Zhu H, Yu J, Rau SW, Shughrue PJ, Merchentha-
ler I, Kindy MS, Wise PM: Estrogen receptor alpha, not
beta, is a critical link in estradiol-mediated protection
against brain injury. Proc Natl Acad Sci U S A 2001; 98:
1952–7

404 Estrogen Is Renoprotective in Cardiac Arrest

Anesthesiology, V 112 • No 2 • February 2010 Hutchens et al.

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/112/2/395/249675/0000542-201002000-00024.pdf by guest on 10 April 2024



58. Hsu JT, Kan WH, Hsieh CH, Choudhry MA, Bland KI,
Chaudry IH: Mechanism of salutary effects of estrogen on
cardiac function following trauma-hemorrhage: Akt-depen-
dent HO-1 up-regulation. Crit Care Med 2009; 37:2338–44

59. Hsu JT, Kan WH, Hsieh CH, Choudhry MA, Schwacha MG,
Bland KI, Chaudry IH: Mechanism of estrogen-mediated
intestinal protection following trauma-hemorrhage: p38
MAPK-dependent upregulation of HO-1. Am J Physiol
Regul Integr Comp Physiol 2008; 294:R1825–31

60. Shimizu T, Yu HP, Suzuki T, Szalay L, Hsieh YC, Choudhry
MA, Bland KI, Chaudry IH: The role of estrogen receptor
subtypes in ameliorating hepatic injury following trauma-
hemorrhage. J Hepatol 2007; 46:1047–54

61. Hwang YP, Jeong HG: Mechanism of phytoestrogen puera-
rin-mediated cytoprotection following oxidative injury: Es-
trogen receptor-dependent up-regulation of PI3K/Akt and
HO-1. Toxicol Appl Pharmacol 2008; 233:371– 81

62. Levin ER: Cellular functions of plasma membrane estrogen
receptors. Steroids 2002; 67:471–5

63. Raz L, Khan MM, Mahesh VB, Vadlamudi RK, Brann DW: Rapid
estrogen signaling in the brain. Neurosignals 2008; 16:140–53

64. Shibata Y, Takaoka M, Maekawa D, Kuwahara C, Mat-
sumura Y: Involvement of nitric oxide in the suppressive
effect of 17�-estradiol on endothelin-1 overproduction in
ischemic acute renal failure. J Cardiovasc Pharmacol 2004;
44(suppl 1):S459 – 61

405CRITICAL CARE MEDICINE

Hutchens et al. Anesthesiology, V 112 • No 2 • February 2010

D
ow

nloaded from
 http://asa2.silverchair.com

/anesthesiology/article-pdf/112/2/395/249675/0000542-201002000-00024.pdf by guest on 10 April 2024


