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Estrogen (E2) exerts its effect on target organs principally by
interacting with specific estrogen receptors (ER) such as ER-� or
ER-�. The role that these E2 receptors play in mediating the
protective effects observed in RSL�I/R induced injury remains
to be defined. To study the role of ER-�, we anesthetized female
and male wild type (wt; C57Bl/6) and ER-�-deficient (�ERKO)
mice and subjected them to 70% liver ischemia for 45 min
followed by resection of the remaining 30% nonischemic lobes
and reperfusion of the ischemic tissue. For some experiments, wt
and �ERKO male mice were injected with E2. Survival was
monitored on a daily basis while liver injury was assessed by
quantifying serum alanine aminotransferase (ALT) levels and
histopathology. Hepatic eNOS mRNA levels were evaluated
using semi-quantitative RT-PCR. Our data showed that untreated
females or males treated with E2 survived RSL�I/R surgery
indefinitely whereas all male mice given vehicle died within 3-5
days following surgery. This protective effect was diminished in
�ERKO female mice such that only 40% of �ERKO females
survived 7 d following RSL�I/R. Furthermore, liver injury was

significantly higher in �ERKO females compared with their wt
counterparts and similar to those seen in wild type males and
�ERKO males. The protective effect observed in wild type
females or E2 treated males correlated well with increases in
hepatic eNOS message whereas both male and female �ERKO
mice exhibited significantly lower levels of eNOS mRNA. We
conclude that this protection may in part be due to the E2/ER-
�-mediated activation of eNOS. (Pediatr Res 55: 450–456,
2004)

Abbreviations
NO, nitric oxide
ROS, reactive oxygen species
eNOS, endothelial nitric oxide synthase
�ERKO, estrogen receptor alpha knockout
I/R, ischemia/reperfusion
wt, wild type
RSL�I/R, reduced-size liver with ischemia and reperfusion
injury

Hepatic resection with concomitant periods of ischemia and
reperfusion (I/R) is a common occurrence in certain surgical
procedures such as split liver or living donor transplantation (1,
2). These types of transplantations represent surgical alterna-
tives to whole liver transplantation and are being applied to
expand the depleted donor organ pool (1, 2) as well as provide
children with size-matched livers. Indeed, the high death rate
(7% to 15%) in pediatric liver patients waiting for size-
matched cadaveric liver donors (3) has led to the utilization of
these types of innovative surgical techniques such as living
related transplants (LRT), the reduced size (cut-down) liver

grafts and split grafts. These technical advances have led to the
reduction in the waiting list mortality (4), however, the success
has been fraught with difficulties, medical as well as ethical.
For example, the hepatocellular injury induced by I/R is known
to impair liver regeneration and may lead to primary graft
dysfunction and failure (2, 5, 6). The mechanisms by which
RSL�I/R promotes liver injury are not clear at the present
time. However, numerous experimental studies using warm,
full-size liver I/R indicate that certain pro-inflammatory cyto-
kines (e.g. TNF-�, IL-1�, IL-12), reactive oxygen species and
neutrophils may contribute to hepatocellular injury (7, 8).
Recent work by Selzner and coworkers has shown that I/R
impairs the regenerative capacity of the liver, although a
protective strategy was not identified or proposed (5).

It is well appreciated that sexual dimorphism exists in
susceptibility to and mortality from a variety of vascular
diseases including vascular occlusive disease, stroke, and ath-
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erosclerosis (9). Furthermore, retrospective clinical studies
suggest that donor and/or recipient gender may influence the
outcome of liver transplantation, however these data are vari-
able and no clear consensus has been reached (10, 11).

Using a mouse model of RSL�I/R to mimic RSL transplan-
tation, we found that 100% of female mice survived indefi-
nitely following surgery, whereas all male mice died within 5 d
following RSL�I/R (1). This protective effect in females
correlated well with reduced liver injury compared with their
male counterparts as assessed by lower serum alanine amino-
transferase (ALT) levels in females versus males at 20h fol-
lowing RSL�I/R. To address the mechanisms by which female
mice are protected from the injurious effects of RSL�I/R,
female mice were ovariectomized, allowed to recover for 14 d,
and then subjected to RSL�IR. We found that the 7-d survival
of ovariectomized female mice was reduced to 14% versus
100% for sham-operated mice (1). This protective effect in
females appeared to be due to ovarian 17�-estradiol (E2) as
administration of the selective E2 receptor antagonist ICI
182,780 decreased the 7-d survival of female mice following
RSL�I/R from 100% to 13% compared with their vehicle-
treated counterparts. In addition, male mice treated with exog-
enous E2 significantly improved their survival from 0% in
vehicle treated to 87% in E2 treated mice (1). The protective
effect of E2 treatment on male mice agreed well with serum
ALT as shown by the significant reduction compared with their
vehicle controls. On the other hand, the ALT levels were
significantly elevated by ICI 182,780 administration to intact
female mice compared with the vehicle-treated controls. His-
tologic inspection revealed that E2 administration to males
attenuated hepatocellular injury and female mice administered
ICI 182,780 had enhanced histopathological injury similar to
that of untreated male mice.

The mechanisms by which endogenous or exogenous E2

protects the liver from the injurious effects of RSL�I/R have
not been identified however this hormone is known to have
dramatic effects on the expression and activity of the endothe-
lial cell isoform of nitric oxide synthase (eNOS). Estrogen is
known to rapidly stimulate eNOS to synthesize NO via a
nongenomic yet estrogenreceptor-� (ER-�) and Ca��-
dependent manner (12–14). Several studies have demonstrated
the presence of plasmalemmal caveolae-associated ER-�,
which binds estrogen and mediates Ca�� uptake and “activa-
tion” of eNOS via serine/threonine kinase Akt-activation and
involved the translocation of eNOS from the plasma membrane
to perinuclear region in the cytosol (14, 15). In addition,
estrogen is known to transcriptionally activate the expression
of eNOS in endothelial cells via the more classical genomic
mechanisms (16–19). We have recently demonstrated that
hepatic eNOS plays an important role in limiting I/R induced
liver injury in vivo in model of full size liver I/R injury as well
as RSL�I/R. We hypothesized that estrogen-dependent pro-
tection in our model of RSL�I/R may be due to enhanced
expression of hepatic eNOS (1, 2). Because there appears to be
a predominance of ER-� in the liver (20) and because the role
that ER-� plays in mediating the protective effect of estrogen
in RSL�I/R induced injury is unknown, we wished to examine

the role of ER-� in protecting female mice or E2-treated male
mice subjected to RSL�I/R.

METHODS

Animals. 8–10 wk-old (16–23 g) male and female C57Bl/6
wild type mice or mice genetically deficient in ER-� (�ERKO)
were used for these studies. �ERKO mice were generated by
targeted disruption of the ER-� gene via the insertion of a
neomycin cassette into the first coding exon of this steroid
receptor as previously described (21). These animals are de-
void of full-length ER� (ER�66). All experimental procedures
were in compliance with the Guide for the Care and Use of
Laboratory Animals, with Federal and State regulations and in
accordance with the Council of the American Physiologic
Society.

Reduced size liver ischemia reperfusion. Mice were fasted
for 16–18 h overnight. Before the experiment they were anes-
thetized with a single intramuscular injection (i.m.) of ket-
amine (150mg/kg) and xylazine (7.5mg/kg) and a midline
laparotomy was performed. The intestinal loops were gently
exteriorized to expose the liver and the portal vein in the
abdominal cavity. The lobes were identified and cleared of the
surrounding membranes and ligaments. To achieve 70% of
liver ischemia the hepatic arterial and portal venous blood
supply to the left lateral and median lobes was clamped using
a microaneurysm clip. Bypass portal flow through the nonisch-
emic lobes (right lateral, quadrate and caudate lobes) prevented
intestinal congestion. Then the mice were given an i.p. dose of
heparin (200U/kg) to prevent blood clotting during the isch-
emic time period. The abdominal wall was approximated,
covered with gauze to prevent heat loss and placed under the
warmer. The mice were left under warm lights. After 45 min of
ischemia, the clip was removed to reperfuse the liver. Next the
vessels supplying the nonischemic lobes were ligated with 6–0
chromic sutures. All the nonischemic lobes were excised im-
mediately after tying their pedicles with 4–0 silk sutures thus
leaving the mice with a reperfused liver that has essentially
been reduced to 30%.

The abdominal cavity was closed and the mice were returned
to their cages with access to regular food and water. Sham
control animals, although treated in an identical fashion, re-
ceived neither hepatectomy nor vascular clamping. Post-
surgery the mice were observed on a daily basis for survival
study until day 7 after which they were euthanized if they had
survived until then. In the time-course study, serum and tissues
were collected at different time points and analyzed upon
sacrificing the animals. For some experiments, animals were
treated with 17�-Estradiol ~1 �g/dose in 100 �L of corn oil
with 0.1% ethanol (40 ng/g body weight s.c. 24 h before
surgery) followed by a second dose administered at the time of
reperfusion providing a total dose of 80 ng/g body weight.

Tissue and blood analyses. Serum was collected at various
times following surgery to quantify alanine aminotransferase
(ALT). Liver specimens were removed, weighed and stored in
10% PBS-buffered formalin for histopathologic assessment or
snap-frozen in liquid nitrogen and stored at -70°C for mRNA
extraction for RT-PCR studies. Commercially available re-
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agents (from Sigma Chemical Co., St. Louis, MO, U.S.A.)
were used to measure ALT.

Histologic analysis. JB-4 plastic was used to embed the
formalin fixed liver tissues. 5-�m sections were stained with
hematoxylin/eosin. Liver specimens obtained at 20 h post
RSL�I/R underwent histologic scoring using a modification of
the scoring system described by Clavien and coworkers (22).
Liver injury was quantified using Grade 0 for no or minimal
evidence of injury, Grade 1 for mild injury with cytoplasmic
vacuolation and focal nuclear pyknosis to grade 5 with severe
hemorrhage in the tissues, total disruption of parenchyma with
lymphocyte and neutrophil infiltrates.

Endothelial cell NOS mRNA expression. Semiquantitative
RT-PCR was performed one hour post surgery to determine
eNOS mRNA. Trizol reagent (GIBCO/BRL) was used to
isolate total RNA from the liver tissue. Using MuLV Reverse
Transcriptase (Applied Biosystems, Foster City, CA, U.S.A.)
one microgram of RNA was reverse transcribed to cDNA
which was then amplified by the primers for the mouse eNOS
gene: sense, 5'-GCAGAAGAGTCCAGCGAACA-3' and anti-
sense, 5'-GGCAGCCAAACACCAAAGTC -3'. A total of 30
thermal cycles were used each thermal cycle being 94°C for
30 s, 58°C for 30 s, and 72°C for 30 s. After the final cycle
incubation at 72°C was done for 5 min. The same cDNA
reaction was used to do the PCR amplification of the house-
keeping gene (GAPDH). Alpha Innotech gel documentation
system (San Leandro, CA, U.S.A.) was used to do the densi-
tometric analysis of RT-PCR products, which were also stained
by ethidium bromide for visual analysis. The ratio of eNOS
and GAPDH band intensity helped document eNOS mRNA
expression, which was subsequently presented as relative val-
ues to controls.

RESULTS

Wt male and female mice subjected to RSL�I/R. As pre-
viously reported (1, 2), we found that all wild type (untreated)
females survived RSL�I/R surgery indefinitely whereas all
wild type male mice injected with vehicle died within 3–5 d
following surgery (Fig. 1).

� ERKO male and female mice subjected to RSL�I/R. The
protective effect was diminished in �ERKO female mice such
that only 40% of �ERKO females survived 7 d following
RSL�I/R (Fig. 1). We also observed that greater than 80% of
the �ERKO male mice died within 2 d compared with 60%
mortality we observed with wt males (Fig. 1).

Elevated serum ALT levels with hepatic injury in � ERKO
female mice. The increased mortality in the �ERKO female
mice correlated well with liver injury as assessed by serum
ALT levels. We observed significantly higher serum ALT
levels in �ERKO female mice compared with their wt coun-
terparts (Fig. 2). We also observed that wild type and �ERKO
male mice exhibited similar degrees of serum ALT elevation
(Fig. 2).

� ERKO female mice have severe histopathological evi-
dence of injury. The quantitative indices of liver injury were
largely confirmed by histopathological inspection (Fig. 3).
Extensive nuclear pyknosis with necrosis, disintegration of
hepatic cords and focal hemorrhages were observed in wild
type males and �ERKO males and females. Wild type females
in contrast showed preservation of hepatic architecture with
minimal focal nuclear pyknosis or no injury.

E2 treatment increases hepatic eNOS message and im-
proves survival in male mice. Because E2 may promote both
ER�-dependent and -independent physiologic responses, we
treated both wt and �ERKO male mice with exogenous E2. We
found that E2 enhanced the 7-d survival of wt male mice from
0% to 90% (Fig. 4). Surprisingly, we found that E2 treatment
also enhanced survival of �ERKO males from 0% to 60% (Fig.
4). The protective effect observed in wt females or E2 treated
wt males appeared to correlate well with increases in hepatic
eNOS message (Fig. 5).

DISCUSSION

The recent developments of novel surgical techniques such
as living related transplants (LRT), the reduced size and split
liver grafts as well as advancements in organ preservation
methods has improved the outcome of RSL transplants for
children making them comparable to those of whole liver

Figure 1. Effects of ER-� deficiency on the survival of male and female mice
subjected to RSL�I/R. Survival rates were 100% for wild type females and 0%
for wild type males. Marked reduction in 7-d survival (40%, p � 0.05) was
observed in �ERKO female mice compared with their wild type controls.

Figure 2. Serum alanine aminotransferase (ALT) levels at 20 h following
RSL�I/R. Although no significant difference was found between wt and
�ERKO male mice, serum ALT was significantly elevated in �ERKO female
mice compared with their wt controls (p � 0.05).
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transplants (23). However, the enthusiasm for the use of these
types of surgical techniques has been tempered by a variety of
problems to both donor and recipient. There are reports of
increased risk of biliary complications that have been attributed
to ischemic sensitivity of the left lateral segment of the liver
among other factors (3). Donor factors also affect the outcome
of liver transplant in adults as well as children. There will be an
added challenge in older children and adolescents due to
increase in pediatric as well as adult obesity and the prevalence
of nonalcoholic steato-hepatitis. Hepatic resection in itself with
concomitant ischemia and reperfusion injury plays a significant
role in such surgeries (6, 23). The gender differences are now
increasingly recognized in a variety of vascular conditions like
atherosclerosis, stroke and shock (9, 24, 25). A study in a large

cohort of whole liver transplants recipients showed significant
improved patient survival in females compared with the males
(10). There is no significant study in children looking at the
difference in graft or patient survival in prepubertal versus
postpubertal patients. A single center study of 355 children
undergoing primary whole liver transplants did not show any
gender difference in graft survival but the pre and post pubertal
differences were not taken into account (11).

In a characterized mouse model we have recently demon-
strated that untreated female mice or E2-treated male mice are
protected from the injurious effects of RSL�I/R by an E2-
dependent mechanism that requires the expression of hepato-
cellular eNOS (1, 2). Data obtained in these studies strongly
suggested that the sexual dimorphism observed in this model of

Figure 3. Liver histopathology 20 h following RSL�I/R. Marked necrosis with extensive nuclear pyknosis and disintegration of hepatic cords and focal
hemorrhages were observed in both male wild type and aERKO mice as well as female �ERKO mice. Wild type female mice exhibited remarkable preservation
of hepatic architecture.

Figure 4. Effect of estrogensupplementation on 7-d survival of male mice
following RSL�I/R.

Figure 5. Hepatic eNOS message levels in male and female wt and
�ERKO mice at 1 h following RSL�I/R. Note eNOS message from female
wt and male wt � E2 (bars with*) significant when compared with wt male
eNOS message.
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split liver transplantation was mediated by E2/ER interactions
because treatment of female mice with the E2 antagonist ICI
182,780 decreased survival and increased liver injury follow-
ing RSL�I/R (1). Because ER-� but not ER-� is expressed
principally in the rodent liver (20) we hypothesized that E2/
ER-� protects the liver and improves survival of female mice
or E2-treated male mice. ER- � perform most of their functions
via the constitutive activity of activation Function 1 (AF-1)
domain located in the N-terminal region and some via AF-2
domain located in the C-terminal region.

To test our hypothesis we used mice with targeted disruption
of the ER-� (21). These animals are devoid of full-length ER�
(ER�66, that harbors the ligand-independent transcriptional
activation function AF-1) but do possess two ER-� mRNA
spliced variants termed E1 and E2. The E1 transcript encodes
for a chimeric ER-� protein in which amino acids 92–155 of
the B domain of the wild type ER-� protein are replaced with
7 amino acids from a small portion of the neomycin insert. This
eliminates or greatly diminishes AF-1 function but not DNA or
ligand binding AF-2 transactivation function (26). Although
this mutant isoform of ER-� does promote E2-dependent tran-
scriptional activity, it does so at a much lower activity com-
pared with full length ER�66 (26, 27). Data obtained in the
present study demonstrate that nonovariectomized �ERKO
female mice are more sensitive to injurious effects of RSL�I/R
than their wt counterparts such that survival decreased from
100% in wt mice to only 40% in the �ERKO mice (Fig. 1).
Although survival of �ERKO male mice was not affected as
dramatically as in females, we did observe a greater mortality
of �ERKO male mice at 2 d following RSL�I/R than wt males
(Fig. 1). The increased mortality in female �ERKO mice
appeared to correlate with increased liver injury as assessed by
serum ALT levels and histopathology (Figs. 2 and 3). Surpris-
ingly, when �ERKO males were given exogenous E2, survival
increased from 0% to 60% at 7 d following surgery (Fig. 4). At
first glance, these data would suggest that at least some of the
beneficial effects of endogenous or exogenous E2 might be
mediated by ER-� independent mechanisms. For example, it is
possible that some of the protective effects may be mediated by
E2/ER-� interactions. A direct interaction of E2 with hepato-
cellular ER-� is less likely since this specific receptor is not
found in the rodent liver (20). If ER-� were involved in the
protection observed in this model then one would have to
assume that ER-� located in other tissues may be mediating
liver protection indirectly. Studies to directly assess the role of
ER-� are currently under investigation.

Another possibility for ER-� independent protective effects
may be due to the well-known antioxidant/free radical scav-
enging properties of E2. It is known for example that E2

attenuates LDL oxidation and decreases superoxide and hydro-
gen peroxidation (28–31). Again, this possibility is unlikely
since it would take supra-physiologic serum levels of E2 to
scavenge oxidants and free radicals in vivo. A more likely
explanation for relatively modest reduction in survival of
�ERKO female mice or the unexpected increase in survival of
�ERKO male mice given exogenous E2 may relate to the
presence of the E1 mRNA spliced variant. As mentioned
above, this transcript encodes for a chimeric ER-� protein that

lacks or has greatly reduced AF-1 function but retains the DNA
or ligand binding domain and AF-2 transactivation function of
wild type ER-� protein (32). Indeed, Pendaries et al. have
demonstrated that the protein encoded by E1 is sufficient to
drive the production of eNOS-derived NO (32). Based upon
our previous work demonstrating that the E2-mediated protec-
tive effect in our model of RSL�I/R is dependent upon the
presence of eNOS, we would predict some protection in the
�ERKO mice. Another interesting finding of the present work
that may have important physiologic implications is the obser-
vation that although serum levels of estrogen are known to be
10 times higher in nonovariectomized �ERKO versus wt fe-
male mice (33), these circulating levels of the E2 are not
apparently sufficient to fully protect female mice from the
injurious effects of RSL�I/R. Thus, the partial survival ob-
served in our nonovariectomized �ERKO females may be due
to the presence of other isoforms of ER-� such as E1 still
active in these knock out mice with high circulating estrogen
levels resulting in residual AF-2 transactivation function (32).
Since our �ERKO mice lack or have greatly diminished AF-1
function, we conclude that AF-1 transactivation may be im-
portant in the survival and hepatoprotective effects observed in
female mice subjected to the surgery.

The precise mechanisms by which E2/ER-� mediated in-
creases in eNOS-derived NO protect the liver from RSL�I/R
are not completely understood. Estrogen stimulates eNOS to
synthesize NO through a genomic or transcription dependent
mechanism (16–19) as well as nongenomic yet ER-� and
Ca��-dependent manner (12–15, 34). Estrogen binding to the
plasmalemmal caveolae-associated ER-� causes Ca�� uptake
and activation of eNOS via serine/threonine kinase Akt-
activation pathway leading to the translocation of eNOS from
the plasma membrane to the perinuclear cytosolic region (12–
15). Recently Statins (3-hydroxy-3methylglutaryl (HMG) CoA
reductase inhibitors) classically known to have cholesterol
lowering effects have been shown to have eNOS activating
effect (35–37) and in our recent study we have shown the
hepatoprotective effect of Pravastatin with increase in eNOS
activation in our model (2). We know for certain that although
E2 and most probably ER-� are important for protection, eNOS
activity is required since eNOS deficient female mice are not
protected against the injurious effects of the surgery (2). How
eNOS-derived NO protects the liver is the subject of current
investigations. We do know, for example that NO promotes
liver regeneration following partial hepatectomy by limiting
the pro-apoptotic activity of TNF-� (38). Our own work with
eNOS knock out mice suggests that NO may be crucial in
limiting the neutrophil mediated hepatocellular injury (1, 2,
39–42). NO is also known to inhibit ROS-mediated reactions
and since I/R increases ROS production (7, 43), the protective
function of NO may be through ROS detoxification. Increased
eNOS derived NO may be protective via cGMP-dependent
vasodilatation and enhanced perfusion of the postischemic
liver in our model.

As the most frequently prescribed medication in the United
States (44), estrogen has received both widespread acclaim and
most recently profound criticism while our understanding of
the ever-expanding nonreproductive presence of estrogen
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makes it indispensable. With the rise of body mass index in
North American children, the split graft may not be adequate
for either the child or the adult and primary dysfunction,
nonfunction and failure of the graft, may further rise. To
minimize risks to the parents as donors for the living related
transplants measures such as limiting the extent of resection
and procuring smaller grafts are being recommended (45). The
pediatric recipients in either case often inevitably run the risk
of getting insufficient liver mass to work with and are often at
the mercy of the liver’s regenerative capability. Inadequate size
increases the risk of complication and failure (46). Ischemia/
reperfusion injury is known to reduce the liver regenerative
capacity (5) and is a cause of further insult. Estrogen is known
to increase liver weight through receptor as well as nonreceptor
mechanisms as evident in the experiments with double knock-
outs (44). In light of the adverse effects of estrogen supple-
ments particularly long term, it is crucial to develop targeted
receptor specific therapies if we were to use it for the purpose
of enhancing graft and host survival in liver transplants. The
approach may also address the increasing burden of obesity
and fatty livers since estrogen is known to reduce fat.

We therefore propose that better regeneration of smaller
grafts may be achieved through better preservation techniques
and use of solutions that may include estrogen receptor ago-
nists and/or HMG CoA reductase inhibitors such as statins
(37), both classes being eNOS activators. We also propose that
estrogen flush or eNOS activator flush at the time of harvest
before in-vivo or ex-vivo splitting may improve the outcome of
small for size liver transplants. Estrogen or ER agonists may
prove beneficial in reducing fat (44) as well as cholesterol (47)
and enhance the functional reserve of the regenerating graft
and could be one of the strategies to address compromised
quality of donor livers with the rise of obesity. The data
appears to be particularly relevant to the adolescent and male
liver donors and recipients.
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