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Objective

To determine whether female sex steroids have any salutary
effects on the depressed cardiovascular and hepatocellular
functions following trauma and hemorrhage in male animals.

Summary Background Data

Studies indicate that gender difference exists in the immune
and cardiovascular responses to trauma-hemorrhage, and
that male sex steroids appear to be responsible for producing
immune and organ dysfunction, but it remains unknown if fe-
male sex steroids produce any salutary effects on the de-
pressed cellular and organ functions in males following
trauma and hemorrhage.

Method

Adult male Sprague-Dawley rats underwent a midline laparot-
omy (i.e., trauma induction), and were bled to and maintained
at a mean arterial pressure of 40 mmHg until 40% of the max-
imum bleed-out volume was returned in the form of Ringer’s
lactate (RL). Animals were then resuscitated with RL at 4
times the shed blood over 60 minutes. 17 B-Estradiol

(50 mg/kg) or an equal volume of vehicle was injected subcu-
taneously 15 minutes before the end of resuscitation. The
maximal rate of ventricular pressure increase or decrease
(xdP/dt,..), cardiac output, and hepatocellular function (i.e.,
maximal velocity and overall efficiency of in vivo indocyanine
green clearance) were assessed at 24 hours after hemor-
rhage and resuscitation. Plasma levels of interleukin (IL)-6
were also measured.

Results

Left ventricular performance, cardiac output, and hepatocellu-
lar function decreased significantly at 24 hours after trauma-
hemorrhage and resuscitation. Plasma levels of IL-6 were ele-
vated. Administration of 17-estradiol significantly improved
cardiac performance, cardiac output, and hepatocellular func-
tion, and attenuated the increase in plasma IL-6 levels.

Conclusion

Administration of estrogen appears to be a useful adjunct for
restoring cardiovascular and hepatocellular functions after
trauma-hemorrhage in male rats.

Severe hemorrhage, which often occurs with trauma, i&ho survive the initial traumatic insult remain susceptible to
known to produce many life-threatening sequelae. Patiensepsis, septic shock, multiple organ failure, and déath.
Cellular dysfunction occurs in many organ systems, includ-
ing the cardiovascular, liver, gut, and adrenal, after hemor-
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conditions® Studies have shown that female mice maintainbleed-out volume was returned in the form of Ringer's
their immune responses after trauma-hemorrhage, but malactate. The animals were then resuscitated with four times
mice have markedly depressed resporisédthough the  the volume of the withdrawn blood over 60 minutes (about
precise mechanism for this sexual dimorphism remains und5 mL/rat) with Ringer’s lactate. The shed blood was not
known, studies have demonstrated that male sex steroidssed for resuscitation. Fifteen minutes before the end of the
appear to be responsible for producing the depression in celesuscitation period, the rats receiveddgflkg body weight
and organ functions after trauma-hemorrhage and resuscl-7B-estradiol -estradiol 3-benzoate; Sigma, St. Louis,
tation®° Additional support for this notion comes from MO) subcutaneously or an equal volume of the vehicle (0.5
studies that showed that castration of male animals 14 daysL; corn oil, Sigma). The catheters were then removed, the
before hemorrhagic shock prevented the depression in myaessels ligated, and the skin incisions closed with sutures.
cardial functions and immune responses observed und&ham-operated animals underwent the same groin dissection,
those conditions in noncastrated aninfat§.Furthermore,  which included the ligation of the femoral artery and vein, but
administration of flutamide, a testosterone receptor antagaeither hemorrhage nor resuscitation was carried out.

nist, improved the depressed immune responses and cardiacAfter returning the rats to their cages, they were allowed
and hepatic functions in male animals after trauma andood and water ad libitum. At 24 hours after the completion
severe hemorrhadé.These studies suggest that male andof fluid resuscitation or sham-operation, the animals were
female sex steroids such as testosterone and estradiol plapesthetized with methoxyflurane and catheterized via the
an opposite role in the development of cell and orgarright jugular vein. Under continued general anesthesia with
dysfunction after injury. pentobarbital sodium (25-30 mg/kg BW), cardiac output

Estradiol is the predominant circulating sex hormone inand hepatocellular function were measured in each animal.
females, and has been shown to have protective effects aftétl animal experiments were performed according to the
adverse circulatory conditions such as organ ischemia anguidelines of theAnimal Welfare Actand The Guide for
reperfusion:>*3 Moreover, the estrogen receptor is ex- Care and Use of Laboratory Animalsom the National
pressed in several organs in male animals such as thaestitutes of Health. This project was approved by the In-
cardiovascular system and the livér. stitutional Animal Care and Use Committee of Rhode Island

The aim of this study therefore was to determine whetheHospital (Providence, RI).
or not administration of estradiol to male animals after
trauma-hemorrhage has any salutary effect on the depress
cardiovascular and hepatocellular functions under thos
conditions. A 2.4-French fiberoptic catheter was placed into the right

carotid artery and connected to an in vivo hemoreflectome-

ter (Hospex Fiberoptics, Chestnut Hill, MA), as described
MATERIALS AND METHODS previously? Indocyanine green (ICG; Cardio Green, Becton
Dickinson) solution was injected via the catheter in the
jugular vein (1 mg/mL aqueous solution as a/o0-bolus).

Our previously described nonheparinized model of trau-Twenty ICG concentrations per second were recorded for
ma-hemorrhage in the rat was useBriefly, male Sprague- approximately 30 seconds with the aid of a data acquisition
Dawley rats (275-325 g, Charles River Labs, Wilmington,program (Asystant; Asyst Software, Rochester, NY). The
MA) were fasted overnight before the experiment but werearea under the ICG dilution curve was determined to cal-
allowed water ad libitum. The rats were anesthetized byculate cardiac output (CO), which was then divided by the
methoxyflurane (Mallinckrodt Veterinary Inc., Mundelein, body weight to determine cardiac index.

IL) inhalation prior to the induction of soft tissue trauma via  Stroke volume (SV) was calculated as:

5-cm midline laparotomy. The abdomen was closed in lay-

ers, and catheters were placed in both femoral arteries and SV = (CO/HR) X 1,000

the right femoral vein (polyethylene [PE-50] tubing; Becton  1qa) peripheral resistance (TPR) was calculated as:
Dickinson & Co., Sparks, MD). The wounds were bathed

with 1% lidocaine (Elkins-Sinn Inc., Cherry Hill, NJ) TPR= (CO/HR)

throughout the surgical procedure to reduce postoperative

pain. Rats were then aIIOV\_/ed to awaken, and bled to anﬂlleasurement of Hepatocellular Function
maintained at a mean arterial pressure (MAP) of 40 mmHg.
This level of hypotension was continued until the animals Hepatocellular function was measured by the in vivo ICG
could not maintain MAP of 40 mmHg unless extra fluid, in clearance techniqdg ICG was administered by bolus in-
the form of Ringer's lactate, was given. This time wasjection (50 uL) of 1, 2, and 5 mg/mL ICG in aqgueous
defined as maximum bleed-out, and the amount of withsolvent. The arterial concentration of ICG was recorded
drawn blood was noted. Following this, the rats were main-each second for 5 minutes. The initial velocity of ICG
tained at MAP of 40 mmHg until 40% of the maximum clearance for each dose was then calculated after perform-

gﬁeasurement of Cardiac Output

Experimental Procedures



Vol. 232 + No. 5

Estradiol Improves Organ Functions After Shock 675

ing a nonlinear regression of the ICG clearance curves 407 A
according to am-raised second order polynomial functién. #
The initial velocities of ICG clearance were then plotted 35 = /Z
against the ICG doses according to the methods of Lin- @ 30 A
eweaver-Burk® This resulted in a straight line, allowing S, |
the determination of a maximum of ICG clearance,{y g RS
and the Michaelis-Menten constant {K In this active & 20 - '§§§§§§§§§§
hepatocellular membrane transport system,Mepresents g 15 | §§§§§§
the functional hepatocyte ICG receptors ang t€presents 5 §§§:§:§:§
the efficiency of the active transport procéss. o 101 §§§§§§§f
5 S
SRS
Measurement of In Vivo Heart 0 LK
Performance 140 - B
A polyethylene (PE-50) catheter was placed in the right 120 4
carotid artery and carefully advanced into the left ventricle. ~ #
The position of the catheter tip was confirmed by recording £ 100 4 = /I
the characteristic left ventricular pressure curves. Data wer %0
analyzed using an in vivo heart performance analyzer (Mi- § XX
cro-Med, Louisville, KY), as described in a previous pub- £ ¢ - ““§
lication” Various left ventricular performance parameters, <= 555
such as maximal rate of the pressure increaser(dt,.,) % 40 1 s
and decrease-dP/dt,,,), were determined. 20 - Zgggg;
S
0 ERRRRR

Measurement of Plasma Interleukin-6

SHAM-VH SHAM-EST HEM-VH HEM-EST

Blood samples were drawn from the carotid catheter intdFigure 1. Effects of estradiol administration on (A) cardiac output (CO)

a heparinized syringe at the end of each experiment. Plas
was separated by centrifugation at 12,06 15 minutes at

I’ﬁad (B) stroke volume (SV) at 24 hours after sham-operation or trauma-
hemorrhage and resuscitation, showing the comparison of sham-oper-
ated rats treated with vehicle (SHAM-VH) or estradiol (SHAM-EST), as

4°C and stored at-70°C until assayed. Plasma interleukin well as hemorrhaged animals treated with vehicle (HEM-VH) or estradiol
(IL)-6 was measured using an enzyme-linked immunosor{EM-EST) (7 or 8 animals/group). Data presented as mean=+SEM and
bent assay (ELISA) kit specific for rat IL-6 (Biosource, compared by one-way ANOVA and Tukey test. *P < .05 as compared

Camarillo, CA).

Statistical Analysis

to the respective shams; #P < .05 as compared to hemorrhaged and
vehicle-treated animals.

rhage, however, restored the depressed cardiac index to

Results are presented as meatandard error of the sham levels. Similarly, SV decreased in hemorrhaged and
mean (SEM). There were eight animals in both shamepjcle-treated animals, whereas estradiol administration
groups, and seven or eight animals in the vehicle- or estrasjgpificantly improved SV as compared to vehicle-treated

diol-treated hemorrhaged group, respectively. One-waynimais and the values were similar to shams (Fig. 1B).

?netllyss of vaganc%({?]NCc)Xﬁ), Tukey test, and F(;She;exacﬁ\/lean arterial pressure (MAP) decreased significantly at 24
est were used, and the difierences were considere SlgnlFfours after the completion of hemorrhage and resuscitation

icant atP = .05.

RESULTS

Effects of Estradiol on Hemodynamic

Parameters

in both groups of hemorrhaged animals, in comparison to
sham-operated animals (Table 1). However, animals treated
with estradiol during resuscitation had a significantly higher
MAP compared to vehicle-treated hemorrhaged rats. In
contrast, heart rate did not differ significantly between the
various groups. Total peripheral resistance was decreased in

The results in Figure 1A indicate that cardiac index washemorrhaged animals in comparison to shams, irrespective
34.1+0.4 and 33.9-0.8 mL/min/100g in sham-operated of estradiol administration. Hematocrit decreased by more
animals receiving vehicle or estradiol, respectively. Cardia¢han half after trauma-hemorrhage and resuscitation in both
index decreased by 27.3%  .05) in hemorrhaged and hemorrhaged groups. Estradiol treatment in sham-operated
vehicle-treated animals at 24 hours after the completion o&nimals had no effect on various hemodynamic parameters
fluid resuscitation. Administration of estradiol after hemor- (Fig. 1, Table 1).
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Table 1. EFFECTS OF 17p-ESTRADIOL ON HEMODYNAMIC PARAMETERS AT 24 HOURS
AFTER THE COMPLETION OF TRAUMA-HEMORRHAGE AND RESUSCITATION

SHAM-VH SHAM-EST HEM-VH HEM-EST
MAP (mmHg) 105.5 = 1.1 102.8 = 3.1 70.2 = 1.9% 83.8 + 2.1t
HR (beats/min) 347 + 6 340+ 4 327 +8 350 = 7
TPR (mmHg/mL/min/100 g) 3.09 + 0.04 3.03 + 0.1 2.72 + 0.09* 2.67 + 0.12*
Hct (%) 44 =03 4303 19 + 0.4* 19 + 0.5*

Data presented as mean *= SEM and compared by one-way analysis of variance (ANOVA) and Tukey test.
* P < .05 vs. the respective SHAM.

T P > .05 vs. HEM-VH.

MAP, mean arterial pressure; HR, heart rate; TPR, total peripheral resistance; Hct, hematocrit.

Effects of Estradiol on Heart decreased compared to the sham group, ad@/df, ., in
Performance the estradiol-treated group increased significantly and was
not different from sham values (Fig. 2B). Estradiol treat-

The maximal rate of left ventricle pressure increase . : .
R ham- Is aff
(+dP/dt,.,) was significantly decreased after trauma—hem—ment in sham-operated animals affected neithdP/dpq

L i - —dP
orthage (Fig. 2A), but estradiol treatment increasedP/ ' dP/dfas
dt,a after trauma-hemorrhage and resuscitation, showin& _
no statistical difference from the sham-operated animalsEffects of Estradiol on Hepatocellular

The maximum rate of left ventricle pressure decreasgry  Function

dtya) In the hemorrhaged group was also significantly The values of the maximal velocity of ICG clearance
(Vmax Were 1.29-0.1 and 1.280.07 mg/kg/min in sham-
operated animals receiving vehicle or estradiol, respectively

12000 - A # (Fig. 3A). In hemorrhaged and vehicle-treated rats,,\
_ I z decreased by 73%P(< .05) at 24 hours after trauma-
g 10000 - 7 * hemorrhage. In contrast, hemorrhaged and estradiol-treated
B0 8000 | T animals had Y, values similar to sham animals. As indi-
% cated in Figure 3B, K was 3.0:0.2 and 3.1-0.3 mg/kg in
& 6000 | sham-operated animals receiving vehicle or estradiol, re-
5 spectively, and it decreased by 62%< .05) after trauma-
S 4000 - hemorrhage and resuscitation in vehicle-treated rats. Estra-
% diol administration significantly improved Kat 24 hours
+ 2000 4 after the completion of resuscitation as compared to vehicle-
treated animals, and the values were similar to shams (Fig.
0 3B). Estradiol administration in sham-operated animals had
12000 - B no effect on hepatocellular function.
§§ 10000 T Effects of Estradiol on Plasma Levels of
5D 8000 - 2 / IL-6
E 6000 | * Plasma levels o_f IL_-6 ir_1creased by 691%<€ .05) at 24
=~ % hours after resuscitation in hemorrhaged and vehicle-treated
B 4000 A animals in comparison to the respective sham group (Fig.
E 4). In estradiol-treated animals, however, plasma levels of
9 2000 - IL-6 did not differ significantly from the levels found in
sham-operated rats at 24 after the completion of hemorrhage
Y and resuscitation.

SHAM-VH SHAM-EST HEM-VH  HEM-EST

Figure 2. Effects of estradiol administration on the maximal rate of

pressure (A) increase (+dP/dt,,,,,) and (B) decrease (—dP/dt,,,,) in the Effects of Trauma-Hemorrhage on

left ventricle at 24 hours after completion of fluid resuscitation. Data Mortality

presented as mean+SEM and compared by one-way ANOVA and . . .

Tukey test. *P < .05 as compared to the respective shams; #P < .05 as The mortality rate in the vehicle-treated hemorrhaged

compared to hemorrhaged and vehicle-treated animals. group was 30% (3 of 10 animals) and 11% (1 of 9) in the
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B Figure 4. Alterations in plasma levels of interleukin (IL)-6 at 24 hours
after sham operation or trauma-hemorrhage, measured by a specific
4 ELISA. Data presented as mean=SEM and compared by one-way
ANOVA and Tukey test. *P < .05 as compared to the respective shams;
#P < .05 as compared to hemorrhaged and vehicle-treated animals.

W
HH

of testosterone and androstenedione account for the low
levels of estradiol in males. Significantly reduced cardio-

vascular morbidity and mortality has been reported in post-
11 menopausal women receiving hormone replacement thera-
py.*° Moreover, studies have indicated tha3i@stradiol is

K, (mg/kg)

u

0 SHAM-VH SHAM-EST HEM-VH HEM-EST

Figure 3. Effects of estradiol administration on the active hepatocellu-
lar function at 24 hours after sham operation or trauma-hemorrhage
and resuscitation as measured by indocyanine green (ICG) clearance
technique. (A) V.« represents the maximal velocity of ICG clearance
and (B) K, represents the overall efficiency of the ICG transport. Data
presented as mean=SEM and compared by one-way ANOVA and
Tukey test. *P < .05 as compared to the respective shams; #P < .05 as
compared to hemorrhaged and vehicle-treated animals.

involved in various physiologic processes such as vascular
response modulation. We therefore hypothesized that ad-
ministration of estradiol after trauma-hemorrhage and re-
suscitation in males would have salutary effects on the
depressed cardiovascular and hepatocellular functions under
those conditions.

The results of this study indicate that left ventricular
performance, as measured tyP/dt, .., was significantly
depressed after trauma-hemorrhage and resuscitatiga. 17

estradiol-treated hemorrhaged animals displayed a restored
. ) +dP/dt,.,, and an improved-dP/dt, .. at 24 hours after the
estradiol-treated group. However, due to the relatively smallompletion of fluid resuscitation. Moreover, the improved
number of animals, this difference was not statisticallycardiac contractility was reflected by the restored cardiac
significant P = .582). index in treated rats. Because administration of estrogen
after trauma-hemorrhage and resuscitation did not signifi-
DISCUSSION cantly alter heart rate, the improvement of the cardiac index
Recent studies have shown that organ functions such asmder such conditions must be the result of an improvement
cardiac output, heart performance, adrenal responsiveness SV. Furthermore, hepatocellular function was also sig-
to exogenous corticotrophin, and hepatocellular clearanceificantly improved, as evidenced by restoration of the,V
of ICG are significantly depressed in male animals after sofand K, of ICG clearance after trauma-hemorrhage in estra-
tissue trauma and severe hemorrhadé’ Female rats dur- diol-treated animals.
ing the proestrus state, however, a state in which plasma These improvements in organ functions also resulted in a
levels of estradiol were found to be the highest, showed ndetter survival rate in estradiol-treated animals. The 24-hour
depression in cardiac output and hepatocellular function atortality in this model of trauma and severe hemorrhagic
24 hours after severe hemorrhagic shbtilternatively,  shock was 30% in vehicle-treated animals, whereas it was
ovariectomized females displayed depression in organ funct1% in the group receiving Bfestradiol. Due to the small
tions after hemorrhage similar to males. Thus, it appearsumber of animals, however, this was not statistically sig-
that the female sex steroid estradiol may have salutarpificant. Moreover, it should be pointed out that we did not
effects on depressed organ functions observed after traumabserve any adverse or beneficial effects of estradiol treat-
hemorrhage and resuscitation. ment in sham-operated animals.
The ovaries are the predominant source of estradiol pro- The precise mechanism underlying the beneficial effects
duction in females; the testes and peripheral aromatizationf estrogen on cardiovascular and hepatocellular function
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after trauma-hemorrhage and resuscitation remains urattenuates cytokine production by inhibiting activation of
known. Expression of the estrogen receptor has been réhe transcription factor NixB in murine macrophages. Sev-
ported in a number of cells and tissue in ma&®Several  eral lines of evidence suggested that Kupffer cells (KC) are
studies have shown that the beneficial effects of estrogerthe major source of inflammatory cytokine release after
on the cardiovascular system include both rapid nonadverse circulatory conditiorf§,because reduction of KC
genomic and long-term genomic mechanihg® The by administration of gadolinium chloride reduced IL-6 re-
rapid effects of 1B-estradiol include endothelial nitric ox- lease after trauma-hemorrhatfe Moreover, our recent
ide (NO) production, presumably by increasing the expresstudies have indicated that estradiol inhibits KC IL-6 re-
sion or activity of the constitutive isoform of nitric oxide lease, whereas dihydrotestosterone enhances its produc-
synthase (cNOS¥ The reduced release of endothelium-tion.?® Thus, it could be postulated that estradiol inhibited
derived NO under various adverse circulation conditions iKC IL-6 release, and due to the close proximity of this cell
most likely due to the decreased activity of endothelialpopulation to hepatocytes, thereby improved hepatocellular
cNOS?* In this regard, our previous studies have indicatedfunction. Nevertheless, the exact mechanisms of the salu-
that vascular endothelial cell function (i.e., the release otary effect of estradiol administration after trauma-hemor-
vascular endothelium-derived NO) is depressed early aftethage remain to be determined.
the onset of hemorrhagic shock. Furthermore, it has been In summary, our results indicate that the administration
demonstrated that administrationeérginine (the substrate of estrogen attenuated cardiovascular and hepatocellular
for cNOS) restores the depressed cardiac output and orgatysfunction after trauma-hemorrhage and fluid resuscita-
blood flow after trauma-hemorrhageThus, it is possible tion. Thus, administration of estrogen appears to be a useful
that the beneficial effects of estrogen on cardiovascular andnd novel adjunct to fluid resuscitation for restoring organ
hepatocellular functions after trauma-hemorrhage are due tiunctions after trauma-hemorrhage in male rats.
the up-regulation of cNOS.

In the present study, we used a single subcutaneouR
injection of 17B-estradiol-benzoate (50ug/kg body Acknowledgment
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