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ABSTRACT

Trauma is the leading cause of death in the industrialized world between the ages of one and 40. A number of risk factors
including age and gender have been implicated in this regard. It is therefore not surprising that the majority of trauma vic-
tims are young males. Their mortality rate following trauma is not only higher compared to females, but they are also more
prone to subsequent sepsis. Age and gender are therefore important factors in the prevalence of traumatic injury as well

as in susceptibility to subsequent septic complications.
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Introduction

The late Roger Bone noted a prepon-
derance of morbidity and mortality in
males compared to females in four
major sepsis studies. (1,2) Experimen-
tal studies have shown that following
the induction of sepsis (as produced
by cecal ligation and puncture), the
survival rate in females is significantly
higher than in age-matched males.
(3) It should be noted that the survival
advantage is only conferred in females
in the proestrus cycle, i.e., cycle with
high estrogen and progesterone levels.
(3) Subsequent studies showed that
even if the animals underwent trauma-
hemorrhage and induction of subsequ-
ent sepsis, the survival in proestrus
females was significantly higher than
in age-matched males. (3) This advan-
tage the proestrus females have in
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tolerance to trauma-hemorrhage and
sepsis disappears post-menopausally
or following ovariectomy. In this regard,
the ovariectomized females were also
found to be extremely susceptible to
sepsis following trauma-hemorrhage
and resuscitation as compared to fema-
les in the proestrus cycle. (4) Thus, our
hypothesis was that the prevailing hor-
monal milieu at the time of injury (and
not hrs or days later) dictates whether
there will be immune and cardiovascu-
lar maintenance or depression of those
parameters after injury. The results, in
fact, indicate that proestrus females
tolerate trauma-hemorrhage and sep-
sis better than males and females in the
other estrus cycles.

Sex Hormones and Gender
Effects

In attempting to understand why the
proestrus females tolerate trauma-
hemorrhage and sepsis better than
males and ovariectomized females,
studies examined cardiac index in

males, estrus and proestrus females
24 hrs after trauma-hemorrhage and
resuscitation. (5) The results indicated
that cardiac index was depressed even
24 hrs following trauma-hemorrhage
and resuscitation in males and estrus
females, but not in proestrus females.
(5) Likewise, hepatocellular function,
which was measured by the clearance
of indocyanine green, was also mar-
kedly depressed in males and estrus
females following trauma-hemorrhage
and resuscitation, but was found to be
normal in proestrus females undergo-
ing trauma-hemorrhage and resusci-
tation. (5)

Subsequent studies examined whether
decreasing female sex steroid levels
due to aging or ovariectomy would
cause cardiovascular depression
following trauma-hemorrhage, and if
so, whether 17B-estradiol (E2) admi-
nistration has any salutary effects, and
whether the effects of E2 are media-
ted via estrogen receptors (ER). The
results indicated that cardiac index was
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markedly decreased in ovariectomized
females following trauma-hemorrha-
ge; however, administration of a single
dose of E2 following trauma-hemorrha-
ge in ovariectomized animals norma-
lized the depressed cardiac index. If,
however, the estrogen receptor anta-
gonist ICI 182,780 (ICl) was given along
with E2, the cardiac index was depre-
ssed and was found to be the same as
in vehicle-treated animals. (5) These
results therefore suggest that admini-
stration of a single dose of E2 in ovari-
ectomized animals restores the cardiac
index following trauma-hemorrhage
and resuscitation, and the effects of E2
are mediated via the ER, since blocking
the ER by using ICI totally abolished
the salutary effects of E2 on cardiac
index. Similarly, hepatocellular fun-
ction, which was depressed following
trauma-hemorrhage and resuscitation,
was also normalized by administration
of a single dose of E2 following trauma-
hemorrhage and resuscitation, (5) and
as in the case of cardiac index, hepato-
cellular function was also depressed if
ICl was given along with E2. (5)

Cardiac function following
trauma-hemorrhage and
sex hormones

Since cardiac function following tra-
uma-hemorrhage was differentially
affected in males and proestrus fema-
les, studies examined whether there
was any correlation between cardiac
function and cardiomyocyte intracellu-
lar IL-6 levels and/or IL-16 expression.
Cardiomyocyte IL-6 mRNA expression
and intracellular IL-6 production incre-
ased following trauma-hemorrhage. (5)
Moreover, cardiac IL-6 protein levels
increased after trauma-hemorrhage
in freshly isolated heart. Furthermo-
re, there was an inverse correlation
between cardiomyocyte IL-6 levels
and cardiac function following trauma-
hemorrhage. (5) These results therefo-
re suggest that the salutary effects of
E2 on cardiac function following trau-
ma-hemorrhage may be due, in part,
to decreased IL-6 synthesis in cardio-
myocytes. (5)

Studies also examined whether admini-
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stration of flutamide (androgen receptor
(AR) antagonist) in male rats following
trauma-hemorrhage influences cardiac
function, and if it does whether it does
so by blocking the AR or by modulating
the ER expression. The results indi-
cated that cardiac contractility (+dP/
dtmax) was significantly depressed in
males following trauma-hemorrhage
and resuscitation; however, administra-
tion of flutamide significantly improved
the depressed myocardial contractility.
(5) Of significance is the fact that ER-a
and ER-B protein expression in the
myocardium were significantly depre-
ssed in males following trauma-hemorr-
hage and resuscitation; however, admi-
nistration of flutamide normalized the
expression of not only ER-a but also
ER-B protein expression. In contrast to
ER, there were no alterations in AR pro-
tein expression. These results therefo-
re suggest that the mechanism of the
salutary effects of flutamide on cardiac
output following trauma-hemorrhage
appears to be mediated via the upre-
gulation of ER-a and ER-f mRNA and
protein expression.

The results also indicated that although
splenocyte proliferative capacity (an
index of immune function) was depre-
ssed in males following trauma-hemorr-
hage, it was found to be unaltered or
enhanced in proestrus females under
those conditions. Similarly, spleno-
cyte IL-2 productive capacity was also
markedly decreased in males but not
in proestrus females following trauma-
hemorrhage and resuscitation. (3,4)
This depression in splenocyte functions
was correlated with a marked increase
in plasma corticosteroid levels in males
following trauma-hemorrhage; howe-
ver, the corticosteroid levels in proe-
strus females were significantly higher
than in age-matched males in shams
but the levels decreased following tra-
uma-hemorrhage and resuscitation.
(3,4) Thus, opposite responses in
the plasma corticosteroid levels were
observed between males and proe-
strus females following trauma-hemorr-
hage and resuscitation.

Since proestrus females had mainta-
ined or enhanced immune functions

following trauma-hemorrhage com-
pared to males, studies examined
whether changing the hormonal mili-
eu in females to mimic that of males
would also cause immunosuppression
following trauma-hemorrhage similar
to males. The results indicated that
female mice, which had slow-releasing
5a-dihydrotestosterone (DHT) pellets
implanted, showed marked increase in
plasma DHT levels; those levels were
similar to corresponding age-matched
males. Furthermore, these females
with the DHT pellets had significantly
lower plasma E2 levels, which were
again similar to the age-matched
males. Under these conditions, the
splenocyte proliferative capacity which
was increased or unaltered following
trauma-hemorrhage in proestrus fema-
les was markedly decreased in females
with DHT implantation, and the decre-
ase in splenocyte proliferation was
similar to age-matched males. (3,4)
Likewise, females with DHT implanted
had decreased splenocyte proliferative
capacity, which was again similar to the
age-matched males.

Another question was whether andro-
gens contribute to the immunosu-
ppression that is observed following
trauma and hemorrhage. For these
studies, castration of the animals was
carried out two weeks prior to trauma-
hemorrhage to decrease DHT levels.
The results indicated that splenocyte
functions were markedly depressed in
sham castrated animals; however, they
were not decreased in animals which
underwent castration two weeks prior
to the onset of trauma-hemorrhage.
(3,4) Similarly, splenic macrophage
capacity to release cytokines following
trauma-hemorrhage was decreased in
sham castrated animals but was not
decreased in pre-castrated animals
under those conditions. In additional
studies, flutamide was administered
following trauma-hemorrhage and
resuscitation in males and the results
showed that the depressed splenocyte
proliferative capacity and IL-2 release
capacity (which was observed in sple-
nocytes following trauma-hemorrhage
and resuscitation) were normalized by
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administration of flutamide following
trauma-hemorrhage. Furthermore, the
depressed macrophage functions were
also improved by flutamide admini-
stration following trauma-hemorrhage.
(3,4) Additional studies indicated that
the salutary effects of flutamide admi-
nistration on splenic T lymphocyte fun-
ctions were associated with increased
expression of ER in male T lymphocytes
following flutamide administration. Flu-
tamide administration following trau-
ma-hemorrhage and resuscitation also
decreased the susceptibility of animals
to subsequent sepsis. (4,5)

Studies have also shown that admi-
nistration of E2 in males following
trauma-hemorrhage was effective in
restoring the depressed splenocyte
and macrophage functions following
trauma-hemorrhage and resuscitation.
(3,4) Additional studies suggested that
increased synthesis and decreased
catabolism of DHT are the reason for
loss of T lymphocyte functions and car-
diovascular functions in males following
trauma-hemorrhage and resuscitation
as evidenced by decreased synthesis
of IL-2 and depressed cardiac functi-
ons. (5,6,7) The converse occurs in
proestrus females, i.e., increased syn-
thesis and decreased catabolism of
E2 as the reason for the maintenance
of T lymphocyte and cardiovascular
functions under those conditions. (3,4)
Additional results indicated that in addi-
tion to E2 and flutamide, the depressed
immune and cardiovascular functions
in males and ovariectomized females

following trauma-hemorrhage can also
be improved/normalized by administra-
tion of prolactin, dehydroepiandroste-
rone (DHEA), or 4-hydroxy androste-
nedione following trauma-hemorrhage.
In addition, administration of three dif-
ferent doses of DHEA following trau-
ma-hemorrhage also decreased the
mortality from subsequent sepsis. (3,4)
In addition to experimental studies,
epidemiological studies have sugge-
sted that the physiological pattern of
pre-menopausal adult female sex hor-
mones provide a survival advantage.
(6) A recent prospective study from
Germany indicated that the incidence
of multiple organ dysfunction and failu-
re after severe trauma was significantly
greater in young males than in females,
and was also the same with regard to
proinflammatory cytokines. (7) Anot-
her prospective study involving over
4,000 patients showed that hormonally
active women tolerate shock-trauma
better than males. (8) Although studies
have also reported a lack of gender dif-
ference in the outcome following sep-
sis, the differences in the results may
be due to the genetically diverse nature
of patient sets analyzed, significant
variation in post-injury care at different
centers, preexisting co-morbidities,
different injury severity and hormonal
milieu of female patients at the time
of injury (which was not measured).
(9) Thus, hormonal milieu immediately
after injury should be measured in cli-
nical studies of trauma.

Studies have also shown that the salu-

tary effects of E2 on cardiac function are
mediated by ER-B and ER-B-induced
upregulation of several heat shock pro-
teins. (3) Furthermore, ER-a as well as
ER-B have also been shown to have
salutary effects on organ functions
following trauma-hemorrhage. (3) An
additional study has shown that admi-
nistration of E2 (1 mg/kg BW in a very
small volume) after removal of 60% of
the circulating blood volume permitted
the animal to remain in a state of permi-
ssive hypotension even in the absence
of any additional fluid administration
for 3 hrs. (10) The results showed that
survival in the E2-treated group was
75% versus 6% in the vehicle-treated
group. (10) Thus, E2 administration
after major blood loss markedly pro-
longs permissive hypotension for 3
hrs and increases long-term survival if
fluid resuscitation was provided 3 hrs
after major blood loss. This hormo-
ne may therefore be a novel adjunct
for preserving life under conditions in
which fluid resuscitation is not possible
after major blood loss for an exten-
ded period of time. Thus, the use of
agents such as 17B-estradiol, flutami-
de, DHEA, metoclopramide, prolactin,
4-hydroxy androstenedione, which are
readily available clinically, appear to be
safe and novel agents for the treatment
of cardiovascular and immunological
depression following severe blood
loss and for decreasing mortality from
subsequent sepsis in males and fema-
les, and their use should be evaluated
in future trauma studies.
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