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Abstract
A major consequence of traumatic injury is the immunosuppression. Findings from previous studies
suggest that the depression of immune functions is severe in young males, ovariectomized and aged
females. In contrast, the immune functions in proestrus females following trauma-hemorrhage are
maintained. Studies have also shown that the survival rate in proestrus females following trauma-
hemorrhage and the induction of subsequent sepsis is significantly higher than in age-matched males
and ovariectomized females. Furthermore, administration of female sex hormone 17β-estradiol in
males and ovariectomized females after trauma-hemorrhage prevents the suppression of immune
response. Thus, these findings suggest that sex hormones play a significant role in shaping the host
response following trauma. This article reviews studies delineating the mechanism by which sex
hormones regulate immune cell functions in the experimental model of trauma-hemorrhage. The
findings from the studies reviewed in this article suggest that sex steroids can be synthesized by the
immune cell. The findings further indicate that T cell and macrophages express receptors for
androgen and estrogen. Since these cells are also the cells that produce cytokines, local synthesis of
active steroids in these cells may become the significant factor in modulating their cytokine
production.
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Introduction
Trauma is not only the leading cause of deaths during the first three decades of life but it has
an enormous socioeconomic impact 13;14. According to some estimates, trauma-related deaths
and injuries contribute more to costs and loss of work time than cardiovascular diseases or
malignancies 13;14. The most notable consequence of trauma is the development of immune
suppression 2;17;19;37–39;57;61;69. Studies have shown that trauma/injury results in an
inflammatory response which is characterized by aberrant production of cytokines, chemokines
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and other inflammatory mediators 2;6;11;15;17;19;45;61;69;76. This is accompanied with a
profound suppression of the immune response. In addition, the functions of other organs
including heart, lung and liver are also severely compromised 2;16;17;19;37–39;46;47;57;
65. The primary function of the immune system is to maintain defense against the invasion of
any deleterious foreign agents/particles including the infectious agents into the body. However
in performing this function, the immune system has to maintain a balance so that it does not
cause an undesired damage to the individual. This balance of the immune system is lost
following severe hemorrhage and other traumatic injuries. Several lines of evidence suggest
that excessive blood loss and accompanying hypoxia results in uncontrolled production of pro-
inflammatory cytokines 2;16;17;19;37–39;57;65. Since a number of cells contribute to the
production of these inflammatory mediators; studies were performed to determine post-injury
immune cells functions using a number of experimental models of trauma. However, trauma
is such a vast area and cannot be covered in one article. This article reviews findings from the
studies performed following excessive blood loss. Furthermore, since both clinical and
experiment findings suggest gender to be a major determinant in the outcome of trauma (Fig.
1) 2;6;9–11;15;17;17;19;19;24–26;46;47;55;61;66;69;76, the role of sex hormones on post-
trauma immune pathogenesis will be discussed.

Sex hormones and macrophage functions following trauma-hemorrhage
Macrophage is an important cell of the innate immune system 28;61;68;69. They act
immediately in response to any insult to the body including any kind of stress, trauma and
invasion of foreign particles or pathogens. In case of particles/pathogens, macrophages
phagocytose and destroy the undesirable foreign bodies that enter the body. In addition, they
release a number of cytokines/chemokines which help in developing an effective immune
defense against any foreign antigens. Since macrophages are the principal cell for the synthesis
of the majority of inflammatory cytokines, a change in the release of cytokines by macrophages
following trauma-hemorrhage is likely to influence the global release of inflammatory
mediators. Macrophages also participate in developing the acquired or adaptive immune
response by presenting antigen to T cell, and thus they act as antigen presenting cells. Several
lines of evidence suggest that macrophage harvested from various tissue compartments
following trauma-hemorrhage respond differently 42;75;83. In an effort to consolidate this
idea, we performed a study in which macrophages were harvested from spleen, peritoneal
cavity, lung and liver following trauma-hemorrhage 42;75;83. In addition, blood mononuclear
cells (PBMC) were also harvested. PBMCs and macrophages thus harvested from various
tissue organs were then evaluated for their ability to release IL-6 and TNF-α. Both IL-6 and
TNF-α are the most common cytokines that are synthesized and released primarily by
macrophages in response to injury and disease conditions. As summarized in Table 1, the
findings from these studies suggest that PBMC, splenic and peritoneal macrophages exhibit a
decreased IL-6 and TNF-α productive capacity following trauma-hemorrhage 42;75;83. The
production of IL-6 and TNF-α by Kupffer cells and alveolar macrophage on the other hand
was significantly increased following trauma-hemorrhage 33;41;86. However, the mechanism
by which such compartmentalized immune cell responses occur following trauma-hemorrhage
in males is not known.

Studies have also demonstrated that the alterations in macrophage functions following trauma-
hemorrhage are gender specific 3;6;7. For example, males are shown to develop alteration in
macrophage functions, whereas females in proestrus stage of estrus cycle do not (Fig. 1).
However, ovariectomized female mice exhibit altered macrophage function similar to those
observed in male mice following trauma-hemorrhage. However, treatment of male or
ovariectomized mice with estrogen following trauma-hemorrhage prevents the alteration in
macrophage functions. Furthermore, castration of male prior to trauma-hemorrhage also
prevented alterations in macrophage functions that were observed in various compartment of
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the body following trauma-hemorrhage 3;5–7;17;18. Additionally, studies have also shown
that administration of flutamide (androgen receptor antagonist) in males restores macrophage
functions following trauma-hemorrhage similarly to those observed in normal animals. These
findings suggest that sex steroids, 5α-dihydrotestosterone and 17β-estradiol play a critical role
in the divergent immune responses in males and females following trauma-hemorrhage.

Sex hormones and dendritic cell functions following trauma-hemorrhage
Dendritic cell is another important cell of the immune system that plays a major role in bridging
the innate and adaptive immune response. They are often referred as the professional antigen
presenting cells. Dendritic cells were originally described by Steinman and Cohn 78 in 1973.
Immature dendritic cells are located in tissues and continuously monitor the environment via
the uptake of both particulate and soluble products. Once matured, they express high levels of
MHC and other co-stimulatory molecules, including CD40, CD80, CD83, and CD86, on their
surface 8;78. Mature dendritic cells also play a major role in T cell differentiation into Th1 and
Th2. Dendritic cell maturation is accompanied with enhanced production of inflammatory
cytokines and chemokines, reduced endocytic and phagocytic capacity. With the maturation,
they also acquire migratory functions so that the antigen-loaded dendritic cells can move from
the marginal zones to the T cell areas or from non-lymphoid to lymphoid tissues. Previous
studies have shown that dendritic cells were depleted in the spleen of patients with sepsis 36.
The findings from this study further indicated that the loss in splenic dendritic cell population
in septic patients was significantly more than in trauma patients without sepsis 36. Additional
findings suggest that the loss of dendritic cells during sepsis could result from an increased
apoptosis 21;36;87. Furthermore, it has been reported that monocyte conversion to immature
dendritic cell is impaired in trauma patients. Similar to septic patients, apoptosis was found to
be the cause for depletion of dendritic cell in septic mice 21;36;87. Consistent with these
studies, findings obtained in our laboratory at two hours after trauma-hemorrhage suggest a
suppression in splenic dendritic cell antigen presenting ability and other co-stimulatory
functions 44. This was accompanied with decreased MHC class II expression. Moreover, LPS-
induced IL-12 production following trauma-hemorrhage was significantly decreased 44. While
the precise mechanism of suppressed dendritic cell function following trauma-hemorrhage
remains to be determined, it is likely that a decreases in MHC class II expression and IL-12
production following trauma-hemorrhage may contribute to suppressed dendritic cell antigen
presentation. The suppression in dendritic cell antigen presentation could contribute to the
host’s enhanced susceptibility to sepsis following trauma-hemorrhage. The role of sex
hormones in altered dendritic cell functions following trauma-hemorrhage remains to be
determined.

Sex hormones and T cell functions following trauma-hemorrhage
T cells are the major players in adaptive immune response and thus are critical to host defense.
Previous studies from our laboratory (as summarized in Fig. 1) have demonstrated an
association between T cell suppression and increased susceptibility to sepsis following trauma-
hemorrhage 6;17–19;48;50;51;74;79;80. Thus, in order to maintain the immune system and
avoid subsequent infection, it is important to prevent the suppression of T cell functions
following trauma-hemorrhage. Additional studies from our laboratory have shown that splenic
T cell proliferation and the production of Th1 cytokines (IL-2 and IFN-γ) were depressed in
young males after trauma-hemorrhage (Fig 1). The release of Th2 cytokines IL-10 on the other
hand was significantly elevated following trauma-hemorrhage compared to sham injured mice
6;17–19;48;50;51;74;79;80. Treatment of male animals with estrogen prevented the decrease
in T cell functions. The suppression in T cell proliferation or in Th1 cytokines following
trauma-hemorrhage was also not evident in pre-castrated males 6;17–19;48;50;51;74;79;80.
Furthermore, studies have demonstrated that proestrus females, a stage of estrus cycle in which
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estrogen levels are high, did not show decrease in T cell proliferations and their production of
IL-2 and IFN-γ compared to male mice following trauma-hemorrhage. Additionally, proestrus
females had a significantly lower mortality following trauma-hemorrhage and induction of
subsequent sepsis than male mice 6;17–19;48;50;51. Our previous studies also showed that
administration of a single dose of 17β-estradiol following trauma-hemorrhage improved
macrophage and lymphocyte functions 6;17–19;48;50;51;74. However, blockade of estrogen
receptors by administration of EM-800 abolished the salutary effects of 17β-estradiol 6;17–
19;48–51. These studies further corroborates that sex hormones play a major role in shaping
the immune response following trauma-hemorrhage.

Immune cell and sex hormone synthesis
Several lines of evidence suggest that immune cells have the ability to synthesize the sex
steroids 15;72;73. The synthesis of sex hormone is regulated at multiple steps 15;18;72;73;
97;98. Cholesterol is the starting material for sex steroid synthesis. Studies have shown that
cholesterol is converted to testosterone which is commonly found in both males and females
15;18;72;73;97;98. However, the subsequent conversion of testosterone into male 5α-
dehydrotestosterone (5α-DHT) and into female hormone 17β-estradiol is regulated by two
critical enzymes, 5α-reductase and aromatase, respectively. Testosterone in the presence of
5α-reductase is converted into male steroid 5α-DHT. In contrast, aromatase converts
testosterone into female steroid 17β-estradiol. Thus, a slight change in the activity of 5α-
reductase and aromatase will influence the production of male (5α-DHT) or female (17β-
estradiol) sex hormones 15;18;72;73;97;98. Both 5α-reductase and aromatase along with other
enzymes involved in sex steroid synthesis are present in immune cells including spleen and T
cell 15;18;72;73;97. Previous studies from our laboratory have shown that trauma-hemorrhage
influences the expression and activity of 5α-reductase and aromatase in the T cells 15;18;72–
74;97;98. We found that in males, there was a significant increase in T cell 5α-reductase activity
following trauma-hemorrhage 15;18;72–74;97;98. Aromatase activity in T cells of males on
the other hand was relatively low and is not altered following trauma-hemorrhage. Thus, an
increase in T cell 5α-reductase activity is likely to cause of increased synthesis of 5α-DHT by
these cells. The increase in 5α-DHT is correlated with a decrease in T cell functions following
trauma-hemorrhage 15;18;72–74;97;98.

In contrast to males, T cells in the proestrus females have high aromatase and low 5α-reductase
activity following trauma-hemorrhage. This means the conversion of testosterone to 17β-
estradiol is higher than 5α-DHT in proestrus females following trauma-hemorrhage 15;18;
72–74;97;98. Because of high 17b-estrdiol levels, T cells from proestrus females maintain their
functions following trauma-hemorrhage. These findings suggest that steroidogenic enzymes
differ between males and proestrus females and that the trauma-hemorrhage further influences
the activity of these enzymes which in turn may play a major role in altered immune cell
functions under those conditions.

Immune cells sex hormone receptors expression
Almost all the cells, including the cells of the immune system, express receptors for both male
(androgen) and female (estrogen) hormones 15;67. However, recent studies have indicated that
the distribution of androgen and estrogen receptors is organ specific. Although no further major
subdivision of androgen receptor (AR) has been reported, two major subtypes of estrogen
receptors (ER), i.e., ER-α and ER-β, are reported to exist. Furthermore, several isoforms exists
within each ER subtypes. For example, ER-α is further categorized into ER-αA, ER-αC, ER-
αE, and ER-αF, and similarly ER-β into ER-β1, ER-β2, ER-β4, and ER-β5 15;18;54;67.

Recently, studies were performed determining the role of ERs in estrogen-mediated protection
of organ functions following trauma-hemorrhage. The findings from those studies suggest the
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difference in the distribution of ER-α and -β in heart, liver, small intestine, and lung. ER-α
mRNA expression was highest in the liver, whereas lung is predominantly rich in ER-β mRNA
expression. Intestine on the other hand was found to express both ER-α and -β equally.
Moreover, recent studies suggested a decrease in expression of ER-α and -β mRNA and protein
in cardiomyocytes from males following trauma-hemorrhage 18;83;92–94. However,
expression of cardiomyocytes AR mRNA and protein were not significantly different between
the male trauma-hemorrhage and sham group 95. Although, these findings suggest that trauma-
hemorrhage influences the ER expression in cardiomyocyte, it remains to be determined
whether their distribution in other organs is also affected following trauma-hemorrhage. Thus,
it is possible that the differences between the ER subtypes in tissue distribution may contribute
to the selective action of ER agonists in different tissues 18;83;92–94. Studies have utilized
ER-α and -β specific agonists, Propyl pyrazole triol (PPT) and diarylpropionitrile (DPN), to
determine the role of ER-α and -β in protecting organ function following trauma-hemorrhage.
PPT belongs to a series of tetrasubstituted pyrazole analogs and is the best characterized
selective agonist for the ER-α subtype 6;15;18;43;59;60;64;77. PPT binds to ER-α with high
affinity, displaying a 410-fold binding selectivity over ER-β 77. DPN, on the other hand, is an
ER-β agonist and it can also bind to ER-α but its relative binding affinity for ER-β is 70-fold
higher than ER-α. Furthermore, DPN has a 170-fold higher relative estrogenic potency in
transcription assays with ER-β than ER-α 64. Our results provide evidence that following
trauma-hemorrhage, estrogen-induced reduction of myeloperoxidase activity (MPO, an index
of neutrophil infiltration) activity is mediated via ER-α activation in the liver, via ER-β
activation in the lung, and via ER-α and ER-β in the small intestine 94. Those findings are
consistent with ER mRNA expression in the liver, small intestine, and lung (i.e., ER-α mRNA
expression is highest in the liver, and ER-β mRNA expression is greatest in the lung).

In a recent study, we examined which of the ER subtype mediates the salutary effects of 17β-
estradiol on systemic inflammatory response/immune cell cytokine production in various
tissues following trauma-hemorrhage 33–35;83. The findings suggested that 17β-estradiol or
PPT administration following trauma-hemorrhage prevented the increase in plasma IL-6 and
IL-10 levels. However the production of IL-6, IL-10 and TNF-α was found to be receptor
specific. For example, IL-6 and TNF-α production by Kupffer cells increased following
trauma-hemorrhage 33–35;83. However, splenic macrophages, alveolar macrophages, and
peripheral blood mononuclear cells exhibit a decreased release of these cytokines following
trauma-hemorrhage. The production of IL-10 on the other hand is increased in all macrophage
populations. Administration of 17β-estradiol following trauma-hemorrhage prevented the
alterations in cytokine production. However, with regard to specific receptor agonist, we found
that ER-α agonist PPT had the same effects as 17β-estradiol on IL-6 and TNF-α production by
Kupffer cells and splenic macrophages. ER-β agonist was effective on alveolar macrophages
and peripheral blood mononuclear cells 83. Thus, ER subtypes may have tissue-specific roles
in mediating the effects of 17β-estradiol on immune cell functions following trauma-
hemorrhage. However, more studies are needed to confirm these findings.

In contrast to ER agonists, there are pharmacological agents which can block estrogen receptors
6;15;18;43;59;60;64;77. Among them, ICI 182,780 and EM-800 were used in many previous
studies dealing with trauma 6;15;18;90. EM-800 blocks the transcriptional functions of ER α
and β 58;64;88. ICI 182, 780 on the other hand inhibits estrogen binding to the receptor complex
6;15;18;90. These agents have been used to block estrogen effects following trauma-
hemorrhage in some studies dealing with the mechanism of action of estradiol.

To delineate the role of male sex hormones, studies have used flutamide which is an androgen
receptor antagonist. Flutamide blocks receptors of testosterone, 5α-dihydrotestosterone and
3α-androstenediol 6;15;18;90. Flutamide is a nonsteroidal agent and is known to inhibit
androgen uptake or nuclear binding of the activated androgen receptor to nuclear response
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elements in the nucleus 3;4;6;7;15;53;90. Another common anti-androgenic compound is
Bicalutamide (AstraZeneca). Bicalutamide, similar to flutamide is a non-steroidal and shares
with flutamide its mechanism of action 6;15;27;53;90. This compound competitively inhibits
the binding of androgen to its cytosolic receptor in target tissues and is used clinically in the
treatment of prostate cancer.

Mechanism of action
Both androgen and estrogen receptors are localized in the cytoplasm and nucleus of the cell
6;15;22;43;53;67;90. Thus, both androgen and estrogen mediate their actions by activating the
transcription factors and accordingly are expected to alter signaling at the nuclear level (i.e.,
the genomic mechanism). However, recent findings suggest that both genomic and non-
genomic pathways are involved in mediating the effects of androgen and estrogen 18;20;22;
31;32;62;67;82;89.

Androgen receptors
Findings from several studies suggest that the biological actions of male sex hormones are
mediated via both nuclear and surface receptors. Androgens have been shown to induce the
rapid activation of kinase-signaling cascades and modulate intracellular calcium levels 31;
67;89. These effects are considered to be non-genomic because they are too rapid to involve
changes in gene transcription. Furthermore, the effects are also shown in the presence of
inhibitors of transcription and translation. Such non-genomic effects of androgens may occur
through AR functioning in the cytoplasm to induce the MAPK signal cascade 31;67;89.
However, sex steroids can also induce a non-genomic response within cells, a response that is
not mediated through classical nuclear receptors, but rather initiated at the plasma membrane,
presumably through unconventional surface receptors 18;31;67;82;89. Utilizing a cell-
impermeable testosterone-BSA, studies have provided evidence for the presence of functional
receptors of testosterone on the cell surface 18;31;67;89. Recent studies 31;89 have described
interesting studies on the non-genomic action of androgens. They have shown that testosterone-
induced increase in intracellular Ca2+ in macrophages and T cells is not inhibited by the AR-
blocker cyproterone. Furthermore, it is also inducible by the plasma membrane impermeable
ligand testosterone-BSA. The nature of this receptor remains to be investigated 31;89.
Furthermore, while the physiological effect of non-genomic androgen action has yet to be
determined, it is likely that it may ultimately contribute to regulation of transcription factor
activity, including mediation of the transcriptional activity of AR.

Estrogen receptors
With regard to the genomic actions, studies have suggested that ER upon binding to estrogen
becomes activated and dimerized (Fig. 3). The complex then translocates to the nucleus where
it binds a specific target DNA sequence within the estrogen-responsive genes called an estrogen
response elements (ERE) 18;20;31;32;62;67;82;89. Studies have also indicated that estrogen
receptors which are not bound to estrogen can also bind to ERE consensus sequences and
activate transcription. However, the interaction of the receptor with estrogen stabilizes
dimerization and enhances its interaction with target sequences within estrogen-responsive
genes. Besides 17β-estradiol, several other growth factors, including epidermal growth factor
and insulin-like growth factor-1 can activate estrogen receptors and thus promote gene
transactivation in the absence of estrogen 29;30;52;56.

The role of non-genomic pathways is also explored in estrogen actions using a cell-
impermeable estrogen conjugated with BSA (E2-BSA). As depicted in Fig. 3, many of the
signaling pathways (e.g., PLC/PKC; p38/MAPK; PI3k/AKT, NO, Ca2+) are turned on after
stimulation of cells within E2-BSA 1;12;23;29;30. The non-genomic effects of estrogen can
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regulate different cellular processes, such as proliferation, survival, apoptosis, and
differentiated functions in diverse cell types, including breast cancer cells 1;12;23;29;30. While
ER-α and ER-β have been identified at the membrane, the nature of interaction of estrogen
with the plasma membrane binding sites is currently under investigation. Furthermore the role
of surface versus nuclear receptors in mediating the salutary effect of estrogen following
trauma-hemorrhage on immune cell functions is also under investigation.

While the role of surface versus nuclear receptor in the regulation of gender-specific immune
responses following trauma-hemorrhage remains to be investigated, few studies have evaluated
the relative contribution of cell surface and nuclear membrane receptors in estrogen-mediated
protection of other organ function following trauma-hemorrhage. The findings from these
studies suggest that male rats treated with E2-BSA displayed improvement in cardiac functions
following trauma-hemorrhage 91. These findings further suggested that biologic effects of E2-
BSA on cardiac function are receptor-dependent since the administration of a selective estrogen
receptor antagonist ICI 182,780 along with E2-BSA abolished the E2-BSA-induced
cardioprotection following trauma-hemorrhage. However, the restoration of cardiac function
following E2-BSA treatment was not complete as compared to the rats treated with estrogen
alone. Thus, both surface and nuclear estrogen receptors are likely required for full restoration
of cardiac function following trauma-hemorrhage. Our studies have also demonstrated that
PI3K/Akt pathway plays major role in mediating the non-genomic effects of E2 on cardiac
functions. Similar findings were obtained by other investigators supporting the role of PI3K/
Akt signaling in non-genomic effects of E2 1;12;23;29;30. However, it should be noted that
although the genomic and non-genomic actions of estrogen are interdependent as shown in
Fig. 3, both genomic and non-genomic pathway work synergistically in the regulation of cell
functions whether it is a cardiomyocyte or an immune cell.

In addition to the classical ERs, the role of G protein-coupled receptor 30 (GPR30) is also
demonstrated in mediating estrogen actions 32;40;70;71. Studies have indicated that estrogen
can also mediate its effect independently of estrogen receptors via GPR30. In this regards,
GPR30 is a novel ER and has been suggested as a candidate for triggering a broad range of
E2-mediated signaling 71. GPR30 is located on the cell membrane and presents an alternative
to the classical ERs. Estrogen binds directly to GPR30 and mediate downstream signaling
cascade. Using this pathway, E2 is shown to promptly activate the adenylate cyclase and
induces cAMP/PKA signaling pathway in human keratinocytes and breast cancer cells GPR30.
Furthermore, the overexpression of GPR30 in breast cancer cells restores the activation of
adenylyl cyclase by E2 and suppression of GPR30 expression with antisense oligonucleotides
or siRNA prevents E2-mediated cAMP-dependent signaling in keratinocytes and in SKBR3
breast cancer cells that lack ERα and ERβ. Recent findings from our laboratory have also shown
that E2 utilizes GPR30 in activating PKA pathway in isolated hepatocytes 40. However, more
studies are needed to fully understand the role of GPR30 in E2 mediated effects on immune
cell functions following trauma-hemorrhage.

Estrogen and heat shock proteins
In addition, estrogen can also induce the expression of heat shock proteins (HSP). Studies have
shown that HSP plays a role in the preservation of organ function under adverse circulatory
conditions 56;81;84;85;93;96. For example, HSP60 and HSP70 serve as molecular chaperones
and maintain protein structures under stress conditions. HSP60 is localized in the mitochondria
and is reported to be helpful in maintaining electron chain integrity 56. HSP32, also referred
as heme oxygenase-1 (HO-1), is shown to play a protective role following trauma-hemorrhage
84;85;93;96. Studies have indicated that HO-1 participates in heme elimination. The
accumulation of free heme under hypoxic conditions becomes toxic and thus in order to
maintain organ functions, its removal from the cellular milieu becomes necessary. Bilirubin,
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a product of HSP32 enzyme activity, is shown to have potent antioxidant activity. In a recent
study, we found that estrogen administration upregulates HSP32 following trauma-
hemorrhage. Furthermore, HSP32 upregulation inhibits the expression of adhesion molecules
and prevent subsequent leukocyte-endothelial cell interactions under those conditions 84;85;
93;96. Other investigators have shown that an upregulation in HSP32 protects mitochondrial
function and prevents ATP-depletion after oxidative stress. Heat shock proteins are also known
to regulate the process of programmed cell death or apoptosis 56;63. Thus, the HSP protect
cells via multiple mechanisms. Although the mechanism by which estrogen regulates HSP
remains to be established, studies have indicated that the synthesis of HSP is regulated by a
family of heat shock factors (HSF). There are four HSF that have been identified. Among them
HSF-1 is shown to play a predominant role in the regulation of HSP in response to trauma and
other adverse conditions such as ischemia and hypoxia 29;30;52;56;63;93.

Conclusion
A major consequence of trauma-hemorrhage is the suppression of the immune cell functions.
The findings reviewed in this article suggest that the generation of immune response to trauma
is gender dimorphic and sex steroids play a decisive role in the depression or maintenance of
immune functions following injury. These findings suggest that trauma-hemorrhage results in
profound alterations in immune functions in males and ovariectomized females. However, they
are maintained in pre-castrated males and proestrus females. The immune responses in males
and ovariectomized females are also protected in animals treated with estrogen following
trauma-hemorrhage. The beneficial effects of female sex steroid 17β-estradiol and the
deleterious effects of male hormones 5α-dihydrotestosterone in immune functions has been
demonstrated with the use of gonadectomized animals as well as by treating animals with
hormonal agonists and antagonists following trauma-hemorrhage. Since steroids are involved
in the regulation of immune cells functions, modulation of such cells early after trauma with
selective estrogen agonists may be a useful approach for maintaining the immune functions
under those conditions.

In summary, while many studies suggest the beneficial effect of estrogen following trauma,
more studies are needed to fully understand the precise mechanism by which estrogen mediates
its beneficial effects following trauma-hemorrhage in females and males, respectively.
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Figure 1. Gender Specific immune response following trauma-hemorrhage
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Figure 2. Genomic and nongenomic actions of estrogen
E2, estrogen; R, estrogen receptor; PTK, protein tyrosine kinases; PI3K phosphatidylinositol
3-kinase, MAPK, mitogen activated protein kinase.
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Table 1
Immune cell function in various tissue compartments following trauma-
hemorrhage

Peripheral Blood:

 ↓PBMC IL-6, TNF-α

Spleen:

 ↓Macrophage antigen presentation

 ↓Macrophage IL-6 and TNF-α

Peritoneal Cavity:

 ↓Macrophage antigen presentation

 ↑Macrophage IL-6, TNF-α

Liver:

 ↓Kupffer cells antigen presentation

 ↑Kupffer cell IL-6 and TNF-α

Lung:

 ↑Macrophage IL-6 and TNF-α
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