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Abstract
An increasing body of evidence demonstrates that there is bidirectional communication between the
neuroendocrine and immune systems. Interactions between these systems results in a variety of
outcomes, including the well documented “sickness behavior” elicited by cytokines of the immune
system that can enter the brain or activate second messengers that modify neuronal activity. Crosstalk
between the neuroendocrine and immune systems can also result in production of factors by the
nervous and endocrine systems that alter immune cell function and subsequent modulation of immune
responses against infectious agents and other pathogens. Continued exposure to molecules produced
by the neuroendocrine system has also been shown to increase susceptibility and/or severity of
disease. Furthermore, neuroendocrine factors are thought to play a major role in the gender-specific
difference in development of certain disorders, including autoimmune/inflammatory diseases that
have a 2- to 10-fold higher incidence in females compared to males. Neuroendocrine factors can
affect immune cells at the level of gene transcription but have also been shown to modify immune
cell activity by interacting with intracellular signal transduction molecules, resulting in modified
ability of these cells to mount a potent immune response. In this review, we will consider the various
effects of the neuroendocrine system and its proteins on specific populations of immune cells and
associated responses in host immunity against pathogens. We will further discuss how this
modification of immune cell activity by the neuroendocrine system can contribute to susceptibility/
severity of development of diseases.
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1. Introduction
A considerable number of studies have shown that the neuroendocrine and immune systems
communicate with each other to promote reciprocal regulation in the host. Immune cells can
sense pathogens (viruses, bacteria, fungi, tumor cells) and secrete proteins that modify cells of
the neuroendocrine system, which causes sickness behavior following infection [1].
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Alternatively, factors secreted by the neuroendocrine system can bring about changes in
immune cell activity. The neuroendocrine system secretes steroid hormones (glucocorticoid)
during the stress response but also stimulates production of other steroid hormones (estrogen,
progesterone, testosterone, mineralococorticoid) under normal conditions, as occurs during the
menstrual cycle of females. Classic steroid hormone actions include binding of the ligand to
its receptor in the cytoplasm, formation of ligand-receptor dimers, translocation of the complex
to the nucleus, and initiation of target gene transcription (identified via hormone response
elements – HREs) that modify the function of the cell [2]. These transcription factors control
the function of cells associated with specific physiological processes to maintain host
homeostasis (Table I) but can also bring about changes in the activity of immune cells [3].
Steroid hormone receptors have also been found on the membrane of cells, and the functional
relevance of membrane and cytoplasmic receptors is currently being studied [4]. In addition,
studies have shown that steroid hormone-receptor complexes can act at both the genomic
(transcription-dependent) and non-genomic (transcription-independent) levels to bring about
changes in cellular function [5].

Initial observations showing the effects of neuroendocrine factors (steroid hormones) on the
immune system were demonstrated by pathologists who discovered that hormonal alterations
could influence the size of the thymus [6]. Hans Selye showed that physical (restraint) or
psychological stressors caused activation of the hypothalamic-pituitary-adrenal (HPA) axis
that led to shrinkage of the thymus and other lymphoid organs [7]. Several reports, including
studies from our group, have demonstrated modification of immune cell function with steroid
hormone treatment. Exposure to steroid hormones leads to an alteration in the ability of the
cells to respond to infectious agents and other pathogens [8–10]. Understanding the specific
mechanisms by which these neuroendocrine factors affect immune cell activity can help
elucidate both the effects of stress on immune-mediated disease as well as some of the
differences in incidence of autoimmune/inflammatory disease between males and females,
which can be 2- to 10-fold higher in females [11].

2. Neuroendocrine Effects on Innate Immunity
Studies using in vitro and in vivo systems have confirmed that steroid hormones are able to
modify innate immune responses [12]. Innate immunity is critical as it provides the initial
response to a pathogen and also supplies the necessary signals to stimulate adaptive immunity.
Modifications to the innate immune response can lead to a cascade of events that either allow
the pathogen to thrive and damage the host or remove the organism more quickly. Immune
suppression with increased steroid hormone levels, including glucocorticoids and sex
hormones (testosterone, estrogen, and progesterone), has been reported in many diseases
[13–16]. The effects of sex hormones have been especially studied in the context of pregnancy,
in which the host is increasingly vulnerable to a variety of infectious agents compared to the
non-pregnant state [17,18]. Women are thought to be especially susceptible to infections during
pregnancy, including the bacterium Listeria monocytogenes, which poses a significant health
problem [19]. Elevated levels of estrogen and progesterone that occur during pregnancy are
associated with suppression of the helper T cell type I (TH1) response and subsequent
predisposition to infections that require these responses for clearance. One study in mice
showed that levels of progesterone were lowered, with resulting fetal loss, following ligation
of the TH1 response-promoting CD40 receptor on antigen-presenting cells [20]. This further
emphasizes the bidirectional communication between the neuroendocrine and immune
systems. Physiologic concentrations of estrogen stimulate humoral and cellular immune
responses, whereas higher concentrations, similar to what is produced during pregnancy,
suppress immunity [21]. Although many studies have focused on how steroid hormones modify
effector cell (B lymphocytes, T lymphocytes) function in disease development, other studies
have appreciated the contribution of innate immune cell populations in this process.
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A. Granulocytes
Polymorphonuclear immune cells, such as granulocytes, play an important role in innate
immunity. Granulocytes (basophils, eosinophils and neutrophils) have been found throughout
the body, including skin, lungs, and intestines, and are among the first immune cell populations
to come in contact with the external environment and pathogens. In fact, neutrophils are the
first responders to be recruited after an injury (wound) [22]. These cells secrete a number of
pro-inflammatory cytokines and chemokines that attract other immune cells to the site of
infection. They also remove debris and foreign substances through their phagocytic activity
and production of free radicals [23].

Glucocorticoids, primarily produced in the adrenal glands following activation of the HPA axis
during the stress response, are commonly used in the treatment of many autoimmune/
inflammatory conditions. They have been shown to inhibit cytokine release and other activity
of eosinophils in asthma [24] and neutrophils in chronic obstructive pulmonary disease (COPD)
[25]. Inhaled glucocorticoids have been reported to prevent histamine release by basophils in
allergic disease [26]. In addition, they prevented IL-4.secretion by cultured basophils [27].
Another steroid hormone produced by adrenal glands, the mineralocorticoid aldosterone, has
also been studied to determine its effects on immunity. This hormone has been associated with
immune stimulation, including upregulation of major histocompatibility complex (MHC)
molecules by cells [28]. However administration of elevated concentrations of aldosterone in
adrenalectomized rats showed a dose-dependent reduction in the number of neutrophils in
peripheral blood of these animals [29]. Studies have shown immunomodulatory effects of sex
hormones on granulocyte populations in other conditions. Whereas the sex hormones
testosterone and estrogen did not have an effect on cultured basophils [27], estrogens are
thought to be protective in atherosclerosis and have been shown to prevent neutrophil
production of free radicals [30]. A separate study showed that estrogen prevented neutrophil
adhesion to porcine endothelial cells and that this inhibition was mediated through estrogen
receptor – α (ER-α) [31]. Both studies utilized estrogen concentrations similar to those seen
during pregnancy. Furthermore, in experiments in which the progesterone-secreting corpus
luteum was removed during pregnancy by ovariectomy, the conceptus ceased to develop to
full term (spontaneous abortion) and an infiltration of neutrophils was found in the
endometrium [32,33]. This would indicate a regulatory role for progesterone in neutrophil
recruitment during pregnancy.

B. Monocyte/Macrophage Populations
Monocytes originate in the bone marrow from a myeloid progenitor cell also common to
neutrophils [34]. They are a population of antigen-presenting cells with phagocytic properties
thought to be important in the pathogenesis of atherosclerosis and insulin resistance [35,36].
Macrophages are the mature form of monocytes. They produce a variety of cytokines, such as
tumor necrosis factor – α (TNF-α) and interleukin – 1β (IL-1β),to promote an inflammatory
response [37], and different subsets express a variety of chemokine receptors that indicate their
tissue localization and specific function [38]. At the latter stages of an inflammatory response,
macrophages clear the area of injury during wound healing by phagocytosing granulocytes,
which have already undergone apoptosis. [39]. Therefore, these cells can serve the function of
not only attracting cells to the site of injury that increase the degree of inflammatory response
but also of removal of immunological waste products.

Research has been conducted to identify the effects of steroid hormones on this population of
immune cells. A recent study reported that monocytes, along with neutrophils, are the primary
targets of glucocorticoids in diminishing contact hypersensitivity reactions, as evidenced by
repression of their cytokine and chemokine production [40]. This is especially interesting given
that this contact hypersensitivity is a T cell-dependent disease. Monocyte/macrophage
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populations have also shown responsiveness to estrogen. Bacterial lipopolysaccharide (LPS)-
activated macrophages isolated from mouse spleens treated with estrogen were shown to have
reduced production of pro-inflammatory cytokines compared to untreated spleens [41].
Kovacs’ group has conducted several studies showing gender-specific differences in response
to burn injury, indicating a role for hormones. They also showed that estrogen suppressed
proliferation of cultured splenocytes from mice in a macrophage-dependent manner [42].

Other hormones have also been shown to modify monocyte/macrophage function.
Testosterone, considered generally immunosuppressive, induced Fas ligand (FasL)-dependent
apoptosis in bone marrow-derived macrophages [43]. Another study showed that the potent
testosterone metabolite dihydrotestosterone (DHT) reduced the production of nitrite and TNF-
α in activated microglia, the macrophage of the central nervous system [44]. Progesterone, a
steroid hormone critical for maintenance of pregnancy [45], increased expression of FasL and
decreased proinflammatory cytokine (IL-12, IL-1β) production by monocytes from varicella-
zoster virus (VZV)-stimulated peripheral blood mononuclear cells (PBMCs) collected from
healthy subjects [46]. Progesterone was also shown to inhibit TNF-α production in uterine
macrophages [47]. This inhibition was thought to occur at the level of transcription, as shown
by microarray experiments that identified TNF-α as a progesterone receptor target gene [48].
Others have reported inhibition of macrophage cytokine production by progesterone and that
these effects were mediated through modifying NF-κB activity [49].

C. Dendritic Cells
Dendritic cells (DCs) are considered the most potent of the antigen-presenting cell (APC)
populations and are often referred to as “professional” APCs [50]. Similar to monocyte/
macrophage populations, they can recognize a pathogen using pattern recognition receptors
(PRRs) and mount a potent immune response. Immature DCs are able to take up antigen using
their Fc receptors. When these cells receive the appropriate signal and become mature, they
produce copious amounts of cytokines that stimulate other immune cells. Mature DCs also
express high levels of major histocompatibility complex (MHC) and costimulatory molecules
on their cell surface, which is critical for activation of naïve lymphocytes. As these cells are
considered important in both innate and adaptive immunity, they are the target of many of the
current vaccine efforts [51].

There are several subsets of DCs that have been identified, each of which are considered to
serve distinct functions in immunity and are localized to specific locations within the body
[52]. Langerhans cells, the first DC identified, and dermal DCs are known for their ability to
scavenge the environment for foreign particulates. They are situated in the skin and are vital
in cutaneous immune responses [53]. Interstitial DCs are found in the lamina propria and are
therefore important in gut immunity [54]. Myeloid DCs, also commonly referred to as
conventional DCs, are the most frequently studied type of DC and can be easily isolated from
bone marrow, blood, and spleen. In addition, monocytes can be differentiated into this DC
subset using granulocyte-macrophage colony-stimulating factor (GM-CFS) [55]. They are the
major producers of interleukin 12 (IL-12) that stimulates interferon-γ (IFN-γ) production by
T lymphocytes and cellular immune responses. Plasmacytoid DCs are important in viral
immunity, secrete large amounts of type I interferons (IFN-α/β), and are significant in
tolerogenic immune responses [56,57]. Recently, new DC populations have been identified
[58,59]. Further investigation will be required to determine if these are distinct DC subsets
from those previously reported.

Many studies using steroid hormones to study DC activity have focused on their effects in the
context of pregnancy, as several autoimmune/inflammatory diseases show changes in severity
during pregnancy [60–62]. In particular, helper T type I (TH1)-associated autoimmune/
inflammatory disease tends to be relieved, while helper T type II (TH2)-associated disease can
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be aggravated as a result of pregnancy. Therefore, experiments utilize pregnancy-associated
concentrations of steroid hormones to determine their effects on DC function. Some groups
studying the effects of steroid hormones on DC activity have focused on the reproductive tract
because it is thought to be the primary site of hormone production and therefore the most
appropriate site to determine immune response outcomes [63]. One group showed that
progesterone administered into the female reproductive tract increased the number of
Langerhans cells [64]. However, the functionality of these cells was not fully characterized.

Our group has also studied the effects of steroid hormones on this important population of
immune cells. We showed that progesterone modified the ability of LPS-matured rat DCs to
secrete proinflammatory (TNF-α, IL-1β) cytokines, downregulated expression of major
histocompatibility complex (MHC) and costimulatory molecules, and suppressed T cell
proliferative capacity by these cells. The effects on mature DC function were identified at both
physiologic and pregnancy-associated concentrations of the hormone and were mediated
through the progesterone receptor (PR) as the PR antagonist RU486 was able to reverse the
suppressive effects [10]. We further found that progesterone modified the ability of immature
DCs to take up antigenic peptide. However, this was only identified at concentrations similar
to that seen during pregnancy. Other groups have shown that progesterone inhibited DC
phagocytosis of Candida albicans [65], contributed to susceptibility to human
immunodeficiency virus (HIV) in women by increasing the number of Langerhans cells
available for HIV infection [66] and also increased susceptibility to Chlamydia infection in
rats due to increased bacterial infiltrates in the uterine epithelium and vaginal secretions of
these animals [67], further supporting the need to understand the role of this hormone in disease
development.

There have also been reports of experiments assessing the effects of other steroid hormones
on DC function. A study using androgen replacement therapy in men with type II diabetes, an
autoimmune/inflammatory disease, showed a reduction in the proinflammatory cytokines
(IL-1β, IL-6, TNF-α) produced by DC populations [68]. Our group examined the effects of the
synthetic glucocorticoid dexamethasone on DC function [69] and showed that bone marrow-
derived and splenic DCs from rats were responsive to dexamethasone treatment. This resulted
in inhibition of proinflammatory cytokine secretion and downregulation of MHC and
costimulatory molecules on the cell surface of DCs isolated from both organs. Unlike the results
from experiments with progesterone, we found a dose-dependent effect on the antigen uptake
ability of these cells and increases in IL-10 secretion with increasing dexamethasone
concentrations. This would be consistent with reports from other groups reporting less potent
immune suppressive effects of progesterone compared to glucocorticoids [70]. Studies
analyzing the effects of steroid hormones on DCs have utilized whole DC populations. It will
be important to understand the effects of steroid hormones on specific DC subsets to understand
their role in immunity, as a recent study shows development of a particular DC subset from
estrogen-sensitive progenitor cells [71]. Additionally, estrogen has been shown to affect DC
function in development of experimental autoimmune encephalomyelitis (EAE), the
experimental form of the autoimmune/inflammatory disease multiple sclerosis (22).

E. Natural Killer Cells
Natural killer (NK) cells are the effector cells of the innate immune system, with a similar
phenotype to T lymphocytes [72]. These cells have cytotoxic function, recognizing their
antibody-bound target using cell-surface Fc receptors and producing perforin and granzymes
that break up the integrity of the plasma membrane of the target cell. They also kill using the
ligand for the death receptor Fas (FasL) or TNF-related apoptosis-inducing ligand (TRAIL) to
bind and stimulate apoptosis of the infected cell [73]. In addition to their cytotoxic activity,
NK cells express costimulatory molecules (CD40L, OX40L) to stimulate lymphocytes and are
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able to regulate immune responses by releasing cytokines and chemokines that drive specific
immune responses. They secrete interferon-γ (IFN-γ) that stimulates a strong TH1-type immune
response or IL-5 and IL-13 that promote TH2 immune responses. They make cytokines that
modify activity of innate immune cell populations (TNF-α, IL-10) and chemokines (MIP-1,
RANTES, IL-8) that bring immune cells to the site of cellular damage [74]. These cells are
also an appropriate complement to T lymphocyte activity as they can recognize target cells
that have low expression of MHC molecules on their cell surface, whereas T cells require
appropriate levels of MHC molecule expression for engagement and activation.

Effects of steroid hormones on NK cell activity have also been determined. Feasibility of these
studies and possible direct effects were verified by a report showing expression of steroid
hormone receptors by these cells [75]. The number of uterine NK cells changes during the
estrus cycle or pregnancy [76] and has been shown to only be available during reproductive
age [77,78], indicating a role for hormones in their development and availability. In addition,
progesterone receptor (PR)−/− mice do not have uterine NK cells [79]. NK cells transfected
with an adenovirus vector expressing IL-12 showed enhanced immunity against prostate-
specific tumor cells in mice. Addition of the glucocorticoid receptor-inhibiting agent mitotane
to cultures of these cells enhanced NK cell cytotoxic activity [80]. Another study revealed that
treatment of NK cells with estrogen and progesterone decreased their cytotoxic activity and
inhibited cytokine (IL-2, IFN-γ) production [81], and administration of testosterone proved
inhibitory with antibody-dependent cytotoxicity by mouse NK cells [82].

3. Neuroendocrine Effects on Adaptive Immunity
In addition to reports of neuroendocrine modifications of innate immune responses, there have
been extensive studies showing immunomodulatory consequences of neuroendocrine factors
in adaptive immunity. Adaptive immune responses are important for elimination of such
pathogens as viruses and tumor cells, although they require the cells of innate immunity for
appropriate activation [83]. Cells of the adaptive immune response provide antigen-specific
elimination of invading pathogens and primarily involve activity of B- and T-lymphocyte
populations. The majority of studies of autoimmune/inflammatory disorders have focused on
adaptive immunity as these responses ultimately cause disease [84]. Steroid hormones, in
particular the glucocorticoids, are commonly used as therapeutic agents to control of a number
of autoimmune/inflammatory disorders, and their effects on TH1-specific rheumatoid arthritis
were the subject of the 1950 Nobel Prize [85]. Therefore, it is reasonable to assume that other
immunosuppressive steroid hormones might be immunomodulatory in adaptive immunity.

A. B Lymphocytes
Humoral immunity is driven by activity of B lymphocytes, which are the antibody-producing
cells of the immune system [86]. B cells develop in bone marrow and migrate to the spleen
and lymph nodes as well as other peripheral lymphoid organs, where they will encounter
antigen and become activated. Upon activation, these cells form germinal centers, sites of
intense B cell proliferation, and give rise to antibody-secreting plasma cells [87]. Antibodies
are the antigen-specific products generated in response to B cell activation and consist of 5
different isotypes, categorized based on their heavy-chain region: immunoglobulin M (IgM,
initiates classical pathway of the complement cascade); immunoglobulin D (IgD, important
for elimination of self-reactive B cells); immunoglobulin G (IgG, most abundant isotype in
serum and activates complement cascade); immunoglobulin A (IgA, initiates alternate pathway
of the complement cascade); and immunoglobulin E (IgE, activates mast cells and granulocytes
and is considered important in allergic responses). Each isotype is important in driving a variety
of responses against pathogens that require humoral immunity for appropriate inactivation and
elimination.
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There have been several reports of the effects of steroid hormones on B cells and their
development. Kincade’s group showed that steroid hormones have variable effects on B
lymphocyte development due to the age-dependent expression of the receptors [88,89]. They
demonstrated that B cells from fetal liver were sensitive to treatment with the synthetic
glucocorticoid dexamethasone but not estrogen (17β-estradiol) while those from adult bone
marrow were sensitive to treatment with both agents. Reverse-transcriptase polymerase chain
reaction (RT-PCR) assays showed these differences are most likely receptor-dependent
because cells from fetal liver did not express estrogen receptor. Other groups have studied B
cell responsiveness to steroid hormones and the outcome of disease (Table II). Estrogen has
been implicated in the improper regulation of B cell development and aggravation of systemic
lupus erythematosus [90,91]. Another study revealed that increasing doses of estrogen resulted
in increased susceptibility to Toxoplasma gondii [92]. In a study designed to determine the
effects of androgens on allergic rhinitis (hay fever) in phospholipase A2 (PLA2)-sensitized
animals, castrated mice treated with testosterone were shown to have significantly lower
PLA2-specific IgE levels [93].

B. T Lymphocytes
T cells are important in developing potent immune responses against viruses and tumor cells
and are the primary effector cell population in the cellular arm of adaptive immunity [94].
There are a number of T cell populations that have been identified to drive a variety of immune
responses, including those required for humoral, cellular, and tolerogenic responses. One of
the most commonly studied T cell subsets is the CD4+ T helper cell population because it
promotes cellular (TH1) and humoral (TH2) immunity. CD8+ T cells are the cytotoxic T
lymphocytes that eliminate pathogens and infected cells. Similar to the previously discussed
actions of NK cells, these cells are able to release molecules that injure the cellular membrane
of the target cell, decrease membrane stability, and thereby eliminate invading elements.
Another well-studied T cell population is the CD4+CD25+ regulatory T cell (Treg), which is
important in suppressing immunity and preventing overzealous activity by immune cells.
Treg cells are thought to be critical in inhibition of immune responses against fetal antigens and
subsequent rejection of the fetus [95]. In addition, they are presumed to play a role in preventing
autoimmunity and permitting allogeneic graft tolerance [96].

Steroid hormone effects, including sex hormones, on T cell populations have been investigated.
Offner’s group has studied the importance of estrogen in maintaining immune suppression
during pregnancy and proposed that a transient increase in the number of Treg cells is imperative
during this process to prevent fetal rejection [97–99]. Other steroid hormones have also
demonstrated immunomodulatory effects on T cell activity. Progesterone suppressed antibody
production by B cells in a study using female rhesus macaques, and this was mediated by its
effects on T cells [100]. Glucocorticoids have also been known to induce apoptosis of T
lymphocytes and shift the cytokine response from a TH1 towards a TH2 pattern that reduces
inflammation. These effects were mediated through the glucocorticoid receptor [101,102].
Furthermore, direct effects of testosterone on T cell activity has also been implicated based on
expression of the androgen receptor in various lymphoid tissues, including thymus, bone
marrow, and spleen [103].

4. Conclusions
Although a variety of immune factors can play a role in immunomodulation, there is much
evidence of the effects of neuroendocrine factors on immunity and immune-mediated disease
initiation/progression. In many conditions that exhibit differences in severity, several factors
(including hormone levels, hormone receptors, or responsiveness to hormones) may play an
important role in disease. This review has discussed a number of neuroendocrine factors that

Butts and Sternberg Page 7

Cell Immunol. Author manuscript; available in PMC 2009 March 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



contribute to immunomodulation in a variety of diseases but also under normal conditions.
More studies are necessary to identify the specific mechanisms by which these factors modify
immune cell activity. Understanding the interplay between neuroendocrine and immune
systems can help in the development of treatments for diseases and strategies to reduce
susceptibility to disease.
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Table I
Effects of neuroendocrine factors (steroid hormones) on immune and non-immune processes in the host
As estrogens and mineralocorticoids have been shown to have immunostimulatory effects at lower concentrations, the
referenced actions on immune cell activity include experiments using elevated concentrations of the hormone.

Steroid Hormone Example Function (Non-Immune) Function (Immune)
Androgens Testosterone, Dihydrotestosterone Development of 2nd sexual

characteristics (male)
Apoptosis of monocyte populations
(Ref. 34)

Estrogens 17β-estradiol, Estriol Development of 2nd sexual
characteristics (female)

Suppression of neutrophil activity
(Ref. 22)

Glucocorticoids Cortisol, Cortisone Glucose metabolism, maturation of
lung during fetal development

Proinflammatory cytokine
inhibition, immune cell apoptosis
(Ref. 56)

Mineralocorticoids Androstenedione Maintenance of salt-water balance Reduction of peripheral blood
neutrophils (Ref. 19)

Progestins Progesterone Embryo implantation, maintenance of
pregnancy

Obstruction of neutrophil
recruitment (Ref. 25)
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Table II
Outcomes of disease in experiments modifying steroid hormone availability
Studies show immunomodulatory effects by steroid hormones in various diseases. The data in this table identifies the
specific steroid hormone thought to have the greatest impact on disease development based on the results.

Disease Experimental Procedure Steroid Hormone Modified by
Procedure

Results

Diabetes, Type II Castration Testosterone Worsened disease
Experimental Autoimmune
Encephalitis (Mult Sclerosis)

Pregnancy Estrogen, Progesterone Disease remission

Infection (Brugia malayi) Gonadectomy Estrogen Increased resistance
Rheumatoid Arthritis Adrenalectomy Glucocorticoid Worsened disease
Systemic Lupus Erythematosis Pregnancy Estrogen, Progesterone Worsened disease
Wound Healing Topical Administration Estrogen Accelerated repair,

decreased wound size
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