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ABSTRACT

Background: Over the past two decades, parallel recognition has grown of the importance of both sex steroids and immune activity in metabolic
regulation. More recently, these discrete areas have been integrated in studies examining the metabolic effects of sex steroid immunomodulation.
Implicit in these studies has been a traditional, endocrine model of sex steroid delivery from the gonads to target cells, including immune cells.
Thus, research to date has focused on the metabolic effects of sex steroid receptor signaling in immune cells. This endocrine model, however,
overlooks the extensive capacity of immune cells to generate and metabolize sex steroids, enabling the production of sex steroids for intracrine
signaling — that is, sex steroid production for signaling within the cell of origin. Intracrine function allows highly cell-autonomous regulation of sex
steroid exposure, and sex steroid secretion by immune cells could confer paracrine signaling effects in neighboring cells within metabolic tissues.
In this review, immune cell intracrinology will denote sex steroid production within immune cells for either intracrine or paracrine signaling. This
intracrine capacity of immune cells has been well established, and prior work has supported its importance in autoimmune disorders, trauma, and
cancer. The potential relevance of immune cell intracrine function to the regulation of energy balance, body weight, body composition, and insulin
sensitivity has yet to be explored.

Scope of review: The following review will detail findings to date regarding the steroidogenic and steroid metabolizing capacity of immune cells,
the regulation of immune cell intracrine function, and the biological effects of immune-derived sex steroids, including the clinical relevance of
immune cell intracrinology in fields other than metabolism. These findings will serve as the basis for a proposed model of immune cell intra-
crinology constituting a new frontier in metabolism research.

Major conclusions: The development of highly sensitive mass spectrometric methods for sex steroid measurement and quantitation of
metabolic flux now allows unprecedented ability to interrogate sex steroid production, metabolism and secretion by immune cells. Immune cell

intracrinology could reveal key mechanisms underlying immune cell-mediated metabolic regulation.
© 2018 The Author. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The term ‘intracrinology’ first was used almost 30 years ago to
describe androgen synthesis in peripheral tissues in orchiectomized
rats, denoting sex steroid production and signaling that occurred within
the same cell [1]. Intracrinology, therefore, introduced unprecedented
autonomy of peripheral cells and tissues to regulate sex steroid pro-
duction locally, independent of gonadal sex steroid production. Tissue
intracrinology long has been a central focus of research in rheuma-
tology and oncology and has generated key insights into the patho-
genesis of diseases including rheumatoid arthritis, breast cancer, and
prostate cancer [2—4]. The steroidogenic or intracrine capacity of
peripheral tissues now also has become an emergent area of interest
in metabolism research [5,6], as metabolic tissues including brain,
liver, adipose tissue, and skeletal muscle all possess steroidogenic
capacity. These metabolic tissues are enriched in sex steroids [5], and
androgens and estrogens have well established roles in the regulation
of energy metabolism, appetite, adipogenesis, and insulin sensitivity
[7—11]. Importantly, clinical data consistently demonstrate a lack of

uniform association between plasma and tissue-specific sex steroid
concentrations, suggesting that altered sex steroid production within
metabolic tissues may contribute to the evolution of obesity and
associated metabolic disorders [5,12—14]. Thus, identifying the
mechanisms whereby local sex steroid production and metabolism are
regulated within metabolic tissues could provide critical insight into the
pathophysiology of metabolic disease.

Immune cell populations are present in all metabolic tissues, and
steroidogenic capacity has been identified in immune cells, particularly
in macrophages and T lymphocytes. Tissue immune cells, therefore,
could be a key source of local sex steroid production, and immune cell-
derived sex steroids may play important intracrine and paracrine roles,
with signaling effects conferred both in the cell of origin and in sur-
rounding cells. The metabolic significance of immune cell steroido-
genesis remains almost wholly unexplored to date. Immune cell
intracrinology is a novel facet of metabolism research that may prove
essential for comprehensive elucidation of the mechanisms through
which sex steroids and immunity regulate metabolic health.
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2. BACKGROUND: POTENTIAL RELEVANCE OF IMMUNE CELL
SEX STEROID PRODUCTION TO METABOLIC REGULATION

2.1. A conceptual shift from endocrinology to intracrinology

The classic, endocrine view of sex steroid biology is that sex steroids
are produced in the gonads and secreted into circulation for convey-
ance to target tissues. Whereas an endocrine view assumes that
circulating sex steroid concentrations determine sex steroid exposure
for peripheral cells, an intracrine view requires attention to local, cell-
or tissue-specific regulation of sex steroid production and metabolism.
These locally produced sex steroids are primarily generated from
circulating, adrenal-derived steroid precursors, and, strikingly, some
data suggest that the majority of all androgens and estrogens may be
produced in peripheral tissues rather than the gonads in both males
and females [15]. In contrast to a traditional, endocrine model, intra-
crinology recognizes the extensive capacity of virtually all cell types to
both generate and metabolize sex steroids and thereby tightly regulate
sex steroid signaling in cell-autonomous fashion. In strict definition,
intracrine signaling is specific to mediators that signal through cyto-
solic or nuclear receptors, as they can confer signaling effects without
first being secreted from the cell of origin. Local mediators that are
secreted into the extracellular space instead confer autocrine or
paracrine effects, signaling through receptors on the plasma mem-
brane of the cell of origin or on neighboring cells, respectively
(Figure 1). In this review, immune cell intracrinology will refer to the
capacity of immune cells to synthesize, modify, and metabolize sex
steroids. These sex steroids and their derivatives - generated through
intracrine pathways - may confer either intracrine, autocrine, or
paracrine signaling effects. Thus, an intracrine view underscores the
importance of interrogating local, tissue-specific regulation of sex
steroid production and metabolism.

2.2. Sex steroid biosynthesis

Sex steroids are synthesized from cholesterol through sequential
enzymatic steps (Figure 2). The rate limiting step of de novo ste-
roidogenesis from cholesterol is thought to be mediated by steroido-
genic acute regulatory protein (StAR), which transports cholesterol to
the inner mitochondrial membrane. Cholesterol is then converted to
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pregnenolone by CYP11A1 (side chain cleavage enzyme). Pregneno-
lone, in turn, can be converted to progesterone or to the weak
androgen dehydroepiandrosterone (DHEA). DHEA subsequently can be
converted to more potent androgens including testosterone. Testos-
terone can undergo conversion either to 17f-estradiol through
aromatization or to dihydrotestosterone (DHT) through 5a-reductase
activity.

In addition to estrogens and androgens, steroid precursors derived
principally from the adrenal glands circulate in high concentrations, the
most abundant of which is DHEA sulfate (DHEA-S). These precursors
can undergo conversion to more potent androgens or estrogens in
peripheral tissues, enabling local concentrations of sex steroids to be
determined in highly tissue-specific fashion. Thus, it has been esti-
mated that nearly half of total androgens and the vast majority of
estrogens in men are formed in peripheral tissues, with most andro-
gens and ~75% of total estrogens similarly attributed to peripheral
formation in premenopausal women [15—17]. In postmenopausal
women, essentially all estrogens and androgens are synthesized within
peripheral tissues [15]. Some peripheral cells have the capacity not
only for steroid conversion but also for the production of sex steroids de
novo from cholesterol. Whereas de novo steroidogenesis was once
believed to be exclusive to the gonads and adrenal glands, de novo sex
steroid production now has been identified in numerous other tissues
and cell types, including kidney, neurons, astrocytes and other glial
cells, keratinocytes, adipocytes, and placental trophoblasts [18—23].
Furthermore, sex steroid synthesis in brain and peripheral tissues
involves steroidogenic pathways and enzymes that are not found in the
gonads and adrenal glands; for example, peripheral tissues have been
shown to generate 173-estradiol and DHT through pathways that do
not require testosterone as an intermediate [24]. These findings
collectively underscore the intricacy of local sex steroid regulation and
highlight the importance of understanding sex steroid production,
signaling, and metabolism within a single cell or tissue [15].

2.3. Sex steroids may influence energy metabolism through
immunomodulatory effects

The importance of sex steroids as key regulators of metabolic health
has been well established in both men and women. In men, androgen
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Figure 1: Immune cell intracrinology. In an endocrine model of sex steroid biology, sex steroids are synthesized in classically steroidogenic tissues and disseminated to target cells
through the circulation. In contrast, immune cell intracrinology denotes the capacity of immune cells to synthesize, modify, and metabolize sex steroids. Sex steroids signal through
nuclear receptors, and a membrane receptor (GPR30) also has been identified for estrogen signaling. Therefore, intracrine function in immune cells can generate sex steroids and

their derivatives that mediate intracrine, autocrine, and paracrine effects.
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Figure 2: Steroidogenic enzymes involved in the de novo synthesis of sex steroids from cholesterol. Green font indicates that enzyme activity has yet to be demonstrated in
immune cells. Orange font indicates that enzyme activity has been demonstrated in macrophages, T lymphocytes, and B lymphocytes. Blue font indicates that enzyme activity has

been demonstrated in macrophages and T lymphocytes only.

deficiency promotes adverse changes in body composition and insulin
resistance (IR) [25,26], and men with rare syndromes of genetic es-
trogen deficiency similarly exhibit metabolic dysregulation character-
ized by increased visceral adiposity and IR [27]. Estradiol deficiency in
women leads to redistribution of fat mass in association with increased
risk of IR and metabolic syndrome [28], and androgen excess pre-
disposes women to IR, impaired insulin secretion, and type 2 diabetes
[29]. Sex steroids regulate metabolic health through signaling effects
in both peripheral and central metabolic tissues, including adipose
tissue, liver, skeletal muscle, and brain [30].

Within these metabolic tissues, sex steroids exert broad effects on
diverse cell types. Immune cells are resident in all metabolic tissues,
and sex steroids are key regulators of immune cell phenotype and
function, with demonstrated roles in the regulation of both adaptive
and innate immunity. The androgens testosterone and DHT signal
through the androgen receptor (AR), whereas estrogens including
estrone and 17 B-estradiol signal through estrogen receptors alpha and
beta (ERe. and ERP). In addition to these nuclear receptors, a
membrane-bound, non-nuclear receptor (GPR30) has been identified
for estrogens [11,31,32]. Both nuclear sex steroid receptors and
GPR30 are expressed in immune cells, with expression patterns that
vary as a function of cell type and stage of differentiation [33—36]. Sex
steroid receptor expression has been identified in bone marrow stro-
mal cells, hematopoietic stem cells, and mature immune cells
including macrophages, T and B lymphocytes, neutrophils, and den-
dritic cells [35—37]. Androgens and estrogens have been shown to
regulate immune cell proliferation, differentiation, and apoptosis, as
well as cytokine and immunoglobulin production [4,35,38—40]. The
importance of sex steroid-mediated immunomodulation is underscored
by sexual dimorphisms in vaccine and infection response, wound
healing, and risk of autoimmune disease [41,42].

Notably, immune cell populations in metabolic tissues contribute to the
regulation of insulin sensitivity and energy metabolism in neighboring
cells through the secretion of paracrine mediators [43,44].

Consequently, the paracrine function of these tissue immune cells
contributes to the regulation of both tissue-specific and systemic in-
sulin sensitivity, energy balance, body weight, and body composition
[43—45]. The observations that sex steroids exert immunomodulatory
effects and that immune cells contribute to metabolic regulation have
led to the premise that sex steroids could influence both tissue-specific
and systemic energy metabolism in part through the regulation of
immune cell phenotype and function.

Indeed, an emergent field of metabolism research now focuses on the
significance of sex steroid-mediated immunomodulatory effects for
metabolic regulation, and preclinical studies have demonstrated that
sex steroid signaling specifically in immune cells helps maintain
metabolic health in both males and females. Thus, loss of intact ERa.
signaling exclusively in myeloid cells led to increased adiposity and IR
in female mice [46]. In parallel, AR deficiency in hematopoietic cells
promoted visceral adiposity in male mice [47]. Critically, the effects of
sex steroids on immune cell function are highly contingent on sex
steroid concentration and specific biological context within the
microenvironment [36], highlighting the importance of defining the
mechanisms whereby local, tissue-specific sex steroid production and
metabolism are regulated. Thus, aromatase expression has been
identified in both central and peripheral metabolic tissues [48],
allowing highly tissue- and cell-autonomous regulation of the con-
version of androgens to estrogens.

3. BIOLOGICAL EFFECTS AND CLINICAL RELEVANCE OF
INTRACRINE SEX STEROID PRODUCTION

3.1. Intracrine sex steroids: beyond 17[3-estradiol and testosterone

Whereas 17[3-estradiol and testosterone are the predominant circu-
lating sex steroids, peripheral tissues have an extensive capacity to
produce a broad array of sex steroids and their metabolites. Indeed,
many peripheral cell types have steroidogenic and steroid modifying
enzymes not found in classically steroidogenic tissues. These steroids
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and steroid metabolites may circulate at negligible concentrations but
confer important biological effects within the tissue microenvironment.
Estrogens can undergo sulfonation, generating inactive, water-soluble
metabolites that, importantly, may be converted back to the parent
enzyme by steroid sulfatase. Alternatively, estrogens including estrone
and 17pB-estradiol can undergo hydroxylation and methylation,
generating bioactive metabolites that mediate highly variable and even
opposing effects from both each other and the parent estrogen. Both
synovial and monocyte-derived macrophages produce 16-
hydroxylated steroids [34], and 16-hydroxyestrone was shown to
exert mitogenic and proliferative effects on neighboring synovial cells,
suggestive of a key etiopathogenic role in rheumatoid arthritis [49]. In
contrast, 2-hydroxy-17[-estradiol and 2-methoxy-173-estradiol
confer anti-proliferative and pro-apoptotic effects, suggesting that
differential activity of the enzymes that generate these various estro-
gen metabolites could have profound effects on rheumatoid arthritis
risk and progression. Similarly, estrone and estradiol metabolites exert
discrete effects on cytokine production [49]; thus, 2- and 4-
hydroxylated estrogens were shown to inhibit tumor necrosis factor
alpha (TNFa) secretion from synovial cells, whereas no effect was
found for 16-hydroxylated estrogens [40]. The potential biological roles
of these estrogen metabolites in metabolic tissues are completely
unknown.

Another estrogen that appears to play intracrine and paracrine rather
than endocrine roles is 17a-estradiol. Supporting its intracrine rather
than endocrine function, 17a-estradiol binds ERo but does not bind
sex hormone binding globulin [50]. Once believed to be an inactive
isomer of 17p-estradiol, 17a-estradiol now has well characterized
biological roles. In male but not female mice, 17a-estradiol was shown
to extend lifespan [51], and, in aged male mice, systemic treatment
with 17a-estradiol led to diminished visceral fat mass through both
inhibition of food intake and through selective activation of AMP-
activated protein kinase alpha (AMPKe) in visceral adipose tissue
[52]. Although local production of 17a.-estradiol within brain has been
demonstrated, the synthetic pathways and specific cell types impli-
cated in its production remain incompletely understood [53]. Strikingly,
we have found that 17o-estradiol is the most abundant estrogen
produced in vitro by thioglycolate-elicited peritoneal immune cells
(unpublished observation).

Similarly, locally produced androgens may play important intracrine,
autocrine, and paracrine roles. DHT, converted from testosterone
through 5a-reductase activity, was shown to suppress NFkB activity
as well as downstream IL-6 production in fibroblasts [54]. DHT also
increased cell motility and survival in human peripheral blood mono-
nuclear cells (PBMCs) [55]. The weak androgen DHEA has been shown
to have immunomodulatory effects including regulation of cytokine
production [56]. Further, DHEA can be converted to 7a-hydroxy-DHEA
by the enzyme steroid 7c.-hydroxylase (CYP7B). 7o.-Hydroxy-DHEA has
been shown to counteract the immunosuppressive effects of gluco-
corticoids and augment antibody production and, moreover, may
contribute to disease activity and progression in rheumatoid arthritis
[57]. In all tissues except liver, including immune tissues and cells,
CYP7B is the primary enzyme with 7o-hydroxylase activity, and its
substrates include pregnenolone and androstenediol as well as DHEA
[58]. CYP7B activity is stimulated by TNFa, interleukin 17 (IL-17) and
IL-1B but inhibited by transforming growth factor beta (TGFp) [57],
suggesting potential autocrine signaling pathways through which
macrophage- and lymphocyte-derived cytokines and growth factors
regulate sex steroid modification within the same cell.

In addition to signaling through their cognate receptors, sex steroids
also are key regulators of xenobiotic receptors including constitutive
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androstane receptor (CAR) and pregnane X receptor (PXR) [59]. CAR
and PXR are most highly expressed in liver and play pivotal roles not
only in drug metabolism but also in bile acid, lipid, and glucose
metabolism, rendering their historical designation as xenobiotic re-
ceptors inadequate for capturing the scope of their biological roles
[60]. Notably, a broad spectrum of estrogens and estrogen derivatives
were found to activate PXR, with over half of all estrogenic compounds
tested exhibiting capacity to regulate this receptor [61]. PXR expression
has been identified in monocytes/macrophages and lymphocytes. In
macrophages, PXR activation was found to inhibit NFkB signaling and
TNFa secretion, and PXR also regulates B lymphocyte maturation as
well as T lymphocyte proliferation and activation [62]. Importantly,
endogenous ligands for PXR and CAR are thought only to activate these
receptors at very high concentrations, as could be achieved intracel-
lularly through intracrine production or within the tissue microenvi-
ronment if synthesized sex steroids and their derivatives were secreted
into the extracellular space. Thus, through interaction with these
noncanonical xenobiotic receptors, sex steroids produced through
intracrine pathways could prove to be key regulators of immune cell
energy metabolism. Further, immune cell-derived sex steroids could
activate xenobiotic receptor signaling in neighboring cells, thereby
contributing to the regulation of whole tissue energy metabolism as
well as the catabolism of numerous signaling molecules [59].

3.2. Clinical relevance of immune cell intracrinology

The potential importance of immune cell intracrinology in metabolic
disease is supported indirectly by evidence of its relevance to other
disease states. The biological roles of immune cell steroidogenesis
thus far have been most closely examined in research focused on sex
steroid-dependent cancers and autoimmune disease; thus, local pro-
duction particularly of estrogens by immune cells has been implicated
in the pathogenesis of breast cancer and rheumatoid arthritis [40,63—
65].

In breast cancer research, intra-tumoral production of estrogens has
received considerable attention. Estrogen production in post-
menopausal women primarily occurs in the periphery through con-
version of DHEA, DHEA-S, 4-androstene-3, 17-dione (4-dione), and
estrone sulfate by the collective actions of aromatase, steroid sulfa-
tase, and 17B-hydroxysteroid dehydrogenase (17pHSD) type 1 and
type 7. These steroidogenic enzymes are present both in the malignant
epithelial cells as well as in stromal cells, with estrogens promoting
tumor cell proliferation through both intracrine and paracrine pathways
[66]. In contrast, intra-tumoral production of DHT exerts anti-
proliferative effects on tumor epithelial cells through AR signaling
[66]. Tumor-associated macrophages produce cytokines including IL-
6, IL-4, IL-13, and TNFa. that may contribute to the induction of aro-
matase, 3[-hydroxysteroid dehydrogenase (3BHSD), and 17BHSD
[67,68], and this cytokine-mediated regulation of steroidogenesis has
been proposed as a key pathogenic facet of breast cancer progression
[69].

In addition to promoting estrogen generation in neighboring cells,
tumor-associated immune cells also have been posited to be a critical
source of intra-tumoral estrogens and therefore a critical component of
disease pathogenesis [70]. This model is supported by findings that
breast cancer severity correlated with the degree of aromatase
expression in tumor-associated macrophages [71]. These same au-
thors also showed that THP-1 macrophages were able to induce
proliferation of breast cancer MCF-7 cells in vitro, an effect that was
abrogated by macrophage treatment with an aromatase inhibitor [71].
As found in previous studies, differentiation into mature macrophages
was required for estrogen production and, strikingly, macrophages
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produced estrogens at rates comparable to placenta. Therefore,
macrophages not only may regulate steroidogenic enzyme activity in
neighboring cells but also may be a key source of intra-tumoral es-
trogen production. A complex intracrine-paracrine model of steroido-
genesis in breast cancer has thus emerged, but additional work is
needed to identify the respective predominant steroidogenic pathways
in tumor, stromal, and infiltrating immune cells and to elucidate fully
the mechanisms through which steroidogenic enzyme activity is
regulated.

Immune cell steroidogenesis also has been postulated to play an
important role in autoimmune disorders including systemic lupus er-
ythematosus and rheumatoid arthritis. Some autoimmune disorders
disproportionately affect women, leading to the notion that differential
sex steroid exposure may underlie this sexually dimorphic risk. The
immunomodulatory roles of estrogens in particular have long been
believed to contribute to the elevated risk of autoimmunity among
women, but circulating estrogen concentrations do not differ between
women with rheumatoid arthritis and healthy controls, suggesting that
local rather than circulating estrogen production is a key determinant
of risk [4]. Supporting the importance of local sex steroid production in
rheumatoid arthritis, synovial fluid concentrations of free and total
androgens were significantly lower among rheumatoid arthritis pa-
tients than controls, whereas synovial fluid from these patients
exhibited higher concentrations of conjugated estrogens [65]. These
findings, suggestive of increased local aromatase activity, were further
supported by enhanced conversion of DHEA to estrone and 1703-
estradiol in mixed synovial cell cultures from rheumatoid arthritis pa-
tients relative to healthy controls [65]. Synovial cells from rheumatoid
arthritis patients also exhibited enhanced generation of 16a.-hydrox-
yestrone and 4-hydroxyestradiol but not 2-hydroxyestrone. Though
much of the intracrine research in rheumatoid arthritis has entailed
mixed synovial cell cultures, macrophages and T lymphocytes in
particular have been implicated as both sources and targets of local
sex steroid signaling in this disease. Moreover, estrogen production in
these immune cells has been proposed as a potential mechanistic link
in the clear association between autoimmune disorders and cancer
[72]. Notably, synovial fluid sex steroid concentrations did not differ
between men and women with rheumatoid arthritis, suggesting that
elevated risk for this autoimmune disorder in women does not derive
from sexually dimorphic patterns of steroidogenesis in synovial im-
mune cells.

In addition to risk of autoimmune disorders, sexual dimorphisms also
have been well characterized for immune responses to infection,
trauma, and vaccination. In contrast to findings in patients with
rheumatoid arthritis, sexually dimorphic patterns of immune cell ste-
roidogenesis appear to contribute to sex differences in the immune
response to trauma. In a mouse model of trauma-hemorrhage, for
example, splenic T lymphocytes were found to have altered patterns of
steroid conversion, and, further, these patterns were sexually dimor-
phic. Thus, T lymphocytes from male mice exhibited augmented 5a.-
reductase activity in conjunction with decreased expression of 17[3HSD
type 4, leading to increased DHT availability [73]. Conversely, female
mice in proestrous exhibited higher aromatase expression after
trauma-hemorrhage in association with increased reductase activity of
17BHSD [73].

Immune activation by immunization also has been shown to influence
immune cell steroidogenesis, as immunization challenge increased
3BHSD and 17BHSD enzymatic activity in mouse lymphoid tissues,
although only male mice were studied [74]. Patterns of sex steroid
conversion in immune cells may vary as a function of age, as PBMCs

isolated from older men exhibited higher activity of 17HSD type 5,
with enhanced conversion of DHEA to androstenediol and testosterone
relative to PBMCs from younger men [56]. Thus, extensive future work
is necessary to define the influence of clinical variables including age
and sex on patterns of immune cell steroidogenesis and, in addition, to
identify potential mechanisms whereby altered patterns of immune cell
sex steroid production may contribute to individual susceptibility to
obesity and associated metabolic disorders.

3.3. Intracrinology and metabolic disease
In contrast to research in the fields of autoimmunity and cancer,
metabolism research has yet to examine the possible relevance of
immune cell steroidogenesis to the pathogenesis of metabolic disor-
ders. However, the production of sex steroids within key metabolic
tissues — tissue intracrinology — has been established as a critical
facet of metabolic regulation with characterized roles in energy
metabolism, adipogenesis, and insulin sensitivity. Androgens and es-
trogens play broad metabolic roles in these peripheral metabolic tis-
sues and contribute to the regulation of adipogenesis, lipid and glucose
metabolism, and mitochondrial function [6,9—11]. However, the
tissue-specific regulation of sex steroid synthesis and metabolism
remains poorly understood, and the critical cell types responsible for
local production, modification, and metabolism of sex steroids have yet
to be clearly established.
Adipose tissue is highly enriched in sex steroids, with total concen-
trations estimated anywhere from 2 to 400 fold higher than plasma [5].
Highly variable sex steroid concentrations have been found both
among individuals and in different fat depots within an individual,
underscoring the potential for adipose tissue intracrinology to explain
individual susceptibility to obesity and associated metabolic disorders,
as well as sexual dimorphisms in fat distribution and total adiposity
[5,6]. Thus, differences in intra-adipose sex steroid production could
help explain, for example, the higher risk of obesity in women but the
disproportionate risk of obesity-related comorbidities in men [75].
Adipose tissue comprises numerous cell types, including adipocytes,
pre-adipocytes, leukocytes, and other stromovascular cells including
endothelial cells and fibroblasts. The widespread expression particu-
larly of aromatase in these cell types suggests that all of these cell
populations could contribute to whole tissue regulation of androgens
and estrogens. Increased aromatase activity in adipose tissue has long
been recognized as a feature of obesity, though whether this reflects
an adaptive or pathogenic change remains uncertain. Recently, aro-
matase overexpression in white adipose tissue was shown to enhance
adipogenesis and insulin sensitivity in male mice [76]. Of note, aro-
matase overexpression in this model was under control of the aP2
promoter, which is expressed in macrophages as well as adipocytes,
raising the intriguing possibility that macrophage-specific aromatase
activity contributed to the observed metabolic phenotype.
Extensive androgen metabolism also has been demonstrated within
human adipose tissue in both men and women, and expression and
activity of the steroidogenic enzymes 3BHSD, 3a-hydroxysteroid de-
hydrogenase (3aHSD), 17a-hydroxylase, 17BHSD, and 5a-reductase
have been identified in adipose tissue [5]. Subcutaneous and visceral
adipose tissue depots further exhibit activity of aldoketoreductase 1C
(AKR1c) enzymes, which catalyze both the synthesis and inactivation of
androgens [7]. Androgens exert myriad effects on lipid metabolism,
insulin sensitivity, adipogenesis, and adipokine production within ad-
ipose tissue [77]; consequently, the local synthesis and metabolism of
androgens are key determinants of tissue-specific energy metabolism
as well as the endocrine function of adipose tissue. Notably, changes in
the
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expression of steroid metabolism genes were among the most
prominent changes in adipose tissue gene expression following a
behavioral weight loss intervention in postmenopausal women [78],
further supporting close associations among tissue intracrine function,
energy balance, and adipose tissue remodeling. Importantly, ste-
roidogenic activity in adipose tissue predominantly localizes to the
stromovascular fraction rather than adipocytes [79]. This heteroge-
neous fraction constitutes vascular epithelial cells, fibroblasts, pre-
adipocytes, and immune cells, and the respective contribution of each
cell type to adipose tissue sex steroid concentrations has yet to be
quantified.

The intracrinology of other key peripheral metabolic tissues has also
been demonstrated though has received less attention to date. Skeletal
muscle expression and activity of 5a-reductase, 3BHSD, and 173HSD
have been identified, establishing the capacity for local production of
testosterone and DHT from circulating DHEA. Similar to adipose tissue,
sex steroid concentrations in skeletal muscle may be dissociated from
circulating concentrations [80], and intramuscular concentrations of
17B-estradiol, testosterone, DHT, and DHEA proved independent
predictors of muscle strength and power in women [81]. Estrogen
generation through aromatase activity also has been demonstrated in
skeletal muscle [82], and exercise training has been shown to induce
dynamic changes in steroidogenic enzyme expression [83,84]. Ste-
roidogenic enzyme expression and activity have been identified in liver,
as well, viewed principally through the lens of chronic liver disease
rather than a perspective of energy metabolism [85—87]. As for adi-
pose tissue, the relative contribution of resident immune cells in
skeletal muscle and liver to tissue-specific sex steroid concentrations
remains unknown.

178-estradiol
17a-estradiol

2, 4, 16-hydroxylated estrogens
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Extensive evidence now demonstrates that the phenotype and function
of immune cells in peripheral metabolic tissues are critical de-
terminants of energy balance, adiposity, and systemic insulin sensi-
tivity [43,44,88]. Nonetheless, attention has focused predominantly on
immune cell cytokine production with lesser focus on other nodes of
immune cell function including energy metabolism, growth factor
production, and tissue remodeling. Thus far, virtually no research ef-
forts have examined the intracrine phenotype of immune cells in
metabolic tissues nor possible changes in immune cell intracrine
function that occur in the context of obesity, diabetes, and related
metabolic disorders. The possible intracrine roles of immune cells in
metabolic regulation may be viewed from two discrete perspectives.
First, the generation of sex steroids for signaling within the same cell
could exert effects on cellular differentiation, phenotype, and paracrine
function. Through the regulation of immune cell paracrine function,
intracrine sex steroid production therefore could influence energy
metabolism, insulin sensitivity, as well as steroidogenesis in neigh-
boring cells within metabolic tissues. Viewed from the second
perspective, immune cells could secrete the synthesized sex steroids
and thereby contribute to tissue intracrinology through direct regulation
of tissue-specific sex steroid concentrations (Figure 3). These two
perspectives therefore require simultaneous consideration of the
intracrine/autocrine and paracrine effects of steroidogenesis in im-
mune cells. When integrated, these perspectives also generate an
integrated network of tissue-specific sex steroid regulation that may be
independent of circulating sex steroid concentrations. Thus, immune
cell intracrinology gives rise to @ model wherein immune cells do not
merely respond passively to ambient sex steroids but are critical, local
determinants of the production and metabolism of these signals.

o
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Figure 3: Schematic of the proposed mechanisms by which sex steroid generation in immune cells could confer metabolic effects. Sex steroids could remain within the cell of
origin and act as ligands for cognate nuclear receptors (intracrine signaling). Alternatively, sex steroids could be secreted from the cell and signal through membrane receptors on
the same cell (autocrine effects). As sex steroids have demonstrated roles in regulating immune cell differentiation, proliferation, and production of other paracrine mediators, these
intracrine and autocrine effects could be key regulators of cellular phenotype and function. Further, secreted sex steroids also could exert signaling effects in neighboring cells
(paracrine effects). Estrogens and androgens are important regulators of insulin sensitivity and energy metabolism in key metabolic tissues; thus, tissue resident immune cells
could prove an important source of tissue-specific sex steroid production. Adipocytes and other cell types in adipose tissue also express steroidogenic enzymes including
aromatase, suggesting that sex steroids could be key signals for cellular crosstalk within metabolic tissues.
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4. STEROIDOGENIC CAPACITY OF IMMUNE CELLS

4.1. Immune cells: potential contributors to the intracrine function
of metabolic tissues

Supporting the importance of tissue intracrinology in metabolic regu-
lation, clinical data clearly demonstrate that sex steroid concentrations
within metabolic tissues are not solely determined by circulating
concentrations. Thus, in obese men and women, no correlation was
found between 17[3-estradiol concentrations in plasma and visceral
fat, and disproportionately elevated estradiol concentrations were
found in adipose tissue relative to plasma in obese men [89]. Disso-
ciations also were found between plasma and breast fatty tissue es-
trogen concentrations in women as well as plasma and subcutaneous
adipose tissue estrogen concentrations in healthy men subject to
experimental sex steroid manipulation [12,90]. Consequently, under-
standing the metabolic roles of sex steroid immunomodulation requires
quantification of local, tissue-specific sex steroid concentrations,
identification of the key cell types implicated in local sex steroid pro-
duction, and delineation of the pathways that regulate sex steroid
synthesis and metabolism within metabolic tissues.

4.2. Sex steroid production and metabolism in macrophages and
lymphocytes

Research to date has examined the metabolic effects of sex steroid
receptor signaling in immune cells; however, immune cells are not
merely passive targets of sex steroid signaling; rather, they have the
capacity to actively synthesize and metabolize sex steroids. The ca-
pacity for steroid conversion in immune cells first was demonstrated
over 30 years ago. Conversion of androstenedione to other steroids by
human alveolar macrophages led to the inference of 5o-reductase,
17BHSD, 3BHSD, and 3xHSD activity in these cells [91]. Through
similar methods, activity of these steroidogenic enzymes also was
shown in alveolar macrophages from both male and female guinea
pigs [92]. Conversion of testosterone to DHT was demonstrated in
primary human synovial macrophages, further corroborating 5a-
reductase activity [93]. Another study showed that synovial macro-
phages could convert testosterone to both androstenedione and DHT,
and, remarkably, rates of DHT formation were comparable to those in
prostate cancer cells [94]. Steroidogenic enzyme activity also has been
clearly demonstrated in human macrophages differentiated in vitro
from monocytes, suggesting that sex steroid synthesis occurs in
macrophages across a broad phenotypic spectrum, as would be found
in diverse tissue types due to different microenvironmental contexts
[95,96]. However, patterns of steroid production clearly differ among
these cell types, as monocyte-derived macrophages preferentially
formed A4 and A5 steroids including testosterone, androstenedione,
and androstenediol, whereas synovial macrophages produced more
abundant estrogens, suggestive of higher aromatase activity
[65,95,96]. Aromatase activity appears dependent on cellular differ-
entiation as well as phenotype, as it has been demonstrated in mature
macrophages but not monocytes [95], and aromatase expression was
found in both THP-1 cells and primary monocytes only after differ-
entiation into macrophages [71].

Macrophages also express steroid sulfatase and consequently can
convert DHEA-S, the most abundant circulating adrenal androgen, to
DHEA [97,98], which, in turn, can be converted to androstenedione.
Steroid sulfatase activity also renders macrophages capable of
generating other biologically active sex steroids from their sulfated
derivatives, including conversion of estrogen sulfates to estrone and
17B-estradiol. Therefore, based on evidence to date, macrophages
have the requisite steroidogenic machinery to convert circulating

DHEA, progesterone, 17-hydroxyprogesterone, and androstenedione to
downstream androgens and estrogens, as well as the capacity to
generate active sex steroids from their sulfated derivatives.

T and B lymphocytes also express steroidogenic enzymes. Murine
splenic T lymphocytes exhibited 5o-reductase, aromatase, 33HSD,
and 17BHSD activity, whereas lower rates of steroid synthesis and no
evidence of 17PHSD activity were found in B lymphocytes [73].
Aromatase-dependent conversion of androstenedione further has been
shown in infiltrating lymphocytes in breast cancer [99]. Steroidogenic
enzyme activity in macrophages and lymphocytes has not been
compared directly, although aromatase expression was found to be
substantially higher in macrophages than T lymphocytes [100].

To date, evidence of de novo synthesis of sex steroids from cholesterol
has not been shown for any immune cell type. Interestingly, StAR
expression has been identified in primary murine macrophages as well
as immortalized macrophage cell lines [101]. However, CYP11A1
activity has yet to be identified in macrophages or other immune cells,
leading to the current belief that immune cells are unable to perform
the first enzymatic step of de novo steroidogenesis. In macrophages,
StAR is believed to deliver cholesterol to the inner mitochondrial
membrane for oxysterol rather than sex steroid synthesis [101].
Nonetheless, some evidence exists that StAR may influence steroid
conversion within these cells through regulation of steroid sulfatase
activity [102]. StAR expression and activity, in turn, have been impli-
cated in extensive interactions with cytokines, growth factors,
cholesterol metabolism and flux, and other signaling nodes in mac-
rophages [103—108]. The mechanisms underlying these StAR-
mediated effects remain poorly understood. They may be conferred
through oxysterol production, but the degree to which these effects
may be mediated through regulation of steroid sulfatase activity and
sex steroid conversion has not been determined. Thus, StAR may play
a role in the regulation of macrophage sex steroid production distinct
from its traditional role in steroidogenesis entailing cholesterol delivery
to the inner mitochondrial membrane.

Importantly, numerous immune cell populations now have been
implicated in metabolic regulation, particularly within adipose tissue.
Thus, in addition to macrophages and lymphocytes, mast cells, natural
killer cells, eosinophils, dendritic cells, and neutrophils all have been
shown to influence energy metabolism, adipose tissue remodeling,
and/or insulin sensitivity in metabolic tissues [109—111]. The intra-
crine capacity of these other immune cell types remains unexplored
and constitutes a critical area of future research.

4.3. Regulation of steroidogenic enzymes in immune cells

The signals that regulate sex steroid synthesis and conversion in im-
mune cells remain incompletely understood. Regulation of aromatase
activity has received attention particularly given its modulatory roles in
disease states including rheumatoid arthritis, atherosclerosis, obesity,
and breast cancer. Macrophage aromatase activity is induced princi-
pally by glucocorticoids as well as cytokines including TNFe, IL-1, and
IL-6 through activation of STAT3 [40], whereas 1,25-dihydroxy-vitamin
D was shown to downregulate aromatase activity [112]. Macrophage
steroid sulfatase activity was inhibited by lipopolysaccharide (LPS),
interferon gamma (IFNY’), and TNFe but not IL-1, IL-6, or TGF[3 [97]. In
other cell types, steroidogenic enzyme expression has been shown to
be regulated by growth factors including insulin-like growth factor 1
(IGF-1) and insulin as well as lipoproteins, cyclooxygenase-2, and
arachidonic acid [113—118], though these regulatory pathways have
yet to be demonstrated specifically in immune cells.

Sex steroids also have been implicated in the regulation of steroidogenic
enzymes in immune cells. Thus, in male mice, castration inhibited 5a.-
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reductase activity and enhanced 17BHSD oxidative activity in T lym-
phocytes, indicating decreased production and increased catabolism,
respectively, of DHT [119]. These findings suggest that 5a-reductase
and 17BHSD activity are regulated, at least in part, by the availability of
circulating testosterone. Further, this reduction in DHT exposure asso-
ciated with enhanced T lymphocyte production of IL-2 and IL-6 sub-
sequent to trauma-hemorrhage. In mixed synovial cell cultures,
treatment with testosterone was found to inhibit aromatization and favor
formation of DHT, and testosterone treatment nearly completely abro-
gated aromatase activity [96]. Importantly, androgen inhibition of aro-
matase activity is concentration-dependent and may occur only at
higher concentrations [120]. In contrast, treatment with DHEA promoted
aromatase activity and formation of estrone, 173-estradiol, and estriol
as well as formation of 16a.-hydroxy steroids. Notably, DHEA has been
found to both inhibit [95] and promote [96] aromatase activity in different
types of macrophages, underscoring the importance of cellular
phenotype and biological context in influencing the regulatory effects of
discrete signals on sex steroid production.

The regulation of intracrine function in microglia, resident macro-
phages of the central nervous system, has been studied extensively.
Systemic administration of LPS to mice reduced microglial expression
of 5o-reductase, 17BHSD, and StAR in vivo, whereas these ste-
roidogenic proteins were upregulated in vitro by combined treatment
with LPS and IFNY [121]. Aromatase expression was not identified in
isolated microglia, again highlighting that intracrine capacity may vary
as function of cellular differentiation and phenotype. The same authors
also demonstrated that microglia do not express CYP11A1, suggesting
that, unlike other types of glial cells, microglia are not able to syn-
thesize sex steroids de novo from cholesterol.

Collectively, these findings suggest a broad network of signaling nodes
that interact with sex steroid production and metabolism, although
additional work is needed to fully delineate the mechanisms that
regulate intracrine function specifically in immune cells. In particular,
steroidogenic pathways appear to intersect with cytokine and growth
factor signaling as well as lipid and cholesterol metabolism, suggesting
elaborate intracrine and autocrine signaling networks that could be
critical for the exquisite regulation of immune cell phenotype and
function (Figure 4).

5. FUTURE DIRECTIONS AND CONCLUSIONS

A vast spectrum of sex steroid mediators can be produced through
immune cell intracrinology, and these mediators can influence the
phenotype and function not only of the cell of origin but also of sur-
rounding cells through paracrine actions. Extensive future work is
required to delineate the kinetics and regulation of the production,
secretion, and metabolism of these sex steroids and their derivatives to
understand the full spectrum of biological roles of each respective
mediator. After a period of prolonged quiescence, this area of inves-
tigation is reemerging in a new era in which mass spectrometric ap-
proaches are available for quantification of low abundance steroids and
kinetic modeling of steroidogenic enzyme activity, finally offering the
methodologic means of reinvigorating this field of immunobiology
[122]. These state-of-the-art quantitative methods allow performance
of metabolic flux studies using physiologically based pharmacokinetic
modeling that has been applied in other fields to elucidate complex
metabolic pathways including retinoic acid metabolism [123—125].
Thus, a critical future direction in immune cell intracrinology will be the
novel application of these methods to better understand how patterns
of sex steroid production, metabolism, and secretion vary as a function
of cellular phenotype, as well as how immune cells contribute to whole
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Figure 4: Reciprocal regulation of steroidogenic enzymes and other signaling nodes.
Cytokines, prostanoids, and growth factors regulate the expression and/or activity of
steroidogenic enzymes, and sex steroids, in turn, have been shown to regulate the
production of these autocrine and paracrine mediators. Similarly, many nuclear re-
ceptors act as both regulators of steroidogenic enzymes and targets of sex steroid
signaling. Thus, sex steroid generation may be a central facet of immune cell
phenotype and function.

tissue and systemic sex steroid regulation. This strategy allows a
systems biology approach to understanding tissue- and cell type-
specific intracrinology, as opposed to historical focus on the activity
of a single steroidogenic enzyme in isolation.

Peripheral tissues exhibit multiple pathways for the production of sex
steroids that extend beyond those present in classically steroidogenic
tissues. An intracrine perspective mandates attention to an expanded
scope of sex steroids as well as their metabolites and modified forms,
rather than restricted focus on the predominant circulating species.
Thus, steroids including pregnenolone, modified estrogens, and 170.-
estradiol have no described endocrine function but nonetheless could
perform critical intracrine and paracrine roles in metabolic regulation.
Accordingly, the entire repertoire of steroidogenic enzymes and
pathways requires delineation in each respective immune cell type,
including careful assessment of the capacity for de novo steroido-
genesis in immune cells. To date, sex steroid production has not been
demonstrated in immune cell types other than monocytes/macro-
phages and lymphocytes. Notably, however, intracrine capacity in
neutrophils is supported by recent evidence that these cells highly
express 110-hydroxysteroid dehydrogenase type 1 and therefore are
able to synthesize corticosterone and cortisol [126].

Another critical area of future research will be determination of
possible sexual dimorphisms that may in part explain sex differences in
total adiposity, body fat mass distribution, and risk of obesity-
associated complications. Sexual dimorphisms may exist in whole
tissue endocrinology, in the metabolic roles of immune cells, as well as
specifically in immune cell intracrine function. Immune cell intra-
crinology underscores the importance of recognizing marked discord
between circulating and local, tissue-specific sex steroid concentra-
tions [48,127] and therefore cautions against the measurement of
plasma sex steroid concentrations as an index of sex steroid signaling
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Review

in metabolic tissues. Further, the relative contribution of immune cells
to total tissue concentrations of all of these sex steroid species remains
to be determined. Finally, interfaces between immune cell intra-
crinology and myriad other facets of immune cellular function must be
clearly defined in order to fully delineate the respective intracrine/
autocrine and paracrine roles of immune cell intracrine function in
metabolic regulation.

Despite the many challenges that historically have impeded progress in
understanding the physiologic and pathologic implications of immune
cell intracrinology, current efforts now benefit from mass spectro-
metric methods that offer unprecedented ability to address these
unanswered questions. Immune cell intracrinology may prove a
completely novel and integral facet of metabolism research.
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