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Increasing knowledge on the regulation of
immune responses over the past decade has
made it clear that the immune system is
involved in complex interactions with most, if
not all, of the biological systems responsible
for normal homeostasis. The evidence for
important interplays between the immune and
endocrine systems has launched the whole new
field of neuroimmunoendocrinology which has
attracted the interest of scientists and clinicians
alike. The mechanisms involved in the inter-
actions between adrenal and gonadal steroids
and the immune system are poorly understood,
however, and further clarification could have
important implications in the understanding
of the pathogenesis and treatment of auto-
immune diseases.

Gender dimorphism in immune
responses

Human and experimental autoimmune diseases
present marked gender differences. In humans,
females are more commonly affected, with a
female to male ratio that varies widely: 2—4:1
in rheumatoid arthritis, 5-13:1 in systemic
lupus erythematosus, 3:1 in scleroderma, 9:1
in Sjogren’s syndrome, 4-8:1 in Graves’
disease.! 2 Similar gender related differences in
susceptibility to autoimmune diseases are
observed with a large number of experimental
models,> and are attributed to the well
established gender dimorphism in immune
responses—a subject that has been object of
increasing interest over recent years, reflected
in a number of excellent reviews.>? Overall,
females have stronger humoral and cellular
immune responses than males. Female animals
from different species have higher serum
concentrations of immunoglobulins® and show
a greater and more sustained production of
antibodies after immunisation and infection.! ’
Cell mediated immune responses are also
stronger in females, as demonstrated by a more
efficient rejection of allografts® and relative
resistance to immunotolerance.’

Sex hormones play a central role in this
gender dimorphism. Gender differences in anti-
body production become apparent only after
sexual maturity'® and are greatly reduced by
gonadectomy.!! Oestrogens have been shown
to stimulate the B cell response, while both
androgens and progesterone depress it.'?!?
Skin graft rejection time is reduced by
gonadectomy in both male and female mice,®
while treatment with oestrogens, androgens,
and progesterone results in delayed transplant

rejection and depressed tumour-associated

immunity in animals and humans.’*® A

thorough discussion of the vast evidence for

immunomodulatory effects of sex steroids in

both animals and humans can be found in the -
reviews cited above. Overall, oestrogens depress

T cell mediated and stimulate B cell mediated

immune responses, while progesterone and

androgens depress both components of the

immune system.?

There are a few experimental examples of
gender differences in autoimmune diseases
which are dependent, not on sex hormones,
but on sex chromosome linked immune mech-
anisms. The male BXSB mouse susceptibility
to lupus like disease is related to the Y
chromosome linked ‘autoimmune accelerating’
yaa gene which is, intriguingly, capable of
suppressing collagen induced arthritis, another
model of autoimmune disease.'®

The pathogenic relevance of the immune
effects of sex steroids is illustrated by their
influence on experimental and human auto-
immune diseases. Androgens reduce and
oestrogens enhance the incidence and severity
of experimental murine lupus.!” '® Similarly, in
human SLE, oral contraceptives have been
associated with disease exacerbation,'® whereas
the androgen analogue danazol offers some
degree of benefit.?® Orchidectomy increases
and androgens decrease the susceptibility of
male rats to autoimmune thyroiditis,?* whereas
administration of oestrogen increases the
production of antibodies against injected
thyroglobulin.?? Androgens were also shown
to reduce the incidence of autoimmune
haemolytic anaemia in mice? and rats,?* and to
decrease the severity of experimental Sjogren’s
syndrome-like lesions in mice.?> The relative
resistance of male Lewis LEW/N rats to
streptococcal cell wall induced arthritis is
abolished by castration and treatment with
oestradiol.? Interestingly, oestrogens have ben-
eficial effects in a number of T cell dependent
experimental diseases such as collagen induced
arthritis,”” adjuvant induced arthritis,”® and
experimental autoimmune encephalitis.?®

We have recently performed a series of
studies on the effects of sex hormones using
an in vivo model of inflammation induced
cartilage degradation in BALB/c mice. This
model allows the quantitation of cartilage
destruction by juxtaposed cotton-induced
granulomatous tissue, the development of
which is T cell dependent.*® ! We have demon-
strated that female mice degrade cartilage
faster than males and that gonadectomy was
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associated with accelerated cartilage destruction
in both males and females, demonstrating a
protective role for sex hormones in both
sexes.’? QOestrogen replacement in castrated
females completely reversed the effects of
ovariectomy and treatment with physiological
concentrations of androgens resulted in signifi-
cant cartilage protection in both castrated
males and females. Beneficial effects of sex
hormones were also recently reported in human
rheumatoid arthritis (RA), both with oestrogen
replacement in postmenopausal women® and
with androgen therapy in male patients.>

In summary, females have a stronger
immune reactivity than males which is trans-
lated in a higher susceptibility to a variety of
autoimmune diseases. Decrease in circulating
androgens as a result of orchidectomy increases
male susceptibility, an effect reversed by
androgen administration. Oestrogens, in con-
trast, can enhance autoantibody production,
thereby increasing the severity of diseases
depending on B cell hyperactivity, but they
have also been shown to suppress experimental
diseases mediated by T cells.

The mechanisms involved in sex hormone
interaction with the immune system are
complex and poorly understood.’ ** In vitro
studies have demonstrated the potential for
direct effects of sex hormones on immuno-
competent cells. Oestrogens have been shown
to suppress mitogen and antigen induced
stimulation of T cells and depress T cell
suppressor activity.!? !° 3 Testosterone and
progesterone inhibit mitogen induced lympho-
cyte proliferation and enhance T cell
suppressor activity.>’>° Sex hormones have
also been shown in vitro to modulate the
production of a variety of cytokines involved
in immune responses, including interleukin
dL)-1,% 4 IL-6,%? IL-2,** IL-4, IL-5, inter-
feron gamma,** and transforming growth
factor B (TGFp).* The possibility of direct
effects of sex hormones on the immune system
is also supported by the evidence of oestrogen
réceptors in human synovial macrophages*
and peripheral CD8 lymphocytes, although
not in the helper/inducer subset.*” *® Androgen
receptors have also been described in human
thymocytes, but not in peripheral lympho-
cytes.*? 4" However, the binding of sex steroids
was very low in these reports and studies using
monoclonal antibodies to sex steroid receptors
have failed to demonstrate receptors in lympho-
cytes.> Despite these interesting findings
in vitro, caution should be used in their inter-
pretation, as supraphysiological concentrations
were used in most of these studies'? !> and
oestradiol has been shown to have variable or
even opposing results upon lymphocytes,
depending on concentration.?! The potential
importance of carryover effects from in vivo
concentrations of sex steroids upon cultured
cells cannot be excluded® and the presence of
sex hormones in fetal calf serum used in cell
culture is seldom accounted for.

The actions of sex hormones on the immune
system in vivo may be essentially indirect,
mediated by interactions with other immuno-
modulatory factors such as the thymus

hormones, growth hormone, and prolactin.
Treatment of rats with high doses of sex
hormones results in marked atrophy of the
thymus®® and several lines of evidence suggest
that effects of sex hormones in this gland
may contribute to their actions on the immune
response: a) oestrogens reduce and testos-
terone enhances the production of thymic
hormones (such as thymulin) involved in intra-
thymic T cell differentiation;>' *2 b) CD4 and
CD8 thymic cells are depleted by oestrogen
treatment;>® and c) the thymus was shown to
be indispensable for some of the immune
effects of sex steroids in vivo.!' ** Growth
hormone and prolactin have important
immunostimulatory effects. Growth hormone
has been shown to stimulate delayed cutaneous
hypersensitivity reactions, helper cell function
of thymocytes, and haemaglutinin titres in
hypophysectomized animals.”® *® It is con-
sidered essential for macrophage development
and function.”” Female animals have greater
basal concentrations and lower pulse heights of
growth hormone than males,’® probably as a
result of higher levels of oestrogens and proges-
terone.” ® Prolactin has been demonstrated
to reconstitute humoral and cell mediated
immune responses in hypophysectomized
animals®® ¢! and prolactin concentrations are
again greater in the female as a result of the
stimulating effects of oestrogens on its
secretion,®> whereas dihydrotestosterone has
the opposite effect.®> The influence of sex
steroids on the production of thymic hor-
mones, growth hormone, and prolactin have all
been integrated in complex interaction
schemes proposed to explain the gender
dimorphism and influence of sex hormones in
the immune system.* * Figure 1 presents a
simplified diagram of these interactions.

Given the potent immunosuppressive and
anti-inflammatory effects of glucocorticoids,
the potential interference of sex hormones with
the hypothalamus-pituitary-adrenal (HPA) axis
could have particularly important implications.
However, the possibility that immune effects of
sex steroids in vivo may be related to inter-
actions with the adrenal response is scarcely
addressed in the literature and mostly ignored
in reviews.? 3° 64 6

Glucocorticoids are the main endogenous
anti-inflammatory agents in vivo, interfering
with virtually every step of immune and
inflammatory responses, " and are commonly
used in the treatment of autoimmune diseases.
The physiological circadian variation of cortisol
has been implicated in the diurnal fluctuation
of the symptoms of RA.%8 ®° Symptomatic auto-
immune thyroid disease has also been reported
following adrenalectomy for Cushing syndrome
in women.” The importance of endogenous
glucocorticoids in the control of immune
conditions is also exemplified by the increased
mortality associated with adrenalectomy in rats
with experimental allergic enchephalomyelitis.”
Investigations using the cotton pellet model
of cartilage degradation have shown that
glucocorticoids reduce the development of
granulomatous tissue and induce a significant
protection of cartilage.” 7
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Figure 1 Proposed mechanisms for sex hormone interactions with the immune system,
including direct effects on immunocompetent cells and actions upon growth hormone,
prolactin, and thymus functions. Prog = progesterone; GH = growth hormone.

Changes in the physiological regulation of
the glucocorticoid response to inflammation
could, therefore, have very important conse-
quences for both experimental and human
disease. Moreover, potential interactions of sex
hormones with the glucocorticoid pathways
could have far reaching implications in under-
standing the marked predominance of female
patients in almost all autoimmune diseases.

The aim of the following sections is to review
the evidence that interaction with the HPA axis
may play an essential role in the immuno-
modulatory effects of sex hormones in vivo,
and to explore the potential consequences in
the pathogenesis and treatment of human
disease.

Sex hormones influence the HPA axis in
experimental animals
There is extensive experimental evidence
demonstrating important effects of sex hor-
mones upon glucocorticoid levels in animals,
especially rodents. Female rats and mice have
greater basal concentrations of circulating
corticosterone, greater corticosteroidogenesis
in adrenal slices ex vivo and greater circulating
concentrations of transcortin, compared with
males.”*"” Females have a greater glucocorticoid
response to a variety of stresses, including ether
anaesthesia and physical restraint.”®%°

These gender differences can be directly
attributed to sex hormones. Plasma concen-
trations of corticosterone have been shown to
fluctuate during the oestrus cycle of females,
being higher during the pro-oestrus (maximal
oestradiol concentration).” " 8! QOvariectomy
results in depressed basal and stimulated con-
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centrations of circulating glucocorticoids, to
values similar to those of intact males.
Conversely, orchidectomy results in greater
corticosteroid responses to a variety of
stresses.”” 8 82 83 Replacement of oestradiol in
ovariectomized females induces an increase in
baseline and stimulated concentrations of
corticosterone, while androgens have the
opposite effect, reducing the glucocorticoid
response to activating stimuli.”” 7 82

Oestrogens and androgens have been shown
to influence the output of adrenocorticotrophic
hormone (ACTH) by the pituitary.®> 3¢ The
male and female pituitary contain similar
numbers of ACTH immunoreactive cells.®
This suggests that there is a difference either
in the secretion of corticotrophin releasing
hormone (CRH) by the hypothalamus®? 8 % or
in the sensitivity of the pituitary to CRH.% 8
In fact, both oestrogens and androgens have
been shown to modulate the expression and
sensitivity of glucocorticoid receptors in the
hippocampus and pituitary.® ° Recent investi-
gations support the concept that oestrogens
increase the responsiveness of the HPA axis by
downregulating the negative feedback of gluco-
corticoids upon the hypothalamus.’’ Overall,
the effects of sex hormones upon the HPA axis
seem to be mediated through the hypothalamic
production of CRH. The possibility that sex
hormones affect not only cortisol secretion but
also its catabolism has not been addressed in
the literature.

SEX HORMONES AND GLUCOCORTICOID
RESPONSE TO INFLAMMATION

Immune and inflammatory reactions elicit a
systemic reaction which includes an increase in
glucocorticoid secretion which, in turn, tends
to downregulate the immune and inflam-
matory response. The mechanism by which
inflammation activates the HPA axis is
complex, but cytokines, such as IL-1, IL-6
and tumor necrosis factor alpha (TNFa)
(all detectable in serum during the acute phase
response) are thought to play a central role in
stimulating CRH production by the hypo-
thalamus, thereby inducing glucocorticoid
secretion by the adrenals.®” *> IL-1 may also
directly stimulate corticosteroid production by
the adrenal gland®* and ACTH is also released
by activated lymphocytes during immune
reactions.”

Given that sex hormones have been shown
to affect the HPA axis directly but also to
influence immunocompetent cells and cytokine
production, the overall effect of sex steroids on
the glucocorticoid response to inflammation
could derive from actions in either or both
sides of this equation.

We have recently performed a series of
investigations addressing the issue of gender
dimorphism in the HPA axis and its response
to inflammation. Using cotton induced
granulomatous reaction in mice as a model of
chronic inflammation, we have demonstrated
that the glucocorticoid response to inflam-
matory stimuli is affected by the same gender
differences and effects of sex hormones as



Sex hormones and immune response

—~ 100

g i

g’ 80 %* % *
P I
5

§ 60 —

& 4

8

= 40

g +4++

o 7] T

€ 20

E

5 4

5 )

Figure 2 Effects of gender and gonadectomy on
corticosterone concentrations in the presence of cotton
wrapped implants in BALB/c mice. Serum was collected
under stress free conditions from sham operated and
gonadectomised male and female mice three weeks after they
recetved two subcutaneous implants of cotton wrapped male
femoral head cartilages from male Wistar rats. Serum
corticosterone was measured. Results are expressed as mean
values with SEM bars; n = 26 to 28 for all groups.

= Quariectomy; O = orchidectomy; B = female sham;
O = male sham. ***p < 0-001 v female sham;

*xp < 0-001 v male sham (ANOVA).

previously described in response to ether and
other non-inflammatory conditions.** In the
presence of granulomatous reaction, females
had greater corticosterone concentrations than
males, ovariectomy resulted in a diminished
glucocorticoid response, while castrated males
had greater glucocorticoid concentrations than
intact males (fig 2). Androgen treatment
decreased glucocorticoid concentrations in
both males and females, while hormone replace-
ment in castrated female mice enhanced the
glucocorticoid response.

To clarify if these observations were the
result of changes in cytokine release by the
inflammatory tissue, we attempted to measure
the serum concentrations of IL-1 in these
animals. Unfortunately, these were persistently
below the detection limit of our assay. How-
ever, granulomatous tissue from females had a
greater content of IL-la than those from
males, and orchidectomy was associated with
increased concentrations of this cytokine in the
inflammatory tissue from males.*? Similarly,
resident peritoneal macrophages from female
mice were shown to produce significantly
greater amounts of IL-1 when cultured ex vivo,
than those from males.®® This would suggest
that modulation of cytokine production may
play a role in modulation of the glucocorticoid
response by sex steroids. To investigate direct
effects of sex hormones on the HPA axis
response to inflammatory mediators, sham
operated and castrated male and female
mice were injected with either saline or IL-13
(125 pg/kg) and serum concentrations of
corticosterone were assessed two hours later.

Summary of the effects of ovariectomy and orchidectomy (v sham operated female and male
mice, respectively) upon inflammatory tissue and glucocorticoid response’® %0 %6 193

Owariectomy Orchidectomy

Inflammation-induced cartilage degradation

Granulomatous tissue IL-1

Corticosterone response to inflammation

Corticosterone response to IL-1

———
—_—— — —

All animals injected with IL-1 had a marked
increase in glucocorticoid levels and, again, the
response was greater in females, decreased by
ovariectomy in females and increased by male
castration, reproducing the pattern seen in
chronic inflammation.

Such observations show that sex hormones
may change the glucocorticoid response to
inflammation by directly affecting the HPA
axis responsiveness to activating stimuli.
Changes in the production of cytokines may
also contribute to these effects. Given that
cytokine production by the granulomatous
tissue is also affected by endogenous gluco-
corticoids, discussion of these mechanisms
risks a circular argument. However, inter-
pretation of the simultaneous effects of sex
hormones upon glucocorticoid concentrations,
cartilage degradation and production of IL-1 in
this model may help clarify the interactions.
The table summarises results from such a
series of experiments. They actually lead to the
concept that oestrogens and androgens affect
the glucocorticoid response to inflammation,
not only in opposite directions, but also
through different mechanisms.

Ovariectomy resulted in increased release
of IL-la by granulomatous tissue,’® which
coincides with the observation that human
ovariectomy is followed by an increased
secretion of IL-1 and TNFa by peripheral
blood mononuclear cells, an effect reversed by
hormone replacement.’” Ovariectomy also
resulted in decreased concentrations of gluco-
corticoid. If the actions on inflammatory cells
were the primary phenomenon, an increase in
glucocorticoids should be expected in response
to greater concentrations of cytokines released.
These observations support the concept that
oestrogens influence the inflammatory process
through the release of corticosteroids and that
the HPA is the primary site of oestrogen
influence in vivo. A similar mechanism may
underly the immunosuppressive effects of
female sex hormones in vivo. In fact, overall
effects of glucocorticoids upon the immune
system in vivo are similar to those attributed to
oestrogens: they also depress T cell mediated
responses but may actually increase immuno-
globulin production at physiological concen-
trations.®® °® Actions of oestrogens upon the
thymus in vivo are also markedly similar to
those of glucocorticoids.*

This hypothesis has been sparsely addressed
in the literature. Toivanen ez al*® reported that
the protective effects of oestrogens on adjuvant
induced arthritis were also observed in
adrenalectomised rats. However, the animals
were maintained on supraphysiological con-
centrations of both corticosterone and oestrone,
making interpretation of the results difficult.
Recently the effect of oestrogen upon in vivo
leucocyte production and trafficking in mice
was found to be independent of endogenous
glucocorticoids,” but the authors monitored
only cortisol, a steroid of minor importance in
rodents.!®

In contrast, the lesser production of IL-1 by
granulomatous tissue and peritoneal macro-
phages in males suggests that androgens may
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act primarily at the inflammatory site, reducing
the production of inflammatory mediators that
reach and activate the hypothalamus. This is
supported by the observations of an increased
production of IL-1 by granulomatous tissue in
castrated males, coinciding with increased
circulating concentrations of glucocorticoid. If
the actions of androgens on the HPA axis were
the primary phenomenon, a reduction in IL-1
production and cartilage damage would be
expected in response to higher levels of corti-
costerone in castrated males.

It is not clear how androgens bring about this
effect in inflammatory tissue. In our experi-
ence, orchidectomy does not significantly
influence the ex vivo release of IL-1 by resident
mouse peritoneal macrophages.®® However,
macrophages in an inflammatory environment
may show a different response, and the com-
plex interactions that surround these cells in
inflammatory tissue provide a large number of
pathways for indirect modulation, for example
through T cells and lymphokine production.**
The possibility of direct action by androgens
on these cells is supported by the recent
description of androgen receptors in macro-
phage like cells in normal and rheumatoid
synovia'® and in cotton induced granulo-
matous tissue.*> This would suggest a direct
anti-inflammatory role for androgens, supported
by the previous findings of reduced inflam-
mation and cartilage erosion after intralesional
administration of testosterone in models of air
pouch and antigen induced arthritis in mice.!%?
Androgens have also been shown to ameliorate
RA in male patients, an effect associated with
a significant increase in circulating CD8
lymphocytes.**

Overall, both female and male sex hormones
have the ability to reduce immune responses
and to protect cartilage from inflammation
induced degradation. However, while oestrogens
increase the glucocorticoid response to a
variety of inflammatory and non-inflammatory
stimuli, androgens have the opposite effect—
they depress glucocorticoid levels. Taken
together, these observations support the
concept that the immunosuppressive effects of
oestrogen in vivo may be mediated, at least in
part, by their ability to enhance the gluco-
corticoid response. In contrast, similar
immunosuppressive actions of androgens are
probably independent from glucocorticoids.
Figure 3 presents a simplified diagram of the
pathways for interaction between androgens
and oestrogens with the immune and gluco-
corticoid response proposed here.

POSSIBLE GENDER DIFFERENCES IN THE
SENSITIVITY TO GLUCOCORTICOIDS

This becomes pertinent in face of the evidence
that females, despite having greater levels of
glucocorticoid, show a stronger immuno-
reactivity, produce greater amounts of IL-1
and show a greater ability to degrade articular
cartilage by juxtaposed inflammatory tissue.
This raises the possibility that glucocorticoids
are more effective in male than in female
animals.
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Figure 3  Proposed mechanisms for differential interaction
of androgens and oestrogens with the immune and
inflammatory response.

To investigate the hypothesis further, we
assessed the effects of adrenalectomy on
granuloma induced cartilage degradation in
male and female mice (fig 4). Adrenal-
ectomised females showed accelerated
cartilage destruction compared with intact
females. The effects of adrenalectomy were
similar to those of ovariectomy. In practice, the
ovariectomy works as a partial adrenalectomy,
because of the loss of the priming actions of
oestradiol on the HPA axis. However,
adrenalectomy failed to induce any significant
change in cartilage destruction in males,
whereas orchidectomy consistently resulted in
more severe cartilage damage. These obser-
vations suggest that endogenous gluco-
corticoids are more important in controlling
inflammation in female than in male animals.
Androgens, however, seem capable of reducing
inflammation to a greater extent than endogen-
ous glucocorticoids, given that orchidectomy
accelerates cartilage destruction and increases
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Figure 4 Effects of adrenalectomy on inflammation
induced cartilage degradation in male and female mice.
BALBY/c mice recetved a subcutaneous implant of cotton
wrapped femoral head cartilages immediately after
adrenalectomy () or sham operation (). Implants
were recovered for analysis three weeks later and
glycosaminoglycan (GAG) loss from cartilage calculated by
comparison with frozen controls. **p < 0-01 v female sham
(ANOVA).
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IL-1 production by granulomatous tissue,
despite resulting in circulating concentrations
of glucocorticoids that are similar to those
observed in intact females.%° We also found that
androgen treatment of castrated females
and males resulted in significant cartilage
protection and reduction of tissue IL-1,
despite reduced levels of endogenous gluco-
corticoids.’® ' Moreover, the facts that male
animals show a weaker immune response
despite having smaller concentrations of corti-
costeroids, and that orchidectomy results in
enhanced immune response despite increasing
glucocorticoid levels, suggest that endogenous
androgens are more effective than endogenous
corticosteroids in the control of the immune
response in the male animal.

Overall females seem to be more dependent
on glucocorticoids than males to control
inflammatory and immune responses.

How could this be explained? It is
possible that direct immunosuppressive and
anti-inflammatory effects of androgens in
males result in a lesser degree of inflam-
mation and, therefore, a reduced need for
endogenous glucocorticoid actions. Alterna-
tively, it could be suggested that glucocorticoid
effects are either antagonised in females
or potentiated in males, probably by sex
hormones.

One hypothesis encompassing these different
observations is that androgens may potentiate
glucocorticoid effects both at the hypo-
thalamus and at the inflammatory site. Such
actions upon the hypothalamus would justify
the reduction of corticoid secretion in all of the
three systems used (granuloma, IL-1, and
ether) by potentiation of the negative feedback
of glucocorticoids. Potential synergy at the
inflammatory site could account for the pro-
tection of cartilage and decreased production
of IL-1. The findings that adrenalectomy did
not result in accelerated cartilage damage'in
males would argue against this possibility, as
the adrenals are the only recognised source of
glucocorticoids. However, prolonged experi-
ments with adrenalectomy are always associated
with a high mortality rate. The levels of corti-
costerone are not routinely assessed to verify
the efficiency of the operation. This raises the
possibility that the animals that survive (those
for which results are included in the final
analysis) are actually the ones with incomplete
adrenalectomy resulting in diminished, but not
absent, circulating glucocorticoids. If this is the
case, it is conceivable that the potentiation of
the remaining corticoids could be enough to
afford cartilage protection in adrenalectomised
males with intact gonads. This possibility is not
taken into account in most published reports
on the effects of adrenalectomy upon different
experimental systems.

A potential antagonism between oestradiol
and glucocorticoids is also compatible with some
of the results revised above. Such antagonism
is demonstrated at the hypothalamic level by
the reduction of the glucocorticoid negative
feedback induced by oestrogens.”’ A similar
effect at the inflammatory site could result
in increased production of mediators, which
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would then act on a hypothalamus with
diminished negative feedback. However, the
fact that ovariectomy resulted in increased
production of IL-1 by the granulomatous
tissue, but decreased corticoid secretion,
suggests that any potential peripheral
antagonism is of less importance than the
hypothalamic changes.

Evidence for direct interactions between sex
hormones and glucocorticoids outside the
hypothalamus is scarce. Additive or potentiating
effects of androgens and corticosteroids have
been demonstrated using human breast cancer
cell lines,'® rat ovary granulosa cells'® and
salivary glands of the rat,'® but no reports
regarding immunocompetent cells could be
found. Testosterone does not interact with
glucocorticoid receptors.'?” 1% However, the
glucocorticoid, androgen, and progesterone
receptors share a high degree of homology in
humans,'® translated into the competitive
binding of molecules such as the antiandrogen,
cyproterone.'!® It is conceivable, therefore, that
androgenic steroids, other than testosterone,
could activate glucocorticoid receptors. The
potency of glucocorticoid effects in the absence
of interacting substances depends on the
number of receptors in the target cell.!!!
Sex related differences in the expression
of glucocorticoid receptors have been reported
in rats. Females have fewer receptors in
the pituitary,®® liver, and thymus''>—an
effect dependent on oestrogens. Androgens,
including testosterone ciprionate, have been
shown to increase glucocorticoid receptor
expression in the hipoccampus of adrenal-
ectomised rats.''*> Dihydrotestosterone has
been reported to modulate the expression of
glucocorticoid receptors in the thymus and
bursa of immature chickens.!'* Post-receptor
mechanisms could also be involved. Gluco-
corticoids and androgens share the same
hormone response element in sensitive
genes,''” suggesting that these hormones
may have synergising effects upon gene
expression. An example of such inter-
actions is given by investigations of the
hormone regulation of chloramphenicol
acetyltransferase gene expression.!'® The
possible interactions between sex steroids
and glucocorticoids on inflammatory and
immune mechanisms seem worthy of further
investigation.

Potential implications of gender HPA
dimorphism in human inflammatory and
autoimmune diseases

To discuss the potential importance of the sex
hormone effects upon the HPA axis in human
immune and inflammatory diseases, two main
questions will be addressed: is there any
evidence for the involvement of HPA axis
dysfunction in the pathogenesis of these
conditions, and is this gender dimorphism in
glucocorticoid response also observed in
humans? This discussion will be centred
around models of experimental arthritis and
human rheumatoid disease, which have been
more extensively investigated.
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DISREGULATION OF ENDOGENOUS
GLUCOCORTICOIDS AND AUTOIMMUNE DISEASE
A pathogenic role of HPA axis dysfunction has
been clearly demonstrated in a large number of
experimental models of autoimmune diseases.
The Lewis LEW/N rat has a remarkable
susceptibility to a large variety of experimental
autoimmune diseases, in contrast with other
histocompatible strains. After repeated injections
of streptococcal cell walls, the female Lewis rat
develops an arthritis characterised by a rapid
onset acute phase followed by a chronic
proliferative and destructive course which
mimics human RA.!' In contrast, the histo-
compatible Fisher rat (F344/N) develops only
a mild and transient acute phase without
chronic inflammation. A series of studies
have demonstrated that these differences are
attributable to an innate inability of the
LEW/N rat to generate an appropriate gluco-
corticoid response to the immune and
inflammatory challenge,!'® resulting from a
deficient production of corticotrophin releasing
hormone by the hypothalamus.!!® The deficient
glucocorticoid response was demonstrated in
response to different activating stimuli,
including IL-1.""® In contrast, the Fisher rat
shows a strong glucocorticoid surge after
immune challenge but develops severe experi-
mental arthritis if treated with the steroid
antagonist RU 486.!"® Conversely, treatment
of the LEW/N rat with physiological doses of
glucocorticoids resulted in attenuated arthritis,
with a pattern similar to that of the untreated
Fisher rat. Similar findings have been reported
regarding other autoimmune diseases and
different animal species.'?° !?!

The first suggestion that similar mechanisms
could be operating in human disease was given
by the finding of an increased incidence of
arthritis in females with panhypopituitarism.!?

Rheumatoid arthritis has been associated
with abnormalities in cortisol secretion and
function. Most published studies of cortisol in
RA patients have reported serum concen-
trations within the normal range,'?*"'? with few
showing either low'*® or high'”’ mean serum
values. However, work by Neeck et al'®
demonstrated that the normal cortisol concen-
tration in RA was inappropriate for the degree
of ongoing inflammation and that the normal
circadian rhythm was markedly reduced in
patients with an increased erythrocyte sedi-
mentation rate. Morand et al'®® reported that
mononuclear cells from RA patients produce
smaller amounts of lipocortin-1 (an important
mediator of glucocorticoid effects) in response
to cortisol administration than do mono-
nuclear cells from healthy controls. RA
patients receiving oral glucocorticoids were
also shown to have antilipocortin antibodies,
resulting in resistance to the therapeutic
effects of intravenous methylprednisolone.!*°
Peripheral lymphocytes from RA patients were
found to have significantly smaller numbers
of glucocorticoid receptors than those from
controls.'?> Abnormalities of cortisol catabolism
have also been identified in lymphocytes
from patients with RA and systemic lupus
erythematosus (SLE)."! These findings suggest
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that rheumatoid patients have a peripheral
defect that could lead to glucocorticoid
resistance, but the possibility that these
abnormalities are a consequence of the disease
cannot be excluded.

Information regarding HPA axis function in
RA is limited. Myles et al'*? found normal basal
and peak cortisol concentrations in response to
insulin induced hypoglycaemia in patients
with RA. However, the activation of the HPA
axis by hypoglycaemia is probably mediated by
mechanisms that differ from those involved in
inflammation. The observations with the Lewis
rat led to a surge of interest in the physiology
of the HPA axis in humans with RA. Cash
et al'®® reported signs of mildly deficient
adrenocortical response after injection of CRH
in RA patients, but the hypothalamic function
was not tested. A clearly defective gluco-
corticoid response to inflammatory stimuli in
RA has been reported recently.!*® Patients
with the disease showed a diurnal cortisol
secretion at the lower limit of normal com-
pared with both normal controls and osteo-
myelitis patients, with a comparable degree of
inflammation. Furthermore, patients with RA
failed to increase cortisol concentrations after
joint replacement surgery, although they
presented greater concentrations of IL-1 and
IL-6 than osteomyelitis patients. However, the
response to CRH was normal in RA,
suggesting a defect in the hypothalamic pro-
duction of this hormone, with normal pituitary
and adrenal function. Such observations
strongly suggest that RA is associated with an
abnormality in the HPA axis response to
inflammatory stimuli which does not result
from the inflammatory process per se, as osteo-
myelitis patients with a similar disease duration
and acute phase response showed appropriate
cortisol increases. These abnormalities may be
an important and hitherto unsuspected factor
in the pathogenesis of rheumatoid disease. It is
tempting to suggest that they are genetically
determined, as in the Lewis rat—possibly
in parallel with rheumatoid predisposing
haplotypes.

SEX HORMONE EFFECTS ON THE HPA AXIS IN
HUMANS AND THEIR POTENTIAL SIGNIFICANCE
The demonstration of gender dimorphism in
the HPA axis response to inflammatory stimuli
in humans would represent a major, but as yet
unrecognised, factor for the greater female
susceptibility to autoimmune and inflam-
matory diseases. Although serum cortisol
concentrations are usually described as similar
in normal males and females, Schoéneshofer
and Wagner'®®> observed that women in the
follicular phase of the menstrual cycle had
lower serum corticosteroids than those
observed in the luteal phase, or in age matched
males. Other indications that oestrogens
stimulate glucocorticoid secretion in humans
comes from the increased concentrations of
cortisol seen in the late stages of pregnancy'?®
and in patients taking oral contraceptives.'*” 138
More clear evidence is given by the findings
that high dose oestrogen treatment given to
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young women resulted in a marked increase
in cortisol concentrations,’*® while post-
menopausal women were reported to have
reduced concentrations of cortisol, which
are increased by hormone replacement.!# !
Androgens have also been shown to decrease
glucocorticoid secretion in humans. In males
with prostate carcinoma, both castration and
oestradiol treatment resulted in increased
circulating cortisol.!#? *> Testosterone treat-
ment also resulted in decreased cortisol con-
centrations in ovariectomised humans.'*
These observations are in agreement with the
experimental findings reviewed above.

The cortisol response to ACTH and CRH
are described as similar in both sexes.!*> How-
ever, gender differences and effects of sex
steroids in the hypothalamus, as suggested by
experimental evidence, would not be detected
by these tests. The responses to ACTH and
CRH in RA patients reported by Chikanza
et al' were not analysed separately for each
sex. No reports were found regarding cortisol
response to CRH in male and female animals
and, although the male LEW/N rat is relatively
resistant to streptococcal cell wall arthritis,
its glucocorticoid response to the immune
challenge has not been tested. The only
standard investigation of HPA axis function in
humans that includes the hypothalamus is the
hypoglycaemia test. Responses to this test are
also reportedly similar between the genders.'*
However, hypothalamic secretion of CRH can
be activated by a variety of different mech-
anisms which will depend on the nature of the
stimulus involved.'*® Gender differences may
exist in response to inflammatory stimuli
activating the HPA axis by a different pathway,
as suggested by findings that patients with an
impaired corticosteroid response to hypo-
glycaemia may have a normal response to
surgery or infection.'?’

Bliss ez al'*® proposed the assessment of the
glucocorticoid response to ‘bacterial pyrogens’
as a method to investigate the HPA axis in
humans and it is almost certain that the
response to this pyrogen is mediated by IL-1
and other cytokines, offering an opportunity to
study the HPA axis activation by inflammatory
mediators. Serum glucocorticoids achieved
maximal values three hours after the
injection—a timing compatible with cytokine
mediation. None of the published reports using
this method analysed the response of normal
males and females separately, and only a few
offer results in normal controls. However, in
the report by Staub et al'* the corticosteroid
response to pyrogen was significantly greater in
two normal females than in the five males
tested (means 387 v 261 pg/l two hours after
injection; p < 0.05 by Mann-Whitney U test),
while there were no differences in the response
to vasopressin or insulin induced hypo-
glycaemia. However, Jenkins and Elkington,'*°
whose study included seven male and seven
female normal controls showed no gender
differences in the response to pyrogen or
metyrapone.

Overall, there is strong evidence that sex
hormones affect glucocorticoid secretion in
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humans in a pattern similar to that observed in
experimental animals. The hypothesis that
male and female humans have a different
glucocorticoid profile in response to immune
and inflammatory stimuli remains untested,
but could have important implications in
understanding the preponderance of females in
most autoimmune disease populations.

There is now good evidence to suggest that
female animals are more dependent on the
glucocorticoid response than males to control
the immune and inflammatory processes,
probably because of protective effects of
androgens in males. If this is shown to be true
in humans, a defect in glucocorticoid response
(as reported in RA), perhaps genetically deter-
mined, would be expected to contribute to a
greater susceptibility to immune and inflam-
matory processes in females. In contrast,
gonadal insufficiency would be expected to
play a more important role in males, in keeping
with the observations of hypogonadism in male
RA and SLE patients and greater incidence of
the disease with ageing and declining con-
centrations of androgens. Such interactions
would also have important implications for
the therapeutic approach to autoimmune and
inflammatory diseases.
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