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Abstract

Some of the effects that high-dose anabolic steroid abuse have and could have on the interactions between the immune and
neuroendocrine systems are reviewed. Considering the past demonstrations on the actions of normal steroids on endocrine and immune

Ž .responses, it is apparent that pharmacologically high doses of both normal and derivatized androgens anabolic steroids could have a
significant effect. Indeed, some of the pathologies attributed to anabolic steroid abuse point to disturbances in the intimate connection
between neuroendocrine and immune function and interaction. We attempt to review both the direct and indirect effects of this abuse, not
only on this interaction but also on certain immune functions in particular. q 1998 Elsevier Science B.V.
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1. Discussion

The anabolic androgenic steroids are derivatives of
Ž .testosterone Murad and Haynes, 1980 . Conventionally,

they have been used in treating bone marrow failure,
hypogonadal states, hereditary angioneurotic edema, renal

Ždisease anemia and the late stages of breast cancer Wilson
.and Griffin, 1982; Goldman et al., 1984 . Anabolic steroids

have recently been placed on the Food and Drug Adminis-
tration’s list of controlled substances primarily due to the
adverse effects seen in athletes taking high doses in at-

Ž .tempts to enhance performance Wilson, 1988 . Over 40
anabolic steroids are available in both oral and injectable

Ž .forms Goldman et al., 1984 . Some of the most often used
forms include methandrostenolone and methyltestosterone,
while the most used injectables include nandrolone and

Ž .oxymethenelone Goldman et al., 1984 . The side effects
of high dose anabolic steroid use can include sterility,
testicular atrophy, gynecomastia, folliculitis, acne, en-
hanced erythropoiesis and increased risk of cardiovascular
disease. Hepatic problems have also been associated with
abuse including carcinoma, Wilm’s tumor, hepatic an-

Žgiosarcoma and peliosis hepatitis Friedl, 1989; Yesalis
.and Bahrke, 1995; Zimmerman, 1978; Ishak, 1979 . As a
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Ž .byproduct of abuse, human immunodeficiency virus HIV
and hepatitis infections have also been reported in persons
who have shared needles when injecting anabolic steroids
Ž .Yesalis et al., 1989 . At present, it is not known if the side
effects associated with anabolic steroid abuse result in a
greater sensitivity to these infections. There have been
multiple recent reviews written about anabolic steroid abuse
ŽClancy and Yates, 1992; Fehrenchick, 1991; Franklin,
1994; Fuller, 1993; Kennedy, 1992; Kleiner, 1991; Lane
and Connor, 1994; Likas, 1993; Milhorn, 1991; Strauss

.and Yesalis, 1991; Yesalis et al., 1993; Wadler, 1994 ; but
little has been published on the impact of anabolic steroids
on the actual incidence and prevalence of disease in users
Ž .Yesalis and Bahrke, 1995 .

Psychological profiles show behavioral changes associ-
ated with anabolic steroid abuse. Investigators have re-
ported major depression and psychosis, increased aggres-
siveness and irritability, plus the potential for physical and
psychological dependence have been reported. While a
direct, toxic effect on neurons would be the simplest
mechanism, the behavioral changes associated with an-

Žabolic steroids could have several causes Bahrke and
Yesalis, 1994; Clark and Barber, 1994; Masonis and Mc-

.Carthy, 1995 . For example, neurological effects have been
associated with biological response modifiers such as cy-

Žtokines Opp et al., 1995; Plata-Salaman and French-Mul-
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.len, 1994; Selmaj et al., 1991 ; particularly those cytokines
we have found to be elevated by anabolic steroids. Cy-
tokines such as IL-1 have been shown to enhance slow

Ž .wave sleep Opp and Krueger, 1991 , induce sickness
Ž .behavior Bluthe et al., 1994 and affect eating behavior

Ž .Kent et al., 1992 . In addition, intracerebroventricular
administration of IFN-a induces a catatonic behavior
Ž .Blalock and Smith, 1981 and has been shown to cause

Ž .malaise, lethargy and even confusion Stringfellow, 1986 .
Thus, it is possible to expect that the reported anabolic

Žsteroid-associated behavioral changes Bahrke and Yesalis,
1994; Clark and Barber, 1994; Masonis and McCarthy,

.1995 may be influenced by cytokines. Additionally, cy-
tokine expression in schizophrenics suggests one putative
mechanism that might be relative to the anabolic steroid
psychosis. Interleukin-2 production is decreased in stimu-

Žlated lymphocytes from untreated schizophrenics Bessler
.et al., 1995 . Furthermore, in depressed individuals, nu-

merous studies suggest that there are corticotrophin-releas-
Ž .ing hormone CRH and other hypothalamic–pituitary–

Ž .adrenal HPA axis abnormalities as well as immune alter-
Ž .ations Nemeroff, 1988 .

There have been many studies on the effects of normal
Žandrogens on immune responses Grossman, 1984, 1985,

1989; Grossman et al., 1979; Grossman and Roselle, 1986;
Ansar et al., 1985; Coulson et al., 1982; Sasson and

.Mayer, 1981; Sthoeger et al., 1988; . However, the effects
of high doses of anabolic steroids resulting from pro-
longedrchronic abuse on immune system responses have
been largely undetermined. One early report suggested that
anabolic steroids enhanced antibody responses and resis-

Ž .tance to infection Calabrese et al., 1989 . In contrast, it
was also suggested that anabolic steroid abuse reduced
humoral and cell-mediated responses in both animals and

Ž .humans Mendenhall et al., 1990 . In spite of these studies,
the overall modulation of the immune system by anabolic
steroid abuse remains to be fully elucidated. However,
considering the previously described side-effects of high-
dose abuse, it would appear that the immune andror the
neuroendocrine systems could be substantially involved.
As an example, during high-dose use, feedback mecha-
nisms that affect the hypothalamus and anterior pituitary
gland could virtually abolish hormones such as ACTH
Ž . Ž .corticotrophin , luteinizing hormone LH and follicle

Ž . Žstimulating hormone FSH from the circulation Rogol
.and Yesalis, 1992 . In addition, anabolic steroids could

possibly block or reverse the catabolic effects of glucocor-
ticoids by competitive binding to the glucocorticoid recep-
tor. Glucocorticoids are potent anti-inflammatory sub-
stances and generally downregulate the immune system
Ž .Munck et al., 1984 . In light of this, two recent publica-
tions have demonstrated that glucocorticoids affect im-
mune function by inhibiting the transcription factor, NF-
k B, which normally functions to enhance the transcription

Žand synthesis of many cytokines Auphan et al., 1995;
.Schneinman et al., 1995 . As mentioned previously, stud-

ies have shown that certain levels of anabolic steroids may
Ž .be immunoenhancing Mendenhall et al., 1990 . Our recent

studies indicate that anabolic steroids can upregulate NF-
Žk B Smith, E.M., Hughes, T.K., manuscript in prepara-
.tion . Considering these new and other contrasting find-

ings, the effects of long-term use of high levels of anabolic
steroids on the immune and neuroendocrine systems re-
main to be fully elucidated. Overall, however, there ap-
pears to be a mechanism by which anabolic steroids may
modulate the extra hypothalamic–pituitary production and
action of hormones, such as those produced by the immune

Žsystem Blalock, 1985, 1989; Blalock and Smith, 1985;
.Weigent and Blalock, 1987 and those of the adrenal

Žglands Norman and Litwack, 1987; Temple and Liddle,
.1970 , and the production or action of cytokines.

Along these lines, a large amount of data suggests that a
linkage exists between the immune and neuroendocrine

Žsystems Blalock, 1985, 1989; Blalock and Smith, 1985;
Smith, 1992; Smith et al., 1987; Weigent and Blalock,

.1987 . Many reports demonstrate that these systems com-
municate with each other by producing and responding to
similar signal molecules, i.e., cytokines and neuropeptides.
Not only do these molecules contribute to inter-communi-
cation, they also play a role in autoregulatory intra-com-
munication processes within each system. More specifi-
cally, neuropeptides have been shown to affect immune
responses through their influence on cytokine production
and action. Conversely, cytokines are known to induce or
influence the induction of hormonal messenger substances

Žsuch as the pituitary hormone, ACTH and CRH Hughes
.and Chin, 1994; Smith, 1992 .

In the immune and neuroendocrine axis, ACTH has
been the best characterized inter- and intra-‘communicator’
Ž .Blalock, 1989 . ACTH is derived from pro-opiomelano-

Ž .cortin POMC and was originally thought to be only
Žproduced by the anterior pituitary gland Norman and

.Litwack, 1987 ; data now indicates that it is produced and
Ž .is active in lymphocytes Blalock, 1989 . In the neuroen-

docrine system, its primary role is to play a central role in
stress responses by acting on the adrenal glands to induce

Žthe production of corticosteroids Norman and Litwack,
.1987; Temple and Liddle, 1970 and dehydroepiandros-

Ž . Ž .terone DHEA Rosenfeld et al., 1971 . Corticosteroids
Žare well known immunosuppressive factors Munck et al.,

.1984 and DHEA has recently been shown to modulate
Žimmune responses as well Blauer et al., 1991; Lucas et

.al., 1985 .
ACTH has been shown to be produced by lymphocytes

in response to various inducers such as CRH and also
Ž .following viral infection Blalock, 1989 . Specific ACTH

Žreceptors have been described on lymphocytes Smith et
.al., 1987; Weigent and Blalock, 1987 as well as specific

Ž .cytosolic receptors for DHEA Meikle et al., 1992 . The
ACTH produced by lymphocytes has been shown to play a
role in stress responses by our demonstration in hypophy-
sectomized animals that ACTH production in lymphocytes
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is paralleled by an increase in corticosteroid levels during
Ž .and following the stress response Smith et al., 1982 .

Furthermore, ACTH has been shown to directly influence
Žimmune responses such as antibody production Johnson et

.al., 1982 . Our recent finding that lymphocyte produced
ACTH is processed to melanocyte-stimulating hormone
Ž . Ž .MSH by neutral endopeptidase CD10 on the lympho-
cyte surface further supports this contention. We found
that the MSH product was an even more potent inhibitor of

Žlymphocyte activation than its ACTH precursor Smith et
.al., 1992 . Once again, little is known about the effects of

anabolic steroids on these activities.
Other hormones and neuropeptides have also been

shown to be produced by lymphocytes. Examples include
Ž .thyroid stimulating hormone TSH , the endorphins,

enkephalins, prolactin, arginine vasopressinroxytocin, va-
soactive intestinal peptide, luteinizing hormone and sub-

Ž .stance P Blalock, 1989 . Examples of cytokines that have
been shown to be induced andror interact with the above

Ž .neuropeptides include interleukin IL -1, -2, -6, -10 and
interferons-a , -b , and -g plus tumor necrosis factor-a.

Ž .Others also exist Hughes and Chin, 1994; Smith, 1992 . It
should be noted that these cytokines represent both Th1
and Th2 T-lymphocyte products. Alterations of Th1 and
Th2 cytokine profiles have been associated with progres-

Žsion of certain diseases such as AIDS Clerici and Shearer,
.1993; Maggi et al., 1994 .

In addition to the peptide hormones and cytokines, it is
possible that anabolic steroids might also inhibit the im-
munomodulatory and antiviral activities of endogenous
androgens such as DHEA. This adrenal androgen has been
shown to have numerous immunomodulatory activities
ŽBlauer et al., 1991; Daynes et al., 1990; Lucas et al.,
1985; Merrill et al., 1989; Schwartz, 1985; Weindruch et

.al., 1984 including enhancement of IL-2 production, pre-
vention of autoantibody production, and inhibition of virus
infection and cancer. The proposed mechanism for DHEA’s
antagonism has been attributed to its ability to reverse the
immunosuppressive effects of glucocorticoids, especially

Ž . Ž .cortisol Blauer et al., 1991 . The molecular mechanism s
of this effect is presently unknown; however, DHEA and
cortisol do not compete for a similar cytosolic receptor
Ž .Blauer et al., 1991; Kalimi and Regelson, 1988 . In
contrast, anabolic steroids and cortisol do compete for

Ž .receptors Snochowski et al., 1981 . However, both DHEA
and androgens such as anabolic steroids could modulate
the immunosuppressive effects of cortisol, suggesting that
interactions between DHEA and anabolic steroids and their
immunoregulatory activities are possible.

Thus, the spectrum of the hormones and cytokines that
are released by lymphocytes and the HPA axis indicate the
potential for anabolic steroids to disrupt normal interac-
tions within and between the immune and neuroendocrine
systems. Furthermore, there are a significant number of
cytokines that influence andror induce hormones in neu-

Ž .roendocrine tissue Hughes and Chin, 1994 . Overall, given

the known effects of anabolic steroid abuse, it is reason-
able to think that they could play a major role in disrupting
the immune and neuroendocrine network that we have
described.

Given this, in recent studies, anabolic steroids have
been implicated for activation of the hemostatic system in
athletes resulting in abnormalities in coagulation
Ž .Fehrenchick et al., 1995 . While this may not directly
impact an immune or neuroendocrine response, the indirect
effects of the abnormalities could ultimately do so. In

Žaddition, testosterone and perhaps, other androgens such
.as anabolic steroids will increase thromboxane A2 recep-

tors resulting in an increase of the platelet aggregation
Ž .response Ajayi et al., 1995 . Ultimately, these alterations

could also lead to altered immune reaction and an increase
Žin the cardiovascular disease in humans Halushka et al.,

. Ž1993; Huie, 1994 and experimental animals Tseng et al.,
.1994 . These abnormalities may be enhanced by interac-

Žtions with other illicit drugs such as cocaine Tseng et al.,
.1994; Welder and Melchert, 1993 that also have immune

Ž .modulating functions Stefano, 1989 . In addition, human
growth hormone has been used in combination with an-

Ž .abolic steroids Haupt, 1993 that have been shown to
Ž .effect certain immune responses Smith, 1992 .

Anabolic steroids have also been shown to upregulate
Žandrogen receptor immunoreactivity in the brain Menard

.and Harlan, 1993 . Our recent findings describing the
inhibition of ACTH production from lymphocytes by an-
abolic steroids indicate that a complex regulation of the
pituitary–adrenal axis could be occurring during anabolic
steroid abuse, which could be influenced both centrally in

Žthe CNS and peripherally by the immune system Hughes
.et al., 1995 . The CNS manifestations of anabolic steroid

abuse are also manifested in behavioral changes as evi-
denced by multiple recent psychological profile studies
ŽChoi and Pope, 1994; Isaacson and Bergman, 1993; Mal-

.one et al., 1995; Su et al., 1993 . It would be interesting to
correlate the degree by which the alterations in CNS
structures such as brain androgen receptors and peripheral

Žhormone production Hughes et al., 1995; Menard and
.Harlan, 1993 mentioned above play a role in the behav-

ioral abnormalities.
We have recently performed studies to further deter-

mine the potential for anabolic steroids to affect the im-
Ž .mune and neuroendocrine axis Hughes et al., 1995 . In

particular, we determined the effects of anabolic steroids
on certain immune responses and their subsequent effects
on extrapituitary production of corticotrophin by lympho-
cytes. Both 17-b and 17-a esterified anabolic steroids,
nandrolone decanoate and oxymethenelone, respectively,
were used. For these studies, we developed a murine abuse
model in which mice were treated chronically with steroids
approximating those levels seen in athletes during abuse
Ž .i.e., in humans "200 mgrday; adjusted for the mouse .
In our studies, we found that the steroids significantly
inhibited production of antibody to sheep red blood cells
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Ž .SRBCs ; in some cases, the effect was dramatic. In
contrast, the control androgens testosterone and DHEA or
sesame seed oil vehicle had no effect. This finding is in
contrast to some but agree with other previous studies
Ž .Calabrese et al., 1989; Mendenhall et al., 1990 . An
unexpected effect of the steroids was that they could
directly induce the production of the inflammatory cy-
tokines IL-1b and TNF-a from human peripheral blood

Žlymphocytes. There was no effect on IL-2 or IL-10 again,
the control androgens testosterone and DHEA had no

.effect on any of the cytokines . In contrast to the above
cytokines, we found that interferon production was signifi-
cantly inhibited in certain cells. Considering the direct
cytokine-inducing capacity of the anabolic steroids and
their apparent association with behavioral changes as de-
scribed previously, these data suggest at least one mecha-
nism by which anabolic steroids might contribute to the
CNS alterations. In our studies, we further found that the
anabolic steroids significantly inhibited the production of
corticotrophin in human peripheral blood lymphocytes fol-
lowing viral infection. Other studies of ours have indicated
that this lymphocyte-derived ACTH can have significant
effects on immune responses in the localized area of

Ž .production Smith et al., 1992 .

2. Conclusion

These recent studies, taken in context with the others
described previously, indicate that anabolic steroids have
the potential to significantly affect processes associated
with the immune, CNS and neuroendocrine systems. In
doing so, it is apparent that abuse of anabolic steroids
would further have a significant impact on the interactions
that occur between these systems. We feel that all of these
data provide an important impetus and rationale for further
study into what is a relatively under-studied area in the
arena of human drug abuse. It becomes even more impor-
tant, since the abuse of these substances primarily occurs
in the younger population in which long-term effects could
become manifest during the aging process.
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