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ABSTRALCT

During the last two decades, a multitude of alterations of the endocrine and nervous systems have been
described in patients with rheumatoid arthritis (RA). This review shows some important highlights: 1. Loss
of adrenal antiinflammatory androgens in relation to estrogens, 2. inadequate secretion of adrenal corti-
sol in relation to systemic inflammation, 3.rapid degradation of androgens in the inflamed synovial mi-
croenvironment, 4. high levels of anti-apoptotic 16a-hydroxylated estrogens in inflamed synovium, 5. in-
creased cortisol degradation in inflamed synovial tissue, 6.decreased reactivity of the hypothalamic-pitui-
tary-adrenal axis in stressful situations, 7. loss of antiinflammatory sympathetic nerve fibers in relation to
proinflammatory sensory nerve fibers in inflamed synovium, 8. increased systemic sympathetic tonus, and
9. psychological alterations with chronic fatigue and symptoms of depression due to elevated circulating
cytokines. Understanding these neuroendocrine alterations helps to reorganize the complex pathophy-
siological puzzle of RA. In addition, comprehension of neuroendocrine aberrations triggers research into
novel therapeutic targets for the treatment of patients with RA.

Keywords: Sympathetic nervous system; Cortisol; Androgens; Estrogens; Substance P; Stress; Fatigue;
Depression

RESUMDO

Nas tltimas duas décadas muitas alteracdes dos sistemas endédcrino e nervoso foram descritas em doentes
com artrite reumatéide (AR). Esta revisao foca-se em alguns pontos importantes: 1. Perda dos androgénios
anti-inflamatoérios da glandula supra-renal; 2. Secrecao inadequada de cortisol em relacdo a inflamacao
sistémica; 3. Rdpida degradacdo dos androgénios no microambiente da membrana sinovial inflamada; 4.
Niveis elevados de estrogénios 16 a-hidroxilados na sinévia inflamada com efeitos anti-apoptéticos; 5. Ele-
vada degradagdo do cortisol no tecido sinovial inflamado; 6. Reactividade diminuida do eixo hipotdlamo-
-hipéfise-supra-renal em situagdes de stress; 7. Perda de fibras nervosas simpéticas, com efeito anti-infla-
matorio, em relacgdo as fibras sensitivas, com efeito pré-inflamatério, na membrana sinovial; 8. Aumento
do ténus simpdtico sistémico; 9. Alteracdes psicolégicas, com fadiga crénica e sintomas de depressdo de-
vido a citoquinas circulantes. A compreensdo destas alteracdes neuro-enddcrinas ajuda a reorganizar o
complexo puzzle da fisiopatologia da AR. Para além disso, o esclarecimento destas aberracdes neuroen-
décrinas abre hip6teses de investigacdo de novos alvos para o tratamento de doentes com AR.

Palavras-Chave: Sistema nervoso simpdtico; Cortisol; Androgénios; Estrogénios; Substancia P; Stress;
Fadiga; Depressao.
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Introduction

Many aspects of the pathophysiology of rheuma-
toid arthritis (RA) have been delineated in recent
years. The observations focused on aspects of the
immune system (autoimmune phenomena, ge-
netic aspects, cytokines for example: TNE T helper
lymphocyte type 1/T helper lymphocyte type 2 ba-
lance, immunological tolerance, B-lymphocytes)
and on the role of tissue-destructive, mesenchy-
mal cells such as fibroblasts and osteoclasts and
their factors.!”® In parallel, since the beginning of
the eighties, there was a focus on hormonal and
neuronal aspects in pathophysiology of RA and
other chronic inflammatory diseases (CDIDs) (re-
viewed in ref. 4). It became evident that patients
with RA showed multiple alterations of the en-
docrine, the peripheral and even the central ner-
vous system. It is because we know about these
alterations that multiple aspects of the patho-
physiology of RA should be seen in a different light.
In this review, the most common alterations of the
endocrine and the nervous system are demons-
trated and new therapeutic pathways are men-
tioned.

Alterations of the adrenal hormone secretion

During the acute phase of an inflammatory disease
such asin RA, all physiological systems are more or
less influenced, but particularly, the adrenal func-
tion is modulated (Fig. 1A, left part). This is the case
for the production of glucocorticoids (Fig. 1A, II)
and of adrenal androgens (Fig. 1A, I1I), but not simi-
larly for mineralocorticoids, (Fig. 1A, I). Hypothala-
mic/pituitary hormones and systemic circulating
cytokines, for example interleukin (IL-6) and tu-
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mor necrosis factor (TNF), are involved in these al-
terations.* The secretion of cortisol, dehydroe-
piandrosterone (DHEA), and androstenedione (Fig.
1A, left side, red arrows) increases during the first
weeks of RA (typical for an acute inflammation).
Adrenocorticotropic hormone (ACTH) and IL-6
activate important enzymes such as the P450scc
(Fig. 1A, 1), 3B-hydroxysteroid dehydrogenase (Fig.
1A, 2), the P450c21 (Fig. 1A, 3) and P450c11(Fig. 1A,
4).45 At the very beginning of the disease, the level
of dehydroepiandrosterone sulfate (DHEAS) de-
creases in spite of the constant conversion of preg-
nenolone to DHEA and progesterone to andros-
tenedione via the double enzyme pathway of the
P450c17 (Fig. 1A, 6a, 6b). There is no obvious rea-
son why this hormone decreases but changes of
conversion via the DHEA sulfotransferase might be
important (Fig. 1A, 5). In parallel to the modulation
of the adrenal androgens, there are some changes
concerning the hypothalamic-pituitary-gonadal
axis, leading to a decrease in the production of sex
hormones (not shown in the figure).*®7 In this ear-
ly phase, the adrenal gland is able to adapt to an in-
creased need of adrenal hormones (early acute
stress response). During the course of the disease
within months and years, the adrenal androgen
production decreases, whereas the adrenal cortisol
secretion remains relatively stable (Fig. 1A, right
part).®16 A very important part of this process rep-
resents the continuous influence of the proinflam-
matory enzyme TNE which inhibits different en-
zyme pathways (Fig. 1A, right part) (reviewed in ref.
17). In late phases of the disease, we observe a con-
tinuous decrease in DHEA, DHEAS and an-
drostenedione (Fig. 1A, right part, III)

Hormone conversion in inflamed synovial
tissue is altered in RA

The pool of adrenal androgens, producing sex hor-
mones in inflamed tissue, is maintained by DHEAS
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Figure 1. Hormonal alterations in patients with rheumatoid arthritis (RA).
A) Adrenal alterations in RA (thick lines and increased font size indicate the
major pathways). Roman numerals demonstrate the major steroid synthesis
pathways. B) Local alterations in inflamed synovial tissue. Red (green) colors
indicate proinflammatory (antiinflammatory) factors. Arrows indicate a
stimulatory effect whereas lines with a bar at the end indicate inhibitory
effects. Abbreviations: | | 3-HSD, | | 3-hydroxysteroid-dehydrogenase; DHEA,
dehydroepiandrosterone; DHEAS, DHEA sulfate; TNF, tumor necrosis factor.

For extended explanations (numbers for enzymes) see text.

(this is the research area of intracrinology) (Fig.
1B). DHEAS is at the starting position of antiin-
flammatory androgens (green in Fig. 1B) but it is
also important for proinflammatory / proprolifera-
tive hormones (red in Fig. 1B). In this context, TNF
again influences the different conversion steps via
the DHEAS sulfatase (Fig. 1B, 7) and the aromatase
(Fig. 1B, 8) (reviewed in ref. 17). In general, proin-
flammatory hormones are increasing (Fig. 1B, red

be demonstrated by a ratio between
serum cortisol and serum IL-6 or
serum cortisol and serum TNF
(Fig. 2A).*® The serum concentra-
tion of cortisol in healthy controls
was 230 nmol/l in relation to
1pg/ml of IL-6 (Fig. 2A).*° Patients
with a milder form of arthritis (reac-
tive arthritis) demonstrated
130 nmol/l and patients with a
highly inflammatory state (RA) had
only 90 nmol/l cortisol per 1 pg/ml of IL-6 (Fig.
2A). Consequently, patients with RA have only half
the amount of antiinflammatory cortisol in rela-
tion to proinflammatory IL-6 or TNF and are, thus,
not well prepared to fight the inflammatory pro-
cess (Fig. 2A).3°The normal levels of cortisol are an
adaptational consequence of the hypothalamus,
the pituitary gland, and the adrenal gland to con-
tinuous proinflammatory stimuli.
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macrophages (Fig. 2B).2 We observed a de-
creased reactivation of cortisone in patients
with RA compared to OA, and the number of
synovial cells expressing 118-HSD type 2
in relation to 113-HSD type 1 was signifi-
cantly higher in patients with RA than in OA
(Fig. 2B).2° As a consequence, we can expect
lower concentrations of the antiinflamma-
tory cortisol in inflamed synovial tissue of
RA.
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In addition, conversion of the inactive
pro-hormone DHEAS (Fig. 1B) to the bio-
logically active DHEA is reduced in synovial
cells of patients with RA compared to OA.3!
Again, TNF plays an important inhibitory
role for the sulfatase enzyme step.’! In pa-
rallel to low serum concentrations of DHEAS
in RA (loss of systemic androgen), this TNF-
-induced inhibition of DHEAS to DHEA con-
version contributes to the apparent lack of
antiinflammatory androgens in the inflamed
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As demonstrated in Figure 1 and 2, it be-
comes evident that several endocrine sys-
tems are altered to support a proinflamma-
tory microenvironment (Fig. 2C, red). In this
vicious cycle, highly elevated circulating cy-
tokines are playing an important role. It was
demonstrated that TNF antibody treatment
was helpful to normalize the hypothalamic-
-pituitary-adrenal (HPA) axis and to increase

the production of androgens in relation to

Figure 2. Hormonal alterations in patients with rheumatoid

arthritis (RA).A) Inadequately low cortisol secretion in relation
to serum levels of inflammation markers. Abbreviations: IL-6, inter-
leukin-6; TNF, tumor necrosis factor. B) Relative increase of tissue
density of the cortisol - degrading enzyme | | 3-hydroxysteroid

precursor hormones.*

Decreased responsiveness
of the HPA axis in stress

dehydrogenase (I 13-HSD) type 2 in relation to | 13-HSD type I.

Demonstration of | [3-HSD in macrophages. C) Preponderance
of proinflammatory factors (red) in relation to antiinflammatory

factors (green) in patients with RA.

Altered balance between pro- and
antiinflammatory endocrine factors
in inflamed synovium

In peripheral tissue, biologically active cortisol is
converted via the 11-HSD type 1 and 2 into inacti-
ve cortisone (Fig. 2B). Cortisone itselfis reactivated
viathe 113-HSD type 1 into active cortisol (Fig. 2B).
The 11B8-HSD type 1 and 2 are expressed in synovial

For a long time, it remained unclear why
stressful events can change the activity of RA
and other CDIDs. Today we know that pa-
tients with RA after experimentally induced
stress present inappropriately low cortisol
levels because of defects in neuroendocrine axes
(Fig. 3A and 3B):3*** As a consequence of physical
exercise, inducing changes in cortisol release com-
parable to psychological stress, serum levels of cor-
tisol decreased in patients with RA but increased in
healthy controls (Fig. 3A).3 This was similar with
respect to ACTH during a combined stress test
(Fig. 3B, left side). In addition, the initially high
morning cortisol in patients with RA decreased in
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rescence immunohistochemistry with a
monoclonal antibody against the key en-
zyme tyrosine hydroxylase (Fig. 4A), which
is responsible for conversion of tyrosine to
L-dopa (first step of catecholamine synthe-
sis). Sympathetic nerve terminals are loca-
ted not only along arteries but are also pre-
sent in the surrounding tissue (Fig. 4A). It
was demonstrated that there are less sym-
pathetic nerve fibers in inflamed tissue of
patients with RA than in those with OA or
trauma patients (Fig. 4B).3"% At present, it is
not known whether nerve fiber repulsion or
low expression of tyrosine hydroxylase is res-
ponsible for the observable decrease in
nerve fiber density. Nevertheless, these fin-
dings indicate that the function of sympa-
thetic nerve fibers is altered. Interestingly,
this is not the case for sensory nerve fibers
that store substance P (Fig. 4B).*® During the
course of chronic inflammation, neuro-
transmitters of the sympathetic nervous sys-
tem (noradrenaline, adenosine, and endo-
genous opioids) have antiinflammatory ef-
fects when concentrations are high (via -
-adrenoceptors, A2 adenosine receptors and
p-opioid receptors). Substance B, the neu-

Figure 3. Influence of acute stress on secretion of cortisol
and adrenocorticotropic hormone (ACTH) in patients with

rheumatoid arthritis (RA) in relation to healthy controls (Co).

Two different stress paradigms were used:A) Exercise and B)
a combined stress test.

an inappropriate way in comparison to healthy
controls (Fig. 3B, right side). These results reveal
that stress in combination with deficient stress axes
leads to an unexpected decrease in cortisol. In con-
trast, if one applies an acute physiological stress
like the insulin hypoglycemia test, a normal corti-
sol increase has been described in patients with
RA.3®> We recently hypothesize that mild psycho-
logical stress is stimulating the immune system,
whereas strong, acute stress (hypoglycemia) has
immunosuppressive effects (reviewed in ref. 36).

Alteration in innervation
of inflamed synovial tissue

Sympathetic nerve fibers can be measured by fluo-

rotransmitter of sensory nerve fibers is
proinflammatory. Thus, during the course
of a chronic inflammatory process, the loss
of sympathetic nerve fibers in relation to
sensory nerve fibers probably contributes to
a proinflammatory situation (Fig. 4C). In
contrast, healthy controls and patients with
OA show a balance between sympathetic
and sensory nerve fibers (Fig. 4C).

The concept of the p-to-«-adrenergic shift

New results demonstrate a possible shift from -
-adrenergic to a-adrenergic pathways in inflam-
mation (Fig. 5A). The affinity of noradrenaline and
adenosine for a-adrenoceptors and Al adenosine
receptors is a hundred times higher in comparison
to B-adrenoceptors and A2 adenosine receptors,
respectively. An element of this B-to-a-adrenergic
shift consists in the functional loss of sympathetic
nerve fibers because the concentration of sympa-
thetic neurotransmitters (noradrenaline, adeno-
sine, and endogenous opioids) is, thus, low in the
inflamed area (high concentrations in the 3-zone,
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nerve fibers with substance P is increased in
the inflamed area.* This is called nerve fiber
sprouting (Fig. 5A). The reasons for the
functional loss of sympathetic nerve fibers
may be nerve repellent factors, oxidative
stress, and nerve fiber apoptosis (Fig. 5A). In
conclusion, the B-to-a-adrenergic shift is
most probably a proinflammatory signal.

Loss of cooperation of cortisol
and noradrenaline in inflamed
synovial tissue

As mentioned above, the concentration of
cortisol is too low in relation to the extent
ofinflammation. It was mentioned that cor-
tisol is rapidly degraded to cortisone in sy-
novial cells of patients with RA (but not si-
milarly in OA). In parallel, the concentra-
tion of noradrenaline probably decreases in
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the tissue. Cortisol and noradrenaline sup-
port each other by up-regulation of gluco-
corticoid receptors and B-adrenoceptors
and via an increase of intracellular cAMP,
protein kinase A and cAMP-responsive-ele-
ment-binding protein (CREB).*>%?Thus, we
suggest a loss of cooperativity of the two
neuroendocrine factors, which may be an
important prerequisite of a proinflamma-
tory situation. This was demonstrated in
synovial cells and in synovial tissue of pa-

tients with RA in relation to OA.>

Figure 4. Loss of sympathetic nerve fibers in patients with
rheumatoid arthritis (RA).A) Immunohistochemistry of tyrosine
hydroxylase-positive nerve fibers in synovial tissue of a patient
with RA. B) Density of sympathetic and sensory nerve fibers
(substance P) in synovial tissue of patients with RA, osteoarthritis
(OA) and healthy controls (Co). C) Preponderance of substance
P — positive nerve fibers in relation to sympathetic nerve fibers in

Increased systemic sympathetic
tonus in patients with RA

In parallel to the loss of cooperativity be-

patients with RA.

low levels in the a-zone, Fig. 5A). It has been
demonstrated that proinflammatory cascades can
be stimulated via al- and «2-adrenoceptors
whereas signaling through the B-adrenoceptor is
more antiinflammatory (with respect to innate im-
mune mechanisms).*’*? In addition, in the infla-
med area ol-adrenoceptors are probably domi-
nant,” whereas B-adrenoceptors are downregu-
lated.**

It is an interesting fact that density of sensory

tween cortisol and noradrenaline, an ele-

vated systemic sympathetic tonus was des-

cribed in patients with RA.>*58 A decreased
cooperativity might be the reason for an increased
sympathetic tonus: If cortisol can not be increased
due to its inflammation-dependent inadequately
low synthesis, the sympathetic nervous tone must
increase in order to stabilize systemic circulation
and glucose homeostasis. This can be demons-
trated in septic shock patients because simulta-
neous administration of noradrenaline and hy-
drocortisone (cortisol) stabilizes systemic circula-
tion.® The dissociation of the HPA axis and the
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Figure 5. Neuroendocrine alterations in patients with rheumatoid
arthritis (RA).A) Generation of an a-adrenergic, highly inflamed zone
with loss of sympathetic nerve fibers and sprouting of substance
P-positive nerve fibers.A 3-adrenergic zone exists near the vicinity
of sympathetic nerve fibers (due to high neurotransmitter concentra-
tions).Abbreviations: NA, noradrenaline, SP, substance P; TNF, tumor
necrosis factor. B) Neuroendocrine alterations during the course of
RA. Green (red) areas demonstrate a shift into an antiinflammatory

(proinflammatory) direction. Repulsion means retraction of nerve fibers
and sprouting indicates increased growth of nerve fibers into the tissue.
The enlarged symbol for the antigen demonstrates a possible increased
synthesis of the antigen after stimulation of local antigen producing cells

(e.g., collagen type Il in the pannus).

sympathetic nervous system was also demons-
trated in other CDIDs.%° However, elevation of the
sympathetic tonus is not leading to an antiinflam-
matory relevant elevation of noradrenaline in in-
flamed tissue because achieved concentrations are
much too low (an elevated sympathetic tonus

means a plasma concentration of no-
radrenaline of 2 - 5 x 10-°mol/l; antiin-
flammatory concentrations are 10
mol/]). In contrast, in patients with RA,
an elevated systemic sympathetic
tonus possibly leads to an increased
risk of atherosclerosis and coronary
heart disease.5!

Summary of peripheral
neuroendocrine alterations

Figure 5B delineates neuroendocrine
aberrations (x-axis for time, y-axis for
the concentration of hormones):

¢ The course of the disease is charac-
terized by an initial rise of antiin-
flammatory cortisol followed by a
relative loss of this hormone in rela-
tion to inflammation.

¢ The adrenal and gonadal production
of antiinflammatory androgens is
markedly inhibited.

e Atthe same time, the concentration
of the proinflammatory prolactin
and the proproliferative 16a-hydro-
xylated estrogens is increased, whe-
reas the concentration of antiin-
flammatory endogenous estrogens
is low (2-hydroxylated estrogens).

¢ Intheinflamed area, there is a func-
tional loss of sympathetic nerve fi-
bers in contrast to sensory nerve fi-
bers. This supports a proinflamma-
tory milieu.

e The sympathetic nervous tonus is
increased without reaching relevant
antiinflammatory concentrations in
the tissue.

At the very beginning of an acute in-
flammatory process, the rise of circu-
lating cortisol and noradrenaline cau-
ses mobilization and directed migra-
tion of leukocytes to the inflamed
area.®” In more chronic phases of the

disease, these mentioned alterations contribute to
aproinflammatory environment in synovial tissue.
At day X (chronic inflammation, Fig. 5B), there is a
marked proinflammatory condition because all
neuroendocrine factors are altered in a way to sup-
port inflammation (red zones in Fig. 5B).
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Psychological alterations in RA such as
chronic fatigue and depression are a
consequence of elevated circulating cytokines

It is well known, that patients with CDIDs show
signs of chronic fatigue and depression.®* In re-
cent years, it has been demonstrated that circula-
ting cytokines and activation of sensory nerve
fibers in the periphery are most probably involved
in central nervous alterations.%” Cytokines induce
so-called sickness behavior.5” Injection of lipo-
polysaccharide into healthy controls leads to a
significant increase of the depression score.® Fur-
ther findings demonstrated that elevation of cy-
tokine concentrations deteriorate sleep and
declarative memory.*® Patients with RA under anti-
-TNF antibody therapy, similar as other immuno-
suppressive drugs, demonstrate a marked reduc-
tion in fatigue scores.® These findings clearly show
that elevated circulating cytokines have an impact
on brain function.

Therapeutic options

The above-mentioned alterations of the endocrine
and nervous system by factors of the immune sys-
tem reveal new therapeutic targets. Some examples
are mentioned in Table 1. At present, not many
controlled studies support these therapeutic op-
tions. First controlled studies with anti-TNF anti-
bodies demonstrate positive effects on the en-
docrine and nervous system.*>% Neutralization of
TNFis amarked improvement in RA therapy. In ad-
dition, this therapy may shed new light on patho-
physiological processes in RA.

Summary

This review should demonstrate new ideas for a
better understanding of hormonal and neuronal
factors in the pathophysiology of RA. During the
last 5 to 10 years, this new scientific approach was

Table 1. Therapeutic options in patients with rheumatoid arthritis on the basis of neuroendocrine alterations.
Abbreviations: SEGRAs, selective glucocorticoid receptor agonists; TNF, tumor necrosis factor.

Observed phenomenon

Therapy or potential therapy

Inadequately low secretion of cortisol

Exogenous glucocorticoids needed to replace adrenal
hormones (7.5 mg/d prednisolone and more during
stressful states), controlled studies with glucocorticoids
and androstenedione are needed

Increased local degradation of cortisol

Controlled studies with selective glucocorticoid receptor
agonists (SEGRAs)

Loss of adrenal androgens

Controlled studies with glucocorticoids and androstenedione
are needed (women and men), reduction of the
proinflammatory load by anti-TNF strategies

Loss of testosterone

Controlled studies with testosterone are needed
(particularly men, possibly also in women)

Loss of progesterone

Controlled studies with progesterone are needed (particularly
women, possibly also in men)

Decreased responsiveness of stress axes

Reduction of the proinflammatory load, mild exercise
(controlled studies are needed), increase of glucocorticoids
in stressful situations

Loss of the synovial sympathetic innervation

Reduction of the proinflammatory load, local glucocorticoids,
controlled studies with local glucocorticoids and
[-adrenergic agents (possibly also exogenous opioids

into joints)

Increased sympathetic tonus

Reduction of the proinflammatory load, angiotensin converting
enzyme inhibitors, centrally acting sympatholytic drugs

Sleep disorders, fatigue, depression

Reduction of the proinflammatory load, reduction of circulating
proinflammatory cytokines (e.g., anti-TNF strategies)
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largely intensified. The interested reader is referred
to extensive reviews.*”*"2 In addition, importance

dotropin stimulation. Arthritis Rheum 1988;31:1314-
-1317.

of hormonal and neuronal factors in the patho- 11. Sambrook PN, Eisman JA, Champion GD, Pocock NA.
. Sex hormone status and osteoporosis in post-

b hySl(_)logy of RA probably op ?ns new avenu.es to menopausal women with rheumatoid arthritis. Arthritis

functionally relevant genetic polymorphisms Rheum 1988;31:973-978.

outside the immune system.”™ It becomes more 12. Deighton CM, Watson MJ, Walker DJ. Sex hormones in

and more evident that RA pathophysiology can postmenopausal HLA-identical rheumatoid arthritis

only be explained under consideration of multiple discordant sibling pairs. ] Rheumatol 1992;19:1663-1667.
mechanisms beyond the immune system. 13. Hedm'an Mi Nilsson E, de la Torre.B. Low blooq agd
synovial fluid levels of sulpho-conjugated steroids in
rheumatoid arthritis. Clin Exp Rheumatol 1992;10: 25-
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