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The nervous, endocrine and immune systems play a crucial role in maintaining homeostasis and interact with
each other for a successful defensive strategy against injurious agents. However, the situation is different in
long-term diseases with marked inflammation, in which defensive mechanisms become altered. In the case
of tuberculosis (TB), this is highlighted by several facts: an imbalance of plasma immune and endocrine me-
diators, that results in an adverse environment for mounting an adequate response against mycobacteria and
controlling inflammation; the demonstration that dehidroepiandrosterone (DHEA) secretion by a human ad-
renal cell line can be inhibited by culture supernatants fromMycobacterium tuberculosis-stimulated peripher-
al blood mononuclear cells – PBMC – of TB patients, with this effect being partly reverted when neutralizing
transforming growth factor-β in such supernantants; the in vitro effects of adrenal steroids on the specific im-
mune response of PBMC from TB patients, that is a cortisol inhibition of mycobacterial antigen-driven
lymphoproliferation and interferon-γ production as well as a suppression of TGF-β production in
DHEA-treated PBMC; and lastly the demonstration that immune and endocrine compounds participating in
the regulation of energy sources and immune activity correlated with the consumption state of TB patients.
Collectively, immune-endocrine disturbances of TB patients are involved in critical components of disease pa-
thology with implications in the impaired clinical status and unfavorable disease outcome. This article is part
of a Special Issue entitled ‘Neuroinflammation in neurodegeneration and neurodysfunction’.

© 2012 Elsevier Inc. All rights reserved.

The integrated response against pathogenic insults, the case
of tuberculosis

Introduction

It is well established that the endocrine, immune and nervous sys-
tems engage in multiple interactions during the host response to
acute and chronic dangerous stimuli, sharing functional responses
to such threats (Besedovsky and del Rey, 1996; Chrousos, 1995;
Elenkov et al., 2000; Eskandari and Sternberg, 2002). Neural and hor-
monal systems activated by stressful conditions, for instance, can
modify the response of immune cells, whereas the immune system
communicates to the central nervous system (CNS), regulating its
function. There are also anatomical connections because of the pres-
ence of immune cells within the nervous system and the innervation
by the autonomous system of lymphatic organs. Communication be-
tween the neuro-endocrine and immune systems occurs mainly
via chemical messengers, while cytokines released by immune cells
represent the critical signal for communicating with the CNS
(Besedovsky and del Rey, 1996; Chrousos, 1995; Elenkov et al.,
2000; Eskandari and Sternberg, 2002). Inflammation can be described

as a host response to damaged tissues and cells by pathogens, or other
noxious stimuli. The inflammatory response may be acute, as a tran-
sitory physical injury or infection that usually results in healing,
thus removing the stimulus and repairing the tissue. Alternatively, a
low grade and chronic response that is prolonged and maladaptive
involving active inflammation, tissue destruction and attempts at tis-
sue repair, as seen in long-term infections and autoimmune diseases,
may be established. A low grade inflammatory profile has also been
associated recently with diseases encompassing metabolic alterations
like aging and obesity (De Nardo and Latz, 2011; Medzhitov, 2008).

Chronic, low-level inflammation, as it may happen in infections due
tomycobacteria, i.e.,Mycobacterium tuberculosis, encompasses a two- to
fourfold elevation in circulating levels of pro-inflammatory cytokines
and acute-phase proteins such as C-reactive protein (CRP), together
withminor increases in neutrophil count. Within pro-inflammatory cy-
tokines, tumor necrosis factor alpha (TNF-α), interleukin-1 (IL-1), and
IL-6 are powerful and synergistic cytokines produced by immune cells
in response to danger signals. At the same time, they can also either
reach the brain via the circumventricular organs, which are devoided
of the blood brain barrier (BBB) like the median eminence, or by trans-
port across the BBB, or signaling via the vagus nerve, or through the ac-
tivation of second messengers like nitric oxide and prostaglandins
(Turnbull and Rivier, 1999). Whatever the case, these cytokines consti-
tute a major pathway for activating the hypothalamo-pituitary adrenal
(HPA) axis and the sympathetic nervous system. The hypothalamus
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produces corticotropin-releasing hormone (CRH) and arginine vaso-
pressin. From the parvo-ventricular nucleous, CRH-containing neurons
have efferent pathways to themedian eminence and projections to nor-
adrenergic centers in the brainstem and spinal cord. Release of CRH into
the hypophyseal portal blood stimulates the secretion of corticotrophin
(ACTH) from the anterior pituitary gland. Circulating ACTH reaches the
adrenal glands, where it induces the synthesis and release of glucocor-
ticoids (GCs) and adrenal androgens like dehydroepiandrosterone
(DHEA) (Besedovsky and del Rey, 1996; Chrousos, 1995; Elenkov et
al., 2000; Eskandari and Sternberg, 2002; Turnbull and Rivier, 1999).
On the other hand, activation of noradrenergic pathways by CRH results
in secretion of norepinephrine (NE) by the peripheral sympathetic ner-
vous system and release of NE and epinephrine by the adrenal medulla.

The immune and inflammatory responses that follow an injurious
insult may be local and limited or systemic, involving a broad range of
clinical and biochemical alterations, designated as the “sickness syn-
drome” (Baumann and Gauldie, 1994; Besedovsky and del Rey, 1996;
Elenkov et al., 2000; Eskandari and Sternberg, 2002; Hart, 1990). The
episode is characterized by the acute-phase reaction together with a
sickness behavior including increased sleep, and decreased food and
water intake as well as decreased social and sexual behavior. Most of
these changes require information about the infection/inflammation in-
duced by peripheral immune activation that reaches the CNS and is
followed by the “de novo” synthesis of compounds within the CNS
that, in turn, modify essential homeostatic functions. Distinct regions
of the CNS regulate various aspects of energy balance, including food in-
take. This regulation involves several neuropeptides localized in neurons
within the hypothalamus, where information from various neural in-
puts, endocrine factors and changes in the nutrient and metabolite mi-
lieu are integrated to regulate energy balance. These molecules include
the orexigenic neuropeptide Y (NPY), promoting increased food intake,
and the anorexigenic neuropeptide proopiomelanocortin (POMC)
which is involved in reducing energy expenditure and food intake. Pe-
ripheral signals, such as the adipose tissue-derived hormone leptin, are
also involved in the regulation of energy balance. Its receptors are partic-
ularly expressed in neurons within the hypothalamus containing NPY
and POMC, and facilitate its action by inhibiting orexigenic neuropep-
tides and stimulating anorexigenic peptides (Hotamisligil and Erbay,
2008). In addition to leptin another adipocytokine, like adiponectin,
and the orexigenic hormone ghrelin are known to play a role in the neu-
roendocrine regulation of food intake (Beltowski, 2003; Chan et al.,
2003; Cummings et al., 2005; Neary et al., 2004).

The sickness syndrome which is also characterized by activation of
both the HPA axis and sympathetic nervous system (Straub et al.,
2010) intends to be beneficial for the host, at least during the early
phase of the process. Nevertheless, when the response becomes exces-
sive or prolonged it may be detrimental favoring the establishment of a
pathological situation and the accompanying clinical expression. For in-
stance, anorexia which reduces the energy expenditure and decreases
the growth of pathogens by reducing the availability of nutrients essen-
tial for bacterial proliferation (Weinberg, 1984) will reduce body
weight to affect the metabolic status, if persistent. On the other hand,
the establishment of an infectious process implies a new metabolic set
point in order to achieve an adequate immune response (Hotamisligil
and Erbay, 2008; Pearce, 2010; Straub et al., 2010), without affecting
the needs for some often competing and essential functions. Since ener-
gy is not an unlimited resource, increased energy dedicated to immune
responses, likely adaptive in the initial phase of infection,may ultimate-
ly lead to a metabolic deficit and decreased fitness when prolonged.
Firm evidence for the link between energy supply and the immune re-
sponse derives from a recent study in Africa demonstrating that the
metabolic requirement to cope with measles further impaired body
weight in undernourished children (Phillips et al., 2004).

This metabolic dependence of the functionality of immune cells
(Schwartz et al., 2000), is in turn affected by neuroendocrine factors
and products released by the adipose tissue. In addition to regulating

energy balance, the adipose tissue is now regarded as an active secre-
tory organ also involved in the regulation of several processes like
appetite, insulin sensitivity, endocrine and reproductive systems, me-
tabolism, inflammation and immunity. In this sense a reduction of
body fat is linked to an impaired immunity in a broad range of spe-
cies, including humans (Norgan, 1997; Ouchi et al., 2011; Spurlock
et al., 1997).

As will be commented in the following sections, TB constitutes a
natural model in which the essential processes employed to maintain
homeostasis and successful defensive strategies turn out to be harm-
ful when the infection becomes chronic. Catabolic changes as a result
of neuro-immune-endocrine alterations, decreased food intake and
the consequent reduction of body weight are involved in the con-
sumption state, which is usually seen in patients with active TB.

The infection with M. tuberculosis and the defensive response

Tuberculosis has been a blight on the humanity since its origins
and surely was present before the initiation of the recorded history
(Daniel, 2006). It constitutes a leading cause of death throughout
the world, and still widely affects low-income and middle-income
countries where poverty, political disorganization, and access to
care remain major obstacles to global TB control. Approximately 8.8
million new TB cases emerge and 1.6 million people die of this disease
every year (WHO, 2008).

The disease is a typical example, if not the most salient, of a con-
sumptive state due to an infectious cause, for which it was also
designed phthisis because of its wasting consequences.

The infection is acquired through the inhalation of air-borne parti-
cles containingM. tuberculosis. Within the lungs,M. tuberculosismainly
infects and resides in alveolar macrophages and dendritic cells, or in
monocytes recruited from peripheral blood. Macrophages generally
constitute an effective first line of defense against mycobacteria, al-
though M. tuberculosis can adapt to survive and reside within these
cells for years. Individuals who are able to mount an immune response
adequate enough to contain M. tuberculosis bacilli will control this pri-
mary infection preventing bacillary proliferation and limiting the
spreading of the organism. Most cases of primary tuberculous infection
are clinically and radiologically unapparent; with a positive tuberculin
test being the only indication of the occurrence of the infection. These
individuals remain persistently infected by M. tuberculosis constituting
non-contagious carriers of the bacillus.

Subsequent to the initial phase of infection, due to a rupture of the
host-parasite balance, 5–10% of individuals with latent infection devel-
op post-primary TB (Flynn, 2004). The existence of post-primary TB,
also known as secondary TB, means that the infection can progress
after the development of an adequate specific immune response,
which may occur by inhalation of new bacilli or by reactivation of the
primary focus. Pulmonary TB is the most common form of post-
primary disease. In individuals with HIV/AIDS the involvement of the
central nervous system is more frequent, and factors like malnutrition
and recent measles in children, or alcoholism, malignancies, and the
use of immunosuppressive agents in adults may favor this situation.
The compromise of the central nervous system occurs in two funda-
mental forms: meningoencephalitis and intracranial tuberculoma. The
clinical manifestations are due to the inflammatory process induced
by the mycobacterial infection, and the symptoms depend on the site
and intensity of inflammation. Meningoencephalitis generally has an
insidious onset and a slowly progressive course, with symptoms includ-
ing apathy, lethargy, fever, and mental disturbances such as irritability,
understanding difficulties, personality alterations, disorientation, and
progressive mental confusion. Vertigo, migraine and vomiting can also
be observed. In the case of intracranial tuberculoma, the clinical mani-
festations depend on the location of the lesion, which generally grows
slowly. When there is no compromise of the sub-arachnoid space,
the cerebrospinal fluid is normal and the computerized tomography
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exhibits amass, which is generally difficult to differentiate fromneopla-
sia (Rock et al., 2008).

The fundamental mechanism responsible for the immune contain-
ment of M. tuberculosis growth and dissemination is the granuloma,
which is an organized aggregate of immune cells that surround foci of
infected cells. Initial granulomas are composed of immaturemononucle-
ar phagocytes surrounded by lymphoid effector cells including CD4+
andCD8+T cells. Mature granulomas present neovascularization, high-
ly activated macrophages, epithelioid and giant multinucleated cells.
An extensive fibrotic capsule develops constituting a restraining barrier.
Tubercle bacilli tend to locate in the center of the granuloma, in which
necrotic material containing high amounts of fat as a result of lipids re-
leased from bacillary catabolism can be seen (Russell et al., 2009). This
material is known as caseous necrosis, but macrophages may also be
destroyed partly because of the lysing effect of cytotoxic CD8+ cells
(Dannenberg and Rook, 1994). Caseous necrosis may progress to lique-
faction leading to subsequent cavitation. Tubercle bacilli, whose multi-
plication had been until then inhibited by granuloma formation, find
favorable conditions for growth after that. The development of tubercu-
lous cavities in the lung is a typical feature of postprimary TB allowing
the spreading of infectious material through bronchi and continuous
elimination through sputum. In this way, the clinical spectrum of pul-
monary TB may range from a few foci affecting the upper parts of the
lungs to intense tissue destruction and multiple lobe affectation. Such
different disease outcomes are thought to be the result of complex inter-
actions between M. tuberculosis and the defensive response.

While resistance to M. tuberculosis is known to be conferred by T
cell-mediated immune mechanisms, a strict distinction on whether
they belong to a particular T helper cytokine pattern is not observed
in the human infection, given the wide spectrum of cytokines pro-
duced in response to this mycobacterial infection. Cytokines like in-
terferon gamma (IFN-γ) are relevant in controlling bacillary load,
given its ability to recruit and activate monocyte/macrophage cells
for microbicidal activity. Studies in humans indicate that more severe
and even fatal mycobacterial infections are seen in patients with de-
fects in IFN-γ receptor (Boom, 1996; Cooper, 2009; Cooper et al.,
2002; Flynn, 2004), although there is a growing awareness of addi-
tional contributing factors. Analysis of Th2 cytokines has been less
convincing respect their involvement in disease immunopathology.
Several groups showed an increased production of IL-4 in TB patients,
particularly in cases with cavitary disease (Sanchez et al., 1994;
Schauf et al., 1993; Surcel et al., 1994; van Crevel et al., 2000). Never-
theless, this finding could not be corroborated in other studies (Lai et
al., 1997; Lin et al., 1996). Thus, it is unclear whether IL-4 exerts a role
in disease susceptibility or simply reflects disease activity. Such dif-
ferences in cytokine production in TB patients may partly depend
on variations in the type and extent of the clinical disease. In fact,
our studies in TB patients with different degrees of pulmonary in-
volvement indicated that increased IL-4 production predominates in
advanced stages of the disease, whereas patients with mild forms dis-
play an important degree of IFN-γ production that gradually declines
with disease progression (reviewed in Bottasso et al., 2007).

An appraisal of the circulating pattern of immune-endocrine mediators
in human tuberculosis

Tuberculosis offers an attractive model to investigate the pathologi-
cal processes occurring during an infectious disease. On the one hand,
the existence of metabolic-related manifestations (Bottasso et al.,
2007) provides an extraordinary opportunity to study the immune-
endocrine component that may underlie these alterations, considering
the energy supply that is necessary to maintain the immune response
(Hotamisligil and Erbay, 2008; Straub, 2011). On the other hand, the
variation in the immune response of TBpatients according to disease se-
verity, may reflect a different kind of host-pathogen interactions involv-
ing a dynamic intersection of many signaling and response networks.

We have learned a great deal about the adaptive immune response,
but there is also a need to get a comprehensive idea of the nature of
the overall defensive response which also involves the neuroendocrine
system. As commented, the neuroendocrine and immune systems are
quite intertwined and have evolved in parallel, sharing regulatory and
mediatory molecules and mutually influencing each other's activities.
When both systems are activated during inflammation, the hypothala-
mus, the pituitary gland, and any of several target glands, including
the adrenal gland and the thyroid are committed in the regulatory pro-
cesses. Because the anterior pituitary gland secretes at least six key hor-
mones: ACTH, growth hormone (GH), prolactin (PRL), thyrotropin, and
the gonadotropins, changes in the stress and immune responses, devel-
opment, reproduction, and energy homeostasis are all likely to occur. In
addition, largely because of the dominant role of the HPA axis, inflam-
mation and immunity are also influenced by a great number of hor-
mones that are under the control of this axis.

In general, activation of the HPA axis influences the activity of cer-
tain important facets of the immune system, mostly through the
activity of glucocorticoids and DHEA. The former exerts diverse ac-
tions, both inhibitory and stimulatory, on nearly all features of the im-
mune reaction, including the innate and adaptive responses. For
instance, GCs inhibit the production of proinflammatory cytokines
as well as other mediators of inflammation and stimulate the produc-
tion of antiinflammatory cytokines, providing antiinflammatory con-
trol during an inflammatory reaction (Besedovsky and del Rey,
1996; Elenkov and Chrousos, 1999; Turnbull and Rivier, 1999;
Webster et al., 2002). These systemic end-effector hormones interact
with the ubiquitous glucocorticoid receptors (GRs) in target tissues,
including the immune system (Barnes and Adcock, 2009). On the
other hand, DHEA counteracts the above described promoting effects
of GCs on cytokine production, but also exerts itself potent anti-
inflammatory effects (Dillon, 2005).

Within this conceptual framework context, we analyzed the circu-
lating levels of IFN-γ, IL-10, and IL-6 along with pituitary, adrenal, go-
nadal and thyroid hormones in newly diagnosed male TB patients
with different lung affectation and free from any other treatment.
Compared to healthy controls TB patients showed increased plasma
levels of IFN-γ, IL-10, and IL-6, in presence of markedly decreased
levels of testosterone and DHEA. At the same time, GH concentrations
were noticeably augmented in patients, with no significant differ-
ences in insulin-like growth factor-1, in parallel to slightly increased
amounts of cortisol, estradiol, PRL, and thyroid hormones (del Rey
et al., 2007). These results deviate from the alterations seen during
chronic stress, in which stress hormones like cortisol, PRL, thyroid
hormones and GH, are usually reduced (Van den Berghe, 2003).
Such bias may be partly due to immune-derived products released
during the specific immune response mounted by TB patients, in
view of the reported effects of cytokines on endocrine functions
(Besedovsky and del Rey, 1996; Turnbull and Rivier, 1999; van den
Berghe, 2003).

Considering that during infections GCs favor Th2 responses,
whereas DHEA counteracts this Th2-promoting effect of GCs
(Besedovsky and del Rey, 1996; Dillon, 2005; Turnbull and Rivier,
1999), increased levels of GCs and reduced DHEA concentrations
would not favor the development of appropriate cell-mediated im-
mune response against mycobacteria. In support of this assumption,
a relation between the circulating levels of cortisol and DHEA and
the mycobacterial-driven immune response mounted by PBMCs
from TB patients was found. In fact, plasma DHEA levels were
positively correlated with the amount of IFN-γ present in culture su-
pernatants, whereas the cortisol/DHEA ratio correlated inversely with
the in vitro production of this cytokine (Bozza et al., 2007). Hormonal
changes may also result in a deficient control of inflammation, con-
sidering that the moderately increased cortisol levels that may not
be sufficient to compensate for the limited anti-inflammatory
effect of reduced amounts of DHEA. The increased levels of thyroid
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hormones along with diminished values of testosterone may also
favor the inflammatory situation, since the former promote pro-
inflammatory cytokine production (Foster et al., 2000), whereas the
latter displays anti-inflammatory activities (Malkin et al., 2004).

At first sight, the modestly increased levels of PRL, together with a
several fold increase in GH blood levels may seem beneficial in view
of their CMI-stimulating capacities (Dorshkind and Horseman,
2000). Nevertheless, increased GH levels were not paralleled by
increased insulin-like growth factor-1 (IGF-1) concentrations, which
is normally induced by GH and mediates many of its effects
(Dorshkind and Horseman, 2000), suggesting a certain degree of GH
resistance in TB patients. As such, the effect of increased levels of
GH and PRL can be viewed as an unsuccessful attempt to improve
cell mediated immune responses, which are required for coping
with mycobacterial infections.

Collectively, the hormonal profile of TB patients seems to be inap-
propriate for the development of protective immune responses and
the control of persistent inflammation.

The reciprocal effects between adrenal steroids and the specific immune
response mounted by TB patients

Because of the immunomodulatory effects of cortisol and DHEA, the
potential influence of these steroids on the response of PBMC from
untreated TB patients stimulated in vitro with M. tuberculosis antigens
was explored. Treatment of cortisol, at slightly supraphysiological
levels, resulted in a decreased mycobacterial antigen-driven prolifera-
tion and IFN-γ production,more pronounced in patients with advanced
disease (Mahuad et al., 2004). As reported in other studies wherein GC
suppressed the production of TNF-α, IFN-γ and IL-1, but caused no
major alterations in IL-4 and IL-10 synthesis (Elenkov and Chrousos,
1999; Wilckens and de Rijk, 1997), IL-10 production which was easily
detectable in all cultures remained unaffected by cortisol (Mahuad et
al., 2004). Lymphoproliferation as well as IL-10 and IFN-γ production
were unchanged by DHEA, while causing a significant decrease of
TGF-β production by PBMCs from patients with advanced TB. TGF-β is
a cytokine well known for its suppressive and detrimental effects in
TB (Toossi and Ellner, 1998). In essence, both adrenal steroids can partly
account for the abnormal specific immune response observed during
TB, which may have implications not only in disease pathology but
also for delineation of potential immunointervention strategies.

In a further study we also tested the effect of adrenal steroids in
cells from household contacts of contagious TB patients (HHCs).
These individuals are quite likely to course a latent tuberculosis infec-
tion (LTBI), in which a robust defensive response ensures the forma-
tion of a granulomatous lesion that apparently restrains the infection
and prevents active disease from occurring (Morrison et al., 2008).
Antigen-stimulated IFN-γ production showed the highest levels
among HHCs and significantly different from TB patients and healthy
controls (HCo). Treatment with cortisol significantly reduced IFN-γ in
culture supernatants from all groups respect to their untreated coun-
terparts, although HHCs continued to present the higher IFN-γ con-
centrations than in all other groups. Furthermore, treatment of cells
from HHCs with lower concentrations of DHEA resulted in increased
amounts of IFN-γ, which were the highest concentrations of the cyto-
kine obtained under the experimental conditions tested there (Bozza
et al., 2009). This DHEA-dependent increment of IFN-γ levels con-
firms the facilitating effects of DHEA on its synthesis (Dillon, 2005),
and adds novel evidence of a differential effect related to the host
status.

As part of this bidirectional communication between the endocrine
and immune system, we also analyzed whether mediators released
during the anti-tuberculous immune response modulate differentially
steroid production by adrenal cells. In a first set of studies we demon-
strated that culture supernatants (SN) from M. tuberculosis antigen-
stimulated PBMC of TB patients inhibit DHEA secretion by the human

adrenal cell line NCI-H295-R (del Rey et al., 2007). In a more recent
study, we have also shown that TGF-β is implicated in such inhibition
of DHEAproduction. In fact, treatmentwith anti-TGF-β antibodies abro-
gated the inhibitory effects of SN of M. tuberculosis-stimulated PBMC
from TB patients on DHEA release by the adrenal cells. Conversely,
treatment of these cells with the same SN increased the production
of cortisol that remained unaffected when adding anti-TGF-β anti-
bodies. Nevertheless, when neutralizing TGF-β in supernatants of
M. tuberculosis-stimulated PBMC fromHCo cortisol production by adre-
nal cells was even more augmented suggesting that HCo triggers the
production of soluble factors capable to increase cortisol production.
This observation adds an extra level of complexity to the intricate
network of influences underlying the immune-endocrine regulation
particularly at the level of adrenal steroid production and immune me-
diators, in which effects vary depending on the source of culture super-
natants and the steroid hormone under analysis (D'Attilio et al., 2012).

The relation of systemic immuno-endocrine alterations with the clinical
status and immunological abnormalities

As commented, the consumption state, whose most salient symp-
tom is the profound decrease in body weight is a complex process
that cannot be fully explained by the reduction of appetite resulting
in anorexia. Possibly, it is related with the imbalance of catabolic
and anabolic processes in peripheral tissues, particularly in the adi-
pose tissue. While being opposed to obesity, the conception of the
consumption state as being linked to chronic inflammation may be
considered. This not only applies to infectious processes but also for
cancer cachexia. A striking manifestation characterized by a depletion
of skeletal muscle and white adipose tissue mass, affecting around
half of all patients with cancer (Bing and Trayhurn, 2008), in which
the chronic inflammatory state, mostly due to the host's reaction to
the presence of the tumor seems to be involved (Argiles et al., 2003,
2009; Besedovsky et al., 1985, 2000; Bing and Trayhurn, 2008;
Deans and Wigmore, 2005; Delano and Moldawer, 2006).

Maintenance of the chronic inflammatory condition is a result of
the production of humoral factors, mainly cytokines, or products se-
creted by the host's cells and tissues like hormones. Such mediators
may act at through a direct action on the CNS and/or pathways acti-
vated from the periphery to modulate a complex cascade of biological
responses leading to a series of alterations that ultimately result in
body weight loss. Cytokines which seem to be involved in this condi-
tion are TNF-α, IL-1β, IL-6 and IFN-γ. For instance, intracerebroven-
tricular injection of IL-6 stimulates energy expenditure (Rothwell et
al., 1991), and reduces retroperitoneal fat and circulating levels of
leptin (Wallenius et al., 2002), whereas a negative correlation be-
tween IL-6 levels in cerebral-spinal fluid, body weight and subcutane-
ous and total body fat, has been observed (Stenlof et al., 2003). TNF-α
is regarded as an important mediator of catabolism (Morley et al.,
2006). Increased levels of TNF-α were found in patients with both
malaria (Scuderi et al., 1986) and visceral leishmaniasis (Pearson et
al., 1990), which was associated with death and cachexia. In rats
infected with Escherichia coli, pentoxifylline, which inhibits TNF-α se-
cretion, decreased the anorexia, loss of body weight and muscle pro-
tein seen during such infection (Breuille et al., 1993). Studies in a rat
model of cancer-induced cachexia, showed that pharmacological in-
hibition of TNF-α and IL-1β was effective in ameliorating anorexia
(Laviano et al., 2000; Torelli et al., 1999). Moreover, mice deficient
in the IL-1β-converting enzyme are also resistant to the anorectic ef-
fect of intracerebroventricular injection of LPS (Burgess et al., 1998;
Yao et al., 1999). In the same sense, IFN-γ knockout mice are insensi-
tive to the anorectic effect of LPS, suggesting that IFN-γ is necessary
for the suppression of feeding by LPS (Arsenijevic et al., 2000).
Weight loss in mice bearing the Lewis lung tumor is associated
with IFN-γ production, and administration of an anti-IFN-γ antibody
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reduced the depletion of body fat but had no effect on total body pro-
tein (Matthys et al., 1991).

In addition, these cytokines share similar metabolic effects, and
their biological activities are interrelated, most notably in regard to
the modulation of immune response and inflammation (Langhans,
2000; Pond, 2005).

Within this context, we have demonstrated that the weight loss of
TB patients was related to the immune and endocrine disturbances,
since the body mass index (BMI) was negatively associated with IL-6
circulating levels, whereas the levels of this cytokine correlated posi-
tively with cortisol concentrations (Mahuad et al., 2007). To expand
studies on the disturbed metabolism during TB, we recently explored
several mediators participating in the immune-endocrine-metabolic
unit and examined whether there was a relation between certain
immune-endocrine patterns and the clinical status of patients, particu-
larly weight loss. Assessment focused on circulating levels of leptin,
adiponectin, IL-6, IL-1β, ghrelin, CRP, cortisol and DHEA (Santucci et
al., 2011). We also studied HHCs, because they constitute a protected
group capable of containing the infection, only 5–10% of them may de-
velop TB disease during their lifetime (Bates, 1980; Comstock, 1982),
showed no weight loss and shared the same socio-economic and
environmental conditions. In other words, TB patients and their HHCs
constitute "natural models" for analyzing this type of immune-
endocrine-metabolic relation.

Patients had a lower BMI, reduced levels of leptin and DHEA, and
increased concentrations of CRP, IL-6, cortisol, IL-1β and nearly signif-
icant adiponectin values than HHCs and a group of HCo. Within TB pa-
tients the BMI and leptin levels were positively correlated and
decreased with increasing disease severity, whereas higher concen-
trations of IL-6, CRP, IL-1β, cortisol, and ghrelin were seen in cases
with moderate to severe tuberculosis. Household contacts had
lower DHEA and higher IL-6 levels than controls.

Leptin is involved in the control of energy storage by decreasing food
intake and increasing energy expenditure (Kelesidis et al., 2010;Martin
et al., 2008). As regards TB, circulating leptin levels were found to be in-
creased (Yuksel et al., 2003), unchanged (Kim et al., 2010) or reduced
together with decreased body fat and loss of appetite (van Crevel et
al., 2002). The positive association of leptin levels with BMI (Maffei et
al., 1995), also detected in our TB patients, and the relation of leptin
with the adipose tissue mass (Considine et al., 1996), suggest that re-
duced leptin levels seen in our study may be linked to the weight loss
that accompanies the disease. At the same time, it is known that chronic
stimulation with pro-inflammatory cytokines, as is the case of TB, sup-
presses leptin production (La Cava and Matarese, 2004; Matarese et
al., 2005). The fact that HHCs, undergoing a LTBI without weight loss,
had normal leptin plasma levels, favors the view of reduced leptin levels
in TB as being due to an energy imbalance. As components participating
in the regulation of food consumption, adiponectin is related to increase
in appetite, central fat distribution and multiple metabolic disorders
(Lara-Castro et al., 2006), whereas ghrelin is a potent circulating
orexigen and controls energy expenditure (Lorenzi et al., 2009; Taub,
2008). This complementary activity of leptin, ghrelin and adiponectin
in providing information to the CNS about the energy balance to main-
tain homeostasis, seems to be disrupted in TB since their circulating pat-
tern is compatible with an orexigenic effect.

At variance with our results, Kim et al. (2010) reported no differ-
ences in leptin and ghrelin levels in TB patients, although further sepa-
ration into well-nourished or malnourished cases revealed lower
amounts of ghrelin in the latter subgroup. Reasons for such differences
may be of different nature i.e, genetic and environmental factorsmay be
also implied. Also, our sample population was composed of untreated
patients whereas in the Korean study patients were bled within 3
days following treatment initiation. In distinguishing priormalnutrition
from the consumption state that accompanies progressive disease, the
preserved nutritional status of close HHCs of present TB patients adds
support to the latter possibility.

Within the complex network of mediators accounting for the con-
sumption state during TB, IL-6 seems to be also involved in light on
the negative association of IL-6 circulating levels and BMI (Mahuad
et al., 2007) and the increased levels of this cytokine seen in our for-
mer studies in TB patients (del Rey et al., 2007; Mahuad et al., 2007;
Santucci et al., 2011). The inverse correlation between IL-6 levels in
cerebral-spinal fluid, body weight and serum leptin concentrations
found in obese patients (Stenlof et al., 2003), is in line with present
findings of IL-6 being negatively associated with leptin and BMI. In a
similar way IL-1β may also take part in the catabolic state, since this
cytokine was not only increased during TB but was also negatively as-
sociated with the BMI.

Although GCs may have some anti-lipolytic effects in obesity-
related situations (Peckett et al., 2011), increased cortisol in TB pa-
tients may favor the loss of body mass, since the hormone mobilizes
lipid stores by inducing lipolysis in fat cells inhibiting protein synthe-
sis and stimulating proteolysis in muscle cells (Dallman et al., 1993).
In addition increased cortisol may also inhibit food intake and hence
induce body weight loss (Kellendonk et al., 2002). Highlighting the
important degree of nonspecific systemic inflammation seen during
TB that is surely implied in cortisol abnormalities, TB patients
displayed increased amounts of CRP, which is in line with other stud-
ies reporting increased levels of CRP in patients with TB (Breen et al.,
2008; Choi et al., 2007; Wallis et al., 2010).

The negative correlation of leptin with IL-6 and CRP deviates from
the reported effects of this adipocytokine, which is known to increase
the production of several pro-inflammatory cytokines by monocytes/
macrophages (Raso et al., 2002) as well as displaying some pro-
inflammatory effects (La Cava and Matarese, 2004; Matarese et al.,
2005). Also, in contrast with a recent demonstration of an inverse rela-
tion between plasma adiponectin levels and a number of inflammatory
markers (Bahceci et al., 2007), in our case changes in adiponectin, IL-6
and IL-1βwere in the same direction. To some extent, this skewed pro-
file of associations may be related to a dysregulation of a defensive
response of TB patients, more evident in the case of leptin. Since hor-
mones and adipocytokines are influential in the orchestration of the cel-
lular immune response, we have next explored the potential relation
between plasma levels of such compounds and the in vitro immune re-
sponse mounted by TB patients. The analysis revealed that leptin
plasma levels positively correlated with ex vivo basal production of
IFN-γ and ConA-driven proliferation by cells from TB patients. Con-
sidering the Th1-favoring effects of leptin (La Cava and Matarese,
2004; Matarese et al., 2005), the low endogenous levels of this
adipocytokine seen in TB patients may partly account for the impaired
specific cellular immune responses we have typically observed in
them (Dlugovitzky et al., 1999, 2000).

Because of the need to understand the defensive response in an in-
tegrated fashion, an approach enabling to analyze several variables si-
multaneously was employed. Linear discriminant analysis is a
statistical method for studying the differences between classes of ob-
jects. Broadly speaking, the method is appropriated to find an additive
combination of variables that shows the best separation of the individ-
uals and hence classifying subjects into a correct group. Inherent in this
procedure is the identification of themost suitable variableswhich con-
tribute significantly to the discrimination within the whole set of them.
Group classification by means of discriminant analysis and the
k-nearest neighbor non-parametric method showed that TB patients
were clearly different from the other groups. In the discriminant step-
wise procedure the higher levels of CRP together with lower amounts
of DHEA and reduced BMI emerged as having significant discriminative
power among TB patients (Santucci et al., 2011).

The implications of weight loss and the BMI in TB were already
commented. As regards DHEA our results are in line with data from
patients with chronic disabling inflammatory diseases in whom a
prolonged immune aggression coexist with a deficient production of
this adrenal steroid (Straub and Besedovsky, 2003). As discussed
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decreased DHEA levels in TB patients are unfavorable for the course of
the disease, in terms of the disturbed anti-infective immune response
and control of tissue damage. Supporting this view, treatment with a
synthetic DHEA derivative improved the course of experimental tu-
berculosis in mice (Hernández-Pando et al., 2005). Also, administra-
tion of DHEA sulphate improved IgG and IFN-γ production in mice
immunized with heat shock proteins from Mtb (Ribeiro et al.,
2007). Extending this view, in recent years there has been strong
assumption that DHEA may play some role in inducing resistance
during infection with Schistosoma mansoni, both in humans and ex-
perimentally infected hosts (Abebe et al., 2003; Fulford et al., 1998;
Morales-Montor et al., 2001).

Discrimination methods were less effective in distinguishing HHCs
from healthy controls, for which the evaluation of additional variables
may be required to achieve a clear-cut separation. Nevertheless, a
trend of HHCs to display increased adipocytokines levels, together
with lower amounts of DHEA and higher IL-6 concentrations was
found. Although clinical and radiological evaluation gave no indication
of an overt disease, close contacts of TB patients are likely to course a
subclinical TB infection (Bozza et al., 2009; Morrison et al., 2008), for
which increased levels of IL-6 may reflect a subclinical inflammation.

Cytokines, chronic inflammation and psychiatric disorders in tuberculosis

Considering that the immune and nervous systems co-evolved to
protect individuals from noxious stimuli, it seems sensible that expo-
sure to immune stressors could distort this protective system affecting
neurological functions (Besedovsky and del Rey, 1996; Chrousos,
1995; Elenkov et al., 2000; Eskandari and Sternberg, 2002). The sickness
response is a clear example of such immune-to brain communication
pathway triggering the production of a constellation of CNS-mediated
phenomena together with the release of pro-inflammatory cytokines.
In line with the behavioral effects of cytokines, depression was found
to be associated with augmented concentrations of pro-inflammatory
cytokines including TNF-α, IL-1β and IL-6 in the peripheral blood and
cerebrospinal fluid as well as increases in the circulating levels of
acute phase proteins (Dantzer et al., 2008; Miller et al., 2009). Several

pieces of evidence indicate that elevated cytokines are linked to major
depressive disorders and that inflamationmay take part in the network
of causal events leading to such disturbances (Dantzer et al., 2008;
Miller et al., 2009).

Within this context, studies have shown that the prevalence of de-
pression and other psychiatric disorders, i.e., anxiety, is significant
among patients with TB (Aghanwa and Erhabor, 1998; Moussas et al.,
2008; Westaway and Wolmarans, 1992). Some studies searching for
the presence of commonmental disorders in TB patients in low andmid-
dle income countries have found high rates of affective disorders (Aydin
and Uluşahin, 2001; Deribew et al., 2010; Husain et al., 2008; Issa et al.,
2009; Peltzer et al., 2012;Westaway andWolmarans, 1992). Also, specif-
ic treatmentwas shown to improve health status of TB patients including
some scores related with depression (Kruijshaar et al., 2010).

Exposure to psychological stress leads to an increased production
of pro-inflammatory cytokines (Maes et al., 1998), and this ability of
stress to drive inflammatory responses is exaggerated in depressed
individuals (Pace et al., 2006). Since TB is accompanied by depression
and the disease represents, to some extent, a form of psychological
stress, a mental-associated extra level of influence accounting for
the protracted inflammatory response during TB seems likely.

Future directions and concluding remarks

The neuroendocrine and immune systems play crucial roles in
maintaining integrity against external/internal threats. The former is
relatively nonspecific, in the sense that it is activated by any threat
to general homeostasis, whereas the latter is reasonably specific as
it detects the presence of potentially harmful invading microorgan-
isms and reacts to them. As commented, there is a bidirectional sig-
naling pathway between these systems to optimize effectiveness of
both, with the purpose of a successful defense against and intending
adaptation of the host to injury.

Nevertheless, the situation is completely different in long-term
disease with marked inflammation, in which defensive mechanisms
become altered and the subsequent disease outcome, as seen in TB
(summarized in Fig. 1). This is highlighted by several facts: an imbalance

Fig. 1. Immune–endocrine disturbances in tuberculosis and its clinical and immunological consequences. The chronic presence of pro-inflammatory cytokines are likely to be in-
volved in anorexia and affective disorders, in addition to modulating the production of cortisol and DHEA, by acting on the hypothalamus, on the pituitary or even directly on
the adrenal glands. The increased cortisol/DHEA ratio, changes in the concentration of gonadal steroids, the consumption state and low leptin levels may also affect the develop-
ment of an effective response for controlling the infection. In turn, synthesis of TGF-β by immune competent cells from TB patients decreases DHEA production by adrenal cells.
Although the levels of GH are also increased in patients with TB, a state of GH resistance seems to be present in these patients. This process together with the hormonal changes
would further contribute to the catabolic status.
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of plasma immune and endocrine mediators, that results adverse for
mounting an adequate response against mycobacteria and controlling
inflammation; the inhibition of DHEA secretion by a human adrenal
cell line when exposed to culture supernatants from M. tuberculosis-
stimulated PBMC of TB patients, and its partial reversion by TGF-β neu-
tralization; the in vitro effects of adrenal steroids on the specific immune
response of PBMC from TB patients, that is a cortisol inhibition of myco-
bacterial antigen-driven lymphoproliferation and IFN-γ production to-
gether with the DHEA suppression of TGF-β production; more
recently, the demonstration that immune and endocrine compounds
participating in the regulation of energy sources and immune activity
correlated with the consumption state of TB patients.

On a theoretical basis, our studies also raise a series of questions
worth exploring. For instance, the influence that genetic and environ-
mental component may exert in reinforcing or dissociating the link
between metabolic and immune-endocrine abnormalities. Whether
weight loss and inflammation are triggered in parallel or in sequence
is also interesting but cannot be assessed since studying the establish-
ment of an overt TB disease in humans is unethical. Nevertheless, in-
vestigating the presence of common initiating signals linking both
processes is more amenable. The importance of white adipose tissue
physiology and the role of adipocyte-secreted adipocytokines in the
regulation of body composition and adiposity are deserving increased
interest (Hauner, 2010; Trayhurn et al., 2006). It is known that perox-
isome proliferator activated receptor gamma (PPARγ) has a central
role in adipogenesis and adipocyte function (Okuno et al., 1998). As
a member of a superfamily of nuclear receptors participating in the
control of a large number of physiological processes (Farmer, 2005),
PPARγ is thought to play a role in chronic inflammatory conditions.
Also, inhibition of PPARγ function by inflammatory cytokines may
contribute to the pathogenesis of several pathological situations, like in-
sulin resistance, atherosclerosis, and consumption states (Lehrke and
Lazar, 2005; Sharma and Staels, 2007; Stienstra et al., 2008). It follows
that PPARγmay exert a possible contributory role in the chronic inflam-
mation and disturbed metabolism during TB. Work in mice showed
that airway challenge with Mtb triggered the expression of PPARγ in
broncho-alveolar lavage cells (Korf et al., 2009).

From a translational standpoint, the finding that immune-endocrine
disturbances are involved in the pathological consequences of TB raises
the hope of delineating novel adjuvant therapies for a better treatment
of the disease.
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