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Abstract

Thymic re-growth and reactivation of thymic functions may be achieved in old animals by

different endocrinological or nutritional manipulations such as, (a) treatment with melatonin, (b)

implantation of a growth hormone (GH) secreting tumour cell line (GH3 cells) or treatment with

exogenous GH, (c) castration or treatment with exogenous luteinizing hormone-releasing hormone

(LHRH), (d) treatment with exogenous thyroxin or triiodothyronine, and (e) nutritional interventions

such as arginine or zinc supplementation. These data strongly suggest that thymic involution is a

phenomenon secondary to age-related alterations in neuroendocrine–thymus interactions and that it

is the disruption of these interactions in old age that is responsible for age-associated immune–

neuroendocrine dysfunctions. The targets involved in hormones-induced thymic reconstitution may

directly or indirectly involve hormone receptors, cytokines, arginine, and a trace element such as

zinc, which is pivotal for the efficiency of neuroendocrine–immune network during the whole life of

an organism. The effect of GH, thyroid hormones, and LHRH may be due to specific hormone

receptors on thymocytes and on thymic epithelial cells (TECs), which synthesize thymic peptides.

Melatonin may also act through specific receptors on T-cells. In this context, the role of zinc, which

turnover is reduced in old age, is pivotal because of its involvement through zinc fingers in the gene

expression of hormone receptors. In addition, the effects of zinc are multifaceted: from the

reactivation of zinc-dependent enzymes, to cell proliferation and apoptosis, to cytokines expression

and to the reactivation of thymulin, which is a zinc-dependent thymic hormone required for

intrathymic T-cell differentiation and maturation as well as for the homing of stem cells into the
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thymus. Zinc is also required for arginine action, via NO pathway. The role of zinc is therefore crucial

in neuroendocrine–thymus interactions. According to data in animals and humans, the above reported

endocrinological manipulations (GH, thyroid hormones, and melatonin) or arginine treatment may

also act via zinc pool in restoring thymic activity in ageing allowing improvements on peripheral

immune efficiency.

# 2006 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

A large body of experimental evidence supports the existence of numerous interactions

among the nervous, endocrine, and immune systems. These systems use similar ligands

and receptors to establish a physiologic intra- and intersystem communication circuitry

that plays an important role in homeostasis. The communications among these networks

are mediated by hormones, neurotransmitters, and immune-derived cytokines, which are to

a large extent shared by different homeostatic systems. Hormones and neurotransmitters, in

addition to regulating various target tissues in the body, also reach lymphoid organs and

cells through the circulation or directly through the autonomic nervous system (ANS)

connections between the nervous tissue and the organs of the lymphoid system itself

(Fabris et al., 1997). The neuroendocrine–immune interactions supported by circulating

humoral mediators are mainly due to, and mediated by, the hypothalamus–pituitary (H–P)

axis, which influences the immune system either by releasing various hormones and

neuropeptides into the blood with direct modulator action on the immune effectors or by

regulating the hormonal secretion of peripheral endocrine glands, which also exert

immunomodulating actions (Savino and Dardenne, 2000). In addition, neuroendocrine–

immune interactions are based upon direct neuroimmune connections (Madden and Felten,

1995; Elenkov et al., 2000). Anatomical studies have shown that the nerve endings of the

sympathetic and the parasympathetic systems innervate various organs of the immune

system such as thymus, spleen, bone marrow, and lymph nodes. Furthermore, ANS-related

neurosubstances such as substance P, substance Y, vasointestinal peptide (VIP),

somatostatin, neurotensin, oxytocin, and vasopressin have been immunocytochemically

identified in lymphoid organs (Geenen et al., 1999).

The existence of signals generated within the immune system, capable of modulating

various nervous–neuroendocrine functions, has been originally suggested by the

alterations that can be induced in the neuroendocrine balance either by removal of

relevant lymphoid organs, such as the thymus, or by the functioning of the immune system

itself, such as reactions to immunogenic or tolerogenic doses of antigen (Besedovsky and

del Rey, 1996). The discovery that the majority of such effects could be mimicked by

various immune-derived factors (e.g., thymic peptides and cytokines) has given support to

those findings (McCann et al., 1993).

It has been found that lymphoid and accessory cells may, in given circumstances and

particularly following antigenic stimulation, synthesize and secrete neurohormonal
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factors, such as adrenocorticotropin (ACTH), growth hormone (GH), thyrotropin (TSH),

prolactin (PRL), gonadotropins, and beta-endorphin, which are likely to have an autocrine

effect, as well as contribute to the neuroendocrine balance. This discovery has expanded on

the number of humoral signals shared by the immune and the neuroendocrine systems

(Weigent and Blalock, 1995).

Hormones, neurotransmitters, and immune cytokines may exert developmental actions

related to the structural and functional organization of target organs or cells and play roles

in the actual performance of mature cells, such as those required to counteract stressful

conditions and antigenic insults. The findings related to neuroendocrine–immune

interactions responsible for developmental steps should, therefore, be clearly distinguished

from central and peripheral steps taking also into account the complex autocrine and

paracrine influence among various hormones, neurotransmitters, and cytokines in the

maintenance of neuroendocrine–immune pathway (Fig. 1). The stimuli required may

obviously differ, both quantitatively and qualitatively, according to the functional demands

placed by the organism. In any case, the response to antigenic insults or stressful agents is

closely dependent by the age of the organism because the complex neuroendocrine–

immune pathway must be ‘‘plastic’’ for its efficiency. In other words, the variations of the

neuroendocrine–immune performances during the circadian cycle are pivotal in conferring

the response to antigenic stimuli (Mocchegiani et al., 2002b). Such variations occur in

young-adult age, but not in old age. As such, old individuals are ‘‘low responders’’ to

stressor agents with the subsequent appearance of age-related degenerative diseases

(Mocchegiani et al., 2002b).

These considerations suggest two levels of neuroendocrine–immune interrelationships.

The first level is at central level based on interactions between the neuroendocrine system

and the thymus (Fig. 1), a gland that induces proliferation and differentiation of stem cells

into mature T-lymphocytes (Hadden, 1998). Such interactions should take into account the

fact that the thymus synthesizes and secretes various hormone-like peptides as well

cytokines with differentiation properties on the T-cell lineage (Savino et al., 1999). The

second level of interaction is at the periphery (Fig. 1), among neuroendocrine signals,

humoral products and cytokines, which are secreted by immune cells during specific

reactions to various antigens with, in turn, a role of feedback towards the central level

(thymus and the hypothalamus–pituitary axis) (Th–H–P axis) (Fig. 1) (Savino and

Dardenne, 2000; Besedovsky and del Rey, 1996; Weigent and Blalock, 1995). In any case,

since many physiological and pathological changes in thymic architecture are associated

with changes in thymic microenvironment and also antigenic stimulation may play a role in

the production of local hormones or cytokines within the thymus (Yarilin and Belyakov,

2004), different conditions can affect the central level interactions. However, some

cytokines (Wolf and Cohen, 1992) and hormones (Fabris et al., 1984) within the thymus

can be expressed spontaneously without obvious stimulation Therefore, it is necessary to

distinguish neuroendocrine–immune communications both at central and peripheral levels

into two circuits. The first, is relevant in physiological conditions even if it may be affected

by antigen stimulation. This circuit is largely modulated by the circadian rhythms of

systemic mediators aimed at regulating growth and survival through the balance of

immunoregulatory signals (Haus and Smolensky, 1999; Dorshkind and Horseman, 2000).

For these reasons, the first circuit of interaction can be considered ‘‘strategic’’ because it
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Fig. 1. Schematic representation of immune–neuroendocrine pathway. The first level is at central level based on

the interactions between the neuroendocrine system and the thymus. The second level of interaction is at the

periphery among neuroendocrine signals, humoral products, and cytokines, which are secreted by immune cells

during specific reactions to various antigens with, in turn, a role of feedback towards the central level (thymus and

the hypothalamus–pituitary axis). In this context, zinc is involved both at central and peripheral levels of immune–

neuroendocrine interactions. With regard to arginine, its influence may be directly exerted on the zinc pool or

towards a segratagogue action on pituitary hormones (GH and PRL). For explanations see the text. Arg: arginine.



aims at down-regulating the stress response before occurring. The second circuit is strictly

antigen-dependent occurring as a response to a variety of environmental agents, such as

those related to inflammation (Chikanza and Grossman, 1998). This circuit involves a

complex series of adaptive responses often mediated by fully differentiated immune cells

during an effective stress response. The main role played by the second circuit appears to

be a normalization of the neuroendocrine or immune balance following a sudden alteration

via a stressful agent or no cognitive event (Weigent and Blalock, 1995). Indeed, the relay of

information to the neuroendocrine system represents a sensory function for the immune

system wherein leucocytes recognize stimuli that are not recognizable by the central and

peripheral nervous system (i.e., bacteria, tumours, viruses, and antigens). The recognition

of such non-cognitive stimuli by immunocytes is then converted into informations leading

to physiological changes.

For these reasons, it can be termed as a ‘‘tactical’’ or ‘‘emergency’’ circuit. This latter

occurs in presence of transient stimuli, but with a peculiarity during ageing because the

stress-like condition is chronic. Indeed, during ageing the ‘‘tactical’’ circuit is under the

continuous stimulation by antigens or stressor agents because old organism seems unable

to respond to chronic stress with thus no restoration of normal conditions. In other words,

the old lymphocytes in presence of continuous stressor agents are less responsive to both

beneficial and undesirable effects of glucocorticoids as well as of other hormones leading

to a general defect in the communication between the immune and neuroendocrine system

(Pereira et al., 2003; Medina et al., 1998). Taking into account these peculiar aspects, the

old individual may be termed as ‘‘low responder’’ with a final result of altered or

diminished functions of the immune–neuroendocrine pathway and subsequent risk of the

appearance of age-related pathological conditions (Fig. 2) (Mocchegiani et al., 2002b).

However, the role of these two levels of interactions may be different and closely related to

the target and the kinetics of immune and hormonal mediators. In other words, a ‘‘long

wave’’ action for the first level may be suggested due by long-acting fluctuations of

neurohormonal or thymic peptides turnover; while ‘‘short wave’’ action for the second

level due to humoral mediators with short-term effects.

In this context, nutritional factors play a key role because involved in various steps of

neuroendocrine–immune interactions both at central and peripheral levels either in transient

stress or in chronic stress like-conditions. One of the most relevant nutritional factors is a

trace element, i.e., zinc, because closely related directly or indirectly, via zinc-finger

activated transcription, in conferring biological activity to neurohormones, cytokines, thymic

hormones, and T-cell proliferation and maturation (Mocchegiani et al., 1998a) (Fig. 1).

However, another nutritional factor that affects the neuroendocrine–immune interac-

tions is an essential amino-acid called arginine, which in addition to a segretagogue action

for hormone secretions, ‘‘in primis’’ Growth Hormone (Barbul et al., 1983), plays a key

role in modulating the pool of available zinc (Mocchegiani et al., 1992).

The present article aims to summarize data that outline the hormonal and nutritional

factors involved in modulating the strategic circuit in physiological condition during

ontogeny and their role in age-related thymic involution. In addition, the role of the low

zinc ion bioavailability during ageing and its influence on the neuroendocrine and immune

systems is also extensively described (Fig. 2), with an extension on the effect of arginine on

the zinc pool and neuroendocrine–thymus interactions in ageing.
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Fig. 2. Schematic representation of immune–neuroendocrine interactions in chronic stress-like condition, like in

ageing. Abnormal production of pro-inflammatory cytokines (IL-1, IL-6, and TNF-alpha) leads to an altered

physiological hormonal cascade from the hypothalamus to the peripheral glands. Concomitantly, permanent stress

provokes low arginine synthesis and low zinc ion bioavailability for thymic and peripheral immune efficiency. As

final results, the immune deficiency and the subsequent appearance of age-related diseases are the logic

conclusion. Arg: arginine.



2. Neuroendocrine–thymus interactions: the strategic circuit in ontogeny

The strategic circuit of the neuroendocrine–immune interactions includes central

lymphoid organs, in which the thymus gland is prominent, and the production and release

of various cytokines produced by the thymus itself and peripheral mature T-cells with

mechanisms of feedback on H–P axis and T-cells itself. In turn, H–P axis affects the thymus

efficiency through the production and release of hormones, releasing hormonal factors and

neuropeptides. As such, a complex cycle between neuroendocrine and immune system

appears, and results indispensable for the physiology of many body homeostatic

mechanisms during ontogeny (Savino and Dardenne, 2000).

Such a cycle is multifaceted and includes various aspects: from intrathymic T-cell

differentiation and maturation, to cytokines production and, finally, to neuroendocrine

influence on thymic functions.

2.1. Intrathymic T-cell differentiation and maturation

The thymus is a central lymphoid organ in which bone marrow-derived T cell precursors

undergo a complex process of maturation, eventually leading to migration of positively

selected thymocytes to the T-cell dependent areas of peripheral lymphoid organs like

spleen, lymphonodes, Payer’s patches, and tonsils (Anderson and Jenkinson, 2001).

Therefore, the thymus is involved in the differentiation and maturation of T-cells with

effector (cytotoxic) and regulatory (helper/suppressor) activities. This differentiation

involves regulation of the expression of various membrane proteins. A key cell membrane

protein is the T cell receptor (TCR) that is physiologically coupled with a molecular

complex, termed CD3. Additional accessory molecules, including CD4 and CD8, as well

as CD25 and the proteoglycan CD44, are pivotal in defining stages of intrathymic T cell

differentiation and maturation. The TCR is a heterodimer formed by an ab-or a gd-chain

configuration, with the appearance of gd+ thymocytes in the early stage of differentiation.

In adult thymus, by contrast, 99% of TCR+ thymocytes express TCRab and only 1% is gdT

cells (Res and Spits, 1999). With regard to accessory molecules, in the first steps of

differentiation immature thymocytes are CD3�CD4�CD8�CD25�CD44+ becoming

subsequently CD25+CD44+. During the maturation, the thymocytes lose CD25 and

CD44 and become CD4+CD8+, so-called double-positive thymocytes. These cells are 80%

of total thymocytes and purchase the rearranged TCRab, which in turn reacts with peptides

presented by molecule of the MHC. This interaction will determine the positive and

negative selection events that are crucial for thymocytes differentiation and maturation.

The positive selection leads to mature CD4+ or CD8+ single positive thymocytes (long-

lived) (about 15%) expressing TCR/CD3 complex and they leave the organ to reach the

periphery. The negative selection is instead the screen for establishing self-tolerance in the

T-cell repertoire and promotes the deletion of T cells that might potentially be autoreactive

to self-proteins. These cells die for apoptosis (Ritter and Palmer, 1999).

As mentioned above, the avidity of the interaction between TCR/CD3 complex and

class I or class II MHC products on the micro-environmental cell membranes in the context

of CD8 or CD4 molecules, respectively, is a determinant for positive versus negative

selection. Thymocytes with high avidity are negatively selected and are deleted by
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apoptosis leading to the death of a large number of potentially harmful autoreactive T-cells.

By contrast, a small percent of thymocytes with intermediate avidity for recognition of

MHC-self peptides are rescued from death and it is positively selected (Ritter and Palmer,

1999).

Thymic epithelial cells (TECs) convey the intrathymic T-cell differentiation and

maturation and the subsequent positive selection. The negative selection occurs in the

context of haematopoietic-derived dendritic cells (DCs), but also of TECs (Anderson and

Jenkinson, 2001). At this regard, a relevant point is the role played by CD4 regulatory T

cells (Treg) that are generated intrathymically by recognition of antigens expressed on

TECs (Modigliani et al., 1995). Specific TEC–Treg cell (CD4+CD25+) interactions, via

foxp3 transcription factor, are important for the recognition of self-tolerance with

subsequent negative selection of potential autoreactive T cells (Coutinho et al., 2005;

Bluestone and Tang, 2005).

TECs communicate with each other and with thymocytes by gap junctions (formed by

proteins of connexin family) (Alves et al., 1998) and by ECM ligands, such as fibrinectin

and lamin, and their corresponding integrin receptors VLA-4/VLA-5 and VLA-6 (Savino

et al., 1999). TECs provide the migration of mature thymocytes within the thymus as well

as into the circulation through the production of adhesion molecules (LFA-1, ICAM-1,

LFA-3, CD2) (Patel and Haynes, 1993). Of interest, TEC–Treg cell type interactions are

induced in the course of an immune response and mediate their suppressive activity via the

production of inhibitory cytokines, such as IL-4, IL-10, and TGF-b (Levings and

Roncarolo, 2005). In addition, both TECs and DCs produce cytokines that affect

thymocyte differentiation and proliferation (Fig. 1). This fact leads to the notion that

several paracrine circuits involving TEC-derived factors are likely to have differentiating

thymocytes as targets. Other than cytokines production, TECs synthesize and secrete

defined thymic hormones, including thymosin alpha-1, thymulin, and thymopoitein that

also act upon the general process of thymocytes maturation (Hadden, 1998).

Immunohistochemically, studies using polyclonal and monoclonal antibodies have

demonstrated the presence of thymulin, thymosin alpha-1, and thymopoietin both in

murine and human thymic epithelial cells (Savino and Dardenne, 2000). The role of the

thymic peptides on intrathymic or extrathymic maturation of T-cells is well defined as well

as also a role of chemotactic attraction (homing) of stem cells from the bone marrow into

the thymus (Champion et al., 1986).

2.2. Paracrine cycle of cytokines on thymic microenviromental cells

As cited above, thymic micro-environmental cells can influence thymocytes

differentiation and proliferation through soluble polypeptides (cytokines and chemokines).

Both TECs and DCs produce IL-1, which stimulates thymocyte proliferation. Actually,

various cytokines are produced by thymic epithelium, including IL-2, IL-3, IL-4, IL-6, IL-

7, IL-8, IL-10, GM-CSF, TGF-b, leukaemia inhibitory factor (LIF), stem cell factor (SCF)

(also termed c-kit ligand), and TNF-a (Moll et al., 1992; Yarilin and Belyakov, 2004). The

production and the release of all these cytokines into the thymic microenvironment are of

relevance because the task of some cytokines (IL-1, IL-2, IL-6) is to induce proliferation,

while others provoke inhibition (TFG-b) or apoptosis (TNF-a) or homing (GM-CSF) or in
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connection (IL-10) with TECs the elimination of potential autoreactive T cells. Therefore,

the large number of cytokines produced by the thymus maintains a balance between

thymocyte proliferation and inhibition. As such, the number of thymocytes does not exceed

during ontogeny assuring a correct functionality of the thymus in T-cell differentiation,

maturation, proliferation, and self-tolerance. Such an assumption is supported, for

instance, by the fact that an over-expression of some cytokines (IL-6) respect to others

(TGF-b) in young IL-6 transgenic mice leads to an abnormal thymic enlargement and

thymic dysfunctions (Moll et al., 1992).

IL-7 plays a peculiar role for thymocytes differentiation. IL-7 promotes the

rearrangement of TCR genes by enhancing both production and activity of recombinases

(Muegge et al., 1993). In conjunction, IL-7�/� as well as IL-7 receptor-deficient mice

display a severe reduction in lymphoid development, whereas IL-7 transgene incorporation

in nude mice induces T-cell development (Rich and Leder, 1995). A relevant discovery is

the influence of IL-7 in growth and differentiation for thymic gdT cells, as shown in IL-

7�/� mice. This fact is peculiar during ontogeny when gdT cells are abundant in the

thymus because of their requirement in TCR rearrangement and, subsequently, in

thymocytes positive selection (Haks et al., 1999).

In addition to classical cytokines, chemokines are also thymic microenvironment-

derived secretory products important in thymus physiology. Chemokines correspond to a

family of small polypeptidic molecules that control directional migration of leukocytes

(Kim and Broxmeyer, 1999). In this context, one chemokine, the stromal cell-derived

factor (SDF), is produced by thymic stroma cells attracting preferentially immature

CD4�CD8� and CD4+CD8+ thymocytes. Conversely, another chemokine, MIP3-beta,

exerts chemoattraction for mature single positive thymocytes (Kim and Broxmeyer, 1999).

This in keeping with the different expression of corresponding chemokine receptors in

distinct CD4/CD8-defined stages of thymocytes differentiation.

All these findings clearly demonstrate the existence of paracrine cycles among

cytokines and chemokines produced by TECs and thymocytes. In this context, a relevant

question arises: do autocrine cycles also exist? In other words, do cytokines produced by

TECs affect TECs itself? Cytokines receptors do not seem to exist on TECs, except for IL-7

and IL-2 (CD25) (Klug et al., 2002). A recent study has shown the presence of tumour

necrosis factor receptor-associated factor 6 (TRAF6) on TEC that it is an essential

component of a new signalling pathway directing TEC development (Derbinski and

Kyewski, 2005). However, an intriguing point is related to TEC-thymocytes connection by

connexin 43 (gap junction) (Savino et al., 1999). Therefore, a role of cytokines on TECs

proliferation and efficiency might occur through gap junction justifying the presence of

also autocrine cycles. These last points remain to be clearly investigated.

2.3. Cytokines as immunotransmitters to H–P axis

The most likely messengers from the immune system to the nervous system are the

cytokines, which have substantial effects on the H–P axis (Dunn, 2000). This effect is

exerted from cytokines produced by peripheral immune cells, from which the term of

immunotransmitters was born (Savino et al., 1999). In contrast, cytokines produced within

the thymus mainly affect thymocytes proliferation and differentiation as well as TECs
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activation, termed as ‘‘minor cytokine network’’ (Yarilin and Belyakov, 2004). However,

the precise task of cytokines produced within the thymus has not been clearly established,

even if a possible role in the differentiation of peripheral cytokine-producing cells of type 1

or type 2 has been supposed (Chantry et al., 1999). Following this suggestion and taking

into account that peripheral cytokines can have a role of immunotransmitters, it may not be

excluded that also cytokines produced within the thymus may indirectly affect H–P axis.

A large number of cytokines as immunotransmitters has been identified. Those currently

known to have the most relevance for the nervous system are IL-1, IL-2, IL-6, TNF-a and

IFN-g with different role of stimulus or inhibition on hormones and neuropeptides derived

from H–P axis (Table 1). IL-1 acts at hypothalamic, pituitary and adrenal levels, including

respectively corticotropin-releasing factor (CRH), adrenocorticotropin (ACTH) and

cortisol production (Besedovsky and del Rey, 1996). At pituitary level, old literature

reports no effects of IL-1 on pituitary hormones releases (Uehara et al., 1987). There is

however a general consensus that IL-1 GH, melatonin (MEL), luteinizing hormone (LH),

LH-releasing hormone (LHRH), follicle-stimulating hormone (FSH), thyroid-stimulating

hormone (TSH) secretion together with inhibition of PRL release (Bernton et al., 1987;

Arzt et al., 1993).

IL-1 also increases ACTH secretion, as shown in AtT20 cells (Fukata et al., 1989) and

human corticotrophy pituitary adenoma (Table 1). Other inflammatory cytokines, such as

IL-6 and TNF-a, share the effects of IL-1. They act in stimulating CRH production by the

hypothalamus (Bateman et al., 1989). At pituitary level, IL-6 and TNF-a stimulate the

release of ACTH, PRL, GH as well as LH, FSH, TSH release, respectively (see review

Savino and Dardenne, 2000) (Table 1). Such stimulating effects can be exerted through a

direct action on pituitary cells via specific hormone receptors or mediated by hypotalamic

factors (CRF, LHRH, or GHRH) (Savino and Dardenne, 2000). This latter, for example,

occurs for the release of pituitary hormones by TNF-a (Gaillard et al., 1990). With regard

to melatonin, IL-6 and TNF-a stimulate directly MEL production because specific

receptors of both cytokines are present into the pineal gland (Lissoni, 1999).

Also IL-2 acts on H–P axis. When administered to human cancer patients, IL-2

increases b-endorphin, ACTH, and cortisol levels (Denicoff et al., 1989). In rats, IL-2

enhances ACTH secretion and corticosterone production through a direct action on rat

adrenocortical cells or via CRH release from hypothalamic neurons (Spinedi and Gaillard,

1991). Interesting investigations have shown that IL-2 stimulates PRL and TSH secretion
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Table 1

Effects of cytokines upon hypothalamus–pituitary hormones

ACTH GH PRL MEL FSH LH LHRH TSH CRH

Cytokines produced by TECs

Il-1 + + � + + + + + +

IL-2 + � + � � � � + +

IL-6 + + + + + + NE ND +

TNF-a + + + + ND NE NE + +

Cytokines produced by peripheral T-cells

IFN-g � � � + ND ND ND NE ND

(+) Increase; (�) decrease; NE: no effect; ND: not done.



and inhibits LH, FSH, and GH release mimicking the alterations of pituitary hormones

pattern in response to stress (Karanth and McCann, 1991). IL-2 enhances ACTH release in

AtT20 cells and PRL secretion in GH3 cells (Smith et al., 1989). Conversely, IL-2 and IL-

12 injections in cancer patients inhibit melatonin release as a response to inflammation

(Lissoni, 1999). IL-4 has been also found to affect CRH in analgesia (Schafer, 2003).

With regard to IFN-g, this cytokine affects also H–P axis with an inhibition on GH,

PRL, and ACTH release with a possible involvement of the nitric oxide in this inhibition

(Vankelecom et al., 1997). By contrast, IFN-g enhances melatonin production in the pineal

gland in response to stressor stimuli, i.e., isoproterenol (Withyachumnarnkul et al., 1990).

All these findings clearly demonstrate that the cytokines produced either within the thymus

or at the periphery are pivotal in maintaining the complex neuroendocrine immune network

that results still more crucial in presence of stressors which induce overexpression of

specific cytokines. As a consequence, counterbalances from other cytokines must occur.

Otherwise, degenerative diseases (cancer, infections, dementia, autoimmune phenomena)

correlated to dysfunctions of the neuroendocrine immune network might appear.

2.4. Neuroendocrine influence on thymic functions (A) and vice versa (B)

(A) Initial evidence for the existence of thymus–neuroendocrine interactions was based

on the discovery that congenital mutations affecting pituitary dwarf mice caused

concomitant underdevelopment of the thymus and of the thymus dependent systems. These

findings have been confirmed in a strain of dwarf dogs (Weimaraner dogs), which display

retarded growth, small thymus, absence of the thymus cortex, and deficiency in

lymphocyte mitogenic response. All these immunological defects can be corrected by GH

treatment (see review Fabris et al., 1997).

A number of experimental protocols have further supported these observations. The

majority of them have been based on the removal of endocrine glands and on the

observation of the consequent modification of thymic function, as measured by thymic

size, histological evaluation or, indirectly, by the peripheral efficiency of the thymus-

dependent lymphoid system (Fabris and Mocchegiani, 1985). Some thymic factors are

secreted into the blood stream and the circulating level of at least one of them, the facteur

thymique serique (FTS) called thymulin in its zinc-bound form (Dardenne et al., 1982),

strictly reflects the functional activity of the thymus. This has offered a new technical

approach to evaluate neuroendocrine–thymus interactions both in animals and in humans.

Furthermore, the possibility to detect hormone and neuropeptide receptors both on

thymocytes and on thymic epithelial cells has further added support to the knowledge of

neuroendocrine–thymus interactions. From all these studies, summarized in various

reviews (Savino and Dardenne, 2000; Savino et al., 1999), the outline (Fig. 1) can be

presented.

In general, hormones/neurotransmitters, such as melatonin, LHRH, growth hormone,

thyroid hormones, beta-agonists, and endorphins/enkephalins act positively on thymic

function, whereas others, such as corticosteroids and sex hormones, may have a negative

effect. The role of prolactin is still controversial. The effect of hormones/neurotransmitters

on thymic cell maturation may be mediated by a direct action on thymocytes or through the

action exerted on thymic epithelial cells. Evidence supports the presence of receptors for
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hormones, such as growth hormone, estrogens, testosterone, and adrenergic agonists, on

thymocytes. In addition, it has been proposed that other pituitary/CNS products may

regulate the differentiation of mature T-cells (Fabris et al., 1997).

With regard to the endocrine component of the thymus, it is now apparent that many

hormones and neuropeptides are capable of modulating thymulin secretion by TECs.

Among neuropeptides, Leu-enkephalin and beta-endorphin are able to increase thymulin

production by TECs, whereas Met-enkephalin, alpha-endorphin, and gamma-endorphin

are inactive (Savino et al., 1999). Hormones like GH, PRL, adrenal and sex steroids, and

thyroid hormones can modulate thymulin production in vitro. This in vitro effect clearly

supports the idea that TEC possesses specific receptors for these hormones and

neuropeptides. At present, experimental demonstration of receptors on TEC has been

reached for glucocorticoids, progesterone, GH, PRL, and T3 (Savino and Dardenne, 2000).

In addition, apoptosis of lymphoid cells may be influenced by various agents (e.g.,

glucocorticoids). Glucocorticoids are potent apoptosis-inducing agents at pharmacological

doses on immature thymocytes, natural killer (NK) cells, and cytotoxic T-lymphocytes

(Migliorati et al., 1994). Glucocorticoids also induce apoptosis at physiological

concentrations ‘‘in vitro’’ (Iwata et al., 1991) or after ‘‘in vivo’’ activation of the

pituitary–adrenal axis (Sei et al., 1991). However, it has been recently shown that

transgenic mice (Lck(Pr)-sGR), with increased glucocorticoid sensitivity restricted to T-

cell lineage, display a delayed initiation of the age-associated thymic involution referred to

a more preservation of CD4+/CD8+ ratio in the thymus than at the periphery (Pazirandeh

et al., 2004), with a possible mechanism involving an attenuation of TCR signalling by

glucocorticoids within the thymus in TCR recognition of peptide/major histocompatibility

complex. This last finding adds a novel concept of the effect of endogenous glucocorticoid

in vivo on the thymus function and morphology. But, at the same time, it suggests the

crucial role played by glucocorticoids and other hormones in regulating the complex

thymus-neuroendocrine network through stimulatory and inhibitory actions (Fig. 1), in

which endogenous glucocorticoid may address the expansion or reduction of activated or

resting T cells within the thymus and at the periphery. This kind of regulation is crucial in

ageing in which thymic involution, increased glucocorticoids and depletion of T-cells are

usual events, requiring therefore further investigations.

(B) As shown in Fig. 1, thymic hormones also modulate the production of hypothalamus

pituitary hormones and neuropeptides. Initial experiments revealed that neonatal

thymectomy promotes a decrease in the number of secretory granules in acidophic cells

of the adenopituitary (Goya et al., 1995). In the same vein, athymic nude mice display low

levels of various pituitary hormones, such as PRL, GH, LH, and FSH (Daneva et al., 1995).

With regard to thymic peptides, thymosin beta-4, when perfused intraventricularly,

stimulates LH and LHRH (Goya et al., 1999). Similar results were obtained with another

thymic peptide, such as thymulin, in perfused or fragmented pituitary preparation (Hadley

et al., 1997). The administration of thymopoietin (another chemical-defined thymic

hormone) in children with Hodgkin’s disease increases GH and cortisol serum levels

(Angioni et al., 1992). Moreover, thymopentin (the synthetic biologically active peptide of

thymopoietin) enhances ‘‘in vitro’’ the production of ACTH and beta-endorphin (Malaise

et al., 1987). In addition, thymulin exhibits an ‘‘in vitro’’ stimulatory effect on perfused rat

pituitaries enhancing PRL, GH, TSH, and LH release (Goya et al., 1994). Using short-term
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cultures of pituitary fragments, an increase in ACTH secretion occurs after ‘‘in vitro’’

thymulin addition, with no changes in GH levels and significant reductions in PRL release

(Hadley et al., 1997). A further thymosin peptide was recently isolated with the task in

stimulating IL-6 release from rat glioma cells (Tijerina et al., 1997). By contrast, thymosin

alpha-1 is apparently able to down regulate TSH, ACTH, and PRL secretion ‘‘in vivo’’ with

no modifications on GH levels (Milenkovic et al., 1992). These inhibitory effects seem to

occur through hypothalamic pathways. Indeed, the production of the corresponding

releasing hormones by hypothalamic neurones decreased after ‘‘in vitro’’ addition of

thymosin alpha-1 in medial basal hypothalamic fragments (Milenkovic et al., 1992).

Altogether, these findings pinpoint the complexity of the hypothalamus–pituitary axis in

affecting thymic efficiency and vice versa, reinforcing the existence of closely

relationships among the thymus and neuroendocrine system (Fabris et al., 1997).

2.5. The role of zinc

Among the nutritional factors affecting thymic physiology (Fig. 1), the role of zinc is

included. Zinc is required as a catalytic component for more than 300 enzymes and it is a

structural constituent of many proteins, hormones, neuropeptides, and hormone receptors.

Its role in cell division and differentiation, apoptosis, gene transcription, biomembrane

function, and many enzymatic activities has led to the consideration of zinc as a leading

element that ensures correct functioning of body homeostatic mechanisms throughout

ontogeny. The role played by zinc in the neuroendocrine–thymus interactions is

multifaceted (Mocchegiani et al., 1998a,b). At neuroendocrine level, according to studies

performed in zinc-deprived animals, zinc influences the blood level of various hormones

and neurotransmitters. In zinc-diet deprived animals, insulin, growth hormone,

thyrotropin, thyroid hormones, gonadotropins, testosterone, and VIP, are reduced, whereas

prolactin, cortisol, corticosterone, and catecholamines increase (Prasad et al., 1993). In

young–adult humans affected by more or less severe zinc deficiency (alcoholism, anorexia

nervosa, acrodermatitis enteropathica, HIV, burns, cystic fibrosis, mental depression,

dwarfism), testosterone, and estrogens are reduced, whereas cortisol and prolactin serum

levels increase (Fabris and Mocchegiani, 1995). According to findings obtained in Down’s

syndrome subjects, zinc is also involved in the pituitary–thyroid axis. Indeed, zinc

deficiency allows increased TSH production and reduced reverse triiodothyronine (rT3)

plasma levels (Fabris and Mocchegiani, 1995). With regard to immunocompetence, data in

experimental animals support a crucial role played by zinc. Depending on the severity and

duration, zinc deficiency produces hypoplasia of the thymus, spleen, lymphonodes, and

Payer’s patches. Alterations in lymphocyte populations, including a decreased number of

total T-lymphocytes with increased B-lymphocytes, impaired T-helper and T suppressor

function and reduced NK cell activity, are common aspects in zinc deficiency (see review

Mocchegiani et al., 1998a). An imbalance of the Th1/Th2/Th3 paradigm also occurs in zinc

deficiency with major production and release of Th2 cytokines (IL-6) and subsequent low

resistance to infections (Mocchegiani et al., 2000a; Shankar and Prasad, 1998). A peculiar

role of zinc is also exerted on thymic functions. Zinc in an equimolar ratio is required to

confer biological activity to a thymic peptide, i.e., thymulin (Dardenne et al., 1982). The

zinc-bound form of thymulin is active, whereas the zinc-unbound form is inactive and
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prevents the active form in exerting its action (Fabris et al., 1984). Zinc also influences

the programmed cell-death (apoptosis) of T-cells induced by high levels of

glucocorticoids (Garvy et al., 1993). The thymic atrophy observed in some pathologies

characterized by severe zinc deficiency (AIDS patients) also depends by excessive

thymocyte apoptosis (Mocchegiani and Muzzioli, 2000b). Indeed, chelation of

intracellular zinc triggers apoptosis in mature thymocytes (McCabe et al., 1993).

‘‘In vitro’’ findings have shown that pharmacological zinc concentrations cause an

inhibition of the apoptosis induced by dexamethasone, whereas physiological zinc

concentrations may induce thymocytes apoptosis. However, this latter point has been

well established to be closely dependent by the time of culture (16 h), because

physiological dose of zinc prevents thymocyte apoptosis at 6 h of culture (Fraker and

Telford, 1997). On the other hand, thymocytes cultivated for a long-time are destined to

die due to faulty rearrangement of T-cell receptor genes and induction of apoptosis by

endogenous glucocorticoids (Fraker and Telford, 1997). The abrogation of murine

thymocytes apoptosis in deferiprone (a chelator of iron) treated mice after

physiological zinc supplementation (MacLean et al., 2001) strongly supports a role

of physiological zinc in preventing apoptosis, via endonuclease enzyme activation

(Barbieri et al., 1992). Alteration of the zinc pool may occur as a consequence of

modifications in intake, absorption, or loss by urine and faeces, as observable in many

human diseases (Fabris and Mocchegiani, 1995). In addition, neurohormonal factors

and immune-derived cytokines may influence zinc turnover. Stress-like condition alters

zinc metabolism. Hypozincemia, along with hyperzincuria, is associated with trauma,

stress, inflammation, tumours, and burn injury. The hormonal basis of these changes is

not yet well defined. It has been shown that high circulating levels of glucocorticoids,

epinephrine, and glucagon occur during inflammation coupled with high IL-1, and it is

well known that IL-1 provokes consistent zinc loss by urine and faeces (Shankar and

Prasad, 1998). The mechanism of this lack of zinc may be largely due to abnormal

increments at intestinal level of a protein that binds zinc with high affinity. This protein

is the cystein-rich intestinal protein (CRIP), which increases in presence of high Th2

cytokines expression (IL-1, IL-6). As a consequence, a loss of zinc-bound CRIP from

the body occurs (Lanningham-Foster et al., 2002). Other hormones can modulate zinc

turnover. In particular, GH, IGF-I, melatonin and thyroid hormones affect zinc pool

with a better redistribution in circulating zinc (Mocchegiani et al., 1998b). The

mechanisms of action of these hormones may be various. The presence in the intestinal

epithelium of hormone specific receptors that require zinc-finger motifs and the

influence of some hormones in the induction of zinc-bound metallothioneins, which

sequester, dispense and transport zinc ions within the cells (Savino et al., 1999), may be

the mechanisms of a better redistribution of zinc by hormones. In any case, zinc plays a

peculiar role in neuroendocrine–immune interactions because it is involved as ‘‘zinc

fingers’’ in the gene expression of hormones, neurotransmitters, and transcriptional

factors. Moreover, zinc is involved directly or indirectly via metallothioneins turnover

in the proliferation and maturation of the cells of the immune system (Mocchegiani

et al., 1998a). Such a role is crucial in ageing because the low zinc ion bioavailability is

a usual event during ageing as well as an impairment of the neuroendocrine–immune

interactions (Fabris et al., 1997).
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2.6. The role of arginine

Arginine is classified an essential amino acid for young mammalian species and as a

conditionally essential amino acid for adults. In fact, arginine is essential for the growing

animal and for adult organism under pathological circumstances characterized by tissue

regeneration such as in the course of inflammatory processes, wound healing, with new

collagen synthesis, and proliferation of lymphoid cells (Wu and Morris, 1998). These

findings have been interpreted in the light of the hypothesis that the endogenous rate of

arginine synthesis can satisfy the physiological demand of adult organisms, but not the

demands of growing organs or organisms requiring active and rapid cell proliferation and

activity (Wu and Morris, 1998). The metabolic pathway of arginine synthesis mainly

occurs in the liver and small intestine, via citrulline formation, in young individuals. In

adults, the majority of endogenous synthesis involves an inter-organ pathway (also known

as the intestinal–renal axis), in which the small intestine releases citrulline into the blood

circulation which is then extracted primarily by the kidney for conversion into arginine

(Dhanakoti et al., 1990). Whether endogenously produced or exogenously taken it (diet),

arginine has wide-range of biological activities which include the following: (a) arginine is

a constituent of many proteins, including nucleoproteins and collagen; (b) it is a precursor

of amino acids, such as ornithine, glutamic semialdeide, glutamic acid, proline; (c) it is a

precursor for energy-rich phosphoguanidines, such as creatine phosphate; (d) it influences

cell division by being one of the metabolic precursors for protein synthesis; (e) it influences

various enzymatic activities, e.g., in the urea cycle, increasing ureagenesis by being a

positive effect of ornithine transcarbamylase; (f) it acts as a segretagogue factor for various

hormones (growth hormone, insulin, glucagon, pancreatic polypeptides, somatostatin,

prolactin); (h) it has the substrate for Nitric Oxide (NO) synthesis. Indeed, citrulline, co-

produced with NO, can be recycled to arginine via a pathway that has been termed the

citrulline/NO cycle or the arginine/citrulline cycle (Hecker et al., 1990). Anyway,

independently by the name of the cycle, this last point (h) is very important taking into

account that NO is involved in affecting the H–P-adrenal axis with secretion of some

hormone releasing factors (ACTH, CRH, AVP) with subsequent role on immune response

(McCann et al., 1998). NO is also directly involved in affecting macrophage functions

through the release of pro-inflammatory cytokines (IL-1 and TNF-a), via cyclic GMP, and

INF-g (Dugas et al., 1995). Knowing the role of these cytokines in affecting, in turn,

lymphocytes and NK cell functions (Blach-Olszewska, 2005), it is clear that L-arginine–

NO pathway is also crucial for immune response. A large body of clinical and experimental

evidences has shown the capacity of arginine in affecting central and peripheral immune

efficiency. Old literature reports that arginine both in vitro and in vivo is able to increase

macrophage killing activity in injured rats (Albina et al., 1989) as well as NK cell

cytotoxicity in humans suffering of solid tumours (Mocchegiani et al., 1990a). That the

action of arginine can be mediated by NO pathway, it comes from the discovery showing

the kinetic of thymic endocrine activity completely abolished in young mice using NO

inhibitors, such as L-NAME, restored by L-arginine treatment (Mocchegiani et al., 1993)

(Fig. 3). The same recovery on thymic endocrine activity also occurs after arginine

treatment in mercury exposed mice, via NO pathway, with also a restoration of NK and

NKT cell cytotoxicity (Santarelli et al., 2006). The positive effect of arginine–NO pathway
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is also extended to increased growth hormone production in cancer condition (Lind, 2004).

Taking into account that arginine has a secretagogue action on GH, which in turn has an

immuno-modulatory action (Fabris et al., 1997), one of the mechanism of arginine on

immune responses may be related to GH. The best evidence in supporting this mechanism

is the observation that the enhancing effect of arginine on allograft rejection, on resistance

of rats to viral tumours and on recovery of thymus weight after injury were all abrogated by

previous hypophysectomy and restored by GH (Reynolds et al., 1990; Fabris and

Mocchegiani, 1992). This would clearly suggest that an intact pituitary–thymus axis is

required for arginine action. However, an intriguing point is related to the fact that the

action of GH is also mediated by the zinc pool (Mocchegiani et al., 1996) and NO is

required for the release of zinc by Metallothioneins (MT), via s-nitrosylation (Khatai et al.,

2004). Therefore, the positive action of arginine on thymic and peripheral immune

response might be also occur via an interrelationship GH-zinc-MT-NO pathway, as

suggested in mercury exposed mice (Santarelli et al., 2006). Such an interrelationship may

be relevant in ageing because zinc, GH and NO production are reduced.

3. Neuroendocrine–thymus interactions during ageing

The existence of so many micro-environmental factors modulating thymic functions has

raised the question on whether age-related thymic involution is the cause or the result of

immune ageing (Fabris et al., 1997). In aged humans and animals, the thymus gland

undergoes progressive involution with accompanying loss of function. The thymus attains

its maximum size at puberty, after which it involutes, which is characterized by a decrease

in weight (loss of lymphocytes) and an infiltration of fat. There is a decrease in the number

of thymocytes and of those remaining many are pyknotic. As the ageing progresses,
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Fig. 3. Kinetics of the novo thymulin production in vitro by young mice thymus and blockade by in vitro

preincubation with cycloheximide. The in vitro addition of inhibitor of NO (L-NAME) provokes the same block of

the cycloheximide on thymulin kinetics from young thymus. L-NAME plus Arginine restores the thymulin

kinetics at the levels of young mice thymus (for symbols, see legend in the figure). (Redrawn from Mocchegiani

et al., 1993, with permission.)



epithelial cells decrease in number, and show cystic changes and reduced intracellular

granules (Aspinall and Andrew, 2000). The circulating level of thymic factors (i.e., plasma

levels of thymulin) declines progressively from birth to old age and is virtually

undetectable over 60 years of age in humans (Fabris et al., 1984).

There are two lines of evidence suggesting that the age-related thymic alterations may

not be considered as intrinsic and irreversible phenomena. First of all, according to a more

precise determination of thymulin bioassay, which assessed the interference due to the

marginal zinc deficiency present with advancing age, the age-related decline of thymulin

was less pronounced than that previously reported showing a still significant production

also in old age both in mice and men (Fabris et al., 1984; Mocchegiani et al., 1995). This is

due because thymulin molecules are still produced in old age, but they are under the control

of zinc ion bioavailability for their biological activity. The ‘‘in vitro’’ addition of zinc up to

old plasma samples unmasks all thymulin molecules produced, which are still in a

consistent number (Mocchegiani and Fabris, 1995). As a result, the thymulin is

biologically active. Indeed, when thymic explants from old mice are cultured ‘‘in vitro’’ in

a zinc-enriched medium, the thymulin secretion in the supernatant is similar to that

observed in the supernatant of thymic explants from young-adult mice. This phenomenon

is associated with increased numbers of TECs and thymocyte subsets (Mocchegiani and

Fabris, 1995). Thus, although the thymus is involuted in old age, these findings suggest that

the thymic endocrine activity is not completely lost in ageing, but it is in a quiescent phase

or in a possible hibernating-like condition due to low zinc ion bio-availability within the

old thymus (Mocchegiani et al., 1998a).

The second line of evidence is that the thymus re-growth can be induced in old age by

various endocrinological and nutritional manipulations. In particular, the partial

reacquisition of the thymic functions can be induced by some procedures shown in

Table 2. These are: (a) intrathymic transplantation of pineal glands or treatment with

melatonin (Mocchegiani et al., 1998b), (b) implantation of growth hormone secreting
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Table 2

Reversibility of age-related thymus involution by endocrinological or nutritional interventions

Treatment Species Thymus weighta Thymic hormonea References

Melatonin Mice 70% 75% Mocchegiani et al., 1998b

TRH Mice 40% – Pierpaoli and Regelson, 1994

TSH Mice 32% – Pierpaoli and Regelson, 1994

Thyroxine Mice 65% 72% Fabris et al., 1982

Growth horm. Rat 50% – Kelley et al., 1986

Growth horm. Dog 50% 52% Goff et al., 1987

Growth horm. Mice 72% 75% Fabris and Mocchegiani, 1994

Arginine Mice 79% 70% Mocchegiani et al., 1992

Arginine Man – 50% Mocchegiani et al., 1990a

Castration Mice 70% 75% Greenstein et al., 1987

Anal. LHRH Rat 62% – Marchetti et al., 1991

Zinc salts Mice 75% 82% Mocchegiani and Fabris, 1995

Zinc salts Mice 50% 50% Dardenne et al., 1993

Zinc salts Man – 45% Mocchegiani et al., 1999

a Percent of recovery when compared with ‘‘young’’ values.



tumour cell lines (GH3 cells) (Kelley et al., 1986) or treatment with exogenous growth

hormone (Davila et al., 1987; Goff et al., 1987), (c) castration (Greenstein et al., 1987), (d)

treatment with exogenous LH-RH (Marchetti et al., 1991), (e) treatment with exogenous

thyroxin or triiodothyronine (Fabris et al., 1982), (f) nutritional interventions with arginine

(Fabris and Mocchegiani, 1992), and (g) zinc supplementation (Mocchegiani et al., 1995;

Dardenne et al., 1993).

In old animals, treatments with GH (Fabris and Mocchegiani, 1994), arginine (Fabris

and Mocchegiani, 1992), and zinc (Mocchegiani and Fabris, 1995; Mocchegiani et al.,

1995) are effective in enhancing thymulin plasma concentrations and number of TECs.

Recently, it has been also shown that also IL-7 is able to reconstitute the output of the

thymus in old animals with a direct mechanism through the activation of the receptor CCR9

(a receptor of the chemokine CCL25) highly expressed in thymic tissue (Henson et al.,

2005).

The potential capacity of thyroid hormones in restoring thymic functions in old age is

supported by experiments in young propyl-thiouracil (PTU) treated mice (experimental

hypothyroidism), which display thymic atrophy, reduced thymulin and decreased number

of TECs and thymocyte subsets as well as shorter survival (Mocchegiani et al., 2002a).

Indirect evidences in elderly show that hyperthyroidism is associated with thymic

enlargement and high circulating levels of thymulin as compared to young normal

individuals (Fabris et al., 1986a,b). These findings suggest an influence of endocrine and

nutritional factors on thymic functions. However, it is possible that the thymic re-growth,

obtained through various manipulations, might not represent a complete reacquisition of

the function that normally occurs during the ontogeny. In order to answer to this question,

zinc, arginine, GH, and melatonin models have been investigated in our laboratory in old

age.

3.1. Thymic rejuvenation by nutritional approach: the example of zinc

Zinc plays a relevant role during the ageing process. With advancing age, marginal zinc

deficiencies are frequently encountered in humans (Fabris and Mocchegiani, 1995).

Altered intake or metabolism is among the most common causes. Deficiencies in the zinc

pool are also observed in aged laboratory animals in spite of unmodified zinc intake

(Mocchegiani et al., 1995). This has raised the question whether zinc deficiency in old age

may be the cause of age-related immune–neuroendocrine derangement. Dietary zinc

supplementation during the whole life-span in rodents has demonstrated that many of the

known age-related immune modifications (i.e., decreased thymic hormone production,

reduced T-helper and T-suppressor activity, and depressed NK cytotoxicity) can be

prevented. Moreover, oral zinc supplementation in aged mice induces thymus regrowth

coupled with both increased thymic hormone production and percentage of TECs.

Furthermore, zinc supplementation completely restores the reduced number of T-cell subsets

(CD4+ and CD8+) both in the thymus and the spleen, reconstitutes PHA response and restores

NK splenocyte cytotoxic activity. Concomitantly, zinc supplementation increases DNA-

repair within the cells. In addition, ‘‘in vitro’’ zinc prevents thymocytes apoptosis in old age

(see review Mocchegiani et al., 1998a). Zinc supplementation in old mice also reverses

the low serum levels of thyroxine and triiodothyronine (Mocchegiani et al., 1995).
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This beneficial effect of zinc supplementation on thyroid functions also occurs in young PTU

mice that display thymic reconstitution and restoration of peripheral immune efficiency. Zinc

supplementation in PTU mice also restores ACTH and down-regulates corticosterone plasma

levels (Mocchegiani et al., 2002a). All these beneficial effect of zinc in neuroendocrine–

immune interactions are not sterile events because significant increments in the survival rate

are also observed both in old and PTU mice after zinc supplementation with respect to

respective untreated mice (Mocchegiani et al., 2002a). In humans, few zinc trials have been

also performed in showing the effects on thymic endocrine activity and neuroendocrine–

immune interactions, with however contradictory findings. Some authors report the

beneficial effect of zinc supplementation on thymic endocrine activity in elderly (Prasad

et al., 1993; Boukaiba et al., 1993), whereas no effects are observed in other trials (Bogden

et al., 1990). This discrepancy is related to the length of zinc supplementation. In our

experience, one month of physiological zinc supplementation restores thymic and

neuroendocrine–immune interactions in elderly and in Down’s syndrome subjects (disease

of accelerated ageing) allowing a lack of the immune risk factors (i.e., the loss of CD4+ cells)

for the appearance of infection relapses (Mocchegiani et al., 1999). Restored neuroendo-

crine–immune interactions (down-regulation in corticosterone and enhanced thymic

endocrine activity) coupled with increased survival rate have been recently observed in

zinc-treated AIDS patients in comparison with untreated ones (Mocchegiani and Muzzioli,

2000b).

3.2. Thymic rejuvenation by nutritional approach: the example of arginine

Arginine is an essential amino acid not only for the growing organs or organisms, but

also in maintaining the neuroendocrine thymus interaction in ageing. In old mice oral

supplementation with arginine (0.03 g/kg bw/day) for 20 days induces an increment of the

thymic endocrine activity (measured as thymulin plasma levels) when compared with the

values observed in saline treated animals. The effect of the treatment is directly exerted on

the thymus since the transplantation of thymus from old-treated mice into young-

thymectomized recipients show that thymuses from old treated mice are able to restore

plasma thymulin levels in thymectomized recipients to nearly the same levels as do

thymuses from young mice (Fabris and Mocchegiani, 1992). A restoration of NK cell

cytotoxicity also occurs in old mice treated with arginine when compared to old saline

treated mice (Mocchegiani et al., 1992). However, the increment after arginine treatment is

still more significant in boosted IFN-g NK cell cytotoxicity (Mocchegiani et al., 1993). On

the other hand, a positive effect of arginine treatment in NK cell cytotoxicity was also

observed in old people (Park et al., 1991) and more recently in older people after

pneumococcal vaccination enhancing innate and humoral response (Moriguti et al., 2005).

Increments of GH levels are also observed in cancer patients after arginine treatment

(Mocchegiani et al., 1990a). Moreover, arginine restores the GH response to GHRH in old

rats (Arvat et al., 1998). Taking into account the presence of GH receptors on the thymus

(Ban et al., 1991), it is evident that the positive action of arginine on the thymic efficiency

can mediated by GH. However, without excluding a direct role of L-arginine NO pathway

in the thymus (Mocchegiani et al., 1993) with still undefined precise mechanism, an

intriguing point is that arginine treatment affects the zinc pool in old mice. In other words,

E. Mocchegiani et al. / Ageing Research Reviews 5 (2006) 281–309 299



old arginine treated mice display a normalization of plasma zinc levels as well as the crude

zinc balance associated with a re-growth of the thymus and restoration of thymic and

peripheral immune efficiency reaching similar values obtained in zinc supplemented mice.

The association of zinc and arginine does not induce any further increments in old mice

(Mocchegiani et al., 1992). These findings, on one hand show the relevance of arginine in

thymic rejuvenation, on the other hand they suggest that arginine may affect

neuroendocrine–immune interactions in ageing via zinc pool, through the GH action or

alternatively through NO pathway. This last point has to be strongly considered taking into

account that the enzymes NO synthases are codified by zinc finger motifs and NO is

required for zinc release by Metallothioneins (MT) (Mocchegiani et al., 2000a).

3.3. Thymic rejuvenation by neuroendocrine approach: the example of growth

hormone

One of the first experimental evidences on the existence of thymus–pituitary

interactions was based on the discovery that, on one hand, congenital mutation affecting

the pituitary dwarf mice caused concomitant alteration in the thymus and in the thymus-

dependent system and, on the other hand, that removal of the thymus in neonatal age was

followed by a wasting syndrome, one of its features being a pituitary dysfunction involving

growth hormone producing cells (Fabris et al., 1971). With regard to the influence of GH on

thymic function, the findings obtained in dwarf mice have gained further support from

similar observations in hypopituitary Weimaraner dogs (Roth et al., 1984) and in

hypophysectomized rats (Wise et al., 1992), both these conditions being characterized by

atrophy of the thymus gland and by peripheral immune deficiency. Recent evidences in GH

deficient children have shown thymic hypoplasia and low plasma levels of thymulin with

respect to age-matched controls (Mocchegiani et al., 1996). Appropriate GH treatment in

dwarfism (animals and humans) corrects these defects (Mocchegiani et al., 1996). With

advancing age, GH secretion declines both in animals and in men coupled with impaired

thymic and peripheral immune efficiency (Mocchegiani et al., 1990b). The implant of GH3

pituitary adenoma cells, which secrete GH and PRL, in aged rats induces a re-growth of the

thymus with a young-like histological picture. At the same time, GH3 implanted cells

increases peripheral T-cell functionality and IL-2 production, which are low in old rats

(Kelley et al., 1986). GH treatment recovers thymulin activity and, in some extent,

peripheral immune efficiency in old mice, rats (Goya et al., 1993) and dogs (Goff et al.,

1987). Such a recovery of thymulin activity by GH is also observed ‘‘in vitro’’ models by

increased number of TECs in old thymic cultures (Goya et al., 1995). That GH affects

thymus efficiency is indirectly supported in Buffalo rats, which display high GH secretion

and an enlargement of the thymus in old age (Hirokawa et al., 1990). Indirect evidences

also exist in humans. Old people treated with arginine, a compound with secretagogue

action on GH production, display increased thymulin plasma levels and restored peripheral

immune efficiency (Mocchegiani et al., 1990a). The mechanism of action of GH on the

thymus can be direct or indirect. GH receptors have been found on TECs (Ban et al., 1991)

and thymocytes. However, on functional basis, the action of GH seems to be mediated

through IGF-I not only on thymic functions but also on other immunomodulatory actions

of GH (T-lymphocytes proliferation) due to closely relationship between GH and IFG-I
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(Mocchegiani et al., 1996), and IGF-I receptors are present on TECs (Timsit et al., 1992).

On the other hand, a thymic repopulation in streptozotocin-induced diabetic rats after IGF-

I treatment was reported (Binz et al., 1990). An interesting aspect of the mechanism of GH

on the thymus is related to the role played by PRL on GH effects. Indeed, GH may utilize

PRL receptors on TECs, and PRL increases ‘‘in vitro’’ thymulin secretion (Dardenne et al.,

1991). However, in this context, a very intriguing aspect is related to the use of PRL

receptors when GH is bound to zinc ions (Cunningham et al., 1990). This discovery

suggests that zinc ions are involved in the action of GH on thymic function via PRL

receptors. On the other hand, both old mice and GH deficient children display restored zinc

pool after GH treatment (Fabris and Mocchegiani, 1994). This fact occurs because GH

receptors are also present in the intestine (Nagano et al., 1995). These findings are a clear-

cut evidence that GH may exert its immunomodulatory action via zinc pool. Taking into

account the role of zinc for thymic functions (as described above), and the zinc-dependence

of also IGF-I (MacDonald, 2000), zinc turnover is pivotal for the GH action on thymic

functions in ageing, independently by direct (receptors) or indirect mechanisms (IGF-I or

PRL). The restoration of thymus–neuroendocrine interactions by GH treatment, via zinc

pool, is clinically useful in old age. This is indirectly shown in old cancer patients treated

with arginine. Arginine treatment improves zinc ion bio-availability and immune

efficiency. It blocks the development of metastasis in the long run with subsequent better

efficiency of chemotherapy in comparison with untreated cancer patients, who exhibit a

limited efficiency of chemotherapy and succumb precocious death (Mocchegiani et al.,

1990a).

3.4. Thymic rejuvenation by neuroendocrine approach: the example of melatonin

Melatonin affects the efficiency of the immune system at thymic and peripheral levels

(Pierpaoli and Regelson, 1994). Melatonin secretion and production from the pineal gland

decrease in ageing with no nocturnal peak during the normal light/dark circadian cycle with

respect to young-adult age (Maestroni, 1993). Melatonin treatment in old mice provokes a

significant recovery of the thymus weight, thymocyte (CD4+ and CD8+) and TEC numbers

and thymulin plasma levels (Mocchegiani et al., 1998b). Other parameters, i.e., the phases

of the cell cycle (G0/G1, S, G2/M), are not affected by melatonin treatment, whereas

melatonin prevents ‘‘in vitro’’ and ‘‘in vivo’’ old thymocyte apoptosis (Sainz et al., 1995).

However, an interesting aspect is related to apoptosis preservation by in ‘‘vitro’’ melatonin.

Thymocytes from melatonin-old treated mice are more resistant to the apoptosis caused by

serum deprivation, whereas they have an increased apoptotic response after the incubation

with dexamethasone (DEX) with a similarity to young mice (Provinciali et al., 1996).

These findings suggest that melatonin recovers the reduced sensitivity to the apoptosis

induced by DEX in old mice to values of young mice. This means that melatonin may

preserve old thymocytes useful for positive intrathymic selection and subsequent

maturation through the modulation of pituitary–adrenal axis. Indeed, recent findings

during the circadian cycle showed that the nocturnal peaks of melatonin in old melatonin

treated mice are correlated with nocturnal down-regulation of corticosterone plasma levels

and with nocturnal increments of thymulin and TECs number (Mocchegiani et al., 1998b).

Therefore, melatonin has a double role: on one hand, it acts as anti-stress hormone reducing
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corticosterone; on the other hand it acts in intrathymic positive selection inducing the

sensitivity of thymocytes for negative selection to undergo to apoptosis and, at the same

time, it preserves from apoptosis the thymocytes for positive selection and maturation. The

re-growth of the thymus, the increments of thymocytes, the enhanced thymulin activity, the

recovery of peripheral immune efficiency and the increased survival rate in old melatonin

treated mice (Mocchegiani et al., 1998b), are clear evidences that melatonin is pivotal for

intrathymic selection and peripheral immune efficiency.

The mechanisms by which ‘‘in vivo’’ melatonin treatment affects immune response may

be direct or indirect. The existence of melatonin binding sites in rat thymocytes (Martin-

Cacao et al., 1993) would suggest a direct effect of melatonin on immune cells, such as the

antioxidant properties of this hormone (Reiter et al., 1994). It has been demonstrated that

melatonin is a free radical scavenger with an antioxidant action more potent than Vitamin E

(Pieri et al., 1994).

However, indirect mechanisms may be also suggested. In this context, zinc turnover

may be involved because melatonin treatment in old mice restores the negative crude zinc

balance to young-like positive values (Mocchegiani et al., 1994). In addition, the high

nocturnal peaks of melatonin are correlated with the high nocturnal peaks of zinc during

the circadian cycle in old melatonin treated mice (Mocchegiani et al., 1998b). Moreover,

the effect of melatonin on zinc crude balance is comparable to that observed in old zinc-

treated mice (Mocchegiani and Fabris, 1995). This restoration of zinc turnover is

associated with a down regulation of corticosterone and increments in thymic and

peripheral immune efficiency (Mocchegiani et al., 1998b). Taking into account that a

down-regulation of corticosterone increases the zinc ion bioavailability in old zinc treated

mice (Mocchegiani et al., 2002a), it is evident that the zinc pool, via glucocorticoids,

mediates the action of melatonin on the thymic efficiency. Indeed, ACTH and

glucocorticoids modulate zinc turnover (Prasad, 1985), and an inverse relationship has

been observed between glucocorticoids and plasma zinc levels (Mocchegiani et al., 1998b).

On the other hand, zinc deficiency, like in ageing, provokes an enhanced production and

release of glucocorticoids (Prasad, 1985). Taking into account these considerations, one

mechanism by which melatonin can affect the immune system is thus through the

modulation of zinc/glucocorticoid turnover. In other words, melatonin treatment in old age

reduces adrenal function that in turn increases zinc ion bioavailability with an influence on

the degree of thymocyte differentiation, proliferation, or death. As a final result, the thymic

morphology and function are restored.

4. Is there a unique mediator for hormone-induced thymic rejuvenation?

In our models, the re-growth of the thymus in old age was obtained by different

hormonal manipulations. Thymus re-growth was always associated with recovery of active

thymulin plasma level, regardless the kind of endocrinological manipulation or arginine

treatment. Because this fact always implies bioavailability of zinc ions, the question is

whether zinc turnover might also be involved in the other models of hormone induced

thymic re-growth. It has been also reported in this review that treatments with thyroid

hormones (T3, T4) and analogue of LHRH (Table 2) induce thymic re-growth and recovery
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of active thymulin. The restoration of plasma zinc levels also occurs after T3 and T4 treatment

(Mocchegiani et al., 2002a). These last findings suggest that thyroid hormones may

normalize zinc turnover in old age. In humans, hyper-secretion of thyroid hormones is

associated with increased blood levels of zinc (Fabris et al., 1986a,b). Therefore, the

involvement of zinc in hormone-induced thymic re-growth is quite a reality opening a new

insight on the relevance of zinc as a mediator of hormonal effects. It does not exclude the

possibility that hormones may directly (through specific receptors) modulate the function of

target cells. However, for thymic function, the restoration of zinc turnover is a prerequisite in

order to observe the desired hormonal effects. These considerations, together with the

relevance of zinc for the functional efficiency of the nervous, neuroendocrine, and immune

systems (Fabris et al., 1997; Mocchegiani et al., 2000a), signify that zinc plays a pivotal role

for the ageing process and, as such, to reach successful ageing. Such an assumption is

supported by a recent discovery showing a good zinc ion bioavailability, satisfactory thymic

function, and decreased corticosterone in very old mice and in non-agenarian/centenarian

subjects (Mocchegiani et al., 2002b). One of the mechanisms of action of zinc from zinc-

dependent hormones (GH, T3, T4, MEL) on thymic endocrine activity might occur through

the interrelationship between nitric oxide (NO), via arginine synthesis, and metallothioneins

(MTs) because a balance of NO synthases (iNOS and cNOS) is involved in the release of zinc

from MTs (Khatai et al., 2004), which are in turn unable in zinc release during ageing

(Mocchegiani et al., 2002a,b). In other words, zinc-dependent hormones can affect zinc pool,

which in turn may induce a balance between iNOS and cNOS by arginine synthesis

(Santarelli et al., 2006) with subsequent zinc release by zinc-bound MTs with thus more

thymulin production by TECs and subsequent paracrine influence of free zinc ions on

hormone release itself (Fig. 4). Therefore, the zinc ion bioavailability is fundamental for

thymic reconstitution in ageing by neuroendocrine manipulation or by arginine treatment.

This peculiar aspect of zinc and thymic reconstitution is actually studied in Zincage project

(www.zincage.org) by evaluating the thymic output (TREC analysis) in old and centenarian

subjects as well as in old supplemented individuals.
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Fig. 4. Schematic representation of one of the possible mechanisms of action of zinc, though some zinc-

dependent hormones, on thymic endocrine activity (thymulin production). Melatonin, thyroid hormones, and

growth hormone affects the zinc pool, which induces a balance between NO synthases, via arginine synthesis, with

subsequent zinc release by metallothionein and, finally, thymulin production and activation by TECs within the

thymus. At the same time, free zinc ions deriving from the release of zinc by metallothionein affect melatonin,

thyroid hormones, and growth hormone with the establishment of paracrine circle between zinc and hormones, via

metallothionein homeostasis. Arg: arginine.

http://www.zincage.org/
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