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neuroendocrine immunoregulation at the level of the lym-
phocyte. In addition, somatosenescence may not be associ-
ated with a reciprocal decline in immunoreactive GH. 
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 Introduction 

 Aging is associated with several physiological altera-
tions including changes in the immune system (immu-
nosenescence). However, it remains controversial wheth-
er these changes are a cause or an effect of underlying 
diseases in humans. Strenuous efforts have been made to 
circumvent this problem by separating ‘disease’ from ‘ag-
ing’, as exemplified by the application of the SENIEUR 
protocol  [1] , which defines rigorous criteria for selecting 
healthy individuals to immunogerontological studies. 
When diseased subjects are excluded, immunosenes-
cence involves thymic involution, lower lymphocyte 
counts (e.g. naïve T cells), a switch from Th1 to Th2 cy-
tokines, impaired humoral responses to new antigens 
and blunted T-cell proliferation  [2] . The clinical conse-
quences of T-cell senescence include increased suscepti-
bility to infectious diseases, neoplasias and autoimmune 
diseases  [3] . Aging is also associated with chronic low-
grade inflammation characterized by increased pro-in-
flammatory cytokines  [4–6]  that account for certain phe-
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 Abstract 
  Background:  Both endocrine and immune systems are con-
tinuously remodeled during aging.  Objective:  Here, we in-
vestigated to what extent adrenal and somatosenescence 
are associated reciprocal changes in the immune system 
during strictly healthy aging.  Methods:  Forty-six elderly 
subjects and 33 young adults were recruited according to 
the health criteria of the SENIEUR protocol. Peripheral blood 
mononuclear cells were isolated and stimulated in vitro with 
lipopolysaccharide or phytohemagglutinin to assess the 
production of immunoreactive growth hormone (GH). Pe-
ripheral sensitivity to steroids was assessed in vitro   by dexa-
methasone-, cortisol- or dehydroepiandrosterone (DHEA)-
induced inhibition of T-cell proliferation. DHEA and GH levels 
were measured by radioimmunoassays.  Results:  Healthy el-
derly had lower salivary DHEA and serum GH levels (so-
matosenescence). They presented reduced T-cell sensitivity 
to dexamethasone but similar cellular sensitivities to cortisol 
and DHEA. Their cells produced similar levels of immunore-
active GH compared to the cells of young adults.  Conclu-
sions:  These data indicate that healthy aging is associated 
with adrenal and somatosenescence as well as impaired 
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notypic changes at advanced age  [7] , particularly those 
that resemble chronic inflammatory disease (decreased 
lean body mass, osteopenia, low-grade anemia, decreased 
serum albumin and cholesterol, and increased inflam-
matory proteins). The age-associated rise in IL-6 has 
been linked to lymphoproliferative disorders, multiple 
myeloma, osteoporosis, and Alzheimer’s disease  [8] . 
However, this altered morbidity is not evenly distributed 
and may be influenced by other immune-modulating 
factors. These data led us to consider that other factors 
may potentially contribute to the heterogeneity of these 
changes, including neuroendocrine pathways. Therefore, 
the understanding of the interplay between the immune, 
endocrine and nervous systems in the elderly is of para-
mount importance.

  In addition to immunosenescence, the endocrine sys-
tem also undergoes important changes during aging. 
Both human and animal studies have demonstrated a de-
cline in growth hormone (GH), sex hormones and dehy-
droepiandrosterone (DHEA) with aging  [9] . DHEA is the 
major secretory product of the human adrenal. The hor-
mone is uniquely sulfated (DHEAS) before entering the 
plasma, and this prohormone is converted to DHEA and 
its metabolites in various peripheral tissues  [10] . Serum 
DHEA levels decrease after the 2nd decade of life, reach-
ing about 5% of the original level in the elderly  [11] . How-
ever, it remains to be established whether this hormonal 
change can also be observed when stress-free collection 
procedures are employed (e.g. salivary samples). DHEA 
and its metabolites have been reported to have immuno-
modulatory properties, including increased mitogen-
stimulated IL-2 production  [12, 13] , diminished TNF- �  
or IL-6 production  [5, 14] , inhibition of natural killer cell 
differentiation  [15]  or rodent mitogen-induced lympho-
cyte proliferation  [16] . Furthermore, DHEA has been 
proposed to exert restoring effects on immunosenes-
cence, including an important adjuvant effect on the im-
munization of aged mice with recombinant hepatitis B 
surface antigen  [17]  or influenza  [18] . However, DHEA 
treatment did not produce any beneficial immune re-
sponse to influenza vaccination in elderly subjects  [19] . 
Although many workers have tested adrenal function in 
the elderly, the effect of aging on salivary DHEA produc-
tion and steroid immunomodulation has not been com-
pared between elderly people of a defined health status 
and young subjects.

  Previous studies have demonstrated that serum GH 
levels are significantly reduced during aging  [20]  – a pro-
cess known as somatosenescence. However, GH is not ex-
clusively produced by the pituitary gland; human im-

mune cells are also able to secrete several neuropeptides 
including GH  [21, 22] . Immunoreactive GH has several 
immunoenhancing characteristics and may thus be im-
portant in modulating both humoral and cellular im-
mune function  [21, 23] . However, it remains to be estab-
lished whether reduced peripheral GH levels (i.e. so-
matosenescence) are paralleled by altered production of 
immunoreactive GH.

  The measurement of peripheral hormones may not be 
sufficient to finally determine the functional hormonal 
action in target tissues. Glucocorticoid (GC) immuno-
modulation is orchestrated by specific binding of GCs on 
two distinct cellular receptors: mineralocorticoid (MRs) 
and glucocorticoid receptors (GRs). Although MRs have 
higher affinity for circulating GCs than GRs, most (if not 
all) effects on the immune system are mediated via GRs 
 [24] . The presence of these receptors indicates that the 
immune system is prepared for hypothalamic-pituitary-
adrenal axis activation and the subsequent elevation in 
endogenous GCs. However, it has been suggested that 
chronically elevated cortisol levels may produce a state of 
acquired steroid resistance enabling lymphocytes to re-
spond with less intensity to GCs. This phenomenon has 
previously been observed during major depression  [25, 
26]  and chronic stress  [27–29] . 

  We have recently demonstrated that healthy aging was 
associated with significant psychological distress and in-
creased salivary cortisol ( � 45%) levels in parallel with 
changes in T-cell subsets  [30]  and unaltered production 
of pro-inflammatory cytokines  [31] . It was also observed 
that cortisol levels were positively correlated to cytokines 
 [31] . Here, we further investigated the neuroendocrine/
immunoregulation during healthy aging. We hypothe-
sized that higher cortisol levels observed during aging 
 [30]  would render peripheral lymphocytes more resistant 
to GCs. This was achieved by investigating the ability of 
GCs (dexamethasone and cortisol) and DHEA to sup-
press T-cell proliferation in vitro. We also hypothesized 
that lower serum GH levels would be paralleled by recip-
rocal blunted production of immunoreactive GH by pe-
ripheral blood mononuclear cells (PBMCs). 

  Materials and Methods 

 Subjects 
 Forty-six non-institutionalized healthy elderly (31 females), 

aged 60–91 years (mean  8  SD, 72.00  8  8.51 years), were recruit-
ed from an existing database of 1,118 community-dwelling elder-
ly subjects who had previously participated in research at the In-
stitute of Geriatrics and Gerontology (Pontifical Catholic Univer-
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sity of Rio Grande do Sul, PUCRS, Porto Alegre, Brazil). All 
subjects were recruited from local community centers and regis-
tered at the Office for Social Care in Gravataí (Brazil). This el-
derly population corresponded both ethically and socioeconomi-
cally to the general population of our State (Rio Grande do Sul, 
Brazil). All subjects took part in the GENESIS Program for the 
study on the genetic-environmental interactions on human ag-
ing. Thirty-three healthy young adults (18 females), aged 20–40 
years (mean  8  SD, 27.40  8  6.70 years), also took part in this 
study; they were students or employees from the PUCRS. 

  Recruitment of the subjects was in accordance with the 
 SENIEUR protocol  [1]  that defines rigorous criteria for selecting 
strictly healthy individuals to immunogerontological studies. The 
health status was assessed by thorough clinical investigations, and 
hematological and biochemical parameters. Exclusion criteria in-
cluded: infections, acute or chronic inflammation, autoimmune 
diseases, cardiac disease, undernourishment, anemia, leukopenia, 
mood disorders, caregiving, neurodegenerative diseases, neopla-
sias and use of hormones (steroids) and drugs (e.g. alcohol, anti-
depressants, immunosuppressants, and anticoagulants).

  Procedures 
 Subjects reported to the laboratory between 7 and 8 a.m. and 

were promptly examined by a geriatrician. After the clinical ex-
amination, subjects were asked to collect the fist saliva sample 
(9 a.m.), and blood was immediately drawn for the immunologi-
cal analyses. Before leaving the laboratory, subjects were asked to 
collect the second saliva sample (12 a.m.) and were instructed to 
collect the third sample (8 p.m.) at home. The latter was kept in 
the fridge and returned to the laboratory within 1 week. The study 
protocol was approved by both scientific and ethics committees 
(PUCRS), and written informed consent was obtained from all 
subjects.

  Nutritional Analyses 
 Nutritional status was assessed in this investigation because it 

is known to influence immune function  [32] . The assessments 
consisted of both body mass index (BMI: weight/height 2 ) and se-
rum proteins (total serum proteins, albumin, vitamin B 12 , folic 
acid, and ferritin). These parameters have previously been used 
as markers of the nutritional status in gerontological studies  [33] , 
as well as in previous work exploring the effects of stress on the 
immune system  [27] . Albumin was also measured for its function 
as a major serum transport protein for DHEA (85% is bound to 
albumin)  [34] , and alterations ascribed to this carrier may thus 
change the active free albumin levels present in the tissue. Serum 
vitamin B 12  and folic acid were measured by electrochemilumi-
nescence kits (Elecsys 2010; Roche). Ferritin was assessed by che-
miluminescence kits (Immulite I; DPC-Medlab, São Paulo, Bra-
zil). Albumin was measured by the standard enzymatic method 
of Biuret (540 nm) in combination with staining procedures (kit 
GT-Laboratories, Buenos Aires, Argentina). Measurement of 
these variables allowed us to examine the extent to which any ob-
served immune impairment could be explained by these factors. 

  Collection of Salivary Samples and Measurements of DHEA 
 The assessment of steroids in saliva has proven to be a valid 

and reliable reflection of the unbound hormone in the blood  [35] , 
with salivary cortisol and DHEA concentrations reflecting 5–
10% of the levels present in serum  [25, 36] . Participants were 

asked to collect three saliva samples with the help of cotton swabs 
over the course of the experimental day at 9, 12 and 20 h, always 
before meals and venipuncture. Sampling was performed during 
the whole day to assess some aspects of the circadian rhythm. 
Upon arrival at the laboratory, the samples were centrifuged and 
frozen at –20   °   C. Salivary DHEA was analyzed by a modified ra-
dioimmunoassay (RIA; DPC-Medlab) according to previous 
work  [37] . The sensitivity of this assay was 0.031 nM. The intra- 
and interassay coefficients of variation were less than 10%; DHEA 
results at each sampling time were expressed in nanomoles per 
liter. 

  DHEA and GH Assessments 
 Aliquots of peripheral blood were collected without antico-

agulant for serum DHEA measurements. Hormonal levels were 
assessed by RIA kits for DHEA (Diagnostic Systems Laboratories, 
Webster, Tex., USA) and GH (DPC-Medlab). The sensitivity of 
these assays was  � 0.031 nM. The intra- and interassay coefficients 
of variation were less than 10%. Results were expressed in pico-
grams per milliliter.

  Collection of Peripheral Blood and Isolation of Mononuclear 
Cells 
 Twenty milliliters of peripheral blood were collected by veni-

puncture in the morning (between 9 and 10 h) and samples stored 
into lithium heparin tubes prior to analyses. Samples were always 
collected at the same time of day to minimize circadian varia-
tions. PBMCs were isolated by density gradient (Ficoll-Hypaque; 
Sigma, St. Louis, Mo., USA) centrifugation for 30 min at 900  g . 
Cells were counted using a microscope (magnification:  ! 100), 
and viability always exceeded 95%, which was assessed by trypan 
blue exclusion (Sigma). 

  Cell Cultures and Steroid Sensitivity Assays 
 To assess the production of immunoreactive GH, PBMCs 

(1.5  !  10 5  cells/ml) were stimulated with 0.2  � g/ml of lipopoly-
saccharide ( Escherichia coli , Sigma) or phytohemagglutinin 
(PHA) 1% (Gibco, Gaithersburg, Md., USA) in complete medium 
(RPMI-1640, supplemented with gentamicin 0.5%, glutamine 1%, 
Hepes 1%, and fetal calf serum 10%; all from Sigma) for 24 and 
96 h, respectively, at 37ºC in 5% CO 2 . Supernatants were collected 
by aspiration at the end of the culture period, and immunoreac-
tive GH was measured by RIA.

  Peripheral sensitivity to hormones was estimated by function-
al assays developed to measure the ability of steroids to suppress 
T-cell proliferation in vitro. T-cell proliferation was evaluated by 
incubating PBMCs (1.5  !  10 5  cells/well) with PHA (2, 1 and 0.5%, 
Gibco) in complete culture medium for 96 h at 37   °   C in 5% CO 2  
atmosphere. Dexamethasone (selective GR agonist) and cortisol 
(which binds to both GRs and MRs) were added in duplicate 
(50  � l/well; both water-soluble substances purchased from Sig-
ma) to mitogen-stimulated lymphocyte cultures. GC concentra-
tions were used in a range (10 –9  to 10 –4   M ) that free GCs would 
reach at rest (10 –8   M ), during stress (10 –6   M ), or under pharmaco-
logical treatment (10 –5   M ) in vivo  [38, 39] . Only two optimal 
DHEA concentrations (10 –6  and 10 –5   M ) were used due to the un-
responsiveness of lower concentrations and toxicity of higher dos-
es (i.e.  1  10 –5   M ). One optimum PHA concentration (1%) was used 
for all steroid cultures. Fifty microliters of culture medium was 
added to all stimulated cultures. In spontaneous (without lectin) 
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cultures, mitogen was replaced by 150  � l of culture medium. Data 
are presented as percentage of basal proliferation (PHA 1% with-
out steroids). 

  Cell Proliferation/Viability Assay 
 The proliferative responses were determined by a modified 

colorimetric assay  [40] . In the last 4 h of the culture, 100  � l of the 
supernatant was gently discarded and 30  � l of freshly prepared 
3-(4,5-diamethyl 2-thiazolyl) 2,5 diphenyl-2H-tetrazolium (Sig-
ma) solution (5 mg/ml in RPMI-1640) was added to each well. The 
dehydrogenase enzymes in metabolically active cells convert this 
substrate to formazan, producing a dark blue precipitate. The cell 
cultures were incubated for 4 h at 37   °   C in 5% CO 2  atmosphere. 
After complete removal of the supernatant, 100  � l of dimethyl 
sulfoxide (Sigma) was added to each well. Optical density (OD) 
was determined using a BioRad ELISA plate reader at wavelengths 
of 570 and 630 nm. Proliferation/viability was expressed as OD of 
stimulated – OD of nonstimulated cultures. 

  Statistical Analysis 
 All variables were tested for normality of the distribution by 

means of the Kolmogorov-Smirnov test. Salivary DHEA levels 
were log-transformed to correct for skewed distributions. Prolif-
eration and salivary DHEA data were analyzed by repeated mea-
sures ANOVA that included one between-subject variable (elder-
ly vs. young) and one within-subject variable (DHEA, mitogen or 
steroid levels). Multiple comparisons among levels were checked 
with the Bonferroni post hoc test. Differences between demo-
graphic and nutritional variables were assessed by Student’s t test, 
and differences in proportions between groups were tested by 
means of the  �  2  test. The area under the curve (AUC) of hormon-
al data and in vitro   dexamethasone responses were estimated us-
ing the trapezoidal rule. The dexamethasone concentration that 
provided 50% inhibition (IC 50 ) of lymphocyte proliferation was 
estimated by non-linear regression (Prism 4.0, Graphpad Soft-
ware, San Diego, Calif., USA). A sigmoidal dose-response equa-
tion was chosen to fit the data (R 2   1  0.95). Data are expressed as 
means  8  SE in all figures and tables. A statistical software (SPSS 
11.5; SPSS, Chicago, Ill., USA) was used for the analyses.

  Results 

 Demographic Data and Nutritional Analyses 
 This study included a screening for strictly healthy 

subjects to control for diseases that may interfere with 
neuroendocrine and immunological analyses. All sub-
jects recruited fulfilled the rigorous criteria of the 
 SENIEUR protocol  [1]  for the selection of healthy indi-
viduals. Based on these criteria, 4.11% from the 1,118 
community-dwelling strictly healthy elders were recruit-
ed, and demographic and nutritional data are summa-
rized in  table 1 . The majority of the elderly (95.6%) and 
young subjects (81.0%) were Caucasians, and the female/
male ratio ( �  2  = 1.35, p = 0.25) or smoking habits ( �  2  = 
5.51, p = 0.14) did not differ between groups.

  In order to ensure that only strictly healthy individuals 
were selected, the nutritional status was also investigated 
in this study. The elderly subjects had an elevated BMI 
(27.18  8  0.84) compared to young adults (22.89  8  0.63; 
p = 0.0001). No statistically significant differences were 
noted for total serum proteins, vitamin B 12  or albumin 
levels between the elderly and young controls ( table 1 ). In 
contrast, elderly subjects had significantly higher folic 
acid and ferritin levels compared to young adults. Never-
theless, both variables were found within the normal ref-
erence range (folic acid: 3–17 ng/ml and ferritin: 9–
370 ng/ml). In addition, a complete hematological analy-
sis revealed no age-related changes (i.e. lymphocyte 
counts or hemoglobin levels for example)  [30] .

  DHEA Assessment 
 In this study, we assessed the adrenal function by 

means of reliable measurements of salivary (free) DHEA 

Variable Young adults
(n = 33)

Elderly
(n = 46)

p value

Age, years 27.4281.16 72.0081.25 <0.0001
Caucasians, % 81.00 95.60 NS
Females, % 54.54 67.39 NS
Weight, kg 67.1482.27 68.6481.95 NS
Height, m 1.7180.01 1.5880.01 <0.0001
BMI 22.8980.63 27.1880.83 0.0001
TSP, g/dl 7.3180.12 7.0580.15 NS
Albumin, g/dl 3.9280.11 3.8080.09 NS
Vitamin B12, pg/ml 495.31847.66 516.87829.73 NS
Folic acid, ng/ml 5.0280.46 7.0080.44 0.003
Ferritin, ng/ml 112.30816.61 179.67821.34 0.01

TSP = Total serum proteins; NS = nonsignificant. Means 8 SE.

Table 1. Characteristics of the 
participants
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during the day ( fig. 1 ). The elderly had significantly low-
er salivary DHEA levels compared to young adults 
[F(1,64) = 31.91, p  !  0.0001]. Accordingly, we observed 
that elders presented significantly lower AUC DHEA lev-
els compared to young adults (3.75  8  0.40 vs. 8.15  8  
0.86 nM/h, respectively; t = 5.28, d.f. = 67, p  !  0.0001). In 
addition, there was a significant interaction between 

DHEA levels vs. group [F(2,128) = 12.02, p  !  0.0001]. Post 
hoc analyses revealed that only the young adults dis-
played a regular circadian rhythm, with peak DHEA lev-
els in the morning and lower levels in the evening (p  !  
0.05). In contrast, the elderly subjects presented a flat cir-
cadian pattern. Furthermore, morning serum (total) 
DHEA levels were found significantly reduced in the el-
derly (8.40  8  0.69 nM) compared to young subjects (19.90 
 8  1.92 nM; t = 5.63, d.f. = 70, p  !  0.0001).

  Serum versus Immunoreactive GH 
 We investigated somatosenescence by evaluation of 

serum GH levels. We found that elders had significantly 
lower (–77%, p = 0.003) serum GH levels compared to 
young adults. Peripheral immunoreactive GH levels 
were also measured to investigate whether this specific 
function could parallel somatosenescence. However, 
immunoreactive GH production did not differ between 
elders and young adults ( fig. 2 ). This applied for GH 
production by both stimulated monocytes or lympho-
cytes. Unstimulated cells did not produce immunoreac-
tive GH. 

  Lymphocyte Sensitivity to Steroids 
 The measurement of peripheral hormones may not be 

sufficient to finally determine the functional hormonal 
action in target tissues. Here, we investigated the periph-
eral lymphoid sensitivity to steroids by analyzing the 
ability of GCs or DHEA in suppressing T-cell prolifera-
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tion in vitro. Dexamethasone, cortisol and DHEA pro-
duced significant dose-dependent suppression of T-cell 
proliferation (all p  !  0.0001). Interestingly, we observed 
that lymphocytes from healthy elders were less sensitive 
to in vitro GC treatment compared with young subjects 

( fig. 3 a). In particular, it was observed that cells from el-
ders required higher dexamethasone concentrations to 
suppress PHA proliferation to the same extent as cells 
from young subjects [F(1,72) = 8.19, p = 0.006]. In par-
ticular, cells from elders required 3.14 times more dexa-
methasone to suppress proliferation compared to cells of 
young subjects, as estimated by the pharmacological in-
dex IC 50  (2.17  !  10 –5  vs. 6.90  !  10 –6 , respectively). Al-
though cortisol treatment produced a similar effect 
( fig. 3 b), it did not reach statistical significance [F(1,66) = 
1.64, p = 0.20]. Lymphocytes from young adults and el-
ders presented similar sensitivities to DHEA treatment in 
vitro   [ fig. 3 c; F(1,72) = 0.11, p = 0.74]. 

  We then investigated the proportion of individuals 
who were more sensitive or resistant to dexamethasone 
effects. Subjects were classified as ‘resistant’ when AUC 
dexamethasone was higher than its median values (el-
derly:  1  400.4 nM/h; young adults:  1  352.1 nM/h). There 
was an increased proportion of dexamethasone-resistant 
subjects in the elderly group (48.9%) compared to young 
adults (28.6%), although this only approached statistical 
significance ( �  2  = 2.94, d.f. = 1, p = 0.08).

  We then sought to investigate to what extent the pe-
ripheral cellular sensitivity to dexamethasone is associ-
ated to mitogen-induced T-cell proliferation. An interest-
ing picture emerged when these sensitive/resistant sub-
groups were re-analyzed for PHA proliferation ( fig. 4 ). 
T-cell proliferation of ‘dexamethasone-resistant’ and 
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  Fig. 3.  Lymphocyte sensitivity to GCs in vitro. Data are presented 
as percent of basal proliferation (0 = PHA 1% without steroids). 
 *  *  p  !  0.01 and  *  p  !  0.05 (Tukey). 
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‘dexamethasone-sensitive’ subjects differed significantly 
[F(1,63) = 13.60, p  !  0.0001]. Post hoc analyses revealed 
that cells of young ‘resistant’ subjects had significantly 
lower proliferative responses than ‘sensitive’ individuals 
(p  !  0.05). In fact, proliferation of ‘resistant’ young adults 
was as low as proliferation of elders (both ‘sensitive’ or 
‘resistant’). However, this steroid-related changes were 
not observed in the elderly.

  Discussion 

 Aging is associated with several immune-related dis-
eases including neoplasias, and autoimmune and infec-
tious diseases. However, this altered morbidity is not 
evenly distributed and should thus be influenced by oth-
er immune-modulating factors. It has repeatedly been 
shown that there is a bidirectional communication be-
tween the nervous, endocrine and immune systems  [41] . 
In this study, we investigated to what extent adrenal and 
somatosenescence are associated reciprocal changes in 
the immune system during strictly healthy aging. To con-
trol for age-related diseases that would interfere with our 
immunological analyses, strictly healthy individuals 
were recruited by means of the SENIEUR protocol  [1]  
from 1,118 community-dwelling elders. We observed that 
SENIEUR elders had elevated BMI compared to young 
adults. BMI changes, associated to both obesity and lack 
of regular exercise, have been associated to immunologi-
cal changes in adults  [42, 43] . However, our elderly cohort 
did not seem to have nutritional changes, since there were 
no changes in serum vitamin B 12  levels, and ferritin and 
folic acid levels were significantly increased compared to 
young adults. Nutritional analyses should be part of fu-
ture aging studies to further improve the SENIEUR pro-
tocol in recruiting strictly healthy individuals.

  We observed that healthy elderly subjects had reduced 
salivary DHEA levels compared to young adults. These 
data are in agreement with previous studies  [11, 44, 45] . 
However, it should be noted that in most previous studies 
serum levels of peripheral hormones have been assessed 
at only one time point. In this study, multiple daily sali-
vary sampling enabled us to identify that elders presented 
a flat circadian pattern for DHEA. The impaired DHEAS 
secretion, together with the increase in cortisol  [31] , re-
sults in an enhanced exposure of various tissues (includ-
ing the brain and immune system) to the cytotoxic/im-
munomodulatory effects of GCs. The net physiological 
effects would be associated with exacerbated senescent 
features, including cognitive impairments, osteoporosis, 

cardiovascular morbidities and immunosenescence. In 
accordance with previous work  [20] , we reported here 
that healthy aging is also associated with a significant 
drop in serum GH levels (i.e. somatosenescence). The 
lack of peripheral GH immune signaling may be also det-
rimental for immunosenescence. In particular, in GH-
deficient rodents, there is significant immune dysfunc-
tion, which is reversed after GH replacement  [46] . In ad-
dition, treatment with recombinant human GH (rhGH) 
or rhIGF-I enhances immune function in monkeys  [47] . 
However, GH is not exclusively produced by the pituitary 
gland, human immune cells are also able to secrete sev-
eral neuropeptides including GH  [21, 22] . Immunoreac-
tive GH has immunoenhancing proprieties, including in-
creased IFN- �  production, and may thus be important in 
modulating both humoral and cellular immune function 
 [21, 23] . However, lower peripheral GH levels may not be 
paralleled by a reciprocal decline in immunoreactive GH 
during aging. It was found that secretion of immunoreac-
tive GH by both stimulated lymphocytes and monocytes 
was not affected in the elderly. Therapies designed to en-
hance immunoreactive GH production may be of clinical 
value for the elderly.

  Recent work suggests that cytokines and hormones 
could be considered as possible links between endocri-
nosenescence and immunosenescence  [48] . The age-re-
lated decline in DHEA production has been associated 
with increased serum levels of IL-6  [5, 49] . In addition, 
increased plasma TNF- �  levels were correlated to major 
depression in the elderly  [50] . DHEA and its metabolites 
have been reported to have immunomodulatory proper-
ties, including diminished TNF- �  or IL-6 production  [5, 
14] . Therefore, DHEA supplementation would attenuate 
chronic low-grade inflammation and age-related frailty 
by inhibiting production of pro-inflammatory cyto-
kines. 

  The measurement of peripheral hormones may not be 
sufficient to finally determine the functional hormonal 
action in target tissues. Therefore, to further examine the 
cross talk between peripheral hormones and the immune 
system, we also investigated lymphocyte sensitivity to 
both synthetic (dexamethasone) and naturally occurring 
steroids (cortisol and DHEA). We reported that strictly 
healthy (SENIEUR) aging is associated with reduced 
lymphocyte sensitivity to dexamethasone. These data in-
dicated that healthy aging is associated with alterations 
in neuroendocrine-immunoregulation. This phenome-
non has previously been observed during major depres-
sion  [25, 26]  and chronic stress  [27–29] , and it seems to 
be GR-specific since cells from elders and young adults 
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showed a comparable lymphocyte sensitivity to cortisol 
(which binds to both GR and MR). There is considerable 
evidence for a shift in lymphocyte sensitivity to GCs dur-
ing the ontogeny. For instance, peripheral T cells of in-
fants younger than 12 months have been reported to be 
highly sensitive to dexamethasone treatment in vitro  
  [51] . After this period, lymphocyte sensitivity to steroids 
is gradually decreasing, reaching adult levels at 1 year of 
life. A reduced sensitivity to GCs can also be observed at 
the central level during aging. Indeed, higher cortisol lev-
els have been described in the elderly compared to young 
subjects during some pharmacological challenges, such 
as the dexamethasone suppression test, stimulation by 
human or ovine corticotrophin-releasing hormone or by 
physostigmine  [52, 53] . 

  The mechanisms underlying acquired steroid resis-
tance are poorly understood. Based on our previous ob-
servations  [31] , we suggest that higher cortisol levels 
would render lymphocytes less sensitive to the effects of 
GCs in vitro. Indeed, there is some evidence in the litera-
ture suggesting that changes in GC sensitivity could be 
the result of chronic GC treatment  [54, 55] . Reduced in-
tracellular GC receptors may account for the putative un-
derlying mechanisms of age-related GC resistance  [15, 
56, 57] , but changes in GR affinity cannot be ruled out. 
Cellular sensitivity to GCs can also be modulated by 
changes in peripheral cytokines. Franchimont et al.  [58]  
have shown that TNF- �  decreases and IL-10 increases the 
sensitivity of human monocytes to dexamethasone via 
down- or upregulation of GRs, respectively. GC-induced 
acquired resistance may have an important physiological 
role in the protection of cells from the dangerous effects 
of prolonged GC-related immunosuppression. Addition-
ally, altered steroid immunoregulation may have impor-
tant therapeutic implications in clinical situations where 
GCs are administered, including treatment of autoim-
mune diseases, organ transplantation, and allergies. 

  Our data also illustrate a functional cross talk between 
cellular sensitivity to GCs and T-cell proliferation. In 
particular, we showed that T cells of young adults who 
were resistant to dexamethasone had the lowest T-cell 
proliferation ( fig. 4 ). These data indicate the physiologi-
cal significance of GC sensitivity in the regulation of cell-
mediated immunity. The functional cross talk at the mo-
lecular level between immune signals and GCs is essen-
tial to determine the biological response to both mediators 
and constitutes the ultimate level of interaction between 
immune and neuroendocrine mediators  [59] . The com-
munication between immune and GC signals could also 
be interpreted from an evolutionary perspective as being 

of adaptive significance. In a ‘low cortisol milieu’ (young 
subjects), the net cortisol effects on the immune system 
may be stimulatory in subjects who are sensitive to ste-
roids. Conversely, in a ‘high cortisol milieu’ (stress or ag-
ing), subjects who are sensitive to steroids would be of 
higher risk for steroid-related immunosuppression. This 
should be further investigated in future studies. 

  These data indicate that healthy aging is associated 
with adrenal and somatosenescence as well as impaired 
neuroendocrine-immunoregulation at the level of the 
lymphocyte. In particular, we demonstrated that lym-
phocyte responses were associated with reduced lympho-
cyte sensitivity to a synthetic GC. However, the underly-
ing mechanisms of acquired steroid resistance require 
further investigation. We do not yet know whether this 
altered GC sensitivity is associated with resistance to oth-
er medications and we are currently investigating this 
possibility. In addition, somatosenescence may not be as-
sociated with a reciprocal decline in immunoreactive 
GH.

  Acknowledgments 

 The authors would like to acknowledge the excellent technical 
assistance of Ingrid Manfredi (Office for Social Care, Gravataí). 
We are grateful to the City Hall of Gravataí for setting up special 
facilities for the recruitment of the elderly subjects. We thank Dr. 
Sidia Marques (Department of Genetics, Universidade Federal do 
Rio Grande do Sul, Porto Alegre, Brazil) for statistical assistance. 
This study was supported by grants from FAPERGS (00/0168.9, 
M.E.B.) and CNPq (551180/01-3, M.E.B.). 



 Luz   /Collaziol   /Preissler   /da Cruz   /Glock   /
Bauer   

Neuroimmunomodulation 2006;13:90–9998

 References 

  1 Ligthart G, Corberand J, Fournier C, Galan-
aud P, Humans W, Kennes B, Möller-Her-
melink H, Steinmann G: Admission criteria 
for immunogerontological studies in man: 
the SENIEUR protocol. Mech Ageing Dev 
1984;   28:   47–55. 

  2 Pawelec G, Barnett Y, Forsey R, Frasca D, 
Globerson A, McLeod J, Caruso C, Frances-
chi C, Fulop T, Gupta S, Mariani E, Mocche-
giani E, Solana R: T cells and aging, January 
2002 update. Front Biosci 2002;   7:d1056–
d1183. 

  3 Castle SC: Clinical relevance of age-related 
immune dysfunction. Clin Infect Dis 2000;  

 31:   578–585. 
  4 Fagiolo U, Cossarizza A, Scala E, Fanales-

Belasio E, Ortolani C, Cozzi E, Monti D, 
Franceschi C, Paganelli R: Increased cyto-
kine production in mononuclear cells of 
healthy elderly people. Eur J Immunol 1993;  

 23:   2375–2378. 
  5 Straub RH, Konecna L, Hrach S, Rothe G, 

Kreutz M, Scholmerich J, Falk W, Lang B: Se-
rum dehydroepiandrosterone (DHEA) and 
DHEA sulfate are negatively correlated with 
serum interleukin-6 (IL-6), and DHEA in-
hibits IL-6 secretion from mononuclear cells 
in man in vitro: possible link between endo-
crinosenescence and immunosenescence. J 
Clin Endocrinol Metab 1998;   83:   2012–2017. 

  6 Ershler WB, Sun WH, Binkley N, Graven-
stein S, Volk MJ, Kamoske G, Klopp RG, 
Roecker EB, Daynes RA, Weindruch R: In-
terleukin-6 and aging: blood levels and 
mononuclear cell production increase with 
advancing age and in vitro production is 
modifiable by dietary restriction. Lympho-
kine Cytokine Res 1993;   12:   225–230. 

  7 Ferrucci L, Harris TB, Guralnik JM, Tracy 
RP, Corti MC, Cohen HJ, Penninx B, Pahor 
M, Wallace R, Havlik RJ: Serum IL-6 level 
and the development of disability in older 
persons. J Am Geriatr Soc 1999;   47:   639–
646. 

  8 Ershler WB, Keller ET: Age-associated in-
creased interleukin-6 gene expression, late-
life diseases, and frailty. Annu Rev Med 
2000;   51:   245–270. 

  9 Roshan S, Nader S, Orlander P: Ageing and 
hormones. Eur J Clin Invest 1999;   29:   210–
213. 

 10 Canning MO, Grotenhuis K, de Wit HJ, 
Drexhage HA: Opposing effects of dehydro-
epiandrosterone and dexamethasone on the 
generation of monocyte-derived dendritic 
cells. Eur J Endocrinol 2000;   143:   687–695. 

 11 Migeon C, Keller A, Lawrence B, Shepard T: 
Dehydroepiandrosterone and androsterone 
levels in human plasma: effects of age, sex: 
day-to-day and diurnal variations. J Clin En-
docrinol Metab 1957;   17:   1051–1062. 

 12 Daynes R, Dudley D, Araneo B: Regulation 
of murine lymphokine production in vivo. 
II. Dehydroepiandrosterone is a natural en-
hancer of interleukin-2 synthesis by helper T 
cells. Eur J Immunol 1990;   20:   793–802. 

 13 Suzuki T, Suzuki N, Daynes R, Engleman E: 
Dehydroepiandrosterone enhances IL2 pro-
duction and cytotoxic effector function of 
human T cells. Clin Immunol Immuno-
pathol 1991;   61:   202–211. 

 14 Di Santo E, Sironi M, Mennini T: A glucocor-
ticoid receptor-independent mechanism for 
neurosteroid inhibition of tumor necrosis 
factor production. Eur J Pharmacol 1996;  

 299:   179–186. 
 15 Risdon G, Moore T, Kumar V, Bennett M: 

Inhibition of murine natural killer cell dif-
ferentiation by dehydroepiandrosterone. 
Blood 1991;   78:   2387–2391. 

 16 Padgett DA, Loria R: In vitro potentiation of 
lymphocyte activation by dehydroepi-
androsterone, androstenediol, and andro-
stenetriol. J Immunol 1994;   153:   1544–1552. 

 17 Araneo B, Woods M, Daynes R: Reversal of 
the immunosenescent phenotype by dehy-
droepiandrosterone: hormone treatment 
provides an adjuvant effect on the immuni-
zation of aged mice with recombinant hepa-
titis B surface antigen. J Infect Dis 1993;   167:  

 830–840. 
 18 Danenberg H, Ben-Yehuda A, Zakay-Rones 

Z, Friedman G: Dehydroepiandrosterone 
(DHEA) treatment reverses the impaired 
immune response of old mice to influenza 
vaccination and protects from influenza in-
fection. Vaccine 1995;   13:   1445–1448. 

 19 Danenberg H, Ben-Yehuda A, Zakay-Rones 
Z, Gross D: Dehydroepiandrosterone treat-
ment is not beneficial to the immune re-
sponse to influenza in elderly subjects. J Clin 
Endocrinol Metab 1997;   82:   2911–2914. 

 20 Corpas S, Harman M, Blackmann MR: Hu-
man growth hormone and human aging. En-
docr Rev 1993;   14:   20–39. 

 21 Weigent DA, Baxter JB, Wear WE, Smith LR, 
Bost KL, Blalock JE: Production of immuno-
reactive growth hormone by mononuclear 
leukocytes. FASEB J 1988;   2:   2812–2818. 

 22 Hattori N, Ikekubo K, Ishihara T, Moridera 
K, Hino M, Kurahachi N: Spontaneous 
growth hormone (GH) secretion by unstim-
ulated human lymphocytes and the effects of 
GH-releasing hormone and somatostatin. J 
Clin Endocrinol Metab 1994;   79:   1678–1680. 

 23 Malarkey WB, Wang J, Cheney C, Glaser R, 
Nagaraja H: Human lymphocyte growth 
hormone stimulates interferon gamma pro-
duction and is inhibited by cortisol and nor-
epinephrine. J Neuroimmunol 2002;   123:  

 180–187. 

 24 McEwen B, Biron C, Brunson K, Bulloch K, 
Chambers W, Dhabhar F, Goldfarb R, Kitson 
R, Miller A, Spencer R, Weiss J: The role of 
adrenocorticosteroids as modulators of im-
mune function in health and disease: neural, 
endocrine and immune interactions. Brain 
Res Rev 1997;   23:   79–133. 

 25 Bauer ME, Papadopoulos A, Poon L, Perks P, 
Lightman S, Checkley S, Shanks N: Altered 
glucocorticoid immunoregulation in treat-
ment resistant depression. Psychoneuroen-
docrinology 2003;   28:   49–65. 

 26 Miller GE, Rohleder N, Stetler C, Kirsch-
baum C: Clinical depression and regulation 
of the inflammatory response during acute 
stress. Psychosom Med 2005;   67:   679–687. 

 27 Bauer ME, Vedhara K, Perks P, Wilcock G, 
Lightman S, Shanks N: Chronic stress in 
caregivers of dementia patients is associated 
with reduced lymphocyte sensitivity to glu-
cocorticoids. J Neuroimmunol 2000;   103:  

 84–92. 
 28 Rohleder N, Kudielka BM, Hellhammer DH, 

Wolf JM, Kirschbaum C: Age and sex ste-
roid-related changes in glucocorticoid sensi-
tivity of pro-inflammatory cytokine pro-
duction after psychosocial stress. J Neuro-
immunol 2002;   126:   69–77. 

 29 Miller GE, Cohen S, Ritchey AK: Chronic 
psychological stress and the regulation of 
pro-inflammatory cytokines: a glucocorti-
coid-resistance model. Health Psychol 2002;  

 21:   531–541. 
 30 Collaziol D, Luz C, Dornelles F, Cruz I, Bau-

er ME: Psychoneuroendocrine correlates of 
lymphocyte subsets during healthy ageing. 
Mech Ageing Dev 2004;   125:   219–227. 

 31 Luz C, Dornelles F, Preissler T, Collaziol D, 
Cruz I, Bauer ME: Impact of psychological 
and endocrine factors on cytokine produc-
tion of healthy elderly people. Mech Ageing 
Dev 2003;   124:   887–895. 

 32 Krause D, Mastro A, Handte G, Smiciklas-
Wright H, Miles M, Ahluwalia I: Immune 
function did not decline with aging in appar-
ently healthy, well-nourished women. Mech 
Ageing Dev 2000;   112:   43–57. 

 33 Nikolaus T, Bach M, Siezen S, Volkert D, Os-
ter P, Schlierf G: Assessment of nutritional 
risk in the elderly. Ann Nutr Metab 1995;   39:  

 340–345. 
 34 Ganong W: Review of Medical Physiology. 

ed 15, Norwalk, Appleton & Lange, 1991. 
 35 Walker R, Riad-Fahmy D, Read G: Adrenal 

status assessed by direct radioimmunoassay 
of cortisol in whole saliva or parotid saliva. 
Clin Chem 1978;   24:   1460–1463. 

 36 Kahn JP, Rubinow DR, Davis CL,  Kling M, 
Post R: Salivary cortisol: a practical method 
for evaluation of adrenal function. Biol Psy-
chiatry 1988;   23:   335–349. 



 Neuroimmunomodulation of Healthy 
Aging 

Neuroimmunomodulation 2006;13:90–99 99

 37 Granger D, Schwartz E, Booth A, Curran M, 
Zakaria D: Assessing dehydroepiandros-
terone in saliva: a simple radioimmunoassay 
for use in studies of children, adolescents 
and adults. Psychoneuroendocrinology 
1999;   24:   567–579. 

 38 Kirschbaum C, Prussner J, Stone A, Federen-
ko I, Gaab J, Lintz D, Schommer N, Hellham-
mer D: Persistent high cortisol responses to 
repeated psychological stress in a subpopu-
lation of healthy men. Psychol Med 1995;   57:  

 468–474. 
 39 Wilckens T, De Rijk R: Glucocorticoids and 

immune function: unknown dimensions 
and new frontiers. Immunol Today 1997;   18:  

 418–424. 
 40 Mosmann T: Rapid colorimetric assay for 

cellular growth and survival: application to 
proliferation and cytotoxicity assays. J Im-
munol Methods 1983;   65:   55–63. 

 41 Blalock J: A molecular basis for bidirectional 
communication between the immune and 
neuroendocrine system. Physiol Rev 1989;  

 69:   1–32. 
 42 Lamas O, Marti A, Martinez JA: Obesity and 

immunocompetence. Eur J Clin Nutr 2002;  

 56(suppl 3):S42–S45. 
 43 Pedersen BK, Toft AD: Effects of exercise on 

lymphocytes and cytokines. Br J Sports Med 
2000;   34:   246–251. 

 44 Candore G, DiLorenzo G, Caruso C, Modica 
M, Colucci A, Crescimanno G, Ingrassia A, 
Sangiorgi G, Salerno A: The effect of age on 
mitogen responsive T cell precursors in hu-
man beings is completely restored by inter-
leukin-2. Mech Ageing Dev 1992;   63:   297–
307. 

 45 Deuschle M, Gotthardt U, Schweiger U, We-
ber B, Korner A, Schmider J, Standhardt H, 
Lammers C, Heuser I: With aging in humans 
the activity of the hypothalamus-pituitary-
adrenal system increases and its amplitude 
flattens. Life Sci 1997;   61:   2239–2246. 

 46 Kelley KW: The role of growth hormone in 
modulation of the immune response. Ann 
NY Acad Sci 1990;   594:   95–103. 

 47 LeRoith D, Yanowski J, Kaldjian EP, Jaffe ES, 
LeRoith T, Purdue K, Cooper BD, Pyle R, 
Adler W: The effects of growth hormone and 
insulin-like growth factor I on the immune 
system of aged female monkeys. Endocrinol-
ogy 1996;   137:   1071–1079. 

 48 Straub R, Miller L, Scholmerich J, Zietz B: 
Cytokines and hormones as possible links 
between endocrinosenescence and immu-
nosenescence. J Neuroimmunol 2000;   109:  

 10–15. 
 49 Daynes R, Araneo B, Ershler W, Maloney C, 

Li GZ, Ryu SY: Altered regulation of IL-6 
production with normal aging – possible 
linkage to the age-associated decline in de-
hydroepiandrosterone and its sulfated deriv-
ative. J Immunol 1993;   150:   5219–5230. 

 50 Vetta F, Ronzoni S, Lupattelli MR, Fabbri-
coni B, Ficoneri C, Cicconetti P, Bruno A, 
Russo F, Bollea MR: Tumor necrosis factor-
alpha and mood disorders in the elderly. 
Arch Gerontol Geriatr Suppl 2001;   7:   435–
442. 

 51 Kavelaars A, Cats B, Visser G, Zegers B, Bak-
ker J, Van Rees E, Heijnen C: Ontogeny of the 
response of human peripheral blood T cells 
to glucocorticoids. Brain Behav Immun 
1996;   10:   288–297. 

 52 Ferrari E, Cravello L, Muzzoni B, Casarotti 
D, Paltro M, Solerte SB, Fioravanti M, Cuz-
zoni G, Pontiggia B, Magri F: Age-related 
changes of the hypothalamic-pituitary-ad-
renal axis: pathophysiological correlates. 
Eur J Endocrinol 2001;   144:   319–329. 

 53 Raskind M, Peskind E, Wilkinson C: Hypo-
thalamic-pituitary-adrenal axis regulation 
and human aging. Ann NY Acad Sci 1994;  

 746:   327–335. 
 54 Chiappelli F, Manfrini E, Gwirtsman H, 

Garcia C, Pham L, Lee P, Frost P: Steroid 
 receptor-mediated modulation of CD4+
CD62L+ cell homing. Ann NY Acad Sci 
1994;   746:   421–425. 

 55 Kloet E: Brain corticosteroid receptor bal-
ance and homeostatic control. Frontier Neu-
roendocrinol 1991;   12:   95–164. 

 56 Grasso G, Lodi L, Lupo C, Muscettola M: 
Glucocorticoid receptors in human periph-
eral blood mononuclear cells in relation to 
age and to sport activity. Life Sci 1997;   61:  

 301–308. 
 57 Zovato S, Simoncini M, Gottardo C, Pratesi 

C, Vampollo V, Spigariol A: Dexamethasone 
suppression test: corticosteroid receptors 
regulation in mononuclear leukocytes of 
young and aged subjects. Aging (Milano) 
1996;   8:   360–364. 

 58 Franchimont D, Martens H, Hagelstein MT, 
Louis E, Dewe W, Chrousos GP, Belaiche J, 
Geenen V: Tumor necrosis factor alpha de-
creases, and interleukin-10 increases, the 
sensitivity of human monocytes to dexa-
methasone: potential regulation of the glu-
cocorticoid receptor. J Clin Endocrinol 
Metab 1999;   84:   2834–2839. 

 59 Refojo D, Liberman AC, Giacomini D, Car-
bia Nagashima A, Graciarena M, Echenique 
C, Paez Pereda M, Stalla G, Holsboer F, Arzt 
E: Integrating systemic information at the 
molecular level: cross-talk between steroid 
receptors and cytokine signaling on differ-
ent target cells. Ann NY Acad Sci 2003;   992:  

 196–204.   

steimlej
Copyright BA Hoch




