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Abstract

Aging and its underlying pathophysiological background has always attracted the attention of the scienti�c society. 

De�ned as the gradual, time-dependent, heterogeneous decline of physiological functions, aging is orchestrated by 

a plethora of molecular mechanisms, which vividly interact to alter body homeostasis. The ability of an organism to 

adjust to these alterations, in conjunction with the dynamic effect of various environmental stimuli across lifespan, 

promotes longevity, frailty or disease. Endocrine function undergoes major changes during aging, as well. Speci�cally, 

alterations in hormonal networks and concomitant hormonal de�cits/excess, augmented by poor sensitivity of tissues 

to their action, take place. As hypothalamic–pituitary unit is the central regulator of crucial body functions, these 

alterations can be translated in signi�cant clinical sequelae that can impair the quality of life and promote frailty and 

disease. Delineating the hormonal signaling alterations that occur across lifespan and exploring possible remedial 

interventions could possibly help us improve the quality of life of the elderly and promote longevity.
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Introduction

Aging and the quest for the ‘fountain of youth’ have 

intrigued the interest and the curiosity of scientific society 

throughout the history of mankind. Aging is defined as the 

gradual, time-dependent decline or loss of physiological 

functions, affecting all living beings. It is a complex and 

heterogeneous process, as its rate varies considerably between 

diverse species, between organisms of the same species, even 

between cells and tissues of the same organism (1).

At a mechanistic level, multiple molecular mecha-

nisms have been associated with the pathophysiology 

of aging. Incessant accumulation of DNA and cellular 

damage contribute to the loss of structural and functional 

homeostasis of cells, triggering ultimately senescence 

(2). Specifically, in an illuminating review by Lopez-

Otin et al. nine cellular and molecular hallmarks of aging 

have been identified. Genomic instability, telomere 

attrition, epigenetic alterations, loss of proteostasis 

deregulated nutrient sensing, mitochondrial dysfunction, 

cellular senescence, altered intracellular signaling, stem 

cell exhaustion and the complex interplay between 

all the above-mentioned mechanisms lie in the 

pathophysiological core of aging (3). The ability of an 

organism to adjust to these alterations, in conjunction 

with the dynamic effect of various environmental stimuli 

across lifespan, promotes longevity, frailty or disease.

Hypothalamic–pituitary unit is the central regulator 

of crucial body functions, including nutrition, growth, 

metabolism and reproduction. During aging, alterations in 

hormonal networks and concomitant hormonal deficits/

excess, augmented by poor sensitivity of tissues to their 

action, take place. These alterations are translated clinically 

to the reduction of skeletal muscle, increased adiposity, 

bone loss, insulin signaling dysfunction, impaired immune 

function and, more importantly, decreased quality of life (4).

This review focuses on unraveling the 

pathophysiological mechanisms, underlying the aging of 

endocrine system, and delineating the hormonal signaling 

alterations that occur across lifespan. Additionally, we 

will clarify how these endocrine changes are translated 

to frailty and disease and evaluate if and how remedial 

interventions can improve the quality of life of the elderly 

and promote longevity.

Aging of endocrine system and 

oxidative stress

A plethora of pathophysiological theories has been 

postulated so far to understand the aging process deeper. 

Every theory of them proposes a specific pathogenetic 

mechanism that leads humans grow old, providing 

useful and important insights for the understanding of 

physiological changes occurring with aging. Recently, the 

search for a single cause of aging has been replaced by the 

view of aging as an extremely complex and multifactorial 

process. In fact, it is very likely that several processes 

are closely intertwined and operate at different levels of 

functional organization to promote aging (5).

One of the first and the most widely accepted theories 

of aging is the free radical theory of aging, proposed by 

Harman D approximately sixty years ago (6). Oxidants, 

including reactive-oxygen species (ROS) and reactive-

nitrogen species (RNS), are normal by-products of aerobic 

metabolism, generated mainly in mitochondria, due to 

leakage of electrons from electron transport chain (7). 

Overproduction of oxidants during vital processes of 

human body that cannot be overpowered by the anti-

oxidant defense systems causes irreversible damage of 

proteins, lipids and DNA and leads ultimately to disrupted 

cell function (8). Indeed, according to the free radical 

theory of aging, continuous, unrepaired oxidative damage 

of macromolecules throughout the lifespan is considered 

as the molecular basis of aging.

Regarding endocrine system, oxidative stress has also 

been implicated in the aging of endocrine glands and 

their concomitant dysfunction. Specifically, according 

to the revised ‘nitric oxide theory of aging’, free radicals 

overproduction in central nervous system, including 

hypothalamic–pituitary axis, might be responsible 

for the aging of these structures (9). Kondo  et  al. have 

described an age-dependent accumulation of 8-hydroxy-

2′-deoxyguanosine (8-OHdG) (10), a powerful oxidant 

compound, in the human pituitary, while in a study by 

Nessi  et  al. increased number of apoptotic thyrotroph 

and somatotroph pituitary cells were observed during 

aging (11). Additionally, levels of elongation factor 2, 

an essential factor for protein synthesis, which can be 

disrupted by lipid peroxidation caused by ROS, were 

found to be decreased in hypothalamus and pituitary 

cells of rats during aging (12). Finally, melatonin, which 

is considered a powerful anti-oxidant compound and 

scavenger of ROS, decreases and displays impaired diurnal 

rhythms in elderly (13).

Apart from central nervous system, oxidative stress is 

involved in the aging process of other endocrine glands, 

as well. For example, oxidative stress is involved in the 

pathophysiology of thyroid autoimmune diseases, which 
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increase during aging, through direct effects on immune 

system (14). What is more, selenium depletion in aged 

population makes thyroid more vulnerable to oxidative 

stress (15). Regarding pancreatic β cells, oxidative stress 

can significantly compromise their function, as pancreatic 

β cells are innately more sensitive to oxidative stress, 

since they are lower in anti-oxidant enzymes levels (16). 

However, simultaneously, generation of ROS is innately 

coupled to the glycolytic and respiratory metabolism 

in β cells. To date, many important signal transduction 

molecules or processes that potentially regulate glucose-

stimulated insulin secretion in β cells have been recognized 

as downstream targets of hyperoxide, including voltage-

gated K+ channels, Ca2+ influx and release, c-Jun NH2-

terminal kinase, extracellular signal-regulated kinases, 

nuclear factor-κB and SIRT1 deacetylase (17). Therefore, 

although short-term exposure of β-cells to ROS might be 

beneficial in terms of promoting insulin secretion induced 

by glucose, chronic production of ROS and levels of ROS 

above a critical threshold might lead to β cell dysfunction 

and/or apoptosis and reduction of insulin secretion 

(18). Finally, oxidative stress has also been implicated in 

ovarian and testicular aging, perturbing cellular niche and 

down-regulating steroidogenesis (19).

On the other hand, during the last 5 years, multiple 

scientific data have forced an intense re-evaluation of the 

mitochondrial free radical theory of aging. Specifically, 

in a study by Van Remmen et al. genetic manipulations 

in mice that increased mitochondrial ROS and oxidative 

damage do not accelerate aging (20), while mice with 

increased anti-oxidant defenses do not present an 

extended lifespan (21). Additionally, ROS are necessary 

in various physiological body functions, including cell 

proliferation and metabolism, gene expression, immune 

function and reproduction (22). A protective action 

of ROS is seen in skeletal muscle, in case of increased 

energy production, typically happening after a high fat, 

high glucose meal, where functional insulin resistance is 

imposed to cells, through dismutated hydroxyl radicals 

that diffuse to the cell membrane to oxidize and block the 

insulin receptor, in order to avoid irreversible damages to 

the mitochondria, until the system recovers the ability to 

balance (23).

Taken all the above into account, ROS and oxidative 

stress are actively implicated in both physiological and 

pathological phenomena that take place in cells. Thus, 

it can be postulated that the primary effect of ROS is 

to enhance cell function and stimulate homeostatic 

mechanism. Across lifespan, mitochondrial damage 

and cellular stress occur, increasing in parallel levels 

of ROS. Beyond a certain threshold, ROS lose their 

physiological and favorable functional role, promoting 

eventually senescence, apoptosis and aging. More studies 

are necessary to further investigate this dual role of 

ROS and establish definitive conclusion regarding their 

contribution to aging.

Future personalized anti-aging diagnosis 

and treatment: role of stem cells

The development of stem cell based therapies to combat 

the age-associated functional decline has recently attracted 

intense attention as their potency to differentiate and 

give rise to all cellular types provides novel opportunities 

for regenerative medicine. Stem cells are defined as 

pluripotent cells that possess both the abilities of self-

renewal and differentiation toward numerous cell types, 

divided in to two main categories: embryonic stem cells 

(ESCs) that are derived from the inner cell mass of the 

blastocyst and have unlimited proliferative capacity (24) 

and adult stem cells that reside in tissues throughout the 

body such as the brain, bone marrow, pancreas, liver, 

skin and skeletal muscle (25) and are critical for tissue 

maintenance and regeneration.

It has been suggested that several aspects of 

mammalian aging correlate with an age-related decline 

of adult somatic stem cell function. Specifically, the 

decline of homeostatic and regenerative capacities 

of aging tissues has been attributed to degenerative 

alterations in tissue-specific stem cells, stem cell niches 

and systemic signals regulating stem cell functions. The 

fact that adult stem cells remain in tissues throughout life, 

renders them particularly sensitive to the accumulation of 

cellular damage, which can ultimately lead to cell death, 

senescence and loss of regenerative potential. In fact, it 

has been observed that stem cells in various aged tissues 

exhibit attenuated response to tissue damage, deregulated 

proliferation and reduced regenerative potential (26). This 

exhaustion of stem cells contributes to tissue dysfunction 

and to age-related diseases such as frailty, atherosclerosis, 

progressive Parkinson’s disease, type 2 diabetes, anemia 

and malignancies (27). Aging of stem cells is affected 

by the dynamic interplay of diverse cell-intrinsic, 

environmental and systemic signals. The most prominent 

conserved cellular processes that drive stem cell aging and 

affect organismal lifespan include the accumulation of 

DNA damage, epigenetic alterations, loss of proteostasis, 

increased oxidative stress, mitochondrial dysfunction and 

deregulated extracellular signaling (26) (Fig. 1).
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As stem cells persist throughout life in a quiescent 

state, they experience long-term exposure to genotoxic 

assaults during aging, leading to the accumulation of 

DNA damage. For instance, aged HSCs (hematopoietic 

stem cells) display elevated levels of DNA double strand 

breaks (28, 29, 30), while telomeres are shorter in aged 

hair follicle stem cells (31). The compromised capacity of 

aged stems cells to respond to and repair DNA damage 

also contributes to the accumulation of genotoxic lesions, 

leading to senescence or apoptosis of stem cells and to the 

subsequent dysfunction of aged tissues.

While genome integrity is vital for the survival of 

stem cells, proteome stability is equally critical for stem 

cell identity. The proteasome, which plays a pivotal role 

for the maintenance of proteostasis, is involved in the 

regulated degradation of normal as well as abnormal, 

oxidized, denatured or otherwise damaged proteins (32). 

Studies employing biobanks from donors of different 

ages, including centenarians and long-lived siblings, 

have demonstrated that healthy centenarians have an 

active proteasome (33), while treatments with various 

oxidants resulted in enhanced proteasome assembly and 

activities and increased cell survival (34, 35). Age-related 

dysfunction of proteasome is also heavily implicated in 

stem cell senescence, while proteasome activation has 

been shown to enhance stemness and lifespan of human 

mesenchymal stem cells (36).

Furthermore, ROS-mediated oxidative damage 

is thought to contribute to perturbed function and 

accelerated aging of stem cells. ROS levels are elevated in 

senescent mesenchymal stem cells (MSCs), hematopoietic 

stem cells (HSCs) and neural stem cells NSCs, while 

ectopic induction of SIRT3 expression enhances the 

anti-oxidant activity of SOD2, subsequently improving 

the function of aged HSCs. Additionally, several studies 

have linked mtDNA damage, nutrient sensing and energy 

homeostasis to human stem cell aging. Conversely, 

improved mitochondrial function has been associated 

with enhanced stem cell function and tissue regeneration 

in mammals. For instance, short-term (1  week at 20% 

restriction and 11  weeks at 40%) calorie restriction 

(CR) increases the numbers and function of skeletal 

muscle and intestinal stem cells potentially by elevating 

mitochondrial content and facilitating oxidative 

metabolism (37). Besides modulating mitochondrial 

function, CR also promotes proteostasis and scavenging 

of ROS and protects from DNA damage. In support, 

the experimental administration of rapamycin, a CR 

mimetic compound, inhibits mTORC1, promotes energy 

and protein homeostasis and decelerates stem cell aging 

(38, 39, 40).

Given the emerging evidence that aging may reflect 

an exhaustion of adult stem cells, the great interest 

in restoring adult stem cell function, to ameliorate 

age-related pathologies and rejuvenate aged tissues, 

is not surprising. Stem cells are considered to be very 

promising tools for several regenerative cell based 

therapies, not only because of their high proliferative 

and multi-lineage differentiation capabilities, but 

also because they can be obtained autologously, 

thus eliminating the need for immunosuppressive 

therapy to avoid the risks of rejection (41). It should 

be noted that MSCs are among the most promising 

candidates for personalized interventions to combat 

aging and the associated disease states. Studies suggest 

that MSCs after systemic transplantation, migrate to 

sites of injury and exert immunomodulatory effects, 

facilitating tissue repair via the production of growth 

factors and signaling molecules that guide resident 

tissue cell regeneration (41, 42). The clinical safety of 

MSCs is well accepted and is currently used to enhance 

tissue regeneration, to extinguish cancer cells, to treat 

vascular disorders and to regenerate cartilage and bone 

(41). Adipose-derived stem cells and their secretory 

Figure 1

Schematic representation of the pathways 

that are involved in stem cell aging.
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factors have also proven useful for the treatment of 

skin aging (43).

Stem cell based therapies also appear to have 

enormous clinical potential for the autologous treatment 

of age-related diseases. The exposure of aged human 

MSCs to proangiogenic growth factors ex vivo, increases 

their regenerative potential when transplanted into an 

infracted rat heart (41). In addition, vascular endothelial 

cell precursors can be induced to proliferate in vivo and 

form new blood vessels in response to VEGF, alleviating 

atherosclerosis and improving recovery after myocardial 

infarction and stroke (44). Likewise, the systemic 

administration of growth factors restores the proliferative 

capacity of aged MSCs in vivo, sufficiently reversing the 

osteoporotic phenotype (41).

Furthermore, the transplantation of MSCs and NPCs 

engineered to produce growth factors such as BDNF 

(brain-derived neurotrophic factor), VEGF, GDNF (glial 

cell line-derived neurotrophic factor) and IGF-I (insulin-

like growth factor 1) safeguards dopaminergic neurons 

and improves the functional deficits in rodent models of 

Parkinson’s disease (45). Additionally, rodent Alzheimer’s 

disease (AD) models receiving NSCs transplants in the 

hippocampus demonstrate increased neurogenesis and 

ameliorated cognitive function via a BDNF mediated 

response. Striatal injections of NPCs into HD rodents 

have pointed out the potential of stem cells to restore the 

functionality of medium spiny neurons in Huntington’s 

disease by migrating to affected sites. Furthermore, 

the transplantation of GDNF-overexpressing NPCs has 

neuroprotective effects and promotes functional recovery 

in HD rodents. The systemic intraspinal injection of NPCs 

and MSCs ameliorates Amyotrophic Lateral Sclerosis 

(ALS) progression in rodents, while overexpression of 

GDNF, VEGF and IGF-I further enhances neuroprotection 

(45). Several studies have described some preliminary 

data reporting clinical benefit from autologous stem 

cell therapy in ALS patients (45). In these patients, stem 

cell delivery took place with different routes, including 

intraspinal and lumbar (45) or into the frontal motor 

cortex (46). The clinical safety of autologous stem cell 

interventions to treat ALS has been recently supported 

by studies describing the implantation of MSCs into the 

frontal motor cortex of 67 ALS patients (46) or into the 

dorsal spinal cord of 19 patients (47). Hence, even if stem 

cell therapy is still in a preliminary phase for clinical 

applications, it has demonstrated some very promising 

results in several age-related pathological processes.

Exploiting reprogramming techniques to derive iPS 

cells from somatic patients’ cells is a highly attractive 

alternative method circumventing the limitations of 

aging adult stem cells for anti-aging approaches (48). For 

instance, the transplantation of patient-specific iPSCs 

into a rodent PD model results in their integration in 

the host tissue and a significant improvement of the 

disease phenotype (45). However, despite the promising 

results of iPSC therapies in animal models, there are 

substantial barriers that must be overcome before they 

become feasible in humans. The most principal obstacles 

involve the forced expression of transcription factors 

that are highly linked to oncogenicity, such as c-Myc and 

Klf4, and the use of viral vectors for gene delivery (48). 

The generation of senescence-resistant stem cells would 

be a more ideal approach for stem cell based therapies. 

Interestingly, the ex vivo rejuvenation of aged fibroblasts 

using an excizable vector for reprogramming has proven 

to be feasible (48). Further studies addressing the safety 

of iPSC-based therapies are needed before they are 

transitioned in clinical settings.

Understanding the molecular processes that govern 

stem cell self-renewal, proliferation and commitment 

to specific differentiated cell lineages is essential for the 

development of therapeutic interventions that can slow, 

or even reverse the functional decline in aging tissues by 

targeting the specific causes or enhancing repair processes 

to maintain healthy function. Additionally, developing 

methods to modulate them will be critical for the 

development of regenerative interventions to promote 

healthy longevity in a patient-specific basis.

Aging endocrine glands and anti-aging 

hormonal replacement

Aging pituitary

The hypothalamic–pituitary unit is a central regulator not 

only of all endocrine axes, but also of many systems and 

as such, it controls the body temperature, nutrient intake 

and energy balance, sleep and wake cycle, sexual behavior, 

reproductive cyclicity, water and electrolyte balance, stress 

adaptation, and circadian or ultradian cycles. As a result, 

the hypothalamus is the master regulator of homeostasis, 

as well as the source and the target of continual regulatory 

adjustments throughout aging.

Aging and negative feedback

With advanced age, the sensitivity of the hypothalamus 

to various feedback signals begins to decline. Thus, in the 

reproductive axis, responsiveness of the hypothalamus 
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to estrogen feedback gradually decreases with age, a 

decline restored with L-DOPA pretreatment, a D1receptor 

agonist and secretagogue of GnRH. In the major stress 

adaptive (adrenal) axis, decreased responsiveness 

(cortisol suppression) to dexamethasone has been noted. 

Furthermore, a reduced decline of GH to glucose load, due 

to gradual decline in growth hormone production by the 

pituitary gland, is a landmark of the aging somatotroph. 

These alterations led Dilman to propose over 40  years 

ago the neuroendocrine theory of aging postulating that 

the functional decline of the hypothalamus is due to a 

decrease in its sensitivity toward feedback control (49).

Many factors have been identified as either the cause 

or the consequence of age-related decline in functions 

and repair mechanisms. Activators/modulators of the 

aging process have been identified in the hypothalamus, 

such as mTOR, IKK-b/NF-kB complex and HIF-1a. These 

molecules play crucial roles in nutrient sensing, metabolic 

regulation, energy balance, reproductive function and 

stress adaptation.

In a recent study by Chen et al., the role of succinate, 

one of the most prominent intermediates of the Krebs 

cycle in the aging process has been evaluated. Succinate 

oxidation in mitochondria provides the most powerful 

energy output per unit time. Extra-mitochondrial 

succinate triggers a host of succinate receptor (SUCN1 or 

GPR91)-mediated signaling pathways in many peripheral 

tissues including the hypothalamus. One of the actions 

of succinate is to stabilize the hypoxia and cellular stress 

conditions by inducing the transcriptional regulator 

HIF-1a. Through these actions, it is hypothesized that 

succinate has the potential to restore the gradual but 

significant loss in functions associated with cellular 

senescence and systemic aging (50).

Aging and circadian rhythms

As we mentioned above, in aging, a decrease melatonin 

secretion has been found, with reduced expression of 

specific genes in peripheral clocks and disruption of 

neural circuits in the hypothalamus, resulting to less 

total sleep time, poorer sleep efficiency, increased sleep 

latency, increased night-time awaking, excessive daytime 

sleepiness with increased daytime naps. This disruption 

of the fine tuning between darkness/light, central and 

peripheral ‘clock system’ leads to decay of the circadian 

system, alteration of hormones and metabolites levels 

and abnormal nutrient intake with detrimental effects on 

health. A plethora of the most common health disorders in 

the elderly such as neurodegeneration, insulin resistance, 

diabetes, obesity and cancer may be attributed to the 

above-mentioned disruption of the circadian rhythms 

(51).

Aging and the hypothalamic–pituitary–peripheral axes

In the aging subjects cortisol secretion is characterized 

by increased late night levels and restricted period of 

low cortisol secretion. Data indicate increased pituitary 

responsiveness to CRH, while adrenal responsiveness 

to ACTH seems to be lower in aged males than that in 

aged females (52). Disruption of diurnal cortisol rhythm 

is more pronounced in patients with dementia together 

with decreased DHEAs levels. It has been demonstrated 

that cortisol induces apoptosis and death of hippocampal 

neurons, while DHEAs has a protective effect. Considering 

that dementia is characterized by a decreased number 

of hippocampal neurons, there is a possibility that 

adrenal axis alteration in the elderly has a role in the 

pathophysiology of dementia in this cohort (53).

The hypothalamic secretion of GHRH from the 

arcuate nucleus is lower in elderly, while somatostatin 

secretion from the paraventricular nucleus is increased 

with net result alteration on growth hormone. Growth 

hormone secretory profile from the somatotroph exhibit 

reduced frequency and lower amplitude of secretory 

pulses. Moreover, metabolic factors have a key role in 

GH regulation and thus, increased nutrient intake leads 

to increased levels of free fatty acids in the circulation 

which stimulate insulin secretion from the pancreas. 

Hyperinsulinemia and increased free fatty acids inhibit 

GH secretion. In addition, they reduce the production of 

IGFBP-1 from the liver, exacerbating the negative effect 

on GH secretion. As a result of the above-mentioned 

changes IGF-1 levels decline with age (54).

Thyroid axis in the elderly is characterized by lower 

sensitivity of thyrotrophs to TRH in men, possibly 

resulting by lower 24-h rhythmicity of TRH or increased 

somatostatin secretion. Aged women have higher TSH 

levels and both sexes demonstrate lower T3 and increased 

anti-thyroid antibodies concentration (49).

Aging and water balance

Aged individuals exhibit 20% reduction in maximum 

urine osmolality, 50% decrease in the ability to conserve 

solute, 100% increase in minimal urine flow rate, nocturnal 

polyuria and frequent episodes of hypo-hypernatremia.

Vasopressin, acting via different receptor subtypes, is 

the key regulator of plasma and urine osmolality. Binding 

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access



E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R289Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

to its specific V2 receptor stimulates cAMP/protein 

kinase A (PKA) axis resulting in a significant increase 

of the apical expression of the vasopressin regulated 

water channel aquaporin (AQP)-2 thus regulating water 

permeability in the collecting duct. Interestingly there 

is a distinct circadian rhythm in vasopressin secretion, 

with peak concentrations about midnight, a decrease 

during daytime and minimum levels in the afternoon. 

An attenuated vasopressin response is also noted upon 

water ingestion.

Vasopressin secretion is increased in the elderly 

and is not normally suppressed by water ingestion. 

Simultaneously, vasopressin action in the collecting 

duct is subnormal (indicating receptor defect leading 

to vasopressin resistance) leading to increased urine 

flow rate, which together with the decreased thirst 

exhibited in this age group results in impaired ability 

to conserve water and reduction of plasma volume 

(55). Furthermore, decreased renin–aldosterone 

activity exists in aged individuals leading to abnormal 

movement of solutes (56). The final result of these 

abnormalities is higher sensitivity to water overload or 

dehydration, and increased risk for developing hypo- or 

hypernatremia.

Endocrine changes to the elderly: to treat or not 
to treat?

To consider treating endocrine alterations in the elderly 

we have to answer the question if and to what extent these 

changes are adaptive or maladaptive. Also we have to note 

that many comorbidities can affect the pituitary function 

during aging such as obesity, diabetes mellitus, reduced 

nutrition, systemic illness and medication. On clinical 

grounds the only relevant therapeutic intervention is the 

prevention and the treatment of hyper-, hyponatremia 

and dehydration. We must also have in mind when dealing 

with an endocrine abnormality in an aged individual that 

previously undiagnosed true hypopituitarism can occur 

in this population and of course appropriate hormone 

replacement is the treatment of choice.

Aging thyroid gland

The process of aging brings about changes in the thyroid 

gland that are part of an adaptive mechanism maintaining 

homeostasis in this age group. In areas with adequate or 

high iodine intake, TSH levels are generally found to be 

high and positively associated with age, in contrast to 

mildly or moderately iodine-deficient areas where TSH 

levels have been reported lower and negatively related 

to age (57, 58). The latter likely indicates an autonomous 

function, corroborated by the finding of a regionally 

positive association between free thyroxine and age. Thus, 

differences between age and thyroid function, in relation 

to iodine intake in the past, iodine status at present and 

the historical iodine status of a population, must be taken 

into account, in order to ensure the proper establishment 

and evaluation of TSH reference values (59).

When the thyroid gland is underactive, fewer 

hormones are produced which may not be sufficient to 

maintain an active metabolism, hence symptoms such 

as weakness, fatigue and weight gain are frequently 

manifested. In a computer based analysis of untreated 

spontaneous autoimmune hypothyroidism, a four-fold 

difference in average serum TSH levels between the young 

and old was observed. For the same degree of thyroid 

failure, the serum TSH is lower among the elderly, due to 

a decrease in the hypothalamic–pituitary response to low 

serum T4, with instances of strongly increased serum TSH 

being due to severe hypothyroidism (60). Furthermore, log 

TSH exhibits an inverse correlation with age, while serum 

T4 does not show any correlation. It is crucial to note 

that, as it presently stands, the TSH upper reference limit 

tends to be too low in the elderly (and notably in women 

and white individuals), possibly leading to unnecessary or 

even harmful therapy. A decline in thyroid activity in aging 

may cause a compensatory increase in cellular deiodinase 

(DIO) I activity and thyroid hormone metabolites, which 

probably, through non-genomic pathways, counteracts 

the aging-related metabolic disturbances (61). Therefore, 

physicians should scrupulously weigh up age-related 

hormonal changes in their patients, bearing in mind that 

if thyroid values appear low, this does not necessarily 

mean that the patient should be immediately medicated.

Hypothyroidism treatment in the elderly

Over the last few decades, a constant increase of thyroid 

autoimmunity and subclinical hypothyroidism (SCH) of 

up to more than 20% in women older than 65 years old 

has been reported (62). In this context, SCH commonly 

manifests, when peripheral thyroid hormone levels are 

within the normal reference laboratory range but serum 

TSH levels are high, a condition which may progress 

to overt hypothyroidism and lead to impaired cardiac 

function (63). According to the recent Guidelines, 

patients with persistent SCH, whose TSH levels are 
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greater than 10 IU/L and who test positive for anti-

thyroid antibodies and/or are symptomatic, should 

be treated with l-thyroxine (LT4) to reduce the risk of 

progression to overt hypothyroidism, decrease the risk of 

adverse cardiovascular events and improve their quality 

of life (64, 65). This is also substantiated by evidence 

showing that SCH is associated with an increased risk 

of cardiovascular mortality particularly in patients with 

a TSH concentration of 10 IU/L or above (66). Hence, 

among elderly subjects with SCH, approximately 80% 

have a serum TSH of less than 10 IU/L: in these patients, 

the decision to initiate treatment should be tailored 

specifically to each individual.

Additionally, in a recent meta-analysis including 

61 studies type 2 diabetes mellitus (T2DM) was clearly 

associated with SCH when T2DM patients were compared 

with the healthy population. Consequently, appropriate 

individualized treatment should be provided to T2DM 

patients who concurrently have SCH as they may be at 

increased risk for diabetic complications (67, 68). In an 

analysis of the United Kingdom General Practitioner 

Research Database to identify individuals with new SCH 

(serum TSH levels of 5.01–10.0 IU/L and normal free 

thyroxine levels, FT4) performed separately for younger 

(40–70 years) and older (above 70 years) persons, it was 

demonstrated that LT4 treatment was associated with 

fewer ischemic heart disease events in only younger 

but not in older individuals (69). These results are 

corroborated by another recent study in which treatment 

of 136 patients (median age 73.6 years) with LT4 during 

a median follow-up time of 5.6 years did not exhibit any 

increased risk for all-cause mortality or major adverse 

cardiac events, defined as cardiovascular death, fatal or 

nonfatal myocardial infarction and stroke (70).

In a cohort analysis of 643 individuals aged 85 years 

who were assessed in their own homes for health status and 

thyroid function and followed for mortality and disability 

for up to 9 years, all-cause mortality was associated with 

baseline serum rT3 but not FT4 or TSH. The study did not 

show worse survival for patients with both subclinical 

hypothyroidism and subclinical hyperthyroidism over 

the 9  years in comparison with their euthyroid peers, 

with higher serum TSH levels prognosticating better 

outcomes (71). Simultaneously, in euthyroid old men 

(aged 70–89 years), higher FT4 levels have been associated 

with all-cause mortality independently of cardiovascular 

risk factors and comorbidities (72).

It has been reported that extreme longevity is 

associated with high TSH levels, indicating that shifts to 

higher concentrations with age may produce a continuum 

resulting in populations of centenarians; with a persistent 

inverse correlation between TSH and FT4 pointing to the 

possibility that changes in negative feedback might be 

involved (73). Interestingly, the offspring of centenarians 

also have elevated serum TSH as compared to controls; 

moreover, they also show specific single nucleotide 

polymorphisms (SNPs) in the TSH receptor (TSHR) gene 

that are associated with this phenotype (73). It is therefore 

evident that a heritable phenotype characterized by raised 

serum TSH marks human longevity. Moreover, carriers of 

SNPs in the TSHR gene likely have higher serum TSH, this 

possibly contributing to decreased thyroid function and 

longevity (73). Thus, aging is associated with increased 

serum TSH with no change in FT4 concentrations, the 

largest TSH increase being seen in persons with the lowest 

TSH at baseline (74). The latter implies that the TSH 

increase arises from age-related alteration in the TSH set-

point and is not due to minimal thyroid disease.

Given that there is a lack of large studies providing 

evidence of any benefit of LT4 treatment in the elderly, 

as stratified according to age and TSH, treatment 

recommendations should be tailored on an individual basis, 

taking into account not only the degree of TSH deviation 

but also age and comorbidities (75). In this regard, patients 

aged older than 65 years who have a sustained TSH >5 U/L 

should be carefully assessed and treatment should not be 

initiated unless the patient displays an array of clinical 

symptoms, increased TPOAB, and comorbidities such as 

T2DM and secondary hypercholesterolemia. In the older 

population, above 85 years old, or in the centenarians a 

‘wait-and-see’ strategy is advisable, taking into account 

the increased upper limit of the TSH reference interval 

from 6.45 to 7.55 U/L, the general condition of the patient 

and the potential coexistence of heart disease (76).

Hyperthyroidism in the elderly

The thyroid morphologically and anatomically changes 

during the process of aging, with increased nodularity 

being observed. Moreover, the gland is likely to reside 

at a more caudal position in the neck in the elderly as 

compared to younger individuals, which means that 

clinicians need to take special account of this fact when 

surgery is planned (77, 78).

In the elderly, hyperthyroidism is mainly due to 

autonomous thyroid nodules while in about 20% of 

the hospitalized patients hyperthyroidism may occur 

following a contrast radiography procedure. Among 

older aged patients who develop hyperthyroidism fewer 

hyperadrenergic signs are noted; on the other hand, 
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elderly hyperthyroid patients tend to have an elevated 

incidence of cardiac arrhythmias and weight loss as 

well as, not infrequently, depressed mood, with the 

commonest clinical features being weight loss (83%) and 

atrial fibrillation (60%). In general, clinical signs in older 

people are mild, and even often absent, and are caused by 

age-related changes: namely, decreased cellular uptake of 

thyroid hormone along with changes in thyroid hormone 

regulation of gene expression, all of which possibly 

explain the fewer manifestations of hyperthyroidism in 

this age group (79).

In elderly patients with endogenous subclinical 

hyperthyroidism and TSH between 0.1 and 0.4 IU/L, 

persistence of SCH for many years is usual, though 

progression to manifested hyperthyroidism is rare 

(approximately 1% per year) and spontaneous TSH 

normalization is fairly common (80).

Treatment options for hyperthyroidism in older 

patients include anti-thyroid drugs, radioiodine 

therapy and surgery (81). Interestingly, as observed in a 

prospective observational population-based study of 1036 

subjects treated with anti-thyroid drugs or radioiodine, 

mortality was only increased during periods of 

thionamide treatment and after radioiodine not resulting 

in hypothyroidism (82).

Aging female

Ovarian aging

Physiologic systems, including endocrine, have substantial 

reserves in younger individuals. Aging and intercurrent 

pathologies gradually eliminate these reserves (83). A 

perfect example of this is menopause. Menopause is a 

hallmark of a woman’s life, taking place approximately 

during the sixth decade of her life. It is characterized 

by depletion of ovarian follicles and huge hormonal 

alterations that are accompanied by significant clinical 

consequences (84).

As women age, ovarian follicles function less well, 

frequency of ovulation decreases and serum estradiol 

levels are lower than younger individuals. Simultaneously, 

while LH seems to remain unchanged, FSH levels increase 

premenopausally, a sign predicting reduced ovarian 

reserve. Eventually, follicular activity ceases, estrogen 

levels fall to postmenopausal values and gonadotropins 

rise above premenopausal concentrations (85).

For many years, the prevailing view was that 

menopause resulted from exhaustion of ovarian follicles. 

However, it is now widely accepted that derangements in 

central nervous system and in the hypothalamic–pituitary 

axis contribute to menopause equally. Specifically, 

hypothalamic adaptations during aging favor augmented 

GnRH release (49). This enhanced GnRH release was also 

found in gonadectomized animals, creating gonadotrope 

‘castration cells’ and pituitary pericyte hyperplasia (86).

Additionally, the ‘free radical theory of aging’ was 

also implicated in the pathogenesis of ovarian aging. 

Analytically, serum concentrations of inflammatory 

cytokines and pro-oxidant biomarkers such as oxidized 

lipoproteins (ox LDL), 4-hydroxynenal and MDA were 

found to be higher in postmenopausal women than 

in premenopausal women (87). In contrast, GSH and 

glutathione transferase (GST), which are effective in the 

removal of free radicals, are reduced in oocytes with age 

(88). Similarly, Carbone et al. demonstrated that follicular 

fluid from older women exhibited a reduced level of 

glutathione transferase and catalase activities and a higher 

level of superoxide dismutase (SOD) activity (89). Taken 

together, the results indicated that reproductive aging is 

accompanied by a change in the anti-oxidant enzymatic 

pattern that could impair ROS scavenging efficiency in 

the follicular environment.

Finally, environmental stimuli play a decisive role in 

the evolutionary process of ovarian aging. A vivid example 

of environmental factors affecting female reproductive 

system is advanced glycation end products (AGEs), 

commonly found in tobacco and foods, high in protein 

and fat, cooked in high temperatures (90). Physiologically, 

AGEs are present in normal ovarian tissue, while RAGE 

was highly expressed in the ovary being present in 

granulosa cells, theca interna, endothelial and stromal 

cells (91). Potential accumulation of these compounds in 

the ovary across lifespan may initiate adverse molecular 

intraovarian events, such as compromised efficiency of 

vascularization and activation of oxidative stress response 

through RAGE interaction, and ultimately trigger ovarian 

dysfunction (92).

Aging of the gonadotropic axis is important clinically 

because sex-steroid privation adversely affects muscle and 

bone mass, visceral adipose tissue accumulation, insulin 

sensitivity, LDL metabolism, and possibly mood, libido, 

cognition, memory and quality of life. Postmenopausal 

women experience vasomotor symptoms, psychological 

instability, sleep disorders and have a higher risk of 

cardiovascular disease, osteoporosis, mood disorders, 

cognitive decline as well as premature death (93, 94). 

Indeed, as reported in a recent meta-analysis (95), 

younger age at menopause is associated with a higher 

risk of coronary heart disease (CHD: RR = 1.50; 95% 
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CI:  1.28–1.76), of stroke (RR = 1.23; 95% CI: 0.98–1.53), 

of cardiovascular mortality (RR = 1.19; 95% CI: 1.08–1.31) 

and of all-cause mortality (RR = 1.12; 95% CI: 1.03–

1.21). All the above indicate that menopause, a natural 

consequence of aging of the reproductive axis, constitutes 

a standpoint in a woman’s life that requires intense 

medical attention, in order to alleviate clinical sequelae 

and ensure a good quality of life.

Anti-aging measures: fertility preservation

During the reproductive years, folliculogenesis, 

steroidogenesis, and the production of proteins such as 

inhibin occur in response to the gonadotropins LH and 

FSH. As women age, there is a reduced pool of follicles, 

reduced inhibin concentrations and, through feedback, 

FSH concentrations rise. The increased FSH is most 

evident in early cycle, reflecting the diminished reserve of 

follicles. All the tests of ovarian reserve, as outlined below, 

attempt to evaluate this decreased reserve.

Tests of ovarian reserve

Day 3 FSH: In young women it is less than 10 IU/L. FSH 

concentration >10 has a high specificity (80–100%) but 

poor sensitivity (10–30%) for predicting poor response to 

ovarian stimulation. FSH between 10 and 15 is suggestive 

of low reserve. Pregnancy, using the woman’s own 

oocytes, is unlikely when FSH is >20. As folliculogenesis is 

accelerated with aging, FSH needs to be interpreted with 

caution if the day 3 estradiol exceeds 60 pg/mL (96).

Clomiphene challenge tests: Clomiphene has both 

estrogenic and anti-estrogenic properties. The latter 

stimulates hypothalamic GnRH release, translating into 

higher FSH and LH concentrations that further induce 

follicular development. Hence, it has been used as a test of 

ovarian reserve, involving oral administration of 100 mg 

clomiphene citrate during days 5–9 of menstrual cycle 

and with measurement of gonadotropins and estradiol on 

day 10. An exaggerated FSH response (usually with a lower 

estradiol response) has been interpreted as indicative of 

poor ovarian reserve. Meta-analyses of non-randomized 

studies have concluded that it performs similarly to day 

3 FSH for predicting the ability to achieve pregnancy in 

women undergoing treatment for infertility (97).

Anti-Mullerian hormone (AMH): AMH is a member of 

the TGF-β family, secreted by granulosa cells of preantral 

and early antral follicles, declining with age. Values 

below 0.7 ng/mL have been associated with decreased 

fecundability in natural cycles and poor response to 

stimulation in assisted reproduction (98). It is unaffected 

by cycle day. Values 0.2–0.7 have a sensitivity of 40–97% 

and specificity of 78–92% in predicting poor ovarian 

response to ovarian stimulation (98).

However, low AMH concentrations do not translate 

into lower pregnancy and live birth rates in women 

<36. While lower values represent a diminished pool of 

follicles, the quality of the remaining oocytes is unaffected 

and hence the favorable outcomes.

Antral follicle count (AFC): Follicles of 2–10 mm are 

counted in early follicular phase; this correlates with 

remaining primordial follicles histologically and if low is 

predictive of poor ovarian response to stimulation.

Ovarian reserve tests, which are all measures of oocyte 

quantity, correlate well with each other (99). Maternal 

age is the best predictor of oocyte quality and determines 

the rate of aneuploidy. In a commentary on oocyte 

competency, Keefe et al. implicated the following in age-

related oocyte dysfunction: mitochondrial and meiotic 

spindle dysfunction, free radical production and telomere 

attrition. They proposed a telomere theory of reproductive 

aging and suggested two hits to telomeres. The first may 

occur in early development with attrition during the 

mitotic division of oogonia. The second may result from 

the prolonged interval between germ cell formation 

and ovulation, when reactive-oxygen species, inevitable 

by-products of metabolism, further shorten telomeres. 

They further suggested that polar body telomere content 

may be a promising biomarker (100).

Methods of fertility preservation: reproduction in  
patients with forced ovarian aging

In women, since there are only a finite number of germ 

cells, any insult may result in complete loss of ovarian 

germ cells or may decrease the available number, with early 

menopause ensuing. The damage inflicted is dependent 

on the age of the subject (those that are younger have 

a greater reserve), and the treatment protocol (regimen 

containing alkylating agents lead to depletion in a dose-

dependent way). Thus, a recent meeting of international 

experts, convened to discuss cancer and fertility 

preservation, recommended the following: ‘International 

guidelines recommend that physicians discuss, as early as 

possible, with all patients of reproductive age their risk 

of infertility from the disease and/or treatment and their 

interest in having children after cancer, and help with 

informed fertility preservation decisions’ (101).

Among the existing technologies of fertility 

preservation, embryo cryopreservation after controlled 
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ovarian stimulation is best for women with available 

partners. Random start protocols are acceptable, as 

uterine receptivity is not an issue. Success rates are 

high with survival and implantation rates of 90% 

and 30% respectively. Aromatase inhibitors may be 

used for stimulation in breast cancer patients (102). 

Additionally, cryopreservation of mature oocytes after 

ovarian stimulation is another fertility method, which 

is no longer considered experimental; high survival and 

pregnancy rates of 90% and 40–55% have been reported 

in egg donation programs. It is the appropriate method for 

post-pubertal subjects. While only a few live births have 

been reported, in vitro maturation of immature oocytes, 

which are then cryopreserved when mature, may also be 

considered, especially if delay in cancer treatment is not 

possible (103). Finally, ovarian tissue cryopreservation 

is another option for fertility preservation. While still 

considered experimental, removal and cryopreservation 

of cortical ovarian tissue with subsequent transplantation, 

has been performed in many centers. It is the best option 

for pre-pubertal girls, and multiple pregnancies have 

resulted from this treatment from several centers, some 

spontaneous and some after in vitro fertilization. This 

method is likely to be adopted by many other countries 

and centers (104).

Apart from all the above, more and more fertility 

methods are emerging. These include ovarian follicle 

culture in vitro, engineering of an artificial ovary 

comprising ovarian follicles embedded in a viable matrix 

that can be transplanted back into the recipient, search 

for the possible existence of oogonial stem cells and 

use of induced pluripotent stem cells. Furthermore, 

fetoprotective adjuvant therapy with GnRH agonists 

has been used for many years to down regulate the 

hypothalamic–pituitary axis and shut off gonadal 

function, in patients undergoing gonadotoxic therapeutic 

regimens. Meta-analysis showed some protective effects 

in breast cancer patients but a recent study in lymphoma 

patients did not. Other agents, inhibiting apoptosis are 

under investigation (103).

Anti-aging measures: menopausal hormone 

therapy (MHT)

Permanent cessation of menses and concomitant hormonal 

alterations are accompanied by a plethora of clinical 

symptoms and comorbidities that jeopardize women’s 

quality of life. Attempts to ameliorate estrogen deficiency 

and its consequences, via menopausal hormone therapy 

(MHT), have however courted significant controversy due 

to its increased risk for malignancy and vascular events.

The indications of MHT are the management of 

menopausal symptoms, urogenital atrophy and the 

prevention of osteoporosis in symptomatic women. 

Menopausal symptoms include hot flushes and night 

sweats, sleep disturbances, mood swings, anxiety, fatigue, 

muscle and joint pain and headaches. MHT regimens 

should not be prescribed to all postmenopausal women; 

the decision to treat, the type, the dose, the mode and the 

route of administration of MHT need to be individualized 

(105). The type of menopause, the menopausal age as well 

as the presence of other comorbidities and risk factors will 

determine the most appropriate regimen (105). Available 

regimens differ with respect to the dose of estrogen, 

type of progestogen, mode of delivery (i.e. continuous 

combine vs cyclical administration) and route of delivery 

(i.e. transdermal vs oral) (105).

MHT and ischemic heart disease

Menopause is a natural hormonal transition that causes 

adverse effects on the cardiovascular system (106). 

Estrogen decline affects both directly and indirectly the 

vasculature, leading to the development of atherosclerosis 

(106). Beyond menopause, increasing age is associated 

with physical inactivity, mood instability and sarcopenia, 

resulting to weight accumulation and obesity, further 

exacerbating the atherosclerotic process (106). The 

formation of atherosclerotic plaques increases the risk 

of ischemic heart disease (IHD) and stroke (106). Recent 

research indicates that vasomotor symptoms may 

represent an independent risk factor of cardiovascular 

disease (107).

The effect of MHT differs according to the time of 

initiating treatment following the last menstrual period. 

Younger women, who are closer to their final menstrual 

period, are favorably affected by the intake of MHT, showing 

an improvement of blood lipids, insulin sensitivity, body 

composition, arterial stiffness and chronic inflammation 

(108). On the other hand, older postmenopausal women 

have already developed subclinical vascular disease with 

mature atherosclerotic plaques (108). These plaques may 

be destabilized by the intake of MHT, increasing thus the 

risk of developing an acute thrombotic event.

Appropriate administration of MHT has been linked 

to clear cardiovascular benefits. A significant reduction 

in rates of CHD by 18–54% as well as an increase in life 

expectancy by 12–38% has been reported by a nation-wide 

study in Finland (109). The same study (109) reported a 
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linear association of the cardiovascular benefits with the 

duration of MHT use, during a follow-up period of 15 years. 

A recent Cochrane review (110) showed that the effect 

of MHT depends on the timing of initiating treatment. 

Women starting MHT within the first decade following 

the menopausal transition had up to 48% decrease in the 

incidence of CHD and up to 30% reduction in mortality 

(110, 111). In support of these findings, the ELITE 

randomized-controlled trial (Early vs Late Intervention 

Trial with Estradiol) showed that estradiol therapy slowed 

the progression of subclinical atherosclerosis as compared 

to placebo, when administered in early but not in late 

postmenopausal women (menopausal age <6  years vs 

≥10  years) (112). The individualization of MHT in the 

context of IHD is presented in Table 1.

Menopausal hormone therapy and breast cancer

Older epidemiological studies and randomized clinical 

trials linked MHT with a small but significant risk of breast 

cancer, with a relative risk between 1.25 and 1.35 (113, 114, 

115, 116). Data from the Million Women Study reported 

a higher risk of breast cancer (RR = 1.66), evaluating 

however an heterogeneous population of women with a 

non-randomized study design (117). Finally, the estrogen-

only arm of the WHI study (Women’s Health Initiative) 

reported that 7  years of unopposed estrogen therapy is 

associated with a lower breast cancer risk (RR = 0.77) (118).

Customization is essential to minimize the MHT-

associated risk of breast cancer in the clinical setting. 

In this aspect, evaluation of the patient, as well as of 

the MHT regimen is necessary (119, 120) (Table  2). 

Characteristics of the MHT regimen which may affect the 

risk of breast cancer, include: (1) estrogen monotherapy 

vs estrogen–progestogen use, (2) duration of use, (3) type 

of progestogen, (4) mode of hormone administration 

(sequential vs continuous) and (5) possibly dose of MHT 

(105).

Menopausal hormone therapy and thrombosis

Oral MHT slightly increases the risk of stroke (RR 

ranges from 1.3 to 1.5) (121) and the risk of venous 

thromboembolic events (VTE) by 2–3 fold (122). Possible 

pathophysiological mechanisms include induction 

of clotting factors through the first pass effect in the 

liver, as well as plaque destabilization, in case of stroke 

(121). The absolute risk is negligible in young, recently 

postmenopausal women; however, the risk increases 

progressively with age and the presence of risk factors, 

like diabetes, obesity, hypertension, dyslipidemia, 

left ventricular hypertrophy, atrial fibrillation, 

immobilization or genetic thrombophilia (121). Large 

prospective epidemiological studies have shown that low-

dose (E2 ≤50 μg) transdermal MHT does not increase the 

thrombotic risk (122). Furthermore, the thrombotic risk 

may depend on the progestogen in the MHT regimen 

(122, 123, 124). Table  3 presents the basic principles 

that should be considered when prescribing MHT in the 

context of VTE.

In conclusion, MHT is an effective and safe treatment 

for the management of menopausal symptoms, urogenital 

atrophy and the reduction of the risk of osteoporotic 

fractures. When administered early after the menopause, 

within the so-called ‘window of opportunity’ (125), MHT 

can also be cardioprotective. The duration of MHT is 

defined by the needs and the risks of the woman on an 

individual basis.

Anti-aging measures: role of DHEA replacement

Synthesis and biological effects of DHEA and DHEAS

DHEA and DHEAS are primarily synthesized and 

secreted from the reticular zone of the adrenal cortex 

in response to stimulation by adrenocorticotropic 

hormone (ACTH). They have a weak androgenic effect 

but they are considered as precursor hormones further 

metabolized into potent androgens and estrogens. DHEA 

and DHEAS are synthesized quantitatively, the most, 

from all adrenal steroids. DHEAS has a long half-life and 

thus ensures a stable concentration in the blood and 

without diurnal variations. DHEA is also synthesized 

in the ovaries. As ovaries do not possess enzyme DHE-

sulfotransferase, DHEAS is most exclusively synthesized 

and secreted from the adrenal cortex. DHEA is further 

Table 1 Individualization of menopausal hormone therapy 

(MHT) according to cardiovascular risk.

High cardiovascular risk: NO MHT

 • Age >60 years

 • Menopausal age >10 years

 • Long standing poorly controlled diabetes mellitus

 • Clinically overt cardiovascular disease

Intermediate risk: transdermal MHT

 • Menopausal age 5–10 years

 • Dyslipidemia

 • Obesity

 • Smoking

 • Hypertension

 • Diabetes

 • Low risk: any type of MHT
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metabolized to androstenedione that could be aromatized 

to estrone. Although DHEAS and DHEAS are secreted in 

high concentrations, androstenedione is qualitatively 

important since it is most commonly converted into 

testosterone in peripheral tissues (126, 127).

Since adrenal androgens are precursor hormones, their 

biotransformation into active androgens and estrogen 

depends on the level of expression of the different 

enzymes in different cells. This ensures that androgen and 

estrogen sensitive tissues have some control over the local 

concentration of sex steroids, depending on the current 

needs. This intracrine mechanism provides reduction of 

the exposure of other tissues to androgens and estrogens 

thereby reducing the possibility of adverse effects (127). 

It is shown that an increased concentration of DHEAS 

in women is associated with a higher prevalence of 

cardiovascular disease. A possible explanation is that 

elevated levels of DHEA and DHEAS, as is the case in 

women with hyperandrogenism, can act as the activators 

of translocation of the glucocorticoid receptor (GR) in 

the nucleus, which lead to a change in the functional 

characteristics of GR (128).

DHEA and DHEAS have highest concentrations in 

the third decade of life, and that is followed by a gradual 

decline. By the time of menopause, DHEA concentration 

is reduced by 60%, and in the eighth and ninth decade 

of life is lower by 80–90% of the maximal concentrations 

(129). This period of declining of adrenal androgens is 

called ‘adrenopause’ despite the fact that cortisol does not 

decrease but rather increase with aging (130). Adrenopause 

is independent of menopause and occurs in both sexes as 

a gradual process with the similar period of the occurrence 

and duration. It is assumed that the reduction of 17,20-

lyase activity is responsible for the progressive reduction 

of DHEA and DHEAS with aging (131), although other 

factors like the decrease of the volume of the reticular 

zone or decrease of IGF-1 and IGF-2 concentrations could 

influence this process (132).

In recent years there has been a change in the concept 

that the synthesis of adrenal androgens gradually decreases 

with aging (133). It was observed that despite the overall 

reduction in the concentration of DHEAS, in 85% of the 

analyzed women adrenal androgen synthesis actually 

grow during the menopausal transition. The increase was 

attributed to the adrenal and not to the ovarian production 

of DHEAS confirmed in both women with ovaries and in 

those who had undergone ovariectomy (134).

DHEA exerts its effects by a metabolic transformation 

into androgens and estrogens, acting through their 

specific nuclear receptors. It could activate numerous 

signaling pathways as well through specific membrane, 

cytosolic and nuclear receptors in the endoplasmic 

reticulum. In addition to the effects mediated over the 

estrogenic and androgenic receptors, the direct effect of 

DHEA through G-protein-coupled membrane receptors 

on the activation of endothelial NO synthesis (eNOS)  

Table 2 Customization of menopausal hormone therapy (MHT) in the context of breast cancer.

1. Risk factors which interact with MTH  ¾ Customization of MHT regimen

 • Body weight  • Lowest effective estrogen dose
 • Lowest breast exposure to progestogen (vaginal route/sequential regimens 
should be preferred)

 • Natural progesterone/dydrogesterone or SERMS for endometrial protection. 
Sequential mode of administration

 • Annual cost-bene�t analysis and estrogen dose re-setting

 • Alcohol consumption

 • Mammographic density

2. Risk factors which do NOT interact with MHT

 • Family history of breast cancer

 • Low parity

 • Breast surgery for benign condition

Table 3 Individualization of menopausal hormone therapy (MHT) in the context of thrombotic risk.

Screening for risk factors

Personal or family history of VTE

Increasing age

 • Increasing menopausal age

 • Obesity

 • Immobilization

 • Diabetes mellitus

 • Smoking

Choice of MHT regimen

 • In women with no risk factors, absolute risk is very small and any type of MHT can be chosen

 • In women with risk factors for VTE, low dose transdermal estradiol (≤50 μg) is recommended, in combination with micronized 
progesterone, preferably through the vaginal route
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(eNOS/cGMP signaling pathway) is increasing the 

synthesis of nitric oxide (NO) in endothelial cells (135). It 

indicated an inhibitory effect of DHEA on cell proliferation 

and apoptosis of endothelial and vascular smooth muscle 

cells which takes place independent of the estrogen and 

androgen receptors (136).

DHEA and fertility

There is an increase of infertility rates in aging women, 

and that is accompanied with the increased risk of 

miscarriage or birth of offspring with Down syndrome. 

In women with reduced ovarian reserve, different 

regiments of DHEA were applied with some of them 

showing an improvement in pregnancy rates (137). In 

the study on women labeled as ‘poor responders’, daily 

administration of 75 mg of DHEA during three months 

led to an increased number of mature oocytes and a 

significant reduction in the concentration of hypoxia 

inducible factor 1 (HIF-1) in the follicular fluid (138). This 

is leading to the conclusion that DHEA could influence 

on the follicular microenvironment. Moreover, when 

DHEA was administered in women with different causes 

of infertility including age, it led toward improvements 

in the number of oocytes retrieved and increased rate of 

successful fertilization (139).

Possible explanation of such an effect of DHEA can 

be found in the effect on the theca cells that have a 

significant role in the structural and hormonal support for 

the developing follicle. Namely, theca cells are the main 

cells in the ovaries involved in the production of DHEA 

and androgens. DHEA, synthesized in the theca cells, is 

converted into androstenedione, which is transported 

to the granulosa cells and further converted into estrone 

and estradiol 17β (140). It is equally important that DHEA 

synthesized in the theca cells stimulates PPARα production 

(141). Reducing the expression of PPARα in aging cells is 

probably sufficient to initiate subsequent cytoplasmic 

dysfunction seen in aging oocytes. Delta-9 desaturase is 

one of the key enzymes in the regulation of PPARα. Low 

concentration of this enzyme led toward an increased 

production of ceramides. In the murine model it was 

demonstrated that ceramides were present in all cumulus 

cells of aged mice and when they were transported from 

cumulus cells to oocytes, apoptosis was induced (142). 

Inhibin B secreted from developing preantral follicles could 

represent a significant factor in these processes. Inhibin 

B has a paracrine role and stimulates the production of 

androgens in ovarian theca cells (143), a necessary step 

to stimulate the production of DHEA in the theca cells. 

Thus, therapeutic administration of DHEA could have a 

positive effect on the down-regulation of the process of 

atresia, and alleviation of oxidative stress in the ovaries 

potentially contributing to a better folliculogenesis (139).

The aging hyperandrogenic woman: does she need 

special care?

The most common hyperandrogenic states in aged 

or postmemopausal women are the polycystic ovary 

syndrome (PCOS) (still present in the fertile age) and 

the classic or non-classic forms of congenital adrenal 

hyperplasia (CCAH/NCCAH).

PCOS is intrinsically associated with several metabolic 

derangements, chiefly insulin resistance, excess weight or 

obesity and metabolic disorders. An unanswered question 

is whether or not this dysmetabolic pattern may confer 

some specificity to the postmenopausal woman with 

PCOS. An important issue is that, after menopause, 

PCOS women still have elevated androgen levels (144, 

145), which in turn may have some negative impact in 

favoring metabolic alterations and, possibly, an increased 

cardiovascular (CV) risk. Preliminary data from a new rat 

model of postmenopausal PCOS have in fact shown that 

they are characterized by higher insulin and non-fasted 

glucose levels than aged controls (146).

In women with PCOS a significant association between 

the metabolic syndrome and hyperandrogenemia (defined 

by increased testosterone and/or androstenedione 

and/or free testosterone) may significantly predict the 

dysmetabolic phenotype, as well as insulin resistance, in 

women with PCOS (147, 148, 149). Other studies have 

also shown that the prevalence and incidence of impaired 

glucose tolerance states are significantly higher in women 

with PCOS than in non-affected control women (150). In 

addition, it has been calculated that the relative risk of 

conversion from normoglycemia to IGT or T2D in PCOS 

tends to be significantly accelerated with increasing age 

in these women (151). We can therefore conclude that 

PCOS women are characterized by an intrinsic higher 

susceptibility to develop altered glucose intolerance 

states and T2D with increasing age. Notably, there is 

some indirect evidence that this may be favored by the 

combination of increased androgen blood levels and 

excess body weight.

Whether CV diseases are more common in these 

women is still under debate, in spite of the fact that PCOS 

by itself is strongly associated with multiple risk factors, 

partly independent of obesity, but strictly interconnected 

with the presence of insulin resistance. One major 
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scientific limitation in this area is the fact that women 

are often under-represented in CV clinical trials as well 

as in epidemiological studies (152). Nevertheless, there 

are studies showing that, in addition to CV risk factors, 

evolution indexes of atherosclerotic disease such as 

coronary artery calcification as well as increased carotid-

intima-media thickness were significantly more frequent 

in women with PCOS than in control women without it 

(153). Intriguingly, PCOS women do not seem to have 

markedly higher than average mortality from CV diseases, 

even though the PCOS by itself is strongly associated with 

T2D, lipid abnormalities, low-grade inflammation and 

other CV risk factors (154). On the other hand, it has been 

also shown that postmenopausal women with a history of 

irregular menses plus elevated androgens (both cardinal 

features of PCOS) were associated with more angiographic 

coronary artery disease and worsening CV event-free 

survival (155). At variance, a large retrospective study from 

the United Kingdom did not find any association between 

all-cause mortality (including CV disease mortality) in 

women with PCOS, either when compared to the control 

population or after adjusting for body mass index values 

(156). These findings have been confirmed by a more 

recent study investigating the association between CV 

diseases and 10-year mortality in postmenopausal women 

with clinical features of PCOS, showing no association 

between clinical features of PCOS and mortality for CV 

diseases (157).

To sum up, there is evidence that life-long metabolic 

dysfunction in women with PCOS may exaggerate the 

CV disease risk, especially after menopause. Although all 

surrogate markers of CV risk are very common in PCOS, 

their association with CV events in PCOS still remains 

unclear. Therefore, uncertainty still exists as to whether 

PCOS status per se may increase CV mortality in women. 

Multicenter prospective studies in this area are warranted, 

possibly including confounding factors such as ethnicity, 

obesity and adequate evaluation of potential genetic 

substrates.

Another important area of androgen excess in 

women is represented by both CCAH as well as NCCAH. 

In women with NCCAH, androgen excess may persist 

with advanced age although very few prospective studies 

are available in this area. By contrast, patients with the 

CCAH are hyperandrogenic but at the same time they 

have an adrenal dysfunction which is characterized, from 

birth onward, by isolated cortisol deficiency either alone 

or associated with aldosterone deficiency, both requiring 

an adequate replacement therapy that can last a lifetime. 

So, it is mandatory to assess whether any metabolic 

or CV disease that may occur over time may depend 

on the disease by itself or on the long-term hormonal 

replacement therapy. Unfortunately, few studies have 

been reported in this important area. The Swedish 

population-based national cohort study investigated the 

potential association of the CCAH with excess CV and 

metabolic morbidity. The study found that obesity, T2D, 

hypertension and hypothyroidism, but not CV diseases 

(including stroke, acute coronary syndrome, heart 

failure, aortic valve disease and obstructive sleep apnea) 

were significantly more frequent in CCAH patients 

(n = 335) than in the controls (n = 33 500) (158). Another 

study (159) confirmed that 24-h systolic (P  =  0.019) and 

diastolic (P < 0.001) blood pressure was significantly 

elevated in patients with CCAH compared to the 

controls. Finally, a more recent study found that, among 

588 patients with CCAH having a well-defined mutation 

identified (n = 588), the mortality rate for CV disease was 

not significantly different with respect to that found in a 

very large control population (n = 58 800) (160). Therefore, 

available studies do not confirm a high prevalence of CV 

events in adult or older patients with CCAH. Rather, 

current evidence seems to support the concept that, 

among potential factors for CV risk, androgen excess or, 

more likely, high doses of glucocorticoid replacement 

therapy may play a role.

In conclusion, both prevalence and incidence of the 

metabolic syndrome and T2D are significantly higher in 

women with PCOS than in the general population. By 

contrast there is conflicting evidence that with increasing 

age or after the menopause women with hyperandrogenic 

disorders, such as PCOS, may have an increased risk for 

CVDs or mortality. Intriguingly, in aged women with 

CCAH there is some evidence that the potential higher 

prevalence of metabolic and CV risk factors may be related 

to treatment with glucocorticoids and mineralocorticoids, 

rather than to the disease per se, although no prospective 

studies are as yet available in this area.

Aging male – late-onset hypogonadism

Although aging-associated changes in male gonadal axis 

may not be so dramatic compared to female, testosterone 

levels follow a downward trend during aging. Unlike 

women, there is no universally recognized syndrome 

‘andropause’ and no specific age at which this process 

starts. It is rather an insidious process, mainly attributed 

to downregulation of hypothalamic-pituitary axis that 

eventually causes not only testosterone deficiency, but 

also a variety of clinical consequences (4).
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Late-onset hypogonadism

Late-onset hypogonadism (LOH) is defined as a clinical 

and biochemical syndrome associated with advancing 

age and characterized by both symptoms/signs of 

hypogonadism and deficiency in serum testosterone (T) 

concentrations, below the reference range for the young 

healthy adult male (161). Diabetes, obesity and aging 

share an increased risk for LOH, through a vicious cycle. 

Testosterone (T) deficiency may predict or contribute 

to the development of insulin resistance and metabolic 

syndrome, whereas states of hyperinsulinemia/insulin 

resistance and obesity lead to a reduction of testicular T 

production with detrimental effects on the muscle and 

adipose tissue function (162).

Although in the majority of aging males serum 

concentrations of T remain within the reference range for 

young males, some aging males are characterized by mild 

symptoms of T deficiency (163). According to data from 

the European Male Ageing Study (EMAS), the prevalence 

of LOH is 2–3%, approximately (164). In addition, EMAS 

provided evidence of an association between LOH and 

overweight/obesity: LOH was diagnosed in 0.4% of males 

with body mass index (BMI) of <25 kg/m2, 1.6% of males 

with BMI of 25–30 kg/m2 and 5.2% of males with BMI 

>30 kg/m2.

Additionally, according to the existing data T 

deficiency appears to be common in type 2 diabetes. A 

large community-based cross-sectional study reported 

rates of subnormal T and free T levels in 29% of type 2 DM 

(165), while another study found subnormal calculated 

free T and T levels in 50% and 17% respectively (166). 

Men with type 2 DM have also been found to have a high 

prevalence of symptoms suggestive of hypogonadism 

such as fatigability and erectile dysfunction. However, the 

exact prevalence of LOH in diabetes, has not been clear 

due to different measures used in the various studies, 

namely low testosterone (T) or free T levels, or the full 

syndrome consisting of low T levels and the relative 

clinical symptoms and signs (166).

Serum total T decreases after the age of 55 years by 

1–2% per year. During the same period, sex hormone-

binding globulin (SHBG) increases by 2–3% per 

year; therefore, free T decreases more than total T, 

approximately by 2–3% per year (167). This T deficiency 

provides the pathophysiological background for LOH. 

Hypogonadism in LOH seems to be of mixed type; it is 

neither hypergonadotropic primary testicular failure, 

characterized by high concentrations of luteinizing 

hormone (LH), nor hypogonadotropic (hypothalamic or 

pituitary failure, characterized by inappropriately normal 

concentrations of LH). The presence of central obesity 

in males with LOH has been associated with lower LH 

concentrations, implicating a central effect of obesity on 

the hypothalamic–pituitary–testicular axis (168). In 25% 

of men with type 2 DM, the hypogonadism is characterized 

by low T levels in association with low or inappropriately 

normal LH and FSH (hypogonadotropic hypogonadism), 

having no association with diabetes duration or HbA1c. 

In 4% of men with type 2 DM, subnormal T levels were 

associated with elevated LH and FSH concentrations 

(hypergonadotropic hypogonadism) (166). Several 

mechanisms account for the pathogenesis of LOH in DM, 

including hypothalamic kisspeptin changes, increased 

estradiol generation form the aromatase mediated T 

conversion in the adipose tissue, inflammatory cytokines, 

adipokines and insulin resistance (169, 170, 171). In 

Fig. 2 the differential rate of testosterone decline overtime 

between LOH and normal men is depicted.

According to its definition, the diagnosis of LOH 

requires (a) the presence of symptoms and signs of 

hypogonadism and (b) confirmation of hypogonadism 

through low serum T concentrations. According to 

EMAS (172), total T concentrations <8 nmol/L (230 ng/

dL) confirms the diagnosis of LOH; if total T is between 

8 and 11 nmol/L (230–320 ng/dL), free T <220 pmol/L 

(63.5 pg/mL) supports the diagnosis. A novel diagnostic 

entity is that of compensated hypogonadism, defined as 

low normal T (>10.4 nmol/L–300 mg/dL) and elevated 

LH concentrations (>9.4 IU/L) (173). Proper classification 

of LOH and exclusion of other causes of hypogonadism 

in the aging male is established through history, clinical 

evaluation (digital rectal examination) and additional 

laboratory (hematocrit (Ht), prostate-specific antigen 

(PSA), follicle-stimulating hormone (FSH), prolactin, 

SHBG, ferritin and drug screen) and imaging studies 

(pituitary MRI, bone densitometry), as needed.

In the interpretation of T levels, attention should be 

paid in conditions or medications that suppress T, such as 

acute reversible illness, opioid analgesia, glucocorticoids, 

statins and anti-diabetic drugs (e.g. pioglitazone and 

metformin) (174, 175, 176). T should be measured in the 

morning as it is subjected to marked diurnal variation, 

following an overnight fast (177). In borderline cases 

(8–11 nmol/L) it should be repeated in parallel with 

albumin and SHBG in order to calculate the ‘free T’ 

(172). Considerable controversy exists with respect to the 

optimal laboratory method for the measurement of T. 

The Endocrine Society suggests that full anterior pituitary 
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function tests and imaging should be limited to those 

men presenting with T levels below 5.2 nmol/L (178).

The most prevalent symptoms of LOH involve 

sexual function: absence of morning erections, erectile 

dysfunction and loss of libido. Additional symptoms 

can be classified as physical (less vigorous activity, loss 

of capability of walking >1 km, reduced ability to bend 

and kneel) and psychological (feeling of sadness or 

downheartedness, loss of energy and fatigue). The clinical 

background of this picture includes muscle weakness and 

frailty, obesity, osteoporosis and depression (172). LOH 

has been associated with metabolic changes, including 

abdominal obesity, metabolic syndrome (e.g., type 2 

diabetes mellitus), cardiovascular disease and chronic 

obstructive pulmonary disease. Lower levels of T are 

associated with an adverse lipid profile, namely elevated 

levels of triglyceride and LDL and decreased HDL levels, 

increased risk for cardiovascular disease and all-cause 

mortality (179, 180, 181).

Regarding therapy, the fact that males with LOH 

are characterized by T deficiency does not necessarily 

mean that T replacement in these males will result in an 

improvement of their clinical picture. In addition, the 

long-term safety of T replacement in aging males has not 

been established. There is need for randomized-controlled 

trials of superior methodological quality in order to 

establish the role of T replacement in the treatment 

of LOH. In any case, lifestyle modification, weight 

reduction and appropriate management of comorbid 

diseases constitute a prudent approach. Absolute 

contraindications for T replacement therapy include 

hormone-depended malignancies, such as prostate and 

breast cancer; and relative contraindications include high 

PSA concentrations (>4 ng/mL), erythrocytosis (Ht >50%), 

severe lower urinary tract symptoms (International 

Prostate Symptom Score (IPSS) >19), uncontrolled heart 

failure and untreated sleep apnea (178). Age per se is not 

a contraindication. T replacement therapy is expected 

to improve sexual function (especially in males with 

more severe hypogonadism) (182) as well as body 

composition (178). The effect of T on physical function, 

bone mineral density and metabolic syndrome are rather 

beneficial (183).

Concluding, LOH is not as prevalent as is thought 

to be, as symptoms/signs of hypogonadism and low 

T concentrations must co-exist for its diagnosis to be 

set. Nevertheless, it has been associated with increased 

morbidity and mortality, especially in overweight/obese 

males. Therefore, proper management with lifestyle 

modifications and T replacement in selected populations 

seems a logical approach; the latter has to be confirmed 

by prospective, interventional studies. Low T levels or 

LOH are common in patients with type 2 DM. T levels 

should be measured in all diabetic males while the T 

replacement should be individualized based on a careful 

evaluation of the risk-benefit ratio. More data are needed 

from large, well-controlled, randomized trials to help 

on the establishment of guidelines on the evaluation 

and treatment of diabetic males with low T levels or 

LOH, comparing the effectiveness of lifestyle measures 

and/or insulin sensitizing agents and the superiority of 

T replacement.

Aging beta cells

Across lifespan, the incidence and prevalence of type 2 

DM increases considerably (184). In the US population 

almost one third of the elderly has diabetes, following an 

upward trend in comparison with past decades (185). The 

underlying mechanism(s) behind why DM is increasing 

in the elderly is still not clearly understood. It was initially 

attributed to the fact that older individuals display 

increased insulin resistance, increased adiposity, lower 

lean body mass and reduced physical activity. However, 

it has been shown that these factors alone do not account 

for age-related glucose intolerance (186). It is now widely 

accepted that intra-beta cell age-related dysfunction lies 

in the pathophysiological core of DM.

The decrease of islet cell function appears to be 

multifactorial and various theories have been proposed 

for understanding this age-associated dysfunction deeper. 

Firstly, it was shown that a reduction in glucose oxidation 

Figure 2

The differential rate of testosterone decline overtime 

between LOH and normal men.
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rates and abnormal function of ion channels in beta cells 

with aging would result in a decreased insulin secretory 

response to glucose during old age (187). Simultaneously, 

the loss of expression of β-adrenergic receptors and orphan 

G-protein-coupled receptors encoded by GPR39, with a 

consequent reduction in adrenergic stimulation of insulin 

secretion and pancreatic function may also contribute to 

pancreatic dysfunction (4).

Beta cells display decreased regenerative capacity 

across aging, FoxM1, which regulates genes involved in 

cell cycle regulation and cell division is highly expressed 

in proliferating cells, and its expression decline in most 

cell types with age, including pancreatic islets (188). Beta 

cell proliferation is also reduced in humans with age. A 

small study of pancreata from twenty non-diabetic organ 

donors aged 7–66  years showed a decline in beta cell 

replication with age. The decline in beta cell replication 

was directly associated with a decrease in expression 

of the pancreatic and duodenal homeobox 1 (pdx1), a 

transcription factor, known to be important for beta cell 

replication (189). Indeed, there appears to be an impaired 

cell cycle entry of islet cells, which ultimately leads to 

decreased pancreatic mass (190).

Oxidative stress also plays a significant role in beta 

cell failure during aging. Oxidative stress can significantly 

compromise β cell function, as pancreatic β cells are inna-

tely more sensitive to oxidative stress. In an experiment 

by Maechier et al., β-cells exposed to hydrogen peroxide 

activated the production of p21 cyclin-dependent kinase 

inhibitor and decreased insulin mRNA, ATP and calcium 

flux reductions in mitochondria and cytosol (191). 

Furthermore, as shown by Tiedge et al., β-cells are lower in 

anti-oxidant enzymes levels (superoxide dismutase, cata-

lase and glutathione peroxidase) and are more sensitive 

to ROS adverse actions (16). ROS affect beta cell function 

differently according to the levels of ROS and duration 

of exposure. Short-term exposure to low concentrations 

of hyperoxide derived from glucose metabolism is an 

important metabolic signal to elicit glucose-stimulated 

secretion of insulin. Although short-term exposure of 

β-cells to ROS might be beneficial in terms of promoting 

insulin secretion induced by glucose, chronic production 

of ROS and levels of ROS above a critical threshold might 

lead to β-cell dysfunction and/or death and reduction of 

insulin secretion (19). Furthermore, ROS production can 

also lead to the injury of β-cells through destruction of 

lipids in the cell membrane and cleavage of DNA (192). 

All the above, in conjunction with reserved proliferative 

activity of aging beta cell lead unavoidably to impaired 

insulin secretion and DM.

Anti-aging measures: to treat or not to treat

Diet

Nutrition is a crucial mediator of oxidative stress, 

contributing significantly to a plethora of metabolic 

disturbances. Specifically, nutrition-mediated oxidative 

stress, acting via multiple molecular pathways, promotes 

insulin resistance, beta cell dysfunction and eventually 

DM (90). This is perfectly depicted in the case of caloric 

restriction, which has been shown to delay aging and 

extend lifespan, through modulating multiple underlying 

mechanism of aging, including oxidative stress (1). 

Recent studies with mice and humans subjected to few 

days of fasting during a week have shown rejuvenation 

in the endocrine, immune and nervous systems of mice 

and improvement of biomarkers of diseases (DM, CVD 

and cancer) and regeneration in humans, without major 

adverse effects (193).

Additionally, modern, westernized dietary habits, 

with an increased consumption of carbohydrates and 

fat and decreased intake of dietary fiber, can predispose 

aging individuals to metabolic disturbances, through 

modulating the composition of gut microbiota (194). 

The intestinal mucosa represents the biggest mucosal 

surface of the body and it is in direct contact to the gut 

microbiota, several toxins and many allergens from the 

diet. It has been demonstrated that altered intestinal 

microbiota leads to increased intestinal permeability 

and deregulated mucosal immune response and has an 

important role to play in both inflammatory and allergic 

diseases (195). Aging per se also has a major impact on 

chronic diseases as the natural changes occurring during 

aging, such as decreased gastric motility and secretion, 

changes in dietary intake and frequent use of several 

medications may all promote chronic inflammation due 

to a deregulation and lack of richness of gut microbiota, 

promoting the presentation of chronic inflammatory 

diseases, including obesity, insulin resistance, diabetes 

and other metabolic disturbances (196).

Anti-oxidants

Anti-oxidant supplementation could potentially act 

favorably on preserving beta cell function and delaying 

the onset of metabolic disturbances. In fact, in various 

experimental models anti-oxidant supplementation was 

shown to protect pancreatic cells from glucotoxicity and 

lipotoxicity, through reducing apoptosis rates, improving 

insulin gene expression and insulin secretion (197, 198). 

However, more studies are necessary to evaluate whether 
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anti-oxidants have a clinically significant favorable effect 

in pancreatic function in humans.

Insulin agents

Beta cells insulin receptors are indeed acting by favoring 

glucose entrance into the beta cells so to amplify the 

insulin secreting response. In vivo experiments by 

insulin clamp have shown that this mechanism is able 

to increase human insulin secretion by about 40% (199). 

As long as insulinemia is only based on the pancreatic 

secretion this mechanism allows a stronger reaction to 

hyperglycemia without counter-effects: indeed, as soon as 

the amount of glucose into the beta cells raises too much, 

the parallel increase of the •OH/H2O2 causes inhibition 

of the autocrine insulin receptors and stops insulin self-

induction avoiding the occurrence of hypoglycemia. 

If rather hyperinsulinemia is sustained by therapeutic 

administration, therapeutic insulin doses will continue 

to stimulate the beta cells insulin receptors with the 

potential to overcome the regulatory blockade and to 

further sustain glucose entrance, insulin release and 
•OH generation. Thus, therapeutic insulin in subjects 

whose beta cells are under mitochondrial dysfunction 

has the potential to exacerbate the risk to accelerate beta 

cells degeneration.

The negative outcomes resulting from an intensified 

glycemic control reported in the ACCORD trial (200), i.e. 

increased mortality among patients undergoing intensive 

treatment, might be to a good extent explained by 

the above mechanism. Thus, it is worth to look at the 

opposite intervention strategy, i.e. to restore the ability of 

the cell to manage the energy production and to consume 

glucose without suffering from excess •OH leakage. This 

can be achieved of course by avoiding high fat, high 

glucose meals but also by restoring and/or strengthening 

the reactivity of the natural anti-oxidant system and 

the availability of intracellular and mitochondrial 

glutathione (GSH).

Furthermore, insulin regimens have been shown to 

display a respectable variability of insulin absorption 

between subjects or interindividual variability, as 

well as within subjects or intraindividual variability 

(201, 202). This in turn affects the efficacy of insulin 

therapy, resulting in suboptimal metabolic control, 

either through hyperglycemia or hypoglycemia, which 

both have a negative impact in beta cell function. The 

extent of insulin absorption variability is related to the 

pharmacokinetic properties of each insulin preparation. 

Exogenous insulin must be in the form of monomers 

and dimers to be able to diffuse in the interstitial fluid 

and enter the blood vessels. Therefore, the rhythm and 

extend of insulin hexamers formation at the injection site 

in subcutaneous adipose tissue and the dissociation of 

insulin hexamers to monomers are important regulators 

of exogenous insulin absorption rate (203). Another 

important factor affecting insulin absorption is the 

resuspension of insulin preparation, which is mandatory 

before each injection for all crystalline suspensions of 

protaminated insulins. This applies not only to NPH 

human insulin and biphasic premixed human insulin 

preparations which contain NPH insulin, but also to 

biphasic premixed insulin analogs as well (204). Several 

factors related to the injection technique may also affect 

insulin absorption. Injection area (anatomic region), 

insulin injection depth and lipodystrophy reactions can 

alter insulin pharmacokinetics and glucose homeostasis 

(202, 205). Additionally, factors affecting subcutaneous 

blood flow have a significant impact on insulin absorption. 

Increased skin temperature of the injection site leading to 

vasodilation accelerates insulin absorption, e.g. physical 

activity (206). Finally, medication errors, resulting from 

wrong assessment of patient’s needs by the doctor or 

inadequate patient education by the pharmacist, should 

be avoided. Thus, clinicians dealing with patients with 

insulin-treated DM should consider the issue of insulin 

absorption variability and try to minimize it, in order 

to achieve optimal metabolic control and preserve their 

remaining beta cell activity.

Conclusion

Endocrine system undergoes major alterations during 

aging, affecting the majority of body function. Many 

of these changes have been so far well described, but 

their exact impact on health and disease remains 

unknown. Furthermore, it is important to differentiate, 

which of these aging-associated alterations constitute 

beneficial, physiological adjustments of human body 

to environmental stimuli and to the aging process 

itself and which alterations are actually harmful to cell 

viability. This would further help us develop targeted 

medical interventions, with long-term hormonal 

replacement/blockade with one or more hormones that 

would promote longevity. As life expectancy increases, 

it is important not to accept the brutal stereotype that 

aging is unavoidable, delineate the pathophysiology of 

aging and take advantage of longevity pathways in order 

to allow us live not only longer but also with the best 

quality of life.

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access



E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R302Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

Declaration of interest

The authors declare that there is no con�ict of interest that could be 

perceived as prejudicing the impartiality of this review.

Funding

This research did not receive any speci�c grant from any funding agency in 

the public, commercial or not-for-pro�t sector.

Acknowledgements

The authors thank Olga Papalou (Department of Endocrinology, Diabetes 

and Metabolic Diseases, Euroclinic Hospital, Athens, Greece) and  

Eleni A Kandaraki (Endocrinology Department, Red Cross Hospital,  

Athens, Greece) for their assistance in the preparation of this manuscript.

References

 1 Carmona JJ & Michan S. Biology of healthy aging and longevity. 

Revista de Investigación Clínica 2016 68 7–16.

 2 Harman D. Aging: overview. Annals of the New York Academy of 

Sciences 2001 928 1–21. (doi:10.1111/j.1749-6632.2001.tb05631.x)

 3 Lopez-Otin C, Blasco MA, Partridge L, Serrano M & 

Kroemer G. The hallmarks of aging. Cell 2013 153 1194–1217. 

(doi:10.1016/j.cell.2013.05.039)

 4 Jones CM & Boelaert K. The endocrinology of ageing: a mini-

review. Gerontology 2015 61 291–300. (doi:10.1159/000367692)

 5 Tosato M, Zamboni V, Ferrini A & Cesari M. The aging process 

and potential interventions to extend life expectancy. Clinical 

Interventions in Aging 2007 2 401–412.

 6 Harman D. Aging: a theory based on free radical and radiation 

chemistry. Journals of Gerontology 1956 11 298–300. (doi:10.1093/

geronj/11.3.298)

 7 Turrens JF. Mitochondrial formation of reactive oxygen 

species. Journal of Physiology 2003 552 335–344. (doi:10.1113/

jphysiol.2003.049478)

 8 Sies H. Oxidative stress: a concept in redox biology and 

medicine. Redox Biology 2015 4 180–183. (doi:10.1016/j.

redox.2015.01.002)

 9 McCann SM, Mastronardi C, de Laurentiis A & Rettori V. 

The nitric oxide theory of aging revisited. Annals of the New 

York Academy of Sciences 2005 1057 64–84. (doi:10.1196/

annals.1356.064)

 10 Kondo T, Ohshima T & Ishida Y. Age-dependent expression 

of 8-hydroxy-2′-deoxyguanosine in human pituitary 

gland. Histochemical Journal 2001 33 647–651. (doi:10.102

3/A:1016354417834)

 11 Nessi AC, De Hoz G, Tanoira C, Guaraglia E & Consens G. 

Pituitary physiological and ultrastructural changes during aging. 

Endocrine 1995 3 711–716. (doi:10.1007/BF03000202)

 12 Arguelles S, Cano M, Machado A & Ayala A. Effect of aging and 

oxidative stress on elongation factor-2 in hypothalamus and 

hypophysis. Mechanisms of Ageing and Development 2011 132 

55–64. (doi:10.1016/j.mad.2010.12.002)

 13 Reiter RJ, Guerrero JM, Garcia JJ & Acuna-Castroviejo D. Reactive 

oxygen intermediates, molecular damage, and aging. Relation to 

melatonin. Annals of the New York Academy of Sciences 1998 854 

410–424. (doi:10.1111/j.1749-6632.1998.tb09920.x)

 14 Burek CL & Rose NR. Autoimmune thyroiditis and ROS. 

Autoimmunity Reviews 2008 7 530–537. (doi:10.1016/j.

autrev.2008.04.006)

 15 Akbaraly TN, Hininger-Favier I, Carriere I, Arnaud J, Gourlet V, 

Roussel AM & Berr C. Plasma selenium over time and 

cognitive decline in the elderly. Epidemiology 2007 18 52–58. 

(doi:10.1097/01.ede.0000248202.83695.4e)

 16 Tiedge M, Lortz S, Drinkgern J & Lenzen S. Relation between 

antioxidant enzyme gene expression and antioxidative defense 

status of insulin-producing cells. Diabetes 1997 46 1733–1742. 

(doi:10.2337/diabetes.46.11.1733)

 17 Pi J, Bai Y, Zhang Q, Wong V, Floering LM, Daniel K, Reece JM, 

Deeney JT, Andersen ME, Corkey BE et al. Reactive oxygen 

species as a signal in glucose-stimulated insulin secretion. 

Diabetes 2007 56 1783–1791. (doi:10.2337/db06-1601)

 18 Supale S, Li N, Brun T & Maechler P. Mitochondrial dysfunction 

in pancreatic beta cells. Trends in Endocrinology and Metabolism 

2012 23 477–487. (doi:10.1016/j.tem.2012.06.002)

 19 Vitale G, Salvioli S & Franceschi C. Oxidative stress and the 

ageing endocrine system. Nature Reviews Endocrinology 2013 9 

228–240. (doi:10.1038/nrendo.2013.29)

 20 Van Remmen H, Ikeno Y, Hamilton M, Pahlavani M, Wolf N, 

Thorpe SR, Alderson NL, Baynes JW, Epstein CJ, Huang TT et al. 

Life-long reduction in MnSOD activity results in increased DNA 

damage and higher incidence of cancer but does not accelerate 

aging. Physiological Genomics 2003 16 29–37. (doi:10.1152/

physiolgenomics.00122.2003)

 21 Perez VI, Van Remmen H, Bokov A, Epstein CJ, Vijg J & 

Richardson A. The overexpression of major antioxidant enzymes 

does not extend the lifespan of mice. Aging Cell 2009 8 73–75. 

(doi:10.1111/j.1474-9726.2008.00449.x)

 22 Bayir H. Reactive oxygen species. Critical Care Medicine 2005 33 

S498–S501. (doi:10.1097/01.CCM.0000186787.64500.12)

 23 Hoehn KL, Salmon AB, Hohnen-Behrens C, Turner N, 

Hoy AJ, Maghzal GJ, Stocker R, Van Remmen H, Kraegen EW, 

Cooney GJ et al. Insulin resistance is a cellular antioxidant 

defense mechanism. PNAS 2009 106 17787–17792. (doi:10.1073/

pnas.0902380106)

 24 Zhang X, Yalcin S, Lee DF, Yeh TY, Lee SM, Su J, 

Mungamuri SK, Rimmele P, Kennedy M, Sellers R et al. 

FOXO1 is an essential regulator of pluripotency in human 

embryonic stem cells. Nature Cell Biology 2011 13 1092–1099. 

(doi:10.1038/ncb2293)

 25 Signer RA & Morrison SJ. Mechanisms that regulate stem 

cell aging and life span. Cell Stem Cell 2013 12 152–165. 

(doi:10.1016/j.stem.2013.01.001)

 26 Oh J, Lee YD & Wagers AJ. Stem cell aging: mechanisms, 

regulators and therapeutic opportunities. Nature Medicine 2014 

20 870–880. (doi:10.1038/nm.3651)

 27 Vilchez D, Simic MS & Dillin A. Proteostasis and aging of stem 

cells. Trends in Cell Biology 2013 24 161–170. (doi:10.1016/j.

tcb.2013.09.002)

 28 Rossi DJ, Bryder D, Seita J, Nussenzweig A, Hoeijmakers J & 

Weissman IL. Deficiencies in DNA damage repair limit the 

function of haematopoietic stem cells with age. Nature 2007 447 

725–729. (doi:10.1038/nature05862)

 29 Rube CE. Accumulation of DNA damage in hematopoietic stem 

and progenitor cells during human aging. PLoS ONE 2011 6 

e17487. (doi:10.1371/journal.pone.0017487)

 30 Sinha M. Restoring systemic GDF11 levels reverses age-related 

dysfunction in mouse skeletal muscle. Science 2014 344 649–652. 

(doi:10.1126/science.1251152)

 31 Flores I. The longest telomeres: a general signature of adult stem 

cell compartments. Genes and Development 2008 22 654–667. 

(doi:10.1101/gad.451008)

 32 Chondrogianni N, Voutetakis K, Kapetanou M, Delitsikou V, 

Papaevgeniou N, Sakellari M, Lefaki M, Filippopoulou K & 

Gonos ES. Proteasome activation: An innovative promising 

approach for delaying aging and retarding age-related diseases. 

Ageing Research Reviews 2015 23 37–55. (doi:10.1016/j.

arr.2014.12.003)

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1111/j.1749-6632.2001.tb05631.x
http://dx.doi.org/10.1016/j.cell.2013.05.039
http://dx.doi.org/10.1159/000367692
http://dx.doi.org/10.1093/geronj/11.3.298
http://dx.doi.org/10.1093/geronj/11.3.298
http://dx.doi.org/10.1113/jphysiol.2003.049478
http://dx.doi.org/10.1113/jphysiol.2003.049478
http://dx.doi.org/10.1016/j.redox.2015.01.002
http://dx.doi.org/10.1016/j.redox.2015.01.002
http://dx.doi.org/10.1196/annals.1356.064
http://dx.doi.org/10.1196/annals.1356.064
http://dx.doi.org/10.1023/A:1016354417834
http://dx.doi.org/10.1023/A:1016354417834
http://dx.doi.org/10.1007/BF03000202
http://dx.doi.org/10.1016/j.mad.2010.12.002
http://dx.doi.org/10.1111/j.1749-6632.1998.tb09920.x
http://dx.doi.org/10.1016/j.autrev.2008.04.006
http://dx.doi.org/10.1016/j.autrev.2008.04.006
http://dx.doi.org/10.1097/01.ede.0000248202.83695.4e
http://dx.doi.org/10.2337/diabetes.46.11.1733
http://dx.doi.org/10.2337/db06-1601
http://dx.doi.org/10.1016/j.tem.2012.06.002
http://dx.doi.org/10.1038/nrendo.2013.29
http://dx.doi.org/10.1152/physiolgenomics.00122.2003
http://dx.doi.org/10.1152/physiolgenomics.00122.2003
http://dx.doi.org/10.1111/j.1474-9726.2008.00449.x
http://dx.doi.org/10.1097/01.CCM.0000186787.64500.12
http://dx.doi.org/10.1073/pnas.0902380106
http://dx.doi.org/10.1073/pnas.0902380106
http://dx.doi.org/10.1038/ncb2293
http://dx.doi.org/10.1016/j.stem.2013.01.001
http://dx.doi.org/10.1038/nm.3651
http://dx.doi.org/10.1016/j.tcb.2013.09.002
http://dx.doi.org/10.1016/j.tcb.2013.09.002
http://dx.doi.org/10.1038/nature05862
http://dx.doi.org/10.1371/journal.pone.0017487
http://dx.doi.org/10.1126/science.1251152
http://dx.doi.org/10.1101/gad.451008
http://dx.doi.org/10.1016/j.arr.2014.12.003
http://dx.doi.org/10.1016/j.arr.2014.12.003


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R303Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

 33 Chondrogianni N, Petropoulos I, Franceschi C, Friguet B & 

Gonos ES. Fibroblast cultures from healthy centenarians have an 

active proteasome. Experimental Gerontology 2000 35 721–728. 

(doi:10.1016/S0531-5565(00)00137-6)

 34 Chondrogianni N, Tzavelas C, Pemberton AJ, Nezis IP, Rivett AJ 

& Gonos ES. Overexpression of proteasome beta5 assembled 

subunit increases the amount of proteasome and confers 

ameliorated response to oxidative stress and higher survival 

rates. Journal of Biological Chemistry 2005 280 11840–11850. 

(doi:10.1074/jbc.m413007200)

 35 Catalgol B, Ziaja I, Breusing N, Jung T, Hohn A, Alpertunga B, 

Schroeder P, Chondrogianni N, Gonos ES, Petropoulos I et al. 

The proteasome is an integral part of solar ultraviolet a 

radiation-induced gene expression. Journal of Biological 

Chemistry 2009 284 30076–30086. (doi:10.1074/jbc.

M109.044503)

 36 Kapetanou M, Chondrogianni N, Petrakis S, Koliakos G & 

Gonos ES. Proteasome activation enhances stemness and 

lifespan of human mesenchymal stem cells. Free Radical 

Biology and Medicine 2017 103 226–235. (doi:10.1016/j.

freeradbiomed.2016.12.035)

 37 Cerletti M, Jang YC, Finley LW, Haigis MC & Wagers AJ. 

Short-term calorie restriction enhances skeletal muscle stem 

cell function. Cell Stem Cell 2012 10 515–519. (doi:10.1016/j.

stem.2012.04.002)

 38 Chen C, Liu Y, Liu Y & Zheng P. mTOR regulation and 

therapeutic rejuvenation of aging hematopoietic stem cells. 

Science Signaling 2009 2 ra75. (doi:10.1126/scisignal.2000559)

 39 Yilmaz OH. mTORC1 in the Paneth cell niche couples intestinal 

stem-cell function to calorie intake. Nature 2012 486 490–495.

 40 Castilho RM, Squarize CH, Chodosh LA, Williams BO & 

Gutkind JS. mTOR mediates Wnt-induced epidermal stem 

cell exhaustion and aging. Cell Stem Cell 2009 5 279–289. 

(doi:10.1016/j.stem.2009.06.017)

 41 Boyette LB & Tuan RS. Adult stem cells and diseases of aging. 

Journal of Clinical Medicine 2014 3 88–134. (doi:10.3390/

jcm3010088)

 42 Chamberlain G, Fox J, Ashton B & Middleton J. Concise 

review: mesenchymal stem cells: their phenotype, 

differentiation capacity, immunological features, and potential 

for homing. Stem Cells 2007 25 2739–2749. (doi:10.1634/

stemcells.2007-0197)

 43 Park BS, Jang KA, Sung JH, Park JS, Kwon YH, Kim KJ & Kim WS. 

Adipose-derived stem cells and their secretory factors as a 

promising therapy for skin aging. Dermatologic Surgery 2008 34 

1323–1326. (doi:10.1111/j.1524-4725.2008.34283.x)

 44 Dimmeler S & Leri A. Aging and disease as modifiers of efficacy 

of cell therapy. Circulation Research 2008 102 1319–1330. 

(doi:10.1161/CIRCRESAHA.108.175943)

 45 Lunn JS, Sakowski SA, Hur J & Feldman EL. Stem cell technology 

for neurodegenerative diseases. Annals of Neurology 2011 70 

353–361. (doi:10.1002/ana.22487)

 46 Martinez HR, Gonzalez-Garza MT, Moreno-Cuevas JE, 

Caro E, Gutierrez-Jimenez E & Segura JJ. Stem-cell 

transplantation into the frontal motor cortex in amyotrophic 

lateral sclerosis patients. Cytotherapy 2009 11 26–34. 

(doi:10.1080/14653240802644651)

 47 Mazzini L, Mareschi K, Ferrero I, Miglioretti M, Stecco A, Servo S, 

Carriero A, Monaco F & Fagioli F. Mesenchymal stromal cell 

transplantation in amyotrophic lateral sclerosis: a long-term 

safety study. Cytotherapy 2012 14 56–60. (doi:10.3109/14653249.

2011.613929)

 48 Boyette LB & Tuan RS. Adult stem cells and diseases of aging. 

Journal of Clinical Medicine 2014 3 88–134. (doi:10.3390/

jcm3010088)

 49 Veldhuis JD. Changes in pituitary function with ageing and 

implications for patient care. Nature Reviews Endocrinology 2013 9 

205–215. (doi:10.1038/nrendo.2013.38)

 50 Chen TT, Maevsky EI & Uchitel ML. Maintenance of homeostasis 

in the aging hypothalamus: the central and peripheral roles 

of succinate. Frontiers in Endocrinology 2015 6 7. (doi:10.3389/

fendo.2015.00007)

 51 Mattis J & Sehgal A. Circadian rhythms, sleep, and disorders of 

aging. Trends in Endocrinology and Metabolism 2016 27 192–203. 

(doi:10.1016/j.tem.2016.02.003)

 52 Lekkakou L, Tzanela M, Lymberi M, Consoulas C, Tsagarakis S 

& Koutsilieris M. Effects of gender and age on hypothalamic-

pituitary-adrenal reactivity after pharmacological challenge 

with low-dose 1-mug ACTH test: a prospective study in healthy 

adults. Clinical Endocrinology 2013 79 683–688.

 53 Ferrari E, Cravello L, Muzzoni B, Casarotti D, Paltro M, 

Solerte SB, Fioravanti M, Cuzzoni G, Pontiggia B & Magri F. 

Age-related changes of the hypothalamic-pituitary-adrenal axis: 

pathophysiological correlates. European Journal of Endocrinology 

2001 144 319–329. (doi:10.1530/eje.0.1440319)

 54 Lamberts SW, van den Beld AW & van der Lely AJ. The 

endocrinology of aging. Science 1997 278 419–424. (doi:10.1126/

science.278.5337.419)

 55 Tian Y, Serino R & Verbalis JG. Downregulation of renal 

vasopressin V2 receptor and aquaporin-2 expression parallels 

age-associated defects in urine concentration. American Journal of 

Physiology: Renal Physiology 2004 287 F797–F805. (doi:10.1152/

ajpcell.00176.2004)

 56 Tamma G, Goswami N, Reichmuth J, De Santo NG & Valenti 

G. Aquaporins, vasopressin, and aging: current perspectives. 

Endocrinology 2015 156 777–788. (doi:10.1210/en.2014-1812)

 57 Hollowell JG, Staehling NW, Flanders WD, Hannon WH, 

Gunter EW, Spencer CA & Braverman LE. Serum TSH, T(4), 

and thyroid antibodies in the United States population (1988 

to 1994): National Health and Nutrition Examination Survey 

(NHANES III). Journal of Clinical Endocrinology and Metabolism 

2002 87 489–499. (doi:10.1210/jcem.87.2.8182)

 58 Laurberg P, Cerqueira C, Ovesen L, Rasmussen LB, Perrild H, 

Andersen S, Pedersen IB & Carle A. Iodine intake as a 

determinant of thyroid disorders in populations. Best Practice and 

Research Clinical Endocrinology and Metabolism 2010 24 13–27. 

(doi:10.1016/j.beem.2009.08.013)

 59 van de Ven AC, Netea-Maier RT, Smit JW, Kusters R, van der 

Stappen JW, Pronk-Admiraal CJ, Buijs MM, Schoenmakers CH, 

Koehorst SG, de Groot MJ et al. Thyrotropin versus age relation 

as an indicator of historical iodine intake. Thyroid 2015 25 

629–634. (doi:10.1089/thy.2014.0574)

 60 Carle A, Laurberg P, Pedersen IB, Perrild H, Ovesen L, 

Rasmussen LB, Jorgensen T & Knudsen N. Age modifies the 

pituitary TSH response to thyroid failure. Thyroid 2007 17 

139–144. (doi:10.1089/thy.2006.0191)

 61 de Lange P, Cioffi F, Silvestri E, Moreno M, Goglia F & Lanni A. 

(Healthy) ageing: focus on iodothyronines. International Journal 

of Molecular Sciences 2013 14 13873–13892. (doi:10.3390/

ijms140713873)

 62 Canaris GJ, Manowitz NR, Mayor G & Ridgway EC. The 

Colorado thyroid disease prevalence study. Archives of Internal 

Medicine 2000 160 526–534. (doi:10.1001/archinte.160.4.526)

 63 Fatourechi V. Subclinical hypothyroidism: an update for 

primary care physicians. Mayo Clinic Proceedings 2009 84 65–71. 

(doi:10.4065/84.1.65)

 64 Pearce SH, Brabant G, Duntas LH, Monzani F, Peeters RP, Razvi S 

& Wemeau JL. 2013 ETA guideline: management of subclinical 

hypothyroidism. European Thyroid Journal 2013 2 215–228. 

(doi:10.1159/000356507)

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1016/S0531-5565(00)00137-6
http://dx.doi.org/10.1074/jbc.m413007200
http://dx.doi.org/10.1074/jbc.M109.044503
http://dx.doi.org/10.1074/jbc.M109.044503
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.035
http://dx.doi.org/10.1016/j.freeradbiomed.2016.12.035
http://dx.doi.org/10.1016/j.stem.2012.04.002
http://dx.doi.org/10.1016/j.stem.2012.04.002
http://dx.doi.org/10.1126/scisignal.2000559
http://dx.doi.org/10.1016/j.stem.2009.06.017
http://dx.doi.org/10.3390/jcm3010088
http://dx.doi.org/10.3390/jcm3010088
http://dx.doi.org/10.1634/stemcells.2007-0197
http://dx.doi.org/10.1634/stemcells.2007-0197
http://dx.doi.org/10.1111/j.1524-4725.2008.34283.x
http://dx.doi.org/10.1161/CIRCRESAHA.108.175943
http://dx.doi.org/10.1002/ana.22487
http://dx.doi.org/10.1080/14653240802644651
http://dx.doi.org/10.3109/14653249.2011.613929
http://dx.doi.org/10.3109/14653249.2011.613929
http://dx.doi.org/10.3390/jcm3010088
http://dx.doi.org/10.3390/jcm3010088
http://dx.doi.org/10.1038/nrendo.2013.38
http://dx.doi.org/10.3389/fendo.2015.00007
http://dx.doi.org/10.3389/fendo.2015.00007
http://dx.doi.org/10.1016/j.tem.2016.02.003
http://dx.doi.org/10.1530/eje.0.1440319
http://dx.doi.org/10.1126/science.278.5337.419
http://dx.doi.org/10.1126/science.278.5337.419
http://dx.doi.org/10.1152/ajpcell.00176.2004
http://dx.doi.org/10.1152/ajpcell.00176.2004
http://dx.doi.org/10.1210/en.2014-1812
http://dx.doi.org/10.1210/jcem.87.2.8182
http://dx.doi.org/10.1016/j.beem.2009.08.013
http://dx.doi.org/10.1089/thy.2014.0574
http://dx.doi.org/10.1089/thy.2006.0191
http://dx.doi.org/10.3390/ijms140713873
http://dx.doi.org/10.3390/ijms140713873
http://dx.doi.org/10.1001/archinte.160.4.526
http://dx.doi.org/10.4065/84.1.65
http://dx.doi.org/10.1159/000356507


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R304Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

 65 Garber JR, Cobin RH, Gharib H, Hennessey JV, Klein I, 

Mechanick JI, Pessah-Pollack R, Singer PA, Woeber KA, American 

Association of Clinical E et al. Clinical practice guidelines 

for hypothyroidism in adults: cosponsored by the American 

Association of Clinical Endocrinologists and the American 

Thyroid Association. Thyroid 2012 22 1200–1235. (doi:10.1089/

thy.2012.0205)

 66 Rodondi N, den Elzen WP, Bauer DC, Cappola AR, Razvi S, 

Walsh JP, Asvold BO, Iervasi G, Imaizumi M, Collet TH et al. 

Subclinical hypothyroidism and the risk of coronary heart 

disease and mortality. JAMA 2010 304 1365–1374. (doi:10.1001/

jama.2010.1361)

 67 Hennessey JV & Espaillat R. Diagnosis and management of 

subclinical hypothyroidism in elderly adults: a review of the 

literature. Journal of the American Geriatrics Society 2015 63 

1663–1673. (doi:10.1111/jgs.13532)

 68 Han C, He X, Xia X, Li Y, Shi X, Shan Z & Teng W. Subclinical 

hypothyroidism and type 2 diabetes: a systematic review and 

meta-analysis. PLoS ONE 2015 10 e0135233. (doi:10.1371/

journal.pone.0135233)

 69 Razvi S, Weaver JU, Butler TJ & Pearce SH. Levothyroxine 

treatment of subclinical hypothyroidism, fatal and nonfatal 

cardiovascular events, and mortality. Archives of Internal Medicine 

2012 172 811–817.

 70 Andersen MN, Olsen AS, Madsen JC, Kristensen SL, Faber J, Torp-

Pedersen C, Gislason GH & Selmer C. Long-term outcome in 

levothyroxine treated patients with subclinical hypothyroidism 

and concomitant heart disease. Journal of Clinical Endocrinology 

and Metabolism 2016 101 4170–4177. (doi:10.1210/jc.2016-2226)

 71 Pearce SH, Razvi S, Yadegarfar ME, Martin-Ruiz C, Kingston A, 

Collerton J, Visser TJ, Kirkwood TB & Jagger C. Serum thyroid 

function, mortality and disability in advanced old age: the 

Newcastle 85+ study. Journal of Clinical Endocrinology and 

Metabolism 2016 101 4385–4394. (doi:10.1210/jc.2016-1935)

 72 Yeap BB, Alfonso H, Hankey GJ, Flicker L, Golledge J, Norman PE 

& Chubb SA. Higher free thyroxine levels are associated with 

all-cause mortality in euthyroid older men: the Health in Men 

Study. European Journal of Endocrinology 2013 169 401–408. 

(doi:10.1530/EJE-13-0306)

 73 Atzmon G, Barzilai N, Surks MI & Gabriely I. Genetic 

predisposition to elevated serum thyrotropin is associated 

with exceptional longevity. Journal of Clinical Endocrinology and 

Metabolism 2009 94 4768–4775. (doi:10.1210/jc.2009-0808)

 74 Atzmon G, Barzilai N, Hollowell JG, Surks MI & Gabriely I. 

Extreme longevity is associated with increased serum 

thyrotropin. Journal of Clinical Endocrinology and Metabolism 2009 

94 1251–1254. (doi:10.1210/jc.2008-2325)

 75 Cooper DS & Biondi B. Subclinical thyroid disease. Lancet 2012 

379 1142–1154. (doi:10.1016/S0140-6736(11)60276-6)

 76 Jonklaas J, Bianco AC, Bauer AJ, Burman KD, Cappola AR, 

Celi FS, Cooper DS, Kim BW, Peeters RP, Rosenthal MS et al. 

Guidelines for the treatment of hypothyroidism: prepared by 

the American thyroid association task force on thyroid hormone 

replacement. Thyroid 2014 24 1670–1751. (doi:10.1089/

thy.2014.0028)

 77 Bann DV, Kim Y, Zacharia T & Goldenberg D. The effect of aging 

on the anatomic position of the thyroid gland. Clinical Anatomy 

2017 30 205–212. (doi:10.1002/ca.22804)

 78 De Leo S, Lee SY & Braverman LE. Hyperthyroidism. Lancet 2016 

388 906–918. (doi:10.1016/S0140-6736(16)00278-6)

 79 Mooradian AD. Asymptomatic hyperthyroidism in older 

adults: is it a distinct clinical and laboratory entity? Drugs 

Aging 2008 25 371–380. (doi:10.2165/00002512-200825050-

00002)

 80 Rosario PW. Natural history of subclinical hyperthyroidism in 

elderly patients with TSH between 0.1 and 0.4 IU/L: a prospective 

study. Clinical Endocrinology 2010 72 685–688. (doi:10.1111/

j.1365-2265.2009.03696.x)

 81 Ross DS, Burch HB, Cooper DS, Greenlee MC, Laurberg P, 

Maia AL, Rivkees SA, Samuels M, Sosa JA, Stan MN et al. 

2016 American Thyroid Association Guidelines for diagnosis 

and management of hyperthyroidism and other causes of 

thyrotoxicosis. Thyroid 2016 26 1343–1421. (doi:10.1089/

thy.2016.0229)

 82 Boelaert K, Maisonneuve P, Torlinska B & Franklyn JA. 

Comparison of mortality in hyperthyroidism during periods 

of treatment with thionamides and after radioiodine. Journal 

of Clinical Endocrinology and Metabolism 2013 98 1869–1882. 

(doi:10.1210/jc.2012-3459)

 83 Perry HM 3rd. The endocrinology of aging. Clinical Chemistry 

1999 45 1369–1376.

 84 Harlow SD, Gass M, Hall JE, Lobo R, Maki P, Rebar RW, 

Sherman S, Sluss PM, de Villiers TJ & Group SC. Executive 

summary of the stages of reproductive aging workshop + 10: 

addressing the unfinished agenda of staging reproductive 

aging. Journal of Clinical Endocrinology and Metabolism 2012 97 

1159–1168. (doi:10.1210/jc.2011-3362)

 85 McKinlay SM, Brambilla DJ & Posner JG. The normal 

menopause transition. Maturitas 2008 61 4–16. (doi:10.1016/j.

maturitas.2008.09.005)

 86 Jindatip D, Fujiwara K, Kouki T & Yashiro T. Transmission and 

scanning electron microscopy study of the characteristics and 

morphology of pericytes and novel desmin-immunopositive 

perivascular cells before and after castration in rat anterior 

pituitary gland. Anatomical Science International 2012 87 

165–173. (doi:10.1007/s12565-012-0144-z)

 87 Signorelli SS, Neri S, Sciacchitano S, Pino LD, Costa MP, 

Marchese G, Celotta G, Cassibba N, Pennisi G & Caschetto S. 

Behaviour of some indicators of oxidative stress in 

postmenopausal and fertile women. Maturitas 2006 53 77–82. 

(doi:10.1016/j.maturitas.2005.03.001)

 88 Van Blerkom J. The influence of intrinsic and extrinsic factors on 

the developmental potential and chromosomal normality of the 

human oocyte. Journal of the Society for Gynecologic Investigation 

1996 3 3–11. (doi:10.1016/1071-5576(95)00041-0)

 89 Carbone MC, Tatone C, Delle Monache S, Marci R, Caserta D, 

Colonna R & Amicarelli F. Antioxidant enzymatic defences in 

human follicular fluid: characterization and age-dependent 

changes. Molecular Human Reproduction 2003 9 639–643. 

(doi:10.1093/molehr/gag090)

 90 Diamanti-Kandarakis E, Papalou O, Kandaraki EA & Kassi G. 

Mechanisms in endocrinology: nutrition as a mediator of 

oxidative stress in metabolic and reproductive disorders in 

women. European Journal of Endocrinology 2017 176 R79–R99. 

(doi:10.1530/EJE-16-0616)

 91 Diamanti-Kandarakis E, Piperi C, Patsouris E, Korkolopoulou P, 

Panidis D, Pawelczyk L, Papavassiliou AG & Duleba AJ. 

Immunohistochemical localization of advanced glycation 

end-products (AGEs) and their receptor (RAGE) in polycystic 

and normal ovaries. Histochemistry and Cell Biology 2007 127 

581–589. (doi:10.1007/s00418-006-0265-3)

 92 Stensen MH, Tanbo T, Storeng R & Fedorcsak P. Advanced 

glycation end products and their receptor contribute to ovarian 

ageing. Human Reproduction 2014 29 125–134. (doi:10.1093/

humrep/det419)

 93 Faubion SS, Kuhle CL, Shuster LT & Rocca WA. Long-term 

health consequences of premature or early menopause and 

considerations for management. Climacteric 2015 18 483–491.  

(doi:10.3109/13697137.2015.1020484)

 94 Vujovic S, Brincat M, Erel T, Gambacciani M, Lambrinoudaki I, 

Moen MH, Schenck-Gustafsson K, Tremollieres F, Rozenberg S 

& Rees M. EMAS position statement: managing women 

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1089/thy.2012.0205
http://dx.doi.org/10.1089/thy.2012.0205
http://dx.doi.org/10.1001/jama.2010.1361
http://dx.doi.org/10.1001/jama.2010.1361
http://dx.doi.org/10.1111/jgs.13532
http://dx.doi.org/10.1371/journal.pone.0135233
http://dx.doi.org/10.1371/journal.pone.0135233
http://dx.doi.org/10.1210/jc.2016-2226
http://dx.doi.org/10.1210/jc.2016-1935
http://dx.doi.org/10.1530/EJE-13-0306
http://dx.doi.org/10.1210/jc.2009-0808
http://dx.doi.org/10.1210/jc.2008-2325
http://dx.doi.org/10.1016/S0140-6736(11)60276-6
http://dx.doi.org/10.1089/thy.2014.0028
http://dx.doi.org/10.1089/thy.2014.0028
http://dx.doi.org/10.1002/ca.22804
http://dx.doi.org/10.1016/S0140-6736(16)00278-6
http://dx.doi.org/10.2165/00002512-200825050-00002
http://dx.doi.org/10.2165/00002512-200825050-00002
http://dx.doi.org/10.1111/j.1365-2265.2009.03696.x
http://dx.doi.org/10.1111/j.1365-2265.2009.03696.x
http://dx.doi.org/10.1089/thy.2016.0229
http://dx.doi.org/10.1089/thy.2016.0229
http://dx.doi.org/10.1210/jc.2012-3459
http://dx.doi.org/10.1210/jc.2011-3362
http://dx.doi.org/10.1016/j.maturitas.2008.09.005
http://dx.doi.org/10.1016/j.maturitas.2008.09.005
http://dx.doi.org/10.1007/s12565-012-0144-z
http://dx.doi.org/10.1016/j.maturitas.2005.03.001
http://dx.doi.org/10.1016/1071-5576(95)00041-0
http://dx.doi.org/10.1093/molehr/gag090
http://dx.doi.org/10.1530/EJE-16-0616
http://dx.doi.org/10.1007/s00418-006-0265-3
http://dx.doi.org/10.1093/humrep/det419
http://dx.doi.org/10.1093/humrep/det419
http://dx.doi.org/10.3109/13697137.2015.1020484


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R305Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

with premature ovarian failure. Maturitas 2010 67 91–93. 

(doi:10.1016/j.maturitas.2010.04.011)

 95 Muka T, Oliver-Williams C, Kunutsor S, Laven JS, Fauser BC, 

Chowdhury R, Kavousi M & Franco OH. Association of age at 

onset of menopause and time since onset of menopause with 

cardiovascular outcomes, intermediate vascular traits, and all-

cause mortality: a systematic review and meta-analysis. JAMA 

Cardiology 2016 1 767–776. (doi:10.1001/jamacardio.2016.2415)

 96 Jirge PR. Ovarian reserve tests. Journal of Human Reproductive 

Sciences 2011 4 108–113. (doi:10.4103/0974-1208.92283)

 97 Amanvermez R & Tosun M. An update on ovarian aging and 

ovarian reserve tests. International Journal of Fertility and Sterility 

2016 9 411–415.

 98 Gomez R, Schorsch M, Hahn T, Henke A, Hoffmann I, Seufert R 

& Skala C. The influence of AMH on IVF success. Archives of 

Gynecology and Obstetrics 2016 293 667–673. (doi:10.1007/

s00404-015-3901-0)

 99 Crawford NM & Steiner AZ. Age-related infertility. Obstetrics 

and Gynecology Clinics of North America 2015 42 15–25. 

(doi:10.1016/j.ogc.2014.09.005)

100 Keefe D, Kumar M & Kalmbach K. Oocyte competency is the 

key to embryo potential. Fertility and Sterility 2015 103 317–322. 

(doi:10.1016/j.fertnstert.2014.12.115)

 101 Lambertini M, Del Mastro L, Pescio MC, Andersen CY, 

Azim HA Jr, Peccatori FA, Costa M, Revelli A, Salvagno F, 

Gennari A et al. Cancer and fertility preservation: international 

recommendations from an expert meeting. BMC Medicine 2016 

14 1. (doi:10.1186/s12916-015-0545-7)

 102 Bedoschi G & Oktay K. Current approach to fertility preservation 

by embryo cryopreservation. Fertility and Sterility 2013 99 

1496–1502. (doi:10.1016/j.fertnstert.2013.03.020)

 103 Kim SY, Kim SK, Lee JR & Woodruff TK. Toward precision 

medicine for preserving fertility in cancer patients: existing and 

emerging fertility preservation options for women. Journal of 

Gynecologic Oncology 2016 27 e22. (doi:10.3802/jgo.2016.27.e22)

 104 Van der Ven H, Liebenthron J, Beckmann M, Toth B, 

Korell M, Krussel J, Frambach T, Kupka M, Hohl MK, Winkler-

Crepaz K et al. Ninety-five orthotopic transplantations in 74 

women of ovarian tissue after cytotoxic treatment in a fertility 

preservation network: tissue activity, pregnancy and delivery 

rates. Human Reproduction 2016 31 2031–2041. (doi:10.1093/

humrep/dew165)

 105 Armeni E, Lambrinoudaki I, Ceausu I, Depypere H, Mueck A, 

Perez-Lopez FR, Schouw YT, Senturk LM, Simoncini T, 

Stevenson JC et al. Maintaining postreproductive health: a 

care pathway from the European Menopause and Andropause 

Society (EMAS). Maturitas 2016 89 63–72. (doi:10.1016/j.

maturitas.2016.04.013)

 106 Davis SR, Lambrinoudaki I, Lumsden M, Mishra GD, Pal L, 

Rees M, Santoro N & Simoncini T. Menopause. Nature Reviews 

Disease Primers 2015 1 4.

 107 Franco OH, Muka T, Colpani V, Kunutsor S, Chowdhury S, 

Chowdhury R & Kavousi M. Vasomotor symptoms in women 

and cardiovascular risk markers: systematic review and 

meta-analysis. Maturitas 2015 81 353–361. (doi:10.1016/j.

maturitas.2015.04.016)

 108 Schenck-Gustafsson K, Brincat M, Erel CT, Gambacciani M, 

Lambrinoudaki I, Moen MH, Tremollieres F, Vujovic S, 

Rozenberg S & Rees M. EMAS position statement: managing the 

menopause in the context of coronary heart disease. Maturitas 

2011 68 94–97. (doi:10.1016/j.maturitas.2010.10.005)

 109 Mikkola TS, Tuomikoski P, Lyytinen H, Korhonen P, Hoti F, 

Vattulainen P, Gissler M & Ylikorkala O. Estradiol-based 

postmenopausal hormone therapy and risk of cardiovascular 

and all-cause mortality. Menopause 2015 22 976–983. 

(doi:10.1097/GME.0000000000000450)

 110 Boardman HM, Hartley L, Eisinga A, Main C, Roque i Figuls M, 

Bonfill Cosp X, Gabriel Sanchez R & Knight B. Hormone therapy 

for preventing cardiovascular disease in post-menopausal 

women. Cochrane Database of Systematic Reviews 2015 10. 

 111 Goulis DG & Lambrinoudaki I. Menopausal hormone therapy 

for the prevention of cardiovascular disease: evidence-based 

customization. Maturitas 2015 81 421–422. (doi:10.1016/j.

maturitas.2015.05.001)

 112 Hodis HN, Mack WJ, Henderson VW, Shoupe D, Budoff MJ, 

Hwang-Levine J, Li Y, Feng M, Dustin L, Kono N et al. Vascular 

effects of early versus late postmenopausal treatment with 

estradiol. New England Journal of Medicine 2016 374 1221–1231. 

(doi:10.1056/NEJMoa1505241)

 113 Breast cancer and hormone replacement therapy: collaborative 

reanalysis of data from 51 epidemiological studies of 52,705 

women with breast cancer and 108,411 women without breast 

cancer. Collaborative Group on Hormonal Factors in Breast 

Cancer. Lancet 1997 350 1047–1059.

 114 Chen WY, Colditz GA, Rosner B, Hankinson SE, Hunter DJ, 

Manson JE, Stampfer MJ, Willett WC & Speizer FE. Use of 

postmenopausal hormones, alcohol, and risk for invasive 

breast cancer. Annals of Internal Medicine 2002 137 798–804. 

(doi:10.7326/0003-4819-137-10-200211190-00008)

 115 Rossouw JE, Anderson GL, Prentice RL, LaCroix AZ, 

Kooperberg C, Stefanick ML, Jackson RD, Beresford SA, 

Howard BV, Johnson KC et al. Risks and benefits of estrogen plus 

progestin in healthy postmenopausal women: principal results 

From the Women’s Health Initiative randomized controlled trial. 

JAMA 2002 288 321–333. (doi:10.1001/jama.288.3.321)

 116 Chlebowski RT, Hendrix SL, Langer RD, Stefanick ML, Gass M, 

Lane D, Rodabough RJ, Gilligan MA, Cyr MG, Thomson CA et al. 

Influence of estrogen plus progestin on breast cancer and 

mammography in healthy postmenopausal women: the 

Women’s Health Initiative Randomized Trial. JAMA 2003 289 

3243–3253. (doi:10.1001/jama.289.24.3243)

 117 Beral V. Breast cancer and hormone-replacement therapy in the 

Million Women Study. Lancet 2003 362 419–427. (doi:10.1016/

S0140-6736(03)14065-2)

 118 Anderson GL, Limacher M, Assaf AR, Bassford T, Beresford SA, 

Black H, Bonds D, Brunner R, Brzyski R, Caan B et al. Effects 

of conjugated equine estrogen in postmenopausal women 

with hysterectomy: the Women’s Health Initiative randomized 

controlled trial. JAMA 2004 291 1701–1712.

 119 Yaghjyan L, Colditz GA, Rosner B & Tamimi RM. 

Mammographic breast density and breast cancer risk: 

interactions of percent density, absolute dense, and non-dense 

areas with breast cancer risk factors. Breast Cancer Research and 

Treatment 2015 150 181–189. (doi:10.1007/s10549-015-3286-6)

 120 Hvidtfeldt UA, Tjonneland A, Keiding N, Lange T, Andersen I, 

Sorensen TI, Prescott E, Hansen AM, Gronbaek M, 

Bojesen SE et al. Risk of breast cancer in relation to combined 

effects of hormone therapy, body mass index, and alcohol use, 

by hormone-receptor status. Epidemiology 2015 26 353–361. 

(doi:10.1097/EDE.0000000000000261)

 121 NAMS. The 2012 hormone therapy position statement of: 

the North American Menopause Society. Menopause 2012 19 

257–271. (doi:10.1097/gme.0b013e31824b970a)

 122 Canonico M. Hormone therapy and risk of venous 

thromboembolism among postmenopausal women. Maturitas 

2015 26 30006–30002.

 123 Canonico M, Fournier A, Carcaillon L, Olie V, Plu-Bureau G, 

Oger E, Mesrine S, Boutron-Ruault MC, Clavel-Chapelon F & 

Scarabin PY. Postmenopausal hormone therapy and risk of 

idiopathic venous thromboembolism: results from the E3N 

cohort study. Arteriosclerosis, Thrombosis, and Vascular Biology 

2010 30 340–345. (doi:10.1161/ATVBAHA.109.196022)

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1016/j.maturitas.2010.04.011
http://dx.doi.org/10.1001/jamacardio.2016.2415
http://dx.doi.org/10.4103/0974-1208.92283
http://dx.doi.org/10.1007/s00404-015-3901-0
http://dx.doi.org/10.1007/s00404-015-3901-0
http://dx.doi.org/10.1016/j.ogc.2014.09.005
http://dx.doi.org/10.1016/j.fertnstert.2014.12.115
http://dx.doi.org/10.1186/s12916-015-0545-7
http://dx.doi.org/10.1016/j.fertnstert.2013.03.020
http://dx.doi.org/10.3802/jgo.2016.27.e22
http://dx.doi.org/10.1093/humrep/dew165
http://dx.doi.org/10.1093/humrep/dew165
http://dx.doi.org/10.1016/j.maturitas.2016.04.013
http://dx.doi.org/10.1016/j.maturitas.2016.04.013
http://dx.doi.org/10.1016/j.maturitas.2015.04.016
http://dx.doi.org/10.1016/j.maturitas.2015.04.016
http://dx.doi.org/10.1016/j.maturitas.2010.10.005
http://dx.doi.org/10.1097/GME.0000000000000450
http://dx.doi.org/10.1016/j.maturitas.2015.05.001
http://dx.doi.org/10.1016/j.maturitas.2015.05.001
http://dx.doi.org/10.1056/NEJMoa1505241
http://dx.doi.org/10.7326/0003-4819-137-10-200211190-00008
http://dx.doi.org/10.1001/jama.288.3.321
http://dx.doi.org/10.1001/jama.289.24.3243
http://dx.doi.org/10.1016/S0140-6736(03)14065-2
http://dx.doi.org/10.1016/S0140-6736(03)14065-2
http://dx.doi.org/10.1007/s10549-015-3286-6
http://dx.doi.org/10.1097/EDE.0000000000000261
http://dx.doi.org/10.1097/gme.0b013e31824b970a
http://dx.doi.org/10.1161/ATVBAHA.109.196022


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R306Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

 124 Sweetland S, Beral V, Balkwill A, Liu B, Benson VS, Canonico M, 

Green J & Reeves GK. Venous thromboembolism risk in relation 

to use of different types of postmenopausal hormone therapy in 

a large prospective study. Journal of Thrombosis and Haemostasis 

2012 10 2277–2286. (doi:10.1111/j.1538-7836.2012.04919.x)

 125 Stute P, Becker HG, Bitzer J, Chatsiproios D, Luzuy F, von 

Wolff M, Wunder D & Birkhauser M. Ultra-low dose – new 

approaches in menopausal hormone therapy. Climacteric 2015 

18 182–186. (doi:10.3109/13697137.2014.975198)

 126 Auchus RJ. Overview of dehydroepiandrosterone biosynthesis. 

Seminars in Reproductive Medicine 2004 22 281–288. 

(doi:10.1055/s-2004-861545)

 127 Payne AH & Hales DB. Overview of steroidogenic enzymes in the 

pathway from cholesterol to active steroid hormones. Endocrine 

Reviews 2004 25 947–970. (doi:10.1210/er.2003-0030)

 128 Macut D, Vojnovic Milutinovic D, Bozic I, Matic G, Brkljacic J, 

Panidis D, Petakov M, Spanos N, Bjekic J, Stanojlovic O et al. 

Age, body mass index, and serum level of DHEA-S can predict 

glucocorticoid receptor function in women with polycystic 

ovary syndrome. Endocrine 2010 37 129–134. (doi:10.1007/

s12020-009-9277-9)

 129 Baulieu EE, Thomas G, Legrain S, Lahlou N, Roger M, 

Debuire B, Faucounau V, Girard L, Hervy MP, Latour F et al. 

Dehydroepiandrosterone (DHEA), DHEA sulfate, and aging: 

contribution of the DHEAge Study to a sociobiomedical issue. 

PNAS 2000 97 4279–4284. (doi:10.1073/pnas.97.8.4279)

 130 Heaney JL, Phillips AC & Carroll D. Ageing, physical 

function, and the diurnal rhythms of cortisol and 

dehydroepiandrosterone. Psychoneuroendocrinology 2012 37 

341–349. (doi:10.1016/j.psyneuen.2011.07.001)

 131 Baulieu EE. Androgens and aging men. Molecular and 

Cellular Endocrinology 2002 198 41–49. (doi:10.1016/S0303-

7207(02)00367-2)

 132 Yen SS & Laughlin GA. Aging and the adrenal cortex. 

Experimental Gerontology 1998 33 897–910. (doi:10.1016/S0531-

5565(98)00046-1)

 133 Lasley BL, Santoro N, Randolf JF, Gold EB, Crawford S, Weiss G, 

McConnell DS & Sowers MF. The relationship of circulating 

dehydroepiandrosterone, testosterone, and estradiol to stages 

of the menopausal transition and ethnicity. Journal of Clinical 

Endocrinology and Metabolism 2002 87 3760–3767. (doi:10.1210/

jcem.87.8.8741)

 134 Lasley BL, Crawford SL, Laughlin GA, Santoro N, McConnell DS, 

Crandall C, Greendale GA, Polotsky AJ & Vuga M. Circulating 

dehydroepiandrosterone sulfate levels in women who 

underwent bilateral salpingo-oophorectomy during the 

menopausal transition. Menopause 2011 18 494–498. 

(doi:10.1097/gme.0b013e3181fb53fc)

 135 Traish AM, Kang HP, Saad F & Guay AT. 

Dehydroepiandrosterone (DHEA) – a precursor steroid or 

an active hormone in human physiology. Journal of Sexual 

Medicine 2011 8 2960–2982; quiz 2983. (doi:10.1111/j.1743-

6109.2011.02523.x)

 136 Williams MR, Dawood T, Ling S, Dai A, Lew R, Myles K, 

Funder JW, Sudhir K & Komesaroff PA. Dehydroepiandrosterone 

increases endothelial cell proliferation in vitro and improves 

endothelial function in vivo by mechanisms independent of 

androgen and estrogen receptors. Journal of Clinical Endocrinology 

and Metabolism 2004 89 4708–4715. (doi:10.1210/jc.2003-

031560)

 137 Fouany MR & Sharara FI. Is there a role for DHEA 

supplementation in women with diminished ovarian reserve? 

Journal of Assisted Reproduction and Genetics 2013 30 1239–1244. 

(doi:10.1007/s10815-013-0018-x)

 138 Artini PG, Simi G, Ruggiero M, Pinelli S, Di Berardino OM, 

Papini F, Papini S, Monteleone P & Cela V. DHEA 

supplementation improves follicular microenviroment in poor 

responder patients. Gynecological Endocrinology 2012 28 669–673. 

(doi:10.3109/09513590.2012.705386)

 139 Hyman JH, Margalioth EJ, Rabinowitz R, Tsafrir A, Gal M, 

Alerhand S, Algur N & Eldar-Geva T. DHEA supplementation 

may improve IVF outcome in poor responders: a proposed 

mechanism. European Journal of Obstetrics and Gynecology 

and Reproductive Biology 2013 168 49–53. (doi:10.1016/j.

ejogrb.2012.12.017)

 140 Young JM & McNeilly AS. Theca: the forgotten cell of the 

ovarian follicle. Reproduction 2010 140 489–504. (doi:10.1530/

REP-10-0094)

 141 Peters JM, Zhou YC, Ram PA, Lee SS, Gonzalez FJ & Waxman DJ. 

Peroxisome proliferator-activated receptor alpha required for 

gene induction by dehydroepiandrosterone-3 beta-sulfate. 

Molecular Pharmacology 1996 50 67–74.

 142 Perez GI, Jurisicova A, Matikainen T, Moriyama T, Kim MR, 

Takai Y, Pru JK, Kolesnick RN & Tilly JL. A central role for 

ceramide in the age-related acceleration of apoptosis in the 

female germline. FASEB Journal 2005 19 860–862.

 143 Findlay JK. An update on the roles of inhibin, activin, and 

follistatin as local regulators of folliculogenesis. Biology of 

Reproduction 1993 48 15–23. (doi:10.1095/biolreprod48.1.15)

 144 Longcope C. Adrenal and gonadal androgen secretion in normal 

females. Journal of Clinical Endocrinology and Metabolism 1986 15 

213–228. (doi:10.1016/S0300-595X(86)80021-4)

 145 Pinola P, Piltonen TT, Puurunen J, Vanky E, Sundstrom-

Poromaa I, Stener-Victorin E, Ruokonen A, Puukka K, 

Tapanainen JS & Morin-Papunen LC. Androgen profile through 

life in women with polycystic ovary syndrome: a Nordic 

multicenter collaboration study. Journal of Clinical Endocrinology 

and Metabolism 2015 100 3400–3407. (doi:10.1210/jc.2015-

2123)

 146 Dalmasso C, Maranon R, Patil C, Bui E, Moulana M, Zhang H, 

Smith A, Yanes Cardozo LL & Reckelhoff JF. Cardiometabolic 

effects of chronic hyperandrogenemia in a new model of 

postmenopausal polycystic ovary syndrome. Endocrinology 2016 

157 2920–2927. (doi:10.1210/en.2015-1617)

 147 Golden SH, Ding J, Szklo M, Schmidt MI, Duncan BB & Dobs A. 

Glucose and insulin components of the metabolic syndrome are 

associated with hyperandrogenism in postmenopausal women: 

the atherosclerosis risk in communities study. American Journal of 

Epidemiology 2004 160 540–548. (doi:10.1093/aje/kwh250)

 148 O’Reilly MW, Taylor AE, Crabtree NJ, Hughes BA, Capper F, 

Crowley RK, Stewart PM, Tomlinson JW & Arlt W. 

Hyperandrogenemia predicts metabolic phenotype in polycystic 

ovary syndrome: the utility of serum androstenedione. Journal 

of Clinical Endocrinology and Metabolism 2014 99 1027–1036. 

(doi:10.1210/jc.2013-3399)

 149 Pasquali R, Zanotti L, Fanelli F, Mezzullo M, Fazzini A, Morselli 

Labate AM, Repaci A, Ribichini D & Gambineri A. Defining 

hyperandrogenism in women with polycystic ovary syndrome: 

a challenging perspective. Journal of Clinical Endocrinology and 

Metabolism 2016 101 2013–2022. (doi:10.1210/jc.2015-4009)

 150 Moran LJ, Misso ML, Wild RA & Norman RJ. Impaired glucose 

tolerance, type 2 diabetes and metabolic syndrome in polycystic 

ovary syndrome: a systematic review and meta-analysis. Human 

Reproduction Update 2010 16 347–363. (doi:10.1093/humupd/

dmq001)

 151 Norman RJ, Masters L, Milner CR, Wang JX & Davies MJ. 

Relative risk of conversion from normoglycaemia to impaired 

glucose tolerance or non-insulin dependent diabetes mellitus 

in polycystic ovarian syndrome. Human Reproduction 2001 16 

1995–1998. (doi:10.1093/humrep/16.9.1995)

 152 Melloni C, Berger JS, Wang TY, Gunes F, Stebbins A, Pieper KS, 

Dolor RJ, Douglas PS, Mark DB & Newby LK. Representation of 

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1111/j.1538-7836.2012.04919.x
http://dx.doi.org/10.3109/13697137.2014.975198
http://dx.doi.org/10.1055/s-2004-861545
http://dx.doi.org/10.1210/er.2003-0030
http://dx.doi.org/10.1007/s12020-009-9277-9
http://dx.doi.org/10.1007/s12020-009-9277-9
http://dx.doi.org/10.1073/pnas.97.8.4279
http://dx.doi.org/10.1016/j.psyneuen.2011.07.001
http://dx.doi.org/10.1016/S0303-7207(02)00367-2
http://dx.doi.org/10.1016/S0303-7207(02)00367-2
http://dx.doi.org/10.1016/S0531-5565(98)00046-1
http://dx.doi.org/10.1016/S0531-5565(98)00046-1
http://dx.doi.org/10.1210/jcem.87.8.8741
http://dx.doi.org/10.1210/jcem.87.8.8741
http://dx.doi.org/10.1097/gme.0b013e3181fb53fc
http://dx.doi.org/10.1111/j.1743-6109.2011.02523.x
http://dx.doi.org/10.1111/j.1743-6109.2011.02523.x
http://dx.doi.org/10.1210/jc.2003-031560
http://dx.doi.org/10.1210/jc.2003-031560
http://dx.doi.org/10.1007/s10815-013-0018-x
http://dx.doi.org/10.3109/09513590.2012.705386
http://dx.doi.org/10.1016/j.ejogrb.2012.12.017
http://dx.doi.org/10.1016/j.ejogrb.2012.12.017
http://dx.doi.org/10.1530/REP-10-0094
http://dx.doi.org/10.1530/REP-10-0094
http://dx.doi.org/10.1095/biolreprod48.1.15
http://dx.doi.org/10.1016/S0300-595X(86)80021-4
http://dx.doi.org/10.1210/jc.2015-2123
http://dx.doi.org/10.1210/jc.2015-2123
http://dx.doi.org/10.1210/en.2015-1617
http://dx.doi.org/10.1093/aje/kwh250
http://dx.doi.org/10.1210/jc.2013-3399
http://dx.doi.org/10.1210/jc.2015-4009
http://dx.doi.org/10.1093/humupd/dmq001
http://dx.doi.org/10.1093/humupd/dmq001
http://dx.doi.org/10.1093/humrep/16.9.1995


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R307Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

women in randomized clinical trials of cardiovascular disease 

prevention. Circulation: Cardiovascular Quality and Outcomes 2010 

3 135–142. (doi:10.1161/circoutcomes.110.868307)

 153 Calderon-Margalit R, Siscovick D, Merkin SS, Wang E, 

Daviglus ML, Schreiner PJ, Sternfeld B, Williams OD, Lewis CE, 

Azziz R et al. Prospective association of polycystic ovary 

syndrome with coronary artery calcification and carotid-

intima-media thickness: the Coronary Artery Risk Development 

in Young Adults Women’s study. Arteriosclerosis, Thrombosis, 

and Vascular Biology 2014 34 2688–2694. (doi:10.1161/

ATVBAHA.114.304136)

 154 Pierpoint T, McKeigue PM, Isaacs AJ, Wild SH & Jacobs HS. 

Mortality of women with polycystic ovary syndrome at long-

term follow-up. Journal of Clinical Epidemiology 1998 51 581–586. 

(doi:10.1016/S0895-4356(98)00035-3)

 155 Shaw LJ, Bairey Merz CN, Azziz R, Stanczyk FZ, Sopko G, 

Braunstein GD, Kelsey SF, Kip KE, Cooper-Dehoff RM, 

Johnson BD et al. Postmenopausal women with a history 

of irregular menses and elevated androgen measurements 

at high risk for worsening cardiovascular event-free 

survival: results from the National Institutes of Health 

– National Heart, Lung, and Blood Institute sponsored 

Women’s Ischemia Syndrome Evaluation. Journal of 

Clinical Endocrinology and Metabolism 2008 93 1276–1284. 

(doi:10.1210/jc.2007-0425)

 156 Morgan CL, Jenkins-Jones S, Currie CJ & Rees DA. Evaluation 

of adverse outcome in young women with polycystic ovary 

syndrome versus matched, reference controls: a retrospective, 

observational study. Journal of Clinical Endocrinology and 

Metabolism 2012 97 3251–3260. (doi:10.1210/jc.2012-1690)

 157 Merz CN, Shaw LJ, Azziz R, Stanczyk FZ, Sopko G, 

Braunstein GD, Kelsey SF, Kip KE, Cooper-DeHoff RM, 

Johnson BD et al. Cardiovascular Disease and 10-Year Mortality 

in Postmenopausal Women with Clinical Features of Polycystic 

Ovary Syndrome. Journal of Women’s Health 2016 25 875–881. 

(doi:10.1089/jwh.2015.5441)

 158 Falhammar H, Frisen L, Hirschberg AL, Norrby C, Almqvist C, 

Nordenskjold A & Nordenstrom A. Increased cardiovascular and 

metabolic morbidity in patients with 21-hydroxylase deficiency: 

a Swedish population-based national cohort study. Journal of 

Clinical Endocrinology and Metabolism 2015 100 3520–3528. 

(doi:10.1210/JC.2015-2093)

 159 Mooij CF, Kroese JM, Sweep FC, Hermus AR & Tack CJ. Adult 

patients with congenital adrenal hyperplasia have elevated 

blood pressure but otherwise a normal cardiovascular risk 

profile. PLoS ONE 2011 6 e24204. (doi:10.1371/journal.

pone.0024204)

 160 Falhammar H, Frisen L, Norrby C, Hirschberg AL, Almqvist C, 

Nordenskjold A & Nordenstrom A. Increased mortality 

in patients with congenital adrenal hyperplasia due to 

21-hydroxylase deficiency. Journal of Clinical Endocrinology and 

Metabolism 2014 99 E2715–E2721. (doi:10.1210/jc.2014-2957)

 161 Wang C, Nieschlag E, Swerdloff R, Behre HM, Hellstrom WJ, 

Gooren LJ, Kaufman JM, Legros JJ, Lunenfeld B, Morales A et al. 

ISA, ISSAM, EAU, EAA and ASA recommendations: investigation, 

treatment and monitoring of late-onset hypogonadism in 

males. International Journal of Impotence Research 2009 21 1–8. 

(doi:10.1038/ijir.2008.41)

 162 Zitzmann M. Testosterone deficiency, insulin resistance and 

the metabolic syndrome. Nature Reviews Endocrinology 2009 5 

673–681. (doi:10.1038/nrendo.2009.212)

 163 Morley JE, Kaiser FE, Perry HM 3rd, Patrick P, Morley PM, 

Stauber PM, Vellas B, Baumgartner RN & Garry PJ. Longitudinal 

changes in testosterone, luteinizing hormone, and follicle-

stimulating hormone in healthy older men. Metabolism 1997 46 

410–413. (doi:10.1016/S0026-0495(97)90057-3)

 164 Tajar A, Huhtaniemi IT, O’Neill TW, Finn JD, Pye SR, Lee DM, 

Bartfai G, Boonen S, Casanueva FF, Forti G et al. Characteristics 

of androgen deficiency in late-onset hypogonadism: results 

from the European Male Aging Study (EMAS). Journal of Clinical 

Endocrinology and Metabolism 2012 97 1508–1516. (doi:10.1210/

jc.2011-2513)

 165 Dhindsa S, Prabhakar S, Sethi M, Bandyopadhyay A, 

Chaudhuri A & Dandona P. Frequent occurrence of 

hypogonadotropic hypogonadism in type 2 diabetes. Journal 

of Clinical Endocrinology and Metabolism 2004 89 5462–5468. 

(doi:10.1210/jc.2004-0804)

 166 Kapoor D, Aldred H, Clark S, Channer KS & Jones TH. Clinical 

and biochemical assessment of hypogonadism in men with 

type 2 diabetes: correlations with bioavailable testosterone and 

visceral adiposity. Diabetes Care 2007 30 911–917. (doi:10.2337/

dc06-1426)

 167 Travison TG, Araujo AB, Kupelian V, O’Donnell AB & 

McKinlay JB. The relative contributions of aging, health, and 

lifestyle factors to serum testosterone decline in men. Journal 

of Clinical Endocrinology and Metabolism 2007 92 549–555. 

(doi:10.1210/jc.2006-1859)

 168 Landry D, Cloutier F & Martin LJ. Implications of leptin in 

neuroendocrine regulation of male reproduction. Reproductive 

Biology 2013 13 1–14. (doi:10.1016/j.repbio.2012.12.001)

 169 George JT, Millar RP & Anderson RA. Hypothesis: kisspeptin 

mediates male hypogonadism in obesity and type 2 diabetes. 

Neuroendocrinology 2010 91 302–307. (doi:10.1159/000299767)

 170 Raven G, de Jong FH, Kaufman JM & de Ronde W. In men, 

peripheral estradiol levels directly reflect the action of estrogens 

at the hypothalamo-pituitary level to inhibit gonadotropin 

secretion. Journal of Clinical Endocrinology and Metabolism 2006 

91 3324–3328. (doi:10.1210/jc.2006-0462)

 171 Ouchi N, Parker JL, Lugus JJ & Walsh K. Adipokines in 

inflammation and metabolic disease. Nature Reviews Immunology 

2011 11 85–97. (doi:10.1038/nri2921)

 172 Wu FC, Tajar A, Beynon JM, Pye SR, Silman AJ, Finn JD, 

O’Neill TW, Bartfai G, Casanueva FF, Forti G et al. Identification 

of late-onset hypogonadism in middle-aged and elderly men. 

New England Journal of Medicine 2010 363 123–135. (doi:10.1056/

NEJMoa0911101)

 173 Tajar A, Forti G, O’Neill TW, Lee DM, Silman AJ, Finn JD, 

Bartfai G, Boonen S, Casanueva FF, Giwercman A et al. 

Characteristics of secondary, primary, and compensated 

hypogonadism in aging men: evidence from the European Male 

Ageing Study. Journal of Clinical Endocrinology and Metabolism 

2010 95 1810–1818. (doi:10.1210/jc.2009-1796)

 174 Schooling CM, Au Yeung SL, Freeman G & Cowling BJ. The 

effect of statins on testosterone in men and women, a systematic 

review and meta-analysis of randomized controlled trials. BMC 

Medicine 2013 11 57. (doi:10.1186/1741-7015-11-57)

 175 Kapoor D, Channer KS & Jones TH. Rosiglitazone increases 

bioactive testosterone and reduces waist circumference in 

hypogonadal men with type 2 diabetes. Diabetes and Vascular 

Disease Research 2008 5 135–137. (doi:10.3132/dvdr.2008.022)

 176 Ozata M, Oktenli C, Bingol N & Ozdemir IC. The effects of 

metformin and diet on plasma testosterone and leptin levels 

in obese men. Obesity Research 2001 9 662–667. (doi:10.1038/

oby.2001.90)

 177 Caronia LM, Dwyer AA, Hayden D, Amati F, Pitteloud N & 

Hayes FJ. Abrupt decrease in serum testosterone levels after 

an oral glucose load in men: implications for screening for 

hypogonadism. Clinical Endocrinology 2013 78 291–296. 

(doi:10.1111/j.1365-2265.2012.04486.x)

 178 Bhasin S, Cunningham GR, Hayes FJ, Matsumoto AM, Snyder PJ, 

Swerdloff RS, Montori VM & Task Force ES. Testosterone 

therapy in men with androgen deficiency syndromes: an 

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1161/circoutcomes.110.868307
http://dx.doi.org/10.1161/ATVBAHA.114.304136
http://dx.doi.org/10.1161/ATVBAHA.114.304136
http://dx.doi.org/10.1016/S0895-4356(98)00035-3
http://dx.doi.org/10.1210/jc.2007-0425
http://dx.doi.org/10.1210/jc.2012-1690
http://dx.doi.org/10.1089/jwh.2015.5441
http://dx.doi.org/10.1210/JC.2015-2093
http://dx.doi.org/10.1371/journal.pone.0024204
http://dx.doi.org/10.1371/journal.pone.0024204
http://dx.doi.org/10.1210/jc.2014-2957
http://dx.doi.org/10.1038/ijir.2008.41
http://dx.doi.org/10.1038/nrendo.2009.212
http://dx.doi.org/10.1016/S0026-0495(97)90057-3
http://dx.doi.org/10.1210/jc.2011-2513
http://dx.doi.org/10.1210/jc.2011-2513
http://dx.doi.org/10.1210/jc.2004-0804
http://dx.doi.org/10.2337/dc06-1426
http://dx.doi.org/10.2337/dc06-1426
http://dx.doi.org/10.1210/jc.2006-1859
http://dx.doi.org/10.1016/j.repbio.2012.12.001
http://dx.doi.org/10.1159/000299767
http://dx.doi.org/10.1210/jc.2006-0462
http://dx.doi.org/10.1038/nri2921
http://dx.doi.org/10.1056/NEJMoa0911101
http://dx.doi.org/10.1056/NEJMoa0911101
http://dx.doi.org/10.1210/jc.2009-1796
http://dx.doi.org/10.1186/1741-7015-11-57
http://dx.doi.org/10.3132/dvdr.2008.022
http://dx.doi.org/10.1038/oby.2001.90
http://dx.doi.org/10.1038/oby.2001.90
http://dx.doi.org/10.1111/j.1365-2265.2012.04486.x


E
u

ro
p

e
a
n

 J
o

u
rn

a
l 
o

f 
E
n

d
o

cr
in

o
lo

g
y
176:6 R308Review E Diamanti-Kandarakis  

and others

Aging and anti-aging 

endocrinology

www.eje-online.org

Endocrine Society clinical practice guideline. Journal of Clinical 

Endocrinology and Metabolism 2010 95 2536–2559. (doi:10.1210/

jc.2009-2354)

 179 Wu FC & von Eckardstein A. Androgens and coronary artery 

disease. Endocrine Reviews 2003 24 183–217. (doi:10.1210/

er.2001-0025)

 180 Stanworth RD, Kapoor D, Channer KS & Jones TH. 

Dyslipidaemia is associated with testosterone, oestradiol and 

androgen receptor CAG repeat polymorphism in men with type 

2 diabetes. Clinical Endocrinology 2011 74 624–630. (doi:10.1111/

j.1365-2265.2011.03969.x)

 181 Khaw KT, Dowsett M, Folkerd E, Bingham S, Wareham N, 

Luben R, Welch A & Day N. Endogenous testosterone and 

mortality due to all causes, cardiovascular disease, and cancer in 

men: European prospective investigation into cancer in Norfolk 

(EPIC-Norfolk) Prospective Population Study. Circulation 2007 

116 2694–2701. (doi:10.1161/CIRCULATIONAHA.107.719005)

 182 Isidori AM, Giannetta E, Gianfrilli D, Greco EA, Bonifacio V, 

Aversa A, Isidori A, Fabbri A & Lenzi A. Effects of testosterone 

on sexual function in men: results of a meta-analysis. 

Clinical Endocrinology 2005 63 381–394. (doi:10.1111/j.1365-

2265.2005.02350.x)

 183 Corona G, Monami M, Rastrelli G, Aversa A, Tishova Y, Saad F, 

Lenzi A, Forti G, Mannucci E & Maggi M. Testosterone and 

metabolic syndrome: a meta-analysis study. Journal of Sexual 

Medicine 2011 8 272–283. (doi:10.1111/j.1743-6109.2010.01991.x)

 184 Iozzo P, Beck-Nielsen H, Laakso M, Smith U, Yki-Jarvinen H & 

Ferrannini E. Independent influence of age on basal insulin 

secretion in nondiabetic humans. European Group for the 

Study of Insulin Resistance. Journal of Clinical Endocrinology and 

Metabolism 1999 84 863–868. (doi:10.1210/jcem.84.3.5542)

 185 Cowie CC, Rust KF, Ford ES, Eberhardt MS, Byrd-Holt DD, Li C, 

Williams DE, Gregg EW, Bainbridge KE, Saydah SH et al. Full 

accounting of diabetes and pre-diabetes in the U.S. population 

in 1988–1994 and 2005–2006. Diabetes Care 2009 32 287–294. 

(doi:10.2337/dc08-1296)

 186 Scheen AJ. Diabetes mellitus in the elderly: insulin resistance 

and/or impaired insulin secretion? Diabetes Metabolism 2005 31 

5S27–25S34. (doi:10.1016/S1262-3636(05)73649-1)

 187 Ammon HP, Fahmy A, Mark M, Wahl MA & Youssif N. The effect 

of glucose on insulin release and ion movements in isolated 

pancreatic islets of rats in old age. Journal of Physiology 1987 384 

347–354. (doi:10.1113/jphysiol.1987.sp016458)

 188 Zhang H, Ackermann AM, Gusarova GA, Lowe D, Feng X, 

Kopsombut UG, Costa RH & Gannon M. The FoxM1 transcription 

factor is required to maintain pancreatic beta-cell mass. Molecular 

Endocrinology 2006 20 1853–1866. (doi:10.1210/me.2006-0056)

 189 Reers C, Erbel S, Esposito I, Schmied B, Buchler MW, Nawroth PP 

& Ritzel RA. Impaired islet turnover in human donor pancreata 

with aging. European Journal of Endocrinology 2009 160 185–191. 

(doi:10.1530/EJE-08-0596)

 190 Gunasekaran U & Gannon M. Type 2 diabetes and the aging 

pancreatic beta cell. Aging 2011 3 565–575. (doi:10.18632/

aging.100350)

 191 Maechler P, Jornot L & Wollheim CB. Hydrogen peroxide alters 

mitochondrial activation and insulin secretion in pancreatic 

beta cells. Journal of Biological Chemistry 1999 274 27905–27913. 

(doi:10.1074/jbc.274.39.27905)

 192 Maiese K, Morhan SD & Chong ZZ. Oxidative stress biology and 

cell injury during type 1 and type 2 diabetes mellitus. Current 

Neurovascular Research 2007 4 63–71. (doi:10.2174/15672020777

9940653)

 193 Brandhorst S, Choi IY, Wei M, Cheng CW, Sedrakyan S, 

Navarrete G, Dubeau L, Yap LP, Park R, Vinciguerra M et al. 

A periodic diet that mimics fasting promotes multi-system 

regeneration, enhanced cognitive performance, and 

healthspan. Cell Metabolism 2015 22 86–99. (doi:10.1016/j.

cmet.2015.05.012)

 194 Pedersen HK, Gudmundsdottir V, Nielsen HB, Hyotylainen T, 

Nielsen T, Jensen BA, Forslund K, Hildebrand F, Prifti E, 

Falony G et al. Human gut microbes impact host serum 

metabolome and insulin sensitivity. Nature 2016 535 376–381. 

(doi:10.1038/nature18646)

 195 Gianchecchi E & Fierabracci A. On the pathogenesis of insulin-

dependent diabetes mellitus: the role of microbiota. Immunologic 

Research 2016. Epub ahead of print. (doi:10.1007/s12026-016-

8832-8)

 196 Saad MJ, Santos A & Prada PO. Linking gut microbiota and 

inflammation to obesity and insulin resistance. Physiology 2016 

31 283–293. (doi:10.1152/physiol.00041.2015)

 197 Harmon JS, Bogdani M, Parazzoli SD, Mak SS, Oseid EA, 

Berghmans M, Leboeuf RC & Robertson RP. beta-Cell-specific 

overexpression of glutathione peroxidase preserves intranuclear 

MafA and reverses diabetes in db/db mice. Endocrinology 2009 

150 4855–4862. (doi:10.1210/en.2009-0708)

 198 Tanaka Y, Gleason CE, Tran PO, Harmon JS & Robertson RP. 

Prevention of glucose toxicity in HIT-T15 cells and Zucker 

diabetic fatty rats by antioxidants. PNAS 1999 96 10857–10862. 

(doi:10.1073/pnas.96.19.10857)

 199 Bouche C, Lopez X, Fleischman A, Cypess AM, O’Shea S, 

Stefanovski D, Bergman RN, Rogatsky E, Stein DT, Kahn CR et al. 

Insulin enhances glucose-stimulated insulin secretion in 

healthy humans. PNAS 2010 107 4770–4775. (doi:10.1073/

pnas.1000002107)

 200 Action to Control Cardiovascular Risk in Diabetes Study 

Group, Gerstein HC, Miller ME, Byington RP, Goff DC, Jr., 

Bigger JT, Buse JB, Cushman WC, Genuth S, Ismail-Beigi F et al. 

Effects of intensive glucose lowering in type 2 diabetes. New 

England Journal of Medicine 2008 358 2545–2559. (doi:10.1056/

NEJMoa0802743)

 201 Binder C, Lauritzen T, Faber O & Pramming S. Insulin 

pharmacokinetics. Diabetes Care 1984 7 188–199. (doi:10.2337/

diacare.7.2.188)

 202 Home PD. Plasma insulin profiles after subcutaneous 

injection: how close can we get to physiology in people with 

diabetes? Diabetes, Obesity and Metabolism 2015 17 1011–1020. 

(doi:10.1111/dom.12501)

 203 Hirsch IB. Insulin analogues. New England Journal of Medicine 

2005 352 174–183. (doi:10.1056/NEJMra040832)

 204 Frid AH, Kreugel G, Grassi G, Halimi S, Hicks D, Hirsch LJ, 

Smith MJ, Wellhoener R, Bode BW, Hirsch IB et al. New insulin 

delivery recommendations. Mayo Clinic Proceedings 2016 91 

1231–1255. (doi:10.1016/j.mayocp.2016.06.010)

 205 Koivisto VA & Felig P. Alterations in insulin absorption and in 

blood glucose control associated with varying insulin injection 

sites in diabetic patients. Annals of Internal Medicine 1980 92 

59–61. (doi:10.7326/0003-4819-92-1-59)

206 Koivisto VA & Felig P. Effects of leg exercise on insulin 

absorption in diabetic patients. New England Journal of Medicine 

1978 298 79–83.

Received 23 December 2016

Revised version received 14 February 2017

Accepted 6 March 2017

Downloaded from Bioscientifica.com at 08/26/2022 11:10:39AM
via free access

http://dx.doi.org/10.1210/jc.2009-2354
http://dx.doi.org/10.1210/jc.2009-2354
http://dx.doi.org/10.1210/er.2001-0025
http://dx.doi.org/10.1210/er.2001-0025
http://dx.doi.org/10.1111/j.1365-2265.2011.03969.x
http://dx.doi.org/10.1111/j.1365-2265.2011.03969.x
http://dx.doi.org/10.1161/CIRCULATIONAHA.107.719005
http://dx.doi.org/10.1111/j.1365-2265.2005.02350.x
http://dx.doi.org/10.1111/j.1365-2265.2005.02350.x
http://dx.doi.org/10.1111/j.1743-6109.2010.01991.x
http://dx.doi.org/10.1210/jcem.84.3.5542
http://dx.doi.org/10.2337/dc08-1296
http://dx.doi.org/10.1016/S1262-3636(05)73649-1
http://dx.doi.org/10.1113/jphysiol.1987.sp016458
http://dx.doi.org/10.1210/me.2006-0056
http://dx.doi.org/10.1530/EJE-08-0596
http://dx.doi.org/10.18632/aging.100350
http://dx.doi.org/10.18632/aging.100350
http://dx.doi.org/10.1074/jbc.274.39.27905
http://dx.doi.org/10.2174/156720207779940653
http://dx.doi.org/10.2174/156720207779940653
http://dx.doi.org/10.1016/j.cmet.2015.05.012
http://dx.doi.org/10.1016/j.cmet.2015.05.012
http://dx.doi.org/10.1038/nature18646
http://dx.doi.org/10.1007/s12026-016-8832-8
http://dx.doi.org/10.1007/s12026-016-8832-8
http://dx.doi.org/10.1152/physiol.00041.2015
http://dx.doi.org/10.1210/en.2009-0708
http://dx.doi.org/10.1073/pnas.96.19.10857
http://dx.doi.org/10.1073/pnas.1000002107
http://dx.doi.org/10.1073/pnas.1000002107
http://dx.doi.org/10.1056/NEJMoa0802743
http://dx.doi.org/10.1056/NEJMoa0802743
http://dx.doi.org/10.2337/diacare.7.2.188
http://dx.doi.org/10.2337/diacare.7.2.188
http://dx.doi.org/10.1111/dom.12501
http://dx.doi.org/10.1056/NEJMra040832
http://dx.doi.org/10.1016/j.mayocp.2016.06.010
http://dx.doi.org/10.7326/0003-4819-92-1-59

	Abstract
	Introduction
	Aging of endocrine system and oxidative stress
	Future personalized anti-aging diagnosis and treatment: role of stem cells
	Aging endocrine glands and anti-aging hormonal replacement
	Aging pituitary
	Aging and negative feedback
	Aging and circadian rhythms
	Aging and the hypothalamic–pituitary–peripheral axes
	Aging and water balance
	Endocrine changes to the elderly: to treat or not to treat?

	Aging thyroid gland
	Hypothyroidism treatment in the elderly
	Hyperthyroidism in the elderly

	Aging female
	Ovarian aging

	Anti-aging measures: fertility preservation
	Tests of ovarian reserve
	Methods of fertility preservation: reproduction in 
patients with forced ovarian aging

	Anti-aging measures: menopausal hormone therapy (MHT)
	MHT and ischemic heart disease
	Menopausal hormone therapy and breast cancer
	Menopausal hormone therapy and thrombosis

	Anti-aging measures: role of DHEA replacement
	Synthesis and biological effects of DHEA and DHEAS
	DHEA and fertility

	The aging hyperandrogenic woman: does she need special care?
	Aging male – late-onset hypogonadism
	Late-onset hypogonadism
	Aging beta cells
	Anti-aging measures: to treat or not to treat
	Diet
	Anti-oxidants
	Insulin agents


	Conclusion
	Declaration of interest
	Funding
	Acknowledgements
	References

