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Abstract | Ageing is a process characterized by a progressive decline in cellular function, organismal fitness 
and increased risk of age-related diseases and death. Several hundred theories have attempted to explain 
this phenomenon. One of the most popular is the ‘oxidative stress theory’, originally termed the ‘free radical 
theory’. The endocrine system seems to have a role in the modulation of oxidative stress; however, much 
less is known about the role that oxidative stress might have in the ageing of the endocrine system and 
the induction of age-related endocrine diseases. This Review outlines the interactions between hormones 
and oxidative metabolism and the potential effects of oxidative stress on ageing of endocrine organs. Many 
different mechanisms that link oxidative stress and ageing are discussed, all of which converge on the 
induction or regulation of inflammation. All these mechanisms, including cell senescence, mitochondrial 
dysfunction and microRNA dysregulation, as well as inflammation itself, could be targets of future studies 
aimed at clarifying the effects of oxidative stress on ageing of endocrine glands.
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Introduction
Ageing is a complex phenomenon that is still not com-
pletely understood. The process is characterized by a 
progressive decline in cellular function and organismal 
fitness, and an increased risk of age-related diseases 
and death. One of the most widely accepted theories 
to explain why organisms age and die was the so-called 
oxidative stress (or free radical) theory.1 Reactive oxygen 
species (ROS) are produced mainly in the mitochondria, 
where aerobic metabolism takes place. The incomplete 
reduction of oxygen leads to the generation of differ-
ent radical species such as the superoxide radical (O2

–). 
This superoxide radical can then give rise to ROS such 
as hydrogen peroxide (H2O2)—a major contributor to 
oxidative damage. As the production of ROS seems 
to be an inescapable side effect of vital processes, par-
ticularly aerobic metabolism, a theory that explained 
ageing as a consequence of the oxidative damage was 
immediately appealing. Indeed, according to this theory, 
the random, unrepaired damage to macromolecules 
caused by ROS should be the leading driving force of 
ageing. In this paper, we will review the current knowl-
edge of the effects of oxidative stress on the ageing of 
the different endocrine organs and tissues. A plethora 
of data indicate that oxidative stress and inflammation 
are inter connected, and ageing is now accepted to be 
character ized by a chronic, subclinical inflammatory 
state. We will therefore discuss the possibility that 
inflammation is the link between oxidative stress and 
ageing of endocrine tissues.

Oxidative stress and endocrine systems
Hypothalamus, pituitary and pineal glands
The hypothalamic–pituitary axis controls many parts 
of the endocrine system. Ageing has been described 
as being associated with a progressive functional loss 
of several functions and body systems, including the 
 hypothalamic–pituitary axis.2,3 This progressive decline 
in function gradually develops into endocrine defi-
ciency, which is potentially involved in human senes-
cence.2 For example, the levels of growth hormone (GH), 
insulin-like growth factor 1 (IGF-1), TSH and thyroid 
hormones progressively decrease with age in adults.2,3

According to a revised ‘nitric oxide theory’ of ageing,4 
an excessive production of free radicals and ROS in 
the central nervous system and its related glands, 
including the hypothalamic–pituitary axis, might 
be one of the most important factors in the ageing of 
these structures and the ageing process in general. In 
favour of this hypothesis, Kondo et al.5 described a 
clear age- dependent accumulation of 8-hydroxy-2- 
deoxyguanosine, a major oxidative product, in the 
human pituitary gland. Similarly, Rodrigues et al.6 
found that during ageing of Wistar rats, the levels of 
free radicals in the hippo campus increased, in parallel 
with a reduced antioxidant capacity in both the hippo-
campus and the hypothalamus. Therefore, an imbal-
ance between the production of oxidants and protective 
antioxidant systems in favour of an excessive accumu-
lation of ROS might cause cellular oxidative damage 
in the hypothalamus and pituitary gland, as shown by 
the increase in the number of apoptotic cells during 
ageing, particularly for cells that secrete GH and TSH.7 
Interestingly, the oxidative stress caused by this imbal-
ance might induce progressive age-related dysfunction 
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of the hypothalamic–pituitary axis not only through 
direct cellular damage, but also by alterations in protein 
function and by suppressing protein synthesis.

Lipid peroxidation can produce highly reactive alde-
hydes, such as malondialdehyde and 4-hydroxynonenal, 
which are able to bind covalently to several proteins 
as aldehyde–protein adducts. This deleterious process 
induces protein dysfunction and cellular damage. In 
2011, Arguelles et al.8 reported a decrease in levels of 
elongation factor 2, an essential factor for protein syn-
thesis, in the hypothalamus and pituitary gland of rats 
during ageing. Oxidative stress is involved in alterations 
of elongation factor 2, such as the formation of adducts 
with malondialdehyde and 4- hydroxynonenal. In fact, 
the loss of elongation factor 2 that is observed during 
ageing is accompanied by a concomitant increase in levels 
of lipid peroxides of the carbonyl groups in proteins, 
which is a marker of ROS-mediated protein oxidation. 
This process could contribute to the reduced production 
of peptide hormones from the  hypothalamic–pituitary 
axis that is observed with ageing.

In animals and humans, ageing is also associated with 
dysfunction of the hypothalamic–pituitary–adrenal 
(HPA) axis, which leads to increased release of gluco-
corticoids from the adrenal cortex (Figure 1).9 Although 
activation of the HPA axis is essential for adapting to a 
homeostatic challenge, chronic exposure to high levels 
of glucocorticoids can be harmful to human health 
and predispose the person to neurological, psychiatric, 
cardio vascular, metabolic and immune disorders.10 The 
dysfunction of the HPA axis that is observed during 
ageing seems to be caused by a decline in the inhibi-
tion of the negative feedback of glucocorticoid levels 
over activity of the HPA axis. This feedback mechanism, 
which is regulated by glucocorticoid and mineralo-
corticoid receptors in the hippocampus, hypothalamus 
and pituitary gland, constitutes the most important 
control mechanism that modulates the HPA axis and its 
response to stress (Figure 1).11,12

The age-dependent increase in levels of glucocorti-
coids has been reported to be associated with chronic 
stress and cognitive impairment.9,13,14 In fact, high con-
centrations of glucocorticoids over the long-term can 
be deleterious, particularly for the parts of the limbic 
system that are implicated in the regulation of cogni-
tive and emotional processes. In Alzheimer disease, 
damage to neurons in the CA1 region of the hippo-
campus can induce dysregulation of the HPA axis 
that leads to increased cortisol release and cognitive 
decline.13 These findings support the ‘glucocorticoid 
cascade hypo thesis’14 and the ‘glucocorticoid vulner-
ability hypothesis’,15 which suggest that impairment of 
the negative feedback control of the HPA axis in the aged 
rat (24 months old) leads to long-term exposure of the 
brain to glucocorticoids. The hypotheses state that expo-
sure to subsequent insults then leads to damage to the 
hippocampus and prefrontal cortex and/or an enhanced 
neuronal vulnerability. These events result in an age-
related cognitive impairment and a functional decline 
of the inhibitory control of the HPA axis.14.15

Key points

 ■ Reactive oxygen species (ROS) are an inescapable by-product of oxidative 
metabolism and are believed to be involved in ageing, but they are also 
essential for several physiological functions

 ■ Data indicate that the endocrine system is involved in the modulation of 
oxidative stress through the production of several hormones

 ■ Oxidative stress also seems to have a role in the ageing of the endocrine 
system and in the pathogenesis of several endocrine diseases

 ■ How oxidative stress causes ageing in endocrine tissues is unclear; in some 
tissues, inflammation is probably the link between the two processes

 ■ ROS can induce inflammation directly by acting on transcription factors such as 
nuclear factor κB and indirectly by modulating other processes such as cellular 
senescence, mitochondrial dysfunction and microRNA production

However, the origin of the age-dependent dysfunction 
of the control of levels of glucocorticoids has not yet been 
fully defined. The levels of oxidative stress and inflamma-
tory cytokines gradually increase with ageing, whereas 
the activity of antioxidant defences decreases. This phe-
nomenon might be responsible for the over activation of 
the HPA axis through hippocampal oxidative damage 
that leads to a decrease in the number of neurons express-
ing glucocorticoid receptor in the CA1 region during 
ageing (Figure 1).16 In addition, long-term high levels of 
secretion of glucocorticoids has an important stimulatory 
effect on oxidative stress, mainly in the brain and heart, 
and increases the vulnerability of the hippo campus to 
other insults.17,18 This finding implies that during ageing, 
the overactivation of the HPA axis, which is probably 
caused by oxidative stress, induces further oxidative 
stress and continuously stimulates the HPA axis through 
serious damage to the hippo campal pyramidal cells.18 
Furthermore, the continuous stimulation of the HPA 
axis can also induce inflammation, as peripheral mono-
nuclear cells stimulated with  corticotropin-releasing 
hormone increase their production of IL-6.19 By contrast, 
centenarians have an increased level of glucocorticoids,20 
which could be considered an adaptive phenomenon in 
response to the stress present in physio logical ageing.21

Several pituitary hormones and peripheral effectors 
(other than adrenocorticotropic hormone and glucocor-
ticoids) can influence oxidative stress and longevity. TSH 
can result in oxidative stress through stimulating the pro-
duction of thyroid hormones.22 Accumulating evidence 
from in vitro and in vivo models indicates that activa-
tion of the GH/IGF-I system increases the production 
of ROS and decreases levels of antioxidants.23,24 However, 
researchers have also demonstrated that IGF-I prevents 
apoptotic cell death induced by oxidative stress and has 
both anti-inflammatory and athero protective effects.25,26 
Although in Caenorhabditis elegans, Drosophila melano
gaster and rodents, downregulation of GH/IGF-I signal-
ling has been reported to extend survival considerably, 
data in humans are controversial.27–31 Indeed, isolated 
GH deficiency and overproduction of GH in patients 
with acromegaly have both been associ ated with a 
reduced lifespan.32 Interestingly, reduced levels of IGF-I 
bioactivity have been found in centenarians and the off-
spring of centenarians compared with the offspring of 
the matched-controls.3
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The pineal gland is also able to modulate oxidative 
stress through the production of melatonin, a hormone 
with antioxidant and antiageing activities. Melatonin is 
a potent scavenger of ROS that has stimulatory effects on 
the antioxidant system. Finally, melatonin stabilizes cell 
membranes, thereby increasing their resistance to oxida-
tive stress.33–35 On the basis of these arguments, similarly 
to what has been reported for the pituitary gland and 
hypothalamus, excess production of ROS in the central 
nervous system might contribute to the age-related 
decline in function of the pineal gland, gradual decrease 
in nocturnal production of melatonin and to calcification 
of the gland.4 Not surprisingly, the age-related decline 
in melatonin production and altered melatonin rhythms 
can contribute to the increased levels of oxidative stress 
observed in the elderly.34,35

Thyroid
The thyroid gland is able to produce large amounts 
of H2O2 for use in the synthesis of thyroid hormones 
(Figure 2). In the thyroid gland, H2O2 is produced by 
dual oxidases (DUOXs) sited at the apical membrane of 
the thyrocyte. Iodide is rapidly oxidized by thyroid per-
oxidase in the presence of H2O2 and incorporated into 
the tyrosine residues of thyroglobulin on the luminal 
side of the apical membrane. This step produces mono-
iodotyrosine and diiodotyrosine. Next, the coupling of 
two diiodotyrosine molecules generates T4, while the 
combination of diiodotyrosine with monoiodotyrosine 
produces T3, both processes are catalyzed by thyroid per-
oxidase. Thyroglobulin is internalized at the apical pole 
of thyrocytes, conveyed to endosomes and lysosomes 
and digested by proteases. After thyroglobulin diges-
tion, thyroid hormones are released into the circula-
tion.36,37 Therefore, thyroid epithelial cells are constantly 
exposed to ROS, which are potentially toxic for cells. 
Furthermore, efficient protection of thyrocytes against 
excessive production of ROS through a sophisticated 
antioxidant system is crucial.38 If the thyroid system is 
not properly regulated, an imbalance between ROS and 
antioxidants in favour of the oxidants, a phenomenon 
frequently observed with ageing, might induce several 
types of morphological and functional damage in the 
thyroid gland.

Ageing is associated with a decrease in the volume 
of the thyroid gland and in the levels of thyroid hor-
mones secreted, as well as an increase in the prevalence 
of several thyroid diseases.39–41 The latest studies seem 
to indicate that age-related subtle thyroid hypofunction 
(either as a result of a familial component or because 
of a reset of the thyroid function occurring between 
the sixth and the eighth decade of life) is related to 
longevity.42,43 Although no clear evidence indicates 
that oxidative stress is responsible for the age-related 
morpho functional changes of the thyroid gland, oxi-
dative stress seems to be involved in the pathogenesis 
of thyroid autoimmune diseases (for example, Graves 
disease and Hashimoto thyroiditis) and thyroid cancer.44

The findings of several studies suggest that oxidative 
stress is involved in the pathophysiology of thyroid auto-
immune diseases through a direct effect on the immune 
system.45,46 Oxidative stress can alter the structure and 
antigenicity of self proteins through post- translational 
modifications, which trigger the develop ment of auto-
immune diseases (Figure 2).47 Duthoit et al.48 reported 
that exposure to fairly high concentrations of H2O2 
induced thyroglobulin fragmentation in cultures of 
human thyroid cells. They hypothesized that autoan-
tigen fragmentation through oxidative stress would 
be the initial event leading to a thyroglobulin autoim-
mune response (which can lead to thyroid autoimmune 
disease). Thyroid peroxidase might also cause similar 
events.48 Another mechanism for increased autoim-
munity is the raised expression of intercellular adhesion 
molecule 1 (ICAM-1) on thyrocytes in the presence of 
high levels of ROS (Figure 2).45 ICAM-1 has a key role 
at an early stage in the onset of inflammatory responses. 
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Figure 1 | Schematic diagram showing the potential role of oxidative stress in the 
progressive dysfunction of the hypothalamic–pituitary–adrenal (HPA) axis observed 
with ageing. Under normal conditions (shown as black lines), the presence of a 
stressor stimulates the paraventricular nucleus of the hypothalamus to release CRH 
and vasopressin, which induce the release of ACTH from the anterior pituitary gland. 
ACTH stimulates the synthesis and release of glucocorticoids from the adrenal 
cortex. As a result of the deleterious effects of long-term exposure to glucocorticoids, 
a strict glucocorticoid-feedback mechanism, acting at the pituitary, hypothalamic and 
hippocampal levels, is fundamental to modulate the activity of the HPA axis. In 
particular, the activation of hippocampal glucocorticoid-receptor-expressing neurons 
exerts a potent inhibition of the HPA axis. During ageing (shown as red lines), 
dysregulation of the control of the activity of the HPA axis, probably secondary to an 
increase in hippocampal oxidative stress, stimulates glucocorticoid release, which in 
turn produces neural damage in the hippocampus, thus worsening the inhibitory 
control of the HPA axis. Abbreviations: ACTH, adrenocorticotropic hormone; CRH, 
corticotropin-releasing hormone.
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Patients with Graves disease and Hashimoto thyroiditis 
have increased expression of ICAM-1 in their thyroid 
glands.49 In support of the hypothesis that increased 
levels of ROS are involved in the pathogenesis of autoim-
mune diseases, evidence suggests that patients deficient 
in selenium who have autoimmune thyroid diseases 
benefit from selenium supplementation.50,51 Selenium is 
part of the catalytic group within several selenoenzymes 
that have anti oxidant activity.50 Interestingly, the thyroid 
gland has the highest concentration of selenium of all 
tissues to protect thyroid cells from the oxidative stress 
induced by the synthesis of thyroid hormones.50 As sele-
nium levels decrease with ageing,52 this process might 
leave the thyroid more vulnerable to oxidative stress.

Several groups of researchers have found an associa-
tion between oxidative stress and thyroid cancer, report-
ing an increase in levels of oxidants and/or a decrease 
in antioxidant activity in patients with the disease.53–58 
The accumulation of excess ROS in the thyroid gland can 
cause DNA damage, resulting in mutagenic genetic alter-
ations and promoting tumour initiation and develop ment 
(Figure 2).59 Through similar mechanisms, oxidative 
stress (observed with age in the thyroid gland and stimu-
lated by deficiency in iodine or selenium, smoking or an 
increase in levels of TSH) might be involved in the patho-
genesis of nodular goiter. If the antioxidant defence is not 
effective, this oxidative stress will cause DNA damage in 
the thyroid that is followed by an increase in the rate of 
spontaneous mutations and stimulation of proliferation 
of thyroid epithelial cells (Figure 2).60

The relationship between the thyroid gland and 
oxida tive stress is further strengthened by data indi-
cating a clear effect of thyroid hormones on oxidative 
metabolism. Thyroid hormones increase oxygen con-
sumption via thermogenic activity and by stimulating 
mito chondrial respiration. This activity results in upreg-
ulation of the production of ROS, inducing oxidative 
damage of the membrane lipids in target tissues.22,57 
Thyroid hormones also seem to regulate the anti-
oxidant defence system through the modulation of the 
syn thesis and degradation of antioxidant enzymes and 
non enzymatic antioxidants.61–64

Endocrine pancreas
The endocrine function of the pancreas deteriorates with 
age, which contributes to impaired glucose homeo stasis. 
Ageing in humans is associated with both increased 
insulin resistance and decreased β-cell function,65 which 
explains the strong association between the incidence of 
type 2 diabetes mellitus and advanced age.66 All these 
mechanisms have oxidative stress as a common factor, 
and the relationship between oxidative stress, ageing of 
β-cells and diabetes mellitus has been widely studied in 
the past three decades.67

Oxidative stress has a major role in the onset and 
progression of type 1 and type 2 diabetes mellitus. 
Indeed, a number of risk factors for diabetes mellitus, 
such as increased age, obesity and unhealthy eating 
habits, favour a status of oxidative stress contribut-
ing extensively to β-cell dysfunction and/or death and 

impairment of insulin sensitivity.68 ROS effect β-cell 
function differently according to levels of ROS and 
duration of exposure.69 Short-term exposure to low 
concentrations of H2O2 derived from glucose metabo-
lism is an important metabolic signal to elicit glucose-
stimulated secretion of insulin.70,71 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.72,73 In fact, 
β-cells are highly sensitive to oxidative stress because of 
their low antioxidant defence capacity.74 During this det-
rimental process, mito chondrial dysfunction is a central 
contribut or to the failure of β-cell function.72,75

Oxidative-stress-induced uncoupling proteins 
(UCPs) are anion mitochondrial carrier proteins that 
are expressed in the inner membrane of mito chondria. 
These proteins uncouple oxygen consumption by the 
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antigenicity of Tg and TPO (ROS-modified molecules are shown in orange), 
responsible for several thyroid diseases, including those of an autoimmune or 
neoplastic nature. Abbreviations: DIT, diiodotyrosine; H2O2, hydrogen peroxide; I–, 
iodine; MIT, monoiodotyrosine; NIS, sodium-iodide symporter; Tg, thyroglobulin; 
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respiratory chain from ATP synthesis and serve as a 
defence mechanism against the deleterious effects of 
high levels of ROS. In β-cells, oxidative stress induces 
activation of UCP2. This activation results in protons 
leaking across the inner membrane of mitochondria 
and decreases production of ROS by controlled negative 
feedback. However, activation of UCP2 also reduces ATP 
synthesis and content in β-cells, which impairs insulin 
secretion. In addition, chronic oxidative stress causes 
cardiolipin peroxidation in mitochondrial membranes, 
which in turn causes cytochrome c to be released into 
the cytosol and caspase 3 to be activated, thereby induc-
ing apoptosis in β-cells.72,75 Production of ROS can also 
lead to injury of β-cells through destruction of lipids in 
the cell membrane and cleavage of DNA.76 Interestingly, 
these deleterious processes are exacerbated with ageing 
not only by accelerated production of ROS, but also by a 
decreased proliferative activity and enhanced sensitivity 
to glucose-induced apoptosis of β-cells.77

Oxidative stress also contributes to the increase in 
insulin resistance observed with ageing, which affects 
the insulin signalling cascade through several mecha-
nisms. Insulin resistance is increased by inducing serine/
threonine phosphorylation of insulin receptor substrate, 
disturbing cellular redistribution of insulin signalling 
components, decreasing transcription of GLUT4 and 
impairing mitochondrial activity.68

Gonads
Endogenous ROS have important roles in the modu-
lation of several physiological reproductive processes 
in women and men. These ROS mainly originate from 
inflammatory cells (such as macrophages and neutro-
phils), which are recruited to the ovary in response to 

the luteinizing hormone surge (which triggers ovula-
tion).78,79 ROS are also produced by steroidogenic cells 
through the activation of the mitochondrial P450 
system.80 In ovarian tissue, ROS are necessary for oocyte 
maturation, ovarian steroidogenesis and the function 
and disruption of the corpus luteum.78,79 The growth 
and maturation of oocytes is controlled by the oxidative 
system. The selection of the dominant oocyte, including 
during meiosis I, is stimulated by an increase in levels of 
ROS and is inhibited by antioxidants, whereas the pro-
gression of meiosis II is promoted by antioxidants.78,79 
ROS production by the preovulatory follicle is consid-
ered an indispensable pre ovulatory signalling event 
and an inducer of ovulation.81 ROS are also involved in 
the mechanisms of luteolysis through the induction of 
apop totic cell death and affect the production of pro-
gesterone by impairing luteinizing hormone receptors 
or by inhibiting the translocation of cholesterol to the 
mitochondria or cytochrome P450scc enzyme activi-
ties.82 In addition, antioxidants seem to have an impor-
tant role in preventing regression of the corpus luteum 
rescue if pregnancy occurs.79,82

Ovarian ageing is characterized by a gradual decrease 
in both the quantity and the quality of the pool of 
oocytes and follicles, with the menopause as the final 
step of this process.83 The most relevant theory for 
ovarian ageing, first proposed by Tarin,84 implies that 
oxidative stress is associated with repeated ovulation. 
The cyclical production of ROS over many years might 
lead to cumulative DNA damage that contributes to 
ovarian ageing, an increasing risk of ovarian diseases 
and complications during pregnancy.78,79 Indeed, old age 
was associated with increased levels of ROS and/or a 
weakening of antioxidant defences in oocytes, granulosa 
cells and follicular fluid.85–87 Tatone et al.88,89 have sug-
gested a role for long-term exposure to advanced glyca-
tion end products (AGEs), gradually accumulated over 
many years, in the ovarian ageing process. The accu-
mulation of AGEs during a woman’s reproductive life-
span might cause mild oxidative damage in pri mordial 
follicles and ovarian stroma vessels.88 In fact, AGEs are 
potent stimulators of oxidative stress through inter-
action with specific cellular receptors and by impairing 
vascular function.90,91 Evidence that the disruption of the 
balance between pro-oxidants and antioxidants has an 
important role in the pathogenesis of polycystic ovary 
syndrome92,93 and ovarian cancer94–97 provides additional 
support for the interaction between oxidative stress and 
ovarian ageing.

Endogenous ROS also have a physiological role in 
testes (Figure 3a). ROS serve as a positive signal for main-
taining a functional population of adult Leydig cells.98 
Low levels of ROS are needed to regulate the matura tion 
and function of spermatozoa, including sperm capacita-
tion and acrosome reaction.99,100 Despite the low oxygen 
tensions that characterize the testicular environment, the 
testes are highly vulnerable to oxidative stress, mainly 
as a result of the abundance of unsaturated fatty acids, 
the local production of ROS in the mito chondria and of 
several enzymes, including xanthine oxidase, NADPH 
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Figure 3 | Potential role of ROS on testicular physiology and testicular ageing.  
a | Low concentrations of ROS have several physiologically important roles such as 
modulation of Ras-ERK1/2 cascade, a crucial pathway for the proliferation and 
survival of Leydig cells; driving of capacitation and acromosome reaction 
processes; condensation of sperm chromatin during epididymal maturation and 
providing protection against oxidative DNA damage. b | A progressive increase in 
levels of ROS and/or a decline in the efficiency of antioxidant systems, observed 
with ageing, induce a state of oxidative stress in testes. Excessive production of 
ROS inhibits testicular steroidogenesis in Leydig cells by reducing the activity  
of cytochrome P450 side chain cleavage enzyme and expression of the StAR 
protein. An excess in seminal ROS levels has toxic effects on both sperm quality 
and function through the peroxidation of lipids, the induction of oxidative DNA 
damage and the formation of protein adducts. Abbreviations: ROS, reactive oxygen 
species; StAR protein, steroidogenic acute regulatory protein.
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oxidase and cytochrome P450.101 To support a correct 
Leydig cell steroidogenesis and spermatogenesis, a 
complex battery of enzymatic and non-enzymatic anti-
oxidant defence systems works to prevent damage from 
lipid peroxidation.101

Testicular ageing is characterized by reduced serum 
levels of testosterone and by a decline in spermato-
genesis.102,103 An increase in levels of ROS and/or a 
decrease in levels of antioxidants, which are observed 
with ageing in testicular tissue, have been proposed 
as possible explanations for the age-related decline 
in the synthesis of testosterone and spermato genesis 
(Figure  3b).104–106 Reduced serum levels of testo-
sterone seem to depend on a progressive inhibition of 
steroidogenesis observed in Leydig cells with ageing 
(Figure 3b).103,104 ROS inhibit testicular steroidogenesis 
in Leydig cells by suppressing cholesterol transfer into 
the mitochondria through a reduction in levels of the 
StAR protein, and by decreasing the expression of genes 
that encode steroidogenic enzymes via the suppression 
of Nur77 transactivation.107 In addition, Leydig cells, as 
a result of their location in the testicular interstitium, are 
particularly vulnerable to extracellular sources of ROS 
because of their contiguity to testicular interstitial macro-
phages, which represent about 25% of the inter stitial cell 
population in the testes of mammals.108,109

The decline in male fertility with ageing is associ-
ated with increasing oxidative stress and the accumu-
lation of oxidative damage to the seminiferous tubules 
through the peroxidation of lipids, the induction of 
oxidative DNA damage and the formation of protein 
adducts (Figure 3b).110 Spermatozoa are particularly 
vulnerable to oxidative damage because their cell mem-
branes contain high levels of polyunsaturated fatty acids, 
which can be oxidized as a result of high levels of ROS. 
This detrimental process that is observed with ageing 
can induce impairment of sperm motility and decrease 
sperm viability.99,111

Sex hormones might also influence oxidative stress. 
Mitochondrial oxidative stress is higher in men than 
in women.112 Indeed, the higher levels of oestrogens in  
women than in men protect women against ageing by 
upregulating the expression of genes related to anti-
oxidants and longevity.112,113 This protective role of oestro-
gens has been confirmed by the finding that oxidative 
stress in ovariectomized rats increased to the same levels 
as are seen in males.113 In addition, oestrogen replace-
ment therapy in ovariectomized rats restores peroxide 
levels to those found in normal females.113 Conversely, 
androgen deprivation and androgen receptor activation 
both seem to induce oxidative stress.114 These observa-
tions contribute to the explanation of the longer lifespan 
of females than males in many vertebrate species.112

Adrenal glands
Ageing of the adrenal glands is characterized by dys-
regulation of the HPA axis and a progressive decline 
in the adrenal production of androgens.115,116 Excessive 
generation of ROS and oxidative damage might be 
responsible for the age-dependent loss of androgenic 

function, especially by damaging cellular membranes 
involved in mitochondrial transport of cholesterol and 
steroidogenesis through lipid peroxidation. Indeed, 
the risk of damage from lipid peroxidation is especially 
high for steroidogenic cells because these cells, which 
are rich in lipids, use molecular oxygen and produce 
high levels of ROS through cytochrome P450 systems.117 
Interest ingly, oxidative stress-mediated inhibition of 
adrenal steroidogenesis during ageing is accompanied 
by a selective activation of p38 MAPK, a negative deter-
minant of adrenal steroidogenesis.118 In addition, evi-
dence indicates that ageing modifies the expression of 
two oxidant- sensitive transcription factors—AP-1 and 
nuclear factor κB (NF-κB).119,120

Adipose tissue
White adipose tissue (WAT) is an important source of 
cytokines, chemokines and adipokines, through which 
WAT modulates a series of biologic activities, includ-
ing appetite, energy expenditure, insulin sensitivity, 
the endocrine and reproductive systems and bone 
metabolism.121 In particular, it has been observed that 
inflammation and immunity are affected by factors 
produced by WAT. As an example, as much as 30% of 
circulating IL-6 is estimated to be produced by WAT, 
particularly visceral WAT.122,123 Tumour necrosis factor 
is also released by WAT, and its production is increased 
in people with obesity.124,125 These cytokines (IL-6 and 
tumour necrosis factor) are produced by infiltrating 
macrophages, which are a normal component of WAT, 
but also by adipocytes. Other proinflammatory compo-
nents such as CCL2 (also known as monocyte chemoat-
tractant protein 1), CCL3 (also known as macrophage 
inflammatory protein 1α) and IL-8 are also produced 
by WAT.126–128 Among the adipokines, leptin, resistin, 
RBP4, lipocalin 2, complement factor D (also known 
as adipsin), NAMPT (also known as visfatin) and 
ANGPTL2, as well as IL-6, IL-18, CCL2 and CXCL5, 
are known to exert proinflammatory effects, whereas 
adiponectin and SFRP5 are considered anti-inflamma-
tory,121,129 even though the data are not concordant.130 
Production of these cytokines affects diseases with an 
inflammatory pathogenesis, among which type 2 diabe-
tes mellitus is of major interest because of its links with 
obesity. Indeed, proinflammatory molecules such as 
tumour necrosis factor are known to have direct effects 
on insulin sensitivity, as they are able to induce phos-
phorylation of the insulin receptor, thereby in hibiting 
insulin signalling.131

In a study where centenarians’ offspring were 
character ized by better health than age-matched 
control individuals whose parents were not long-lived, 
no differences were found in terms of plasma levels of 
adipo kines.132 However, when focusing the analysis on 
patients with the metabolic syndrome, centenarians’ 
offspring seemed to be healthier and more functionally 
fit and had lower levels of resistin than offspring of not-
long-lived people. This finding suggests an important 
role for adipokines in determining the health status of 
old (aged 65–77 years) people. Not surprisingly, the 
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production of these inflammatory mediators has been 
linked to oxidative stress. Indeed, it has been reported 
that adipocytes can generate ROS, and that the increased 
production of such ROS, especially during hypoxia, is 
linked to dysregulated expression of adipokines, includ-
ing adipo nectin, plasminogen activator inhibitor 1, IL-6 
and CCL2.133 Accordingly, researchers have observed 
that physical exercise decreases the expression of inflam-
matory adipokines through a reduction in the level of 
oxidative stress.134 Interestingly, CCL2 is also involved 
in adipogenesis, via ZC3H12A (also known as MCPIP) 
that acts by inducing the production of ROS and reactive 
nitrogen species.135 Therefore, WAT produces inflamma-
tory mediators via a mechanism that includes generation 
of ROS, and some of these inflammatory molecules then 
induce adipogenesis through production of ROS. In fact, 
it has been recognised that not only adipocyte hyper-
trophy but also hyperplasia contributes to increased 
levels of WAT in adults.136 Hence, ROS seems to have a 
central role in WAT-generated inflammation and adipo-
genesis, but this role has been questioned by the obser-
vation that the ablation of Nrf2, which is involved in the 
antioxidant response, in mice impairs adipogenesis and 
protects against diet-induced obesity.137

The production of ROS and consequently of inflam-
matory compounds by both infiltrating macrophages 
and adipocytes is considered an early stage of metabolic 
diseases such as type 2 diabetes mellitus. Interestingly, 
a plethora of microRNAs has been associated with the 
inflammatory phenotype found in dysfunctional adipo-
cytes and with the increased adipogenesis present in 
obesity.138,139 Some of these microRNAs are involved  
in the regulation of inflammation. For example, miR-21 
inhibits the TGF-β signalling pathway; TGF-β is not only 
an anti-inflammatory cytokine, but is also involved in 
the inhibition of adipogenesis.140 Interestingly, the cir-
culating level of miR-21 has been found to be increased 
in old people (aged ~80 years old), but decreased in 
cen tenarians.141 A number of microRNAs exert similar 
effects in both WAT and vascular tissue.138 Assuming that 
miR-21 can have the same effects on WAT and vascular 
tissue, it could be hypothesized that a decreased level of 
miR-21 is one of the mechanisms through which inflam-
mation at the level of endothelia is controlled in cen-
tenarians, accounting for the low rate of cardio vascular 
diseases in these exceptional individuals.

In addition, WAT is now known to be able to produce 
inflammatory mediators as a metabolic reaction to 
excess intake of nutrients, and this type of inflamma-
tion has been termed ‘metaflammation’.142 In mice, 
excess fat in the diet has been linked to suppression in 
WAT of de novo synthesis of fatty acids,143 among which 
palmitoleate seems to be of particular importance.143 
Palmitoleate exerts anti-inflammatory effects in adipo-
cytes and its circulating form promotes insulin sensi-
tivity in muscle and liver.143 Weight control in patients 
undergoing a dietary intervention has been correlated 
with high levels of palmitoleate and other unsaturated 
fatty acids in WAT,144 which suggests that signalling pro-
cesses that are mediated by fatty acids might also exist 

in humans. At present, whether ROS can influence the 
production of these mediators is unclear.

WAT is the only endocrine tissue that does not 
undergo age-related involution but rather increases with 
age. Fat mass, BMI and percentage of body fat are known 
to increase from age 20 years and level off at ~80 years.145 
Other than the effect on metabolic diseases such as 
type 2 diabetes mellitus, the increase in the amount of 
WAT is known to be associated with decreased muscle 
force and increased disability, morbidity and mortal-
ity.146 Therefore, fat and muscle tissues seem to have an 
intense crosstalk that impedes muscle function. Skeletal 
muscle produces its own cytokines—myokines—and 
can thus be considered as a sui generis endocrine tissue. 
The prototypic myokine is IL-6, which is important for 
proper muscle metabolism.147 Stress signals leading to 
the production of IL-6 in muscle include oxidative or 
nitrosative stress, together with damaged or unfolded 
proteins, hyperthermia or energy imbalance. For these 
reasons, skeletal muscle has been proposed to be a sensor 
and responder to stresses, among which oxidative stress 
can have a prominent role as a result of the high level 
of oxygen consumption that takes place in this tissue.148 
Other myokines such as MSTN (myostatin), LIF, IL-7, 
IL-15, BDNF, IGF-1, FGF-2, FSTL-1, FNDC5 (irisin) 
and SPARC have many different autocrine, para crine 
and endocrine effects on target organs, including WAT.149 
Although muscle ageing is widely studied in terms of loss 
of force, much less is known about its possible age-related 
modifications as an endocrine tissue, and about the inter-
connections between oxidative stress and myokines. This 
topic will probably represent one of the new frontiers in 
endocrinology research.

Oxidative stress is believed to be involved in the 
develop ment of obesity and metabolic syndrome and it 
can contribute to the neuron damage observed in several 
neurodegenerative disorders for which metabolic syn-
drome is a primary risk factor.150,151 In this respect, lipid 
peroxidation has a crucial role. The resulting break-
down products from lipid peroxidation, mostly alde-
hydes (malondialdehyde, 4-hydroxynonenal, hexanal 
and acrolein), adversely affect proteins involved in the 
regulation of cellular ion balance, energy homeostasis, 
cell proliferation, cytoskeletal structure and neuro-
transmission. These effects can compromise cellular 
function and lead to cell death.150,152

ROS, inflammation and ageing
Despite its great popularity, the free radical theory of 
ageing has been questioned by experimental evidence 
that has accumulated in the past few years.153 For 
example, overexpression of enzymatic antioxidants such 
as superoxide dismutase seems to increase the lifespan 
of the worm C. elegans, but does not protect the worm 
against production of ROS.154 Mice with alterations 
in genes involved in antioxidant systems do not show 
notable modifications of lifespan when kept in optimal 
husbandry conditions. These findings suggest that oxi-
dative stress does not affect longevity. However, when 
these transgenic and/or knockout mice were tested 
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using models that develop various types of age-related 
pathology, they show alterations in progression and/
or severity of pathology, which suggests that oxidative 
stress has a role in determining how many months or 
years an animal is disease-free for, rather than effect-
ing lifespan.155 Nevertheless, less pervasive, non-genetic 
manipulations known to improve longevity, such as 
calorie restriction and physical exercise, actually result 
in the production of ROS in experimental models,156 a 
finding that is at variance with what is predicted by the 
ROS theory of ageing.

In Homo sapiens, the production of ROS is tightly con-
trolled by a plethora of antioxidant systems.157 Arguably, 
the allocation of resources for antioxidant defences has 
probably already evolved to a maximal level in long- 
living primates and humans, thus complicating any inter-
vention against oxidative stress and probably minimizing 
the effect of any further supply of antioxidants. Available 
data on the variations with age of antioxidant defence 
mechanisms in humans do not arrive at a definitive con-
clusion, as some authors reported an increase or decrease 
in the activity of the mechanisms with ageing.158,159

Even more importantly, ROS qualify as fundamen-
tal second messengers that are important not only for 
a series of general biologic processes, such as the cell 
cycle,160 metabolism, differentiation and cell survival,161 
but also for the above-mentioned specific differen-
tiation and signalling processes in several endocrine 
organs. Therefore, the complete elimination or unspe-
cific consistent downregulation of ROS is definitely 
not advantageous for the organism. Accordingly, on 
many occasions, clinical trials with antioxidants such 
as β-carotene, vitamin A and vitamin E have actually 
reported an increase in mortality.162 Is oxidative stress 
therefore to be ruled out as a possible cause of ageing, as 
proposed?153 We do not think that the oxidative theory 
of ageing is dead. Instead, we here propose that the oxi-
dative theory of ageing is to be complemented and inte-
grated with the inflammatory theory of ageing. Indeed, 
inflammation has all the characteristics to be a possible 
link capable of integrating oxidative stress and ageing.

A major characteristic of ageing seems to be a mild 
but constant increase in the production of a variety of 
proinflammatory mediators, which leads to a complex 
status of chronic, sterile, subclinical inflammation that 
we propose to term ‘inflamm-ageing’ (Box 1).163–165  
The majority of the age-associated diseases, such as 
type 2 diabetes mellitus, neurodegeneration, cancer, 
osteo arthritis, autoimmune and cardiovascular dis-
eases, have an inflammatory background.166 Thus, it can 
be surmised that unnecessary inflammatory responses 
characterize and probably cause the ageing phenotype. 
Inflammation is intrinsically linked to oxidative stress, 
as ROS can directly or indirectly activate transcription 
factors such as NF-κB and AP-1 that can promote inflam-
mation.167 A schematic picture of the molecular con-
nections between oxidative stress and inflammation is 
provided in Figure 4. Of note, transcription factors such 
as NF-κB are also important for antioxidant and pro-
survival cellular responses. Nevertheless, as mentioned 

above, whether these antioxidant responses decrease or 
increase with ageing is still debated, whereas the produc-
tion of ROS is known to increase, thus tilting the redox 
balance toward a pro-oxidant state.

Cellular senescence, a stress response that suppresses 
tumours and is also associated with ageing, entails the 
acquisition of a phenotype characterized by the secretion 
of proinflammatory proteins, termed SASP (senescence-
associated secretory phenotype), and might be an impor-
tant additional contributor to chronic inflammation.168 
In some tissues, cell senescence can be induced by oxida-
tive stress.169 Therefore, ROS might possibly induce organ 
ageing via the induction of cell senescence, which might 
also be the case in many, if not all, endocrine tissues. 
Considering the present lack of knowledge regarding this 
specific topic, it is envisaged that studies in this direction 
will be one of the objectives of en docrinology research 
in the next few years.

Box 1 | Inflamm-ageing

Human ageing is characterized by an increased amount of circulating 
proinflammatory mediators, such as C-reactive protein and IL-6.184 Our group 
proposed to indicate this phenomenon as ‘inflamm-ageing’.163–165 Should 
inflamm-ageing be a major (primary or secondary) cause of ageing, patients with 
low inflammatory responses would have a survival advantage. Centenarians 
can be considered the best example of successful ageing, but quite 
paradoxically they also have signs of inflammation and decreased antioxidant 
defences.157,185–189 Despite this apparently unfavourable situation regarding 
inflammation and oxidative stress, these exceptional individuals avoided or 
consistently delayed diseases such as type 2 diabetes mellitus, cardiovascular 
diseases or invasive cancer.190–192 These data in centenarians, as well as a 
plethora of other data in the elderly, lead to the important conclusion that 
inflamm-ageing and oxidative stress are universal phenomena associated with 
human ageing but paradoxically compatible per se with longevity, either disease-
free or disease-associated. However, the cytokine-receptor system can be quite 
complex, and in some cases, lead to the opposite results (proinflammatory 
or anti-inflammatory responses), as in the case of IL-6 receptors, IL-6Rα and 
gp130.193 Therefore, it is important to check which one of these receptors is 
expressed on endocrine tissues to understand which response is the effect of 
IL-6 on such tissues.

IL-1β, IL-18

DNA
damage

ROS IL-6, TNF-α,
chemokines

DNA
damage
response
γ-H2AX

Cell
senescence

In�ammasomes

Telomere
uncapping

Mitochondrial
dysfunction

NF-κB, AP-1 In�ammation

TRX, Ref1, Nrf2
Antioxidant
systems

Figure 4 | Schematic representation of the connections between oxidative stress 
and inflammation and their modification during ageing. Small upright arrow: 
increase with age.164,167,171,201–205 Abbreviation: ROS, reactive oxygen species.
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Furthermore, ROS can damage DNA and thus elicit 
a DNA damage response, in particular via the ataxia 
telangiectasia mutated pathway, which seems to be 
preferen tially activated by DNA double strand breaks 
and has been shown to serve as a sensor of oxidative 
stress.170 The DNA damage response can actually trigger 
inflammation via the production of IL-6 (Figure 4).171–175 
These cytokines can induce DNA damage in bystander 
cells, which in turn will produce other cytokines, thus 
am plifying the original signals.176

ROS (and the DNA damage response) can also induce 
the maturation of the proinflammatory IL-1β, mediated 
by supramolecular complexes called inflammasomes 
(Box 2). Given all these connections between oxidative 
stress and inflammation, and given the fact that oxida-
tive stress increases with age,177–179 a continuous pro-
duction of ROS for a period of time much longer than 
that determined by natural selection could possibly be 
among the leading causes of inflamm-ageing. However, 
major questions such as the link (or links) between ROS, 
inflammation and the activation of inflam masomes 
remain unanswered (Figure 4). Similarly, whether 
inflamm-ageing affects the endocrine system, and 
the magnitude of this effect, and whether inflamma-
tion could be the missing link between oxidative stress 
and ageing of endocrine tissues and organs is largely 
unclear. Specific studies to address this question are 
urgently needed.

As we argued regarding inflamm-ageing and pro-
inflammatory and anti-inflammatory mediators,164,165 
we can hypothesize that what matters during ageing 
is the complex cell-specific, organ-specific and tissue-
specific balance between the physiological and the 
pathological role of ROS and reactive nitrogen species. 
The most severe pathological effects of inflamm-ageing 
and oxidative stress can be largely independent of the 
total amount of proinflammatory mediators or oxidized 
products that can be measured at the systemic level, but 
the effects could be associated with the local balanced 
or unbalanced amounts of the mediators produced at 
the different, specific anatomical districts.165,180 This 

hypothesis that is specific to cells, tissues or organs fits 
with the above-mentioned data on miRNAs, whose pro-
duction is often specific to the tissue and disease.181,182 
Similar considerations can be applied to the cell-specific, 
organ-specific and tissue-specific balance between oxi-
dants and antioxidants and to the interaction between 
inflammatory and oxidative responses. Accordingly, an 
integrated systems biology approach of inflammation 
and oxidative stress in ageing animals should be pursued 
to identify targets for drugs that are specific to cells, 
tissues or organs and are capable of exerting focused 
anti-inflammatory and antioxidative activity.

Conclusions
From an evolutionary perspective, it can be assumed 
that the physiological role of inflammation and the pro-
duction of reactive oxygen and nitrogen species is not 
to cause ageing of the organism, as organisms cannot 
survive without them, but that these species are involved 
in ageing and age-associated diseases. Therefore, in  
the next few years, it will be necessary to investigate the 
following critical topics: which parts or components 
of inflammatory responses and oxidative stress must 
be switched off to delay ageing and avoid or postpone 
age-related pathologies; and whether the inflamma-
tory reactions are causal for the ageing of the endo-
crine system itself and of the whole body, con sidering 
the crucial importance of hormones and immune 
responses in orchestrating the body’s responses to all 
types of stressors.

Another challenge that is now appearing on the hori-
zon of scientific research is the study of the effect of pre-
natal stresses on the ageing process and susceptibility to 
diseases over a person’s lifespan. Context-inappropriate 
and time-inappropriate exposure to various stresses 
(including inflammatory and oxidative stress) during 
intra uterine development have been proposed to alter 
telomere biology.183 The effects of prenatal stresses are 
probably not limited to telomeres and can have a more 
general spectrum of action, including in endocrine 
organs. This topic deserves specific investigations to 
connect early life events, oxidative stress and ageing of 
the endocrine system.

Review criteria

This Review was based on the authors’ personal 
collection of publications and conference abstracts 
concerning oxidative stress and the ageing endocrine 
system, as well as mechanisms of human ageing and 
longevity. In addition, we performed a search for original 
articles and reviews published up to October 2012 
using PubMed. The search terms used were “oxidative 
stress”, “ROS”, “ageing”, “aging”, “endocrine system”, 
“hypothalamus”, “pituitary”, “thyroid”, “endocrine 
pancreas”, “beta cells”, “ovary”, “testis”, “adrenal”, 
“adipose tissue”, “inflammation”, “microRNA”, 
“mitochondria”, and “cell senescence”. All papers 
identified were English-language, full-text papers. We 
also searched the reference lists of identified articles for 
further papers.

Box 2 | The inflammasome

A molecular link between production of reactive oxygen species (ROS) and 
inflammation is represented by inflammasomes. In fact, pattern recognition 
receptors such as the nucleotide-binding domain leucine-rich repeat-containing 
receptor family (NLR), when triggered by a variety of sterile (molecules derived 
from the host or environment) or pathogen-associated activators, can stimulate 
the assembly of complexes called inflammasomes.194 These inflammasomes 
promote the maturation of proinflammatory cytokines such as IL-1β and IL-18. 
The production of ROS can activate the NLRP3 inflammasome,195 and the redox 
status of the cell regulates the processing and secretion of IL-1β.196 ROS can 
induce DNA breaks that trigger the DNA damage response, which in turn activate 
AIM2 inflammasomes.197,198 Thus, ROS can in some way activate the machinery 
that leads to the production of proinflammatory compounds and therefore to 
inflammation. Whether inflammasome activation is associated with inflamm-
ageing is not yet clear, but it could be involved in many diseases that have an 
inflammatory pathogenesis, such as type 2 diabetes mellitus, autoimmune 
thyroid diseases, atherosclerosis, colorectal cancer and other inflammatory 
bowel diseases.199,200

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved



NATURE REVIEWS | ENDOCRINOLOGY  VOLUME 9 | APRIL 2013 | 237

1. Harman, D. Aging: a theory based on free radical 
and radiation chemistry. J. Gerontol. 11,  
298–300 (1956).

2. Hertoghe, T. The “multiple hormone deficiency” 
theory of ageing: is human senescence caused 
mainly by multiple hormone deficiencies? Ann. 
NY Acad. Sci. 1057, 448–465 (2005).

3. Vitale, G. et al. Low circulating IGF-I bioactivity is 
associated with human longevity: Findings in 
centenarians’ offspring. Ageing (Albany NY) 4, 
580–589 (2012).

4. McCann, S. M., Mastronardi, C., de Laurentiis, A. 
& Rettori, V. The nitric oxide theory of ageing 
revisited. Ann. NY Acad. Sci. 1057, 64–84 
(2005).

5. Kondo, T., Ohshima, T. & Ishida, Y. Age-
dependent expression of 8-hydroxy-2'-
deoxyguanosine in human pituitary gland. 
Histochem. J. 33, 647–651 (2001).

6. Rodrigues Siqueira, I., Fochesatto, C., da Silva 
Torres, I. L., Dalmaz, C. & Alexandre Netto, C. 
Ageing affects oxidative state in hippocampus, 
hypothalamus and adrenal glands of Wistar rats. 
Life Sci. 78, 271–278 (2005).

7. Nessi, A. C., De Hoz, G., Tanoira, C., Guaraglia, E. 
& Consens, G. Pituitary physiological and 
ultrastructural changes during ageing. Endocrine 
3, 711–716 (1995).

8. Argüelles, S., Cano, M., Machado, A. & Ayala, A. 
Effect of ageing and oxidative stress on 
elongation factor-2 in hypothalamus and 
hypophysis. Mech. Ageing Dev. 132, 55–64 
(2011).

9. Garrido P. Ageing and stress: past hypotheses, 
present approaches and perspectives. Ageing 
Dis. 2, 80–99 (2011).

10. Aguilera, G. HPA axis responsiveness to stress: 
implications for healthy ageing. Exp. Gerontol. 
46, 90–95 (2011).

11. Jacobson, L. & Sapolsky, R. M. The role of the 
hippocampus in feedback regulation of the 
hypothalamic–pituitary-adrenocortical axis. 
Endocr. Rev. 12, 118–134 (1991).

12. Berardelli, R. et al. Role of mineralocorticoid 
receptors on the hypothalamus–pituitary-adrenal 
axis in humans. Endocrine 43, 51–58 (2013).

13. Rothman, S. M. & Mattson, M. P. Adverse 
stress, hippocampal networks, and Alzheimer’s 
disease. Neuromolecular Med. 12, 56–70 
(2010).

14. Sapolsky, R. M., Krey, L. C. & McEwen, B. S. The 
neuroendocrinology of stress and ageing: the 
glucocorticoid cascade hypothesis. Endocr. Rev. 
7, 284–301 (1986).

15. Conrad, C. D. Chronic stress-induced 
hippocampal vulnerability: the glucocorticoid 
vulnerability hypothesis. Rev. Neurosci. 19,  
395–411 (2008).

16. Kobayashi, N. et al. Elevation by oxidative stress 
and ageing of hypothalamic–pituitary-adrenal 
activity in rats and its prevention by vitamin E. 
J. Clin. Biochem. Nutr. 45, 207–213 (2009).

17. Costantini, D., Marasco, V. & Møller, A. P. A meta-
analysis of glucocorticoids as modulators of 
oxidative stress in vertebrates. J. Comp. Physiol. 
B. 181, 447–456 (2011).

18. Sato, H., Takahashi, T., Sumitani, K., Takatsu, H. 
& Urano, S. Glucocorticoid generates ROS to 
induce oxidative injury in the hippocampus, 
leading to impairment of cognitive function of 
rats. J. Clin. Biochem. Nutr. 47, 224–232 
(2010).

19. Angioni, S. et al. Corticotropin-releasing hormone 
modulates cytokines release in cultured human 
peripheral blood mononuclear cells. Life Sci. 53, 
1735–1742 (1993).

20. Genedani, S. et al. Influence of f-MLP,  
ACTH(1–24) and CRH on in vitro chemotaxis of 

monocytes from centenarians. 
Neuroimmunomodulation 15, 285–289 (2008).

21. Franceschi, C. et al. The network and the 
remodeling theories of aging: historical 
background and new perspectives. Exp. 
Gerontol. 35, 879–896 (2000).

22. Messarah, M., Saoudi, M., Boumendjel, A., 
Boulakoud, M. S. & Feki, A. E. Oxidative stress 
induced by thyroid dysfunction in rat erythrocytes 
and heart. Environ. Toxicol. Pharmacol. 31, 33–41 
(2011).

23. Nishizawa, H. et al. Enhanced oxidative stress in 
GH-transgenic rat and acromegaly in humans. 
Growth Horm. IGF Res. 22, 64–68 (2012).

24. Meng, D., Shi, X., Jiang, B. H. & Fang J. Insulin-
like growth factor-I (IGF-I) induces epidermal 
growth factor receptor transactivation and cell 
proliferation through reactive oxygen species. 
Free Radic. Biol. Med. 42, 1651–1660 (2007).

25. Conti, E. et al. IGF-1 and atherothrombosis: 
relevance to pathophysiology and therapy. Clin. 
Sci. (Lond.) 120, 377–402 (2011).

26. Higashi, Y., Sukhanov, S., Anwar, A., Shai, S. Y. & 
Delafontaine, P. IGF-1, oxidative stress and 
atheroprotection. Trends Endocrinol. Metab. 21, 
245–254 (2010).

27. Fontana, L., Partridge, L. & Longo, V. D. 
Extending healthy life span-from yeast to 
humans. Science 328, 321–326 (2010).

28. Bonafe, M. et al. Polymorphic variants of insulin-
like growth factor I (IGF-I) receptor and 
phosphoinositide 3-kinase genes affect IGF-I 
plasma levels and human longevity: cues for an 
evolutionarily conserved mechanism of lifespan 
control. J. Clin. Endocrinol. Metab. 88,  
3299–3304 (2003).

29. Colao, A. et al. Insulin-like growth factor 
deficiency determines increased intima-media 
thickness at common carotid arteries in adult 
patients with growth hormone deficiency. Clin. 
Endocrinol. 61, 360–366 (2004).

30. Galderisi, M. et al. Positive association between 
circulating free IGF-1 levels and coronary flow 
reserve in arterial systemic hypertension. Am. J. 
Hypertens. 15, 766–772 (2002).

31. Galderisi, M. et al. Inverse association between 
free insulin-like growth factor-1 and isovolumic 
relaxation in arterial systemic hypertension. 
Hypertension 38, 840–845 (2001).

32. Sherlock, M. et al. Mortality in patients with 
pituitary disease. Endocr. Rev. 31, 301–342 
(2010).

33. Kireev, R. A. et al. Effect of exogenous 
administration of melatonin and growth hormone 
on pro-antioxidant functions of the liver in aging 
male rats. J. Pineal. Res. 42, 64–70 (2007).

34. Reiter, R. J. The pineal gland and melatonin in 
relation to aging: a summary of the theories and 
of the data. Exp. Gerontol. 30, 199–212 (1995).

35. Reiter, R. J., Guerrero, J. M., Garcia, J. J. & 
Acuña-Castroviejo, D. Reactive oxygen 
intermediates, molecular damage, and aging. 
Relation to melatonin. Ann. NY Acad. Sci. 20, 
410–424 (1998).

36. Fong, P. Thyroid iodide efflux: a team effort? 
J. Physiol. 589, 5929–5939 (2011).

37. Ohye, H. & Sugawara, M. Dual oxidase, hydrogen 
peroxide and thyroid diseases. Exp. Biol. Med. 
(Maywood) 235, 424–433 (2010).

38. Schweizer, U., Chiu, J. & Köhrle J. Peroxides and 
peroxide-degrading enzymes in the thyroid. 
Antioxid. Redox Signal. 10, 1577–1592 (2008).

39. Mariotti, S. et al. Complex alteration of thyroid 
function in healthy centenarians. J. Clin. 
Endocrinol. Metab. 77, 1130–1134 (1993).

40. Mariotti, S., Franceschi, C., Cossarizza, A. & 
Pinchera, A. The aging thyroid. Endocr. Rev. 16, 
686–715 (1995).

41. Pinchera, A. et al. Thyroid autoimmunity and 
ageing. Horm. Res. 43, 64–68 (1995).

42. Corsonello, A. et al. A cross-section analysis of 
FT3 age-related changes in a group of old and 
oldest-old subjects, including centenarians’ 
relatives, shows that a down-regulated thyroid 
function has a familial component and is related 
to longevity. Age Ageing 39, 723–727 (2010).

43. Rozing, M. P. et al. Familial longevity is 
associated with decreased thyroid function. 
J. Clin. Endocrinol. Metab. 95, 4979–4984 
(2010).

44. Mitrou, P., Raptis, S. A. & Dimitriadis, G. Thyroid 
disease in older people. Maturitas 70, 5–9 
(2011).

45. Burek, C. L. & Rose, N. R. Autoimmune 
thyroiditis and ROS. Autoimmun. Rev. 7,  
530–537 (2008).

46. Zarkovic M. The role of oxidative stress on the 
pathogenesis of Graves’ disease. J. Thyroid Res. 
2012, 302537 (2012).

47. Cloos, P. A. & Christgau, S. Post-translational 
modifications of proteins: implications for 
ageing, antigen recognition, and autoimmunity. 
Biogerontology 5, 139–158 (2004).

48. Duthoit, C. et al. Hydrogen peroxide-induced 
production of a 40 kDa immunoreactive 
thyroglobulin fragmentin human thyroid cells: the 
onset of thyroid autoimmunity? Biochem. J. 360, 
557–562 (2001).

49. Zheng, R. Q. et al. Expression of intercellular 
adhesion molecule-1 and lymphocyte function-
associated antigen-3 on human thyroid epithelial 
cells in Graves’ and Hashimoto’s diseases. 
J. Autoimmun. 3, 727–736 (1990).

50. Schomburg, L. Selenium, selenoproteins and 
the thyroid gland: interactions in health and 
disease. Nat. Rev. Endocrinol. 8, 160–171 
(2011).

51. Duntas, L. H. Selenium and the thyroid: a close-
knit connection. J. Clin. Endocrinol. Metab. 95, 
5180–5188 (2010).

52. Akbaraly, T. N. et al. Plasma selenium over time 
and cognitive decline in the elderly. Epidemiology 
18, 52–58 (2007).

53. Lassoued, S. et al. A comparative study of the 
oxidative profile in Graves’ disease, 
Hashimoto’s thyroiditis, and papillary thyroid 
cancer. Biol. Trace Elem. Res. 138, 107–115 
(2010).

54. Wang, D. et al. Total oxidant/antioxidant status 
in sera of patients with thyroid cancers. Endocr. 
Relat. Cancer 18, 773–782 (2011).

55. Du, Z. X., Zhang, H. Y., Meng, X., Guan, Y. & 
Wang, H. Q. Role of oxidative stress and 
intracellular glutathione in the sensitivity to 
apoptosis induced by proteasome inhibitor in 
thyroid cancer cells. BMC Cancer 9, 56–67 
(2009).

56. Laatikainen, L. E. et al. Extracellular superoxide 
dismutase is a thyroid differentiation marker 
down-regulated in cancer. Endocr. Relat. Cancer 
17, 785–796 (2010).

57. Erdamar, H. et al. Increased lipid peroxidation 
and impaired enzymatic antioxidant defense 
mechanism in thyroid tissue with multinodular 
goiter and papillary carcinoma. Clin. Biochem. 
43, 650–654 (2010).

58. Karger, S. et al. Distinct pattern of oxidative DNA 
damage and DNA repair in follicular thyroid 
tumours. J. Mol. Endocrinol. 48, 193–202 
(2012).

59. Xing, M. Oxidative stress: a new risk factor for 
thyroid cancer. Endocr. Relat. Cancer 19, C7–C11 
(2012).

60. Paschke, R. Molecular pathogenesis of nodular 
goiter. Langenbecks Arch. Surg. 396,  
1127–1136 (2011).

 FOCUS ON THE AGEING ENDOCRINE SYSTEM

© 2013 Macmillan Publishers Limited. All rights reserved



238 | APRIL 2013 | VOLUME 9 www.nature.com/nrendo

61. Aslan, M. et al. Evaluation of oxidative status in 
patients with hyperthyroidism. Endocrine 40, 
285–289 (2011).

62. Morini, P., Casalino, E., Sblano, C. & 
Landriscina, C. The response of rat liver lipid 
peroxidation, antioxidant enzyme activities and 
glutathione concentration to the thyroid hormone. 
Int. J. Biochem. 23, 1025–1030 (1991).

63. Komosinska-Vassev, K. et al. Free radical activity 
and antioxidant defence mechanisms in patients 
with hyperthyroidism due to Graves’ disease 
during therapy. Clin. Chim. Acta 300, 107–117 
(2000).

64. Wilson, R. et al. Free radicals and Graves’ 
disease: the effect of therapy. Clin. Endocrinol. 
30, 429–433 (1989).

65. Reers, C. et al. Impaired islet turnover in human 
donor pancreata with ageing. Eur. J. Endocrinol. 
160, 185–191 (2009).

66. Defronzo, R. A. Glucose intolerance and ageing. 
Diabetes Care 4, 493–501 (1981).

67. Robertson, R. P. Beta-cell deterioration during 
diabetes: what’s in the gun? Trends Endocrinol. 
Metab. 20, 388–393 (2009).

68. Rains, J. L. & Jain, S. K. Oxidative stress, insulin 
signaling, and diabetes. Free Radic. Biol. Med. 
50, 567–575 (2011).

69. Li, N., Stojanovski, S. & Maechler, P. 
Mitochondrial hormesis in pancreatic β cells: 
does uncoupling protein 2 play a role? Oxid. Med. 
Cell. Longev. 2012, 740849 (2012).

70. Pi, J. & Collins, S. Reactive oxygen species and 
uncoupling protein 2 in pancreatic β-cell 
function. Diabetes Obes. Metab. 12 (Suppl. 2), 
141–148 (2010).

71. Pi, J. et al. Reactive oxygen species as a signal 
in glucose-stimulated insulin secretion. Diabetes 
56, 1783–1791 (2007).

72. Supale, S., Li, N., Brun, T. & Maechler, P. 
Mitochondrial dysfunction in pancreatic β cells. 
Trends Endocrinol. Metab. 23, 477–487 (2012).

73. Newsholme, P. et al. Reactive oxygen and 
nitrogen species generation, antioxidant 
defenses, and β-cell function: a critical role for 
amino acids. J. Endocrinol. 214, 11–20 (2012).

74. Rashidi, A., Kirkwood, T. B. & Shanley, D. P. 
Metabolic evolution suggests an explanation  
for the weakness of antioxidant defences in 
beta-cells. Mech. Ageing Dev. 130, 216–221 
(2009).

75. Ma, Z. A., Zhao, Z. & Turk, J. Mitochondrial 
dysfunction and β-cell failure in type 2 diabetes 
mellitus. Exp. Diabetes Res. 2012, 703538 
(2012).

76. Maiese, K., Morhan, S. D. & Chong, Z. Z. 
Oxidative stress biology and cell injury during 
type 1 and type 2 diabetes mellitus. Curr. 
Neurovasc. Res. 4, 63–71 (2007).

77. Maedler K. et al. Ageing correlates with 
decreased beta-cell proliferative capacity and 
enhanced sensitivity to apoptosis: a potential 
role for Fas and pancreatic duodenal 
homeobox-1. Diabetes 55, 2455–2462 (2006).

78. Behrman, H. R., Kodaman, P. H., Preston, S. L. & 
Gao, S. Oxidative stress and the ovary. J. Soc. 
Gynecol. Investig. 8, S40–S42 (2001).

79. Agarwal, A., Aponte-Mellado, A., Premkumar, B. J., 
Shaman, A. & Gupta, S. The effects of oxidative 
stress on female reproduction: a review. Reprod. 
Biol. Endocrinol. 10, 49 (2012).

80. Hanukoglu, I. Antioxidant protective mechanisms 
against reactive oxygen species (ROS) 
generated by mitochondrial P450 systems in 
steroidogenic cells. Drug Metab. Rev. 38,  
171–196 (2006).

81. Shkolnik, K. et al. Reactive oxygen species are 
indispensable in ovulation. Proc. Natl Acad. Sci. 
USA 108, 1462–1467 (2011).

82. Al-Gubory, K. H., Garrel, C., Faure, P. & Sugino, N. 
Roles of antioxidant enzymes in corpus luteum 
rescue from reactive oxygen species-induced 
oxidative stress. Reprod. Biomed. Online [online], 
http://dx.doi.org/10.1016/j.rbmo.2012.08.004 
 (2012).

83. Broekmans, F. J., Soules, M. R. & Fauser, B. C. 
Ovarian ageing: mechanisms and clinical 
consequences. Endocr. Rev. 30, 465–493 
(2009).

84. Tarin, J. J. Aetiology of age-associated 
aneuploidy: a mechanism based on the ‘free 
radical theory of ageing’. Hum. Reprod. 10, 
1563–1565 (1995).

85. Tatone, C. et al. Age-dependent changes in the 
expression of superoxide dismutases and 
catalase are associated with ultrastructural 
modifications in human granulosa cells. Mol. 
Hum. Reprod. 12, 655–660 (2006).

86. Wiener-Megnazi, Z. et al. Oxidative stress indices 
in follicular fluid as measured by the 
thermochemiluminescence assay correlate with 
outcome parameters in in vitro fertilization. 
Fertil. Steril. 82, 1171–1176 (2004).

87. Das, S. et al. Reactive oxygen species level in 
follicular fluid—embryo quality marker in IVF? 
Hum. Reprod. 21, 2403–2407 (2006).

88. Tatone, C. et al. Cellular and molecular aspects 
of ovarian follicle ageing. Hum. Reprod. Update 
14, 131–142 (2008).

89. Tatone, C. et al. Female reproductive dysfunction 
during ageing: role of methylglyoxal in the 
formation of advanced glycation endproducts in 
ovaries of reproductively-aged mice. J. Biol. 
Regul. Homeost. Agents 24, 63–72 (2010).

90. Wen, Y. et al. Relationship of glycation, 
antioxidant status and oxidative stress to 
vascular endothelial damage in diabetes. 
Diabetes Obes. Metab. 4, 305–308 (2002).

91. Hartog, J. W., Voors, A. A., Bakker, S. J., 
Smit, A. J. & van Veldhuisen, D. J. Advanced 
glycation end-products (AGEs) and heart failure: 
pathophysiology and clinical implications. Eur. J. 
Heart Fail. 9, 1146–1155 (2007).

92. Duleba, A. J., Dokras, A. Is PCOS an inflammatory 
process? Fertil. Steril. 97, 7–12 (2012).

93. Gonzalez, F., Rote, N. S., Minium, J. & 
Kirwan, J. P. Reactive oxygen species-induced 
oxidative stress in the development of insulin 
resistance and hyperandrogenism in polycystic 
ovary syndrome. J. Clin. Endocrinol. Metab. 91, 
336–340 (2006).

94. Chan, D. W. et al. Loss of MK3 mediated by 
oxidative stress enhances tumorigenicity and 
chemiluminescence of ovarian cancer cells. 
Carcinogenesis 29, 1742–1750 (2008).

95. Pylväs, M., Puistola, U., Laatio, L., Kauppila, S. & 
Karihtala, P. Elevated serum 8-OHdG is associated 
with poor prognosis in epithelial ovarian cancer. 
Anticancer Res. 31, 1411–1415 (2011).

96. Pearce, C. L. et al. Ovarian Cancer Association 
Consortium. Association between endometriosis 
and risk of histological subtypes of ovarian 
cancer: a pooled analysis of case–control 
studies. Lancet Oncol. 13, 385–394 (2012).

97. Munksgaard, P. S. & Blaakaer, J. The association 
between endometriosis and ovarian cancer: 
a review of histological, genetic and molecular 
alterations. Gynecol. Oncol. 124, 164–169 
(2012).

98. Tai, P. & Ascoli, M. Reactive oxygen species 
(ROS) play a critical role in the cAMP-induced 
activation of Ras and the phosphorylation of 
ERK1/2 in Leydig cells. Mol. Endocrinol. 25, 
885–893 (2011).

99. Griveau, J. F. & Le Lannou, D. Reactive oxygen 
species and human spermatozoa. Int. J. Androl. 
20, 61–69 (1997).

100. Aitken, R. J., Jones, K. T. & Robertson, S. A. 
reactive oxygen species and sperm function-in 
sickness and in health. J. Androl. 33,  
1096–1106 (2012).

101. Aitken, R. J. & Roman, S. D. Antioxidant systems 
and oxidative stress in the testes. Oxid. Med. 
Cell. Longev. 1, 15–24 (2008).

102. Snyder, P. J. Effects of age on testicular function 
and consequences of testosterone treatment. 
J. Clin. Endocrinol. Metab. 86, 2369–2372 
(2001).

103. Chen, H., Hardy, M. P., Huhtaniemi, I. & 
Zirkin, B. R. Age-related decreased Leydig cell 
testosterone production in the Brown Norway 
rat. J. Androl. 15, 551–557 (1994).

104. Chen, H. et al. Age-related increase in 
mitochondrial superoxide generation in the 
testosterone-producing cells of Brown Norway 
rat testes: relationship to reduced steroidogenic 
function? Exp. Gerontol. 36, 1361–1373 (2001).

105. Cao, L., Leers-Sucheta, S. & Azharm S. Ageing 
alters the functional expression of enzymatic 
and non-enzymatic anti-oxidant defense systems 
in testicular rat Leydig cells. J. Steroid. Biochem. 
Mol. Biol. 88, 61–67 (2004).

106. Weir, C. P. & Robaire, B. Spermatozoa have 
decreased antioxidant enzymatic capacity and 
increased reactive oxygen species production 
during ageing in the Brown Norway rat. J. Androl. 
28, 229–240 (2007).

107. Lee, S. Y. et al. ROS inhibit the expression of 
testicular steroidogenic enzyme genes via the 
suppression of Nur77 transactivation. Free 
Radic. Biol. Med. 47, 1591–1600 (2009).

108. Hales, D. B., Diemer, T. & Hales, K. H. Role of 
cytokines in testicular function. Endocrine 10, 
201–217 (1999).

109. Gautam, D. K., Misro, M., Chaki, S. P. & 
Sehgal, N. H2O2 at physiological concentrations 
modulates Leydig cell function inducing oxidative 
stress and apoptosis. Apoptosis 11, 39–46 
(2006).

110. Nakamura, B. N. et al. Knockout of the 
transcription factor NRF2 disrupts 
spermatogenesis in an age-dependent manner. 
Free Radic. Biol. Med. 49, 1368–1379 (2010).

111. de Lamirande E., Jiang, H., Zini, A., Kodama, H. & 
Gagnon C. Reactive oxygen species and sperm 
physiology. Rev. Reprod. 2, 48–54 (1997).

112. Vina, J. et al. Females live longer than males: 
role of oxidative stress. Curr. Pharm. Des. 17, 
3959–3965 (2011).

113. Borrás, C. et al. Mitochondria from females 
exhibit higher antioxidant gene expression and 
lower oxidative damage than males. Free Radic. 
Biol. Med. 34, 546–552 (2003).

114. Shiota, M., Yokomizo, A. & Naito, S. Oxidative 
stress and androgen receptor signaling in the 
development and progression of castration-
resistant prostate cancer. Free Radic. Biol. Med. 
51, 1320–1328 (2011).

115. Knoops, A. J., van der Graaf, Y., Mali, W. P. & 
Geerlings, M. I. Age-related changes in 
hypothalamic–pituitary-adrenal axis activity in 
patients with manifest arterial disease. 
Endocrine 37, 231–238 (2010).

116. Traub, M. L. & Santoro, N. Reproductive aging 
and its consequences for general health. Ann. 
NY Acad. Sci. 1204, 179–187 (2010).

117. Azhar, S., Cao, L. & Reaven, E. Alteration of the 
adrenal antioxidant defense system during 
aging in rats. J. Clin. Invest. 96, 1414–1424 
(1995).

118. Abidi, P., Leers-Sucheta, S., Cortez, Y., Han, J. & 
Azhar, S. Evidence that age-related changes in 
p38 MAP kinase contribute to the decreased 
steroid production by the adrenocortical cells 
from old rats. Aging Cell 7, 168–178 (2008).

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1016/j.rbmo.2012.08.004


NATURE REVIEWS | ENDOCRINOLOGY  VOLUME 9 | APRIL 2013 | 239

119. Medicherla, R., Leers-Sucheta, S., Luo, Y. & 
Azhar, S. Impaired activation of AP-1 and altered 
expression of constitutive proteins in rat adrenal 
during aging. Mech. Ageing Dev. 122,  
1169–1186 (2001).

120. Medicherla, R., Leers-Sucheta, S., Luo, Y. & 
Azhar, S. Age-dependent modulation of 
NF-kappaB expression in rat adrenal gland. 
Mech. Ageing Dev. 123, 1211–1227 (2002).

121. Fantuzzi, G. Adipose tissue, adipokines, and 
inflammation. J. Allergy Clin. Immunol. 115,  
911–919 (2005).

122. Fried, S. K., Bunkin, D. A. & Greenberg, A. S. 
Omental and subcutaneous adipose tissues of 
obese subjects release interleukin-6: depot 
difference and regulation by glucocorticoid. 
J. Clin. Endocrinol. Metab. 83, 847–850 (1998).

123. Fain, J. N., Madan, A. K., Hiler, M. L., Cheema, P. 
& Bahouth, S. W. Comparison of the release of 
adipokines by adipose tissue, adipose tissue 
matrix, and adipocytes from visceral and 
subcutaneous abdominal adipose tissues of 
obese humans. Endocrinology 145, 2273–2282 
(2004).

124. Hotamisligil, G. S., Arner, P., Caro, J. F., 
Atkinson, R. L. & Spiegelman, B. M. Increased 
adipose tissue expression of tumor necrosis 
factor-alpha in human obesity and insulin 
resistance. J. Clin. Invest. 95, 2409–2415 
(1995).

125. Kern, P. A. et al. The expression of tumor 
necrosis factor in human adipose tissue. 
Regulation by obesity, weight loss, and 
relationship to lipoprotein lipase. J. Clin. Invest. 
95, 2111–2119 (1995).

126. Gerhardt, C. C., Romero, I. A., Cancello, R., 
Camoin, L. & Strosberg, A. D. Chemokines 
control fat accumulation and leptin secretion by 
cultured human adipocytes. Mol. Cell. Endocrinol. 
175, 81–92 (2001).

127. Bruun, J. M., Lihn, A. S., Pedersen, S. B. & 
Richelsen, B. Monocyte chemoattractant 
protein-1 release is higher in visceral than 
subcutaneous human adipose tissue (AT): 
implication of macrophages resident in the AT. 
J. Clin. Endocrinol. Metab. 90, 2282–2289 
(2005).

128. Christiansen, T., Richelsen, B. & Bruun, J. M. 
Monocyte chemoattractant protein-1 is produced 
in isolated adipocytes, associated with adiposity 
and reduced after weight loss in morbid obese 
subjects. Int. J. Obes. (Lond.) 29, 146–150 
(2005).

129. Ouchi, N., Parker, J. L., Lugus, J. J. & Walsh, K. 
Adipokines in inflammation and metabolic 
disease. Nat. Rev. Immunol. 11, 85–97 (2011).

130. Fantuzzi, G. Adiponectin and inflammation: 
consensus and controversy. J. Allergy Clin. 
Immunol. 121, 326–330 (2008).

131. Hotamisligil, G. S., Murray, D. L., Choy, L. N. & 
Spiegelman, B. M. Tumor necrosis factor alpha 
inhibits signaling from the insulin receptor. Proc. 
Natl Acad. Sci. USA 91, 4854–4858 (1994).

132. Ostan, R. et al. Metabolic syndrome in the 
offspring of centenarians: focus on prevalence, 
components, and adipokines. Age http:// 
dx.doi.org/10.1007/s11357-012-9483-x.

133. Furukawa, S. et al. Increased oxidative stress in 
obesity and its impact on metabolic syndrome. 
J. Clin. Invest. 114, 1752–1761 (2004).

134. Sakurai, T. et al. Exercise training decreases 
expression of inflammation-related adipokines 
through reduction of oxidative stress in rat white 
adipose tissue. Biochem. Biophys. Res. Commun. 
379, 605–609 (2009).

135. Younce, C. & Kolattukudy, P. MCP-1 induced 
protein promotes adipogenesis via oxidative 
stress, endoplasmic reticulum stress and 

autophagy. Cell Physiol. Biochem. 30, 307–320 
(2012).

136. de Ferranti, S. & Mozaffarian, D. The perfect 
storm: obesity, adipocyte dysfunction, and 
metabolic consequences. Clin. Chem. 54,  
945–955 (2008).

137. Pi, J. et al. Deficiency in the nuclear factor E2-
related factor-2 transcription factor results in 
impaired adipogenesis and protects against 
diet-induced obesity. J. Biol. Chem. 285,  
9292–9300 (2010).

138. Hulsmans, M., De Keyzer, D. & Holvoet, P. 
MicroRNAs regulating oxidative stress and 
inflammation in relation to obesity and 
atherosclerosis. FASEB J. 25, 2515–2527 (2011).

139. Arner, E. et al. Adipose tissue microRNAs as 
regulators of CCL2 production in human obesity. 
Diabetes 61, 1986–1993 (2012).

140. Kim, Y. J., Hwang, S. J., Bae, Y. C. & Jung, J. S. 
MiR-21 regulates adipogenic differentiation 
through the modulation of TGF-beta signaling in 
mesenchymal stem cells derived from human 
adipose tissue. Stem Cells 27, 3093–3102 
(2009).

141. Olivieri, F. et al. Age-related differences in the 
expression of circulating microRNAs: miR-21 as 
a new circulating marker of inflammaging. Mech. 
Ageing Dev. 133, 675–685 (2012).

142. Gregor, M. F. & Hotamisligil, G. S. Inflammatory 
mechanisms in obesity. Annu. Rev. Immunol. 29, 
415–445 (2011).

143. Cao, H. et al. Identification of a lipokine, a lipid 
hormone linking adipose tissue to systemic 
metabolism. Cell 134, 933–944 (2008).

144. Kunešová, M. et al. Fatty acid composition of 
adipose tissue triglycerides after weight loss 
and weight maintenance. The Diogenes Study. 
Physiol. Res. 61, 597–607 (2013).

145. Jackson, A. S., Janssen, I., Sui, X., Church, T. S. 
& Blair, S. N. Longitudinal changes in body 
composition associated with healthy ageing: 
men, aged 20–96 years. Br. J. Nutr. 107,  
1085–1091 (2012).

146. Zamboni, M., Mazzali, G., Fantin, F., Rossi, A. & 
Di Francesco, V. Sarcopenic obesity: a new 
category of obesity in the elderly. Nutr. Metab. 
Cardiovasc. Dis. 18, 388–395 (2008).

147. Pedersen, B. K. & Febbraio, M. A. Muscle as an 
endocrine organ: focus on muscle-derived 
interleukin-6. Physiol. Rev. 88, 1379–1406 
(2008).

148. Welc, S. S. & Clanton, T. L. The regulation of 
IL-6 implicates skeletal muscle as an 
integrative stress sensor and endocrine organ. 
Exp. Physiol. http://dx.doi.org/10.1113/
expphysiol.2012.068189.

149. Pedersen, B. K. & Febbraio, M. A. Muscles, 
exercise and obesity: skeletal muscle as a 
secretory organ. Nat. Rev. Endocrinol. 8,  
457–465 (2012).

150. Mattson, M. P. Roles of the lipid peroxidation 
product 4-hydroxynonenal in obesity, the 
metabolic syndrome, and associated vascular 
and neurodegenerative disorders. Exp. Gerontol. 
44, 625–633 (2009).

151. Mattson, M. P. Neuronal life-and-death signaling, 
apoptosis, and neurodegenerative disorders. 
Antioxid. Redox Signal. 8, 1997–2006 (2006).

152. Guéraud, F. et al. Chemistry and biochemistry of 
lipid peroxidation products. Free Radic. Res. 44, 
1098–1124 (2010).

153. Blagosklonny, M. V. Aging: ROS or TOR. Cell Cycle 
7, 3344–3354 (2008).

154. Cabreiro, F. et al. Increased life span from 
overexpression of superoxide dismutase in 
Caenorhabditis elegans is not caused by 
decreased oxidative damage. Free Radic. Biol. 
Med. 51, 1575–1582 (2011).

155. Salmon, A. B., Richardson, A. & Pérez, V. I. 
Update on the oxidative stress theory of aging: 
does oxidative stress play a role in aging or 
healthy aging? Free Radic. Biol. Med. 48,  
642–655 (2010).

156. Ristow, M. & Schmeisser, S. Extending life span 
by increasing oxidative stress. Free Radic. Biol. 
Med. 51, 327–336 (2011).

157. Mecocci, P. et al. Plasma antioxidants and 
longevity: a study on healthy centenarians. Free 
Radic. Biol. Med. 28, 1243–1248 (2000).

158. Rizvi, S. I. & Maurya, P. K. Alterations in 
antioxidant enzymes during aging in humans. 
Mol. Biotechnol. 37, 58–61 (2007).

159. Kasapovic, J., Pejic, S., Todorovic, A., 
Stojiljkovic, V. & Pajovic, S. B. Antioxidant status 
and lipid peroxidation in the blood of breast 
cancer patients of different ages. Cell. Biochem. 
Funct. 26, 723–730 (2008).

160. Sarsour, E. H., Kumar, M. G., Chaudhuri, L., 
Kalen, A. L. & Goswami. P. C. Redox control of 
the cell cycle in health and disease. Antioxid. 
Redox Signal. 11, 2985–3011 (2009).

161. Ray, P. D., Huang, B. W. & Tsuji, Y. Reactive 
oxygen species (ROS) homeostasis and redox 
regulation in cellular signaling. Cell Signal. 24, 
981–990 (2012).

162. Bjelakovic, G., Nikolova, D., Gluud, L. L., 
Simonetti, R. G. & Gluud, C. Mortality in 
randomized trials of antioxidant supplements for 
primary and secondary prevention: systematic 
review and meta-analysis. JAMA 297, 842–857 
(2007).

163. Franceschi, C. et al. Inflamm-aging. An 
evolutionary perspective on 
immunosenescence. Ann. NY Acad. Sci. 908, 
244–254 (2000).

164. Franceschi, C. et al. Inflammaging and anti-
inflammaging: a systemic perspective on aging 
and longevity emerged from studies in humans. 
Mech. Aging Dev. 128, 92–105 (2007).

165. Salvioli, S. et al. Immune system, cell 
senescence, aging and longevity—Inflamm-aging 
reappraised. Curr. Pharm. Des. http://dx.doi.
org/ 10.2174/1381612811319090015.

166. De Martinis, M., Franceschi, C., Monti, D. & 
Ginaldi, L. Inflammation markers predicting 
frailty and mortality in the elderly. Exp. Mol. 
Pathol. 80, 219–227 (2006).

167. Salvioli, S. et al. Inflamm-aging, cytokines and 
aging: state of the art, new hypotheses on the 
role of mitochondria and new perspectives from 
systems biology. Curr. Pharm. Des. 12,  
3161–3171 (2006).

168. Freund, A., Orjalo, A. V., Desprez, P. Y. & 
Campisi, J. Inflammatory networks during 
cellular senescence: causes and consequences. 
Trends Mol. Med. 16, 238–246 (2010).

169. Unterluggauer, H., Hampel, B., Zwerschke, W. & 
Jansen-Durr, P. Senescence associated cell 
death of human endothelial cells: the role of 
oxidative stress. Exp. Gerontol. 38, 1149–1160 
(2003).

170. Barzilai, A., Rotman, G. & Shiloh, Y. ATM 
deficiency and oxidative stress: a new 
dimension of defective response to DNA 
damage. DNA Repair (Amst.) 1, 3–25 (2002).

171. Rodier, F. & Campisi, J. Four faces of cellular 
senescence. J. Cell Biol. 192, 547–556 (2011).

172. Coppe, J. P., Desprez, P. Y., Krtolica, A. & 
Campisi, J. The senescence associated secretory 
phenotype: the dark side of tumor suppression. 
Annu. Rev. Pathol. 5, 99–118 (2010).

173. Martin, O. A., Redon, C. E., Dickey, J. S., 
Nakamura, A. J. & Bonner, W. M. Para-
inflammation mediates systemic DNA damage in 
response to tumor growth. Commun. Integr. Biol. 
4, 78–81 (2011).

 FOCUS ON THE AGEING ENDOCRINE SYSTEM

© 2013 Macmillan Publishers Limited. All rights reserved

http://
dx.doi.org/10.1007/s11357-012-9483-x
http://
dx.doi.org/10.1007/s11357-012-9483-x
http://dx.doi.org/10.1113/expphysiol.2012.068189
http://dx.doi.org/10.1113/expphysiol.2012.068189


240 | APRIL 2013 | VOLUME 9 www.nature.com/nrendo

174. Ivanov, V. N. et al. Radiation-induced bystander 
signaling pathways in human fibroblasts: a role 
for interleukin-33 in the signal transmission. Cell 
Signal. 22, 1076–1087 (2010).

175. Dieriks, B., De Vos, W. H., Derradji, H., Baatout, S. 
& Van Oostveldt, P. Medium-mediated DNA repair 
response after ionizing radiation is correlated 
with the increase of specific cytokines in human 
fibroblasts. Mutat. Res. 687, 40–48 (2010).

176. Bonafé, M., Storci, G. & Franceschi, C. Inflamm-
aging of the stem cell niche: breast cancer as a 
paradigmatic example: breakdown of the multi-
shell cytokine network fuels cancer in aged 
people. Bioessays 34, 40–49 (2012).

177. Bejma, J. & Ji, L. L. Aging and acute exercise 
enhance free radical generation in rat skeletal 
muscle. J. Appl. Physiol. 87, 465–470 (1999).

178. De Martinis, M., Franceschi, C., Monti, D. & 
Ginaldi, L. Inflamm-ageing and lifelong antigenic 
load as major determinants of ageing rate and 
longevity. FEBS Lett. 579, 2035–2039 (2005).

179. Gan, W. et al. Age-dependent increases in the 
oxidative damage of DNA, RNA, and their 
metabolites in normal and senescence-
accelerated mice analyzed by LC-MS/MS: urinary 
8-oxoguanosine as a novel biomarker of aging. 
Free Radic. Biol. Med. 52, 1700–1707 (2012).

180. Studebaker, A. W. et al. Fibroblasts isolated from 
common sites of breast cancer metastasis 
enhance cancer cell growth rates and 
invasiveness in an interleukin-6-dependent 
manner. Cancer Res. 68, 9087–9095 (2008).

181. Lagos-Quintana, M. et al. Identification of tissue-
specific microRNAs from mouse. Curr. Biol. 12, 
735–739 (2002).

182. Olivieri, F. et al. Diagnostic potential of circulating 
miR-499-5p in elderly patients with acute non 
ST-elevation myocardial infarction. Int. J. Cardiol. 
http://dx.doi.org/10.1016/j.ijcard.2012.01.075.

183. Entringer, S., Buss, C. & Wadhwa, P. D. Prenatal 
stress, telomere biology, and fetal programming 
of health and disease risk. Sci. Signal. 5, pt12 
(2012).

184. Ershler, W. B. Interleukin-6: a cytokine for 
gerontologists. J. Am. Geriatr. Soc. 41, 176–181 
(1993).

185. Gerli, R. et al. Chemokines, sTNF-Rs and sCD30 
serum levels in healthy aged people and 

centenarians. Mech. Aging Dev. 121, 37–46 
(2000).

186. Coppola, R., Mari, D., Lattuada, A. & 
Franceschi, C. Von Willebrand factor in Italian 
centenarians. Haematologica 88, 39–43 (2003).

187. Passeri, G. et al. Low vitamin D status, high bone 
turnover, and bone fractures in centenarians. 
J. Clin. Endocrinol. Metab. 88, 5109–5115 
(2003).

188. Gangemi, S. et al. Age-related modifications in 
circulating IL-15 levels in humans. Mediators 
Inflamm. 2005, 245–247 (2005).

189. Biagi, E. et al. Through ageing, and beyond: 
gut microbiota and inflammatory status in 
seniors and centenarians. PLoS ONE 5, e10667 
(2010).

190. Paolisso, G. et al. Low insulin resistance and 
preserved beta-cell function contribute to 
human longevity but are not associated with 
TH-INS genes. Exp. Gerontol. 37, 149–156 
(2001).

191. Gessert, C. E., Elliott, B. A. & Haller, I. V. Dying of 
old age: an examination of death certificates of 
Minnesota centenarians. J. Am. Geriatr. Soc. 50, 
1561–1565 (2002).

192. Pavlidis. N., Stanta, G. & Audisio, R. A. Cancer 
prevalence and mortality in centenarians: A 
systematic review. Crit. Rev. Oncol. Hematol. 83, 
145–152 (2012).

193. Rose-John, S. IL-6 Trans-signaling via the soluble 
IL-6 receptor: importance for the pro-
inflammatory activities of IL-6. Int. J. Biol. Sci. 8, 
1237–1247 (2012).

194. Martinon, F., Burns, K. & Tschopp, J. The 
inflammasome: a molecular platform triggering 
activation of inflammatory caspases and 
processing of proIL-β. Mol. Cell 10, 417–426 
(2002).

195. Bauernfeind, F. et al. Cutting edge: reactive 
oxygen species inhibitors block priming, but not 
activation, of the NLRP3 inflammasome. 
J. Immunol. 187, 613–617 (2011).

196. Rubartelli, A., Gattorno, M., Netea, M. G. & 
Dinarello, C. A. Interplay between redox status 
and inflammasome activation. Trends Immunol. 
32, 559–566 (2011).

197. Wenzel, M. et al. Cytosolic DNA triggers 
mitochondrial apoptosis via DNA damage 

signaling proteins independently of AIM2 and 
RNA polymerase III. J. Immunol. 188, 394–403 
(2012).

198. Duan, X. et al. Differential roles for the 
interferon-inducible IFI16 and AIM2 innate 
immune sensors for cytosolic DNA in cellular 
senescence of human fibroblasts. Mol. Cancer 
Res. 9, 589–602 (2011).

199. Davis, B. K., Wen, H. & Ting, J. P. The 
inflammasome NLRs in immunity, inflammation, 
and associated diseases. Annu. Rev. Immunol. 
29, 707–735 (2011).

200. Duntas, L. H. & Biondi, B. The interconnections 
between obesity, thyroid function, and 
autoimmunity: the multifold role of leptin. 
Thyroid http://dx.doi.org/10.1089/
thy.2011.0499.

201. Sohal, R. S. & Sohal, B. H. Hydrogen peroxide 
release by mitochondria increases during aging. 
Mech. Ageing Dev. 57, 187–202 (1991).

202. Salminen, A. et al. Activation of innate immunity 
system during aging: NF-kB signaling is the 
molecular culprit of inflamm-aging. Ageing Res. 
Rev. 7, 83–105 (2008).

203. Sohal, R. S. & Orr, W. C. The redox stress 
hypothesis of aging. Free Radic. Biol. Med. 52, 
539–555 (2012).

204. Harley, C. B., Futcher, A. B. & Greider, C. W. 
Telomeres shorten during ageing of human 
fibroblasts. Nature 345, 458–460 (1990).

205. Sedelnikova, O. A. et al. Senescing human cells 
and ageing mice accumulate DNA lesions with 
unrepairable double-strand breaks. Nat. Cell Biol. 
6, 168–170 (2004).

Acknowledgements
The research leading to these results has been 
funded by the European Union’s Seventh Framework 
Programme (FP7/2007-2011) under grant agreement 
number 259679 (“IDEAL”) to C. Franceschi and by a 
grant from the Roberto and Cornelia Pallotti legacy for 
cancer research (Bologna, Italy) to S. Salvioli.

Author contributions
G. Vitale and S. Salvioli researched data for the 
article. All authors contributed to discussion of the 
content, writing the article and reviewing and editing 
the manuscript before submission.

REVIEWS

© 2013 Macmillan Publishers Limited. All rights reserved

http://dx.doi.org/10.1016/j.ijcard.2012.01.075
http://dx.doi.org/10.1089/thy.2011.0499
http://dx.doi.org/10.1089/thy.2011.0499

	Oxidative stress and the ageing endocrine system
	Introduction
	Oxidative stress and endocrine systems
	Hypothalamus, pituitary and pineal glands
	Thyroid
	Endocrine pancreas
	Gonads
	Adrenal glands
	Adipose tissue

	ROS, inflammation and ageing
	Conclusions
	Review criteria
	Acknowledgements
	References


