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The  serum  concentrations  of  copper  (Cu)  and  zinc  (Zn)  are  strictly  regulated  by compensatory  mech-
anisms  that  act to  stabilize  them  within  certain ranges  of  nutritional  intake.  However,  there  are
mechanisms  that  are  built  to decrease  serum  concentration  of  Zn and  to  increase  serum  concentra-
tion  of  Cu  in  the  presence  of  inflammatory  conditions,  so  that  a common  feature  of  several  age-related
chronic  diseases  is  an  increase  of  the  Cu  to  Zn  ratio (CZr).  Although  the  clinical  potential  of  CZr  has  been
ging
nflammation
omeostasis

extensively  investigated,  few authors  addressed  the  mechanisms  that mainly  contribute  to the  increase
of  CZr  in  serum  during aging,  which  signals  drive  this  change  and  how  cells  respond  to  these  changes.
This  review  focuses  on  this topic and  discusses  how  an  increase  of  CZr  during  aging could  reflect  the
homeostatic  shade  from  a  general  systemic  “growth  and  reproduction”  status  typical  of  juvenile  age  to a
“repair  and  maintenance”  status  that  evolved  to preserve  health  status  during  old  age.
©  2015  The  Authors.  Published  by  Elsevier  Ireland  Ltd.  This  is an open  access  article  under  the  CC  BY
license  (http://creativecommons.org/licenses/by/4.0/).
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. Introduction

The growing number of elderly people in developed countries
as compelled the scientific community to increase focus on

as they could be used to unmask homeostatic failure even in the
absence of the most prevalent pathological conditions. Most stud-
ied biomarkers such as soluble inflammatory mediators, hormones,
free radicals, antioxidants, macro-, and micronutrients can be mea-
iomarkers of aging, physical function decline, frailty, age-related
iseases, and mortality (Engelfriet et al., 2013; Ruiz et al., 2012).
hese biomarkers might be relevant in clinical practice to help
linicians in the early detection of disability or incipient diseases,

∗ Corresponding author. Tel.: +39 071 8004116; fax: +39 071 206791.
E-mail address: m.malavolta@inrca.it (M.  Malavolta).

ttp://dx.doi.org/10.1016/j.mad.2015.01.004
047-6374/© 2015 The Authors. Published by Elsevier Ireland Ltd. This is an open access 
sured by a minimally invasive peripheral blood withdrawal. Among
serum micronutrients, essential trace elements, in particular Cu
and Zn seem particularly important to predict the development and
course of disability as they appear to be mostly related to inflam-

matory parameters than nutritional ones (Malavolta et al., 2010).
Actually, the serum concentration of these trace elements is strictly
regulated by compensatory mechanisms that act to stabilize their
concentrations within certain ranges of nutritional intake. This reg-

article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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lation, which involves mainly the transfer of Cu or Zn from the
ntestinal lumen to the portal circulation through the absorptive
ells has been extensively reviewed elsewhere (Cousins, 1985). The
erum concentration of Zn appears to be slightly affected by nutri-
ional changes unless during severe deficiency or supplementation
eriods (Lowe et al., 2012), and even less sensible than serum Zn is
he serum concentration of Cu to nutritional changes (Araya et al.,
003). Conversely, there are other mechanisms that act to decrease
erum concentration of Zn and to increase serum concentration of
u in the presence of inflammatory conditions, such as the acute
hase of various disease (Sullivan et al., 1979). A common feature of
hese conditions is an increase of the Cu to Zn ratio (CZr) due to the
ecrement of serum Zn and/or increment of serum Cu. Hence, in
ddition to the measurement of Zn and Cu alone, a particular con-
ideration should be drawn to the ratio between Cu and Zn. In fact,
he serum (or plasma) CZr is among those parameters that may  be
ssociated with reduced ability to maintain or regain homeostasis
fter a destabilizing event. Increment of this ratio above 2.0 in the
lderly usually reflects an inflammatory response or a decreased
utritional Zn status (Malavolta et al., 2010). High serum CZr is
lso found in people with debilitating conditions, such as hospital-
zed elderly subjects (Belbraouet et al., 2007). Moreover, it has been
ssociated with the risk of CVD death (Leone et al., 2006; Reunanen
t al., 1996), malignancy (Cunzhi et al., 2003; Dìez et al., 1989)
nd all-cause mortality in very old subjects (Malavolta et al., 2010;
alavolta et al., 2010). These data suggest that this parameter may

e a useful tool in clinical research as prognostic and predictive fac-
or for a multitude of pathological and pre-pathological conditions
nd that its relevance might be comparable or even superior to the
nflammatory biomarkers (i.e., CRP, ESR) that are measured in rou-
ine clinical laboratories. However, although the clinical potential
f CZr has been extensively investigated, few authors addressed
he mechanisms that mainly contributes to the increase of CZr in
erum during aging. Less investigated is also how cells respond to
his change and what does this change mean for the aged organism.
ast, but not least, it is important to focus on which signals drive
his change and from where these signals arise. Within this review
e would like to address these questions and the related scien-

ific challenges. In particular, we will attempt to provide evidence
hat an increase of CZr during aging reflects the homeostatic shade
rom a general systemic “growth and reproduction” status typical
f juvenile age to a “repair and maintenance” status that evolved
o preserve health status during old age.

. Factors driving the changes of serum CZr in aging

.1. Nutritional intake

Some studies based on national surveys (Ma  and Betts, 2000;
ennington and Young, 1991; Martínez Tomé et al., 2011), suggest
hat daily intakes of Cu and Zn in the elderly could be frequently
ower than current recommendations. However, human require-

ents of Cu and Zn in old age are currently undergoing scrutiny,
nd there is sufficient research to suggest that the prevalence of Zn
nd Cu deficiency in healthy, free-living, late middle-aged and older
uropeans is below 11% and 20%, respectively, for Zn and Cu (Roman
iñas et al., 2011; Andriollo-Sanchez et al., 2005). From these data,

t can be concluded that the prevalence of Cu deficiency in elderly
s apparently in contrast with frequently increased levels of Cu in
ging (Mocchegiani et al., 2012b) while the low prevalence of Zn
eficiency in elderly is not enough to explain the observed decrease
f plasma Zn with advancing aging (Mocchegiani et al., 2012a,b). Zn

nd Cu are also strictly related to their respective major carriers in
lasma, albumin and ceruloplasmin (Cp). Synthesis of these pro-
eins, as well as regulation of serum Cu and Zn levels occurs mainly
t hepatic levels. Hence, among the mechanisms that drive the gen-
nd Development 151 (2015) 93–100

eral increase of CZr with aging, it is important to consider which
factors can promote a reduced synthesis and secretion of Zn–Alb as
well as increased synthesis and secretion of Cu–Cp. Although it is
possible that inadequate nutrition may  also contribute to hypoal-
buminemia in elderly, it has been reported that albumin levels
remain virtually unchanged even in the presence of severe protein
calorie malnutrition in those individuals near terminal starvation
(Rigaud et al., 2000). Albumin is also known as a negative acute
phase protein because inflammation, more than low caloric intake,
is known to be a cause of decreased albumin synthesis (Fuhrman,
2002; Don and Kaysen, 2004). Similarly, it would be rather unreal-
istic to talk about increased nutritional intake of Cu to explain the
raised levels of Cu–Cp during the inflammatory conditions that usu-
ally accompany the aging process and, in particular, age-associated
diseases and disorders. Under normal circumstances the hepatic Cu
pool is not rate-limiting for Cp synthesis, as the serum Cp concen-
tration increases rapidly during infection, trauma, and pregnancy
while the ratio of apo- to holo-Cp is maintained (Matsuda et al.,
1974). Also cases of potential Cu deficiency that would results into
a CZr ratio well below normal values in aged individuals seems to
be restricted to rare clinical cases (Williams, 1983). On the basis of
these studies, it is likely that the major contribution to the increased
CZr in aging arises not from nutritional habits but from other sys-
temic changes that occur during aging. Hence, a more complex
etiology other than a simple reduced dietary intake may  contribute
to reduced levels of Zn and increased levels of Cu in aging.

2.2. Oxidative stress

Increased oxidative stress in aging and age-related disorders
could play a major role in raising the levels of CZr by both decreasing
plasma Zn and increasing plasma Cu. It has been shown that the
albumin bound fraction of Zn decreases in the plasma while labile
Zn is loaded to peripheral tissues during some forms of oxidative
stress (Kelly et al., 2011; van Rij et al., 1981). Indeed, physiological
and pathological changes in the redox state of human serum albu-
min  critically influence its binding properties (Oettl and Stauber,
2007). The Zn ions displaced from albumin by increased oxidative
stress are subsequently delivered into cells and tissues by specific
transporters (Sekler et al., 2007). Therefore, oxidative stress can
contribute to decrease levels of plasma Zn without a necessary
concomitant decrease of albumin levels. The labile Zn loaded into
peripheral tissues displays several functions among which emerges
the induction of the potent antioxidant protein metallothioneins
(MTs) (Malavolta et al., 2008). A strong response to increasing
oxidative stress is also a feature of serum Cu and Cu–Cp. Indeed,
infections and inflammation as well as other conditions that induce
oxidative stress, including aging and age-related disorders, pro-
mote serum Cu–Cp levels to raise. Studies on changes of Cu and Cp
with age in humans and mice have been conducted since several
decades ago. A comparative study of mice and humans reported one
fold and two fold increase of serum Cu and Cp, respectively, from
3 months to 30 months of age in C57BL/6J mice while no changes
was found in humans from 17 to 98 years (Massie et al., 1979).
Further studies observed that Cu and Cp could increase with age
in disabled or sick elderly (Mezzetti et al., 1998; Malavolta et al.,
2010) suggesting that Cu–Cp is an essential protein to face-off the
increasingly stressing conditions occurring with typical disorders
of advanced age. A slight increase of the ratio between Cu and Cp
was also observed in both humans and mice (Massie et al., 1979)
with advancing aging, suggesting a possible displacement of free
Cu by oxidative stress. However, the role of serum free Cu (Squitti

et al., 2011) is still elusive, especially in aging research. Anyway,
taking into account that Cp bound 80–95% of total serum Cu with
high affinity, it is likely that the increased levels of Cu in serum
are a consequence of increased transcription of Cp in liver tissues.
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y the way, transcription of Cp in liver tissues was  found to be
trongly affected by inflammation but not by hyperoxic conditions
Fleming et al., 1991). Therefore, although Cp is produced by stress
esponse mechanisms, inflammatory mediators that act at hepatic
evel could be the major factors that determine an increment of Cp
nd Cu–Cp in serum during age-related disorders.

.3. Pro-inflammatory stimuli and cellular senescence

One of the major features associated with human aging, is
he presence of a low-grade chronic pro-inflammatory status
Franceschi et al., 2000). Studies in humans and animal models have
learly demonstrated that inflammatory stimuli modify serum con-
entration of Cu and Zn by increasing the former and decreasing
he latter through a hepatic organized mechanism (Milanino et al.,
993; Garduño Espinosa et al., 1991). Some of the major cytokines
elevant to the acute phase response are interleukin (IL)-6, IL-

 beta, tumor necrosis factor-alpha (TNF-alpha), and interferon
amma  (IFN-gamma). These inflammatory biomarkers are known
o suppress the synthesis of albumin (Moshage et al., 1987) and
o upregulate the synthesis of Cp (Barber and Cousins, 1988;

azumder et al., 1997; Sidhu et al., 2011). While the levels of
FN-gamma have been frequently shown to be reduced in elderly
Scheffer et al., 2000), an increase of this cytokine can be detected
n aged lymphocytes subsets (CD8+) (Zanni et al., 2003) and the lev-
ls of IL-1, IL-6 and TNF-alpha are commonly found to be increased
ith aging (Franceschi et al., 2000). A transcription factor, FOXO1,
hich is involved in the promotion of the anti-oxidant response

n presence of pro-inflammatory cytokines (i.e., IL-6), seems to be
pecifically involved in the synthesis of Cp (Sidhu et al., 2011).
ro-inflammatory cytokines can also upregulate the Zn importer
ip-14 in the liver contributing to decrease serum Zn during the
nflammatory response (Beker et al., 2012). These data support the
oncept that the increased levels of CZr in aging are part of a com-
lex mechanisms built to improve resistance to oxidative stress and

nfection. Consequently, the low grade chronic inflammatory sta-
us described in advanced age could be a major determinant of this
henomena. The source of this age-related systemic chronic inflam-
ation, named inflammaging (Franceschi et al., 2000), was mainly

ttributed to the progressive activation of immune cells over time.
owever, recent studies have shown that epigenetic effects even-

ually triggered by both nutritional deficiencies (Wessels et al.,
013) and the process of cellular senescence can be important
dditional contributors to chronic inflammation. Indeed, senescent
ells acquire a phenotype named “senescence-associated secre-
ory phenotype” (SASP), characterized by the enhanced secretion
f many modulators of inflammation (Campisi et al., 2011). Hence,
he low-level pro-inflammatory status, likely sustained by the cell
enescence secretome and by progressive activation of immune
ells over time, might be a determinant of the raised CZr levels
n aging.

.4. Hormonal signals

Other important players that could affect Cu and Zn levels in
lasma are circulating hormones, especially insulin. The albumin
ynthesis rate is stimulated by insulin, which in turn diminishes its
ction with advancing aging (Boirie et al., 2001). Although higher
nsulin levels compensate for a reduced insulin action in elderly,
onditions where beta-cell function and insulin production can be
artly or mostly compromised, such as pre-diabetes and diabetes,
re common in the elderly. Taking into account the role of albumin

s major Zn carrier in plasma, it is not surprising the finding that
lderly with pre-diabetes have lower plasma Zn levels than con-
rols (Islam et al., 2013) and that high CZr was measured in serum
f patients with diabetes mellitus (Viktorínová et al., 2009). At the
nd Development 151 (2015) 93–100 95

same time, insulin can attenuate the FOXO1 mediated Cp expres-
sion, as demonstrated in rat liver cells (Leyendecker et al., 2011).
Therefore, an impaired insulin action in aging might be among the
basic factors that contribute to raise CZr plasma levels. Well known
hormonal modulators of plasma Cp include also ACTH, thyroxine,
estrogens and glucocorticoids (Cousins, 1985). This last class of hor-
monal modulators could play a key role in regulating Cu and Zn
plasma levels in aging as glucocorticoid responses to stress in aging
individuals are likely to be prolonged due to blunted and delayed
inhibition of ACTH secretion (Wilkinson et al., 2001). It has been
shown that administration of a short-acting (methylprednisolone)
and a long-acting (dexamethasone) synthetic glucocorticoid can
lead to raised levels of CZr after 12 h, due to increased Cu levels
and depressed plasma Zn (Yunice et al., 1981). Being prolonged the
glucocorticoid responses in elderly individuals, the increased CZr
levels can persist for a long time in aged blood following stress-
ing conditions. An additional contributing factor to the raising of
human CZr plasma levels with aging could be the loss of noctur-
nal surges of growth hormone (GH) and the parallel decline in
plasma insulin-like growth factor-1 (IGF-1) (Corpas et al., 1993).
The decline in high-amplitude growth hormone secretion and
plasma IGF-1 concentrations are some of the most robust and well-
characterized endocrine alterations that occur with age. Although,
most studies have been focused on the effect of Zn on GH/IGF-1
activity, Zn itself is necessary for the expected growth promoting
and proliferative activity of GH/IGF-1 as replacement of growth
promoting stimuli in children with idiopathic GH deficiency can
give rise to plasma Zn levels (Mocchegiani et al., 1991). There-
fore, reduced growth promoting stimuli might also contribute to
the declined levels of plasma Zn and to the concomitant raise of
plasma CZr.

3. Significance of increased serum CZr for the organism
during aging

3.1. Immune defense

The immunomodulatory and antimicrobial properties of Zn and
Cu have been extensively studied. Both trace elements are claimed
to provide protection against infectious diseases in vivo, and to reg-
ulate innate immune response (Stafford et al., 2013). However, the
teleologic basis for the depression of plasma Zn and the increased
Cu concentrations associated with pro-inflammatory conditions,
especially during aging, has not been firmly established. However,
it is known that the redistribution of Zn in the organism follow-
ing an inflammatory stimulus follow a specific strategy; while
plasma Zn decreases, liver, thymus, and bone marrow accumu-
late Zn (Cousins et al., 1988). This kind of hypozincemic response
to inflammatory mediators has been suggested as a mechanism
to restrict Zn from the acquisition systems of potential invading
pathogens (Kehl-Fie and Skaar, 2010), which in turn require Zn for
growth and virulence (Citiulo et al., 2012; Corbett et al., 2012). By
the way, imaging of metal distribution of tissue abscesses caused by
Staphylococcus aureus found that the abscess was virtually devoid
of detectable Zn, while high levels of Zn were present in the sur-
rounding healthy tissue (Corbin et al., 2008). Dislocation of Zn from
serum and infected tissues into the liver and other compartments
is also useful to support the production of acute phase proteins
and to protect liver and tissues from oxidative stress mainly via
induction of MTs  (Parsons and DiSilvestro, 1994). Moreover, the
involvement of pro-infammatory cytokines in initiating a sequence
of proliferative steps in primitive hematopoietic cells lends func-

tional significance to the enhanced Zn uptake in hematopietic
tissues and in the thymus (Cousins et al., 1988). In other words,
this redistribution of zinc may  be used by the organism to provide
support for hematopoietic cell production in bone marrow and pro-
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iferative response of lymphocytes as well as to reduce growth of
ventual invading pathogens. A major mediator that is responsi-
le of the hypozincemic response following inflammatory stimuli

s the Zn trasporter Zip14 (Beker et al., 2012). Up-regulation of
ip14 in the liver can occur by macrophage-produced (or systemic)
L-6 and by LPS via toll like receptor 4 (TLR4) and to the sub-
equent activation of the NFKB pathway. This process is usually
ccompanied by reduced hepatic synthesis of albumin (Moshage
t al., 1987) as well as increased synthesis and release of acute
hase proteins including Cp. Some data also provided evidence that
xperimental prevention of this hypozincemic response is detri-
ental for the organism (Braunschweig et al., 1997). Regarding the

ncreased levels of Cu in plasma, it is possible that this phenomenon
ould be related to an improvement of macrophage antimicrobial
unction. In vitro studies also show that Cu regulates macrophage
ntimicrobial pathways. Some of the first evidence for this phe-
omenon came again from elemental analysis of macrophage
hagosomes. Indeed, the macrophage activating cytokines IFN-
amma  and TNF-alpha promoted the accumulation of Cu within
he phagosomes of Mycobacterium avium-infected macrophages
Wagner et al., 2005). It has been suggested that Cu, imported in
he macrophages by the IFN-gamma inducible transporter CTR1,

ay  contribute to ROS-dependent killing in macrophages by cat-
lyzing the generation of hydroxyl radical from H2O2 (White et al.,
009). Although the secreted Cu-containing protein, Cp, is mostly
esponsible for this rise in serum Cu during acute and chronic
nflammation (Fox et al., 1995), the non-protein-bound fraction
f Cu in the serum is also increased during inflammation (Auer
t al., 1989). Moreover, Cu accumulates at sites of inflammation
nd within the exudates of wounds and burns where there exists
n abundance of macrophages (Stafford et al., 2013). Aged mono-
ytes or macrophages showed impaired capabilities to phagocyte
oth pathogenic bacteria and charcoal particles suggesting that
hagocyte functional senescence contributes to the diminished

mmune response against pathogens in aged individuals (Li, 2013;
alavolta et al., 2013). Moreover, signaling and activation of phago-

ytes appears to be impaired with aging (Fulop et al., 2014). In this
ontext, the findings shown above underscore the possibility that
ge-related changes in systemic Cu concentrations may  provide
ocalized reserves of Cu to improve macrophage-mediated func-
ional activity as an attempt to counteract phagocyte dysfunction,
issue aging and degeneration. Macrophage dysfunctions are only

 part of the changes of the immune system observed during aging.
his kind of erosion of the immune system that affect both innate
nd adaptive immunity is termed immunosenescence (Müller et al.,
013). Taking into account exposure to persistent antigens (such
s antigens from cytomegalovirus) is a common feature in elderly
ndividuals, it has been proposed to consider immunosenescence
n some respect as an infectious state (Vasto et al., 2007). The final
esult of this antigenic challenge associated with the accumula-
ion of dysfunctional immune cells is predicted to be a kind of
mmunodeficiency for novel antigenic challenges as well as loss of
esponsiveness to persistent antigen themselves. As a consequence,
he raised levels of CZr in aging might represent the downstream
ffects of mechanisms developed in the futile attempt to modulate
he compromised immune response.

.2. Metabolic activity and cell proliferation

The most prominent form of Zn and Cu in serum are Cu–Cp and
n–albumin (Zn–Alb) which account for 75–95% of serum Cu and
0–70% of serum Zn, respectively (Malavolta et al., 2012). Changes
n serum Cu and Zn can in certain cases reflect changes in Cu–Cp
nd Zn–Alb which, in addition to their carrier task, display sev-
ral physiological functions, including modulation of metabolic
ctivity and cell proliferation (Francis, 2010). These functions are
nd Development 151 (2015) 93–100

exploited following endocytosis of albumin, which in turn is sub-
sequently transferred to lysosomes for degradation to amino acids,
to be utilized for energy metabolism or protein synthesis. How-
ever, energy metabolism and protein synthesis are process that
require also Zn. Hence, it is not surprising that albumin plays also
a role in facilitating the physiological delivery of Zn to endothelial
cells (Rowe and Bobilya, 2000). Albumin receptors that preferen-
tially recognize albumin molecules carrying Zn were demonstrated
on the endothelial cell surface. By the way, it is also known that
physiological Zn uptake is critical for cell proliferation. Tumors
are positively-imaged with 65Zn and cellular Zn uptake is gener-
ally suppressed during growth arrest (Takeda et al., 2004). Indeed,
late passages senescent T-cell clones in vitro display reduced Zn-
related cellular biomarkers compared to their early proliferating
passages (Malavolta et al., 2008). In agreement with this statement
and with the statements reported in the chapter above, the findings
of longitudinal studies reporting a gradual decline of albumin with
aging (especially after the 70s decade) (Miyake et al., 2011; Gom
et al., 2007) are not unexpected. Indeed, in addition to possible
changes in nutritional habits (Iuliano et al., 2013) and inflamma-
tory status (see chapter above), the reduced levels of albumin and
Zn usually observed during aging might be consistent with a dimin-
ished demand of the organism for growth and proliferation. This
kind of response could be important during aging or disease status
to invest more resource in maintenance and repair mechanisms.
Many of the studies investigating this question of whether albumin
administration is salutary in age-related diseases have generally
not shown any significant benefit. A large meta-analysis of 30 ran-
domized controlled trials studying the effects of albumin infusions
demonstrated a higher mortality in critically ill patients treated
with albumin infusions than in control groups (Cochrane Injuries
Group Albumin Reviewers, 1998). Thus, it is likely that the cause
of hypoalbuminemia and hypozinchemia is associated with mor-
bidity and mortality in elderly rather than a direct effect of low
albumin or low Zn levels per se. Also serum Cu might be required
for cellular proliferation (Turski and Thiele, 2009), but the most
prominent metabolic effect in aging might be related to the influ-
ence of Cu–Cp on iron metabolism (Jeong and David, 2006). Indeed,
Cu influences intestinal absorption of iron and iron release from
body storage sites by being required for cellular Fe utilization dur-
ing erythropoiesis. Moreover, Cp converts toxic ferrous iron to its
nontoxic ferric form and is required for iron efflux from cells (e.g.,
hepatocytes and macrophages). Absence of Cp leads to iron accu-
mulation and neurodegeneration (Harris et al., 1998). Interestingly,
younger-onset Parkinson’s disease (PD) patients have significantly
lower levels of serum Cp compared to those with older-onset PD
(Bharucha et al., 2008). These data suggest that increased levels of
Cu and Cp might modulate metabolic changes that are necessary to
regulate iron homeostasis during stressing conditions. Heme-iron
and heme biosynthesis are known to decline with age (Cook and Yu,
1998), but total iron accumulation is widely accepted as a feature
of the aging process particularly in post-mitotic tissues by emerg-
ing research in the last years (Seo et al., 2008; Bulvik et al., 2012).
Iron dyshomeostasis is further exacerbated in age-associated dis-
orders (Xu et al., 2012) where serum Cu and Cp levels are usually
raised above normal levels. In spite of these relevant data, the effect
on organismal metabolism of the raised Cu–Cp levels in aging and
age-associated disorders have been poorly investigated. A possible
attempt of Cu and Cu–Cp to normalize iron dyshomeostasis in age-
related disorders appears foreseeable but further research is still
needed to clarify this point.
3.3. Stress Response

Among the well-known functions of Zn and Cu, their role in the
defense against free radical has been extensively studied. It has
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Table  1
Potential significance of increased CZr for the organism during aging.

Area of impact Phenomenon associated Effect (potential) References

Immune defence Redistribution of Zn in the
organism (while plasma zinc
decreases, liver, thymus, and bone
marrow accumulate zinc)

Restrict Zn from the acquisition systems of
potential invading pathogens

Kehl-Fie and Skaar (2010)

Support the production of acute phase proteins
and protect liver and tissues from oxidative
stress

Parsons and DiSilvestro (1994) and
Liuzzi et al. (2005)

Stimulate proliferation of hematopoietic cells Cousins and Leinart (1988)
Dislocation of Zn from serum albumin
and delivery in the free form to other
compartments

Improve immune function Haase and Rink (2013)

Increased levels of Cu in plasma Improvement of macrophage antimicrobial
function

Wagner et al. (2005) and White et al.
(2009)

Increased circulating
Cu–ceruloplasmin

Restrict utilization of iron by pathogenic
bacteria

White et al. (2012)

Metabolic activity and cell
proliferation

Reduced circulating Zn–albumin Reduce non-specific growth and proliferation Takeda et al. (2004)
Increased circulating
Cu–ceruloplasmin

Conversion of toxic ferrous iron to its nontoxic
ferric form and promote iron efflux from cells

Jeong and David (2006) and Harris
et al. (1998)

Stress response Dislocation of Zn from serum
albumin and delivery in the free
form into other compartments.

Oxidative stress response Maret (2006), Putics et al. (2008) and
Liuzzi et al. (2005)

Resistance to apoptosis Thambiayya et al. (2012)
Increased circulating
Cu–ceruloplasmin

Oxidizes ferrous ions to the ferric state for
further incorporation into apo-transferrins

Osaki et al. (1996)

Catalyzes Cu(I) oxidation Stoj and Kosman (2003)
Provide protection against oxidant production
by myeloperoxidase

Chapman et al. (2013)

n disp
utathi
smuta

b
i
a
i
p
Z
o
i
e
p
R

F
z

Ca
gl
di

een shown above that reduced serum levels of Zn with advanc-
ng aging might also occur, independently of a decrease in serum
lbumin, by dislocation of Zn from the serum albumin pool and
ts subsequent delivery in the free or labile form into other com-
artments. Interestingly, a different role for cellular function of
n in the free or labile form than in the Zn–Alb ones has been
bserved. Indeed, the quota of free or labile Zn seems to be mostly

nvolved in the oxidative stress response (Maret, 2006; Putics
t al., 2008) by modulating the mechanisms of resistance to apo-
tosis (Thambiayya et al., 2012), immune function (Haase and
ink, 2014), as well as in the production of specific antioxidant

ig. 1. A schematic representations of signals that during aging can synergically act to inc
inc  ratio is the downstream result of an overall attempt of the organism to move resourc
lay NO-oxidase, NO2-synthase,
one-linked peroxidase and superoxide
se activity

Shiva et al. (2006), Park et al. (1999)
and Vasil’ev et al. (1998)

proteins including MTs  and acute phase response proteins (Liuzzi
et al., 2005). Similarly, the reason for an increase of serum Cu
and Cu–Cp during stressing conditions are easily attributed to the
multi-functional role and enzymatic activity that make serum Cp
an effective antioxidant, able to prevent oxidative damage to pro-
teins and lipids. Indeed, serum Cp oxidizes highly toxic ferrous ions
to the ferric state for further incorporation into apo-transferrins

(Osaki et al., 1996), catalyzes Cu(I) oxidation (Stoj and Kosman,
2003) and provide a protective shield against inadvertent oxidant
production by myeloperoxidase during inflammation (Chapman
et al., 2013). Moreover, Cp is the only plasma protein demonstrat-

rease the copper to zinc ratio. On the basis of this scheme, the increased copper to
es from growth and proliferation to maintenance and repair.
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ng the activity of NO-oxidase, NO2
− syntase (Shiva et al., 2006),

lutathione-linked peroxidase (Park et al., 1999) and superoxide
ismutase (Vasil’ev et al., 1998). In addition, in vitro binding stud-

es and molecular modeling indicate that lactoferrin can bind to Cp
uch that a direct transfer of ferric iron between the two  proteins is
ossible. This transfer of ferric iron would prevent both the forma-
ion of potentially toxic hydroxyl radicals and the utilization of iron
y pathogenic bacteria (White et al., 2012). Although Cp is a known
isk factor for cardiovascular diseases and was shown to be capa-
le of oxidising LDL (Ehrenwald et al., 1994), recent observations
uggests that the functional role of this protein “in vivo” is essen-
ial to protect cells and tissues during stressing conditions, such as
t may  occur during aging related diseases and disorders. By the
ther way, experimental models of infection with influenza virus
Samuel et al., 1980) and recent models of inflammatory bowel dis-
ase in Cp −/− mice confirm the strong protective role of Cp for the
rganism (Bakhautdin et al., 2013).

In conclusion, an increase with aging of serum CZr might reflect:
1) a decrease of serum Zn as a consequence of limited require-

ent of Zn–Alb for proliferation and growth or reduced nutritional
ntake, (2) a dislocation of Zn from the serum albumin pool to other
issue and compartments to sustain stress response, (3) an increase
f Cu–Cp to face-off the increasingly stressing conditions occurring
ith advancing age and in the presence of age-related diseases.

he overall putative effects that could be driven by an increase of
u to Zn ratio in aging have been resumed in Table 1. Most, if not
ll, these effects appear to be a kind of defensive response against
ging. Hence, the association of CZr with mortality in elderly could
e the consequence of the factors that drive an increase of CZr or,
lternatively and in analogy with the deregulated nutrient sensing
López-Otín et al., 2013), could be the result of this chronic response
hat may  eventually become deleterious and aggravate aging.

. Conclusions

The majority of studies on determinants of CZr in plasma have
een focused on nutritional status, and the raised levels of this
arameter have been described as a negative player for health
tatus of elderly mainly due to inadequate nutritional intake of
n. However, current knowledge on aging mechanisms suggests a
ore complex etiology of this phenomenon. Systemic signals pro-
oting cellular proliferation and growth seem to be able to increase

evels of plasma Zn in order to sustain the cellular requirement
f this trace element whereas, other signals promoting “mainte-
ance and repair” seem to induce a decrease of plasma Zn and
n increase of Cu levels as a part of a complex mechanisms built
o improve intracellular and extracellular anti-oxidant defense.
ccording to recent studies, endocrine and metabolic changes
ith aging and accelerated aging diseases might be indicative

f “survival” responses to genotoxic stress that could promote
umorigenesis (Schumacher et al., 2008). The suppression of the
omatotropic axis in aging could represent an example of pathways
hat are modulated in order to make an attempt to survive through
rowth cessation and increased tissue maintenance despite exist-
ng genomic instability. Therefore, it emerges the presence of
n evolutionarily conserved response that shifts the organism’s
esources from growth to maintenance as an adaptation to stresses
n an attempt to protect the organism from cancer and to promote
ealthy aging. Hence, the aging process could be represented as a
rogressive switch from signals driving to growth and reproduc-
ion during young/adult age to signals driving to maintenance and

epair in old age. These signals, including hormonal and inflam-
atory mediators can strongly affect plasma levels of Cu and Zn
ith a synergistic effect to increase CZr levels even independently

f the nutritional status. It is not surprising that high CZr appears
nd Development 151 (2015) 93–100

as a risk factor for disability and death in elderly as it might reflect
the organismal response to the accumulation of genotoxic stress. In
this context, plasma CZr might represent the downstream results of
a series of complex mechanisms that gradually change with aging
but that overall converge at increasing this parameter. A schematic
picture of these mechanisms is reported in Fig. 1. For this rea-
son, although the variability of CZr in humans is relatively large
(Malavolta et al., 2010) a significant increase of this parameter with
aging has been documented by several studies. However, it is still
lacking a large study that might analytically describe the limits and
potential of CZr as biomarker of aging. It should be also of interest
to compare the levels of CZr between normal aging populations and
centenarian’s offspring. It has been reported that centenarian’s off-
spring display several differences in systemic signals compared to
offspring matched-controls including lower circulating IGF-I bioac-
tivity (Vitale et al., 2012), that might predispose to an health and
long lifespan. The question remains open as to whether an higher
CZr plasma levels in response to infection and/or genotoxic stress
could result into a slower or more rapid deterioration of various
organ function contributing to delay or to accelerate the onset of
age-related diseases. As first step in order to answer this ques-
tion, it would be of interest to know whether CZr is affected by
the particular changes occurring in systemic signals of centenar-
ian’s offspring. The results of the largest European Project built to
establish biomarkers of aging (http://www.mark-age.eu/) will help
to answer some of these questions.
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