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Abstract The pivotal role played by zinc—gene interac-
tion in affecting some relevant cytokines (IL-6 and TNF-«)
and heat shock proteins (HSP70-2) in ageing, successful
ageing (nonagenarians) and the most common age-related
diseases, such as atherosclerosis and infections, is now
recognized. The polymorphisms of genes codifying pro-
teins related to the inflammation are predictive on one hand
in longevity, on the other hand they are associated with
atherosclerosis or severe infections. Since the health life-
span has a strong genetic component, which in turn also
affected by nutritional factors like zinc, the association of
these polymorphisms with innate immune response, zinc
ion bioavailability and Metallothioneins (MT) homeostasis
is an useful tool to unravel the role played by zinc—gene
interactions in longevity, especially due to the inability of
MT in zinc release in ageing and chronic inflammation. In
ageing, this last fact leads to depressed innate immune
response for host defence. In contrast, in very old age the
inflammation is lower with subsequent more zinc ion bio-
availability, less MT gene expression and satisfactory
innate immunity. Therefore, the zinc—gene (IL-6, TNF-q,
Hsp70-2) interactions, via MT homeostasis, are crucial to
achieve successful ageing.
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Human genes and longevity

Ageing is a universal phenomenon that affects nearly all of
animal species. According to Helfand and Rogina [69],
ageing can be characterized as: (1) an inevitable conse-
quence of being a multicellular organism; (2) associated
with a random, passive decline in function; (3) leading to a
global loss of homeostasis over time and (4) mortality
increasing with ageing. Evolutionary studies on ageing
have drawn the attention on the importance of the genetic
mechanisms involved in somatic maintenance and repair
that secure longevity [82]. Evidence from model organisms
has indicated that subtle variation in the genes can dra-
matically influence lifespan. However, findings on
potential candidate genetic mechanisms determining age-
ing and lifespan in model organisms are far to explain
variations in human populations because phenotypes are
critically dependent on the setting in which genes are
expressed, while laboratory conditions and modern envi-
ronments are markedly dissimilar [86]. Genetic analysis of
human ageing is mainly approached by searching the
genetic basis of susceptibility to major geriatric disorders
or the allelic contributions to exceptionally long life span.
It is just thanks to these last studies in centenarians popu-
lations that several candidate longevity genes or pathways
including PON1 [19, 130], IGF1/insulin pathway [84, 120],
elements of lipid metabolism [12], stress response [34] and
inflammatory response have been identified [53].

Genes related to inflammation and stress response, in
particular the pro-inflammatory cytokines IL-1, IL-6, TNF-
alpha, the anti-inflammatory cytokine IL-10, the HSP70
chaperones and the regulators of trace elements homeo-
stasis, metallothioneins (MT), seem particularly relevant
taking into account that the same genes are involved in the
susceptibility to major geriatric disease/disorders such as
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diabetes, osteoporosis, osteoarthritis, dementia, cardiovas-
cular diseases and infections [53, 107]. Moreover, in the
context of human longevity these genes acquire particular
weight because, conversely to typical lab organisms usu-
ally housed in pathogen-free environments and thus
underexposed to pathogens, the humans live in a controlled
but not sterile environment [54] responsible for a lifelong
antigenic load.

Two complementary arms of the immune system protect
humans from pathogens: natural (innate) immunity and
adaptive (acquired) immunity. Innate immunity is our first
line of defence called to act immediately after the body
encounters a pathogen and it is supported by neutrophils,
dendritic cells, macrophages, natural killer (NK) cells and
the complement system.

Adaptive immunity responds slower to pathogens but
more specifically and can “memorize” an intruder and acts
more rapidly to fight it when a second encounter arises. It is
supported by T lymphocytes, which contribute to cellular
immunity and B lymphocytes, which produce specific
antibodies against pathogens (humoral immunity).

Immune response, inflammation and stress response are
part of an integrated and evolutionary highly conserved set
of response crucial for survival and aimed to counteract all
kind of stressors impacting on the body and potentially
dangerous for survival [54]. Inflammation is necessary to
cope with damaging agents and is crucial for survival,
particularly during our reproductive years. However, as a
result of the lifelong antigenic load a chronic, low grade
inflammatory status associated with an exhaustion of the
adaptive/clonotypical immunity, progressively emerges as
a characteristic of ageing [52]. Indeed, the term “inflam-
maging” has been coined to describe these underlying
inflammatory changes associated with ageing [52]. In this
period of life largely unforeseen by evolution, the role of
pro-inflammatory cytokines devoted to the neutralization
of harmful agents early in life may become detrimental as
macrophages and neutrophils are excessively stimulated to
release cytotoxic compounds [54]. This phenomenon is
largely attributed to the evolutionary pressure on our
immune system which, in turn, evolved to be quite efficient
in coping with acute infections in young age, but not with
chronic/sub-chronic bacterial and viral infections lasting
for decades in old age [54]. Thus, excessive production of
pro-inflammatory cytokines, HSPs and alterations of innate
and adaptive immune response can lead to an “extra”, not
strictly “necessary”, immunological burden that may
determine the onset of age-related pathologies bearing a
strong inflammatory pathogenetic component. Within this
perspective, healthy ageing and longevity, which appears
to have a remarkable and strong genetic component [51],
are likely the result of a lower propensity to mount
inflammatory responses without compromising an acute
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response when exposed to pathogens [54]. As a result, in
order to become centenarian, it is necessary to successfully
cope with the common diseases at young age as well to
escape or to delay the major age-associated diseases.
Another important factor in longevity is the anti-inflam-
matory component. In fact, a low grade -chronic
inflammation is present also in those exceptional individ-
uals who escaped the major age-related diseases [54]. This
apparent dichotomy can be explained considering that the
age-related increase of inflammatory markers in long living
individuals is generally counterbalanced by an anti-
inflammatory response through the production of anti-
inflammatory agents (i.e. cortisol, TGF-beta, IL-10,
lipoxins) [54]. Therefore, the key of successful ageing and
longevity is likely the result not only of a reduced pro-
inflammatory capacity but also of an efficient anti-inflam-
matory networks, which in normal ageing fails to fully
neutralize the inflammatory processes consequent to the
lifelong antigenic burden and exposure to damaging agents.

“Diet-gene” interaction: the case of “zinc—zinc related
genes” in the context of healthy lifespan and longevity

Up to 25% of the variation in human lifespan is heritable
[101]; the rest is due to environmental and life style factors,
which impact the ageing process contributing as such to a
large inter-individual variability. Therefore, current prob-
lems are to understand how the genetic factors influencing
ageing and longevity are predicted to respond to fluctuating
environments. Among environmental factors, nutrition plays
a very important role in view of its high impact on gene
expression, protein production and epigenetic mechanisms
implicated in regulating the life span [96]. Despite the exact
contribution of nutrition to human longevity remains
unknown, some dietary patterns with likely different impact
on long-term disease occurrence and survival have been
identified. In this context, strong evidence for a beneficial
effect of higher conformity with the “Mediterranean” dietary
pattern on causes of death, including those ones by cardio-
vascular diseases and cancer, has been reported [83, 102].
By the other side, it is also commonly accepted that the
complex interactions of multiple polymorphisms play a key
role in how individuals may respond to dietary interven-
tions [38]. For each nutrient, there is a window of intake
between the Recommended Dietary Allowance (RDA),
(which is defined as the dietary intake sufficient to meet the
requirement of 97% of healthy individuals in a particular
stage of life and sex group), and the tolerable upper limit
(UL), which is the highest nutrient intake that can be
achieved without incurring risk of adverse health effects
for most individuals in the general population [140].
Although worldwide research on genetic variation that
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requires a different RDA or UL is still in progress, several
genes and alleles have been suggested to affect nutrient
utilization, including genes involved in the metabolism of
folate and vitamin B-12 [60, 62, 91], lipids [61, 74] alcohol
[20], lactose [142], iron [46, 77] and zinc [31, 97]. In the
context of healthy lifespan and longevity, nutrigenetic and
nutrigenomic implications around this last nutrient (zinc)
appear very important taking into account that: (1) RDA
(11 mg/day for men and 8 mg/day for women) and UL (40
mg/day for adults) for zinc are very close [50]; (2) About
10% of the human proteome consists in potential Zn-
binding proteins [5]; (3) Proteins devoted to Zn transport
(ZnT) and buffering, most of which display functional
polymorphic sites, include at least ten members of the ZnT
family [134], 15 members of the ZIP family (i.e. Zn-reg-
ulated metal transporter, iron-regulated metal transporter-
like protein) [36, 134] and ten distinct isoforms of MT
[150]; 4) zinc is an essential micronutrient strictly involved
in regulating gene expression [35], inflammatory response
[63, 124] and antioxidant activity [125].

Therefore zinc may be of relevance in the interaction with
some genes especially involved as transcriptional factors in
the expression of pro-inflammatory cytokines (IL-6, TNF-
alpha) and heat shock proteins (HSP70). Since many tran-
scriptional factors are encoded by zinc finger motifs [41], the
relevance of zinc is strengthen. Old subjects genetically
predisposed to a dysregulation of the inflammatory/immune
response display usually a mild zinc deficiency [107], sug-
gesting that polymorphisms of IL-6, TNF-« and Hsp70 may
be useful tools for screening old subjects with a likely dif-
ferent dietary requirement of zinc and, at the same time, for
screening subjects who effectively need zinc supplements.

Moreover, although the plasma zinc concentration of
nonagenarians is still significantly depressed, the neutro-
phil Zn content and Zn-dependent active plasma thymulin
levels are normal [110] suggesting a preserved intracellular
Zn bioavailability in these very old individuals. Within this
scenario, zinc—gene interaction may play a crucial role in
longevity, taking also into account that the favourable
genetic background of nonagenarians/centenarians can help
these individuals to maintain some indexes of the zinc
status within the normal range.

In the following paragraphs, we report the studies
carried out on some polymorphisms of genes related to
inflammatory/stress response, their possible interaction
with zinc metabolisms as well as their implications for
healthy ageing and longevity.

Zinc-MT gene interaction

Metallothioneins are essential to intracellular zinc
homeostasis by sequestration and release of the metal at the

occurrence and thereby controlling available free zinc ions
[119]. The cysteine sulphur ligands in the cluster structure
of MTs can be reduced (zinc sequestration) or oxidized
(zinc release) with thus concomitant changes in the relative
amount of bound and free zinc [93]. MTs are genetically
polymorphous protein families with subfamilies, subgroups
and various isoforms. Humans possess genes for four
subfamilies (encoded by at least ten functional MT genes),
all located in the chromosome 16: the brain specific MT-3,
the squamous epithelium specific MT-4 and the ubiquitous
MT-1 and MT-2 [147, 155].

One of the first functions of MT-I and MT-II is to reg-
ulate zinc homeostasis and to limit oxidative damage
within the cells [119]. Following an injurious stimulus,
such as a transient inflammation, the subsequent oxidative
stress induce the release of zinc from MTs via NO, in order
to promote the activity and expression of antioxidant
enzymes, including MT itself, thus reducing the oxidative
damage and the consequences of the injurious stimulus
[138]. However, the increased expression of pro-inflam-
matory cytokines occurring in ageing, leads to increased
expression of MTs, which in turn sequester considerable
amount of zinc making it less available for an efficient
immune response [104].

If, on one side, the reduced zinc ion availability in old
age might indicate an excessive sequestration of zinc ions
by MTs, on the other side, consideration of recent findings
on oxidative modification of MTs leading to their loss of
function suggests also a mechanism whereby these proteins
can also loose their ability to buffer the intracellular free
zinc concentration [10, 66]. In this case, MTs would be
unable either to bind or to consequently release zinc in
response to stressors. However, it is still unclear if dys-
functional MTs can be considered a typical alteration
associated with specific disease/disorders, such as hype-
rhomocysteinemia and type 2 diabetes, or if they are a
common feature of ageing. Anyway, as a consequence of
the altered zinc metabolism, also a large number of genes
that act as zinc sensors and transcriptional activators and/or
repressors are altered in ageing [55]. This may have a deep
impact on the regulation of zinc dependent transcription
factors, because they, not only regulate “zinc sensitive”
genes, but also control their own transcription through
positive auto regulatory mechanisms [90].

Taking into account that healthy centenarians display a
low MT expression and satisfactory zinc ion availability
despite pro-inflammatory cytokines (IL-6, TNF-a) increa-
ses [105], it may be suggested that this feature reflects the
existence of compensatory phenomena able to counteract
the effects of inflammation in these exceptional individu-
als. Moreover, these data suggests that a preservation of
zinc homeostasis is an important feature of healthy cente-
narians. Therefore, the role played by the zinc—gene
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interaction is pivotal to reach successful ageing and, at the
same time, to escape some age-related diseases. Since, the
persistence of inflammatory stimuli over time represents
the biological background favouring the susceptibility to
age-related diseases/disabilities, the absence of specific
“robust” gene variants and/or the presence of specific
“frail” gene variants might predict, on one hand the lon-
gevity, on the other hand the predisposition to the
appearance of the more common age-related diseases, such
as infections and cardiovascular diseases. In this context, it
has to be considered that genes selected, because they
confer a reproductive advantage early in life, may have
dangerous effects in the post-reproductive period. In fact,
negative selection against these harmful effects fails due to
the decline of natural selection with age. This fact means
that one gene that is “favourable” in young/adult age may
be “disadvantageous” in ageing (antagonistic pleiotropy
theory of ageing) [156].

Following this perspective, the beneficial effect of
inflammation, via an optimal MFT-1-MT-zinc—gene inter-
action, in young and adult age may become detrimental in old
age [104]. The recent discovery of novel polymorphisms of
MT2A and MTI1A supports this assumption. Indeed, old
subjects carrying AA genotype for MT2A polymorphism
display low zinc ion bioavailability, chronic inflammation by
high IL-6 and altered lipid assessments, with subsequent
elevated risk for atherosclerosis and diabetes type I [57]. By
contrast, polymorphism corresponding to A/C (Asparagin/
Threonin) transition at 4647 nt position in the MT1A coding
region is the most involved in the women longevity [34].

We report in the next chapters the allelic variants of pro-
inflammatory cytokines (IL-6 and TNF-o) and heat shock
protein (HSP70) in relation to the gene expression of MTs,
zinc ion bioavailability and innate immunity as possible
predictive factors for the longevity in Italian-aged popu-
lation. Moreover, such allelic variants may be very useful
tools in order to screen old subjects at risk for zinc defi-
ciency on genetic basis, taking into account that the actual
methodological procedures to test the “zinc status” are
often misleading and that laboratory investigations to assay
zinc ion bioavailability are scarcely reproducible and
poorly applicable to clinical practice [65, 103]. In this
context, a novel reproducible system in testing intracellular
zinc ion bioavailability has been developed using zinc
fluorescent probe (Zynpir-1) associated with MT values,
representing both tests valid methods to detect the intra-
cellular zinc status [92].

Zinc-Interleukin-6 gene interaction

Interleukin-6 is a pleiotropic cytokine capable of regulating
proliferation, differentiation and activity of a variety of cell
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types and plays a pivotal role in immune response [68]. In
particular, the most important function of IL-6 is most
likely as a mediator of the acute phase inflammatory
responses. These include the balance of the pro-inflam-
matory/anti-inflammatory pathways, lymphocytes
activation and hepatocellular stimulation of acute phase
protein synthesis [43]. Studies of the effects of ageing on
inflammatory response show interleukin-6 (IL-6) to be an
important “cytokine for gerontologists” [42, 72]. Indeed,
an age-related increase of IL-6 concentrations has been
found in serum, plasma and supernatants of mononuclear
blood cell cultures from elderly people devoid of any overt
age-related diseases [44, 45], beginning as early as 30-40
years of age [111] and being prominent among men [160]
and in centenarians [8]. Recent evidences have shown that
abnormal increased concentrations of IL-6 are reliable
markers for functional disability and predictor of disability
and mortality among the elderly [47]. Moreover, IL-6
dysregulation is involved in age-related diseases, such as
cancer, lymphoma, cardiovascular diseases, osteoporosis,
Alzheimer’s diseases, diabetes and atherosclerosis [78, 81,
131], which in turn have a substantial inflammatory path-
ogenesis [30, 37].

The human IL-6 gene is located on chromosome 7p21
and consists of five exons and four introns [133, 157, 161].
Genetic studies have identified four polymorphisms in the
promoter region of the IL-6 gene (—597G/A, —572G/C,
—373A/T, —174G/C) that have significant effect on IL-6
expression in an in vitro system [80, 116, 117]. A variable
number of tandem repeat (VNTR) polymorphisms were
found in the 3’ flanking region of the IL-6 gene (C allele)
[9]. In humans, a polymorphism in the IL-6 promoter (A/C
polymorphism at position —174) altered IL-6 gene tran-
scription rates in vitro [48] and IL-6 levels in vivo [145]. In
this last paper, people carrying CC or GC genotypes are
defined as C+, while those carrying GG genotypes are
indicated as C—.

It has been suggested that IL-6 —174G/C locus vari-
ability is capable of modulating on one hand the individual
susceptibility to common causes of morbidity and mortality
among elderly, on the other hand it may play a crucial role
in longevity [53]. Therefore, the genetic variations of this
locus of IL-6 gene are fundamental in elderly population in
order to better understand the intrinsic causes of the lon-
gevity. The association of these genetic variations to the
possible different immune responses is an attractive focus
in elucidating the molecular mechanisms involved in
immunosenescence.

The genetic variations of the IL-6 —174G/C locus have
been extensively studied by different groups with, how-
ever, contradictory data. Bonafe et al. [18] studied IL-6
promoter genetic variability at the —174 C/G locus and its
effect on IL-6 levels in Italian 700 people aged 60-110
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years, including 323 centenarians. Individuals who are
genetically predisposed to produce high levels of IL-6
during ageing, i.e. C— men (GG genotype) at [L-6 —174 C/G
locus, are disadvantaged for longevity. On the other hand,
the capability of C+ individuals (CC and CG genotypes) to
produce low levels of IL-6 throughout life span appears to
be beneficial for longevity, at least in men. The women
have, conversely, high IL-6 serum levels later in life
with respect to men independently from —174 C/G locus
polymorphism [18].

The inhibitory tone of estrogens on IL-6 gene expression
could explain the gender difference [23], assuming that its
long-term effects last until the extreme limits of human
life-span.

The major production of IL-6 in C— subjects for the
whole life, including centenarians, has been also confirmed
by in vitro studies [114] and by other in vivo longitudinal
studies carried out in Irish old and nonagenarian people
[129]. Modest, but significant implication of interleukin-6
promoter polymorphisms in longevity was also reported in
Danish people [32]. Other studies in old and nonagenarian
Finnish [152] as well as in a limited number of old and
nonagenarian Southern Italian individuals [28] found that
the allelic variations in —174 G/C locus are not involved in
the longevity and are gender independent. However, when
the distribution of other germ-line variants of stress
response genes, such as tyrosin hydroxylase was studied, a
similar male-specific difference between young people and
centenarians were observed [39]. In addition, a more recent
study in old and nonagenarian subjects has confirmed that
IL-6 production is higher in C— carriers and that these
subjects are prone to contract one of the more usual age-
related inflammatory pathologies, such as atherosclerosis
[56]. Interestingly, in this last study C— old and nonage-
narian subjects display also impaired innate immune
response (NK cell cytotoxicity) coupled with increased
MTs, zinc deficiency and low zinc ion bioavailability in
comparison with C+ carriers [56]. A functional implication
of the IL-6 —174G/C locus on MT expression and zinc-
regulated genes has been also recently confirmed by tar-
geted studies with in vitro zinc supplementation [98] as
well as in vivo [95, 108].

As reported above, high IL-6 in elderly induces abnor-
mal increments of MTmRNA expression which leads to
low zinc ion bioavailability because of a very limited
capacity in zinc release by MT in chronic inflammation
[104]. This phenomenon causes an impaired immune
response due to the relevance of zinc in immunity [103].

These findings clearly suggest that the genetic variations
of the IL-6 —174G/C locus play a key role for the longevity
also at functional level and confirm the existence of a
major number of centenarians with C+ carriers than C—,
as previously found by Bonafe et al. [18]. In this context,

an intriguing point is related to the low expression of the
signal transducing component (gp130) of IL-6 receptor in
centenarians in comparison with elderly despite high cir-
culating levels of IL-6 [110], which in turn may be inactive
in centenarians [105]. Therefore, the inflammatory status is
not so detrimental in very old age as, in contrast, occurring
in normal ageing. As a consequence, MTmRNA is lower
and the zinc ion bioavailability is satisfactory for the
immune efficiency in very old age [105]. So in ageing
population, the individuals who are C— carriers, display
high gp130 and have the tendency to produce elevated IL-6
quantities and therefore disadvantaged to reach the goal of
extreme longevity. This fact leads to an increased prone-
ness in developing some age-related inflammatory
diseases, such as atherosclerosis, through an altered zinc—
MT-immune/inflammatory interplay.

However, the discrepancy among all the genetic studies
on the variations of the IL-6 —174G/C locus in relation to
the longevity in elderly is still unclear. The ethnic differ-
ences, lifestyle and cultural differences among these
populations, could also play a role, as well as other unde-
fined factors. Large-scale studies at European level, on
many ethnic populations are needed to clarify this impor-
tant topic. For this reason, Zincage project has been
developed and the clarification of this point has been one of
the tasks of the project. A possible rationale behind these
conflicting data has been given taking into account the
different intake of zinc between Northern and Southern
European countries. In other words, the studies performed
in northern European populations report that C— allele
might not be any more the “risk allele”. This fact can be at
least partially explained by the higher zinc intake in these
populations [108]. Moreover, the determination of the
genetic variations of the IL-6 —174G/C locus associated to
a dietary assessment or to a comprehensive evaluation of
the zinc status has been reported as an useful strategy to
identify old subjects who can benefit of zinc supplemen-
tation without health risks.

Zinc-TNF-a gene interactions

TNF-« is a pleiotropic inflammatory cytokine mainly pro-
duced by macrophages and T-cells [151]. TNF-a stimulates
the proliferation of normal cells, exerts cytolytic or cyto-
static activity against tumour cells and causes
inflammatory, antiviral and immunoregulatory effects
[132]. TNF-« is an acute phase protein, which initiates a
cascade of cytokines and increases vascular permeability,
thereby recruiting macrophage and neutrophils to the site
of infection [151]. Without TNF-o, mice infected with
gram-negative bacteria experience septic shock [73]. An
interesting aspect of TNF-a functional properties is its
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peculiar interaction with IL-6. TNF-a constitutes a direct
and important stimulator of IL-6 production, via NF-kB
[149], thereby recruiting leukocytes to the site of infection.
At the same time with a paracrine influence, IL-6 inhibits
the synthesis of TNF-o stimulating the production of anti-
inflammatory cytokine (IL-10) and inducing the shedding
of TNF receptors that secondly bind and suppress the
function of circulating TNF-« [27, 88, 146]. As a conse-
quence, the balance between proinflammatory and anti-
inflammatory cytokines is fundamental in controlling the
magnitude of the inflammatory response. An impaired
response results in immunodeficiency leading to infection
and cancer, whereas excessive response causes morbidity
and mortality in diseases such as atherosclerosis, diabetes,
Alzheimer’s disease, autoimmune diseases and septic
shock during acute infections [147], which are pathologies
with a great inflammatory pathogenesis [30, 37]. In ageing,
substantial increments of TNF-« concentrations as well as
of IL-6 occurs, whereas IL-10 levels are low [24] leading to
a complete dysregulation of the balance anti/pro-inflam-
matory cytokines with the subsequent appearance of
chronic low-grade inflammatory activity and the risk to
contract age-related diseases [22]. Different longitudinal
studies in cohorts of old people from some European
countries (Finland and Denmark) as well as from USA
have shown that abnormal increments of TNF-o are pre-
dictors of mortality and act as a marker of the frailty
syndrome, suggesting a pivotal role of this cytokine in
controlling the magnitude of the inflammatory status in
ageing and in very old age [25]. Circulating TNF-a levels
are regulated at different stages: gene transcription, post-
transcription control of mRNA stability, cleavage of
membrane-associated TNF-o to induce its bioactive soluble
form, and expression of TNF receptors [64]. Genetic
variations located within TNF promoter region influence
the susceptibility to age related diseases by increasing gene
transcription and consequently cytokine production
[16, 121]. The TNF gene cluster is located on human
chromosome 6p21 within the class III region of the major
histocompatibility complex [153]. Several single nucleo-
tide polymorphisms (SNPs) have been identified in the
human TNF-o gene promoter. One of them is a guanine (G)
to adenine (A) transition at position —308 that generates
the TNF1 and TNF?2 alleles, respectively. The TNF2 allele
is associated to high in vitro TNF-a gene expression, and it
has also been linked to an increased susceptibility and
severity of a variety of illnesses, such as rheumatoid
arthritis, systemic lupus erythematosus, inflammatory
bowel disease and Alzheimer’s type dementia. It is also
associated with a higher septic shock susceptibility and
mortality [71]. Therefore, the investigation of polymor-
phisms within the TNF-a cluster is important in
understanding the role of TNF-o regulation in specific
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diseases [1]. For this reason, the —308 G/A SNP has been
the most studied polymorphism also in relation to ageing
and longevity, taking into account that high levels of TNF-a
are the major cause of frailty and disabilities in normal
ageing as well as in older individuals (octogenarian/nona-
genarian) [85]. Studies on various cytokine polymorphisms
in a Finnish [152] and a Danish [25] population, including
TNF-0 —308G/A locus, have shown that there was no
differences in the TNF-o —308G/A promoter polymor-
phism between octogenarians, centenarians and young
controls, suggesting that the allelic variations of various
genotypes within the TNF-o —308G/A promoter are not
linked with longevity. Recent studies performed in Italian
old population, including 35 healthy nonagenarians, have
confirmed the existence of no differences in A+ and A—
carriers (AG and AA genotypes, called A+; and GG
genotype, called A—) between adult, old and nonagenarian
subjects, with also no differences in TNF-a gene expres-
sion and circulating levels between old and very old
individuals [33]. However, a single study performed in
Italian old population has shown that the interaction
between TNF-oo —308 promoter SNP and IL-10 —1082
promoter SNP is related to longevity [89]. In particular, the
evaluation of combined IL-10 and TNF-a genotypes
showed that there was a significant increase of the “anti-
inflammatory” (IL-10 —1082GG/TNF-a —308GG) geno-
type in centenarians men over controls [89].

Moreover, studies in patients affected by severe infec-
tions or septic shock have highlighted the prognostic value
of TNF-o —308 promoter SNP [71]. Studies performed in
children with meningococcal disease [112], in patients with
septic shock [100, 141], in old septic shock patients [143],
and more recently in old patients affected by severe
bronchus-alveolar infections [33], show that the TNF-o
—308A allele (A+ carrier) is associated with adverse
outcome with respect to TNF-a —308A allele (A— carrier).
Moreover, patients with A+ carrier have less responsive-
ness to drugs and significantly increased risk of death
[120]. All these findings suggest that of TNF-2-308G/A
SNP is pivotal for the outcome in a variety of infectious
and inflammatory diseases.

An interesting point is also the association between
TNF-2-308G/A SNP polymorphism and innate immune
response (NK cell cytotoxicity), stress related proteins
(MTs) and nutritional factors (zinc). Although no differ-
ences exist both in TNF-a gene expression and circulating
levels between old and nonagenarian subject [33], signifi-
cant increments appear in MT gene expression and
decrements in NK cell cytotoxicity and zinc ion bioavail-
ability in A+ carriers than A— ones. These differences are
more pronounced in old A+ patients affected by severe
infections [33]. For the concepts expressed above regarding
the role of high MT in chronic inflammation [104] and
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taking into account that the TNF-o-308G/A SNP plays a
role in innate immune response and in regulating IL-10
expression, the determination of TNF-2-308G/A SNP may
be considered as an useful tool to screen old subjects at risk
for zinc deficiency. On the other hand, it has been reported
that zinc down-regulates the inflammatory cytokines,
including TFN-u«, through an up-regulation of the zinc
finger protein A20, and subsequent inhibition of NF-kB
[126].

Zinc-HSP70 gene interaction

Heat shock proteins are molecular chaperones and are
present in both prokaryotic and eukaryotic cells. They are
present in the cytosol, mitochondria, endoplasmic reticu-
lum and nucleus [70]. The principal HSPs range in
molecular mass from 15 to 110 kDa and are divided into
groups based on both size and function [154]. The most
well-studied HSPs in mammals are those with molecular
weight masses of 60, 70, 90 and 110 kDa. They are
expressed at euthermic body temperatures (37°C) and in
condition of stresses such as heat shock, infection,
inflammation, exposure of the cell to toxins, starvation and
hypoxia. Their high levels of conservation suggest that they
play an important role in fundamental cell processes: from
an antiapoptotic role to protein folding, to protein degra-
dation, to protein intracellular trafficking and
cytoprotection [109, 154]. The latter property occurs in a
wide variety of human diseases, including ischaemia,
inflammation, cancer, as well as metabolic and neurode-
generative disorders [158].

HSP70 family appears to be the most temperature sensi-
tive, evolutionary preserved and distributed in all animal
species and the most highly conserved among the Hsps
[122]. Three genes located in chromosome 6p21 encode
members of HSP70 protein family: HSP70-Hom, HSP70-1
and HSP70-2. The first one is expressed constitutively,
whereas HSP70-1, and HSP70-2 codify an identical protein
and are the major inducible forms [99]. HSP70 plays arole in
the assembly and transport of newly synthesized proteins
within the cells as well as in the removal of denaturized
proteins. HSP70 is hyperactivated in presence of noxious
stimuli, such as heat, oxygen stress and infection, in order to
protect cells from apoptosis [14] via inhibition of caspase-3
[87]. In vitro study on human fibroblasts undergoing ageing
shows that the increment of HSP70 expression is associated
with improved functional and survival ability of the cells in
terms of increased proteasome activities, increased ability to
decompose H,0,, reduced lipofuscin accumulation and
enhanced resistance to ethanol, H,O, and UV radiation [49].
An overexpression of HSP70 contributes to extend longevity
in non-mammalian organism [2, 159]. However, old rats

show reduced expression and induction of heat shock pro-
teins in response to physiological stresses, including
hypertemia [118]. In humans, the ageing process is associ-
ated with elevated morbidity and mortality rates due also to
reduced thermotollerance [135]. On the other hand, old
humans display reduced Hsp70 activity with subsequent
reduced ability to respond to stress, including heat exposure
[79, 137]. Conversely, it has been reported that the heat
induction of HSP70 in EBV transformed B-lymphocytes
from centenarians is similar to the one observed in young/
adult cells [4, 94]. Although in both studies the sample size
was small to draw any definitive conclusion, especially for
males, there is an interesting concordance between these
results and previous observations on a possible gender-
dependence. One of these study [94] investigated the HSP70
production under the influence of the (A/C) —110 HSP70-1
polymorphism, which has been previously reported to affect
the chance to attain longevity in females [3]. The results
confirmed that lines obtained from carriers of A allele, which
is unfavourable to longevity in women [3], had a trend in
reduced HSP70 synthesis and production with respect to
lines obtained from carriers of C allele, and this difference
was more evident in females than males. The origin of this
gender dependence is still unknown but it could be one of the
reasons why female centenarians are predominant. If on one
side, the comparison between age-classes can be affected by
the loss of the age-related phenotypes during the process of
immortalization, on the other side the immortalization
should not overrun or abrogate functional genetic differences
in the individuals from whom the cell lines derive. In fact, the
same model of immortalized cells was successfully used to
evaluate the functional implications of the —174 IL-6
polymorphism [115].

Overall, these studies suggest that centenarians are more
capable to protect more efficiently their cells from damage
accumulation and subsequent cell dysfunction associated
with ageing. This major capacity may be largely due to a
good zinc ion bioavailability, via MTs homeostasis,
occurring in centenarians [105]. Indeed, short term zinc
supplementation resulted in a marked increase in both basal
and stress-induced HSP70 levels in lymphocytes from
healthy old donors [127].

These findings corroborate in vitro experiments that
reported a stress response inducing property of zinc in
various peripheral cells of different origin [4, 13, 67],
suggesting that zinc “per se” may exert a mild stress on a
variety of cell types. This property of zinc might resemble
an hormetic action [128]. In fact, the zinc supplementation
in elderly subjects elicits a more intense stress response
(twofold to fourfold increase of heat-induced HSP70) with
no apparent damage [127].

Among the properties of HSP70, recent studies have
ascribed novel functions to the Hsp70 protein depending on

@ Springer



68

Genes Nutr (2008) 3:61-75

its localization. Surface-bound HSP70 specifically activate
NK cells, while HSP70 released into the extracellular
milieu specifically binds to Toll-like receptors 2 and 4 on
antigen-presenting cells and exerts immunoregulatory
effects, including upregulation of adhesion molecules, co-
stimulatory molecule expression and cytokine and che-
mokine release [6, 7]. Therefore, in contrast to its
intracellular role, extracellular HSP70 can produce dele-
terious effects mainly attributed to the stimulation of a
potent pro-inflammatory response through the release of
pro-inflammatory cytokines, nitric oxide and stimulation of
innate and adaptive immunity. Studies performed in cen-
tenarians and centenarian offspring demonstrate that both
these individuals have significantly lower HSP70 serum
levels than unrelated controls [144]. Following these
studies, long-lived individuals may have less cellular stress
and, at the same time, decreased exposure to inflammation
because of lower extracellular HSP70 levels [144]. How-
ever, further investigations are required in order to clarify
why centenarians and centenarian offspring have lower
levels of serum HSP70 and to better understand the role
played by zinc and genetic polymorphisms in this obser-
vation. At our knowledge, there is an isolated study
investigating the role of 1267 HSP70-2 polymorphisms and
zinc status on the risk of coronary artery disease [58]. This
study reported an association of 1267 HSP70-2 polymor-
phism with coronary artery disease, but the zinc status
(plasma and Zn/Fe ratio in erythrocytes) was not affected
by the polymorphism.

Thus, we can conclude that nutritional zinc can highly
affect HSP70 expression and induction but, conversely, no
evidences for an interaction between HSP70 gene variants
and dietary requirements of zinc are still available.

Ageing, diseases, SNPs: is it better to test single
polymorphism or more polymorphisms associated
to environmental factors (nutritional factors

and life style)?

The ageing process and the most common age-related
diseases display multiple genetic variants and environ-
mental variables contributing to the observed phenotype.
Because of the multi-factorial nature of genes—environ-
mental interactions, each individual genetic variant has
generally only a modest effect, and the interactions of
genetic variants with each other or with environmental
factors can potentially be important in determining the
observed phenotype. Recent evidences suggest that the
combinations of more genetic variants may better explain
some of the inherited variation in susceptibility to common
age-related diseases [113]. Genetic association studies, in
which the allele or genotype frequencies at markers are
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determined in old individuals or in patients affected by
various diseases and compared with those of controls
(healthy individuals or individuals with exceptional lon-
gevity like nonagenarian/centenarians), may be an
effective approach to detect the effects of genetic variants
with modest effects. With the recent explosion in SNP
discovery and genotyping technologies (array), large-scale
association studies have become feasible [29].

In this context, studying the interactions among more
polymorphisms rather than a SNP is a power genetic
approach in order to discovery more “robust” genes related
to the longevity or the appearance of age-related diseases
[15]. However, the study of a large number of genes is
impracticable because hundreds of thousands of SNPs may
need to be simultaneously analysed in order to warrant the
goal of finding “robust” genes for the longevity. Therefore,
it is necessary to have valid tools for large-scale gene
investigations, such as whole-genome SNPs association
maps, which can help to bring down the number of testable
SNPs. A first generation of whole-genome association
maps, developed using Linkage Disequilibrium (LD)
analysis between common polymorphisms, should be
available but still under development [29]. LD describes
the non-random correlation between alleles at a pair of
SNPs without a hierarchical structure to the linkage [162].
LD analysis generally identifies more than 30,000 of can-
didate genes for a specific pathology and evidences the
major risk alleles [139]. Although this analysis is very
suggestive and likely gives a clear identification of poten-
tial candidate genes for a single pathology, as suggested for
instance in cancer [21], it still in infancy because of the
presence of many genes with modest effects [17]. Thus,
many efforts are actually in progress in order to separate
“robust” genes from “modest” genes. However, recent
comparative genomic studies have demonstrated that evo-
lutionarily conserved genes can be easily associated
especially when these genes are involved in the same
regulatory biological network. For instance, this is the case
of genes involved in blood coagulation factors [26].
Moreover, the addition of intermediate phenotype analysis
(enzyme analysis or immune response) and environmental
factors (nutritional factors and life style) that can affect the
genes, give a more complete picture of the possible can-
didate genes as “robust” genes involved in a specific
pathology or physiological condition. This is the case
reported in the examination of the genetic variants of PON-1
locus, where none of the SNPs examined showed signifi-
cant associated risk for carotid artery disease (CAAD)
directly [75]. The addition of the intermediate phenotype
(enzyme activity) helped in the identification of a group of
SNPs that probably do have a small effect on CAAD risk,
but a risk not likely identifiable in the analysis of the single
polymorphisms [76]. Also the interaction among various
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polymorphisms of anti/pro-inflammatory cytokines, such as
IL-10 and TNF-o, helped in the identification of IL-10-
1082GG/TNF-o. —308 GG genotype interaction as relevant
for the longevity rather than the single polymorphism of
IL-10 or TNF-o [89]. The same conclusion as high risk
factor for mortality due to sepsis and infections has been
reported when HSP70-2A and TNF-f2 genotypes are
associated [141]. All these findings therefore highlight the
importance of knowing all the polymorphisms relevant to
the inflammatory response in individuals rather than
interpreting a polymorphism in isolation. With regard to
the polymorphisms of cytokines (IL-6 and TNF-«) and heat
shock proteins (HSP70-2) reported in this review, the
interactions among different polymorphisms was consid-
ered because these genes are all evolutionary conserved
and involved in the same regulatory network: i.e. the
control of the magnitude of the inflammatory status both in
ageing and in age-related diseases (infection and athero-
sclerosis). In this context, some polymorphisms of MT
(isoform I and II) have to be included in the network,
taking into account that MTs homeostasis is also involved
in the longevity of worm Caenorhabditis elegans [11].
Recent data from our laboratory show for the first time that
a polymorphisms of MTs is involved in longevity [34],
whereas MT2A polymorphism is involved in atheroscle-
rosis worsening [57]. Moreover, the addition of some
intermediate phenotypes (i.e. innate immune response like
NK cell cytotoxicity), and environmental factors, such as
zinc ion bioavailability and life style, may likely give a
more complete picture of the influence of the genes related
to inflammation on the longevity and on the appearance of
age-related diseases. Studies on these interactions are
strongly encouraged in order to find “robust” gene net-
works in the human genome associated with longevity,
other than to a single pathology [29], and to explain the
contradictory data reported for some genetic factors.

Conclusions

In this paper, we reviewed data regarding to the pivotal role
played by the zinc—gene interaction in affecting some rel-
evant cytokines (IL-6 and TNF-«) and heat shock proteins
(HSP70-2) in ageing, successful ageing (nonagenarians)
and the most common age-related diseases, such as
atherosclerosis and infections. The polymorphisms of the
genes codifying these proteins are predictive on one hand
in longevity, such as IL-6 —174G/C locus, confirming
previous report by [18], on the other hand the same IL-6
polymorphism together with 1267 Hsp70-2 polymorphism
are associated to cardiovascular diseases. TNF-a-308G/A
is instead more related to risk of severe infection than
longevity. Taking into account that the genetic longevity is

a very complex and quite peculiar phenomenon being
affected by life style and environmental factors, the anal-
ysis of this polymorphism in association to some functional
parameters (innate immune response, such as NK cell
cytotoxicity) and environmental factors (nutritional factors,
such as zinc) gives a more complete picture of role played
by these polymorphisms in longevity and in the arising of
age-related diseases, indicating these genes as possible
“robust” genes. Indeed, all these polymorphisms are
associated with chronic inflammation, low zinc ion bio-
availability, depressed innate immune response and high
gene expression of MTs, which may be implicated in a
lower zinc ion availability necessary for an optimal innate
immune response. Therefore, the immune plasticity that is
a condition “sine qua non” in order to reach successful of
ageing [54, 106], is strictly linked to the magnitude of
inflammatory status and to zinc-genes (IL-6, TNF-o,
Hsp70) interaction, where MT homeostasis and its poly-
morphisms can also play a pivotal role (Fig. 1). For this
purpose, within the framework of Zincage project
(www.zincage.org) a large number of elderly subjects from
different European Countries [SUD (Italy, Ancona and
Bologna; Greece, Athens;) and NORD (Poland, Lodz;
Germany, Aachen and France, Besancon) Europe] has be
screened for the risk to develop zinc deficiency studying
the interactions of IL-6 —174 and MT1A 4647 polymor-
phisms associated with biochemical and immune
parameters as well as dietary habits. The data have been
compared with those obtained from nonagenarians (from
different European Countries) and old patients affected by

Polymorphisms of genes regulating
zinc homeostasis (i.e. MT)

V 4 e N
F .t i By
‘ (| h 4 \*__.
Pro-inflammatory genotype Adequate dietary intake of
(IL-6, TNF-alpha, HSP70) L ‘ zine

Inflammaging Anti-inflammatory
response

Inflammatory diseases Lbnqevity
Unsuccesfull ageing Late life survival

Fig. 1 The interaction between zinc dietary intake and some genes
regulating the inflammatory response and zinc homeostasis for
healthy ageing and longevity: Polymorphism of genes involved in
regulating zinc hoemostasis (i.e. MT) can be schematically repre-
sented as the hinge of the balance that determine the adequate dietary
intake of zinc necessary to counterbalance the weight of pro-
inflammatory genes. An high inflammatory response can result
detrimental in ageing leading to increased susceptibility to inflam-
mation-based diseases later in life. On the other side, feeding the body
with the adequate requirement of zinc can result in a proper anti-
inflammatory response which may be pivotal to reach longevity
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severe infections and atherosclerosis. The main results of
the project confirmed a strong contribution of MT genetic
variants in regulating zinc homeostasis and perhaps its
dietary requirements as well as their relevance in longevity
and in some age-related pathologies [34, 57, 95, 98].
Moreover, it has been confirmed that IL-6 —174 poly-
morphisms can be used to identify old subjects with higher
risk to develop zinc deficiency [98, 108]. The study
revealed also that contradictory data existing on the asso-
ciation between IL-6 —174 polymorphisms and chronic
disease can find a rationale in the different dietary intake of
zinc existing in the different population studied [108].
Finally it is important to conclude considering an important
aspect of zinc homeostasis which, in our opinion, will have
profound implications for the individual zinc dietary
requirements and propensities to develop particular age-
related disease. We refer to the zinc transporters cited
above (paragraph 2). In fact, although nothing has been yet
done on Zn transporters and ageing, there is a good evi-
dence that they are involved in chronic disease and
inflammation [40]. Consideration of recent developments
in our understanding of the genetic basis of type 2 diabetes
[36] and CAAD [59] provides strong examples of the
potential relevance of zinc transporter polymorphisms to
important age-related diseases. In view of these results we
can anticipate that genetic of zinc transporters will be
likely critical to most, if any, explanation of differences
in zinc availability and inflammatory response between
successful and normal ageing.
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