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response by upregulating their MT levels to reduce 
the toxic effects of environmental pollutants, such 
as Cd, that accumulate over their longer life span. 
It is also unknown if the number of MT genes, their 
expression, or both protect the organisms from poten-
tially damaging effects during aging. To address these 
questions, we reanalyzed several cross-species studies 
and obtained data on MT expression and Cd accumu-
lation in long-lived mouse models. We confirmed a 
relationship between species maximum life span in 
captive mammals and their Cd content in liver and 
kidney. We found that although the number of MT 
genes does not affect longevity, gene expression and 

Abstract Cadmium (Cd) accumulates with aging 
and is elevated in long-lived species. Metallothio-
neins (MTs), small cysteine-rich proteins involved in 
metal homeostasis and Cd detoxification, are known 
to be related to longevity. However, the relationship 
between Cd accumulation, the role of MTs, and aging 
is currently unclear. Specifically, we do not know if 
long-lived species evolved an efficient metal stress 
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protein amount of specific MT paralogs are strongly 
related to life span in mammals. MT expression rather 
than gene number may influence the high Cd levels 
and longevity of some species. In support of this, we 
found that overexpression of MT-1 accelerated Cd 
accumulation in mice and that tissue Cd was higher 
in long-lived mouse strains with high MT expression. 
We conclude that long-lived species have evolved a 
more efficient stress response by upregulating the 
expression of MT genes in presence of Cd, which 
contributes to elevated tissue Cd levels.

Keywords Aging · Comparative biogerontology · 
Cadmium · Mammals · Metallothionein · Longevity

Introduction

Cadmium (Cd) is a toxic transition metal with ubiq-
uitous distribution in the earth’s crust and is enriched 
in the food supply due to bioaccumulation and signifi-
cant anthropogenic pollution [64]. Cd has no known 
biological function and it is classified as a group I car-
cinogen by the International Agency for Research on 
Cancer (IARC). Recent studies have linked modestly 
elevated urinary Cd excretion — a reliable measure 
of overall exposure — with cancer, cardiovascu-
lar disease, and all-cause mortality [47]. Cadmium 
accumulation, especially in liver and kidney, has also 
been associated with age-related pathologies such as 

hypertension, cardiovascular dysfunction, osteoporo-
sis, and telomere-shortening [1, 62, 88]. Consistent 
with a relationship between Cd and aging, Cd accu-
mulation has been found elevated in the liver and 
kidney of long-lived mammals [51] and accumulated 
with age in the kidney of horses [39]. Long-lived spe-
cies may accumulate more Cd than short-lived spe-
cies due to greater consumption of food (and thus Cd) 
and the extremely long half-life of Cd in the organ-
ism (estimated from 10 to 30 years in humans) [38]. 
Although there is no unifying theory to explain the 
toxicity of Cd and its role in aging, it is believed that 
even low-level exposure to environmental Cd con-
tributes to age-related renal and vascular dysfunction 
through disruption of zinc (Zn) and redox homeosta-
sis [20, 62]. Increased Cd levels in long-lived species 
suggest that lower uptake of this metal is not used as 
a protection mechanism against Cd toxicity by organ-
isms that live longer, although fibroblasts of long-
lived species were found more resistant to Cd [31]. 
Therefore, considering that Cd has no known biologi-
cal function, it is toxic and its tissue levels were found 
to be elevated in long-lived species [51]; it would 
be expected that species that live longer would have 
some protective mechanism to sequester this metal 
and reduce its negative effects on these organisms, 
allowing them to live longer.

One of the best characterized intracellular 
responses to Cd is the induction of metallothionein 
(MT) gene expression, coding for cysteine-rich metal-
binding proteins. These multifunctional proteins not 
only protect from Cd and heavy metal toxicity but 
also regulate copper (Cu) and zinc (Zn) homeosta-
sis, act as antioxidants and as redox sensors [14, 55], 
and are functionally related to the insulin signaling 
pathway [29, 34, 72, 75]. The MT gene superfam-
ily has undergone numerous gene duplication and 
loss events across vertebrates. Number of paralogs, 
isoforms, pseudogenes, and polymorphism at MT 
genes is therefore highly variable across species, 
with the highest number of MT genes occurring in 
humans and the lowest number in fish and amphib-
ians [34, 72]. This variation in terms of number of 
functional genes across species has resulted in sub-
functionalization, with different MT proteins having 
distinct binding affinities for metals and some of them 
being ubiquitous and some being tissue specific [34, 
75]. The presence of several paralogs with similar or 
redundant functions is a challenge for genomic and 
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transcriptomic comparative research, especially when 
a reference genome is not available [10, 56, 82]. This 
challenge also affects studies aimed at establishing 
the genetic determinants of longevity, and a targeted 
or focused approach on a single gene belonging to 
a gene family is therefore usually preferred in func-
tional studies.

Multiple lines of evidence suggest that MTs are 
related to longevity. MT expression is elevated in 
long-lived worms, flies [75], many long-lived mouse 
models, and during aging [76]. Several studies have 
highlighted that overexpression or induction of MTs 
extends mouse life span [52, 84], whereas double 
knockout of MT-1 and MT-2 shortens life span [41] 
and promotes cancer [53]. In humans, single nucleo-
tide polymorphisms in MT genes are linked to age-
related diseases [46] and exceptional longevity [13]. 
Moreover, some MT isoforms are elevated in periph-
eral blood mononuclear cells from centenarian off-
spring compared to controls and this is associated 
with altered Zn homeostasis [25].

However, the role of MTs in aging, especially their 
relationship with Cd accumulation during aging and 
in long-lived species, is not fully understood. Cd 
accumulation varies among tissues, sexes, age, and 
species [44, 58, 59]. For example, in non-human pri-
mates and horses, Cd concentration was highly vari-
able but generally higher in older individuals, and in 
kidney than liver, while Zn was found higher in liver 
than kidney [39, 58]. MTs have higher affinity for Cd 
than Zn — thus displacing Zn when Cd is available 
[62] — so that lower Zn concentrations correlate with 
higher expression of MTs accumulating Cd [39, 58]. 
Furthermore, in horses while the level of MTs fol-
lowed Cd concentration in the kidney, no clear rela-
tionship between MTs and Cd levels was observed in 
the liver [39]. Indeed, liver is the primary target of Cd 
in acute toxicity, whereas kidneys are the respective 
major target of Cd in chronic toxicity [67]. These data 
suggest that Cd accumulation during aging may be 
mediated by higher expression of MTs in the kidney 
but not in the liver. Longer-lived species may there-
fore have increased MT gene expression in compari-
son to shorter-lived species to allow them to deal with 
increased Cd accumulation experienced during aging. 
However, to our knowledge, there are currently no 
data testing this hypothesis across species with dis-
tinct life spans. Furthermore, considering that distinct 

species have different numbers of MT genes (paral-
ogs), we currently do not know if gene expansion in 
this gene family may be related to increased longevity 
— i.e., species with a higher number of MT paralogs 
can live longer because of improved metal homeody-
namic processes — and if Cd accumulation during 
aging similarly affects the expression of different MT 
paralogs or if some MT paralogs are more responsive 
than others.

To address these hypotheses, here we combine 
meta-analyses of already published cross-species 
datasets on Cd accumulation and MT expression 
with our own data on Cd accumulation in long-lived 
mice and with comparative genomic approaches on 
the number of MT paralogs across vertebrates. Our 
results confirm that independently of age at sampling, 
Cd accumulates during aging in mammalian species 
living in controlled environments. We found that 
MT gene expression and protein levels but not MT 
paralog numbers are related to increased life span in 
mammals and that Cd accumulates with aging as a 
consequence of the increased MT expression.

Progressive loss of metallostasis (metal homeo-
stasis) appears to be a conserved phenomenon across 
aging of multiple species [3, 6, 26], and there is evi-
dence that alterations in metal abundance modulate 
life span in most common animal models used in 
aging studies, such as rats [68], mice [52], worms 
[42], and flies [85]. Our work reveals that MT gene 
expression and protein level rather than MT gene 
number play a crucial role in the maintenance of met-
allostasis suggesting that these proteins could be a 
useful target for interventions to improve life span. To 
our knowledge, our work represents the first case in 
which we specifically tease apart the contribution of 
distinct paralogs vs. their gene expression and protein 
levels for genes known to be involved in aging-related 
processes.

Methods

Data collection from repositories and databases

Species maximum life span and body mass data

Species maximum life span (MLS) and body mass 
were determined from the AnAge database [78] 
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except in a few cases when MLS and body mass data 
were estimated from other sources — i.e., bird band-
ing and published literature (Supplementary data 1).

Cd accumulation

We searched the literature for datasets which meas-
ured species-specific Cd accumulation in liver and 
kidney in mammals and birds kept under standard-
ized conditions (captivity) or living in the wild. We 

identified four datasets with at least 10 species each to 
allow statistical analysis (Table 1). Information about 
studied vertebrate group (mammals or birds or both), 
sex, and life stage of the animals in each dataset are 
listed in Table 1. Age at sampling — when available 
— was used to take into account the influence of dif-
ferent sampled ages on Cd accumulation.

We reanalyzed cadmium data published by others 
[44, 58, 59], who reported Cd levels in animals from 
zoos. The data from wild animals were obtained by 

Table 1  Partial correlation between Cd accumulation and maximum life span taking body mass into account in captive (zoo) and 
wild animals

1 Animals died of predominantly natural causes. In this study, we pooled and reanalyzed data from Ninomiya et al. [58], Koizumi 
et al. [44], and Ninomiya et al. [59]. For our analyses, we did not use the birds included in one of these studies as only five species 
were included
2 CEETV is a “contaminant database,” hence results may be more heterogeneous than for other datasets
3 Animals were found dead and the post-mortem delay is not known, making interpretation difficult
* Most, but not all, species are represented by more than one individual; thus for some dataset, the sum of the numbers reported for 
females and males may be higher than the total number (see Supplementary Information 1)
All p-values are indicated in parentheses. Significant p-values (< 0.05) are in bold. NA, not enough data available; AAS, atomic 
absorption spectrometry

Dataset NKN1 CEETV  dataset2 Frank  19863 Eisler’s compendium

Vertebrate Mammal and bird species Mammal and bird species Mammal and bird 
species

Mammal and bird species

Method AAS Various AAS Various
Geography Japan N. America Sweden Marine
Age Adult Adult Any Adult
Status Captive Wild Wild Wild
Sex Combined/split Combined Combined Combined
Kidney
Mammals (n)* 53 11 11 25
Pearson r 0.51 (< 0.001) 0.78 (< 0.01) 0.12 (0.72) 0.08 (0.69)
Birds (n)* Not used 31 29 0
Pearson r NA 0.23 (0.20)  − 0.30 (0.11) NA
Males (n)* 32 NA NA NA
Pearson r 0.43 (< 0.05) NA NA NA
Females (n)* 44 NA NA NA
Pearson r 0.62 (< 0.0001) NA NA NA
Liver
Mammals (n)* 53 11 11 20
Pearson r 0.50 (< 0.001) 0.36 (0.27) 0.25 (0.45)  − 0.06 (0.79)
Birds (n)* Not used 39 29 11
Pearson r NA 0.42 (0.42)  − 0.24 (0.21) 0.39 (0.23)
Males (n)* 32 NA NA NA
Pearson r 0.55 (< 0.01) NA NA NA
Females (n)* 44 NA NA NA
Pearson r 0.58 (< 0.0001) NA NA NA
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using the CEETV database (http://www.pwrc.usgs.
gov/contaminants-online/), the Compendium of Trace 
Metals and Marine Biota [21], and from the study of 
Frank [23]. We selected the above-mentioned studies 
and dataset to ensure the consistency of data, including 
data points expressed as wet-weight, from adult ani-
mals and unpolluted areas. Data used for the following 
analyses can be found as Supplementary data 11.

MT paralog number

Numbers of MT paralogs per species were obtained for 
mammals with a genome available from ENSEMBL 
release 96 [35] and with a coverage equal or higher 
than 6X. We determined the number of MT paralogs 
by running a search on ENSEMBL for each MT for 
each species. When MT annotation or gene number 
in ENSEMBL was doubtful, a BLASTX search was 
performed on NCBI using the non-annotated coding 
sequence of the gene. For the analysis of MT paralog 
number and MLS, we only considered species for 
which MT paralog number was consistent between 
ENSEMBL and NCBI search. Data were obtained for 
31 species of mammals (Supplementary data 1).

MT gene expression and MT protein level

We searched the literature for cross-species studies 
of MT with more than 10 species to allow statistical 
analyses. We obtained MT expression from RNA-
Seq studies of non-human primates [65] and from 
a study including mostly mammals [24]. Peng et al. 
[65] provided FPKM values (fragments per kilobase 
of exon model per million reads mapped), a nor-
malized estimation of gene expression, for RNA-
Seq data from up to 12 species that were mapped 
to human genes, allowing us to correlate gene 
expression with non-human primate life span. For 
the analyses, we summed the FPKM values for the 
eight functional MT-1 isoforms, MT-2, and MT-3 in 
each species and excluded MT-4, which has special-
ized functions in epithelial tissues [20]. We pooled 
the expression data for the different MT paralogs as 
all of them are expressed ubiquitously in the body, 
respond to Cd accumulation and are stress induc-
ible and cytoprotective, and involved in the so-
called multistress resistance theory of aging [12, 
20, 57, 63, 69]. Since MT expression was skewed 

towards very high values in some species and some 
organs, we further normalized the data by log10-
transformation. We also considered several other 
biases including misclassification of MT transcripts 
due to poor genome annotation. However, most 
correlations were unchanged whether we included 
MT pseudogenes or MT-3 in our analysis and were 
independent of the gene annotation framework cho-
sen (Supporting Information Table  S1). Although 
Peng et  al. [65] had expression data across differ-
ent tissues, we report here only results for kidney 
and brain. Correlation between MT gene expression 
and MLS in other tissues is reported in Supporting 
Information Table S1.

Raw data from Fushan et  al. [24] were down-
loaded from the GEO database [4]: GSE30352 (H. 
sapiens, M. musculus), GSE29629 (M. fascicula-
ris), and GSE43013 (M. musculus and all other 
species). We only considered species available in 
ENSEMBL release 96 [35]. Assembly genomes, 
gtf files, and gene length information were 
obtained from ENSEMBL. Sequencing reads were 
filtered and trimmed with trimmomatic v0.39 and 
were then aligned to the reference genomes using 
STAR 2.7.0d [17]. Read counts were obtained 
from STAR, while species and genes that had 
fewer than 25 read counts were excluded from 
further analysis. BiomaRt [19] or UNIPROT [80]
were used to query ENSEMBL and identify genes 
annotated as MTs. DESeq2 [50] was used to nor-
malize the read counts, taking the gene lengths 
into account, before correlating individual MT 
genes with MLS. Read counts were used to cal-
culate FPKM values and pooled analysis of MT 
transcripts was performed as described above for 
the Peng et  al. [65] dataset. To assess the influ-
ence of each single MT gene (paralog) expression 
on MLS, we also used gene expression data from 
each paralog separately.

Data on MT protein levels were obtained from 
the literature from papers using the Cd-saturation 
and silver-saturation method [70]. For this pur-
pose, we obtained data from mammalian liver 
from Henry et  al. [33] and also built a pooled 
dataset using data obtained only by Cd-saturation 
from Teranishi et al. [79], Koizumi et al. [43], and 
Ninomiya et al. [58] (data from liver and kidney of 
primates and horses).
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Analysis of Cd and MT in tissue samples from long-
lived mice

Long-lived mice strains

All samples used in this study consisted of leftover 
samples stored in mouse tissues biobanks. These 
samples originated from different studies which were 
originally approved by the respective local ethical 
committees.

Ames dwarf

Long-lived Ames mice lack plasma growth hor-
mone, prolactin, and thyrotropin as a consequence 
of a loss of function mutation at Prop-1 locus [8]. 
Liver and kidney tissues from long-lived Ames 
dwarf (Prop1 df/df) and littermate control mice 
were obtained from cryopreserved samples at the 
Research Institute of Wildlife Ecology [81]. Mice 
of the same sex were pair-housed and the absence 
of infections was continuously monitored through 
sentinel mice. All animals were females, with the 
exception of one dwarf, had been fed rodent chow 
(v118, Ssniff) ad  libitum, and were sacrificed 
between 12 and 17 months of age.

Calorie-restricted and rapamycin-fed mice

Calorie restriction [66] and rapamycin feeding 
[32] are widely accepted models of interventions to 
extend mouse life span. Cryopreserved liver tissues 
from female calorie-restricted (CR) and rapamycin-
fed UM-HET3 mice as well as from their respective 
controls (also only females) were kindly provided 
by Richard Miller (University of Michigan). These 
mice were housed under specific pathogen free con-
ditions and received Purina 5LG6 chow [32]. Treat-
ments started from the age of 4  months with one 
group receiving 60% of ad libitum caloric intake and 
another 14  ppm of microencapsulated rapamycin 
mixed in chow. Animals were sacrificed at 12 months 
of age.

GHRKO mice

GH receptor gene-disrupted knockout mice are char-
acterized by a significant reduction of body size and 
life span extension [5]. Liver and kidney tissues from 

male GHR − / − , MDR2 + / − mice (shortened for 
simplicity to GHRKO from herein) and littermate 
controls on a 129  Sv/C57BL/6 genetic background 
were obtained from cryopreserved samples at the 
University of Vienna. MDR2 + / − mice were reported 
to be disease-free and used previously as littermate 
controls of GHR − / − , MDR2 − / − mice [74]. Moreo-
ver, the mouse p-glycoprotein MDR2 is involved in 
phospholipid and bile acid transport with no known 
role in Cd transport. These mice were housed at the 
Medical University of Vienna and received rodent 
chow ad  libitum (V1126-000, Ssniff) [74]. Animals 
were sacrificed at 2 months of age.

MT-Tg mice

MT-1-overexpressing mice (MT-Tg) were origi-
nally developed to study physiological mechanisms 
of protection from Cd [37] and were later discov-
ered to display a higher median and maximum life 
span (approx. 18% and 13%, respectively) compared 
to controls [52]. MT-Tg mice have 10- to 20-fold 
higher basal levels of MT protein in pancreas, liver, 
and stomach, as well as 2- to sixfold higher MT pro-
tein levels in other organs (kidney, intestine, uterus, 
testes, spleen, heart, and lung) than control mice 
[37]. Liver and kidney samples from male MT-Tg 
on a C57BL/6  J background were obtained from 
cryopreserved samples at the INRCA animal facil-
ity (Ancona, Italy). These mice were housed under 
standard conditions and received rodent chow 
(Mucedola 4RF24) as described previously [52]. 
Cryopreserved samples from 24-month-old male 
C57BL/6 from the Mouse Clinic for Cancer and 
Aging (Groningen) were used as controls. These 
mice were housed under standard conditions and 
received HopeFarms AM-II chow which was later 
switched to SDS RM1 diet.

Data on Cd content

Cd content data from long-lived mice (and their 
respective controls; every study/mouse listed below 
also has a strain-specific control that is not long-
lived) are all newly obtained for this study. Liver 
and kidney samples were digested with 1.5  ml of 
HNO3 (Merck, Suprapur) in a microwave oven and 
analyzed by graphite furnace atomic absorption 
spectrometry (Hitachi Z 8200 Polarized Zeeman 
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AAS) as described previously [28]. The reference 
material we used was Seronorm Trace Elements 
Urine L-2 (Lot: 1,403,081). The mean recovery of 
the reference material was 115 ± 36% across sev-
eral measurements (n = 8) and all samples were 
above the limit of detection of 0.25 ng Cd/ml.

MT expression data

For the long-lived Ames mice, MT expression data 
were newly obtained by qPCR [CFX Connect RT-
PCR (Bio-Rad), sybr green] following the proto-
col of Li et  al. [48]. Data on MT gene expression 
obtained by qPCR for rapamycin fed as well as 
from CR mice were kindly provided by XL (Uni-
versity of Michigan,PCR conditions and primer 
sequences can be found in the Supplementary 
methodological Information). We referred to pub-
lished data for all other strains and their respective 
controls including GHRKO [77] and MT-Tg [37] 
mice.

Statistical analyses

Relationship between Cd tissue levels and maximum 
life span

Since Cd tissue levels increase with both higher 
maximum life span and body mass, it is not possible 
to disentangle these effects without further correc-
tions [73]. We therefore first ran a partial correla-
tion — Pearson correlation — on Cd concentration 
versus MLS by controlling for body mass (all vari-
ables were log10-transformed). We also repeated 
these analyses comparing females and males across 
species when data were available (Table 1, Fig. 1B). 
Finally, because an earlier study attributed elevated 
Cd in long-lived species to sampling bias, i.e., longer-
lived species were also chronologically older [51], 
we performed an adjustment for age at sampling as 
information about the age at which sampled animals 
died or were euthanized were available to us, either as 
known age at sampling (majority of the cases) or as 
a numeric estimate provided by the authors. We ran 

Fig. 1  Partial correla-
tion of cadmium levels on 
maximum life span (MLS) 
taking into account body 
mass for data obtained on 
zoo animals. Cadmium (Cd) 
content in liver and kidney 
correlates with maximum 
life span (MLS) in mam-
mals (A). This partial cor-
relation is confirmed when 
data for females and males 
are analyzed separately 
(B). The dataset is pooled 
from Ninomiya et al. [58], 
Koizumi et al. [44], and 
Ninomiya et al. [59] (see 
Supplementary Information 
1). Tissue Cd content and 
species MLS were log10-
transformed. Sample size, 
Pearson correlation coef-
ficients, and p-values are 
indicated for each analysis. 
Regression lines for plots 
with p < 0.05 are indicated 
in red
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a partial correlation — Pearson correlation — on Cd 
concentration versus MLS by controlling for age at 
sampling (all traits log10-transformed). If — as previ-
ously reported — Cd accumulates with age indepen-
dently on body mass and age at sampling, we expect 
that species with higher MLS than predicted by body 
mass would also have higher tissue Cd levels.

Furthermore, we took into account the influence of 
phylogenetic relationships on the non-independence 
of the data — closely related species are expected to 
show more similarity in traits than phylogenetically 
distant ones [36] — for datasets with 20 species or 
more (Table 1), when studying the influence of MLS 
on Cd accumulation. This approach was applied to 
data of Cd accumulation in liver and kidney in mam-
mals and birds (see Table 1 for dataset used for this). 
As body mass and MLS are often linked traits — 
increased body mass is often associated with longer 
life spans — we performed an allometric correction 
using the mammalian equation for all the mammal 
datasets and a bird equation for the bird datasets [15] 
and used the log10-transformed corrected MLS data 
for the analyses. Comparative analyses were carried 
out using the phylogenetic generalized least squares 
method (PGLS) in R computing environment using 
the CAPER package [60]. For the analyses on mam-
mals, we used the phylogenetic tree of Bininda-
Emonds et al. [7], while for the analyses on the bird 
datasets, we used two separate bird trees used by Jetz 
et  al. [40]. The analyses were done using both trees 
independently,results were consistent independently 
of which tree was used.

Relationship between metallothionein paralogs 
number, MT expression, MT protein amount, 
and maximum life span

The influence of MT paralog number for each mam-
mal species considered in this study (Supplementary 
data 1) on MLS was assessed by taking into account 
the phylogenetic relationships among the species. 
Briefly, we used the MLS values after applying the 
specific allometric correction for mammals to take 
into account the influence of variation in body mass 
on the data. Adjusted MLS data were log-transformed 
before the analysis. We then ran a comparative analy-
sis using the phylogenetic generalized least squares 
method (PGLS) as described above.

To study the influence of MT gene expression, 
we used RNA-Seq data [24, 65] and MT protein lev-
els obtained by Cd-saturation and silver-saturation 
method [33, 43, 58, 79]; data were analyzed sepa-
rately for each dataset running a correlation analysis 
with MLS. Furthermore, the influence of the num-
ber of expressed MT paralogs on MLS taking into 
account phylogenetic relationships was estimated 
using PGLS for the only dataset available with at least 
15 species [24]. Phylogenetic relationships were not 
taken into account for datasets with fewer than 15 
species as these were not sufficient to ensure enough 
statistical power [11]. Moreover, for data from Fushan 
et al. [24], we built a heatmap of gene expression data 
for each MT paralog taking into account the influence 
of MLS across three organs (n = 4 to 15, pheatmap 
package [45]). The results are shown as a heatmap 
according to the strength of the relationship (log2-
fold change).

Relationship between metallothionein expression 
and Cd tissue levels in long-lived mice

Most data were normally distributed justifying the 
use of Pearson for correlation studies. However, we 
adopted a more conservative approach in all correla-
tion studies by running both Pearson and Spearman 
rank correlation (only Pearson correlations as shown 
as results in this manuscript since the results from 
both methods are concordant). Cd levels in mouse 
liver and kidney were compared by Welchs’s t-test or 
ANOVA with Dunnett post-hoc test using Prism soft-
ware (v7.02). Two outliers were identified by Grubbs’ 
test (α = 0.05) and excluded from analyses.

Results

Metadata analysis of cadmium accumulation and 
species maximum life span

We reanalyzed the data on cadmium accumulation 
(Supplementary data 1) from three published studies 
[44, 58, 59] on captive animals and confirmed that 
long-lived mammals accumulated significantly more 
Cd in the liver and in the kidney than short-lived ones 
(Table 1 and Fig. 1A). This correlation was consist-
ent and of similar magnitude in both sexes (Table 1 
and Fig. 1B), even though females had higher mean 
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Cd levels in the liver than males as also previously 
observed [44]. An intersex dichotomy of Cd accumu-
lation with aging has been observed also in human 
retina [83]. These findings may suggest that males 
and females tune MT in response to the increased 
inflammatory state of aging in a different way. We 
considered the influence of age at sampling on esti-
mates of correlation between MLS and sampling 
age on Cd accumulation, as species with longer life 
span may have been sampled at older age. We found 
that independently of age at sampling, the Cd accu-
mulation in the kidney and liver remain significant 
(Fig. S1, Supplementary data 2).

To understand if the results obtained were sup-
ported also when wild animals (mammals and birds) 
were sampled, we used the Contaminant Exposure 
and Effects Terrestrial Vertebrates (CEETV) data-
base from the U.S. Geological Survey and data from 
other sources [21, 23] (Table  1 and Supplementary 
data 1). In mammals, there was a significant correla-
tion between kidney Cd accumulation and MLS, but 
the same result was not obtained for liver (Fig.  2A, 
CEETV data). In birds, we saw no correlation 
between either liver or kidney Cd and MLS (Fig. 2B, 
CEETV data). The analysis of additional dataset on 
wild birds and mammals [21, 23] (Table 1 and Sup-
plementary data 1) supported the lack of associations 
between MLS and tissue Cd (Table 1; Supplementary 

data 2, Fig. S2), in contrast to what observed in cap-
tive animals.

Analyses conducted taking into account the influ-
ence of phylogenetic relationships on the observed 
variation in Cd accumulation in liver and kidney in 
captive mammals indicate that this variation is only 
slightly influenced by phylogeny and partially influ-
enced by life span (λML ~ 0.4, significantly different 
from λML = 1 in both cases with a p-value <  < 0.001; 
N = 52, t-value = 2.6 and p-value = 0.01, adjusted 
 R2 = 10% in kidney; t-value = 2.42 and p-value = 0.02, 
adjusted  R2 = 9% in liver; dataset NKN Supplemen-
tary data 1). The results suggest that other factors, 
together with phylogeny and variation in longevity 
in mammals, can contribute to variation in cadmium 
accumulation. In contrast, we found that in wild birds, 
phylogenetic relationships are an important factor 
in explaining variation in Cd accumulation in liver 
(λML = 0.86, significantly different from λML = 0 and 
from λML = 1 in both cases with a p-value <  < 0.001) 
and kidney (λML = 0.74, significantly different from 
λML = 0 with a p-value = 0.002 and from λML = 1 with 
a p-value <  < 0.001), while variation in life span is 
not (N = 39 for liver, N = 31 for kidney; t-value = 0.3 
for liver and 0.06 for kidney, and p-value > 0.75 in 
both cases; dataset CEETV Supplementary data 1). 
Unfortunately, due to the relatively low number of 
species available for mammals from wild animals 

Fig. 2  Partial correla-
tion of cadmium levels on 
maximum life span (MLS) 
taking into account body 
mass for data obtained 
on wild animals based 
on CEETV database (see 
“Methods” and Supple-
ment 1). Renal cadmium 
(Cd) content correlates with 
maximum life span (MLS) 
in wild mammals whereas 
the correlation is not 
significant in liver (A). No 
significant correlations are 
seen in birds (B). Tissue Cd 
content and species MLS 
were log10-transformed. 
Sample size, Pearson cor-
relation coefficients, and 
p-values are indicated for 
each analysis. Regression 
lines for plots with p < 0.05 
are indicated in red
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(< 15, see Supplementary data 1), the relationship of 
Cd accumulation and longevity taking phylogeny into 
account in wild mammals cannot be carried out.

Relationship between metallothionein paralogs 
number, MT expression, MT protein amount, and 
maximum life span

In order to understand the relationship between 
higher MT expression and longevity, we assessed the 
relationship between MT paralog number and MLS 
across vertebrates and between higher MT expression 
and MLS in mammals.

We found that the variation in number of MT 
paralogs in mammals (Supplementary data 1) 
strongly depends on phylogenetic relationships 
(λML = 1, significantly different from λML = 0 with 
a p-value <  < 0.001) and that variation in longevity 
is not significantly influenced by the number of MT 
paralogs (N = 31, t-value = 0.70 and p-value = 0.49). 
We then looked at the relationship between MT 
gene expression levels and MLS. The analysis of 
previously collected RNA-Seq data from which we 
obtained MT gene expression data for MT 1–3 paral-
ogs indicated a significant correlation between kidney 
MT gene expression and mammalian MLS [Fig.  3; 
data from Peng et  al. [65] and Fushan et  al. [24]]. 
Data from Peng et al. [65], but not Fushan et al. [24], 

also indicate a significant relationship between MT 
expression in liver and MLS in mammals (Fig.  3). 
Although data from Fushan et al. [24] were not found 
to be significant, the correlation between hepatic MT 
and MLS in mammals became significant when the 
analysis was limited to placental mammals (short-
tailed opossum excluded,Supplementary data 2, 
Fig. S3).

We then tested whether individual expressed MT 
paralogs or total number of expressed MT paralogs 
are responsible for the observed relationship between 
MT expression and MLS. We found that, once phy-
logenetic relationships are taken into account, 
while the number of paralog itself is not important, 
the number and type of MT paralog genes that are 
expressed influences MLS [N = 15, t-value = 4.9 
and p-value <  < 0.001,  R2 = 64%, data for liver 
from Fushan et  al. [24]]. We found that across liver 
and kidney MT-3, MT-2A, and MT-1G expression 
showed the most consistent association with MLS 
[Fig.  4; data from Fushan et  al. [24]]. Furthermore, 
MT-2A and MT-1G expression was also associated 
with MLS across both RNA-Seq datasets combined 
[[24, 65],Table 3, Table S2, Supplementary data 2].

Finally, we also tested the relationship between 
MT proteins and MLS by using the available lit-
erature data on MT protein levels estimated by the 
Cd-saturation method [data from Henry et  al. [33], 

Fig. 3  Pooled metallothio-
nein (MT) expression in 
kidney (A) and liver (B) is 
positively correlated with 
species maximum life span 
(MLS). Data based on 
RNA-seq pooled expres-
sion of all MT-1, MT-2, and 
MT-3 genes plotted against 
primate MLS (left side; 
data from [65] or mamma-
lian MLS (right side,data 
from [24]. The species MLS 
and MT expression levels 
were log10-transformed 
and Pearson correlation 
coefficients are shown. 
Regression lines for plots 
with p < 0.05 are indicated 
in red
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and combined data from Koizumi et  al. [43],Terani-
shi et al. [79],Ninomiya et al. [58]]. In primates and 
horses (one species represented by equus caballus), a 
relationship between kidney MT protein levels — but 
not liver — and MLS was observed (Fig. 5A and B). 
When different species of mammals are considered 
[33], liver MT protein levels were found to be corre-
lated with MLS (Fig. 5C).

Elevated tissue cadmium in long-lived mouse models 
overexpressing MTs

In order to further corroborate the results reported 
above — which are all based on the analysis of 
already available data — on the relationship between 
MT gene expression, longevity, and Cd accumulation, 
we combined new data on Cd accumulation with pub-
lished and new data on MT expression in long-lived 
mouse models and their controls (Table 2).

Hepatic cadmium levels in 24-month-old MT-Tg 
mice (mice overexpressing MTs) were elevated 
ninefold compared to these age-matched controls 

(Fig. 6A). Renal Cd was also higher in MT-Tg mice 
(fourfold compared to controls, Fig. 6B) and in Ames 
dwarf mice (twofold compared to controls, Fig. 6B). 
In addition, renal and hepatic Cd levels in our male 
MT-Tg mice were exceptionally high when compared 
to somewhat younger control mice from our colony 
(data not shown) and mice in the study of Koizumi 
et  al. [44]. To further insight on this association 
between Cd and MT, we grouped all published and 
newly collected data based on MT expression and 
compared tissue Cd levels among high or low MT 
expressing strains (including CR and rapamycin-fed 
mice). This result suggests that mice with higher 
reported MT expression (Table  2) may also have 
higher Cd levels (Fig. 6C, D). We also noted strong 
correlations when we plotted the ranks of MT expres-
sion (from the lowest to the highest MT expression) 
data against the fold-change in Cd as compared to 
matched controls. The correlation was significant 
in liver (p < 0.05, Fig. 6E), but not kidney (p = 0.07, 
Fig.  6F), possibly due to the limited sample size. 
Finally, we found that female and male Ames dwarf 

Fig. 4  Based on the study by Fushan et  al. [24], we deter-
mined the association (the log2 fold-change of MT counts per 
unit of MLS in days, multiplied by 1000 for better readabil-
ity) between individual MT paralogs and species MLS across 

two organs (n = 4 to 17). The results are shown as a heat-
map according to the strength of the relationship (log2-fold 
change). Full data provided in Table S2. *Indicates significant 
associations (p < 0.05)

Fig. 5  Relationship between MT protein levels, as estimated 
by cadmium-saturation method, and MLS in mammals (A–C). 
Combined data (MT measured only by Cd-saturation method) 
for horse and primates from Teranishi et  al. [79], Koizumi 
et  al. [43], and Ninomiya et  al. [58] for kidney (A) and liver 

(B). C Data for liver across different mammalian species from 
a dataset where MT have been measured with both silver and 
Cd-saturation method [33]. Regression lines for plots with 
p < 0.05 are indicated in red. Data are not corrected for phylog-
eny due to the relatively small sample size
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mice have elevated hepatic and renal MT expression 
across their entire life span, when compared to their 
littermate controls (Fig.  S4-S6, Supplementary data 
2). This result suggests that Cd accumulation during 
aging is not responsible for the higher MT expression 
observed in long-lived mice compared to controls, 
but that higher Cd accumulation in longer-lived spe-
cies instead occurs because these species have higher 
levels of MT expression. Since results from earlier 
studies were inconsistent in females, we also verified 
that 3-month-old female Ames dwarf mice had higher 
liver MT expression than female controls (Fig.  S6, 
Supplementary data 2).

Discussion

Long-lived species can accumulate more Cd as a 
result of increased MT expression

In many species, including humans, aging leads to a 
remarkable accumulation of cadmium in the liver and 
kidney [1]. Although this accumulation is linked to 
several age-related diseases, the mechanisms are not 
well understood. If Cd toxicity could limit species life 
span, long-lived species may have evolved ways to 
accumulate less Cd or ways to cope with Cd-related 
stress. Evidence that cells from long-lived species are 
more resistant to Cd toxicity has been previously pro-
vided [30], but a study on the elemental composition 
of mammalian organs argued against a reduction of 

Cd in tissues of long-lived species [51]. Through a 
combination of metadata analysis and the collection 
and analysis of new data, to our knowledge, our study 
is the first to provide a link between the observed 
accumulation of Cd and the role of metallothioneins 
in long-lived species. Specifically, we found evidence 
that long-lived mammalian species have an enhanced 
capacity to accumulate more Cd in their tissues pos-
sibly due to higher expressed MT genes and MT pro-
teins, but not as a consequence of an increased num-
ber of metallothionein genes (paralogs).

Although before this study, it was suggested that 
metallothioneins are associated with aging [13, 25, 
52, 75, 76, 84], the mechanisms behind the role of 
these genes, if any, in healthy aging are still unknown. 
Aging is characterized by a progressive shrinkage of 
the homeodynamic space [16] and the stress response 
is a key component of this space by initiating a series 
of events for maintenance, repair, adaptation, remod-
eling, and survival.

It has been hypothesized that MTs may contribute 
to longevity by protecting the cells from oxidative 
stress. Indeed, oxidants and electrophiles readily react 
with the sulfhydryl groups of MTs releasing zinc 
ions [54] which, in turn, bind to the metal-responsive 
transcription factor MTF-1 to activate the metal and 
oxidative cellular response [2]. Here, we provide evi-
dence for a potential role of gene expression response 
to heavy metals in healthy aging. Our work perfectly 
fits with the observation that short-lived mammals 
have a less active MTF-1 (display defects in heavy 

Table 2  Metallothionein (MT) in long-lived mouse models (fold-change vs. controls)

This table provides estimates from the literature (unless they are from this work as indicate in the column Reference) of MT expres-
sion in long-lived mice and their control. We present data for animals of the same sex as those we used for Cd analyses. Although 
we do not have data for kidney MT in female Ames dwarf, we assume it is higher based on the liver data. MT represents the mean of 
changes in MT-1 and MT-2. Cd/Hb, Cd/hemoglobin assay; mo, months; d, days; wks, weeks

Model MT Sex Strain Age Method Reference

Kidney
GHRKO 1.7 Male C57BL/6 J Adult qPCR Swindell et al. [77]
Ames dwarf 1.9 Male Mixed 12 mo qPCR This manuscript
MT-Tg 4.7 Male C57BL/6 J 7–10 wks Cd/Hb Iszard et al. [37]
Liver
Rapamycin 0.1 Female UM-HET3 12 mo qPCR Miller et al. (unpublished)
CR 1.8 Female UM-HET3 12 mo qPCR Miller et al. (unpublished)
GHRKO 6.2 Male C57BL/6 J 12 mo qPCR Swindell et al. [77]
Ames dwarf 7.7 Female Mixed 3 mo qPCR This manuscript
MT-Tg 8 Male C57BL/6 J 7–10 wks Protein Iszard et al. [37]
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metal response) than the longer lived humans and 
bats [71] and supports the hypothesis that an effi-
cient metal homeodynamic process is a key aspect of 
longevity.

Liver and kidney cadmium are elevated in long-lived 
mammals

A previous study found a positive relationship 
between hepatic and renal Cd and MLS in young 
adult animals [51]. An important limitation of this 

study, however, was the exclusive use of males, 
which may have lower Cd levels than females at any 
given age [44]. We found that Cd accumulation dur-
ing aging occurs in both sexes and that the associa-
tion persists even after adjusting for multiple sources 
of bias. Cd accumulation is therefore much higher in 
species that have longer life spans, independently of 
their age at sampling. However, although a relation-
ship between Cd accumulation and longevity could 
be observed across different mammalian taxonomic 
groups kept in captivity, a similar relationship was 

Fig. 6  Cadmium (Cd) content in liver (A, C, E) and kidney 
(B, D, F) of long-lived mice is elevated compared to age-
matched controls. Significance was determined by Welchs’s 
T-test or one-way ANOVA where appropriate: **p < 0.01; 
****p < 0.0001; NS, not significant; error bars show stand-
ard error of the mean. A Hepatic cadmium in 24-month-
old MT transgenic mice (MT; n = 4) compared to controls 
(n = 5). In separate experiments, we compared hepatic cad-
mium in 8-week-old growth-hormone receptor knockout mice 
(GHRKO, n = 3) vs. controls (ctrl, n = 2), hepatic cadmium in 
12-month-old rapamycin (Rapa) treated or calorie-restricted 
(CR) animals vs. controls (n = 7–8), and hepatic cadmium in 
middle aged Ames dwarf mice (n = 3) vs. controls (n = 5). B 
Renal cadmium in 24-month-old MT transgenic mice (MT-Tg; 

n = 5) compared to controls (n = 5). In separate experiments, 
we compared hepatic cadmium in 8-week-old growth-hormone 
receptor knockout mice (GHRKO, n = 2) vs. controls (ctrl, 
n = 1) and hepatic cadmium in middle aged Ames dwarf mice 
(n = 4) vs. controls (n = 5). C, D Pooled and normalized cad-
mium content in long-lived mice as compared to controls (log 
fold-change). Data was stratified by MT expression. Box and 
whisker plots show median, interquartile range, and 10–90% 
confidence interval. E, F MT expression (rank) was plotted 
against tissue cadmium content (log fold-change compared to 
controls). Animals were rank-ordered by their metallothionein 
expression as shown in Table 2. The blue dashed lines repre-
sent linear regression and Pearson correlation coefficients are 
shown
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not found in wild birds or wild mammals. Conceiv-
ably, in the wild, MLS-related Cd accumulation may 
be influenced by environmental exposure [9, 61]. At 
our knowledge, we are the only study that even con-
sidered wild animals in this context and further inves-
tigation is needed to clarify this issue.

Metallothionein gene expression and protein level are 
elevated in long-lived animals

MTs are neglected players in organismal multi-stress 
resistance [75]. Despite their small size, MTs effec-
tively protect from genotoxic and cytotoxic damage 
through sequestration of reactive metals and by acting 
as direct antioxidants [12]. Although MTs are known 
to be related to longevity and are elevated, at the 
mRNA level, in some of the mouse models that have 
an extended life span, their mechanistic role in aging 
is still poorly understood.

Here, we show that high MT gene expression and 
elevated protein levels are indeed linked to longev-
ity. Our results indicate that basal expression of MT 
genes in the kidney is consistently associated with 
MLS. The relationship between MLS and MT expres-
sion in the liver based on our study seems to be less 
clear and dependent on the dataset used; however, a 
comparison of the mouse and naked mole rat tran-
scriptomes indicated elevated hepatic MT-2 associ-
ated with longevity [86]. Previous work indicates 
that in mice, MT expression displays higher interin-
dividual variability in the liver than the kidney [87], 
suggesting that the different results obtained for the 
different dataset used may be due to a decreased syn-
thesis or faster degradation of mRNA in the liver than 
in the kidney and thus to higher fluctuation of hepatic 
MT expression.

One of the novelties of our work is showing that 
MT expression of specific paralogs and not number 
of paralogs itself is related to MLS. Although we ini-
tially hypothesized that a higher number of MT genes 
would allow higher MT expression through a gene 
dosage effect and therefore correlate with species 
MLS, the analysis of available RNA-Seq data uncov-
ered a relationship between the expression of specific 
MT paralogs and MLS (Table  3, Table  S2). Future 
studies should further test this hypothesis that higher 
expression of specific paralogs and not gene dosage is 
related to MLS.

Given the elevated Cd and MT levels in tissues 
of long-lived species, how can we reconcile our data 
with reduced Cd uptake in fibroblasts from long-lived 
species [18]. Interestingly, both altered Cd transport 
and elevated MTs may explain the well-described 
correlation between species longevity and fibroblast 
resistance to Cd [31]. We propose that these two pro-
tective mechanisms operate to varying degrees in dif-
ferent tissue and cell types. In liver and kidney, Cd 
import and sequestration predominate, while fibro-
blasts avoid Cd accumulation and induce MTs when 
needed. Consistent with this model, MTF-1 from 
longer-lived species is more efficient at inducing MTs 
in vitro [71].

Disentangling the effects of age on metallothioneins 
and cadmium accumulation

Since Cd accumulates with age and induces MTs, this 
may create a spurious correlation between MLS and 
MTs when longer-lived animals are sampled at older 
ages [51]. Here, we provide several counterarguments 
to this, in favor of a direct relationship between MTs 
and MLS. Even in tissues that do show age-related Cd 
accumulation, like liver and kidney, this is not fully 
explained by chronologic age. One of the datasets we 
analyzed [44, 58, 59] provided a unique opportunity 
to adjust for age at sampling, because the authors 

Table 3  Pearson correlation between gene expression for each 
MT paralog and MLS in liver and kidney of non-human pri-
mates

p < 0.05 is underlined and bolded

  Peng et al. [65]

Liver (n = 12 species) Kidney 
(n = 11 spe-
cies)

MT3 0.29 0.10
MT2A 0.51 0.55
MT1A 0.51  − 0.41
MT1B 0.26 0.44
MT1E 0.59 0.64
MT1F 0.45 0.59
MT1G 0.35 0.34
MT1H 0.61 0.62
MT1M 0.28 0.26
MT1X 0.79 0.81
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noted the age at which they acquired tissue samples. 
Our analysis indicates that Cd accumulation is linked 
to longevity per se and does not simply reflect chron-
ologic age.

Studies in which Cd was added to the diet of MT 
knockout mice suggested that MT would indeed 
trap Cd, but similar studies in MT overexpressing 
mice — MT-Tg mice — did not [49]. To further 
investigate the relationship between Cd accumula-
tion, MT expression, and longevity, we measured 
hepatic and renal Cd in long-lived mice and con-
trol strains fed with normal diet (i.e., not enriched 
in Cd) and correlated to levels of MT expression. 
Isolated overexpression of MT-1 extended life span 
[52] and greatly increased Cd accumulation in 
the liver and kidney in support of our hypothesis. 
GHRKO, Ames dwarf, and calorie-restricted (CR) 
mice have elevated MT expression, whereas rapam-
ycin-fed animals have reduced MT expression. Cd 
accumulation in these models correlated with MT 
expression. Our work also suggests that rapamycin-
fed mice have the lowest expression of MT com-
pared to the other long-lived mouse models herein 
studied. However, this is not completely surprising 
as rapamycin can suppress hepatic Nrf2 signal-
ing [22], which in turn contribute to enhance MT 
expression [27]. This suggests that overexpression 
of MTs, albeit important, is not a universal trait of 
longevity.

In summary in this study, we (1) confirm a rela-
tionship between species maximum life span and 
their tissue Cd content in captivity, (2) demonstrate 
that gene and protein expression of MT relate to life 
span in mammals, and (3) show that elevated tissue 
Cd levels in long-lived mice are related to high MT 
expression. Based on this, we propose that long-lived 
species evolved an efficient metal stress response 
upregulating their MT levels and accumulating Cd 
as a consequence (Fig.  7). We have preliminary 
evidence that this process may be observed both at 
macroevolutionary (across mammals) and microevo-
lutionary (within mice) scale, but currently, we do 
not have data to extrapolate if this relationship would 
persist across different vertebrate species and not just 
in mammals, neither we have data on MT expression 
and variation in longevity within the same species 
beyond mice. Hence, our findings support a rela-
tionship between Cd, MT, and MLS in mammals 
and provide the necessary background to further 

investigate if the observed pattern is maintained 
across vertebrates with different life span. Further-
more, our results provide the foundation to carry out 
future work on how altered gene expression and pro-
tein levels — including the influence of microRNAs 
and silencing RNAs on them — of different MTs 
may impact longevity.

Limitation of the study

A limitation of the study is that some of the data 
used in this study and obtained from public data-
bases of wild animals consisted of one individual 
sampled as representative for the entire species. 
Another limitation regards the reduced sample 
size of some groups used to study MT and Cd in 
long-lived mice.
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