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ABSTRACT
A decline of immune responses and dynamic modulation of the redox status are observed during aging and are
influenced by trace elements such as copper, iodine, iron, manganese, selenium, and zinc. So far, analytical
studies have focused mainly on single trace elements. Therefore, we aimed to characterize age-specific profiles
of several trace elements simultaneously in serum and organs of adult and old mice. This allows for correlating
multiple trace element levels and to identify potential patterns of age-dependent alterations. In serum, copper
and iodine concentrations were increased and zinc concentration was decreased in old as compared to adult
mice. In parallel, decreased copper and elevated iron concentrations were observed in liver. The age-related
reduction of hepatic copper levels was associated with reduced expression of copper transporters, whereas the
increased hepatic iron concentrations correlated positively with proinflammatory mediators and Nrf2-induced
ferritin H levels. Interestingly, the age-dependent inverse regulation of copper and iron was unique for the liver
and not observed in any other organ. The physiological importance of alterations in the iron/copper ratio for
liver function and the aging process needs to be addressed in further studies.

INTRODUCTION
Aging is an inevitable biological process with
concomitant changes on the cellular level, including
mitochondrial dysfunction, genomic instability, epigenetic alterations, protein aggregation, telomere
attrition, and cellular senescence [1]. The underlying
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mechanisms for the observed changes are yet to be fully
identified, however, several aging hypotheses are based
on an increase in oxidative stress [2–4] and concomitant
accumulation of oxidized and nitrated proteins [5–7],
oxidized lipids, and DNA damage [8]. One contributor
to the increase in oxidative stress is supposed to be the
age-dependent decline of the nuclear factor (erythroid-
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derived 2)-like 2 (Nrf2) responsiveness [9–11]. Nrf2
controls the transcription of antioxidant, cytoprotective,
and detoxification genes, including NAD(P)H:quinone
oxidoreductase (NQO1), several glutathione Stransferase isoforms (GST, isoforms a1, a2, a3, a5, m1,
m2, m3, p1) [12], as well as genes involved in
glutathione (GSH) synthesis [13]. Furthermore, genes
related to trace element (TE) metabolism such as ferritin
H (FTH) are regulated via Nrf2 [14, 15]. Besides
oxidative stress, functional impairment of the immune
response and a systemic chronic low-grade inflammation, referred to as “inflammaging”, are hallmarks of
the aging process [16–20]. Low-grade inflammation is
characterized by enhanced constitutive circulation of
inflammatory mediators such as cytokines, e.g.,
interleukin 6 (IL6), tumor necrosis factor-alpha (TNFα),
and acute-phase proteins [21, 22], in the absence of
clinically defined infections.
During the aging process, essential TEs are important
as they modulate both oxidative stress and immune
response by their indispensable functions, e.g., in
enzymatic reactions and signaling pathways. Elderly
subjects are prone to inadequate TE intake [23, 24],
which results in lower serum concentrations of e.g.,
selenium (Se) [25] and zinc (Zn) [26]. This is
particularly worrisome for Se because its supply is
already suboptimal in the general European population
[27]. A low Se status is associated with an increased
risk of infections, cancer, other age-related diseases,
and mortality [28]. Similarly, the immune response is
impaired by a low Zn status, especially under
conditions of chronic inflammation [29]. However,
other TEs such as copper (Cu) are increased in the
elderly [30]. So far, most studies investigated single
TEs only. In our hypothesis, interactions of TEs might
contribute to their age-related changes, thereby
generating age-specific TE patterns. The competition of
Cu and Zn for intestinal absorption and metallothionein
(MT) binding is an instructive example [31]. Because
of this interaction, it is assumed that the Cu/Zn ratio is
a more conclusive parameter than a separate analysis of
both elements [26].
We aim to systematically extend this concept by
considering six essential and health-relevant TEs in
parallel, namely Cu, iodine (I), iron (Fe), manganese
(Mn), Se, and Zn. To this end, age-related TE profiles
are determined in serum and several organs of adult
versus old C57BL/6Jrj mice and correlated with
parameters of aging, e.g., nitrated proteins, epigenetic
modifications, inflammatory mediators, and Nrf2 target
genes. This will provide the basis for further studies
concerning the underlying mechanisms of age-related
shifts in TE profiles and the relevance of these changes
for age-related characteristics and diseases.
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RESULTS
To determine the TE status, ad libitum chow-fed
animals of both sexes were sacrificed at the age of 24
(adult) or 109 to 114 weeks (old). Male mice showed no
age-dependent differences in body weight (Supplementary Table 1). In contrast, the body weight of
female mice was significantly increased in old mice.
Generally, females had a significantly lower body
weight as compared to males (Supplementary Table 1).
Relative organ weights were largely unaffected by age,
with the exception of relative heart and kidney weights,
which significantly increased with age (Supplementary
Table 1). The vast majority of old mice developed
dysfunctions. In particular, a high incidence of
splenomegaly and tumors primarily affecting mesentery
and intestine was detected.
Age- and sex-dependent
concentrations in serum

changes

of

TE

In serum, concentrations of Cu, I, Fe, Mn, Se, and Zn as
well as functional biomarkers for Fe, Se, and Zn were
determined (Figure 1, Supplementary Table 2). No
significant differences between male and female mice or
both age groups were detected for Mn and I (Figure 1A,
1B). However, serum concentrations of I showed an agedependent increase when considering all mice irrespective
of their sex (Supplementary Table 2). Serum Cu levels
were significantly increased in old female mice, both in
comparison to young females and old male mice (Figure
1C). Fe and ferritin serum levels were not altered in the
mouse cohort (Figure 1D, 1E), while transferrin was
significantly increased in aged females in comparison to
aged male mice (Figure 1F). The average Se
concentration (Figure 1G) as well as the levels of the
selenoprotein-based functional biomarkers GPX activity
(Figure 1H) and selenoprotein P (Selenop) (Figure 1I)
were unaffected by age or sex. Serum Zn concentrations
were decreased in old male and adult female mice,
compared to adult males (Figure 1K). However, free Zn,
often used as an alternative status marker, stayed the same
(Figure 1L). Spearman’s correlation analysis (Supplementary Table 3) revealed strong positive correlations
between Cu and I (rS=0.701, p=0.001) as well as Zn and
Se serum concentrations (rS=0.509, p=0.031). Relative
Selenop protein levels were negatively correlated with
serum I concentrations (rS= 0.662, p=0.005).
TE profiles in murine organs
TE concentrations in the liver did not show any significant
difference between groups (Figure 2). Mn, Zn, and Se
concentrations, as well as hepatic GPX activity, were
entirely stable in all groups (Figure 2A–2D). Only Fe and
Cu concentrations showed a trend toward upregulation
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of Fe and downregulation of Cu in old mice (Figure 2E,
2F), which was significant when considering all mice
irrespective of sex (Supplementary Table 2). Thus,
aging affects Cu levels in opposite directions in serum
and liver (Figure 3).

Besides serum and liver, the distribution of Cu, Fe, Mn,
Se, and Zn was further assessed in duodenum, heart,
muscle, lung, kidney, bladder, cortex, and cerebellum.
Across these organs, we observed profoundly different
distribution patterns for the analyzed TEs (Figure 3,

Figure 1. Age- and sex-related changes of serum TE profiles and biomarkers. Concentrations of Mn (A), I (B), Cu (C), Fe (D), Se (G),
and Zn (K) were analyzed in the serum of adult (24 weeks) and old (109-114 weeks) male and female C57BL/6Jrj mice (n = 4-5) receiving chow
diet. Serum concentrations were determined using ICP-MS/MS (A-D, G, K). Further biomarkers were detected by ELISA (E, F) and fluorescent
probes (L) to assess the Fe marker ferritin (E) and transferrin (F) as well as free Zn (L), respectively. The Se status was further validated by GPX
activity (H) and relative Selenop levels (I), based on NADPH-consuming glutathione reductase coupled assay and Dot blot analysis,
respectively. Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni’s test with * p < 0.05, *** p < 0.001 vs.
adult and # p < 0.05, ## p < 0.01 vs. male.
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Supplementary Table 2). Overall, Se and Zn levels in
organs were relatively stable across the age groups. If
Zn concentrations were altered, they were downregulated in old mice. In most organs of old mice, Mn
was also consistently downregulated. In contrast, Fe
was upregulated showing the highest fold change in
bladder. Cu was decreased in liver, heart, and kidney of
old mice but increased in all other organs, with
exception of the bladder (Figure 3A). Sex-related
differences were observed for Fe with higher levels in
females (Figure 3B).
Putative interactions of TEs based on correlation
analyses
TE interactions between and within the organs were
evaluated based on analysis of Spearman’s correlation
coefficients (Supplementary Tables 3, 4; Supplementary
Figure 1). Most often, Cu serum concentrations
correlated positively with Fe concentrations in organs,
e.g., in the liver. In contrast, serum Cu levels correlated
negatively with Mn levels in diverse organs. Negative
correlations were also observed for serum Zn and Fe
concentrations in organs. Within the same organ, Cu
concentrations correlated with Fe, Mn, and Se in a
positive manner in most cases. Also, Se and Zn

concentrations correlated positively in multiple organs,
e.g., liver or kidney. While Se and Mn levels showed
positive correlations in heart and kidney, a negative
correlation was obtained in the cerebellum.
Hepatic expression of genes related to uptake and
distribution of TEs
In order to identify putative mechanisms for the
observed TE distribution patterns, mRNA expression
analyses for various transport and binding proteins
involved in the cellular transfer and storage of Cu, I, Fe,
Mn, and Zn were performed in duodenum and liver
(Supplementary Figure 2; Figure 4). In the duodenum,
expression levels of the Cu exporter ATPase copper
transporting alpha (ATP7A) were downregulated in old
females in comparison to adult females (Supplementary
Figure 2M). In contrast, the Cu- and Zn-binding
proteins metallothionein 1 (MT1) and MT2 (Supplementary Figure 2K, 2L) were upregulated with
increasing age in males, whereas females tended toward
the opposite effect.
Hepatic proton-coupled divalent metal ion transporter
(DMT1), involved in the uptake of divalent metals such
as Cu, Fe, Mn, and Zn tended to be reduced in old as

Figure 2. TE profile analysis in the liver of mice. Liver tissue of adult (24 weeks) and old (109-114 weeks) male and female C57BL/6Jrj
mice (n = 4-5) receiving chow diet were analyzed for their concentrations of Mn (A), Zn (B), Se (C), Fe (E), and Cu (F) using ICP-MS/MS.
Furthermore, Se-sensitive GPX activity was assessed by NADPH-consuming assay (D). Statistical testing based on Two-Way ANOVA and post
hoc analysis using Bonferroni’s test revealed no significant differences for age and sex.
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compared to adult mice, with lower expression levels
in female mice (Figure 4A). Similar changes as for
DMT1 were observed for the heme transporter solute
carrier family 48 member 1 (Slc48a, Figure 4B) and
transferrin receptor (Tfrc, Figure 4C). The latter
showed a trend for lower expression levels with age.
The expression levels of the Fe exporter ferroportin
(Fpn, Figure 4D) and solute carrier family 39,
member 8 (Zip8, Figure 4E), responsible for the
influx of Zn, Mn, and Fe [32], were unaffected.
Zip14, which is involved in the hepatic uptake of Zn,
Mn, and Fe, showed a trend for higher expression
levels in females, which was independent of age
(Figure 4F). Solute carrier family 30, member 1
(ZnT1), responsible for Zn export, tended to be
upregulated in old male mice in comparison to adult
males (Figure 4G), whereas ZnT10 was unaffected
(Figure 4H). The Cu transporter solute carrier family
31, member 1 (Ctr1) showed a trend for downregulation in old mice (Figure 4I). Hepatic MT2
expression tended toward an age-dependent increase
in both males and females (Figure 4K). For the
hepatic Cu-transporting ATPase, ATPase copper
transporting beta (ATP7B), a trend for higher
expression in females was observed (Figure 4L). The
sodium iodide symporter NIS did neither change with
age nor sex (Figure 4M).

Whereas the expression levels of these TE-related genes
did not strongly correlate with TE concentrations in
serum, liver, or duodenum, highly significant correlations between the individual transporters were identified
(Supplementary Figure 3). Especially TE-related genes
associated with Cu, Zn, and Fe uptake or export were
strongly correlated.
Age-dependent effects on mediators of inflammation,
DNA methylation, nitrated proteins, and Nrf2 target
genes
Inflammatory mediators, DNA methylation, as well as
protein modifications were determined to characterize
age-related changes in the mouse cohort and to correlate
these to the TE profiles. In serum, TNFα levels were
significantly increased in old female mice as compared
to adult females as well as to old males (Figure 5A). A
comparable increase in old female mice was observed
for the hepatic mRNA expression levels of TNFα
(Figure 5B), IL1β (Figure 5C), and IL6 (Figure 5D).
TNFα levels in serum were strongly correlated with
serum Cu levels (Supplementary Table 3), while all
hepatic proinflammatory cytokines were correlated with
Fe concentrations in liver (Supplementary Table 4,
Supplementary Figure 1).

Figure 3. TE changes in various organs in relation to age and sex. TEs in various organs of adult (24 weeks) and old (109-114 weeks)
male and female C57BL/6Jrj mice receiving a chow diet ad libitum were analyzed by ICP-MS/MS. The heat map indicates changes of TE
content in murine organs of old mice compared to adult animals (A; n=9-10) or of female mice in comparison to male animals (B; n=9-10)
given in % (100 % represents no change). Each row represents one organ, whereas each column represents one element. Statistical testing
based on Two-Way ANOVA and post hoc analysis using Bonferroni’s test with * p < 0.05, whereas grey * indicates p < 0.1.
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Global DNA methylation (mdC/dC) in the liver was
neither affected by age nor sex (Figure 5E), whereas
DNA hydroxymethylation (hmdC/dC) was significantly
enhanced in old male mice (Figure 5F). Hepatic levels

of tyrosine nitrated proteins (3-NT) were also increased
in old male mice compared to adult males. Levels were
generally lower in females than in males (Figure 5G).
DNA hydroxymethylation correlated with 3-NT-

Figure 4. Expression analysis of various TE-related genes in liver. Relative expression levels of TE-related genes in the liver of adult
(24 weeks) and old (109-114 weeks) male and female mice (n = 4-5) fed with a chow diet ad libitum. Expression levels were normalized by a
composite factor based on the house-keeping genes Hprt and Rpl13a. Finally, variances are expressed as fold change compared to adult
males (mean adult males = 1). Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni’s test with * p < 0.05.
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Figure 5. Proinflammatory cytokines and DNA and protein modifications in relation to age and sex. Serum (A) and liver extracts
(B–G) of adult (24 weeks) and old (109-114 weeks) male and female mice (n = 4-5) fed with a chow diet ad libitum were subjected to enzymelinked immunosorbent assay (A), qRT-PCR analysis (B–D), tandem mass spectrometry (E, F), and immunoblotting (G). This way,
proinflammatory cytokines (A–D), global DNA methylation (mdC/dC; E), and hydroxymethylation (hmdC/dC; F), as well as 3-nitrotyrosine (3NT, G) protein modifications were determined. Hepatic transcription levels (B–D) were normalized by a composite factor based on the housekeeping genes Hprt and Rpl13a, whereas 3-NT-modified proteins were normalized to GAPDH (G). Except for (E) and (F), where data is given in
%, data is presented as fold change compared to male adults (A–D, G). Statistical testing based on Two-Way ANOVA and post hoc analysis
using Bonferroni’s test with * p < 0.05, ** p < 0.01 vs. adult and # p < 0.05, ### p < 0.001 vs. male.
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modified proteins but not with the hepatic concentration
of any of the TEs (Supplementary Table 4, Supplementary Figure 1).
Hepatic Nrf2 target genes were analyzed, including
NQO1 activity, FTH expression, and total GST activity
(Figure 6). Especially in male mice, NQO1 activity
tended to increase with age and showed higher overall
values in females (Figure 6A). The same age-dependent
increase was observed in heart, lung, and kidney of
male mice (Supplementary Figure 4). FTH levels
revealed a similar pattern as NQO1 activity with higher
levels in females and an age-dependent increase (Figure
6B). Both hepatic NQO1 activity and FTH expression
correlated positively with the expression of
inflammatory mediators and with Fe concentrations in
the liver (Supplementary Table 4, Supplementary
Figure 1). Interestingly, hepatic GST activity behaved
in an opposite manner being decreased with age (Figure
6C) and increased in male mice. However, these effects
on GST levels were not detected in other organs (Supplementary Figure 4).

DISCUSSION
The old mouse cohort studied herein displayed typical
characteristics described for old organisms. This
includes an increase in relative heart weight
(Supplementary Table 1), typical for a hypertrophic,
aging heart [33–35], and an increase in kidney weight
(Supplementary Table 1), which was previously
observed in old rodents [36]. Biomarkers of aging
include 3-NT modified proteins [37, 38], which were
increased with age in livers of male mice (Figure 5G).
In addition, we observed higher global levels of the
oxidation product 5-hmdC in the liver of old mice
(Figure 5F), which is in line with previously published
results [39]. On the contrary, global DNA methylation

seems to be less predictive for age [40–45], which was
confirmed in this study for liver (Figure 5E).
Most of the observed age-dependent differences in
serum TE profiles (Figure 1) are in line with published
values for single TEs, but now provide an overall
picture. The data allow for correlating multiple TE
concentrations and to identify potential patterns of agedependent alterations. Most pronounced, Cu
concentrations in serum increased with age, especially
in female mice (Figure 1C), as has been reported before
in rodents and in humans [46–50]. Serum Zn levels
behaved the opposite (Figure 1K), which is in line with
the literature for several species [29, 50–54]. However,
free Zn, which is discussed to be a more reliable
biomarker for bioavailable Zn [55], was not affected by
age (Figure 1L). Additionally, several human studies
reported a significant increase of I and Fe and a
reduction of Se concentrations in the serum of elderly
subjects [50, 52, 56]. In the present study, a tendency
toward increased serum I levels was observed (Figure
1B). However, a more reliable biomarker is urinary
iodine concentration at least in human cohorts [57, 58].
As urine samples were not available for our mice, we
additionally analyzed the I content of the thyroid which
was rather heterogenous in old mice but tended to
increase with age (Supplementary Figure 5A). In
addition, a significant reduction of the enzymatic
activity of the I-releasing deiodinase I (Dio1) was
observed (Supplementary Figure 5B). This indicates
age-related changes of iodine storage and handling, that
would need further clarification in future studies.
Concerning Fe, the only biomarker that was upregulated
in old female mice was serum transferrin (Figure 1F),
while serum ferritin was unaffected (Figure 1E). Serum
transferrin was shown to correlate with hepatic Fe levels
but not with serum Fe [59], which was also the case in
this study. Neither serum Se levels, nor the functional

Figure 6. Activity and expression levels of Nrf2 target genes. The enzyme activities of the Nrf2 targets NQO1 (A) and total GST (C)
were determined by activity assays, whereas the relative protein levels of FTH (B) normalized to the house-keeping gene GAPDH were
analyzed by Western blot in liver tissue of adult (24 weeks) and old (109-114 weeks) male and female mice (n = 4-5). Statistical testing based
on Two-Way ANOVA and post hoc analysis using Bonferroni’s test with ** p < 0.01 vs. adult and # p < 0.05, ### p < 0.001 vs. male.
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biomarkers GPX activity or Selenop levels were
affected by age (Figure 1G–1I). A previous study using
telomerase RNA component knockout mice reported
marginally increased Se and Selenop levels with age in
the plasma of male but not female mice [60].
In the liver, which was the organ with the highest TE
concentrations in this study (Supplementary Table 2;
[61]), we observed a trend toward higher Fe levels in old
than in adult mice (Figure 2E) together with reduced
hepatic Cu levels (Figure 2F). This has been previously
described for individual TEs during aging [23, 62–64], but
has not been shown to be linked to each other. Strikingly,
this relationship was unique for the liver. In most other
organs, significant positive correlations between Fe and
Cu were observed (Supplementary Figure 1). To
understand the underlying mechanisms of age-dependent
changes in hepatic TE concentrations, expression levels of
transport and binding proteins were analyzed. DMT1, a
transporter shared by Cu and Fe [65], was downregulated
in old mice (Figure 4A), which provides an explanation
for lower hepatic Cu levels in old mice. Besides DMT1,
Cu ions are mainly transported by Ctr1, which was
downregulated with age as well (Figure 4I). ATP7B
expression also tended to be downregulated in old mice
(Figure 4L), thus enhanced Cu export from liver does
most probably not contribute to lower hepatic Cu levels.
Other studies have, however, not detected any age-related
change in net Cu absorption [66]. Serum Fe is mainly
bound to transferrin and taken up by a Tfrc-mediated
mechanism, but Tfrc expression was unaffected by age
(Figure 4C). The same was the case for the Fe exporter
Fpn (Figure 4D). Based on these observations, age-related
restrictions of hepatic Cu levels were associated with
lower expression levels of transporters, while the increase
in hepatic Fe concentrations appears to depend on other
mechanisms.
TEs contribute to immune function in many different
ways [67–70]. Vice versa, a low-grade chronic
inflammation frequently observed in the elderly might
contribute to the observed age-specific shifts in TE
profiles [51]. Indeed, Zn concentrations in serum
decline during acute inflammatory disorders or
infections [71–76], as well as in aged animals, as shown
herein (Figure 1K) or for elderly humans [50]. These
effects are supposed to be mainly mediated by IL1 and
IL6 [77–79]. Furthermore, we detected an agedependent increase in Cu serum concentrations (Figure
1C, Supplementary Table 2), which also takes place
under inflammatory conditions [72, 74, 75]. Also, Fe is
a negative acute-phase reactant [80–82], which is
modulated by enhanced secretion of hepcidin [83] and
stimulated by cytokines such as IL6. Hepcidin interacts
with Fpn, limiting the Fe release from cells into the
bloodstream [84]. Fe concentrations were indeed
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increased in several organs of old mice, including the
liver (Supplementary Table 2), and hepatic Fe
concentrations correlated with inflammatory mediator
expression in the liver. Thus, low-grade inflammation
appears to be the main mechanism for age-related Fe
accumulation in the liver.
The age-related overproduction of pro-inflammatory
cytokines not only causes a low-grade inflammation,
but also shifts the cellular redox state, thereby
contributing to constitutive activation of the Nrf2
system. Effectively, this higher constitutive Nrf2
activity is the reason for reduced Nrf2 responsiveness in
old organisms [85–87]. As TE-related proteins like Fpn,
hepcidin, or ferritin [88, 89] are regulated via Nrf2, this
provides another potential mechanism for age-related
modifications of the TE patterns, especially for
alterations of the Fe status. A significant age-dependent
increase in NQO1 activity was observed in all organs
analyzed (Figure 6A, Supplementary Figure 4). In
addition, higher amounts of FTH were detected in liver
tissue of old mice (Figure 6B) and correlated strongly
with hepatic Fe concentrations. Overall, the Nrf2induced increase of FTH protein expression may
provide an explanation for higher hepatic Fe levels
(Figure 6B). Accordingly, inflammatory processes
and/or increased Nrf2 activity may constitute the
driving forces for the age-specific alterations in TE
concentrations observed in serum and liver.
In summary, aging is associated with profound
differences in TE concentrations in serum and different
organs. The parallel analysis of six TEs highlights
particular alterations in serum TE profiles of old versus
adult mice, with decreased Zn and increased Cu and I
concentrations. The reciprocal alterations in serum Cu
and Zn concentrations were, however, not observed in
the analyzed organs. A second organ-specific effect was
detected in liver, where we observed an age-dependent
inverse regulation of Cu and Fe concentrations. While
these changes in the Fe/Cu ratio may be directly related
to systemic low-grade inflammation, their physiological
importance for liver function and the aging process
needs to be addressed in further studies.

MATERIALS AND METHODS
Animal experiment
Male and female C57BL/6Jrj mice were housed on a
12:12 h light:dark schedule with food and tap water ad
libitum. We utilized a commercially available chow diet
(V1534, Ssniff, Soest, Germany) with Fe, Zn, Mn, Cu,
I, and Se content of 215, 97, 82, 8.8, 1.8, and 0.3 mg/kg
diet, respectively. It needs to be considered that the TE
amounts in the diet exceeded the nutritional TE
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requirements for mice [90]. While Se and Cu were
marginally increased (2-fold and 1.5-fold above the
requirement, respectively), the other four TEs had levels
12-fold for I, 10-fold for Zn, 8-fold for Mn, and 6-fold
for Fe above the respective requirements. Tap water
contained about 0.03, 0.35, 0.66 mg/L Fe, Zn, and Cu,
respectively. Mn and Se content of drinking water was
about 0.75 and 0.03 μg/L, respectively.
At the age of either 24 weeks (adult) or 109-114 weeks
(old), mice were anesthetized with isoflurane (Cppharma, Burgdorf, Germany), and blood was collected
by cardiac puncture. Serum was obtained after full
coagulation at room temperature (RT) and
centrifugation for 10 min (2,000 x g, 4°C). Organs were
surgically dissected and immediately frozen. All animal
procedures were approved and conducted following
national guidelines of the Ministry of Environment,
Health and Consumer Protection of the federal state of
Brandenburg (Germany, 2347-44-2017) and institutional guidelines of the German Institute of Human
Nutrition Potsdam-Rehbruecke.
ICP-MS/MS analysis of trace elements in serum,
organs, and feed
TEs in the serum were determined as described previously
[91, 92]. In brief, 50 μL of murine serum were diluted 1:10
with a dilution mix (5 % (v/v) butanol (99 %, Alfa Aesar,
Karlsruhe, Germany), 0.05 % (w/v) Na-EDTA (Titriplex®
III, pro analysis, Merck, Darmstadt, Germany), 0.05 %
(v/v) Triton™ X-100 (Sigma-Aldrich/Merck, Taufkirchen,
Germany) and 0.25 % (v/v) ammonium hydroxide (puriss.
p.a. plus, 25 % in water, Fluka, Buchs, Germany)) as well
as internal standards (final concentrations: 1 μg rhodium
(Rh)/L and 30 μg 77Se/L). Cu, I, Fe, Mn, Se (IDA), and Zn
concentrations were determined in the diluted sample
using ICP-MS/MS (8800 ICP-QQQ-MS, Agilent
Technologies, Waldbronn, Germany).
20-50 mg of snap-frozen organs (unless the total weight
of the organ was lower than 50 mg, in which case organs
were digested as a whole) or feed were homogenized
using mortar and pestle under liquid nitrogen or at RT,
respectively, and were weighed into PTFE microwave
vessels. HNO3 (65 %, Suprapure®, Merck) and H2O2
(30 %, Sigma-Aldrich/Merck) were used for digestion.
Additionally, Rh (diluted from 10 mg/L single element
stock solution, Carl Roth, Karlsruhe, Germany) and 77Se
(diluted from a 10.000 mg/L stock solution, prepared in
house from isotopically enriched 77Se (97.20 ± 0.20 %
77
Se; 0.10 % 74Se; 0.40 ± 0.10 % 76Se; 2.40 ± 0.10 % 78Se;
0.10 % 80Se; 0.10 % 82Se as certified by Trace Sciences
International, Ontario, Canada), purchased from Eurisotop
SAS (Saarbrücken, Germany) were added as internal
standard and isotope dilution standard, respectively. The
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samples were digested in a MARS 6 microwave digestion
system (CEM, Kamp-Lintfort, Germany) by heating to
200°C over 10 min and holding this temperature for
20 min. Post digestion, the samples were diluted with
ultrapure water to give final concentrations of 2.93 %
HNO3, 10 μg/L 77Se, and 1 μg/L Rh. This solution was
subjected to ICP-MS/MS analysis with the following
parameters: 1550 W plasma Rf power, Ni-cones,
MicroMist nebulizer at 1.2 L Ar/min and Scott-type spray
chamber). The following mass to charge ratios and gas
modes were used (Q1→Q2): He-mode: Mn (55→55), Fe
(56→56), Cu (63→63), Zn (66→66), Rh (103→103);
O2-mode: Se (77→93), Se (80→96), Rh (103→103).
Elements in He-mode were determined via external
calibration using calibration solutions made from 1000
mg/L single element standard solutions (Carl Roth) with
internal standard correction using Rh. Se was determined
via IDA, as described previously [93]. Results were
checked using certified reference materials ERM-BB 422
(fish muscle) or ERM-BB 186 (pig kidney), and the
analysis was repeated if reference material recovery
deviated by more than 10 % from the certified value. To
preserve animal material for the analysis of other markers,
the variability of three independent digestions was
checked for liver tissue in another animal experiment and
found to be below 5 %. Therefore, in subsequent
experiments, each organ was analyzed as a single
replicate, unless extreme outliers as compared to animals
from the same experimental group were identified, in
which case the analysis was repeated.
Analysis of free zinc in serum
Free zinc was determined by the low molecular weight
fluorescent probe Zynpyr-1, as reported before [94]. For
the application on murine serum samples, the assay was
modified as follows: The incubation times for F, Fmin,
and Fmax were set to 60, 30, and 60 min, respectively.
For the induction of Fmin and Fmax, 15 μL EDTA
solution (800 μM) or ZnSO4 solution (25 mM) per well
were added, resulting in final concentrations of 100 μM
EDTA and 2.8 mM ZnSO4, respectively.
ELISA for ferritin and transferrin
The concentrations of ferritin and transferrin were
determined using an ELISA kit (ALPCO, Salem, USA)
according to the manufacturer's instructions. Briefly,
serum was diluted either 1:20 or 1:200,000 for ferritin
and transferrin analysis, respectively. A volume of
100 μL (standard, control, or sample) was added to the
wells. After incubation for 60 and 30 min at RT, wells
were washed, and 100 μL of horseradish peroxidaseanti-ferritin or -anti-transferrin conjugate was added,
respectively. Following a further incubation at RT,
100 μL of chromogenic substrate solution was added.
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After 10 min, the enzymatic reaction was stopped by
adding 100 μL stop solution. The optical density was
determined at 450 nm using an Infinite 200 Pro
microplate reader (Tecan, Männedorf, Switzerland).
Average absorbance was determined and concentrations
calculated based on standard curves.
TNFα analysis in serum
TNFα protein in serum was quantified by ProQuantum
Mouse TNFα Immunoassay Kit (Invitrogen,
ThermoFisher Scientific, Waltham, MA, USA). Briefly,
serum was diluted 1:3 and subjected to an equal volume
of the antibody-conjugated mixture on the assay plate.
The antibodies within this mixture bind to two separate
isotopes on the TNFα antigen, which brings two
conjugated oligonucleotides into close proximity. A
DNA ligase connects the ends of the two conjugated
oligonucleotides, creating a PCR template. Copies of
the template can be amplified by PCR, following
manufacturer's instructions. Based on fluorescent dyes,
indicating amplicon, standard curves and TNFα serum
levels were calculated.
Selenop analysis by Dot blot
Selenop was detected by Dot blot. Therefore 5 μL of
murine serum (1:20 diluted in distilled water) were
transferred to an AmershamTM Protran nitrocellulose
membrane (Sigma-Aldrich/Merck) in a Dot blot apparatus
(Bio-Rad Laboratories, Munich, Germany) following
washing steps with TBS buffer (0.14 M NaCl, 2.7 mM
KCl, 25 mM Tris, pH 7.3). Ponceau S staining (0.1 %
(w/v) Ponceau S, 0.5 % (w/v) glacial acetic acid in water)
was performed prior to blocking (1 h) and antibody
incubation (4°C overnight, followed by 1 h RT) with 5 %
(w/v) milk powder in TBST (0.1 % (v/v Tween 20, 1x
TBS) and rabbit anti-Selenop/rabbit anti-mouse IgG-617
antibody (1:400; [95]). After removal of the excess
antibody with TBST, goat anti-rabbit horseradish
peroxidase-coupled antibody (Dako, Agilent; 1:2000) was
incubated for 1 h at RT. Indirect quantification was
performed with HyperfilmTM ECL (GE Healthcare
Amersham, ThermoFisher Scientific) and an enhanced
chemiluminescence (ECL)-based Prime Western blotting
detection system (GE Healthcare, Sigma-Aldrich/Merck),
incubated for 30 min. Scanned blots were quantified with
Image J software (Wayne Rasband, National Institutes of
Health, Bethesda, MD, USA).

Analyses of the thyroid
Thyroid lobes were dissected from the trachea, frozen in
liquid nitrogen and stored at -80°C till further use. Frozen
thyroids were dropped in 10 mM Tris and immediately
homogenized by rotating micropestile. Part of the
homogenate was used for protein measurement using
Bradford reagent (Bio-Rad Laboratories), I determination,
and Dio1 activity assays. For the determination of thyroid I
content, equal amounts of thyroid protein (10 μg) were
mixed with ammonium persulfate (0.6 M; SigmaAldrich/Merck) to a total volume of 50 μL and
subsequently heated up to 95°C for 1 h. After cooling, the
resulting digest was further diluted (1:20) and 50 μL were
transferred to a microtiter plate. Measurement of I was
done by the Sandell-Kolhoff reaction in microtiter plate
format, as described earlier [99]. I content was calculated
to mg I per g protein.
The Dio1 activity was determined by a non-radioactive
method, based on iodide-determination via SandellKolthoff reaction, as described earlier [100]. In brief,
25 μg of thyroid protein homogenate was incubated for
2 h at 37°C and under constant shaking in the presence of
reverse triiodothyronine (rT3; 10 μM) and 1,4Dithiothreitol (DTT; 40 mM) in monopotassium
phosphate (KPO4) buffer (100 mM KPO4, 1 mM EDTA,
pH 6.8). Subsequently, released iodide was separated by
ion-exchanger columns (DOWEX-50WX2, Serva) and
quantified via Sandell-Kolthoff reaction. Background
signal, derived from a subset of 6-n-propyl-2-thio-uracil
(PTU)-inhibited reactions, was subtracted. Absolute
activity was calculated from an external I standard curve,
using a commercial ion chromatography standard
(TraceCERT, Sigma-Aldrich/Merck).
RNA
isolation,
reverse
quantitative real-time PCR

Enzyme activities
Frozen organ samples were homogenized with Tris buffer
(100 mM Tris, 300 mM KCl, pH 7.6 with 0.1 % Triton X100 (Serva, Heidelberg, Germany)). After the removal of
cellular debris by centrifugation (15 min, 14,000 x g,
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4°C), protein concentrations were determined by Bradford
analysis (Bio-Rad Laboratories). Measurement of GPX
[96], NQO1 [97], and GST [98] activities have been
reported before. Briefly, GPX activity was determined in
a NADPH-consuming glutathione reductase coupled
assay, whereas NQO1 activity was detected by a
menadione-mediated reduction of 3-(4, 5-dimethylthiazol2-yl)-2, 5-diphenyltetrazolium bromide (MTT). GST
activity was carried out using 1-chloro-2,4-dinitrobenzene
(CDNB) as a substrate in the presence of reduced
glutathione. All measurements were conducted in
triplicates on a 96-well plate using a microplate reader
(Synergy2, BioTek, Bad Friedrichshall, Germany).
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transcription,

and

Total RNA was isolated using Trizol Reagent
(Invitrogen, ThermoFisher Scientific) following the
instructions of the manufacturer. After eliminating the
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genomic DNA using PerfeCTa DNase I (Quanta
BioSciences, Beverly, MA, USA), 5 μg RNA were
used for reverse transcription reaction in a final
volume of 20 μL (qScript cDNA synthesis, Quanta
BioSciences), generating complementary DNA
(cDNA). cDNA was amplified using 1x PerfeCTa
SYBR Green Supermix (Quanta BioSciences) and
250 nM primer (sequences are listed in Table 1) in a
total volume of 10 μL. Real-time PCR was performed
in triplicate using a CFX Connect Real-time System
(Bio-Rad Laboratories) under the following
conditions: 3 min at 95°C, followed by 41 cycles of
15 s at 95°C, 20 s at 60°C, and 30 s at 72°C. For
quantification of mRNA levels, standard curves were
taken into account to correct for differences in PCR
efficiencies. Finally, expression levels were
normalized to a composite factor based on the housekeeping genes Hprt and Rpl13a.
Western blot analysis
Liver tissue was homogenized in lysis buffer (10 mM
Tris-HCl pH 7.5, 0.9 % NP-40, 0.1 % SDS, 1 mM
Pefablock, protease inhibitors) using a Tissue Lyser
(Qiagen, 2x2 min, 30 Hz). Homogenates were cleared
by centrifugation (15 min, 14,000 x g). Protein
determination was performed by Lowry assay (DC™
Protein Assay, Bio-Rad Laboratories) and samples
were diluted 1:3 with 4x Laemmli sample buffer
(0.25 M Tris pH 6.8, 8 % SDS, 40 % Glycerol, 0.03 %
bromophenol blue), followed by denaturation for
5 min at 95°C. Proteins were loaded and separated on
15 % polyacrylamide gels and transferred to a
0.45 μm nitrocellulose membrane (Amersham™
Protran®, Sigma-Aldrich/Merck) via a semi-dry
blotting system (Bio-Rad Laboratories). Membranes
were blocked in blocking buffer (LI-COR Bioscience,
Lincoln, NE, USA; #927-40000) diluted 1:2 in PBS
for 1 h at RT. Primary antibodies were diluted in
blocking solution with 0.1 % Tween 20 (Merck) and
incubated overnight at 4°C. Mouse anti-3-NT
(Abcam,
ab110282,
1:1,000),
rabbit
antiglyceraldehyde-3-phosphate dehydrogenase (GAPDH;
Abcam, ab37168, 1:10,000), mouse anti-FTH
(Abcam, ab77127, 1:1,000) were used as primary
antibodies for immunoblot detection. Secondary
antibodies conjugated to IRDye® 800CW (LI-COR
Bioscience; #926-32212, 1:15,000) and 680LT (LICOR Bioscience; #926-68021, 1:15,000) were diluted
in blocking solution with 0.1 % Tween 20 and
incubated for 1 h at RT. Membranes were scanned
using the Odyssey® CLx Imaging System (LI-COR
Bioscience) and quantified with Image Studio™ (LICOR Bioscience; v. 4.0.21). Protein levels were
normalized to house-keeping gene GAPDH.
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DNA hydroxymethylation
DNA was extracted from 30 mg liver tissue via
phenol/chloroform extraction. Briefly, this included
lysis with cetyltrimethylammonium bromide (CTAB)
buffer (pH 8.0; PanReac AppliChem GmbH, Darmstadt,
Germany) using a bead ruptor 12 (Omni international
Inc, Kennesaw, USA), treatment with RNase A
(Promega, Madison, USA) and Proteinase K
(Biolabproducts
GmbH,
Bebensee,
Germany),
extraction of DNA with phenol/chloroform/isoamyl
alcohol (25:24:1 v/v; Carl Roth) and chloroform/
isoamyl alcohol (24:1; Carl Roth), and precipitation
with
ice-cold
isopropanol
(99.5 %,
SigmaAldrich/Merck) overnight. Finally, DNA was dissolved
in 100 μL of diethyl dicarbonate (DEPC) treated water
(Carl Roth). DNA content was measured with a
NanoDropTM One (Thermo Fischer Scientific) and
purity of samples was identified with the wavelength
ratio A260/280 = 1.8–2. Aliquots of 12 μg DNA were
stored at -80°C until enzymatic hydrolysis.
Hydrolyzation and LC-MS/MS measurements were
carried out as described in detail before [101]. Briefly,
DNA was hydrolyzed using micrococcal nuclease from
Staphylococcus aureus, bovine spleen phosphodiesterase (both Sigma-Aldrich/Merck) (incubation: 1 h,
37°C) and subsequently alkaline phosphatase (SigmaAldrich/Merck) (incubation: 1.5 h, 37°C). Internal
standards [15N2,13C]-dC, mdC-D3, hmdC-D3 (Toronto
Research Chemicals, Toronto, Canada) were added
before start of hydrolysis. For the measurement of mdC
and dC, samples were diluted 1:20. For measurement of
hmdC, samples were evaporated to dryness, proteins
were removed by treatment with methanol overnight at 20°C and after removal of methanol, samples were
finally taken up in a smaller volume (final dilution 1:6).
HPLC-MS/MS measurements were carried out with an
Agilent 1260 Infinity (Agilent Technologies) coupled to
a tandem mass spectrometer (MS/MS, Agilent 6495A,
Agilent Technologies). The separation was achieved
using an Atlantic T3 column (2.1 x 150 mm, particle
size 5 μm; Waters GmbH, Eschborn, Germany).
Electrospray ionization was operated in positive mode.
Statistics analyses
Data are given as mean. Statistical calculation was
performed in Origin Pro (OriginLab, Northampton,
MA, USA) using a Two-Way analysis of variance
(ANOVA) with Bonferroni´s post-test. Comparisons
between two groups were tested for normal distribution
(Kolmogorov-Smirnov and Shapiro-Wilk test) and
variances (Levene test) and subjected to either twotailed unpaired Student´s t-test or Kruskal-Wallis
ANOVA. The correlation coefficient was calculated
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Table 1. Oligonucleotide sequences (5’→3’).
Gene

RefSeq-ID

ATP7A, ATPase Copper Transporting Alpha

NM_001109757.2

ATP7B, ATPase Copper Transporting Beta

NM_007511.2

Cp, ceruloplasmin

NM_001276248.1

Ctr1, solute carrier family 31, member 1

NM_175090.4

DMT1, solute carrier family 11 (proton-coupled divalent
metal ion transporters), member 2
Fpn, ferroportin, solute carrier family 40 (iron-regulated
transporter), member 1
Hprt1, hypoxanthine guanine phosphoribosyl transferase
1

NM_001146161.1
NM_016917.2
NM_013556.2

IL1, interleukin 1 beta

NM_008361.3

IL6, interleukin 6

NM_031168.1

Mt1, metallothionein 1

NM_013602.3

Mt2, metallothionein 2

NM_008630.2

NIS, solute carrier family 5 (sodium iodide symporter),
member 5

NM_053248.2

Rpl13a, ribosomal protein L13a

NM_009438.5

Selenop, selenoprotein P

NM_001042613.1

Slc48a1, solute carrier family 48 (heme transporter),
member 1

NM_026353.4

Tfrc, transferrin receptor

NM_011638.4

TNF, tumor necrosis factor alpha

NM_013693

Zip 4, solute carrier family 39, member 4

NM_028064

Zip 8, solute carrier family 39, member 8

NM _026228

Zip 14, solute carrier family 39, member 14

NM_144808

ZnT1, solute carrier family 30, member 1 (Slc30a1)

NM_009579

ZnT10, solute carrier family 30, member 10 (Slc30a10)

NM_001033286

according to Spearman (referred to as rS). p < 0.05 was
considered statistically significant.

Abbreviations
ARE/EpRE:
antioxidant/electrophilic
response
elements; ATP7A: ATPase copper transporting alpha;
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Sequence
GTCTCTGGGATGACCTGTGCT
TCTTACTTCTGCCTTGCCAGCC
CAGATGTCAAAGGCTCCCATTCAG
CCAATGACGATCCACACCACC
GTACTACTCTGGCGTTGACCC
TTGTCTACATCTTTCTGTCTCCCA
ACCATGCCACCTCACCACCA
GCTCCAGCCATTTCTCCAGGT
CTCAGCCATCGCCATCAATCTC
TTCCGCAAGCCATATTTGTCCA
CTGGTGGTTCAGAATGTGTCCGT
AGCAGACAGTAAGGACCCATCCA
GCAGTCCCAGCGTCGTG
GGCCTCCCATCTCCTTCAT
TTGAAGAAGAGCCCATCCTCTGTG
TTGTTCATCTCGGAGCCTGTAGTG
TCTCTGCAAGAGACTTCCATCCA
GTCTGTTGGGAGTGGTATCCTCTG
CTCCTGCAAGAAGAGCTGCTG
GCACAGCACGTGCACTTGTC
TCCTGTGCCTCCGATGGATC
TTGCAGATGCAGCCCTGGGA
CTAGAACTGCGCTTCAGCCGA
ACCCGGTCACTTGGTTCAGGA
GTTCGGCTGAAGCCTACCAG
TTCCGTAACCTCAAGATCTGCT
CTCATCTATGACAGATGTGGCCGT
AAGACTCGTGAGATTGCAGTTTCC
ATTGGCCATCACCCAGCATCAG
CTGATGTCCGCAAAGTCAGCC
GGCTGAAACGGAGGAGACAGA
CTGGCTCAGCTGCTTGATGGT
CCACGTCGTAGCAAACCACC
TACAACCCATCGGCTGGCAC
CTCTGCAGCTGGCACCAA
CACCAAGTCTGAACGAGAGCTTT
CTAACGGACACATCCACTTCGA
CCTTCAGACAGGTACATGAGCTT
GAGCCAACTGATAATCCATTGCT
GTCAACGGCCACATTTTCAA
CACGACTTACCCATTGCTCAAG
CTTTCACCAAGTGTTTGATATCGATT
ACTGGCAGTGCTACATTGACCC
CAGCTGGCTCATCAGCTCTTC

ATP7B: ATPase copper transporting beta; cDNA:
complementary DNA; CTAB: cetyltrimethylammonium
bromide; CDNB: 1-chloro-2,4-dinitrobenzene; Cp:
ceruloplasmin; Ctr1: solute carrier family 31: member
1; Cu: copper; DEPC: diethyl dicarbonate; Dio1:
deiodinase 1; DMT1: solute carrier family 11 (protoncoupled divalent metal ion transporters), member 2;
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DTNB: 5,5’-dithiobis(2-nitrobenzoic acid); DTT: 1,4Dithiothreitol; ECL: enhanced chemiluminescence;
EDTA: ethylenediaminetetraacetic
acid;
ELISA:
enzyme-linked immunosorbent assay; Fe: iron; Fpn:
ferroportin, solute carrier family 40 (iron-regulated
transporter), member 1; FTH: ferritin H; GAPDH:
glyceraldehyde-3-phosphate dehydrogenase; GPX:
glutathione peroxidase; GSH: glutathione; GST:
glutathione S-transferase; hmdC/dC: global DNA
hydroxymethylation; HPLC: high-performance liquid
chromatography;
Hprt1:
hypoxanthine-guanine
phosphoribosyltransferase 1; I: iodine; ICP-MS/MS:
inductively coupled plasma tandem mass spectrometry;
IL1β: interleukin 1 beta; IL6: interleukin 6; KEAP1:
Kelch-like ECH-associated protein 1; KPO4: monopotassium phosphate; LC: liquid chromatography;
mdC/dC: global DNA methylation; Mn: manganese;
MS/MS: tandem mass spectrometer; MT: metallothionein; MTT: 3-(4, 5-dimethylthiazol-2-yl)-2: 5diphenyltetrazolium bromide; NADPH: nicotinamide
adenine dinucleotide phosphate (NADP) bonded with a
hydrogen; NIS: solute carrier family 5 (sodium iodide
symporter), member 5; NQO1: NAD(P)H:quinone
oxidoreductase; Nrf2: nuclear factor (erythroid-derived
2)-like 2; PBS: phosphate-buffered saline; PTU: 6-npropyl-2-thio-uracil; qRT-PCR: quantitative reverse
transcription polymerase chain reaction; Rh: rhodium;
Rpl13a: ribosomal protein L13a; rS: Spearman´s
correlation coefficient; RT: room temperature; rT3:
reverse triiodothyronine; SDS: sodium dodecyl sulfate;
Se: selenium; Selenop: selenoprotein P; Slc48a1: solute
carrier family 48 (heme transporter), member 1; TE(s):
trace element(s); TET: ten-eleven-translocation; Tfrc:
transferrin receptor; TNFα: tumor necrosis factor-alpha;
Zip4: solute carrier family 39, member 4; Zip8: solute
carrier family 39, member 8; Zip14: solute carrier
family 39, member 14; Zn: zinc; ZnT1, solute carrier
family 30, member 1 (Slc30a1); ZnT10: solute carrier
family 30, member 10 (Slc30a10); 3-NT: 3nitrotyrosine.

ACKNOWLEDGMENTS
The authors thank Julia A. Baudry and Maria Cabral for
statistical advice and Gabriele Pohl, Alrun Schumann,
and Stefanie Deubel for excellent technical support.

CONFLICTS OF INTEREST
The authors declare that they do not have any conflicts
of interest.

FUNDING
DFG research unit FOR 2558.

REFERENCES
1.

López-Otín C, Blasco MA, Partridge L, Serrano M,
Kroemer G. The hallmarks of aging. Cell. 2013;
153:1194–217.
https://doi.org/10.1016/j.cell.2013.05.039
PMID:23746838

2.

Minelli A, Bellezza I, Conte C, Culig Z. Oxidative stressrelated aging: a role for prostate cancer? Biochim
Biophys Acta. 2009; 1795:83–91.
https://doi.org/10.1016/j.bbcan.2008.11.001
PMID:19121370

3.

Crisp MJ, Mawuenyega KG, Patterson BW, Reddy NC,
Chott R, Self WK, Weihl CC, Jockel-Balsarotti J,
Varadhachary AS, Bucelli RC, Yarasheski KE, Bateman
RJ, Miller TM. In vivo kinetic approach reveals slow
SOD1 turnover in the CNS. J Clin Invest. 2015;
125:2772–80.
https://doi.org/10.1172/JCI80705
PMID:26075819

4.

Avanesov AS, Ma S, Pierce KA, Yim SH, Lee BC, Clish CB,
Gladyshev VN. Age- and diet-associated metabolome
remodeling characterizes the aging process driven by
damage accumulation. Elife. 2014; 3:e02077.
https://doi.org/10.7554/eLife.02077
PMID:24843015

5.

Chakravarti B, Chakravarti DN. Protein tyrosine
nitration: role in aging. Curr Aging Sci. 2017; 10:246–62.
https://doi.org/10.2174/1874609810666170315112634
PMID:28302048

6.

Reeg S, Grune T. Protein oxidation in aging: does it play
a role in aging progression? Antioxid Redox Signal.
2015; 23:239–55.
https://doi.org/10.1089/ars.2014.6062
PMID:25178482

7.

Finkel T, Holbrook NJ. Oxidants, oxidative stress and
the biology of ageing. Nature. 2000; 408:239–47.
https://doi.org/10.1038/35041687 PMID:11089981

AUTHOR CONTRIBUTIONS
KL contributed to study design, performed animal
experiments, immunoassays, and qRT-PCR analysis,
data analysis and interpretation, and drafting of the
manuscript. JFK, MS, and CO performed ICP-MS/MS
analysis, enzyme activity, and Western blot analysis,
respectively. HF and NW determined DNA hydroxymethylation. KR and XM performed analyses of the
thyroid. WA and JH performed dot blot and analysis of
free zinc. TG, LS, and HH contributed to the study
design and data interpretation. TS and APK provided
initial ideas and contributed to the design of the
experiments, data interpretation, and drafting of the
manuscript.

www.aging-us.com

13775

AGING

8.

9.

Caballero B, Vega-Naredo I, Sierra V, HuidobroFernández C, Soria-Valles C, De Gonzalo-Calvo D,
Tolivia D, Pallás M, Camins A, Rodríguez-Colunga MJ,
Coto-Montes A. Melatonin alters cell death processes
in response to age-related oxidative stress in the brain
of senescence-accelerated mice. J Pineal Res. 2009;
46:106–14.
https://doi.org/10.1111/j.1600-079X.2008.00637.x
PMID:19090913
Li W, Kong AN. Molecular mechanisms of Nrf2mediated antioxidant response. Mol Carcinog. 2009;
48:91–104.
https://doi.org/10.1002/mc.20465
PMID:18618599

10. O’Connell MA, Hayes JD. The Keap1/Nrf2 pathway in
health and disease: from the bench to the clinic.
Biochem Soc Trans. 2015; 43:687–89.
https://doi.org/10.1042/BST20150069
PMID:26551713
11. Hayes JD, Dinkova-Kostova AT. The Nrf2 regulatory
network provides an interface between redox and
intermediary metabolism. Trends Biochem Sci. 2014;
39:199–218.
https://doi.org/10.1016/j.tibs.2014.02.002
PMID:24647116
12. Itoh K, Chiba T, Takahashi S, Ishii T, Igarashi K, Katoh Y,
Oyake T, Hayashi N, Satoh K, Hatayama I, Yamamoto
M, Nabeshima Y. An Nrf2/small maf heterodimer
mediates the induction of phase II detoxifying enzyme
genes through antioxidant response elements.
Biochem Biophys Res Commun. 1997; 236:313–22.
https://doi.org/10.1006/bbrc.1997.6943
PMID:9240432
13. Gorrini C, Harris IS, Mak TW. Modulation of oxidative
stress as an anticancer strategy. Nat Rev Drug Discov.
2013; 12:931–47.
https://doi.org/10.1038/nrd4002
PMID:24287781

Cevenini E, Castellani GC, Salvioli S. Inflammaging and
anti-inflammaging: a systemic perspective on aging
and longevity emerged from studies in humans. Mech
Ageing Dev. 2007; 128:92–105.
https://doi.org/10.1016/j.mad.2006.11.016
PMID:17116321
17. Provinciali M, Barucca A, Cardelli M, Marchegiani F,
Pierpaoli E. Inflammation, aging, and cancer vaccines.
Biogerontology. 2010; 11:615–26.
https://doi.org/10.1007/s10522-010-9280-9
PMID:20455022
18. Castelo-Branco C, Soveral I. The immune system and
aging: a review. Gynecol Endocrinol. 2014; 30:16–22.
https://doi.org/10.3109/09513590.2013.852531
PMID:24219599
19. Valiathan R, Ashman M, Asthana D. Effects of ageing
on the immune system: infants to elderly. Scand J
Immunol. 2016; 83:255–66.
https://doi.org/10.1111/sji.12413
PMID:26808160
20. Franceschi C, Campisi J. Chronic inflammation
(inflammaging) and its potential contribution to ageassociated diseases. J Gerontol A Biol Sci Med Sci.
2014; 69 Suppl 1:S4–9.
https://doi.org/10.1093/gerona/glu057
PMID:24833586
21. Bryl E, Vallejo AN, Weyand CM, Goronzy JJ. Downregulation of CD28 expression by TNF-alpha. J
Immunol. 2001; 167:3231–38.
https://doi.org/10.4049/jimmunol.167.6.3231
PMID:11544310
22. Frasca D, Diaz A, Romero M, Mendez NV, Landin AM,
Ryan JG, Blomberg BB. Young and elderly patients with
type 2 diabetes have optimal B cell responses to the
seasonal influenza vaccine. Vaccine. 2013; 31:3603–10.
https://doi.org/10.1016/j.vaccine.2013.05.003
PMID:23711934

14. Wu KC, Cui JY, Klaassen CD. Beneficial role of Nrf2 in
regulating NADPH generation and consumption.
Toxicol Sci. 2011; 123:590–600.
https://doi.org/10.1093/toxsci/kfr183
PMID:21775727

23. Ames BN. Low micronutrient intake may accelerate the
degenerative diseases of aging through allocation of
scarce micronutrients by triage. Proc Natl Acad Sci
USA. 2006; 103:17589–94.
https://doi.org/10.1073/pnas.0608757103
PMID:17101959

15. Chorley BN, Campbell MR, Wang X, Karaca M,
Sambandan D, Bangura F, Xue P, Pi J, Kleeberger SR,
Bell DA. Identification of novel NRF2-regulated genes
by ChIP-seq: influence on retinoid X receptor alpha.
Nucleic Acids Res. 2012; 40:7416–29.
https://doi.org/10.1093/nar/gks409
PMID:22581777

24. Arnaud J, Arnault N, Roussel AM, Bertrais S, Ruffieux D,
Galan P, Favier A, Hercberg S. Relationships between
selenium, lipids, iron status and hormonal therapy in
women of the SU.VI.M.AX cohort. J Trace Elem Med
Biol. 2007 (Suppl 1); 21:66–69.
https://doi.org/10.1016/j.jtemb.2007.09.025
PMID:18039502

16. Franceschi C, Capri M, Monti D, Giunta S, Olivieri F,
Sevini F, Panourgia MP, Invidia L, Celani L, Scurti M,

25. Arnaud J, Akbaraly TN, Hininger I, Roussel AM, Berr C.
Factors associated with longitudinal plasma selenium

www.aging-us.com

13776

AGING

decline in the elderly: the EVA study. J Nutr Biochem.
2007; 18:482–87.
https://doi.org/10.1016/j.jnutbio.2006.09.004
PMID:17142028
26. Mocchegiani E, Romeo J, Malavolta M, Costarelli L,
Giacconi R, Diaz LE, Marcos A. Zinc: dietary intake and
impact of supplementation on immune function in
elderly. Age (Dordr). 2013; 35:839–60.
https://doi.org/10.1007/s11357-011-9377-3
PMID:22222917
27. Hughes DJ, Fedirko V, Jenab M, Schomburg L, Méplan
C, Freisling H, Bueno-de-Mesquita HB, Hybsier S,
Becker NP, Czuban M, Tjønneland A, Outzen M,
Boutron-Ruault MC, et al. Selenium status is associated
with colorectal cancer risk in the european prospective
investigation of cancer and nutrition cohort. Int J
Cancer. 2015; 136:1149–61.
https://doi.org/10.1002/ijc.29071 PMID:25042282
28. Rayman MP. Selenium and human health. Lancet.
2012; 379:1256–68.
https://doi.org/10.1016/S0140-6736(11)61452-9
PMID:22381456
29. Hotz C, Peerson JM, Brown KH. Suggested lower
cutoffs of serum zinc concentrations for assessing zinc
status: reanalysis of the second national health and
nutrition examination survey data (1976-1980). Am J
Clin Nutr. 2003; 78:756–64.
https://doi.org/10.1093/ajcn/78.4.756
PMID:14522734
30. Mocchegiani E, Costarelli L, Giacconi R, Malavolta M,
Basso A, Piacenza F, Ostan R, Cevenini E, Gonos ES,
Monti D. Micronutrient-gene interactions related to
inflammatory/immune response and antioxidant
activity in ageing and inflammation. A systematic
review. Mech Ageing Dev. 2014; 136:29–49.
https://doi.org/10.1016/j.mad.2013.12.007
PMID:24388876
31. Squitti R, Siotto M, Polimanti R. Low-copper diet as a
preventive strategy for alzheimer’s disease. Neurobiol
Aging. 2014 (Suppl 2); 35:S40–50.
https://doi.org/10.1016/j.neurobiolaging.2014.02.031
PMID:24913894

https://doi.org/10.1016/j.yjmcc.2014.12.004
PMID:25498213
34. Feridooni HA, Kane AE, Ayaz O, Boroumandi A,
Polidovitch N, Tsushima RG, Rose RA, Howlett SE.
The impact of age and frailty on ventricular structure
and function in C57BL/6J mice. J Physiol. 2017;
595:3721–42.
https://doi.org/10.1113/JP274134
PMID:28502095
35. Keller KM, Howlett SE. Sex differences in the biology
and pathology of the aging heart. Can J Cardiol. 2016;
32:1065–73.
https://doi.org/10.1016/j.cjca.2016.03.017
PMID:27395082
36. Lessard-Beaudoin M, Laroche M, Demers MJ, Grenier
G, Graham RK. Characterization of age-associated
changes in peripheral organ and brain region weights
in C57BL/6 mice. Exp Gerontol. 2015; 63:27–34.
https://doi.org/10.1016/j.exger.2015.01.003
PMID:25597278
37. Xu S, Ying J, Jiang B, Guo W, Adachi T, Sharov V, Lazar
H, Menzoian J, Knyushko TV, Bigelow D, Schöneich C,
Cohen RA. Detection of sequence-specific tyrosine
nitration of manganese SOD and SERCA in
cardiovascular disease and aging. Am J Physiol Heart
Circ Physiol. 2006; 290:H2220–27.
https://doi.org/10.1152/ajpheart.01293.2005
PMID:16399855
38. Knyushko TV, Sharov VS, Williams TD, Schöneich C,
Bigelow DJ. 3-nitrotyrosine modification of SERCA2a in
the aging heart: a distinct signature of the cellular
redox environment. Biochemistry. 2005; 44:13071–81.
https://doi.org/10.1021/bi051226n PMID:16185075
39. Tammen SA, Dolnikowski GG, Ausman LM, Liu Z, Kim
KC, Friso S, Choi SW. Aging alters hepatic DNA
hydroxymethylation, as measured by liquid
chromatography/mass spectrometry. J Cancer Prev.
2014; 19:301–08.
https://doi.org/10.15430/jcp.2014.19.4.301
PMID:25574465

32. Wang B, He L, Dong H, Dalton TP, Nebert DW.
Generation of a Slc39a8 hypomorph mouse: markedly
decreased ZIP8 Zn2+/(HCO₃–)2 transporter expression.
Biochem Biophys Res Commun. 2011; 410:289–94.
https://doi.org/10.1016/j.bbrc.2011.05.134
PMID:21658371

40. Hadad N, Masser DR, Logan S, Wronowski B, Mangold
CA, Clark N, Otalora L, Unnikrishnan A, Ford MM, Giles
CB, Wren JD, Richardson A, Sonntag WE, et al. Absence
of genomic hypomethylation or regulation of cytosinemodifying enzymes with aging in male and female
mice. Epigenetics Chromatin. 2016; 9:30.
https://doi.org/10.1186/s13072-016-0080-6
PMID:27413395

33. Feridooni HA, Dibb KM, Howlett SE. How
cardiomyocyte excitation, calcium release and
contraction become altered with age. J Mol Cell
Cardiol. 2015; 83:62–72.

41. Fasolino M, Liu S, Wang Y, Zhou Z. Distinct cellular and
molecular environments support aging-related DNA
methylation changes in the substantia nigra.
Epigenomics. 2017; 9:21–31.

www.aging-us.com

13777

AGING

https://doi.org/10.2217/epi-2016-0084
PMID:27981856
42. Armstrong VL, Rakoczy S, Rojanathammanee L, BrownBorg HM. Expression of DNA methyltransferases is
influenced by growth hormone in the long-living ames
dwarf mouse in vivo and in vitro. J Gerontol A Biol Sci
Med Sci. 2014; 69:923–33.
https://doi.org/10.1093/gerona/glt133
PMID:24201695
43. Moore LE, Pfeiffer RM, Poscablo C, Real FX, Kogevinas
M, Silverman D, García-Closas R, Chanock S, Tardón A,
Serra C, Carrato A, Dosemeci M, García-Closas M, et al.
Genomic DNA hypomethylation as a biomarker for
bladder cancer susceptibility in the spanish bladder
cancer study: a case-control study. Lancet Oncol. 2008;
9:359–66.
https://doi.org/10.1016/S1470-2045(08)70038-X
PMID:18339581
44. Lardenoije R, van den Hove DL, Vaessen TS, Iatrou A,
Meuwissen KP, van Hagen BT, Kenis G, Steinbusch HW,
Schmitz C, Rutten BP. Epigenetic modifications in
mouse cerebellar purkinje cells: effects of aging, caloric
restriction, and overexpression of superoxide
dismutase 1 on 5-methylcytosine and 5hydroxymethylcytosine. Neurobiol Aging. 2015;
36:3079–89.
https://doi.org/10.1016/j.neurobiolaging.2015.08.001
PMID:26476235
45. Grimm SA, Shimbo T, Takaku M, Thomas JW, Auerbach
S, Bennett BD, Bucher JR, Burkholder AB, Day F, Du Y,
Duncan CG, French JE, Foley JF, et al, and NISC
Comparative Sequencing Program. DNA methylation in
mice is influenced by genetics as well as sex and life
experience. Nat Commun. 2019; 10:305.
https://doi.org/10.1038/s41467-018-08067-z
PMID:30659182
46. Quinn JF, Harris C, Kaye JA, Lind B, Carter R, Anekonda
T, Ralle M. Gender effects on plasma and brain copper.
Int J Alzheimers Dis. 2011; 2011:150916.
https://doi.org/10.4061/2011/150916 PMID:22028982
47. Fischer PWF, L'Abbé MR, Giroux A. Effects of age,
smoking, drinking, exercise and estrogen use on
indices of copper status in healthy adults. 1990;
10:1081–90.
https://doi.org/10.1016/S0271-5317(05)80330-6
48. Mason KE. A conspectus of research on copper
metabolism and requirements of man. J Nutr. 1979;
109:1979–2066.
https://doi.org/10.1093/jn/109.11.1979
PMID:387922
49. Clark NA, Teschke K, Rideout K, Copes R. Trace element
levels in adults from the west coast of Canada and

www.aging-us.com

13778

associations with age, gender, diet, activities, and
levels of other trace elements. Chemosphere. 2007;
70:155–64.
https://doi.org/10.1016/j.chemosphere.2007.06.038
PMID:17707880
50. Baudry J, Kopp JF, Boeing H, Kipp AP, Schwerdtle T,
Schulze MB. Changes of trace element status during
aging: results of the EPIC-potsdam cohort study. Eur J
Nutr. 2019. [Epub ahead of print].
https://doi.org/10.1007/s00394-019-02143-w
PMID:31786641
51. Wong CP, Magnusson KR, Ho E. Increased
inflammatory response in aged mice is associated with
age-related zinc deficiency and zinc transporter
dysregulation. J Nutr Biochem. 2013; 24:353–59.
https://doi.org/10.1016/j.jnutbio.2012.07.005
PMID:22981370
52. Ravaglia G, Forti P, Maioli F, Nesi B, Pratelli L, Savarino
L, Cucinotta D, Cavalli G. Blood micronutrient and
thyroid hormone concentrations in the oldest-old. J
Clin Endocrinol Metab. 2000; 85:2260–65.
https://doi.org/10.1210/jcem.85.6.6627
PMID:10852460
53. Sfar S, Jawed A, Braham H, Amor S, Laporte F, Kerkeni
A. Zinc, copper and antioxidant enzyme activities in
healthy elderly Tunisian subjects. Exp Gerontol. 2009;
44:812–17.
https://doi.org/10.1016/j.exger.2009.10.008
PMID:19836441
54. Woodward WD, Filteau SM, Allen OB. Decline in serum
zinc level throughout adult life in the laboratory
mouse. J Gerontol. 1984; 39:521–24.
https://doi.org/10.1093/geronj/39.5.521
PMID:6470440
55. Hoeger J, Simon TP, Doemming S, Thiele C, Marx G,
Schuerholz T, Haase H. Alterations in zinc binding
capacity, free zinc levels and total serum zinc in a
porcine model of sepsis. Biometals. 2015; 28:693–700.
https://doi.org/10.1007/s10534-015-9858-4
PMID:25940830
56. Wood RJ, Suter PM, Russell RM. Mineral requirements
of elderly people. Am J Clin Nutr. 1995; 62:493–505.
https://doi.org/10.1093/ajcn/62.3.493
PMID:7661110
57. World Health Organization. Assessment of iodine
deficiency disorders and monitoring their elimination:
a guide for programme managers, 3rd ed. 2007.
58. van den Briel T, West CE, Hautvast JG, Vulsma T, de
Vijlder JJ, Ategbo EA. Serum thyroglobulin and urinary
iodine concentration are the most appropriate
indicators of iodine status and thyroid function under
conditions of increasing iodine supply in schoolchildren

AGING

in Benin. J Nutr. 2001; 131:2701–06.
https://doi.org/10.1093/jn/131.10.2701
PMID:11584093
59. Gouya L, Muzeau F, Robreau AM, Letteron P, Couchi E,
Lyoumi S, Deybach JC, Puy H, Fleming R, Demant P,
Beaumont C, Grandchamp B. Genetic study of variation
in normal mouse iron homeostasis reveals
ceruloplasmin as an HFE-hemochromatosis modifier
gene. Gastroenterology. 2007; 132:679–86.
https://doi.org/10.1053/j.gastro.2006.11.024
PMID:17258727
60. Cao L, Zhang L, Zeng H, Wu RT, Wu TL, Cheng WH.
Analyses of selenotranscriptomes and selenium
concentrations in response to dietary selenium
deficiency and age reveal common and distinct
patterns by tissue and sex in telomere-dysfunctional
mice. J Nutr. 2017; 147:1858–66.
https://doi.org/10.3945/jn.117.247775
PMID:28855418
61. Ma S, Lee SG, Kim EB, Park TJ, Seluanov A, Gorbunova
V, Buffenstein R, Seravalli J, Gladyshev VN.
Organization of the mammalian ionome according to
organ origin, lineage specialization, and longevity. Cell
Rep. 2015; 13:1319–26.
https://doi.org/10.1016/j.celrep.2015.10.014
PMID:26549444
62. Massie HR, Aiello VR, Banziger V. Iron accumulation
and lipid peroxidation in aging C57BL/6J mice. Exp
Gerontol. 1983; 18:277–85.
https://doi.org/10.1016/0531-5565(83)90038-4
PMID:6667718
63. Unger EL, Beard JL, Jones BC. Iron regulation in C57BLI6
and DBA/2 mice subjected to iron overload. Nutr
Neurosci. 2007; 10:89–95.
https://doi.org/10.1080/10284150701350653
PMID:17539487

67. Mullick S, Rusia U, Sikka M, Faridi MA. Impact of iron
deficiency anaemia on T lymphocytes & their subsets
in children. Indian J Med Res. 2006; 124:647–54.
PMID:17287552
68. Hasan R, Rink L, Haase H. Chelation of free Zn2+ impairs
chemotaxis,
phagocytosis,
oxidative
burst,
degranulation, and cytokine production by neutrophil
granulocytes. Biol Trace Elem Res. 2016; 171:79–88.
https://doi.org/10.1007/s12011-015-0515-0
PMID:26400651
69. Mayer LS, Uciechowski P, Meyer S, Schwerdtle T, Rink
L, Haase H. Differential impact of zinc deficiency on
phagocytosis, oxidative burst, and production of proinflammatory cytokines by human monocytes.
Metallomics. 2014; 6:1288–95.
https://doi.org/10.1039/c4mt00051j PMID:24823619
70. Hoffmann FW, Hashimoto AC, Shafer LA, Dow S, Berry
MJ, Hoffmann PR. Dietary selenium modulates
activation and differentiation of CD4+ T cells in mice
through a mechanism involving cellular free thiols. J
Nutr. 2010; 140:1155–61.
https://doi.org/10.3945/jn.109.120725
PMID:20375261
71. Greaves MW, Skillen AW. Effects of long-continued
ingestion of zinc sulphate in patients with venous leg
ulceration. Lancet. 1970; 2:889–91.
https://doi.org/10.1016/s0140-6736(70)92066-0
PMID:4097278
72. Beisel WR. Trace element in infectious processes. Med
Clin North Am. 1976; 60:831–49.
https://doi.org/10.1016/s0025-7125(16)31864-8
PMID:775222
73. Tengrup I, Samuelsson H. Changes in serum zinc during
and after surgical procedures. Acta Chir Scand. 1977;
143:195–99.
PMID:906753

64. Hahn P, Song Y, Ying GS, He X, Beard J, Dunaief JL. Agedependent and gender-specific changes in mouse
tissue iron by strain. Exp Gerontol. 2009; 44:594–600.
https://doi.org/10.1016/j.exger.2009.06.006
PMID:19563877

74. Akçil E, Yavuz G, Koçak M. Effects of inflammation and
antiinflammatory treatment on serum trace elements
concentrations. Biol Trace Elem Res. 2003; 93:95–104.
https://doi.org/10.1385/BTER:93:1-3:95
PMID:12835494

65. Illing AC, Shawki A, Cunningham CL, Mackenzie B.
Substrate profile and metal-ion selectivity of human
divalent metal-ion transporter-1. J Biol Chem. 2012;
287:30485–96.
https://doi.org/10.1074/jbc.M112.364208
PMID:22736759

75. Taggart DP, Fraser WD, Shenkin A, Wheatley DJ, Fell
GS. The effects of intraoperative hypothermia and
cardiopulmonary bypass on trace metals and their
protein binding ratios. Eur J Cardiothorac Surg. 1990;
4:587–94.
https://doi.org/10.1016/1010-7940(90)90017-t
PMID:2268437

66. Johnson PE, Milne DB, Lykken GI. Effects of age and sex
on copper absorption, biological half-life, and status in
humans. Am J Clin Nutr. 1992; 56:917–25.
https://doi.org/10.1093/ajcn/56.5.917
PMID:1329483

www.aging-us.com

13779

76. Prasad AS. Impact of the discovery of human zinc
deficiency on health. J Am Coll Nutr. 2009; 28:257–65.
https://doi.org/10.1080/07315724.2009.10719780
PMID:20150599

AGING

77. Cousins RJ, Leinart AS. Tissue-specific regulation of zinc
metabolism and metallothionein genes by interleukin
1. FASEB J. 1988; 2:2884–90.
https://doi.org/10.1096/fasebj.2.13.2458983
PMID:2458983
78. Kushner I. Regulation of the acute phase response by
cytokines. Perspect Biol Med. 1993; 36:611–22.
https://doi.org/10.1353/pbm.1993.0004
PMID:8361844
79. Shenkin A. Trace elements and inflammatory response:
implications for nutritional support. Nutrition. 1995;
11:100–05.
PMID:7749254
80. Hawker FH, Stewart PM, Snitch PJ. Effects of acute
illness on selenium homeostasis. Crit Care Med. 1990;
18:442–46.
https://doi.org/10.1097/00003246-199004000-00020
PMID:2318056
81. Hodgkinson V, Petris MJ. Copper homeostasis at the
host-pathogen interface. J Biol Chem. 2012;
287:13549–55.
https://doi.org/10.1074/jbc.R111.316406
PMID:22389498
82. Huang Z, Rose AH, Hoffmann PR. The role of selenium
in inflammation and immunity: from molecular
mechanisms to therapeutic opportunities. Antioxid
Redox Signal. 2012; 16:705–43.
https://doi.org/10.1089/ars.2011.4145
PMID:21955027
83. Zhao N, Zhang AS, Enns CA. Iron regulation by
hepcidin. J Clin Invest. 2013; 123:2337–43.
https://doi.org/10.1172/JCI67225
PMID:23722909
84. Weiss G, Ganz T, Goodnough LT. Anemia of
inflammation. Blood. 2019; 133:40–50.
https://doi.org/10.1182/blood-2018-06-856500
PMID:30401705
85. Bruns DR, Drake JC, Biela LM, Peelor FF 3rd, Miller BF,
Hamilton KL. Nrf2 signaling and the slowed aging
phenotype: evidence from long-lived models. Oxid
Med Cell Longev. 2015; 2015:732596.
https://doi.org/10.1155/2015/732596
PMID:26583062

https://doi.org/10.1126/scisignal.3112re3
PMID:20215646
88. Harada N, Kanayama M, Maruyama A, Yoshida A,
Tazumi K, Hosoya T, Mimura J, Toki T, Maher JM,
Yamamoto M, Itoh K. Nrf2 regulates ferroportin 1mediated
iron
efflux
and
counteracts
lipopolysaccharide-induced ferroportin 1 mRNA
suppression in macrophages. Arch Biochem Biophys.
2011; 508:101–09.
https://doi.org/10.1016/j.abb.2011.02.001
PMID:21303654
89. Kerins MJ, Ooi A. The roles of NRF2 in modulating
cellular iron homeostasis. Antioxid Redox Signal. 2018;
29:1756–73.
https://doi.org/10.1089/ars.2017.7176
PMID:28793787
90. Hedrich HJ. (2012). The Laboratory Mouse. (Jordan Hill:
Elsevier Science & Technology Books).
91. Kopp JF, Müller SM, Pohl G, Lossow K, Kipp AP,
Schwerdtle T. A quick and simple method for the
determination of six trace elements in mammalian
serum samples using ICP-MS/MS. J Trace Elem Med
Biol. 2019; 54:221–25.
https://doi.org/10.1016/j.jtemb.2019.04.015
PMID:31109616
92. Schwarz M, Lossow K, Kopp JF, Schwerdtle T, Kipp AP.
Crosstalk of Nrf2 with the trace elements selenium,
iron, zinc, and copper. Nutrients. 2019; 11:2112.
https://doi.org/10.3390/nu11092112
PMID:31491970
93. Marschall TA, Kroepfl N, Jensen KB, Bornhorst J,
Meermann B, Kuehnelt D, Schwerdtle T. Tracing
cytotoxic effects of small organic se species in human
liver cells back to total cellular se and se metabolites.
Metallomics. 2017; 9:268–77.
https://doi.org/10.1039/c6mt00300a
PMID:28184394
94. Alker W, Schwerdtle T, Schomburg L, Haase H. A
zinpyr-1-based fluorimetric microassay for free zinc in
human serum. Int J Mol Sci. 2019; 20:4006.
https://doi.org/10.3390/ijms20164006
PMID:31426452

86. Swamy SM, Rajasekaran NS, Thannickal VJ. Nuclear
factor-erythroid-2-related factor 2 in aging and lung
fibrosis. Am J Pathol. 2016; 186:1712–23.
https://doi.org/10.1016/j.ajpath.2016.02.022
PMID:27338106

95. Schweizer U, Michaelis M, Köhrle J, Schomburg L.
Efficient selenium transfer from mother to offspring in
selenoprotein-P-deficient
mice
enables
dosedependent rescue of phenotypes associated with
selenium deficiency. Biochem J. 2004; 378:21–26.
https://doi.org/10.1042/BJ20031795
PMID:14664694

87. Sykiotis GP, Bohmann D. Stress-activated cap’n’collar
transcription factors in aging and human disease. Sci
Signal. 2010; 3:re3.

96. Florian S, Krehl S, Loewinger M, Kipp A, Banning A,
Esworthy S, Chu FF, Brigelius-Flohé R. Loss of GPx2
increases apoptosis, mitosis, and GPx1 expression in

www.aging-us.com

13780

AGING

the intestine of mice. Free Radic Biol Med. 2010;
49:1694–702.
https://doi.org/10.1016/j.freeradbiomed.2010.08.029
PMID:20828612
97. Müller M, Banning A, Brigelius-Flohé R, Kipp A. Nrf2
target genes are induced under marginal seleniumdeficiency. Genes Nutr. 2010; 5:297–307.
https://doi.org/10.1007/s12263-010-0168-8
PMID:21189866
98. Habig WH, Pabst MJ, Jakoby WB. Glutathione stransferases. The first enzymatic step in mercapturic
acid formation. J Biol Chem. 1974; 249:7130–39.
PMID:4436300
99. Jayarama-Naidu R, Johannes J, Meyer F, Wirth EK,
Schomburg L, Köhrle J, Renko K. A nonradioactive
uptake assay for rapid analysis of thyroid hormone
transporter
function.
Endocrinology.
2015;
156:2739–45.

www.aging-us.com

13781

https://doi.org/10.1210/en.2015-1016
PMID:25910050
100. Renko K, Hoefig CS, Hiller F, Schomburg L, Köhrle J.
Identification of iopanoic acid as substrate of type 1
deiodinase by a novel nonradioactive iodide-release
assay. Endocrinology. 2012; 153:2506–13.
https://doi.org/10.1210/en.2011-1863
PMID:22434082
101. Müller SM, Finke H, Ebert F, Kopp JF, Schumacher F,
Kleuser B, Francesconi KA, Raber G, Schwerdtle T.
Arsenic-containing hydrocarbons: effects on gene
expression, epigenetics, and biotransformation in
HepG2 cells. Arch Toxicol. 2018; 92:1751–65.
https://doi.org/10.1007/s00204-018-2194-z
PMID:29602950

AGING

SUPPLEMENTARY MATERIALS
Supplementary Figures

Supplementary Figure 1. Pairwise correlation coefficients among studied markers based on Spearman´s correlation. TE
concentrations determined by ICP-MS/MS and various TE-related markers of 4-5 adult (24 weeks) and old (109-114 weeks) mice of both
sexes fed with a chow diet were correlated in a pairwise manner according to Spearman. Correlation coefficients varying between -1 and 1
are indicated by colored changes. Thereby, blue and red indicate significant negative and positive correlations, respectively, while grey
indicates no significant correlation (p > 0.05).
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Supplementary Figure 2. Expression analysis of various TE-related genes in the duodenum. Relative expression levels of TErelated genes in the duodenum of 4-5 adult (24 weeks) and old (109-114 weeks) mice of both sexes fed with a chow diet ad libitum.
Expression levels were normalized to a composite factor based on the house-keeping genes Hprt and Rpl13a, finally variances are expressed
as fold change compared to male adults. Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni´s test with * p <
0.05, *** p < 0.001 vs. adult and # p < 0.05, ### p < 0.001 vs. male.
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Supplementary Figure 3. Pairwise correlation coefficients among TE-related genes in duodenum and liver based on
Spearman´s correlation. Relative expression levels of transporters or binding proteins for the TEs Cu, Fe, Mn, or Zn in the duodenum and
liver of 4-5 adult (24 weeks) and old (109-114 weeks) mice of both sexes fed with a chow diet ad libitum were assessed by qRT-PCR.
Expression levels were normalized to a composite factor based on the house-keeping genes Hprt and Rpl13a and correlated according to
Spearman. Correlation coefficients vary between -1 and 1, indicated by colored changes. Thereby, blue and red indicate significant negative
and positive correlations, respectively, while grey indicates no significant correlations (p > 0.05).
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Supplementary Figure 4. Enzyme activities in various organs. The enzyme activity of Nrf2 targets NQO1 (A, C, E, G) and GST (B, D, F,
H) were determined by activity assay. Samples were either organ samples of duodenum (A, B), heart (C, D), lung (E, F), or kidney (G, H) of 4-5
adult (24 weeks) and old (109-114 weeks) mice of both sexes. Statistical testing based on Two-Way ANOVA and post hoc analysis using
Bonferroni´s test with ** p < 0.01 vs. adult and # p < 0.05 vs. male.
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Supplementary Figure 5. I content and deiodinase activity of the thyroid. Thyroidal I content (A) and I-releasing enzyme activity of
Dio1 (B) were determined by Sandell-Kolthoff-based I measurement in ammonium persulfate-digested organ and non-radioactive activity
assay, respectively. Samples were thyroids of 4-5 adult (24 weeks) and old (109-114 weeks) mice of both sexes. I content is calculated to mg I
per g protein. Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni´s test with * p < 0.05 vs. adult.
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Supplementary Tables
Supplementary Table 1. Mouse data.
general features
body weight [g]
relative liver weight
[mg/g BW]
relative spleen weight
[mg/g BW]
relative heart weight
[mg/g BW]
relative kidney weight
[mg/g BW]
relative cortex weight
[mg/g BW]
relative cerebellum
weight
[mg/g BW]
relative length of small
intestine [cm/g BW]
relative length of colon
[cm/g BW]

adult ♂

adult ♀

elderly ♂

elderly ♀

age

sex

31.9 ± 1.8
42.9 ± 14.4

25.7 ± 1.3
48.6 ± 5.6

31.7 ± 1.4
41.8 ± 5.2

29.9 ± 1.6
53.6 ± 6.9

*
n.s.

***
0.052

age X
sex
**
n.s.

2.4 ± 0.2

3.6 ± 0.5

2.5 ± 0.7

8.8 ± 7.0

n.s.

*

n.s.

4.5 ± 0.3

4.4 ± 0.2

5.1 ± 1.1

6.0 ± 0.6

**

n.s.

n.s.

11.7 ± 0.3

11.4 ± 0.6

13.1 ± 2.8

16.4 ± 2.1

**

0.078

*

9.5 ± 0.7

11.9 ± 0.9

10.0 ± 0.6

10.3 ± 2.6

n.s.

0.069

n.s.

3.0 ± 1.5

5.0 ± 0.3

4.2 ± 0.3

5.8 ± 3.3

n.s.

0.061

n.s.

1.07 ± 0.10

1.27 ± 0.10

1.14 ± 0.06

1.05 ± 0.03

0.074

0.070

**

0.26 ± 0.02

0.30 ± 0.02

0.25 ± 0.02

0.29 ± 0.02

n.s.

**

n.s.

Data represent mean ± standard deviation for various clinical parameters of 4-5 adult (24 weeks) and old (109-114 weeks)
mice of both sexes fed with chow diet. Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni´s
test with * p < 0.05, ** p < 0.01, *** p < 0.001, n.s. non-significant, p > 0.1. Trends with p < 0.1 were indicated. BW = body
weight.

Supplementary Table 2. TE concentrations in various organs of C57BL/6Jrj mice.
organ
serum

liver

TE
Cu
I
Fe
Mn
Se
Zn
Cu
Fe
Mn
Se
Zn

duoCu
denum
Fe
Mn
Se
Zn
heart
Cu
Fe
Mn
Se
Zn
muscle Cu
Fe
Mn
Se

unit
[mg/L]
[μg/L]
[mg/L]
[μg/L]
[mg/L]
[mg/L]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]

adult ♂
0.46 ± 0.07
97.09 ± 18.63
2.15 ± 0.74
3.54 ± 0.56
0.34 ± 0.03
0.91 ± 0.14
4.97 ± 0.58
89.40 ± 1.82
0.97 ± 0.09
1.11 ± 0.09
26.10 ± 1.86

adult ♀
0.44 ± 0.02
87.53 ± 17.01
3.12 ± 1.97
3.14 ± 0.47
0.30 ± 0.02
0.69 ± 0.10
4.22 ± 0.58
137.72 ± 33.52
1.11 ± 0.25
1.15 ± 0.28
28.68 ± 4.95

elderly ♂
0.55 ± 0.03
107.27 ± 26.72
1.87 ± 0.76
3.30 ± 0.79
0.33 ± 0.05
0.72 ± 0.07
4.24 ± 0.31
121.75 ± 38.01
1.32 ± 0.29
1.10 ± 0.11
26.80 ± 2.00

elderly ♀
0.99 ± 0.26
130.47 ± 26.47
2.04 ± 0.41
2.93 ± 0.69
0.32 ± 0.08
0.68 ± 0.02
3.97 ± 0.26
217.20 ± 91.85
1.14 ± 0.28
1.12 ± 0.16
27.12 ± 2.54

age
***
*
n.s.
n.s.
n.s.
*
*
*
n.s.
n.s.
n.s.

sex
**
n.s.
n.s.
n.s.
n.s.
**
*
*
n.s.
n.s.
n.s.

age X sex
**
n.s.
n.s.
n.s.
n.s.
*
n.s.
n.s.
n.s.
n.s.
n.s.

[mg/kg]

1.86 ± 0.07

1.89 ± 0.10

1.91 ± 0.21

2.14 ± 0.25

0.085

n.s.

n.s.

[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]

47.21 ± 7.80
1.67 ± 0.42
0.46 ± 0.04
20.92 ± 0.96
7.79 ± 0.94
149.96 ± 13.23
0.87 ± 0.09
0.40 ± 0.03
18.08 ± 3.54
1.07 ± 0.14
19.69 ± 1.20
0.20 ± 0.03
0.22 ± 0.02

52.75 ± 15.41
1.36 ± 0.21
0.45 ± 0.02
21.16 ± 4.24
8.86 ± 1.76
164.38 ± 51.65
1.03 ± 0.21
0.45 ± 0.10
20.16 ± 5.09
0.97 ± 0.05
16.65 ± 2.56
0.18 ± 0.01
0.21 ± 0.01

49.80 ± 4.09
1.62 ± 0.31
0.45 ± 0.04
22.28 ± 2.57
7.11 ± 0.46
137.60 ± 8.15
0.83 ± 0.08
0.37 ± 0.04
20.73 ± 5.96
1.09 ± 0.06
20.72 ± 1.19
0.20 ± 0.03
0.21 ± 0.02

66.78 ± 9.00
1.64 ± 0.34
0.43 ± 0.03
19.95 ± 1.37
7.01 ± 0.74
130.74 ± 19.36
0.63 ± 0.18
0.38 ± 0.05
16.98 ± 1.72
1.19 ± 0.12
27.55 ± 4.72
0.13 ± 0.02
0.21 ± 0.02

0.098
n.s.
n.s.
n.s.
*
n.s.
**
n.s.
n.s.
*
***
0.060
n.s.

*
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
**
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
*
n.s.
n.s.
0.053
**
0.060
n.s.
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Zn
Cu
Fe
Mn
Se
Zn
kidney Cu
Fe
Mn
Se
Zn
bladder Cu
Fe
Mn
Se
Zn
cortex Cu
Fe
Mn
Se
Zn
cereCu
bellum
Fe
Mn
Se
Zn
lung

[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]

3.27 ± 1.23
2.53 ± 0.23
111.58 ± 11.87
0.24 ± 0.03
0.46 ± 0.03
17.77 ± 2.11
4.19 ± 0.34
94.23 ± 11.19
1.45 ± 0.13
1.54 ± 0.16
19.05 ± 2.20
0.89 ± 0.09
13.80 ± 3.77
0.12 ± 0.01
0.33 ± 0.02
31.97 ± 2.94
3.86 ± 0.09
19.25 ± 0.46
0.42 ± 0.01
0.18 ± 0.00
16.22 ± 0.29

3.75 ± 1.20
2.76 ± 0.22
125.99 ± 29.20
0.33 ± 0.12
0.49 ± 0.04
19.13 ± 1.86
4.28 ± 0.23
116.32 ± 18.21
1.31 ± 0.09
1.42 ± 0.10
17.70 ± 0.97
1.19 ± 0.12
21.98 ± 2.14
0.18 ± 0.04
0.34 ± 0.01
35.23 ± 4.43
3.84 ± 0.08
19.24 ± 0.74
0.44 ± 0.01
0.21 ± 0.01
16.15 ± 0.17

3.35 ± 1.34
2.82 ± 0.36
133.62 ± 29.05
0.32 ± 0.09
0.50 ± 0.05
17.02 ± 1.33
3.54 ± 0.65
77.00 ± 10.66
1.10 ± 0.33
1.66 ± 0.48
15.10 ± 1.89
0.89 ± 0.08
25.07 ± 5.35
0.13 ± 0.02
0.32 ± 0.02
29.45 ± 2.63
5.26 ± 0.39
26.99 ± 0.81
0.43 ± 0.02
0.20 ± 0.01
16.37 ± 0.29

4.70 ± 1.60
3.52 ± 1.78
115.60 ± 22.28
0.25 ± 0.07
0.45 ± 0.05
17.39 ± 2.25
3.73 ± 0.53
102.76 ± 39.65
1.04 ± 0.23
1.36 ± 0.09
15.76 ± 1.58
1.08 ± 0.17
43.46 ± 5.26
0.12 ± 0.02
0.31 ± 0.06
28.13 ± 5.69
5.16 ± 0.48
23.02 ± 2.25
0.41 ± 0.08
0.22 ± 0.01
15.63 ± 1.63

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
*
n.s.
**
n.s.
**
n.s.
***
*
n.s.
*
***
***
n.s.
**
n.s.

n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
*
n.s.
0.080
n.s.
***
***
0.075
n.s.
n.s.
n.s.
**
n.s.
***
n.s.

n.s.
n.s.
n.s.
*
0.093
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
n.s.
*
**
n.s.
n.s.
n.s.
**
n.s.
n.s.
n.s.

[mg/kg]

5.16 ± 0.27

4.88 ± 0.30

7.20 ± 0.80

6.06 ± 1.08

***

*

n.s.

[mg/kg]
[mg/kg]
[mg/kg]
[mg/kg]

21.69 ± 1.87
0.56 ± 0.05
0.21 ± 0.01
13.84 ± 0.98

21.30 ± 1.94
0.59 ± 0.02
0.22 ± 0.01
14.02 ± 2.05

24.64 ± 1.01
0.52 ± 0.03
0.22 ± 0.01
13.26 ± 0.42

23.91 ± 2.52
0.49 ± 0.06
0.23 ± 0.01
14.70 ± 1.44

**
**
**
n.s.

n.s.
n.s.
**
n.s.

n.s.
n.s.
n.s.
n.s.

Values are shown as mean ± standard deviation of TE concentrations in various organs of 4-5 adult (24 weeks) and old (109114 weeks) mice of both sexes receiving chow diet. Multielement analysis for Cu, I (only serum), Fe, Mn, Se, and Zn rely on
ICP-MS/MS measurements. Statistical testing based on Two-Way ANOVA and post hoc analysis using Bonferroni´s test with *
p < 0.05, ** p < 0.01, *** p < 0.001, n.s. non-significant. Trends with p < 0.1 were indicated.
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Supplementary Table 3. Correlations among serum marker of C57BL/6Jrj mice.
serum parameters
Mn
I
Cu
Fe
ferritin
transferrin
Se
GPX*
Selenop
Zn
free Zn
TNFα

rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value
rS
p-value

Mn

-0.199
0.428
-0.271
0.276
0.331
0.179
-0.013
0.958
-0.146
0.565
-0.115
0.651
0.143
0.570
0.115
0.672
0.245
0.328
0.354
0.150
-0.003
0.990

I
-0.199
0.428

0.701
0.001
0.315
0.203
0.302
0.223
0.368
0.132
0.077
0.760
-0.288
0.247
-0.662
0.005
-0.360
0.142
-0.018
0.945
0.430
0.075

Cu
-0.271
0.276
0.701
0.001

-0.207
0.409
0.020
0.938
0.276
0.268
0.222
0.376
-0.439
0.069
-0.453
0.078
-0.240
0.336
-0.276
0.268
0.692
0.001

Fe
0.331
0.179
0.315
0.203
-0.207
0.409

0.41
0.091
0.069
0.785
-0.152
0.548
-0.079
0.754
-0.003
0.991
-0.220
0.381
0.112
0.657
-0.011
0.964

ferritin
-0.013
0.958
0.302
0.223
0.020
0.938
0.410
0.091

0.067
0.791
0.036
0.887
-0.379
0.121
-0.324
0.222
0.034
0.893
0.236
0.345
0.152
0.548

transferrin
-0.146
0.565
0.368
0.132
0.276
0.268
0.069
0.785
0.067
0.791

-0.201
0.423
-0.032
0.900
-0.406
0.119
-0.129
0.610
0.137
0.587
0.286
0.250

Se
-0.115
0.651
0.077
0.760
0.222
0.376
-0.152
0.548
0.036
0.887
-0.201
0.423

-0.042
0.868
-0.368
0.161
0.509
0.031
-0.067
0.791
0.075
0.766

GPX*
0.143
0.570
-0.288
0.247
-0.439
0.069
-0.079
0.754
-0.379
0.121
-0.032
0.900
-0.042
0.868

0.268
0.316
0.123
0.627
0.428
0.076
-0.317
0.200

Selenop
0.115
0.672
-0.662
0.005
-0.453
0.078
-0.003
0.991
-0.324
0.222
-0.406
0.119
-0.368
0.161
0.268
0.316

-0.179
0.506
0.082
0.762
-0.071
0.795

Zn
0.245
0.328
-0.360
0.142
-0.240
0.336
-0.220
0.381
0.034
0.893
-0.129
0.610
0.509
0.031
0.123
0.627
-0.179
0.506

0.375
0.126
-0.209
0.404

free Zn
0.354
0.150
-0.018
0.945
-0.276
0.268
0.112
0.657
0.236
0.345
0.137
0.587
-0.067
0.791
0.428
0.076
0.082
0.762
0.375
0.126

TNFα
-0.003
0.990
0.430
0.075
0.692
0.001
-0.011
0.964
0.152
0.548
0.286
0.250
0.075
0.766
-0.317
0.200
-0.071
0.795
-0.209
0.404
-0.082
0.748

-0.082
0.748

Explorative Spearman’s correlation coefficient (rS) analysis was performed for all parameters analyzed in sera of 19 C57BL/6Jrj
mice. Investigated parameters included levels of trace elements other markers, as well as enzyme activity (indicated with *).
Significance is reflected by p-values. Correlations with high correlation coefficient (rS>0.5) and significant p-value are
indicated in bold.
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Supplementary Table 4. Correlations among liver markers of C57BL/6Jrj mice.
liver parameter
Mn
Fe
Cu
Zn

Se

GPX*

TNFα#

IL1β#

IL6#

mdC/dC

hmdC/dC
3-NTmodified
protein
NQO1*

GST*

FTH

Mn

TNFα

IL1β#

IL6#

mdC/
dC

-0.357

0.322 0.362

0.393

0.086

0.087

0.226

0.133

0.179 0.127

0.096

0.725

0.724

0.384

Fe

Cu

Zn

Se

GPX*

rS

0.445

-0.089

0.371

0.304

p-value

0.056

0.717

0.118

0.205

#

hmdC/ 3-NT-modified
NQO1*
dC
protein

GST*

FTH

0.424

-0.296

0.291

0.071

0.219

0.241

rS

0.445

-0.389

0.363

0.113

-0.079

0.576 0.544

0.541

0.224

-0.037

-0.337

0.710

-0.741

0.811

p-value
rS

0.056
-0.089

0.100
-0.389

0.127
0.254

0.644
0.426

0.748 0.010 0.016
-0.279 -0.444 -0.384

0.017
-0.321

0.356
-0.383

0.881
-0.321

0.185
-0.137

0.001
-0.452

2.839x10-4
0.429

4.447x10-5
-0.612

p-value

0.717

0.100

0.293

0.069

0.247

0.057 0.105

0.180

0.105

0.180

0.599

0.052

0.067

0.007

rS

0.371

0.363

0.254

0.677

0.176

0.034 0.200

0.293

-0.071

-0.284

-0.360

0.080

-0.414

0.145

p-value

0.118

0.127

0.293

0.001

0.470

0.889 0.411

0.223

0.772

0.238

0.156

0.745

0.078

0.567

rS

0.304

0.113

0.426

0.677

-0.067 -0.132 -0.025

0.156

-0.246

-0.097

-0.187

-0.279

-0.197

-0.034

p-value

0.205

0.644

0.069

0.001

0.591 0.920

0.523

0.310

0.694

0.473

0.247

0.419

0.893

rS

-0.357

-0.079

-0.279

0.176

-0.067

0.786

-0.167 -0.039

-0.023

0.090

-0.204

-0.466

-0.054

-0.033

0.090

p-value

0.133

0.748

0.247

0.470

0.786

0.495 0.875

0.926

0.716

0.403

0.060

0.825

0.892

0.723

rS

0.322

0.576

-0.444

0.034

-0.132 -0.167

0.747

0.726

0.371

0.326

-0.091

0.582

-0.663

0.752

2.353x
4.292x10-4
10-4

0.118

0.173

0.729

0.009

0.002

3.160x10-4

p-value

0.179

0.010

0.057

0.889

0.591

0.495

rS

0.362

0.544

-0.384

0.200

-0.025 -0.039

0.747

0.902

0.134

0.423

-0.076

0.614

-0.691

0.701

2.353x
10-4

1.342x10-7

0.584

0.071

0.772

0.005

0.001

0.001

p-value

0.127

0.016

0.105

0.411

0.920

0.875

rS

0.393

0.541

-0.321

0.293

0.156

-0.023

0.726 0.902

0.004

0.514

-0.176

0.646

-0.744

0.744

0.986

0.024

0.498

0.003

2.611x10-4

3.992x10-4

p-value

0.096

0.017

0.180

0.223

0.523

0.926

4.292x 1.342x
10-4
10-7

rS

0.086

0.224

-0.383

-0.071 -0.246

0.090

0.371 0.134

0.004

-0.140

-0.113

0.181

-0.033

0.223

p-value

0.725

0.356

0.105

0.772

0.716

0.118 0.584

0.986

0.566

0.666

0.459

0.892

0.374

rS

0.087

-0.037

-0.321

-0.284 -0.097 -0.204

0.326 0.423

0.514

-0.140

0.527

0.137

-0.181

0.183

p-value

0.724

0.881

0.180

0.238

0.173 0.071

0.024

0.566

0.030

0.576

0.459

0.468

rS

0.226

-0.337

-0.137

-0.360 -0.187 -0.466 -0.091 -0.076

-0.176

-0.113

0.527

-0.309

0.395

-0.426

p-value

0.384

0.185

0.599

0.156

0.473

0.060

0.729 0.772

0.498

0.666

0.030

0.228

0.117

0.088

0.310

0.694

0.403

rS

0.424

0.710

-0.452

0.080

-0.279 -0.054

0.582 0.614

0.646

0.181

0.137

-0.309

-0.633

0.759

p-value

0.071

0.001

0.052

0.745

0.247

0.009 0.005

0.003

0.459

0.576

0.228

0.004

2.636x10-4

rS

-0.296

-0.741

0.429

-0.414 -0.197 -0.033 -0.663 -0.691

-0.744

-0.033

-0.181

0.395

-0.633

-0.851

p-value

0.219

2.839x1
0-4

0.067

0.078

0.419

0.892

0.892

0.459

0.117

0.004

7.422x10-6

rS

0.291

0.811

-0.612

0.145

-0.034

0.090

0.752 0.701

0.223

0.183

-0.426

0.759

0.241

4.447x1
0-5

0.723

3.160x
0.001 3.992x10-4
10-4

p-value

0.007

0.567

0.893

0.825

0.002 0.001 2.611x10

-4

0.744

0.374

0.468

0.088

2.636x10

-0.851
-4

7.422x10-6

Explorative Spearman’s correlation coefficient (rS) analysis was performed for all analyzed parameters in liver of 19
C57BL/6Jrj mice. Investigated parameters included levels of trace elements, functional or aging marker, next to enzyme
activity and relative expression levels (indicated with * and #, respectively). Significance is reflected by p-values. Correlations
with high correlation coefficient (rS>0.5) and significant p-value are indicated in bold.
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