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a b s t r a c t

Iron is necessary for life but also a potent pro-oxidant implicated in the pathogenesis of age-related dis-
eases. We sought to determine if iron levels change with age and by sex in various tissues from several
commonly studied mouse strains. Brain, liver, heart, retina, and retinal pigment epithelium (RPE)/choroid
were dissected from male and female mice of young adult (2–6 month old) and aged (16–19 month old)
C57BL/6, DBA/2J, and BALB/c mice. Iron was quantified through a chromagen-based spectrophotometric
method or through atomic absorption spectrophotometry for increased sensitivity. Brain, liver, and heart
iron increased by 30–70% in aged vs. young adult groups of all strains, while retina and RPE/choroid iron
had variable age-related changes. Significant gender differences were observed in BALB/c and DBA/2J
strains. Males had as much as 2- to 3-fold more brain, RPE/choroid, and retinal iron, while females had
as much as 2- to 3-fold more liver iron. There was no significant gender difference observed in heart iron.
The different profiles of change between gender and among strains suggest that hormones and genetics
influence iron regulation with aging. Future manipulation of iron levels in mice will test the role of iron in
aging and disease, and the data reported herein will be essential in directing such manipulations.

� 2009 Elsevier Inc. All rights reserved.
1. Introduction

Accumulation of oxidative stress throughout life has long been
implicated in the normal aging process, and the role of iron as a
pro-oxidant important in aging has been proposed (Polla, 1999;
Polla et al., 2003). Iron is an essential cofactor for life-sustaining
biological enzymes but can also generate toxic reactive oxygen
species. Free ferrous iron participates in the Fenton reaction, cata-
lyzing the conversion of hydrogen peroxide to the hydroxyl radical,
a highly reactive free radical that can cause extensive oxidative
damage to lipids, DNA, and proteins (Halliwell, 2001).

There is evidence that iron may accumulate with age in various
tissues in both humans and animal models. Human total body iron
stores, reflected by serum ferritin levels, increase with age but at
different rates in men and women (Cook et al., 1976; Dallman
et al., 1980). The brains of normal humans accumulate iron with
age, shown in post-mortem brains (Hallgren and Sourander,
1958) and in vivo by MRI analysis (Bartzokis et al., 1994), and
the actual role of iron accumulation in brain pathobiology is an ac-
tive area of investigation. In normal human retina, another neural
ll rights reserved.
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tissue, iron levels measured by atomic absorption spectrophotom-
etry (AAS) also increase with age (Hahn et al., 2006). Similarly, in
various rodent animal models, age-related increases in iron are
seen in kidney, liver, heart, and brain (Massie et al., 1983; Cook
and Yu, 1998; Maynard et al., 2002; Unger et al., 2007). Iron accu-
mulates with age in Drosophila melanogaster (Massie et al., 1985),
and inhibition of iron absorption in Drosophila results in prolonged
lifespan (Massie et al., 1993), suggesting that the mismanagement
of iron may not be merely a consequence of aging but rather may
be involved in the pathogenesis of normal aging processes.

Excess iron has been implicated in the development of age-re-
lated diseases. Although somewhat controversial, high iron stores
may confer increased risk for heart disease (Sullivan, 1989; Salo-
nen et al., 1992) and cancer (Stevens et al., 1988; Zacharski et al.,
2008), and hyperferritinemia has been associated with diabetes
(Dinneen et al., 1992). Abnormal iron accumulation has been dem-
onstrated in the maculas of patients with age-related macular
degeneration (AMD) (Hahn et al., 2003), in the substantia nigra
of patients with Parkinson’s disease (Youdim et al., 1989), and in
the senile plaques and neurofibrillary tangles of Alzheimer’s brains
(Smith et al., 1997; Perry et al., 2002). Mice genetically altered to
accumulate iron in their retinal pigment epithelium (RPE) and ret-
ina demonstrate an age-dependent AMD-like phenotype (Hahn
et al., 2004; Hadziahmetovic et al., 2008), and pharmacologic or ge-
netic chelation of iron protects against an MPTP-induced model of
Parkinson’s disease (Halliwell, 2001; Kaur et al., 2003).

http://dx.doi.org/10.1016/j.exger.2009.06.006
mailto:paul.hahn@uphs.upenn.edu
http://www.sciencedirect.com/science/journal/05315565
http://www.elsevier.com/locate/expgero


P. Hahn et al. / Experimental Gerontology 44 (2009) 594–600 595
Iron accumulation with aging suggests there is a gradual shift in
the balance between iron absorption and iron excretion. Iron bal-
ance in humans is normally regulated at the level of iron absorp-
tion, and the only well described mechanism of iron loss in
humans is through menstruation (Sullivan, 1981). Menstruating fe-
males have lower levels of serum ferritin than males, and it has
been hypothesized that this difference may contribute to increased
longevity in females (Sullivan, 1981). There is emerging evidence
that iron regulation may also be influenced by estrogen and other
gender-specific hormones (Stuckey et al., 2006), and human fe-
males were recently identified as having lower levels of brain
ferritin iron, possibly accounting for the lower risk of neurodegen-
erative diseases in females (Bartzokis et al., 2007).

Further understanding of the potential role of iron in aging and
disease will be improved with the use of animal models to allow
for the controlled manipulation of iron. However, an understand-
ing of the normal changes in iron levels with age and between gen-
ders is an important precursor to an understanding of the
implications of any such manipulations. In this study, we provide
a systematic investigation into the changes in iron levels that occur
with age in males and females of various tissues of three com-
monly studied mouse strains. We demonstrate strain-specific dif-
ferences in iron levels with age and by gender in C57BL/6, DBA/
2J, and BALB/c mice.

2. Materials and methods

2.1. Animals

Wild-type mice of various ages from three different strains –
C57BL/6, DBA/2J, and BALB/c – were obtained from the National
Institute of Aging (Bethesda, MD) rodent colonies. Mice were fed
ad libitum from a standard NIH-31 growth diet consisting of
300.20 mg/kg iron. Mice from the same strain were housed in the
same facilities under equivalent conditions, and all studied female
mice were nulliparous. All procedures were approved by Institu-
tional Animal Care and Use Committee of the University of
Pennsylvania.

Complete organs including liver, heart, brain, and eyes were
harvested immediately after sacrifice. An initial pilot study was
performed comparing iron levels in PBS-perfused and non-per-
fused animals, and no difference in iron levels was detectable (data
not shown). All mice included in the data analysis of this study
were consequently non-perfused.

Liver, heart, and brain were rinsed in PBS, wet weights were re-
corded, and samples were stored at�80 �C until iron quantification
was carried out. Eyes were fixed in 4% paraformaldehyde before
dissection for iron quantification.

2.2. Quantitative iron detection

Total non-heme iron levels in liver, heart, and brain were quanti-
fied using a modified bathophenanthroline-based spectrophoto-
metric protocol originally described by Torrance and Bothwell
(Torrance and Bothwell, 1968; Patel et al., 2002). Briefly, pre-
weighed tissues frozen at�80 �C were thawed at room temperature
followed by digestion overnight at 65 �C in 0.1% trichloroacetic acid/
0.03 M HCl. Periodically throughout digestion, the tissue-acid mix-
ture was vigorously vortexed to facilitate digestion. Following diges-
tion, samples were allowed to cool to room temperature and then
centrifuged at room temperature. The resulting supernatant
(20 ll) was added to 1 ml of chromagen reagent consisting of
2.25 M sodium acetate (pretreated with Chelex 100 before vacuum
filtration), 0.01% bathophenanthroline, and 0.1% thioglycolic acid.
These mixtures were thoroughly vortexed and incubated at room
temperature for 10 min before absorbances were read at 535 nm.
Iron levels measured in lg iron per gram tissue (wet weight) were
determined by comparing absorbances of tissue-chromagen
samples to serial dilutions of a certified iron standard (Sigma–Al-
drich, Inc., St Louis, MO) prepared with the same chromagen reagent
above.

Iron detection in ocular samples was performed by atomic
absorption spectrophotometry as previously described (Erikson
et al., 1997). Briefly, eyes enucleated and fixed in 4% PFA were
dissected with complete removal of any periorbital muscle or
fat, the anterior segment, and the ciliary body. Complete retina
was then detached from the underlying tissue, taking care to
minimize disruption of the RPE. Samples of the retina and RPE/
choroid were placed in separate tubes and dried for 5 days at
room temperature. Iron in these tissues was measured by graph-
ite furnace atomic absorption spectrophotometry (model 5100
AA, PerkinElmer, Boston, MA) using standard methods (Erikson
et al., 1997). Because of the difficulty in accurately measuring
the weights of these small tissues, ocular tissue iron levels were
expressed in lg iron per whole retina or RPE/choroid sample.
Quality control external and internal standards were included in
every analytical run with a % CV <3% within a run and <5% be-
tween runs.

2.3. Statistical analysis

For each strain, the effect of age, sex, and their interaction on
the iron levels in various tissues was first assessed by two-way
analyses of variance (ANOVA). If the interaction between age
and sex was statistically significant (p < 0.05) or marginally signif-
icant (p < 0.10), the comparison of iron levels between male vs.
female was made for each age group – young adult (2–6 months)
and aged (16–19 months) – and between young adult vs. aged for
each sex, based on the ANOVA including both main effects of age,
sex, and their interaction; the Bonferroni procedure was used to
adjust the multiple comparisons. If the interaction between age
and sex was not statistically significant, the comparison of iron
level was made for male vs. female and for young adult vs. aged
groups, based on the ANOVA including only main effects of age
and sex.

Because iron levels measured from both eyes of a mouse are
correlated, the analysis of iron level data in retina and RPE should
consider the inter-eye correlation. Ignoring the inter-eye correla-
tion can underestimate the standard error of iron levels, leading
to invalid statistical inferences. Thus, in the comparison of iron
levels in retina and RPE/choroid, we used the generalized estimat-
ing equation (GEE) approach to adjust for the correlation between
paired eyes of the same mouse (Zeger et al., 1988). Calculations
were executed on computer using PROC GENMOD (SAS version
9.1; SAS, Cary, NC) and we specified an exchangeable working
correlation structure to describe the correlation in iron levels be-
tween paired eyes of a mouse. Data from each mouse are identi-
fied to the computing algorithm by specifying a unique
identification number for each mouse. For mice with iron levels
from both eyes, the correlation between eyes is involved in the
calculation of standard errors; while for mice with iron levels
measured from only one eye, no correlation is considered in the
calculation of standard errors.

For each tissue, the comparison of iron levels among different
strains is also performed by using ANOVA, which includes the main
effect of strain, age and sex. The post hoc pairwise comparisons
were performed when the overall difference among three strains
was statistically significant (p < 0.05). Two-sided p < 0.05 was con-
sidered to be statistically significant. All statistical analyses were
performed in SAS 9.1.
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3. Results

Iron levels were compared among young adult (2–6 months)
and aged (16–19 months) male and female mice of different
strains. Among the C57BL/6 mice, 12 were 3–6 months old and 6
were 16 months old, yielding 12 adult and 6 aged samples of brain,
liver, and heart and 24 adult and 12 aged samples of retina and
RPE/choroid (Table 1). Among BALB/c mice, 12 were 2–4 months
old and 12 were 18–19 months old, yielding 12 adult and 12 aged
samples of brain, liver, and heart and 19 adult and 20 aged samples
of retina and RPE/choroid. Among the DBA/2J mice, 6 mice were
5 months old and 6 mice were 18 months old, yielding 6 adult
and 6 aged samples of brain, liver, and heart and 11 adult and 11
aged samples of retina and RPE/choroid. No samples were lost dur-
ing harvesting; odd numbers of ocular samples resulted from use
of some samples for histologic and other analysis (not shown).
There were no significant changes in the weights of any of the mea-
sured tissues (brain, liver, or heart) with age (not shown).

3.1. Strain-related differences

Comparison was first made between mean tissue iron levels of
different strains by using analysis of variance, adjusted for the
main effect of age and sex (Table 2). In brain, liver, retina, and
RPE/choroid, we found statistically significant differences in iron
levels up to 3- to 4-fold among strains. Pairwise comparisons re-
vealed these differences to be significant among all strains except
for DBA/2J and BALB/c livers. We did not detect any differences
in heart iron levels among strains.

3.2. Age- and gender-related differences

For each strain, the independent effect of age and sex on iron
levels of various tissues was assessed by two-way ANOVA. For
most tissues, there was no significant interaction between age
and sex, suggesting that age and sex act independent of each other
in affecting iron levels. The exceptions were DBA/2J livers with a
significant interaction between age and sex (p = 0.02), BALB/c
RPE/choroid also with a significant age–sex interaction (p = 0.01),
and BALB/c retinas with a marginally significant interaction
(p = 0.08); in these tissues, the difference in iron levels with aging
may be different in male and female mice, and the difference in
iron levels between gender may be different for young adult and
aged mice, thus necessitating analysis of each age group by gender.

3.2.1. Brain
Comparison of iron levels in whole brains of young adult versus

aged mice (Table 3) demonstrated statistically significant increases
Table 1
Summary table of studied samples.

Brain (n

C57BL/6 Adult (3–6 months, n = 12) Male (n = 6) 6
Female (n = 6) 6

Aged (16 months, n = 6) Male (n = 3) 3
Female (n = 3) 3

BALB/c Adult (2–4 months, n = 12) Male (n = 6) 6
Female (n = 6) 6

Aged (18–19 months, n = 12) Male (n = 6) 6
Female (n = 6) 6

DBA/2J Adult (5 months, n = 6) Male (n = 3) 3
Female (n = 3) 3

Aged (18 months, n = 6) Male (n = 3) 3
Female (n = 3) 3
with age in all studied strains. C57BL/6 brains had a 32.5% increase
in iron with age (p = 0.0001), DBA/2J had a 44.4% increase
(p < 0.0001), and BALB/c had a 69.9% increase (p < 0.0001).

Comparison of brain iron levels by gender demonstrated signif-
icant differences in DBA/2J and BALB/c mice. Male DBA/2J mice had
66.1% more iron than females (p < 0.0001), while male BALB/c mice
had 35.6% more iron than females (p < 0.0001). There was no sig-
nificant gender difference in iron levels of C57BL/6 mice (p = 0.56).

3.2.2. Liver
Comparison of iron levels in the livers of young adult and aged

mice (Table 4) demonstrated statistically significant increases with
age in C57BL/6 and BALB/c aged mice. C57BL/6 livers had a 29.6%
increase in iron with age (p = 0.0001), and BALB/c had a 39.4% in-
crease (p < 0.005). Comparison of iron levels by sex demonstrated
61.9% more iron in female BALB/c females compared to males
(p = 0.0002); there was no significant gender difference in C57BL/
6 liver iron (p = 0.25).

DBA/2J liver iron had a significant interaction between age and
sex (p = 0.02). Male DBA/2J livers had a non-significant 32.1% in-
crease with age in liver iron (p = 0.96), while female DBA/2J livers
had a significant 68.9% increase with age (p = 0.0028). Young adult
female DBA/2J livers had 91.6% more iron than young adult male
livers (p = 0.028), while aged female livers had 145.1% more iron
than aged male livers (p < 0.0001).

3.2.3. Heart
Comparison of iron levels in the hearts of young adult and aged

mice (Table 5) demonstrated statistically significant increases with
age in BALB/c and DBA/2J mice. BALB/c mice had a 55.9% increase
in iron (p = 0.007) and DBA/2J mice had a 42.3% increase (p = 0.03).
C57BL/6 hearts had a 14.1% increase in iron that was not statisti-
cally significant (p = 0.21). There were no significant differences
in heart iron levels between male vs. female C57BL/6 (p = 0.59),
BALB/c (p = 0.40), or DBA/2J mice (p = 0.38).

3.2.4. Retina
Comparison of iron levels in the retinas of adult and aged mice

(Table 6) demonstrated a significant 38.3% decrease with age in
C57BL/6 mice (p = 0.008) but a significant 47.7% increase in DBA/
2J mice (p = 0.02). Comparison of retinal iron levels between males
and females demonstrated no difference in C57BL/6 mice (p = 0.52)
but 37.0% more iron in male DBA/2J retinas than female DBA/2J ret-
inas (p = 0.046).

BALB/c retinas had a marginally significant interaction be-
tween age and sex (p = 0.08). Male BALB/c retinal iron was un-
changed with age (p = 1.00), and female BALB/c retinas had a
non-significant 24.0% decrease in iron with age (p = 0.12). Male
) Liver (n) Heart (n) Retina (n) RPE/choroid (n)

6 6 12 12
6 6 12 12

3 3 6 6
3 3 6 6

6 6 9 9
6 6 10 10

6 6 10 10
6 6 10 10

3 3 5 5
3 3 6 6

3 3 5 5
3 3 6 6



Table 2
Comparison of adjusted mean tissue iron levels among strains.

Mean (SE)

Brain (lg/g) Liver (lg/g) Heart (lg/g) Retina (lg/sample) RPE/choroid (lg/sample)

C57BL/6 19.1 (0.78) 65.8 (14.0) 62.7 (4.45) 0.04 (0.003) 0.12 (0.008)
BALB/c 23.8 (0.67) 210 (11.9) 66.4 (3.78) 0.03 (0.001) 0.08 (0.004)
DBA/2J 12.2 (0.94) 245 (16.8) 54.1 (5.35) 0.54 (0.005) 0.15 (0.01)

Overall p-value <0.0001 <0.0001 0.18 0.006 0.002

p-Value for each pairwise comparison
BALB/c vs. C57BL/6 <0.0001 <0.0001 0.0003 <0.0001
DBA/2J vs. C57BL/6 <0.0001 <0.0001 0.003 0.005
DBA/2J vs. BALB/c <0.0001 0.10 <0.0001 <0.0001

Table 3
Comparison of mean brain iron levels (lg/g – wet weight) in different strains with age and gender.

Brain 66 months P16 months p-Value Male Female p-Value
Mean (SE) Mean (SE) Mean (SE) Mean (SE)

C57BL/6 16.0 (0.60) 21.2 (0.85) 0.0001 18.3 (0.71) 18.9 (0.71) 0.56
BALB/c 17.6 (0.64) 29.9 (0.64) <0.0001 27.4 (0.64) 20.2 (0.64) <0.0001
DBA/2J 9.97 (0.39) 14.4 (0.39) <0.0001 15.2 (0.39) 9.15 (0.39) <0.0001

Table 4
Comparison of mean liver iron levels (lg/g – wet weight) in different strains with age and gender.

Liver 66 months P16 months p-Value Male Female p-Value
Mean (SE) Mean (SE) Mean (SE) Mean (SE)

C57BL/6 50.6 (1.66) 65.6 (2.35) 0.0001 56.5 (1.98) 59.8 (1.98) 0.25

BALB/c 175 (15.7) 244 (15.7) 0.005 160 (15.7) 259 (15.7) 0.0002

DBA/2J
66 months 131 (23.2) 251 (23.2) 0.028
P16 months 173 (23.2) 424 (23.2) <0.0001
p-Value 0.96 0.0028

Table 5
Comparison of mean heart iron levels (lg/g – wet weight) in different strains with age and gender.

Heart 66 months P16 months p-Value Male Female p-Value
Mean (SE) Mean (SE) Mean (SE) Mean (SE)

C57BL/6 56.7 (3.49) 64.7 (4.94) 0.21 59.1 (4.16) 62.3 (4.16) 0.59
BALB/c 51.9 (6.80) 80.9 (6.80) 0.007 70.5 (6.80) 62.3 (6.80) 0.40
DBA/2J 44.7 (5.32) 63.6 (5.32) 0.03 57.6 (5.32) 50.7 (5.32) 0.38
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young adult BALB/c retinas had non-significant 20.0% more iron
than female young adult retinas (p = 0.30), while male aged reti-
Table 6
Comparison of mean retinal iron levels (lg/sample) in different strains with age and
gender.

Retina 66 months P16 months p-
Value

Male Female p-Value
Mean (SE) Mean (SE) Mean

(SE)
Mean
(SE)

C57BL/6 0.047
(0.004)

0.029
(0.002)

0.008 0.036
(0.003)

0.040
(0.004)

0.52

DBA/2J 0.044
(0.004)

0.065
(0.006)

0.02 0.063
(0.006)

0.046
(0.003)

0.046

BALB/c
66 months 0.030

(0.002)
0.025
(0.002)

0.30

P16 months 0.031
(0.002)

0.019
(0.002)

<0.0001

p-Value 1.00 0.12
nas had significant 63.2% more iron than female aged BALB/c ret-
inas (p < 0.0001).

3.2.5. Retinal pigment epithelium/choroid
Comparison of iron levels in the RPE/choroid of young adult and

aged mice (Table 7) demonstrated a significant 42.7% increase with
age in C57BL/6 mice (p = 0.01). DBA/2J mice had a 13.6% increase in
iron that was not statistically significant (p = 0.31). Comparison of
RPE/choroid iron levels by gender revealed 75.9% more iron in RPE/
choroid of male DBA/2J mice compared to that of female mice
(p = 0.008). There were no detectable gender differences in RPE/
choroid of C57BL/6 mice (p = 0.27).

BALB/c RPE/choroid had a significant interaction between age
and sex (p = 0.01). Male BALB/c RPE/choroid had a significant
48.9% increase with age (p < 0.0001), while the 22.7% increase in
female RPE/choroid iron with age was not significant (p = 0.76).
Male BALB/c mice had 100.0% more iron than females in the young
adult group (p < 0.0001) and 142.6% more iron in the aged group
(p < 0.0001) (see Table 8 for a summary of age and gender effects
on tissue iron levels by strain).



Table 7
Comparison of mean RPE/choroid iron levels (lg/sample) in different strains with age and gender.

RPE/CHOROID 66 months P16 months p-Value Male Female p-Value
Mean (SE) Mean (SE) Mean (SE) Mean (SE)

C57BL/6 0.103 (0.009) 0.147 (0.008) 0.01 0.132 (0.010) 0.118 (0.007) 0.27
DBA/2J 0.140 (0.005) 0.159 (0.018) 0.31 0.190 (0.019) 0.108 (0.003) 0.008

BALB/c
66 months 0.088 (0.005) 0.044 (0.006) <0.0001
P16 months 0.131 (0.008) 0.054 (0.005) <0.0001
p-Value <0.0001 0.76

Table 8
Summary of age and gender effects on tissue iron levels by strain.

Brain Liver Heart Retina RPE/choroid

Age effect (%change, aged vs. adult)
C57BL/6 32.5% 29.6% NS �38.3% 42.7%
BALB/c 69.9% 39.4% 55.9% NS Male: 48.9%; female: 22.7% (NS)
DBA/2J 44.4% Male: 32.1% (NS); female:68.9% 42.3% 47.7% NS

Sex effect (%difference, male vs. female)
C57BL/6 NS NS NS NS NS
BALB/c 35.6% �38.2% NS Young: 20.0% (NS); aged: 63.2% Young: 100%; aged: 143%
DBA/2J 66.1% Young: �47.8%; aged: �59.2% NS 37.0% 75.9%

NS, not statistically significant.
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4. Discussion

Iron has been increasingly implicated in the pathogenesis of
aging and disease, and the use of animal models will be important
in furthering an understanding of this putative role for iron. In this
study, we systematically compared iron levels with age and gender
among three commonly studied mouse strains – C57BL/6, DBA/2J,
and BALB/c – to better understand normal mechanisms of iron reg-
ulation and to provide a framework for guiding future mouse-
based investigations altering normal iron levels. We demonstrate
that there are age-related, gender-related, and strain-related dif-
ferences in iron levels among various tissues.

Iron accumulation has been implicated in the pathogenesis of
several age-related diseases, and understanding the mechanisms
of normal increases in iron with age will be important in elucidat-
ing mechanisms of putative iron-related changes in disease. We
compared mice 2–6 months of age to mice 16–19 months of age.
Studies on mean longevity of various strains of mice have demon-
strated that C57BL/6 mice are relatively longlived, with a mean
lifespan of approximately 27–28 months. DBA/2J mice, on the
other hand, are shorter lived with a mean lifespan of approxi-
mately 23–24 months (Goodrick, 1975). The same study showed
that male BALB/c mice are similarly short lived, with a mean life-
span of 21–22 months, while female BALB/c mice are long lived,
with a mean lifespan of 27 months. In this study, mice 2–6 months
were selected as fully developed ‘‘young adult” mice, while mice
16–19 months were chosen to represent healthy ‘‘aged” mice be-
fore the onset of senescent decline. These ages likely represent dif-
ferent points in the relative lifespans of the different strains, which
may account for some of the observed strain-specific differences in
iron accumulation with age.

To confirm that any observed age-related changes in tissue iron
represent true alterations of iron and not simply an artifact of
decreasing tissue mass with age, we analyzed the weights of brain,
liver, and heart removed in toto from both adult and aged mice.
Analysis of RPE/choroid and retina samples was performed per
whole tissue, obviating any consideration of this potential artifact.
There were no significant differences between the weights of adult
and aged tissues from any strain, suggesting that the measured
increases in iron represent age-dependent accumulation of iron.
Our finding of up to 70% increased iron levels with age in vari-
ous tissues across all strains is consistent with previous studies.
C57BL/6 mice demonstrate age-dependent iron increases in liver,
heart, brain, and kidney (Massie et al., 1983). Male Fischer 344 rats
accumulate iron in kidney, liver, and brain (Cook and Yu, 1998).
Age-related increases in iron levels have also been found in blood,
liver, kidney, heart, brain, lung, and spleen of female B10BR mice
(Morita et al., 1994). C57BL6/DBA and C57BL6/SJL hybrid strains
exhibit increases in brain iron levels (Maynard et al., 2002). Within
the eye, iron increases with age in male Brown Norway rat retinas
(Chen et al., 2008) and in normal human male and female retinas
(Hahn et al., 2006).

Our current study underscores these results and adds informa-
tion on iron levels in additional strains and tissues, systematically
comparing these age-related increases among various strains and
by gender in diverse tissues including ocular structures. While in-
creased iron with age may merely be a byproduct of normal aging
processes or disease, iron may itself be involved in the pathogene-
sis of aging and/or age-related diseases. Strain-related differences
in iron levels may contribute to known differences in lifespan
among strains and warrants further exploration. Investigations
are currently underway to determine if alteration of iron levels
in mice might affect the development of age-related pathology or
even alter lifespan, and the results from this study have been crit-
ical in establishing a systematic basis to understand iron accumu-
lation as well as guide selection of studied mouse strains.

In addition to demonstrating increased iron levels with age, our
study highlights differences in iron levels with gender. Previous
studies have demonstrated that human females of all ages gener-
ally have less serum ferritin than males (Zacharski et al., 2000). Hu-
man females have less brain ferritin iron than males (Bartzokis
et al., 2007), and mixed BL6/DBA females have less brain iron than
males (Maynard et al., 2006), similar to the gender differences in
brain iron observed in our DBA/2J and BALB/c mice. We have pre-
viously shown that human females have more retinal iron than
males (Hahn et al., 2006), in contrast to the lower levels of retinal
iron observed in DBA/2J and BALB/c female mice. Previous studies
on the effects of iron overload on C57BL/6 and DBA/2J mice de-
tected less iron in the liver and spleen of males compared to fe-
males of DBA/2J mice, consistent with our studies, and of C57BL/
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6 mice, in contrast to the absence of any gender differences detect-
able in our study (Unger et al., 2007).

We were surprised not to find any effect of gender on iron levels
in C57BL/6 mice. In a study investigating brain metal levels in hy-
brid BL6/DBA and BL6/SJL mice, a gender difference in brain iron
levels was observed in BL6/DBA but not BL6/SJL mice (Maynard
et al., 2006). This gender difference was attributed to different
age-related changes in iron levels, as there was no significant gen-
der difference noted in young,<3 month old BL6/DBA mice (May-
nard et al., 2006). C57BL/6 mice are the longest lived among the
three strains included in this study, with a mean lifespan of 27–
28 months, and it is similarly possible that our 16 month old mice
were not old enough to demonstrate detectable gender differences
in iron. Alternatively, our study may not have been adequately
powered to detect subtle changes in iron levels. Further investiga-
tion into gender differences in C57BL/6 mice should include larger
numbers of mice of more advanced age.

Gender-related differences in iron levels of up to 2- to 3-fold in
our current study suggest that there may be hormonal mecha-
nisms of iron regulation. We demonstrate that in DBA/2J livers,
BALB/c retinas, and BALB/c RPE/choroid, males and females accu-
mulate iron with age at different rates, consistent with similar
observations in brain iron of different mouse strains (Maynard
et al., 2006). The hormonal basis for these differences in iron levels
should be investigated, and future studies on iron levels need to
control for gender. This gender difference may account for gen-
der-related associations of the pathogenesis of neurodegenerative
and other diseases and may be important for designing gender-tar-
geted treatment options.

Our present study is the first, in our knowledge, to systematically
compare iron levels in multiple tissues among three commonly
studied pure inbred strains. Strain-specific differences in iron levels
of individual tissues have previously been observed. We have shown
that mice fed an iron-supplemented diet showed increased spleen
iron accumulation in DBA females compared to C57BL/6 females
(Unger et al., 2007). In another study with hybrid mouse strains,
Maynard et al. demonstrated different brain iron levels in C57BL6/
SJL compared to C57BL6/DBA mice (Maynard et al., 2006). In this
study, we analyze C57BL/6, DBA/2J, and BALB/c strains, which orig-
inated independently in North America and have been maintained
as pure inbred colonies since the early twentieth century (Staats,
1985). In a study mapping genetic profiles of 27 inbred strains,
C57BL/6, DBA/2J, and BALB/c are identified as genetically distinct,
with C57BL/6 being the most distinct of these strains (Taylor,
1972). We identify these distinct strains as having unique profiles
of iron levels and changes in various tissues.

Identification of these strain-specific differences will be impor-
tant in guiding future iron-based investigations. A particular inter-
est of our laboratory is age-related macular degeneration, and we
have proposed that increased iron in the retina and RPE may be
important in its pathogenesis. We have identified DBA/2J mice as
having the largest increases in retinal iron, while C57BL/6 have
the largest increases in RPE/choroid iron, and our study identifies
these strains as appropriate initial models to test manipulations
to decrease retina or RPE/choroid iron levels, studies which are
currently underway. Our comparisons in other tissues should sim-
ilarly help guide iron-based studies in brain, heart, or liver. These
strain-specific differences are likely based on genetic differences
among different strains, and our identification of differences in iron
levels among pure inbred strains – C57BL/6, BALB/c, and DBA/2J –
should help to identify these genetic influences, which we are cur-
rently investigating. Identification of the basis for these murine
strain-specific differences may also help identify differences in iron
regulation among humans, which may account for variability in
neurodegenerations or other potential iron-related diseases and
may additionally be important in directing targeted therapies.
There is evidence that diurnal cycle influences iron homeostasis
(Unger et al., 2009). While all mice were sacrificed during daytime
hours, between 9 am and 5 pm, we did not standardize time of sac-
rifice. It is possible that observed variations in iron levels may be
influenced by diurnal fluctuation at time of sacrifice, and future stud-
ies investigating iron levels should standardize time of sacrifice.

In assaying for iron, we used a well-established bathophenanthr-
oline-based chromatographic protocol for the larger heart, brain,
and liver samples, and we used atomic absorption spectrophotome-
try for increased sensitivity in the smaller retina and RPE/choroid
samples. This chromatographic protocol has been previously shown
to measure non-heme iron only (Grundy et al., 2004), which is useful
to eliminate any variable contributions by intravascular iron from
blood, particularly in richly perfused tissues such as liver. Our mea-
surement of non-heme iron only likely explains the absence of any
difference in measured iron levels in perfused and non-perfused ani-
mals (not shown). While non-heme iron is likely important in con-
tributing to iron-related oxidative stress, it may additionally be of
interest in the future to measure changes in intracellular heme-asso-
ciated iron, as in mitochondrial cytochromes, which may also have
the potential to induce oxidative stress.

Atomic absorption spectrophotometry, on the other hand, mea-
sures both heme and non-heme iron. Initial pilot experiments were
performed analyzing the effects of perfusion prior to sacrifice. We
did not detect any significant difference in any of our samples with
and without perfusion (results not shown), and all animals in-
cluded in this study were therefore non-perfused. This pilot study
suggests that intravascular iron does not significantly contribute to
our non-heme (in liver, brain, and heart) and total iron (in retina
and RPE/choroid) measurements.

Interestingly, DBA/2J eyes are unique among these studied
strains in that they have a pigmentary dispersion phenotype in
which intraocular pigment is continually dispersed (Anderson
et al., 2006). It is unclear if this dispersed pigment contains iron
and/or is deposited on the retina. It is possible, however, that this
progressive release of pigment may contribute to age-dependent
increases in retinal iron. DBA/2J eyes also have increased intraocu-
lar pressure and age-dependent loss of retinal ganglion cells, mak-
ing them a model of glaucoma (Anderson et al., 2006). Since
changes in iron homeostasis have been detected in human glau-
coma (Farkas et al., 2004), it is possible that similar mechanisms
cause iron dysregulation in some human glaucoma retinas and
DBA/2J retinas.
5. Conclusions

Iron has been increasingly implicated in aging and disease, and
the use of animal models will be pivotal in understanding this role
for iron. We provide the first systematic comparison of iron levels
in three pure inbred mouse strains by age and gender and demon-
strate that iron levels generally increase with age in various mouse
tissues of different strains. Interestingly, tissue iron levels and
changes in iron levels differ among various strains and between
genders, suggesting that there are gender and strain-specific influ-
ences on iron regulation. Genetic studies pursuing the basis of
some of these strain-dependent differences in iron homeostasis
are underway (Unger et al., 2007). This study provides a baseline
profile for iron levels in various tissues and in various strains,
which will be important in directing future mouse studies involv-
ing manipulations of normal iron levels.
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