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Abstract

It has been shown that iron progressively accumulates in the brain with age. Calorie restriction (CR) may allay
many of the adverse effects of aging on the brain, yet the underlying mechanisms, in particular in relation to
brain iron metabolism, remain unclear. This study aimed to investigate the role of CR in the regulation of
cerebral cellular iron homeostasis. C57BL/6 mice were randomly divided into four groups of eight. The control
group was fed a conventional diet ad libitum; the CR group received 70% of the calories of the control mouse
intake per day; the d-galactose (d-gal) group received subcutaneous injection of d-gal at a dose of 100 mg/kg
once daily to produce mouse model of aging; the d-gal plus CR group received both of the two interventions for
14 weeks. The Morris water maze (MWM) was employed to test the cognitive performance of all animals, and
the expression of iron regulatory genes, ferroportin and hepcidin, in the cortex and hippocampus were detected
by quantitative real-time PCR. Compared to the controls, the d-gal group mice showed significant spatial
reference memory deficits in the MWM test, whereas the d-gal-CR group mice exhibited almost normal
cognitive function, indicating that CR protects against d-gal–induced learning and memory impairment.
Hepcidin mRNA expression was increased in the d-gal group, decreased in the CR group, and was basically
unchanged in the d-gal-CR group. There was no statistical difference in the transmembrane iron exporter
ferroportin expression between control and any of the experimental groups. The results suggest that the anti-
aging effects of CR might partially lie in its capacity to reduce or avoid age-related iron accumulation in the
brain through down-regulating expression of brain hepcidin—the key negative regulator for intracellular iron
efflux—and that facilitating the balance of brain iron metabolism may be a promising anti-aging measure.

Introduction

W ith a worldwide demographic shift toward aging
populations, brain aging, and age-related neurode-

generative diseases have become more and more important
social and medical problems. Investigating the mechanisms
of aging and searching for effective measures of anti-aging
will be beneficial to the healthy aging and longevity of
humans. Naturally old animals are usually used in aging
studies; however, old animals have high a mortality rate
and high incidence of age-related diseases, such as tumor,
hypertension, diabetes, and other diseases. Therefore, an ar-
tificial aging model has been increasingly used for studying
aging mechanisms and anti-aging agents. d-galactose
(d-gal) is a normal reducing sugar in the body and is me-
tabolized by d-galactokinase and galactose-1-phosphate
uridyltransferase. Over-supply of d-gal results in abnormal

metabolism due to conversion of the excess galactose to
galactitol, which is not metabolized by the enzymes listed
above but accumulates in the cell, leading to osmotic stress
and production of reactive oxygen species (ROS).1

The d-gal–induced brain aging model was first reported
18 years ago.2 Chronic systemic exposure to d-gal causes an
acceleration of senescence in different animal species and
produces symptoms similar to those of natural aging, es-
pecially the decline in cognitive functions.3–8 Various hy-
potheses have been put forward to explain the underlying
mechanisms for d-gal–induced brain aging, including gly-
cometabolism block, formation of advanced glycation end
products (AGE), and free radical damage with the evidence
of excessive production of ROS and significant reduction of
anti-oxidant activities in brain tissue.9,10 In addition to
causing metabolism disorders and oxidative stress, growing
evidence revealed that here were neurodegenerative changes
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in the brain of rodents treated with d-gal.4,8,11 Given all of
this, d-gal–induced senescence is an ideal model for
studying the basic mechanisms involved in brain aging and
age-associated neurodegeneration.

Iron is an essential co-factor for many proteins involved
in the normal function of neuronal tissue, such as the non-
heme iron enzyme tyrosine hydroxylase, which is required
for dopamine synthesis. Lack of iron may lead to cognitive
impairment in children, adults, and the elderly. The problem
is that iron has a dual nature in the central nervous system
(CNS). Excessive iron accumulation in the CNS is believed
to be responsible for neuronal injury and cell death and
subsequent neurodegenerative disorders.12,13 The impor-
tance of adequate amounts of iron for brain health is well
established. Mounting evidence suggests that iron progres-
sively accumulates in the brain with age,13–15 and it has
become evident that brain iron accumulation is one of the
initial events in many age-related neurodegenerative dis-
eases and perhaps aging itself.16–18 However, little is known
about the mechanism of how an excess of iron accumulation
occurs in the brain. One hypothesis holds that dysfunction of
the blood–brain barrier, which limits iron entry to the brain
via highly regulated transport systems, might play a role in
brain iron overload.19–21 Another hypothesis with strong
experimental support proposes that brain iron accumulation
is a consequence of the dysregulation of proteins that govern
cellular iron homeostasis. Mammalian cellular iron efflux
is mediated by the sole iron exporter ferroportin 1 (Fpn1), a
transmembrane protein.22 The abundance of Fpn1 on the
plasma membrane can be modulated by interaction with
its ligand hepcidin, an iron regulatory hormone produced
in the liver in response to inflammatory stimuli, iron, and
hypoxia.23 Hepcidin binds to Fpn1 and induces its inter-
nalization and degradation, resulting in decreased cellular
iron export and subsequent iron acuumulation.24,25 Re-
cently, it has been demonstrated that hepcidin is widely
expressed in the brain,26,27 indicating hepcidin might have a
key role in brain iron homeostasis.

Calorie restriction (CR) is the only non-genetic inter-
vention that has been consistently shown to slow the in-
trinsic rate of aging and increase both median and maximum
life span in a variety of species.28,29 CR may increase the
resistance of the nervous system to neurodegenerative dis-
orders and allay many of the adverse effects of aging on the
brain.30–32 In 1998, Cook and Yu reported that age-related
iron accumulation in liver, brain, and kidney was markedly
attenuated by CR in rodent,34 and a more recent study found
that CR decreases brain iron accumulation in old Rhesus
monkeys as measured in vivo using magnetic resonance
imaging.35 However, the specific mechanisms underlying
CR’s protection of the brain from age-associated iron dys-
homeostasis remain to be determined.

We hypothesized that CR might play its role by facili-
tating removal of excess iron from brain cells via preserving
proper expression levels of two critical proteins—the brain-
derived hepcidin and its receptor, iron exporter Fpn1. In this
study, d-gal–induced brain aging mouse models were es-
tablished with or without CR intervention. The total iron and
the mRNA levels of hepcidin and Fpn1 in the cortex and
hippocampus were determined to get a preliminary under-
standing of CR in improving brain iron homeostasis. Our
data demonstrated that CR can down-regulate brain hepcidin

mRNA expression in normal mice and reverse the elevated
hepcidin mRNA levels in brain of aging model mice.

Materials and Methods

Animals and treatment

Six-week-old female C57BL/6 mice (15 – 1 gram) were
obtained from the Experimental Animal Center of Capital
Medical University and were housed individually in a spe-
cific pathogen-free (SPF) facility on a 12-hr light/dark cycle.
After 1 week of acclimation, the mice were randomized into
four groups (eight in each group), i.e., d-gal group, CR
group, d-gal + CR (d-gal-CR) group, and normal control
group, for a 14-week intervention, respectively. d-gal and
control groups were fed a standard diet ad libitum. CR and
d-gal-CR groups received a gradually reduced (over 2
weeks) daily food portion until their food intake was re-
duced to 70% of that consumed by ad libitum–fed mice, and
they were maintained on this aliquot until the end of the
experiment. The diet for CR was fortified with minerals and
vitamins, as shown in Table 1, to ensure an equivalent in-
take of iron and vitamins by CR mice as by ad libitum mice.
d-gal (Sigma-Aldrich, MO) was dissolved in sterile saline
(0.9% NaCl) and administered by subcutaneous injection at
a dose of 100 mg/kg per day for 10 weeks prior to laboratory
test, whereas a daily subcutaneous saline injection was gi-
ven to the non-involved mice. All mice were fed daily, had
free access to water, and were weighed weekly.

The procedures for both feeding and experiments com-
plied with the national guidelines for the care and use of
animals for scientific purposes in China, and approved by
the ethics committee of the Capital Medical University.

Morris water maze test

The spatial learning and memory ability was evaluated by
using Morris water maze (MWM), which consisted of a
circular pool (120 cm in diameter, 60 cm in height filled to a
depth of 30 cm with water at 24 – 2�C) and a video moni-
toring system (Chinese Academy of Medical Sciences). The
maze was placed in illuminated light room, surrounded
by several visual clues external to the maze (e.g., the

Table 1. Composition of Experimental Diets

Standard diet
(grams/kg)a

Restricted diet
(grams/kg)b

Ingredientc

Cornstarch 315 315
Sucrose 314.5 314.5
Casein 200 200
Soybean oil 70 70
Cellulose 50 30.7
Mineral mix 35 50
Vitamin mix 10 14.3
l-Cystine 3 3
Choline bitartrate 2.5 2.5

aThe standard diet was based on the AIN-93G recommendation.33

bRestricted diet was mineral- and vitamin-fortified to ensure an
equivalent intake of iron and vitamins when feeding amount
reduced to 70% of standard diet.

cAll dietary components were prepared by Research Diets.
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experimenter, ceiling fan, lights, racks, etc.), which were
visible from within the pool and could be used by the mice
for spatial location. These external clues remained un-
changed throughout the experimental period. The pool was
divided into four imaginary quadrants with equal areas, and
the water was rendered opaque by the addition of milk
powder.

Acquisition trial. In one of the quadrants, the target
quadrant, a circular platform (6 cm diameter) was sub-
merged in a fixed position (0.5 cm below water surface and
28 cm from the wall). In each trial, an individual mouse was
released gently into the water facing the wall with the drop
location in one of three quadrants except that containing the
hidden platform. The mouse swam to find the hidden plat-
form within 120 sec. After finding the submerged platform,
the mouse was allowed to rest on the platform for 15 sec. If
the animal was unable to escape to the platform within
120 sec, the trial was terminated and the animal was guided
to reach the platform and stay on it for 15 sec. The task was
conducted two sessions a day for 4 consecutive days; each
session was comprised of two trials with 5-min inter-trial
intervals during which the animal was kept in a dry cage.
The latency of escape onto the platform, considered a
measure of spatial learning and reference memory, was re-
corded by the video monitoring system in each trial, and the
mean daily escape latency was calculated thereafter.

Probe trial. The retrieval of spatial memory was tested
by probe trial. On the fifth day of the MWM test, the plat-
form was removed from the pool. Each mouse was placed
into the water as in the acquisition trial for a 90-sec test. The
following parameters were recorded for each animal: Plat-
form crossing, i.e., the number of crossings through the
place where the platform had been located, and target
quadrant preference, i.e., time spent in the target quadrant.

Inductively coupled plasma mass
spectroscopy measurement

The total iron in brain tissues was determined using in-
ductively coupled plasma mass spectroscopy (ICP-MS;
Thermo Fisher, FL). Mice were sacrificed after the MWM
test, at 22 weeks of age, by cervical translocation. The
hippocampal and cortical tissues were dissected from an
isolated brain on ice, and the left and right hemispheric
tissues were harvested and weighed separately, frozen im-
mediately in liquid nitrogen, and stored at - 80�C until use.
Before the experiments, all of the containers were soaked
with 15% nitric acid for 24 hr, washed in deionized water,
followed by rinsing with ultrapure water, and dried.

A known weight of each sample (one hemispheric cortex
and hippocampus, approximately 100 mg total) was soaked
in a 3:1 ratio of ultra-pure nitric acid (70%) and hydrogen
peroxide (35%) for 30 min in a Teflon beaker, then digested
in microwave digestion system (EZ digester, Milestone
Scientific, USA) according to the procedure described
elsewhere.36 The completely digested samples were cooled
to room temperature, diluted to 10 mL with ultra-pure water,
and analyzed by ICP-MS for total iron content. All samples
were read in triplicate. The calibration curve was obtained
using four iron standard solutions (Sigma-Aldrich) in the

range 0.2–0.05 lg/mL. A sample containing only the di-
gested reagents was used for blank subtraction purposes.

Real-time PCR assay

The other half of the cortical/hippocampal combined sample
was used for analysis of gene expression. Total RNA was
extracted using TRIzol reagent (Invitrogen, CA). Synthesis of
cDNA was performed using 1 lg of total mRNA using a First
Strand cDNA Synthesis kit (CWBio, Beijing, China) according
to the manufacturer’s instructions. Real-time PCR quantifica-
tion was conducted in a LightCycler� 480 system (Roche,
Penzberg, Germany) using Ultra SYBR Mixture (CWBio).
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as an internal control. Primer sequences of hepcidin,
ferroportin, and GAPDH were as follows: Hepcidin, forward,
5¢-CCTATCTCCATCAACAGATG-3¢, reverse, 5¢-AACAGA
TACCACACTGGGAA-3¢; Fpn1, forward, 5¢- GATGGGAG
CATGAGCAAT-3¢, reverse, 5¢- GGCTTCCAGGCATGAA
TAC-3¢; GAPDH, forward, 5¢-CTGCCCAGAACATCATCC
CT-3¢, reverse, 5¢-GGTCCTCAGTGTAGCCCAAG-3¢. Reac-
tions were performed in triplicate according to the following
PCR cycling profile: 95�C for 10 min,40 cycles of 95�C for
15 sec, and 60�C for 60 sec. Relative quantification of mRNA
was determined by the comparative Ct method.37 The mRNA
level of tested gene was expressed as the amount relative to
that of GAPDH, and was calculated as 2-DCt, whereas the
experimental/control mRNA ratio was calculated as 2-DDCt.

Statistical analysis

Data were expressed as mean – standard error of the mean
(�x – SEM). Differences between groups were assessed using
repeated-measures analysis of variance (ANOVA) followed
by a least significant difference (LSD) post hoc test. For
non-normally distributed data, differences were assessed
using the Mann–Whitney U test. p < 0.05 was considered
statistically significant.

Results

General conditions of the animals

No mice showed obvious health problems (hypo-motility,
illness, death) throughout the whole experimental procedure.
The results for body weight are shown in Fig. 1. All ad libitum
mice gained weight over time, whereas those on the CR reg-
imen gained little weight throughout the feeding period. By the
end of the experiment, the average weight gain of CR mice
was markedly less than that of the control group (1.25 grams
vs. 11.53 grams, p < 0.01). Similar results were observed for
the difference between d-gal-CR group and d-gal group
( - 1.43 grams vs. 9.12 grams, p < 0.01). In other words, CR-
treated (CR and d-gal-CR) mice weighed significantly less
than other groups ( p < 0.01), differing by nearly 11 grams from
the control mice, and &9 grams from d-gal mice at the end of
the study. No statistically significant differences in the weight
gain were observed between d-gal and control groups, or be-
tween d-gal-CR and CR groups ( p > 0.05, respectively).

Spatial reference memory performance

As seen in Table 2, the d-gal group mice showed a longer
escape latency to the platform compared with normal
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controls ( p < 0.05), indicating impaired spatial learning and
memory. The d-gal-CR group mice had a shorter latency
than d-gal mice ( p < 0.05). No significant difference in es-
cape latency was observed between d-gal-CR and control
animals, or between the CR and control groups. In the probe
trial, the d-gal mice not only made fewer platform crossings
but also exhibited a decreased spatial preference for the
target quadrant as compared with the control or the d-gal-
CR group ( p < 0.05, respectively), whereas the CR, the
control, and the d-gal-CR group mice showed similar
numbers of platform crossings and time spent in the target
quadrant ( p > 0.05, respectively).

Brain iron content

The amount of total iron in brain tissue samples assayed
by ICP-MS was expressed as micrograms of iron per gram
of wet tissue. As Fig. 2 shows, there were no significant
differences in brain iron concentration between the three
experimental groups and control group ( p > 0.05). That is,
no iron accumulation was detected in the cortical/hippo-
campal tissues in d-gal group mice, and meanwhile, reduced
level of total iron in the brain of CR mice was not found
either.

Expression of hepcidin and Fpn1 in brain

The hepcidin gene expression was up-regulated in the d-
gal group and down-regulated in the CR group, as compared
with the control group ( p < 0.05, respectively). The d-gal-
CR group had significantly less expression of hepcidin than
the d-gal group and was comparable to the level of control
group. (Fig. 3). There was no statistically significant di-
vergence in the expression of Fpn1 between experimental
and control groups (Fig. 4).

Discussion

Aging negatively influences cognitive function. Memory
decline is a characteristic of aging and age-related neuro-
degenerative disorders. The results of the present study
showed that the d-gal group mice had significant spatial
reference memory deficits in the MWM test, indicating that
the d-gal induced brain aging mouse model was established
successfully.

The brain is particularly susceptible to oxidative damage.
As people age, there is a significant and progressive increase
in the level of oxidatively damaged DNA and lipids in the
brain. Over time, this free radical damage leads to the death
of neurons. Numerous studies have implicated oxidative
stress and free radical damage in the pathology of age-re-
lated cognitive decline and dementia.38 Modifying oxidative
stress could provide a basis for preventive and therapeutic
approaches. CR is the most promising anti-aging and life-
extending dietary strategy. CR has been postulated to de-
crease the rate of intellectual decay and potentially reverse
age-related cognitive decline through reducing oxidative
stress, increasing synaptic plasticity, and so on.39,40

d-gal–
induced senescence acceleration may be due to the exces-
sive formation of ROS and a significant reduction of
anti-oxidant activities and consequent oxidative damage.3–8

In this study, the implementation of a CR protocol, which
proved to be logical and effective by the fact that all animals
subjected to CR showed no obvious health problems except
having little to no weight gain throughout the experimental
period, prevents memory deficits against d-gal–induced se-
nescence in mice. After chronic exposure to d-gal, animals

FIG. 1. Body weight (BW) changes in differently treated
mice (�x – standard error of the mean, n = 8). Initial weights
of the mice did not differ between groups. At the end of the
experiment, the mean weight for calorie restriction (CR)-
treated but not d-gal–treated mice showed significant dif-
ferences as compared with normal control mice. d-gal, d-
galactose. (*) p < 0.01 vs. control group, (#) p < 0.01 vs. the
d-gal group.

Table 2. Results of the Morris Water Maze

Test (�x – SEM, n = 8)

Escape
latency (sec)

Platform
crossings
(times)

Quadrant
preference

(time ratio )

d-gal 59.33 – 25.54* 1.87 – 0.42* 0.25 – 0.02*
d-gal + CR 29.58 – 10.92# 3.94 – 0.26 # 0.39 – 0.05#

CR 30.00 – 13.79 3.90 – 0.37 0.37 – 0.04
Control 32.58 – 8.99 4.38 – 0.25 0.41 – 0.04

Note: *p < 0.05 vs. control group; #p < 0.05 vs. d-gal group;
time spent in the target quadrant/total time.

SEM, standard error of the mean; d-gal, d-galactose; CR, calorie
restriction.

FIG. 2. Effect of calorie restriction (CR) and d-gal on
total iron content in the brain (�x – standard error of the mean,
n = 8). Total iron was measured by inductively coupled
plasma mass spectroscopy (ICP-MS). Brain tissues prepared
from differently treated mice display no difference in total
iron content. d-gal, d-galactose.
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on CR regimen exhibited shorter escape latencies to the
hidden platform, and more platform site crossings and
strong preferences for the target quadrant than those on ad
libitum regimen, indicating that CR had a potential effect for
reserving the ability in learning and memory that would
otherwise be impaired by d-gal–induced oxidative stress.
However, no positive effect of CR on spatial memory per-
formance was observed in normal mice in our study, even
though many studies have reported that CR enhances
learning and memory in animals and humans.41–43

Various biological systems work in conjunction to
maintain optimal brain function and cognitive ability. Per-
turbations in the harmony of these systems, caused by such
age-associated insults as oxidative stress, chronic inflam-
mation, and changed hormone levels, result in physical
deterioration of the brain and subsequent cognitive decline.
Iron is an essential element for normal cellular functions and
plays specific roles in the CNS. Control of iron homeostasis
is essential for healthy CNS function. In the present study,
we chose the cortical hemisphere and hippocampus, the

cognition-related and iron invasion–vulnerable regions,44 as
target tissues for investigating the potential anti-iron accu-
mulation effect of CR with the d-gal–induced aging mouse
model. Contrary to what we had expected, no significant
differences in the total iron content of the brain were ob-
served between experimental and control groups. In other
words, direct evidence of iron accumulation in d-gal–
induced aging mice or of anti-iron accumulation in CR
treatment mice was not detected. One reason for this prob-
ably lies in the chronic, long-term process of brain iron
accumulation; that is, noticeable changes in intracellular
iron content may occur in late-stage pathology, with mis-
regulation of iron metabolism being the primary event
preceding such changes,45 as demonstrated by this study.
Another reason may be that, throughout the experiment, the
animals had not been treated with an iron-rich diet, which
was a prerequisite for experimental iron accumulation to
build up.

Iron enters the brain mainly by transport through the
blood–brain barrier (BBB), a tightly regulated process that

FIG. 3. Influence of calorie restriction (CR) and d-gal on hepcidin expression in mouse brain (�x – standard error of the
mean, n = 8). The relative expression level of hepcidin was assessed by quantitative real-time PCR. Hepcidin expression in
the control mice was defined as 1. The results showed that d-gal enhanced, whereas CR reduced, hepcidin mRNA
expression in the brain. Moreover, the d-gal–induced increase in hepcidin expression was significantly attenuated by CR
treatment. d-gal, d-galactose. (*) p < 0.05 vs. control group; (#) p < 0.05 vs. the d-gal group.

FIG. 4. Influence of calorie restriction (CR) and d-Gal on Fpn1 expression in mouse brain (�x – standard error of the mean,
n = 8). Fpn1 expression in the control mice was defined as 1. No statistically significant difference was found between
groups. d-gal; d-galactose.
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under normal circumstances protects the brain from being
affected by fluctuations in systemic iron. Within the brain,
there are still more sophisticated regulatory systems gov-
erning the cellular iron level stability to ensure normal
function of neural cells and protect them from toxicity as
well.12 In view of the fact that iron accumulates with aging
in specific brain regions, we suggested dysregulation of iron
metabolism in specific areas of the brain, rather than dis-
turbance of iron uptake across the BBB, is more likely to
play a dominant role in the pathogenesis of age-related brain
iron deposition. Cerebral intracellular iron homeostasis can
be divided into iron influx and iron efflux. Hepcidin and
Fpn1 are linked to cellular iron efflux and widely expressed
in the brain.12,25,26 As in the periphery, Fpn1 is the sole
known cellular iron exporter and plays a key role in brain
iron release.22,46 The turnover of Fpn1 is controlled by
hepcidin. Injection of hepcidin into the lateral cerebral
ventricle resulted in decreased Fpn1 protein content in the
cerebral cortex, the hippocampus, and the striatum.46

Functionally, hepcidin acts to internalize Fpn1, leading to its
degradation and thereby blocking iron release from cells
into extracellular fluid. Thus, facilitation of iron efflux by
hepcidin–Fpn pathway would be able to protect cells from
excessive accumulation of iron. Our study found that the
mRNA expression of Fpn1 was not altered in d-gal–induced
mouse aging models, nor was it in CR-treated animals;
however, the expression of hepcidin, the ligand of Fpn1
protein, was significantly affected by both d-gal and CR
interventions. On one hand, elevated hepcidin mRNA con-
tents in cerebral cortex and hippocampus was observed in
d-gal–induced aging model mice, which were characterized
by cognitive deficits in the MWM task. On the other hand,
proactive treatment with CR largely offset the d-gal–
induced increase in hepcidin mRNA levels along with its
protective effect on the animals’ cognitive performance. In
normal control mice, CR intervention could also reduce
brain hepcidin expression markedly, although no synchro-
nized enhancement in learning and memory was displayed.

These results suggest that CR might guard against age-
related declines in cognitive function partially by down-
regulating the expression of hepcidin in the brain, thereby
making it possible for the cellular iron exporter Fpn1 to play
its role efficiently on the cell membrane to resist or prevent
iron accumulation in cells in the CNS. One limitation of the
study was lack of determination of hepcidin and Fpn1 protein
concentrations. Although hepcidin was mainly regulated at
the transcriptional level, Fpn1 was mainly regulated post-
transcriptionally.47 So, although the Fpn1 mRNA levels were
unaltered across the groups, it would be unreasonable to infer
that d-gal, CR intervention, and even the elevated hepcidin
have no influence on Fpn1 protein abundance/effectiveness.

Consistent with the evidence of age-related iron accu-
mulation in the brain, a new study found that hepcidin
mRNA levels increased with aging in the cerebral cortex,
hippocampus, and striatum.26 We have presented here for
the first time that, in both aging model and normal mice, CR
has the potential to down-regulate the mRNA expression of
hepcidin in the cortex and hippocampus. Iron dysregulation
is considered to be an early event in the pathogenesis of iron
deposition. Once deposited in cells, iron was difficult to
remove. In this regard, it is better to prevent iron accumu-
lation than to have to treat it, and the value and significance

of our present study lies in revealing that CR may be a way
to lessen or avoid age-related iron accumulation in the brain.
In fact, a recent study did observe CR attenuates brain iron
accumulation in old rhesus monkeys measured in vivo using
magnetic resonance imaging.35 Yet, how hepcidin gene
expression is affected in d-gal and CR conditions remains
unclear. Further studies are necessary to clarify the molec-
ular mechanisms underlying CR’s modulation of hepcidin
and other genes involved in brain iron homeostasis, and the
mechanisms for age-related, as well as d-gal–induced up-
regulation of hepcidin expression.

In summary, the present study demonstrated the existence
of dysregulation of iron metabolism in the brains of d-gal–
induced aging model mice and the potential of CR as an
anti-aging dietary regimen against the imbalance of brain
iron homeostasis. CR could down-regulate the expression of
hepcidin mRNA in cerebral cortex and hippocampus in
normal mice, and suppress the up-regulation of hepcidin
expression in brains of d-gal–induced mice. Taking into
account the involvement of progressive brain iron accu-
mulation in the natural aging process, with hepcidin being
the key negative regulator for cellular iron release, we as-
sume CR may possess anti-aging benefits by reducing or
avoiding abnormal accumulation of iron in the brain.
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