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Abstract

Identification of biological mediators in sarcopenia is pertinent to the development of targeted interventions to alleviate
this condition. Iron is recognized as a potent pro-oxidant and a catalyst for the formation of reactive oxygen species in
biological systems. It is well accepted that iron accumulates with senescence in several organs, but little is known about iron
accumulation in muscle and how it may affect muscle function. In addition, it is unclear if interventions which reduced age-
related loss of muscle quality, such as calorie restriction, impact iron accumulation. We investigated non-heme iron
concentration, oxidative stress to nucleic acids in gastrocnemius muscle and key indices of sarcopenia (muscle mass and
grip strength) in male Fischer 344 X Brown Norway rats fed ad libitum (AL) or a calorie restricted diet (60% of ad libitum food
intake starting at 4 months of age) at 8, 18, 29 and 37 months of age. Total non-heme iron levels in the gastrocnemius
muscle of AL rats increased progressively with age. Between 29 and 37 months of age, the non-heme iron concentration
increased by approximately 200% in AL-fed rats. Most importantly, the levels of oxidized RNA in gastrocnemius muscle of AL
rats were significantly increased as well. The striking age-associated increase in non-heme iron and oxidized RNA levels and
decrease in sarcopenia indices were all attenuated in the calorie restriction (CR) rats. These findings strongly suggest that
the age-related iron accumulation in muscle contributes to increased oxidative damage and sarcopenia, and that CR
effectively attenuates these negative effects.
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Introduction

Aging is a process of deleterious and progressive changes in

multiple organ systems. The consequences of the aging process in

skeletal muscle are characterized by a decline in physiological

function, reduced physical activity, and a loss of muscle mass,

quality and strength, a condition often referred to as sarcopenia

[1–3]. Evidence suggests that an acceleration in the production of

reactive oxygen species (ROS) cause oxidative damage to a variety

of tissue, including skeletal muscle, with aging and this may be a

major contributor to sarcopenia [3–5]. Skeletal muscle cells

continuously generate ROS, such as superoxide anion and

hydrogen peroxide, which are diffusible within skeletal muscle

cells derived from diatomic oxygen via several endogenous and

exogenous pathways [3,6,7]. Superoxide anions and hydrogen

peroxide may act as signaling molecules, altering cellular function

[8]. In contrast, hydroxyl radicals may be formed via Fenton

chemistry in the presence of redox active free iron or other

transition metals and react immediately with any surrounding

biomolecules [9–11]. Normally, the biological activity of ROS is

kept in balance by specifically localized antioxidants and

antioxidant enzymes in skeletal muscle. However, with aging,

oxidant production in skeletal muscle may exceed the antioxidant

capacity to buffer oxidants resulting in oxidative damage

[6,12,13]. Oxidation of biomolecules can alter the structure and

function of lipids, proteins, and nucleic acids, leading to cellular

dysfunction and even cell death [7,14]. However, the precise

origin and sources of oxidative stress in skeletal muscle have not

been determined.

Iron is recognized as a potent pro-oxidant and a necessary

catalyst for the formation of reactive oxygen species in biological

systems [15]. The release of iron from iron-binding proteins results

in the formation of ROS [16,17]. Increasingly, it is apparent that

iron-associated oxidant damage is intimately involved with diseases

of aging, from cancer to Alzheimer’s [18–22]. However, the role of

iron homeostasis with normal aging in tissues like muscle is rather

unclear. Moreover, the significance of oxidant production by iron

and its potential causal role in sarcopenia has not been fully

investigated. Recently, Altun et al. used 2-dimensional gel

electrophoresis and mass spectrometry to examine the changes in

proteins in the gastrocnemius muscle of adult (4 months) and aged

(30 months) male Sprague-Dawley rats [23]. They found that levels

of muscle non-heme iron and the iron transport protein, transferrin,

were elevated in senescence, suggesting that iron load is a significant

component of sarcopenia [23].

In 1998, Cook and Yu reported that age-related iron

accumulation in liver, brain and kidney was markedly suppressed

by calorie restriction (CR), an intervention which has been
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recognized as an important model to better understand age-related

chronic diseases in variety of species [24–28]. It was shown that

CR attenuates the aging process by enhancing DNA repair

potential [29], reducing metabolic rate [30], improving insulin

sensitivity [31], and decreasing oxidant production [32]. Although

the beneficial effects of CR on aging are well established, little is

known about the effect of CR on age-related iron accumulation in

skeletal muscle. Therefore, we investigated non-heme iron levels in

skeletal muscle, oxidative stress and functional outcomes (grip

strength and muscle mass) in ad libitum-fed or calorie-restricted

rats. This study provides valuable insights into the possible causal

role of iron as well as provides us with a potential target for

intervention to prevent sarcopenia.

Materials and Methods

Animals and experimental procedures
The proposed study was approved by the Institutional Animal

Care and Use Committee at University of Florida. All procedures

were performed in accordance with the National Institutes of

Health guidelines for the care and use of laboratory animals. Ad

libitum (AL) fed and calorie restricted (CR) male Fischer 344 X

Brown Norway rats were obtained from the National Institute of

Aging colony (Harlan Sprague Dawley, Indianapolis, IN) at 8, 18,

29 and 37 months of age. The rats were housed individually in the

National Institute of Aging in a temperature-controlled (2062uC)

and light-controlled environment (12-hour light/dark cycle) with

food pellets (NIH31 pellets #7017 for AL rats and NIH31/NIA

pellets #7109 for CR rats) and water available ad libitum. Calorie

restriction (10% restriction) was started at 3.5 months of age,

increased to 25% restriction at 3.75 months, and maintained at

40% restriction from 4 months onward and throughout the

individual animal’s life. Although the CR rats consumed about

33% less iron daily (NIH31/NIA pellets #7109) as compared to

the AL rats (NIH31 pellets #7017), the body weight of CR rats

was ,30–45% lower than that of age-matched AL rats (Table 1).

Therefore, the daily iron intake of CR rats, when normalized to

body weight, was similar as that of AL rats. In addition, iron

balance is tightly regulated at the site of absorption [33], and

therefore only a given amount of iron will be absorbed into the

circulation [34]. This is true when the iron content of the diet is

relatively normal. Only when dietary iron concentrations are very

high can the amount of iron in the diet overwhelm the strict

regulation of dietary iron absorption. Body weights were measured

weekly and health status was checked by a veterinarian daily. The

rats were acclimated for 2 weeks after arrival. Grip strength

measurements were determined after acclimation, followed by 2

weeks’ break, and then the rats were sacrificed by decapitation.

The liver and the gastrocnemius (predominately type I red fiber

was removed) were dissected, weighed, frozen in liquid nitrogen,

and stored in 280uC until analysis.

Non-heme iron assay
The gastrocnemius and liver iron content was measured as

described by Rebouche et al. [35]. Tissues (,50 mg) of liver or

muscle (for muscle the fat and tendons were removed) were

homogenized in water (1:10 w:v) using a glass-glass Duall

homogenizer on slush ice. An equal amount of an iron releasing

and protein precipitating solution (1 N HCl and 10% (v/v)

trichloroacetic acid) was added to an aliquot (100 ml) of the

homogenates, a blank (water), or the iron standards, and the

samples were incubated at 95uC for 60 min. Following centrifuga-

tion (10,0006g, 10 min, room temperature) to remove heme-

containing proteins, 40 ml of supernatant was mixed with an equal

amount of sample blank solution (1.5 M sodium acetate and 0.1%

(v/v) thioglycolic acid), and 80 ml of supernatant was mixed with an

equal volume of chromogen solution (0.508 mM ferrozine, 1.5 M

sodium acetate, 0.1% (v/v) thioglycolic acid). The samples were

incubated at room temperature for 30 min for color development,

and the absorbance was read at 562 nm in a quartz cuvette using a

Beckman DU 640 spectrophotometer. A commercially available

iron standard (High-Purity Standards, Charleston, SC) was diluted

to 2, 4, 6, 8, 10 mg iron/ml in deionized water. After correction for

sample blanks, the iron concentration was calibrated against the

iron standard curve and calculated as mg iron per gram of wet tissue

weight. Iron total amount in tissue was calculated by iron

concentration and tissue weight of individual animal.

Grip strength-behavioral/functional testing
Forelimb grip strength was measured using an automated grip

strength meter (Columbus Instruments, Columbus, OH) [36,37].

The experimenter grasped the rat by the tail and suspended it above

a grip ring. After about 3 seconds, the animal was gently lowered

toward the grip ring and allowed to grasp the ring with its forepaws.

The experimenter then quickly lowered the body to a horizontal

position and tugged the tail until its grasp of the ring was broken.

The mean force in grams was determined with a computerized

electronic pull strain gauge fitted directly to the grasping ring, and

was divided by body mass. Average measurements from 3 successful

trials were taken as the final outcome. Successful trials were defined

as those in which the animal grasped the ring with both forepaws

and pulled the ring without jerking.

Measurement of RNA and DNA oxidation using HPLC-
ECD

Tissue samples were randomized and total RNA and DNA

oxidation levels of gastrocnemius muscles were analyzed using a

Table 1. Changes in body weights, muscle weights and liver weights in 8-month, 18-month, 29-month and 37-month old ad libitum
(AL) and calorie restricted rats.

Age 8 months 18 months 29 months 37 months

Diet AL CR AL CR AL CR AL CR

Body weights (g) 377615 c 26865 a 47966 d 30763 b 53867 e 31863 b 486610 d 27064 a

MW/BW (g/100 g) 0.5060.01 de 0.5860.01 f 0.4460.01 c 0.5360.01 e 0.3360.01 b 0.4760.01 cd 0.1560.01 a 0.3060.02 b

LW/BW (g/100 g) 2.7060.03 ab 2.7960.02 abc 2.7860.06 abc 2.6060.05 a 2.7860.06 abc 2.6660.04 ab 2.9660.10 c 2.8960.07 bc

Values are means6SEM (n = 9). a,b,c,d,e,fDifferent letters indicate values are significantly different (p,0.05 by Tukey’s Multiple Comparison Test). MW/BW = gastrocnemius
muscle-to-body weight ratio. LW/BW = liver weight-to-body weight ratio.
doi:10.1371/journal.pone.0002865.t001
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novel HPLC-ECD method [38]. This procedure is based on high-

salt nucleic acid release from proteins, followed by removal of

proteins/fats by organic solvents at neutral pH, all in the presence

of the metal chelator deferoxamine mesylate (DFOM) at 0uC.

Briefly, muscle pieces were thawed, stripped for tendons on ice,

weighed (,180 mg), minced, and homogenized on slush ice using

a glass-glass Duall homogenizer in 2 ml (1:10 w:v) buffer (3 M

guanidine thiocyanate (GTC), 0.2% (w/v) N-lauroylsarcosinate,

20 mM Tris, pH 7.5) containing 10 mM freshly dissolved DFOM.

After transferring the solution into phase-lock gel (PLG) tubes, an

equal volume of phenol/chloroform/isoamyl alcohol (25:24:1,

pH 6.7) was added and the samples were immediately vortexed,

followed by a 10 min vortexing period at 0uC to completely

release nucleic acids as previously described [38]. After centrifu-

gation (4,5006g, 5 min, 0uC), the aqueous phase was transferred

into a new PLG tube and extracted with an equal volume of

chloroform/isoamyl alcohol (24:1). The samples were hand-

shaken, centrifuged, and the aqueous phase was collected and

nucleic acids were precipitated by addition of an equal amount of

isopropanol. After centrifugation (10,0006g, 10 min, 0uC), nucleic

acids were washed with 70% (v/v) ethanol, dried, dissolved in

DNase and RNase-free water containing 30 mM DFOM, and

hydrolyzed using 4 U nuclease P1 and 5 U alkaline phosphatase in

buffer (30 mM sodium acetate, 20 mM ZnCl2, pH 5.3) at 50uC for

60 min. After filtration, the samples were analyzed by high

performance liquid chromatography coupled to electrochemical

and UV detection (HPLC-ECD/UV).

Blood sampling, hemoglobin concentration and
hematocrit level

After decapitation, the trunk blood was collected using a funnel

and split into equal amounts for plasma and serum preparation

using 6 ml plastic sodium heparin vacutainer (Becton Dickinson;

Franklin Lakes, NJ) and 8.5 ml clot activator serum collection

tubes (Becton Dickinson; Franklin Lakes, NJ) respectively. The

plasma tubes were immediately inverted (3–5 times) to prevent

coagulation and put on ice for 10 min after which hemoglobin and

hematocrit was measured in a single drop of blood using a

HemoPointH H2 instrument with a single-use microcuvette from

Stanbio Laboratory (Boerne, TX).

Statistical analysis
Results are expressed as means6SEM. Statistical analyses were

performed using two-way ANOVA followed by Bonferroni’s post-

tests. Statistics were calculated using GraphPad Prism Version 4.0

(GraphPad Software, San Diego, CA). Pair-wise multiple com-

parisons were made by the Tukey’s Test. P values,0.05 were

considered significant.

Results

Body weight and muscle atrophy
Sarcopenia is characterized by decreased muscle mass, quality

and strength, in addition to increased muscle fatigability. The

body weights of AL rats increased between the different age

cohorts after 8 months of age until 29 months after which it

showed a typical age-associated decrease (10% decline from 29 to

37 months; Table 1). Body weights in all the CR age groups were

similar in the 8-, 18-, 29-, and 37- month-old rats (,300 g).

Overall, the CR rats were much lighter than their age-matched

counterparts (Table 1). The gastrocnemius muscle-to-body

weight ratio (MW/BW, g/100 g) decreased progressively with

age both for AL and CR rats (Table 1). However, the age-

associated decreases in the CR rats were significantly ameliorated

as compared with their age-matched controls (p,0.001). The

MW/BW in the CR rats were higher by 16% at 8 months, 19% at

18 months, 40% at 29 months, and 105% at 37 months as

compared to their age-matched controls, indicating that the CR

effects were much more pronounced at advanced age (Table 1).

The ratio of liver weight to body weight (LW/BW) remained

fairly constant within all AL and CR groups until 29 months, but

increased slightly at 37 months of age. The changes in liver

weights in all groups were proportional to the body weight

changes, and therefore there were no significant differences in

LW/BW between CR and age-matched control rats (Table 1).

These data show that the effects of aging on skeletal muscle mass

and body weight ratio were quite different from those in liver.

Hematological parameters with age and calorie
restriction

Two key hematological parameters, hemoglobin (Hb) concen-

tration and hematocrit (Hct) level, were measured to indirectly

provide additional insights into iron status. The levels of Hct and

Hb were both decreased slightly with age in the AL rats, with the

lowest levels found in the 37-month-old animals as compared to all

other groups. Two-way ANOVA showed a significant effect of age

(p,0.0001) and CR (p,0.001). Overall, this gives a general

indication that the animals were not anemic in both AL and CR

rats.

Non-heme iron in gastrocnemius muscle
Wet muscle weights gradually declined with age in the AL rats,

yet most rapidly between 29 and 37 months of age (Fig. 1A). The

total amounts of non-heme iron increased significantly after 29

months of age in AL rats, whereas they did not change over time

in CR rats (Fig. 1B). There was no significant change in non-

heme iron concentration in the gastrocnemius muscle of both AL

and CR rats between the ages of 8 and 18 months (Fig. 1C). At 37

months of age, non-heme iron concentrations increased by

approximately 85% and 200% in the CR and AL rats,

respectively, in comparison to 29-month- old rats. The increase

in non-heme iron concentrations at 37 months is likely mostly due

to muscle shrinkage (Fig. 1A). In addition, the non-heme iron

concentrations in the 37-month-old AL rats were higher than in

the CR rats because they had accumulated iron over time,

whereas the CR rats did not (Fig. 1B). Although we reported both

total non-heme iron (in mg) and intracellular iron concentration

(in mg/g wet weight), the intracellular iron concentration is

probably more relevant under pathological conditions in which

iron binding and storage could become exceeded, releasing redox-

active iron and increasing oxidative stress.

Non-heme iron in liver
The liver is the major iron storage organ and its iron levels

accurately reflect total body iron stores [39]. Figure 2A-C show

significant age-related iron accumulation in liver of AL rats only.

Total liver non-heme iron amounts gradually increased with age in

AL rats (Fig. 2B), but not in CR rats, which was attributed to the

changes of liver weights and liver non-heme iron concentration

(Fig. 2A and 2C). Two-way ANOVA showed the similar results

for total liver iron amounts, iron concentration and liver weights, a

significant age effect (p,0.0001), a significant CR effect

(p,0.0001) and a significant interaction between age and diet

(p,0.001). Overall, total non-heme iron amounts, non-heme iron

concentration and liver weights in CR rats did not change over

time. On the contrary, they increased significantly with age in AL

rats.

Iron Accumulation with Age
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DNA/RNA oxidative damage in gastrocnemius muscle
Iron is a potent pro-oxidant and iron accumulation in aged

skeletal muscle may increase oxidative stress to RNA and DNA as

assessed by the levels of oxidative products 8-oxo-7,8-dihydrogua-

nosine (RNA) and 8-oxo-7,8-2’-deoxyguanosine (DNA). We

measured levels of oxidized RNA (Fig. 3A) and DNA (Fig. 3B)

from AL and CR rats at 8, 29, and 37 months of age. RNA

oxidative damage was significantly elevated (140%; p,0.01) in the

gastrocnemius muscles of the 37-month-old AL rats as compared

to 8-month-old AL rats (Fig. 3A) and two-way ANOVA revealed

a significant age effect (p,0.05). The age-related RNA oxidative

damage in 37-month-old AL rats was significantly attenuated by

CR (p,0.05). The 29-month-old AL rats had a 60% increase in

RNA oxidation over the 8-month-old AL rats, but this change was

not statistically significant. DNA oxidative damage also increased

with age in both the 37-month-old AL and CR rats (p,0.05) and

two-way ANOVA indicated no CR effect on DNA oxidative

damage (Fig. 3B).

Grip strength (physical performance)
Grip strength is an excellent indicator of muscle strength and it

correlates significantly with sarcopenia and mortality [36,37,40].

In our study, there was a significant age-related decline for grip

strength in the AL groups with a 13% decrease at 18 months

(p.0.05), 26% decrease at 29 months (p,0.05) and 64% decrease

at 37 months (p,0.001) as compared to 8-month-old rats,

respectively (Fig. 4). The significant decrease of grip strength

was already noticeable before 29 months of age in AL rats,

whereas there was no significant decrease in grip strength in CR

rats until 37 months of age. Most importantly, the CR rats at 37

months of age showed equivalent grip strength to 8-month-old AL

Figure 1. Effect of aging and calorie restriction on gastrocne-
mius weights and non-heme iron content. (A) Gastrocnemius
muscle weights from ad libitum-fed and calorie-restricted rats at 8, 18,
29, and 37 months of age. (B) Total non-heme iron content of
gastrocnemius muscle was calculated from non-heme iron concentra-
tions and muscle weights. (C) Non-heme iron concentrations were
measured colorimetrically after acid digestion of tissue. Values are
means6SEM (n = 8–9). a,b,c,dDifferent letters indicate values are signif-
icantly different (p,0.05 by Tukey’s Multiple Comparison Test).
doi:10.1371/journal.pone.0002865.g001

Figure 2. Effect of aging and calorie restriction on liver weights
and non-heme iron content. (A) The liver weights increased with
age in AL rats, but not in CR rats. (B) Total amount of non-heme iron in
liver increased with age in AL rats, but not in CR rats. (C) Liver non-heme
iron concentrations did not change over time in CR rats, but they
increased in AL rats. Values are means6SEM (n = 9). a,b,c,dDifferent
letters indicate values are significantly different (p,0.05 by Tukey’s
Multiple Comparison Test).
doi:10.1371/journal.pone.0002865.g002
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rats. In general, the age-associated decline in grip strength was

significantly attenuated by CR in all age groups (p,0.05),

indicating that CR partly prevents the decline in physical

performance with age (Fig. 4).

Discussion

It has been well accepted that accumulation of iron in organs

such as the liver and the heart is associated with cirrhosis and heart

failure in genetic hemochromatosis and thalassemia patients

[19,41] and, in particular, high levels of iron in the brain have

been strongly implicated to play a key role in the age-related

decline in cognition [42–44]. However, limited data are available

concerning the association between high levels of iron in skeletal

muscle and sarcopenia. Recently, Altun et al. reported that the

non-heme iron level in gastrocnemius muscle of aged male

Sprague-Dawley rats was significantly elevated [23]. Since the

skeletal muscle represents about 40% of body mass and contains

10% to 15% of body iron, which is mainly located in myoglobin

and mitochondria [45], it is of great interest to improve our

understanding of iron homeostasis in this tissue system. In

agreement with Altun et al., our study shows that the iron

accumulation may be a hallmark of aged skeletal muscle. The

significant increase of non-heme iron amount in gastrocnemius

muscle in AL rats was noticeable at 29 months of age, which

concurred with a significant increase of oxidized nucleic acid

damage. In particular, excessive oxidative stress is associated with

the pathogenesis of sarcopenia [7]. Accordingly, we measured the

gastrocnemius muscle mass and grip strength to advance our

understanding of sarcopenia in the rats. In addition, a novel

finding of this study is the remarkable attenuation of the age-

associated rise of iron level in the gastrocnemius muscle with

calorie restriction, paralleling a significant decrease of total RNA

oxidative damage and a striking amelioration of muscle mass and

grip strength.

Sohal et al have documented increased levels of redox-active

iron (bleomycin-detectable iron assay) in aged liver, but in their

study they did not provide a measure of oxidative stress [46].

Bleomycin assay, as a non-physiological iron chelator reaction, is

developed to detect and measure reactive iron species in biological

fluids. Sohal et al’s study did not rule out the specific role of iron in

modulation of molecular oxidative damage in certain tissues such

as liver, where an age-associated increase in bleomycin-chelatable

iron was observed. However, in other tissues such as the kidney,

heart, and brain, no age-related elevation in the redox-active iron

content was detected. Similarly, caloric restriction that lowers

steady state amounts of oxidative damage did not always

correspond to lower iron content. The very mixed pattern of

findings would seem to be compatible with the view that either a)

the bleomycin assay is unreliable in tissue homogenates as

described by Galey [47] or b) the age-associated increase in

molecular oxidative damage in various specific tissues may be

caused by different combinations of factors that collectively lead to

increases in the steady state levels of oxidative damage.

Increased iron levels have also been reported in kidney and

brain in aged rats [15,18], however, our current study shows the

age-related increases of non-heme iron in livers are more modest

than those observed in skeletal muscles. This may suggest that the

iron accumulation in aged Fischer 344 X Brown Norway rats is

tissue-specific, and iron accumulation in skeletal muscle may in

part be related to the postmitotic nature of myofibers [4,23].

Furthermore, a study from Okunade et al. has shown that the

presence of significant levels of non-heme iron in the non-insulin-

dependent diabetes mellitus subjects is an indication of the

potential for iron-catalysed production of hydroxyl and other toxic

radicals could cause continues oxidative stress and tissue damage

[48]. Therefore, altered non-heme iron levels in aged rats may be

a recognized age-related phenomenon which contributes to

oxidative stress and muscle atrophy.

Figure 3. Effect of aging and calorie restriction on nucleic acid
oxidation in gastrocnemius liver weights and non-heme iron
content. A) Total RNA oxidative damage in the gastrocnemius muscles
increased with age in AL rats, which did not change over time in CR rats.
B) Total DNA oxidative damage in the gastrocnemius muscle increased
markedly after 29 months of age in both AL and CR rats. Values are
means6SEM (n = 6). a,b,cDifferent letters indicate values are significantly
different (p,0.05 by Tukey’s Multiple Comparison Test).
doi:10.1371/journal.pone.0002865.g003

Figure 4. Effect of aging and calorie restriction on grip
strength. Grip strength in CR rats declined significantly at 37 months
of age, while it decreased significantly at 29 months of age in AL rats,
yet more pronounced in advanced age of 37 months. Values are
means6SEM (n = 7–8). a,b,cDifferent letters indicate values are signifi-
cantly different (p,0.05 by Tukey’s Multiple Comparison Test).
doi:10.1371/journal.pone.0002865.g004
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We detected increases in non-heme iron levels in liver of CR

young rats, compared to AL rats (both in the 8- and 18-months)

(Fig. 2C expressed as mg/g wet weight). The increase may be due

to the fact that liver weight (Table 1) decreases acutely and

rapidly following the initial 4-month calorie restriction interven-

tion. For example, the differences between the 8-month AL liver

weights (377615 g) and calorie-restricted animals (26865 g) is

highly significant. It is also possible that iron import, storage and

export in the liver is better maintained in all CR age groups. Note

the very consistent similar level of total and normalized iron levels

in all CR group ages (Fig. 2C).

The increases in non-heme iron levels in the young CR animals

could have lead to more free radical damage. However, young CR

animals i) are better protected against oxidative stress because of

increased antioxidant defense systems [49] ii) CR animals may

have greater levels of ferritin and frataxin proteins to store and

transport iron and iii) non-heme iron may be tighter bound to

proteins rendering them less redox active. It is also unknown what

% of the non-heme iron is potentially redox active because we

could not measure free iron. Redox free iron measurements using

the bleomycin/iron-dependent DNA degradation assay in these

samples is challenging. This method is used to indirectly quantify

the labile iron pool and involves the measurement of bleomycin/

iron-dependent DNA degradation or the direct assay of oxidized

2-deoxyribose in homogenized tissue samples [50]. The bleomycin

assay for ‘‘free’’ iron was introduced by Gutteridge et al. in 1981 as

a first attempt to detect and measure reactive iron species in

biological fluids, and has since allowed the detection of several new

clinical states of plasma iron overload. Moreover, the labile iron

pool has been quantitated by several other techniques, including

the use of DFO-chelatable iron-59 [51] and electron paramagnetic

resonance spectroscopy [52]. It is, however, difficult to measure

free iron concentration in tissue precisely. For example, the

bleomycin molecule is a non-physiological iron chelator (Ka 1015)

that forms an iron complex with non-biological redox properties,

and this has led some to criticize the data obtained using the assay

[53]. Most importantly, disrupting the cells by tissue homogena-

tion alters the existing equilibrium between free and bound iron,

as well as its oxidation state [47]. Therefore, the bleomycin assay is

mostly used in biological fluids such as plasma to indirectly

quantify the labile iron pool; in this study, the measurement of

non-heme iron concentrations gives a much better overall status of

the iron pool.

We assessed oxidative stress to DNA guanine base as the

oxidation product 8-oxo-7,8-dihydro-29-deoxyguanosine (8-oxod-

Guo) and found a significant age-related increase, in agreement

with our previous study [38]. Cellular RNA oxidative damage

product, 8-oxo-7,8-dihydroguanosine (8-oxoGuo), showed a

similar age-associated increase and CR was able to attenuate the

age-associated rise. Moreover, the strong association of iron

accumulation with excessive ROS, which is also documented in

other studies [15,23,54], suggest that decreases in non-heme iron

levels and oxidized nucleic acid damage with CR may be more

than coincidental (Fig. 5). Over the past decade, it is clear that

iron, by virtue of its ability to both accept and donate electrons,

contributes to excess production of damaging ROS through either

Fenton or Haber-Weiss reactions [3,55,56]. ROS have been

shown to mediate signaling pathways that regulate muscle atrophy

(Fig. 5), especially in mammals [4,9,11,57]. Hamilton et al.

reported that the liver, heart and brain of the old C57BL/6 mice

were more sensitive to the induction of oxo8dGuo in DNA by c-

irradiation because of enhanced levels of iron that potentiate the

oxidative stress induced by c-irradiation [58]. Rikans et al. also

concluded that the increased sensitivity of hepatocytes from old

rats to diquat was not because of changes in enzymatic

mechanisms that protect against oxidative damage; rather, they

found that hepatocytes from old rats were more sensitive to diquat

because of higher levels of ferritin iron in the livers of the old rats

[59]. In addition, a clinical study in a large sample of Japanese

men and women demonstrated that the oxidative DNA damage

measured by circulating 8-oxoGuo levels increased concurrently

with serum ferritin levels in both sexes [60].

Moreover, data obtained herein show that RNA is more

susceptible to oxidative stress than DNA, which is partially in

agreement with our previous studies [38,61]. The higher

susceptibility of RNA could be due to a) its widespread cytosolic

distribution where ROS and the iron is stored; b) repair or

turnover mechanisms [38,61]. Furthermore, RNA is single-

stranded and may in fact have an enhanced potential for iron

damage because it lacks protective histones [38]. In contrast, DNA

is separated by the nuclear envelope and has less chance to interact

with iron, which is mostly located in the cytosol. Oxidative

damage to RNA can interfere with correct base pairing, which

would compromise the accuracy of cellular processes such as

translation [38]. The functional consequences of increased RNA

oxidative damage in skeletal muscles could be serious and even

causative to muscle atrophy [62]. Recently, oxidative damage to

rRNA has been shown to result in decreased protein synthesis,

which in skeletal muscles will eventually lead to muscle atrophy

[63]. Therefore, the elevation in iron level of aged skeletal muscle,

concomitant with increased total RNA and DNA oxidative

damage, could play a major role to the observed muscle atrophy.

The increase of non-heme iron in the gastrocnemius muscle

may also contribute to iron-mediated activation of apoptosis,

resulting in muscle atrophy. Recent studies suggest that iron plays

a key role in apoptosis induced by a variety of insults [64–66]. We

also found (unpublished data) that decreased levels of cell death in

aged gastrocnemius muscle are strongly associated with the

reduced levels of non-heme iron by CR. Moreover, Carlini et al.

reported that iron participated in the apoptosis stress pathway by

up-regulating caspase-3 activity [64]. New evidence suggests that

activation of caspase-3 is an initial step triggering accelerated

Figure 5. Calorie restriction attenuates iron accumulation and
sarcopenia. Reactive iron plays a major role in oxidative stress via
Fenton chemistry, where homolytic cleavage by ferrous iron (Fe2+) of
H2O2 generating hydroxyl radicals. In this regard, both H2O2 and
superoxide radicals have been shown to promote the release of iron
from iron-binding proteins. Iron accumulation therefore increases the
risk for RNA and DNA damage, protein modification, lipid peroxidation,
and can affect protein synthesis which contribute to the process of
sarcopenia.
doi:10.1371/journal.pone.0002865.g005
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muscle proteolysis. Specifically, caspase-3 activation promotes

degradation of actomyosin complexes and leads to protein

breakdown [3].

Grip strength is used as a marker of sarcopenia [36,40]. Since,

non-heme biochemical analyses are conducted on the gastrocne-

mius and strength is assessed using the forearm flexors, future

studies need measure the amount of non-heme iron directly in the

functional muscle assets to better reflect the relationship between

iron accumulation and its impact on muscle strength. However,

grip strength is used as an overall marker of sarcopenia and Carter

et al. has shown that it is highly correlated with age in rats

[36,37,40]. Compared to young AL rats, the decline of grip

strength at 18 and 29 months of AL rats was 25% and 30%,

respectively and then reaches 63% at 37 months. Similarly, muscle

mass evaluated by the ratio of gastrocnemius muscle weight-to-

body weight (MW/BW) was significantly decreased with age in AL

rats. Taken together, these findings suggest that the deterioration

of both muscle mass and muscle strength is severely accelerated in

advancing age and is associated with excessive oxidative nucleic

acids. In contrast, grip strength in CR rats was 26% higher at 8

months, 40% higher at 18 months, 51% higher at 29 months and

71% higher at 37 months as compared to the age-matched AL

rats, suggesting the potential of CR intervention to mitigate the

severity of ROS-mediated muscle loss and muscle function with

age. Furthermore, the reduced levels of total RNA oxidative

damage, which is concurred with a decreased non-heme iron levels

in aged skeletal muscle in CR rats also implies the possible role of

iron in production of damaging ROS (Fig. 5). In agreement with

our study, Cook and Yu reported that the CR intervention can

attenuate age-related iron accumulation as well as lipid peroxida-

tion in kidney and brain in Fischer 344 rats at 24 months of age

[15]. These data strongly support the notion that CR, by virtue of

preventing age-related iron accumulation in muscle, may mitigate

ROS-mediated sarcopenia.

It is usually believed that an inadequate energy intake may be

an important contributor in the progression of sarcopenia in

elderly individuals [67]; however, optimal nutritional conditions

have not been established. On the contrary, the aged AL rats with

67% more calorie intake in our study have more oxidative damage

and suffer from sarcopenia more severely than age-matched CR

rats. This implies that oxidative stress may regulate proteolytic

pathways leading to muscle atrophy, and that CR can significantly

slow the progression of this pervasive problem. What is more, the

differential response with aging between tissue weights of muscle

(losses) and liver (increases) is partly explained by increases in fat

depositions. Morphological changes in the hepatic sinusoid are

largely responsible for the large increases in liver weight observed

with old age. The changes include thickening and defenestration of

the liver sinusoidal endothelial cell, sporadic deposition of collagen

and basal lamina in the extracellular space of Disse, and increased

numbers of fat engorged [68].

In conclusion, our findings complement and extend previous

observations in several ways. First, we have rats that are

considerably older (37 months), and we find that gastrocnemius

muscle non-heme iron levels change dramatically in these rats (i.e.,

600% higher than 8-month-old controls). Secondly, we studied

rats of four ages (8, 18, 29, and 37 months), which allows us to

document the progression of changes over time and to make

correlations, such as that with RNA oxidation. Thirdly, our study

is unique because it includes indices of sarcopenia and shows

strong correlations with iron level changes. Importantly, our study

is the first to show that caloric restriction attenuates this age-

related iron accumulation in muscle, and mitigates oxidative stress

and sarcopenia. Whether iron accumulation is a causative factor

or merely a consequence of aging is still unclear. However, the

strong association of iron levels with oxidized nucleic acid damage

and the connection of oxidative damage with markers of

sarcopenia warrant potential targeted interventions in an attempt

to reduce iron levels and mitigate sarcopenia. Our study provides

valuable insights into the mechanisms of the beneficial factors of

CR on sarcopenia. Additional studies need to determine if and

how specific iron-related proteins change and if interventions such

as metal chelation can attenuate the levels of oxidative stress,

apoptosis and/or mitochondrial dysfunction with age.

Acknowledgments

We would like to thank Drs Wohlgemuth and Marzetti for their critical

input into this research.

Author Contributions

Conceived and designed the experiments: JX MDK CL. Performed the

experiments: JX CSC. Analyzed the data: JX MDK CSC CL. Contributed

reagents/materials/analysis tools: JX CSC CL. Wrote the paper: JX MDK

CSC CL.

References

1. Kamel HK (2003) Sarcopenia and aging. Nutrition Reviews 61: 157–167.

2. Volpi E, Nazemi R, Fujita S (2004) Muscle tissue changes with aging. Curr Opin

Clin Nutr Metab Care. pp 405–410.

3. Powers SK, Kavazis AN, DeRuisseau KC (2005) Mechanisms of disuse muscle

atrophy: role of oxidative stress. Am J Physiol Regul Integr Comp Physiol 288:

R337–R344.

4. Marzani B, Pansarasa O, Marzatica F (2004) Oxidative stress and muscle aging:

influence of age, sex, fiber composition and function. Basic Appl Myol 14:

37–44.

5. Carmeli E, Reznick AZ, Coleman R, Carmeli V (2000) Muscle strength and

mass of lower extremities in relation to functional abilities in elderly adults.

Gerontology 46: 249–257.

6. Leeuwenburgh C, Heinecke JW (2001) Oxidative stress and antioxidants in

exercise. Curr Med Chem 8: 829–838.

7. Marzetti E, Leeuwenburgh C (2006) Skeletal muscle apoptosis, sarcopenia and

frailty at old age. Exp Gerontol 41: 1234–1238.

8. Buetler TM, Krauskopf A, Ruegg UT (2004) Role of superoxide as a signaling

molecule. News Physiol Sci 19: 120–123.

9. Reid MB (2001) Redox modulation of skeletal muscle contraction: what we

know and what we don’t. J Appl Physiol 90: 724–731.

10. Jackman RW, Kandarian SC (2004) The molecular basis of skeletal muscle

atrophy. Am J Physiol Cell Physiol 287: C834–C843.

11. Powers SK, Kavazis AN, McClung JM (2007) Oxidative stress and disuse muscle

atrophy. J Appl Physiol 102: 2389–2397.

12. Leeuwenburgh C, Wagner P, Holloszy JO, Sohal RS, Heinecke JW (1997)

Caloric restriction attenuates dityrosine cross-linking of cardiac and

skeletal muscle proteins in aging mice. Arch Biochem Biophys 346: 74–

80.

13. Leeuwenburgh C, Fiebig R, Chandwaney R, Ji LL (1994) Aging and exercise

training in skeletal muscle: responses of glutathione and antioxidant enzyme

systems. Am J Physiol 267: R439–R445.

14. Dirks AJ, Hofer T, Marzetti E, Pahor M, Leeuwenburgh C (2006)

Mitochondrial DNA mutations, energy metabolism and apoptosis in aging

muscle. Ageing Res Rev 5: 179–195.

15. Cook CI, Yu BP (1998) Iron accumulation in aging: modulation by dietary

restriction. Mechanisms of Ageing and Development 102: 1–13.

16. Childs A, Jacobs C, Kaminski T, Halliwell B, Leeuwenburgh C (2001)

Supplementation with vitamin C and N-acetyl-cysteine increases oxidative stress

in humans after an acute muscle injury induced by eccentric exercise. Free Radic

Biol Med 31: 745–753.

17. Dunaief JL (2006) Iron induced oxidative damage as a potential factor in age-

related macular degeneration: the cogan lecture. Investigative Ophthalmology

and Visual Science 47: 4660–4664.

18. St.Pierre TG, Chua-anusorn W, Webb J, Macey DJ (2000) Iron overload

diseases: the chemical speciation of non-heme iron deposits in iron loaded

mammalian tissues. Hyperfine Interactions 126: 75–81.

19. Wood RJ (2004) The iron–heart disease connection: is it dead or just hiding?

Ageing Research Reviews 3: 355–367.

Iron Accumulation with Age

PLoS ONE | www.plosone.org 7 August 2008 | Volume 3 | Issue 8 | e2865



20. Niederkofler V, Salie R, Arber S (2005) Hemojuvelin is essential for dietary iron

sensing, and its mutation leads to severe iron overload. J Clin Invest 115:
2180–2186.

21. Terman A, Brunk UT (2006) Oxidative stress, accumulation of biological

‘garbage’, and aging. Antioxid Redox Signal 8: 197–204.
22. Swerlick RA, Korman NJ (2004) UVA and NF-B activity: ironing out the details.

J Investigative Dermatology 122: xi–xii.
23. Altun M, Edstrom E, Spooner E, Flores-Moralez A, Bergman E, et al. (2007)

Iron load and redox stress in skeletal muscle of aged rats. Muscle Nerve 36:

223–233.
24. Fontana L, Klein S (2007) Aging, adiposity, and calorie restriction. J Am Med

Association 297: 986–994.
25. Heilbronn LK, Ravussin E (2003) Calorie restriction and aging: review of the

literature and implications for studies in humans. Am J Clin Nutri 78: 361–369.
26. Masoro EJ (2005) Overview of caloric restriction and ageing. Mech Ageing Dev

126: 913–922.

27. Merry BJ (2000) Calorie restriction and age-related oxidative stress. Annals of
the New York Academy of Science 908: 180–198.

28. Weindruch R, Sohal RS (1997) Caloric intake and aging. N Engl J Med 337:
986–994.

29. Rao KS (2003) Dietary calorie restriction, DNA-repair and brain aging.

Molecular and Cellular Biochemistry 253: 313–318.
30. Demetriums L (2004) Caloric restriction, metabolic rate, and entropy. The

Gerontological Society of America 59: B902–B915.
31. Barzilai N, Banerjee S, Hawkins M, Chen W, Rossetti L (1998) Caloric

restriction reverses hepatic insulin resistance in aging rats by decreasing visceral
fat. J Clin Invest 101: 1353–1361.

32. Castello L, Froio T, Cavallini G, Biasi F, Sapino A, et al. (2005) Calorie

restriction protects against age-related rat aorta sclerosis. FASEB J 19:
1863–1865.

33. Lichtman MA (2006) Williams Hematology. McGraw-Hill Professional 516.
34. Bridle KR, Frazer DM, Wilkins SJ, Dixon JL, Purdie DM, et al. (2003)

Disrupted hepcidin regulation in HFE-associated haemochromatosis and the

liver as a regulator of body iron homoeostasis. Lancet 361: 669–673.
35. Rebouche CJ, Wilcox CL, Widness JA (2004) Microanalysis of non-heme iron in

animal tissues. J Biochem Biophys Methods 58: 239–251.
36. Carter CS, Cesari M, Ambrosius WT, Hu N, Diz D, et al. (2004) Angiotensin-

converting enzyme inhibition, body composition, and physical performance in
aged rats. J Gerontol A Biol Sci Med Sci 59: 416–423.

37. Sonntag WE, Carter CS, Ikeno Y, Ekenstedt K, Carlson CS, et al. (2005) Adult-

onset growth hormone and insulin-like growth factor I deficiency reduces
neoplastic disease, modifies age-related pathology, and increases life span.

Endocrinology 146: 2920–2932.
38. Hofer T, Seo AY, Prudencio M, Leeuwenburgh C (2006) A method to

determine RNA and DNA oxidation simultaneously by HPLC-ECD: greater

RNA than DNA oxidation in rat liver after doxorubicin administration. Biol
Chem 387: 103–111.

39. Wood JC (2007) Diagnosis and management of transfusion iron overload: The
role of imaging. Am J Hematol 82: 1132–1135.

40. Marzetti E, Groban L, Wohlgemuth SE, Lees HA, Lin M, et al. (2008) Effects of
short-term GH supplementation and treadmill exercise training on physical

performance and skeletal muscle apoptosis in old rats. Am J Physiol Regul Integr

Comp Physiol 294: R558–R567.
41. Polla AS, Polla LL, Polla BS (2003) Iron as the malignant spirit in successful

ageing. Ageing Res Rev 2: 25–37.
42. Focht SJ, Snyder BS, Beard JL, Van GW, Williams LR, et al. (1997) Regional

distribution of iron, transferrin, ferritin, and oxidatively-modified proteins in

young and aged Fischer 344 rat brains. Neuroscience 79: 255–261.
43. Jeong SY, David S (2006) Age-related changes in iron homeostasis and cell death

in the cerebellum of ceruloplasmin-deficient mice. J Neurosci 26: 9810–9819.
44. Zecca L, Youdim MB, Riederer P, Connor JR, Crichton RR (2004) Iron,brain

ageing and neurodegenerative disorders. Nat Rev Neurosci 5: 863–873.

45. Robach P, Cairo G, Gelfi C, Bernuzzi F, Pilegaard H, et al. (2007) Strong iron
demand during hypoxia-induced erythropoiesis is associated with down-

regulation of iron-related proteins and myoglobin in human skeletal muscle.

Blood 109: 4724–4731.
46. Sohal RS, Wennberg-Kirch E, Jaiswal K, Kwong LK, Forster MJ (1999) Effect

of age and caloric restriction on bleomycin-chelatable and nonheme iron in

different tissues of C57BL/6 mice. Free Radic Biol Med 27: 287–293.
47. Galey JB (1997) Potential use of iron chelators against oxidative damage. In:

Sies H, ed (1997) Antioxidants in Disease. Mechanisms and Therapy. San
Diego: Academic. pp 167–203.

48. Okunade GW, Odunuga OO, Olorunsogo OO (1999) Iron-induced oxidative

stress in erythrocyte membranes of non-insulin-dependent diabetic Nigerians.
Biosci Rep 19: 1–9.

49. Rao G, Xia E, Nadakavukaren MJ, Richardson A (1990) Effect of dietary
restriction on the age-dependent changes in the expression of antioxidant

enzymes in rat liver. J Nutr 120: 602–609.
50. Shertzer HG, Bannenberg GL, Moldeus P (1992) Evaluation of iron binding and

peroxide-mediated toxicity in rat hepatocytes. Biochem Pharmacol 44:

1367–1373.
51. Rothman RJ, Serroni A, Farber JL (1992) Cellular pool of transient ferric iron,

chelatable by deferoxamine and distinct from ferritin, that is involved in
oxidative cell injury. Mol Pharmacol 42: 703–710.

52. Kozlov AV, Bini A, Gallesi D, Giovannini F, Iannone A, et al. (1996) ‘Free’ iron,

as detected by electron paramagnetic resonance spectroscopy, increases
unequally in different tissues during dietary iron overload in the rat. Biometals

9: 98–103.
53. Mumby S, Koizumi M, Taniguchi N, Gutteridge JM (1998) Reactive iron

species in biological fluids activate the iron-sulphur cluster of aconitase. Biochim
Biophys Acta 1380: 102–108.

54. Killilea DW, Wong SL, Cahaya HS, Atamna H, Ames BN (2004) Iron

accumulation during cellular senescence. Ann N Y Acad Sci 1019: 365–367.
55. Levenson CW, Tassabehji NM (2004) Iron and ageing: an introduction to iron

regulatory mechanisms. Ageing Res Rev 3: 251–263.
56. Brewer GJ (2007) Iron and copper toxicity in diseases of aging, particularly

atherosclerosis and Alzheimer’s disease. Exp Biol Med 232: 323–335.

57. Barker T, Traber MG (2007) From animals to humans: evidence linking
oxidative stress as a causative factor in muscle atrophy. J Physiol.

58. Hamilton ML, Van RH, Drake JA, Yang H, Guo ZM, et al. (2001) Does
oxidative damage to DNA increase with age? Proc Natl Acad Sci U S A 98:

10469–10474.
59. Rikans LE, Ardinska V, Hornbrook KR (1997) Age-associated increase in

ferritin content of male rat liver: implication for diquat-mediated oxidative

injury. Arch Biochem Biophys 344: 85–93.
60. Nakano M, Kawanishi Y, Kamohara S, Uchida Y, Shiota M, et al. (2003)

Oxidative DNA damage (8-hydroxydeoxyguanosine) and body iron status: a
study on 2507 healthy people. Free Radic Biol Med 35: 826–832.

61. Hofer T, Marzetti E, Xu J, Seo AY, Gulec S, et al. (2008) Increased iron content

and RNA oxidative damage in skeletal muscle with aging and disuse atrophy.
Exp Gerontol 43: 563–570.

62. Tanaka M, Chock PB, Stadtman ER (2007) Oxidized messenger RNA induces
translation errors. Proc Natl Acad Sci U S A 104: 66–71.

63. Honda K, Smith MA, Zhu X, Baus D, Merrick WC, et al. (2005) Ribosomal
RNA in Alzheimer disease is oxidized by bound redox-active iron. J Biol Chem

280: 20978–20986.

64. Carlini RG, Alonzo E, Bellorin-Font E, Weisinger JR (2006) Apoptotic stress
pathway activation mediated by iron on endothelial cells in vitro. Nephrol Dial

Transplant 21: 3055–3061.
65. Roth JA, Garrick MD (2003) Iron interactions and other biological reactions

mediating the physiological and toxic actions of manganese. Biochem Pharmacol

66: 1–13.
66. Wang ZJ, Lam KW, Lam TT, Tso MO (1998) Iron-induced apoptosis in the

photoreceptor cells of rats. Invest Ophthalmol Vis Sci 39: 631–633.
67. Roberts SB (1995) Effects of aging on energy requirements and the control of

food intake in men. J Gerontol A Biol Sci Med Sci 50 Spec No. pp 101–106.

68. Le Couteur DG, Warren A, Cogger VC, Smedsrod B, Sorensen KK, et al.
(2008) Old age and the hepatic sinusoid. Anat Rec (Hoboken) 291: 672–683.

Iron Accumulation with Age

PLoS ONE | www.plosone.org 8 August 2008 | Volume 3 | Issue 8 | e2865


