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Does dietary restriction of amino acids other than methionine 
have any effect on peroxide and superoxide production rates, 
oxidative protein and DNA damage in the liver and heart 
mitochondria of aging rats?

Harman’s free radical theory of aging has proposed that 
reactive oxygen species (ROS) produced by mitochon-

dria have a central role in aging [1]. Further studies have 
provided convincing data of the role of mitochondria in the 
aging process [2-5]. It has been suggested that the mito-
chondrial respiratory chain may be responsible for most free 
radical generation in aerobic tissue and that an increase in 
the generation of oxidatively damaged biomolecules and a 
decrease in the antioxidant system are the main causes of 
the age-dependent degenerative process in biological sys-

tems [6-9]. If oxidatively damaged proteins, lipids and DNA 
are not effectively removed by antioxidant mechanisms or 
repaired by DNA repair systems, they tend to accumulate in 
the cell and may lead to cellular senescence [10-12]. Over the 
years, Harman improved his mitochondrial theory of aging 
and suggested that mitochondria are not only the major 
source, but also the target of ROS in the cells [1]. Although 
almost all cells are vulnerable to ROS-mediated damage, 
some cells and tissues are more susceptible than others. 
It has been suggested that this is related to mitochondrial 
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DNA (mtDNA), rather than genomic DNA [13-16]. It has been 
shown that mtDNA damage increases with age, and that 
generally, the increment is more prominent in postmitotic 
tissue, such as those of the brain, heart, and skeletal mus-
cle [17-19]. These results have been corroborated in studies 
carried out with rodents, monkeys, and humans [13, 17-19]. 
It has been shown that mitosis is more frequent in tissue 
that requires frequent renewal due to their function, such as 
hepatocytes and epithelial cells. Although the link between 
oxidative damage and aging in these actively dividing cells 
is less clear, it has been suggested that the cellular compo-
nents of these cells are protected by frequent renewal dur-
ing mitosis, and as a result, the accumulation of age-related 
oxidative damage in the mitochondrial genome is reduced 
[20, 21].
Various experimental manipulations, including dietary sup-
plementation or restriction of some nutrients, have been per-
formed in different species to evaluate any slowing of the ag-
ing process [22]. The most powerful and thoroughly studied 
manipulation to increase longevity is calorie restriction [23-
25]. A 30% to 60% reduction in daily calorie intake has been 
shown to have a beneficial effect [26-28]. Recent studies have 
demonstrated that adjustments to the quantity of ingested 
dietary components, such as carbohydrates, lipids, and pro-
teins, may affect longevity [29, 30]. Protein restriction alone 
appeared to be responsible for 50% of the life-extension ef-
fect of calorie restriction [31-33]. Other research has indicat-
ed that methionine restriction increased maximum life span 
in rodents [34-36]. However, reports related to the effects of 
amino acids other than methionine are scarce [37].
The objective of this study was to evaluate the long-term ef-
fects of amino acids other than methionine on the mitotic and 
postmitotic tissue of rats by measuring mitochondrial perox-
ide and superoxide production, as well as oxidative protein 
and DNA damage to the liver and heart in 16-month-old rats 
fed either a normal diet (ND) or a protein-restricted diet (with 
methionine) (PREMD) for 4 months.

Materials and Methods

Experimental design
The study design was approved by the local ethics committee 
for animal experiments (Animal Care and Use Committee of 
the University of Istanbul, Approval date and number: Octo-
ber 13, 2006 - 2006-53) and conducted in accordance with the 
Declaration of Helsinki. The subjects of this study were 4-mon-
th-old (n=15) and 12-month-old (n=30) male Wistar albino 
rats. All of the rats were caged individually and maintained in 
a 12/12-hour (light-dark) cycle at 22±20C and 50±10% rela-
tive humidity. After 1 week of acclimatization, the 12-month-
old rats were divided into 2 subgroups: half (n=15) were fed 
ad libitum the semi-purified American Institute of Nutrition 
AIN-93G rodent diet (MP Biochemicals, Santa Ana, CA, USA) 
(ND group), and half (n=15) received a modified AIN-93G diet 

(MP Biochemicals, Santa Ana, CA, USA) (PREMD group) for 4 
months. The PREMD feed was prepared with 40% restriction 
of proteins, except methionine. The 4-month-old rats also re-
ceived ND for 4 months. Both diets contained the same level 
of methionine and caloric content. In the PREMD group, the 
calorie deficit due to reduced amino acid content in the diet 
was compensated for by adding corn starch, sucrose, and corn 
oil. Food consumption was measured daily throughout the 
study. Each day, 30 g of rat chow was provided and the mean 
consumption was 21-22 g/day per rat. The body weight of the 
rats was recorded at the beginning and the end of the experi-
ment. The quality of their coat and the physical activity of all of 
the subjects was observed throughout the study.
After 4 months of dietary treatment, the animals were euth-
anized. The liver and heart were removed, weighed, and im-
mediately shock-frozen in liquid nitrogen and stored at -80°C 
until studied.

The liver and heart mitochondria were prepared using differ-
ential centrifugation with some modifications [38]. Briefly, the 
tissue was minced in an ice-cold buffer solution of 10 mM Tris-
hydrochloride pH 7.4, 250 mM sucrose, 1 mM Ethylene glycol-
bis(2-aminoethylether)-N,N,N’,N’-tetraacetic acid, 0.2% bovine 
serum albumin (BSA), 1 mM phenylmethylsulphonyl fluoride, 1 
mM dithiothreitol, 10 μg/mL aprotinin, 10 μg/mL leupeptin, and 
10 μg/mL soybean trypsin inhibitor. The samples were homoge-
nized for 1 minute on ice followed by centrifugation at 800 g for 
5 minutes at 4°C. The supernatant was re-centrifuged at 10,000 
g for 12 minutes at 4°C, and then the mitochondrial pellet was 
re-suspended in a small volume of the homogenization buffer 
containing no BSA. The protein content of the mitochondria 
samples was determined using a bicinchoninic acid assay [39].

Peroxide and superoxide production assay
Mitochondrial peroxide and superoxide production was mea-
sured with a chemiluminometric method. A Fluoroskan As-
cent FL luminometer (Thermo Fisher Scientific Inc., Waltham, 
MA, USA) was used at room temperature using either luci-
genin or luminol as an enhancer. Luminol measured the to-
tal hydroxyl, hydroperoxyl, and peroxyl radical values, while 
lucigenin evaluated superoxide anion. Counts were obtained 
at 1-minute intervals for a period of 10 minutes and the area 
under curve was calculated. The counts were corrected for the 
protein content of the samples and the results were expressed 
as relative light units (RLU) per mg protein [40].

Protein carbonyl assay
Protein carbonyl (PC) content in liver and heart mitochondria 
was assessed according to spectrophotometer detection of 
the reaction of 2,4-dinitrophenylhydrazine with PC to form 
protein hydrazones [41]. The results were expressed as nano-
moles of carbonyl groups per milligram of protein, with a 
molar extinction coefficient of 22.000 mol/L-1 cm-1 for the 
2,4-dinitrophenylhydrazine derivatives.
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DNA isolation and 8-hydroxy-2'-deoxyguanosine assay
Liver and heart mtDNA was isolated using the method described 
by Latorre et al. [41] as adapted for mammals [42]. Briefly, the iso-
lated mtDNA was incubated at 37°C for 1 hour with nuclease P1 
(5U/L) and for another 1 hour with alkaline phosphatase (2U/L). 
Following digestion, the samples were filtered through Micro-
con YM-10 filters (cat. no 42407; MilliporeSigma, St. Louis, MO, 
USA) at 14,000 rpm for 10 minutes to remove enzymes and other 
macromolecules. The mtDNA 8-hydroxy-2'-deoxyguanosine (8-
OHdG) concentrations of digested samples were determined 
in duplicate using a commercially available enzyme-linked im-
munosorbent assay kit (cat. no NWK-8OHDG02; Northwest Life 
Science Specialties LLC, Vancouver, WA, USA).

Statistical analysis
The results were analyzed using SPSS for Windows, Version 
15.0 software (SPSS Inc. Chicago, IL, USA). The results were pre-
sented as mean±SD. Comparisons within independent groups 
were performed with one-way analysis of variance when nu-
merical variables demonstrated normal distribution (liver su-
peroxide and peroxide production rates and protein carbonyl 
[PCO] levels, heart peroxide production rate, and PCO and 
mtDNA 8-OHdG levels). Otherwise, the Kruskal-Wallis test was 
performed (liver mtDNA 8-OHdG, heart superoxide produc-
tion rate). Between-group differences were compared with 
the Tukey test or the Mann-Whitney U test and interpreted 

with Bonferroni’s test. Comparisons between dependent 
groups (liver vs. heart) were performed with a paired sample 
t-test when differences between means showed normal dis-
tribution (superoxide and peroxide production rates and PCO 
level), and if not, the Wilcoxon test (mtDNA 8-OHd level) was 
performed. P<0.05 was considered significant.

Results
Measurements recorded at the conclusion of the study period 
indicated that the different diets did not result in any signifi-
cant differences in the total body weight (Table 1) or liver and 
heart weights (data not shown).
The superoxide and peroxide production rates of liver (p<0.01 
and p<0.001; Tukey test) and heart (p<0.01 for both; Mann-
Whitney U test for superoxide production, Tukey test for per-
oxide production) mitochondria indicated that 16-month-old 
rats receiving ND had elevated superoxide and peroxide pro-
duction rates in comparison with the 8-month-old rats (Table 
2). The 16-month-old PREMD rats had a significantly higher 
rate of peroxide production in the liver and heart mitochon-
dria (liver: 6.48±2.05, heart: 6.41±0.85) than the 8-month-old 
rats (liver: p<0.05, heart: p<0.01; Tukey test) (Table 2).
Although the PC levels of the liver and heart mitochondria 
were significantly elevated as the rats grew older (p<0.001 
for both; Tukey test), comparison of the 16-month-old rats 
showed that the ND and PREMD did not have any beneficial 

Table 1. Body weight of rats given a normal diet (ND) or a protein-restricted diet (PREMD) at the beginning and end of the study

Body weight (g)	 ND aged 8 months	 ND aged 16 months	 PREMD aged 16 months
	 (n=15)	 (n=15)	 (n=15)

Baseline (aged 4 and 12 months)	 280±25.8	 350±39.8	 355±34.7
Conclusion (4th month)	 300±29.5	 387±40.9	 378±28.3

Results are presented as mean±SD.

Table 2. Liver and heart mitochondria superoxide and peroxide production rates and protein carbonyl and 8-OHdG levels of 4- 
and 12-month-old rats after 4-month ND or PREMD consumption

	 Superoxide production	 Peroxide production	 Protein carbonyl	 mtDNA 8-OHdG
	 (RLU/mg protein)	 (RLU/mg protein)	 (nmol/mg protein)	 (ng/mL)

Liver mitochondria
8-m ND (n=15)	 0.59±0.19	 4.70±1.26	 3.25±0.69	 0.35±0.26
16-m ND (n=15)	 0.90±0.33**	 7.34±1.22*	 6.66±1.29*	 0.81±0.66***
16-m PREMD (n=15)	 0.67±0.29	 6.48±2.05***	 5.06±1.77**,##	 0.36±0.26###

Heart mitochondria
8-m ND (n=15)	 0.72±0.18	 5.52±0.78	 4.10±1.39	 0.38±0.18
16-m ND (n=15)	 0.96±0.23**	 7.08±1.84**	 8.09±3.75*	 0.93±0.44*
16-m PREMD (n=15)	 0.54±0.18**,#	 6.41±0.85**	 6.16±2.27**	 0.87±0.28*

Results are presented as mean±SD. *p<0.001; **p<0.01; *** p<0.05. 8- vs. 16-month-old rats receiving either ND or PREMD; Comparisons were performed with Kruskal-Wallis test 
for liver mtDNA 8-OHdG level and heart superoxide production rate, and one-way analysis of variance for the rest of the parameters. #p<0.001; ##p<0.01; ###p<0.05 ND vs. PREMD 
in 16-month-old rats; Comparisons of liver vs. heart tissue were performed with the Wilcoxon test for mtDNA 8-OHd level and paired sample t-test for the rest of the parameters. 
8-OHdG mt: 8-hydroxy-2'-deoxyguanosine; mtDNA: Mitochonrial DNA; ND: Normal diet; PREMD: Protein-restricted diet.
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effect on PC formation rate in heart. The PC level in the liver of 
the PREMD fed 16-month-old rats was significantly lower than 
that of the ND group rats of the same age (p<0.01; Tukey test). 
As the rats grew older, the difference in the mtDNA 8-OHdG 
level in the liver mitochondria were statistically significant in 
the ND rats (p<0.001; Mann-Whitney U test), but not in the 
PREMD group subjects. The mtDNA 8-OHdG content was 
significantly elevated in the heart mitochondria of both the 
ND and PREMD groups (p<0.001 for both; Tukey test). The 
comparison of 16-month-old rats fed with ND and PREMD re-
vealed that the PREMD 16-month-old rats had a significantly 
lower mtDNA 8-OHdG level in the liver (p<0.05; Mann Whitney 
U test), but not the heart (Table 2).
When the findings of the liver and heart mitochondria of rats 
from the same age group and the same diet were compared, it 
was observed that both the superoxide and peroxide production 
rate was significantly higher in the heart of the 8-month-old ND 
fed rats (p<0.05 for both; Wilcoxon test). Such a difference was 
not observed in the liver and heart mitochondria of the 16-mon-

th-old rats of either diet group (Fig. 1). The 8-OHdG level of the 
heart mtDNA was significantly higher than that of the liver mito-
chondria in the 16-month-old rats (p<0.05; Student t-test) (Fig. 1).
Comparison of liver and heart mitochondria showed no signif-
icant difference in the PC level at any age (Fig. 1). In contrast, 
the mtDNA 8-OHdG level of liver and heart exhibited signif-
icant differences with age: the mtDNA 8-OHdG level of the 
16-month-old rats was significantly higher in the heart than 
the liver, regardless of the diet (ND: p<0.05, PREMD: p<0.001; 
Student t-test) (Fig. 1).

Discussion
Our findings indicated that although postmitotic tissue mito-
chondria produced significantly higher levels of superoxide 
and peroxide than the mitotic tissue, there was no significant 
difference in the level of oxidative protein and mtDNA dam-
age in the 8-month-old rats. As the rats grew older, the ROS 
production rate and the level of oxidatively damaged macro-

Figure 1. Effects of aging on (a) mitochondirial superoxide and (b) peroxide production rates, (c) protein carbonyl, and (d) and mtDNA 8-OHdG 
levels in the liver and heart of rats receiving either ND or PREMD feed for 4 months. *p<0.001; **p<0.01; *** p<0.05. Comparisons of liver vs. 
heart tissue were performed with the Wilcoxon test for mtDNA 8-OHd level and a paired sample t-test for the rest of the parameters.
8-OHdG mt: 8-hydroxy-2'-deoxyguanosine; mtDNA: Mitochonrial DNA; ND: Normal diet; PREMD: Protein-restricted diet.
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molecules maintained an increasing trend in both the mitotic 
and postmitotic tissue, but the only significant difference 
was observed in mtDNA damage. The 8-OHdG level of heart 
mtDNA was significantly higher than that of the liver mito-
chondria in the 16-month-old rats. These results may support 
Harman’s [1] theory of aging, which states that the progressive 
accumulation of oxidatively damaged cellular macromolecules 
within the cells, such as proteins and mtDNA, is responsible for 
the aging process. It has been shown that mtDNA, and mito-
chondrial lipids and proteins are continuously exposed to ROS 
generated by the respiratory chain due to their close proximity 
[12, 43]. mtDNA is associated with some proteins, and these 
mtDNA-protein assemblies (mitochondrial nucleoid) coordi-
nate the relationship between mtDNA and cellular metabo-
lism [44]. The proteins that constitute the nucleoid primarily 
play a role in mtDNA maintenance, mitochondrial biogenesis, 
metabolism, and mitochondria-to-nucleus signaling [44-46]. 
Though mtDNA is packed with proteins, like genomic DNA, its 
circular structure without histones, as in bacteria, means that 
the protective effect of nucleoid proteins is not as efficient as 
that seen in genomic DNA [47]. It is also believed that the DNA 
repair capacity of mtDNA is not as efficient as that of genomic 
DNA; thus, causing a tendency for the accumulation of oxida-
tive damage. However, only about 1% of mitochondrial pro-
teins are encoded by mtDNA, while the remainder are encoded 
by nuclear genes and transported into the matrix by transport 
systems located in mitochondrial membranes [14, 48]. Mito-
chondria use some control mechanisms to eliminate oxida-
tively damaged proteins, including degradation by proteases, 
the ubiquitin-proteasome pathway, and induction of protein 
expression [48, 49]. In spite of these cellular defense and repair 
mechanisms, oxidatively damaged molecules accumulate in 
the mitochondria and cells with age, which subsequently lead 
to mitochondrial malfunction and cell death [50]. It has been 
suggested that although both mitotic and postmitotic cells are 
subject to age-related oxidative damage, it is more prominent 
in postmitotic cells, such as neurons and myocardial and other 
muscle cells [47, 50]. The limited or lack of division of postmi-
totic cells as a result of age-related oxidative damage leads to 
a slow but progressive accumulation over time.
It has been shown that some dietary or pharmacological ma-
nipulations, such as caloric restriction and reduced insulin or 
insulin-like growth factor 1-receptor signaling may reduce the 
level of oxidatively damaged biomolecules and delay aging 
[26-29]. Recent studies of dietary manipulations have sug-
gested that limitation of dietary components, like proteins or 
some individual amino acids, may also have beneficial effects 
on aging [28-31]. Some of these studies have demonstrated 
that the restriction of methionine alone increased the maxi-
mum life span in rats [34] and mice [35, 36]. However, the ef-
fects of amino acids other than methionine have not yet been 
fully studied. This study was an examination of the effects of 
long-term feeding with a PREMD. Our results indicated that 
long-term PREMD use had distinctive effects on mitotic and 
postmitotic tissue. While the liver mtDNA 8-OHdG level in-

creased 131% in the ND rats, the increment was only 2% in 
the PREMD rats. This effect was not as significant on the heart 
mitochondria; the increase in the heart mtDNA 8-OHdG level 
was 144% in the ND group and 128% in the PREMD group.

Conclusion
In conclusion, the results of this study indicated that mito-
chondrial ROS production, as well as oxidative protein and 
DNA damage increased in both mitotic and postmitotic tissue 
with age; however, the increment was more prominent in the 
heart than the liver. Long-term feeding with a PREMD did not 
decelerate oxidative damage with aging in either the heart or 
the liver. As a result, although postmitotic tissue has less ability 
to up-regulate antioxidant defenses and/or to repair accumu-
lated oxidative damage than tissues with greater proliferation 
capacity, dietary restriction of amino acids other than methi-
onine did not produce any reduction of the adverse effects of 
the aging process.
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