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Abstract
Aging and diseases related to aging, such as cancer, have been linked to oxidative stress. On the other hand,
calorie restriction (CR) is one of the most effective interventions to slow down aging and prevent a variety of
diseases such as cancer in preclinical models. CR has also been reported to modify oxidative stress. The aim
of this study was to investigate the effects of different CR protocols and aging on oxidative stress parameters
in the MMTV-TGF-α breast cancer mouse model in a cross-sectional study. Female mice were randomly
enrolled in three groups: ad libitum (AL), chronic calorie restriction (CCR, 15% CR) or intermittent calorie
restriction (ICR, three weeks AL followed by one week 60% CR in cyclic periods) starting at the age of 10
weeks until 81/82 weeks of age. Liver samples were analyzed for malondialdehyde (MDA), catalase (CAT),
superoxide dismutase (SOD), glutathione (GSH), and glutathione peroxidase (GSH-Px) levels. At week 49/50,
the GSH level increased significantly in the CCR group compared to the AL and ICR-R groups which had
higher mammary tumor (MT) incidence rates. Additionally, liver MDA levels in ICR groups were significantly
increased, while aging led to decreased CAT and SOD activities in all CR groups. The application of different
CR protocols did not have any significant effect on MDA, CAT, and SOD parameters in the liver at
week 81/82. These results suggest that although GSH may interfere with MT development at the systemic
level, many of the oxidative stress parameters may have more local effects on tumor development than the
systemic effects.
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Introduction
Calorie restriction (CR) is a dietary regime that is based on reducing calorie intake without causing
malnutrition. Effects of CR on aging and age-associated disorders have been investigated in a number of
species including nematodes, fish, hamsters, mice, rats, and monkeys [1]. These studies suggested CR as one
of the most effective interventions that improve both health and life span as it robustly slows down aging
processes and prevents age-associated disorders including cardiovascular diseases, diabetes,
neurodegeneration, and cancer [2].
Two main types of CR protocols, chronic calorie restriction (CCR) and intermittent calorie restriction (ICR),
that are commonly applied result in a 20-40% reduction in overall calorie intake [3]. Meta-analysis studies
have revealed that both types of CR interventions exhibit preventive anticancer effects as evidenced by
significantly reduced tumor incidence rate in either CCR or ICR groups compared to AL group in animal
models [4]. Although the molecular mechanisms of the anticancer effects of CR have been suggested to
involve alterations in the expression and signaling pathways of a number of proteins including IGF-1,
adipokines, mTOR, RAS/MAPK, and PI3K/Akt, the exact molecular mechanism(s) of positive effects of CR on
cancer prevention is/are still not fully elucidated [5,6].
Oxidative stress is a state where there is an imbalance between the generation and detoxification of reactive
oxygen species (ROS) in favor of the former. ROS are natural products of aerobic metabolism and include
both free radicals and non-radical species, which have the ability to generate free radicals [7]. At low to
moderate concentrations, ROS play beneficial roles in various physiological processes including the immune
defense system and redox regulation of transcription factors. However, ROS levels higher than the
physiological concentration cause oxidative damage to important cellular macromolecules including
proteins, lipids, and DNA [8]. ROS levels are balanced at low to moderate concentrations by the antioxidant
defense mechanisms under physiological conditions. However, cigarette smoking, toxicants, obesity, a highfat diet, and/or aging may lead to the disruption of this balance [9,10]. The severity of the consequences of
this imbalance depends on a variety of factors, including the level and the location of ROS production, the
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efficacy of antioxidant systems, and the cellular targets of ROS [11]. Aging and age-related diseases such as
cancer, neurodegeneration, cardiovascular diseases, and diabetes have been attributed to oxidative stress
[12-14]. Therefore, it is crucial to modulate intracellular ROS levels by the antioxidant defense mechanisms
for the maintenance of redox homeostasis. In this manner, CR has been shown to have significant roles in
oxidative stress balance and may play protective roles against cancer, neurodegeneration, and
cardiovascular disease [15]. However, whether ICR has any impact on oxidative stress levels in the
preventive effects of CR in cancer development is still not clear. Therefore, the present study aims to
measure and compare the systemic effects of different CR protocols on oxidative stress parameters in the
liver tissue of an aging transgenic breast cancer mouse model, MMTV-TGF-α mice in a cross-sectional way.
We report, for the first time, the effects of long-term application (up to 72 weeks) of different calorie
restriction types (CCR and ICR) on oxidative damage (malondialdehyde (MDA)) and antioxidant markers
(superoxide dismutase (SOD), catalase (CAT), glutathione (GSH), and glutathione peroxidase (GSH-Px)) in
the liver tissue of MMTV-TGF-α mice. We also examine the effects of aging on oxidative stress parameters in
mice subjected to different CR protocols.

Materials And Methods
Animals and experimental design
MMTV-TGF-α (C57BL/6) positive female mice were used in this study. Four MMTV-TGF-α (C57BL/6) positive
male mice, kindly provided by Dr. Margot Cleary, Hormel Institute Medical Research Center, University of
Minnesota, were used to establish a breeding colony at Yeditepe University Medical School Experimental
Research Center (YUDETAM). Mice used in the present study are good models for post-menopausal breast
cancer [16]. The mice were prone to develop mammary tumor (MT) since they were all genetically confirmed
to overexpress the MMTV-TGF-α gene, which leads to overgrowth of mammary epithelial cells. Mice in the
present study did not develop any MT during the course of the study; however, if the mice were kept alive for
a longer period of time, most, if not all, of them would have developed MT. Thus, tumor development factors
did not interfere with the CR and aging factors on oxidative stress. Since wild-type mice were used in
previous studies investigating the effects of CR on oxidative stress and yet the ICR effects on oxidative stress
have not been reported, the present study will potentially have a significant contribution to the literature.
All mice had free access to tap water. The health status of the mice was checked by an expert veterinarian
regularly, at least once a week. Female mice were randomly assigned into three groups at 10 weeks of mouse
age: ad libitum (AL), chronic CR (CCR), or intermittent CR (ICR) [12]. Mice diets (Altromin TPF1414) were
purchased from Kobay AS (Ankara, Turkey). AL group of mice had free access to food throughout the study,
while mice in the CCR group were provided 85% of the daily food consumed by the age-matched AL group. In
other words, the calorie intake of the CCR group was reduced by 15% relative to the AL group. On the other
hand, mice in the ICR group were given 40% of the age-matched AL group of mice for one week and then
they were fed AL for the following three weeks in a cyclic manner until the designated sacrifice time points.
After overnight fasting, mice were sacrificed and liver samples were collected at designated ages: 10
(baseline), 17, 18; 49, 50; and 81, 82 weeks of age. Mice in the ICR group were divided into two subgroups;
half of the mice in the ICR group were sacrificed at the end of the three-week AL feeding period (weeks 17,
49, and 81), and these groups were called ICR-refeeding (ICR-RF). The other half of the ICR group were
sacrificed and the liver samples were collected at the end of the one-week CR period (weeks 18, 50, and 82),
and these groups were called ICR-restricted (ICR-R). Since data from two consecutive weeks (17 and 18; 49
and 50; 81 and 82 weeks) were similar between the AL and CCR groups, the results for these groups at the
designated time points were combined. All experimental procedures in animals were performed under the
guidelines and with the approval of the Yeditepe University Animal Care and Use Committee (Approval #
371, 01.31.2014).

Preparation of liver homogenates
Liver tissue samples were collected and snap frozen in liquid nitrogen at sacrifice. At the time of preparation,
liver samples were sliced and 100 mg of each liver sample was placed into 1.5 ml Eppendorf tubes. One
measure of 0.05 mm zirconium magnetic beads was added to each sample. Following that, 9 volumes of
1.15% potassium chloride (KCl) solution were added to the liver samples, which were homogenized by Bullet
Blender homogenizer. After homogenization, the samples were centrifuged at 1000 g for 10 minutes at +4° C
and the supernatants were removed. Supernatants were aliquoted and stored at -80°C until analysis. The
Lowery method was used to determine the protein content in the supernatants.

Measurement of oxidative stress parameters
Lipid Peroxidation
MDA levels in the liver were measured to determine lipid peroxidation using a method by Jamall and Smith
[17], which is based on the reaction between MDA and thiobarbituric acid (TBA; Sigma Aldrich, St Louis,
MO; T5500), resulting in a measurable pink color. Briefly, 0.2 ml of liver homogenate, 0.2 ml 8.1% sodium
dodecyl sulfate solution, 1.5 ml 0.8% TBA, and 0.6 ml of water were mixed and incubated at 95°C for 1 hour.
Following the incubation, 2 ml 10% trichloroacetic acid (Sigma Aldrich, 27242) solution was added to 2 ml of
the mixture and centrifuged at 1000 g for 10 minutes. The absorbance of the supernatant was determined at
532 nm using a spectrophotometer (Thermo Scientific Evolution 300, Waltham, MA). MDA level in each
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sample was calculated using the standard curve.

Measurement of antioxidative defense parameters
CAT Activity
Antioxidant capacity was examined by determining the CAT activity according to Aebi’s method, which is
based on measuring the hydrogen peroxide scavenging activity of CAT in the samples. Briefly, 1 ml of 10 mM
hydrogen peroxide (Sigma Aldrich, 18304) was added to 2 ml of samples, and CAT activity was monitored
spectrophotometrically at 240 nm every 30 seconds 3 times. CAT activity level was assessed in each sample
using the standard curve.
SOD Activity
SOD activity was measured according to a previously described method by Sun et al. [18]. This method relies
on the reaction between superoxide and iodonitrotetrazolium (INT), which results in a pink color, and
measuring the decrease in the intensity of the pink color spectrophotometrically at 505 nm over a threeminute period. Briefly, a substrate solution containing 0.05 mmol/l xanthine sodium (Sigma Aldrich, X2502),
0.025 mmol/l INT (Sigma Aldrich, I10406), 50 mmol/l CAPS (Sigma Aldrich, C2632), and 0.94 mmol/l
ethylenediaminetetraacetic acid (EDTA; Sigma Aldrich, E5134) were added to 25 µl of the sample. Then, 125
µl of xanthine oxidase (80 U/l) was added to the mixture. The color change was analyzed every 30 seconds for
3 minutes by a spectrophotometer and the SOD activity level was examined in each sample using the
standard curve.
GSH Levels
GSH levels were determined using Ellman’s method, which is based on the reaction between Ellman’s
solution and sulfhydryl groups resulting in a colorimetrically measurable yellow color. In brief, a precipitant
solution composed of metaphosphoric acid, disodium EDTA, and sodium chloride (NaCl, Sigma Aldrich,
13423) was added to a 200 µl sample and centrifuged for 30 minutes at 3000 rpm. After that, 100 µl of
supernatant was mixed with disodium phosphate (Na2HPO4) and 0.02% 5,5′-dithiobis (2-nitrobenzoic acid)
(DTNB). The change in color was measured by a spectrophotometer at 412 nm. The following formula was
used to calculate the level of GSH: GSH (µmol/ml) = OD × 37.23, where OD is the optical density.
GSH-Px Levels
GSH-Px levels were determined as described previously. Briefly, samples were diluted with dH 2O in order to
measure GSH-Px activity in 1:5 dilutions for erythrocytes and in a 1:17 ratio for tissue homogenates. Then,
10 μl of each sample was mixed with 990 μl of the reaction mixture that contains 1 mmol/l of EDTA
disodium dihydrate, 2 mmol/l of reduced GSH, 0.2 mmol/l of NADPH, 4 mmol/l of sodium azide, and 1000 U
of glutathione reductase in 50 mmol/l tris buffer. The mixture was incubated for 5 minutes at room
temperature and 10 μl of tert-butyl hydroperoxide (1:1000 dilution) was added. Quartz cuvette was
immediately placed in a spectrophotometer and measurements were taken at 340 nm every 30 minutes for 3
minutes. Following the measurements, GSH-Px activity was calculated according to the following formula;
Activity U/l = (ΔAbs/0.00622) × 100.

Statistical analysis
Statistical analyses were performed using GraphPad Prism version 5 (GraphPad Software, Inc., San Diego,
CA). Data are presented as mean ± standard error of the mean (SEM). One-way analysis of variance (ANOVA)
followed by the Bonferroni multiple comparison test was used to perform comparisons among different
groups. The correlation between two parameters was analyzed using Pearson's correlation test and linear
regression analysis separately. “n” represents the number of samples collected from different animals.
Differences are considered statistically significant when p <0.05.

Results
MDA levels in liver
Liver MDA levels in all dietary groups (AL, CCR, ICR-R, and ICR-RF) at 17/18 weeks, 49/50 weeks, and 81/82
weeks of age are shown in Figures 1A, 1B, 1C, respectively. No significant differences in liver MDA levels
among dietary groups were detected. Notably, although not statistically significant, ICR-R and ICR-RF
groups had about 25% to 35% higher MDA levels compared to either AL or CCR group at week 49/50 (p >
0.05, Figure 1B).
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FIGURE 1: Effects of different types of calorie restriction on MDA level
in liver
Effects of different CR types on MDA level at week 17/18 (n = 9-18, Panel A), at week 49/50 (n = 11-16, Panel B)
and at week 81/82 (n = 5-12, Panel C). Values represent the mean ± SEM. One-way ANOVA followed by the
Bonferroni multiple comparison test was used to perform comparisons among different groups. * represents
significant difference (p < 0.05).
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF =
intermittent calorie restriction-refeed; MDA = malondialdeyde; SEM = standard error of the mean; ANOVA =
analysis of variance.

CAT activity levels in liver
No significant differences in liver CAT activity were found among the dietary groups at any time point (p >
0.05, Figure 2).
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FIGURE 2: Effects of different types of calorie restriction on CAT activity
in liver
Effects of different CR types on CAT activity at week 17/18 (n = 13-17, Panel A), at week 49/50 (n = 9-16, Panel
B), and at week 81/82 (n = 5-12, Panel C). Values represent the mean ± SEM. One-way ANOVA followed by the
Bonferroni multiple comparison test was used to perform comparisons among different groups. * represents
significant difference (p < 0.05).
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF =
intermittent calorie restriction-refeed; CAT = catalase; SEM = standard error of the mean; ANOVA = analysis of
variance.

SOD activity levels in liver
SOD activity levels in the AL, CCR, ICR-R, and ICR-RF groups at weeks 17/18, 49/50, and 81/82 were
examined (Figure 3). Different CR protocols did not significantly affect the liver SOD activity at weeks 17/18
(Figure 3A), 49/50 (Figure 3B), and 81/82 (Figure 3C) (p > 0.05). However, SOD activity levels were 3.4-, 2.5-,
and 3.1-fold higher in AL, CCR, and ICR-R groups, respectively, relative to the ICR-RF group at 17/18 weeks
(p > 0.05, Figure 3A).
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FIGURE 3: Effects of different types of calorie restriction on SOD
activity in liver
Effects of different CR types on SOD activity at week 17/18 (n = 12-15, Panel A), week 49/50 (n = 10-14, Panel
B), and at week 81/82 (n = 4-11, Panel C). Values represent the mean ± SEM. One-way ANOVA followed by the
Bonferroni multiple comparison test was used to perform comparisons among different groups. * represents
significant difference (p < 0.05).
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF =
intermittent calorie restriction-refeed; SOD = superoxide dismutase; SEM = standard error of the mean; ANOVA =
analysis of variance.

GSH levels in liver
Liver GSH levels were measured in all dietary groups at weeks 17/18, 49/50, and 81/82 (Figure 4). GSH level
in the ICR-RF group was significantly higher compared to the CCR and ICR-R groups (by 75% and 58%,
respectively) at 17/18 weeks of age (p < 0.05, Figure 4A). CCR group had significantly higher liver GSH levels
compared to AL and ICR-R groups (by 60% and 71%, respectively) at 49/50 weeks of age (p < 0.05, Figure
4B). Neither of the CR protocols had any significant effect on liver GSH levels at 81/82 weeks (Figure 4C).
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FIGURE 4: Effects of different types of calorie restriction on GSH level
in liver
Effects of different CR types on GSH level at week 17/18 (n = 12-14, Panel A), week 49/50 (n = 10-14, Panel B),
and week 81/82 (n = 4-11, Panel C). Values represent the mean ± SEM. One-way ANOVA followed by the
Bonferroni multiple comparison test was used to perform comparisons among different groups. * represents
significant difference (p = 0.0059).
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF =
intermittent calorie restriction-referred; GSH = glutathione; SEM = standard error of the mean; ANOVA = analysis
of variance.

GSH-Px activity levels in liver
Differences in liver GSH-Px activity were not statistically significant among the AL, CCR, ICR-R, and ICR-RF
groups at 17/18 (Figure 5A), 49/50 (Figure 5B), and 81/82 (Figure 5C) weeks of age (p > 0.05).
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FIGURE 5: Effects of different types of calorie restriction on GSH-Px
activity in liver
Effects of different types of CR on GSH-Px activity at weeks 17/18 (n = 12-14, Panel A), 49/50 (n = 10-14, Panel
B), and 81/82 (n = 4-11, Panel C). Values represent the mean ± SEM. One-way ANOVA followed by the
Bonferroni multiple comparison test was used to perform comparisons among different groups. * represents
significant difference (p < 0.05).
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF =
intermittent calorie restriction-refeed; GSH-Px = glutathione peroxidase; SEM = standard error of the mean;
ANOVA = analysis of variance.

Effects of aging on oxidative stress parameters
The liver MDA levels were not significantly changed by aging either in AL or CCR groups (p > 0.05, Table 1).
On the other hand, the MDA level was affected by aging in ICR groups (ICR-R and ICR-RF) in which the MDA
level was significantly increased by about 80-90% at 49/50 weeks of age, then decreased again at
week 81/82 (p < 0.05, Table 1). Although liver CAT activity was decreased by approximately twofold at 81/82
weeks of age compared to week 10 in all dietary groups, this decrease was significant only in the CCR group
(p < 0.05, Table 1).
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Oxidative stress parameter

Dietary group

Week
10

17/18

49/50

81/82

51.2 ± 8.5

51.4 ± 7.2

47.1 ± 7.3

52.9 ± 5.1

54.2 ± 5.4

51.3 ± 6.6

42.3 ± 6.3a

81.4 ± 11.9b

40.6 ± 6.4a

ICR-RF

30.2 ± 4.8a

72.9 ± 7.4b

64.3 ± 14.4ab

AL

282.6 ± 56.6

341.2 ± 51.8

294.7 ± 44.9

266.0 ± 28.8b

292.3 ± 56.5ab

216.1 ± 36.3b

ICR-R

305.4 ± 31

333.7 ± 53.2

240.4 ± 40.9

ICR-RF

310.2 ± 47.5

297.3 ± 55.6

282.2 ± 34.6

AL

3.0 ± 0.6 b

1.6 ± 0.3 b

2.9 ± 0.4 b

2.2 ± 0.6 b

1.6 ± 0.7 b

3.6 ± 0.7 ab

ICR-R

2.7 ± 0.8 b

2.9 ± 0.3 b

2.7 ± 0.7 b

ICR-RF

0.9 ± 0.3 b

2.3 ± 0.5 b

2.1 ± 0.7 b

AL

4.6 ± 1.1

3.1 ± 0.6

4.5 ± 0.8

2.4 ± 0.4 a

7.7 ± 1.7 b

3.4 ± 0.6 a

ICR-R

4.1 ± 0.9

2.3 ± 0.6

3.0 ± 0.5

ICR-RF

9.7 ± 2.7

5.0 ± 0.9

5.8 ± 0.7

AL

1776 ± 208

1545 ± 164

1426 ± 183

1737 ± 147

1287 ± 107

1403 ± 262

ICR-R

1507 ± 144

1251 ± 95

1266 ± 196

ICR-RF

1346 ± 220

2229 ± 534

1527 ± 90

AL
CCR
MDA

ICR-R

43.3 ± 10.9a

CCR
517.9 ± 105.4a

CAT

CCR
SOD

5.8 ± 0.9

a

CCR
5.4 ± 1.3 ab

GSH

CCR
GSH-Px

1693 ± 173.6

TABLE 1: Effects of aging on oxidative stress parameters in mice subjected to different types of
calorie restriction
Effects of aging on oxidative stress parameters in mice subjected to different types of calorie restriction. a,b,ab = Different letters within the same row
represent significant differences among the groups within the same row (p = 0.026 and p = 0.02 for MDA for ICR-R and ICR-RF groups, respectively; p =
0.007 for CAT for CCR group; p = 0.001, p = 0.003, p = 0.002, p = 0.0002 for SOD for AL, CCR, ICR-R, and ICR-RF groups, respectively; p = 0.008 for
GSH for CCR group). Values represent the mean ± SEM. One-way ANOVA followed by the Bonferroni multiple comparison test was used to perform
comparisons among different groups.
AL = ad libitum; CCR = chronic calorie restriction; ICR-R = intermittent calorie restriction-restricted; ICR-RF = intermittent calorie restriction-refeed; MDA =
malondialdehyde; CAT = catalase; SOD = superoxide dismutase; GSH = glutathione; GSH-Px = glutathione peroxidase; SEM = standard error of the
mean; ANOVA = analysis of variance.

Liver SOD activity was significantly reduced by aging in all dietary groups: In the AL group, SOD activity was
decreased by 48%, 71%, and 51% in 17/18, 49/50, and 81/82 weeks of age, respectively, compared to 10
weeks of age (baseline) (p < 0.05, Table 1). In the CCR group, SOD activity in the liver was decreased by 62%
and 73% only at weeks 17/18 and 49/50, respectively, compared to baseline (p < 0.05). Similar to AL and CCR
groups, SOD activity was also decreased by aging by 54%, 52%, and 54% at 17/18, 49/50, and 81/82 weeks of
age, respectively, compared to baseline in the ICR-R group (p < 0.05). In addition, SOD activity in the ICRRF group was decreased by aging by 85%, 61%, and 64% at 17/18, 49/50, and 81/82 weeks of age,
respectively, compared to baseline (p < 0.05, Table 1). On the other hand, liver aging did not have any
significant effects on GSH levels neither in AL nor in ICR-R groups (p > 0.05). However, GSH levels in the
CCR group were increased significantly by aging until weeks 49/50 and then decreased again at week 81/82 (p
< 0.05, Table 1). Although not statistically significant, liver GSH level in the ICR-RF group increased
approximately twofold at 17/18 weeks of age compared to baseline (p > 0.05, Table 1), then decreased at
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49/50 weeks and stay at a similar level until 81/82 weeks. Liver GHS-Px activity was not affected significantly
by aging in any of the dietary groups (p > 0.05, Table 1).

Correlation between oxidative stress parameters
Correlation analyses performed between two individual oxidative stress parameters in liver samples
revealed significant positive correlations between MDA and CAT (r = 0.413, p = 0.002), MDA and GSH (r =
0.338, p = 0.019), SOD and CAT (r = 0.35, p = 0.046), and CAT and GSH (r = 0454, p = 0.002) at 17/18 weeks of
age (Table 2). No significant correlation was found between any oxidative stress parameters at 49/50 weeks
of age. However, there was a significant positive correlation between MDA and GSH-Px at week 81/82 (r =
0.397, p = 0.024) (Table 2).

Oxidative stress parameters

Week 17/18

Week 49/50

Week 81/82

r

p-Value

r

p-Value

r

p-Value

MDA vs SOD

-0.103

0.545

0.076

0.667

0.172

0.310

MDA vs CAT

0.413

0.002*

0.246

0.143

0.078

0.656

MDA vs GSH

0.338

0.019*

0.004

0.978

-0.037

0.826

SOD vs CAT

0.350

0.046

0.300

0.120

-0.061

0.746

SOD vs GSH

-0.114

0.540

0.120

0.522

-0.0008

0.997

CAT vs GSH

0.454

0.002

-0.070

0.690

0.311

0.079

MDA vs GSH-Px

0.256

0.089

-0.060

0.790

0.397

0.024

SOD vs GSH-Px

0.013

0.939

-0.237

0.300

0.224

0.242

CAT vs GSH-Px

-0.013

0.932

-0.182

0.470

0.217

0.320

GSH vs GSH-Px

-0.170

0.320

-0.0003

0.998

-0.139

0.518

TABLE 2: Correlation between oxidative stress parameters in liver
Correlation values between MDA vs SOD, MDA vs CAT, MDA vs GSH, SOD vs CAT, SOD vs GSH, and CAT vs GSH at 17/18, 49/50, and 81/82 weeks of
age. All data from different CR groups were pooled together for each time point. The correlation between two parameters was analyzed using the
Pearson's correlation test and linear regression analysis separately. Differences are considered statistically significant when p <0.05.
MDA = malondialdehyde; CAT = catalase; SOD = superoxide dismutase; GSH = glutathione; GSH-Px = glutathione peroxidase.

Discussion
CR is one of the most effective interventions for extending lifespan and delaying age-related diseases
including cancer. CR is known to alter several processes such as inflammation, cell proliferation, DNA repair
mechanism, and apoptosis [19]. On the other hand, CR has been reported to decrease ROS generation and
enhance the antioxidant defense capacity, resulting in reduced oxidative stress [20]. Most studies apply CCR,
which is a daily, consistent reduction in caloric intake. The effects of ICR - which consists of
alternating periods of reduced caloric intake followed by ad libitum feeding - on oxidative stress are less well
studied and results vary among different studies. It is crucial to elucidate the underlying molecular
mechanism(s) of the preventive effects of CR as well as the manner in which the CR is implemented to
develop better strategies to prevent and treat a number of diseases, including cancer, and promote healthy
aging. The present study aims to examine the impact of CCR and ICR as well as aging on the parameters of
oxidative stress in the liver of a transgenic mouse model for breast cancer, MMTV-TGF-α, in order to study
the systemic effects of CR.
MDA, a commonly used biomarker of lipid peroxidation, is a secondary by-product of lipid peroxidation,
which occurs as a result of radical attack [21]. We showed that liver MDA levels were not significantly
affected by the application of different CR types. Previous studies have also reported findings similar to our
current data. For example, the application of 25% and 50% CR for 14 days was reported to have no
significant effect on the liver MDA levels in rats [22]. Another study by Stankovic et al. reported that neither
10-20% nor 30-40% CR had any significant effect on liver MDA levels compared to AL-fed male rats [23]. On
the other hand, increased MDA level was reported in male rats following 50-60% CR [23]. There are also
studies reporting reduced MDA levels due to CR. There are only a limited number of studies investigating the
effects of intermittent fasting (IF) on oxidative stress and none of the IF protocols used in those studies are
similar to the ICR protocol applied in the current study. In this context, Chausse et al. showed that alternate-
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day fasting for four weeks reduced MDA levels in heart tissue, but no significant change was determined in
the brain, muscle, or liver tissues [24]. However, hippocampal MDA levels were reported to be reduced upon
one-week application of alternate-day fasting in rats [25].
CAT is an important enzyme in the antioxidant system. No significant effects of different CR types on liver
CAT activity were determined in the present study. However, aging led to decreased CAT activity in all CR
groups. In line with our data, Schloesser et al. showed that 30% CR for six months did not significantly affect
the liver CAT activity in C57BL6/J mice [26]. However, there are also studies reporting significant effects of
CR on CAT activity. For instance, Doguc et al. showed increased erythrocyte CAT activity in mice following
60% CR for 10 weeks [27], whereas Mitchell et al. reported reduced CAT activity in the liver of 40% of CR
mice compared to AL-fed mice [28]. Additionally, data from Chausse et al. indicated that CAT activity was
decreased in the brain tissue due to alternate-day fasting, while IF protocol application did not have any
significant effect on the activity of CAT in the heart, muscle, and liver tissues of mice [24].
SOD is a major enzymatic antioxidant, which catalyzes the dismutation of superoxide radicals into oxygen
and hydrogen peroxide, providing cellular defense against ROS. In the present study, different types of CR
did not have any significant effect on the SOD activity in the liver. However, aging reduced SOD activity in
all dietary groups. Similarly, the application of 40% CR for two weeks was reported to have no significant
effect on SOD activity in mouse heart tissue [29]. Stankovic et al. examined the effects of CR at different
levels for five weeks on the SOD activity in rat liver and reported reduced SOD activity by 50-60% CR, while
10-20% CR did not have any significant effect on SOD activity [23]. Moreover, in a study conducted by
Mitchell et al., liver SOD activity in mice was found to be decreased following the three-month application of
either 20% or 40% CR [28]. There are also studies suggesting an enhancing effect of CR on SOD activity. For
instance, Zanetti et al. reported increased SOD activity following 26% CR for three weeks compared to AL
feeding in 24-month-old rats. They also showed that SOD activity in rat aorta was decreased with age, as
24-month-old rats had lower SOD activity compared to the six-month-old rats [30], which was similar to our
current findings. However, contrary to our results, Descamps et al. reported that IF for four months
significantly increased SOD activity in spleen mitochondria by 27% compared to AL feeding, while SOD
activity in the liver was decreased by 29% in the IF group compared to AL [31].
GSH, a tripeptide, is one of the most vital antioxidants produced in the body. Our data revealed that liver
GSH levels were not significantly affected by aging except that the level of GSH in the liver was higher in the
CCR group at 49/50 weeks relative to weeks 17/18 and 81/82. Previous studies investigating the influence of
CR on GSH levels in different tissues revealed conflicting results: Doguc et al. reported that a 10-week
application of 60% CR did not significantly affect the erythrocyte GSH levels in rats [27]. On the other hand,
Stankovic et al. showed that a five-week application of 30-40% CR led to increased levels of liver GSH in rats
compared to the AL-fed group, whereas a five-week application of either 10-20% or 50-60% CR did not
significantly affect the liver GSH levels [23]. The effects of IF on GSH levels in different tissues were also
investigated previously. Data from Hu et al. suggested that IF application led to an increase in hippocampal
GSH levels in 18-week-old male rats [25]. Chausse et al. reported that GSH level was increased only in liver
tissue upon alternate-day fasting for one month, while no significant effect was detected in brain, muscle,
and heart tissues of eight-week-old male rats [24]. In contrast to these two studies, our data suggest that ICR
does not have any significant effect on liver GSH levels.
GSH-Px is an enzymatic antioxidant with a free radical scavenging capacity. We showed that liver GSH-Px
activity was not significantly affected by different types of CR. Likewise, the GSH-Px activity in the liver was
not significantly affected by aging in any dietary group. Similar to our results, Descamps et al. reported that
four months of IF did not have any significant effects on the liver GSH-Px activity in mice [31]. On contrary,
another study by Guo et al. reported that 40% CR decreased aortic GSH-Px activity in 26-month-old mice
relative to AL-fed mice of the same age. They also showed that aging increased the activity of GSH-Px in ALfed mice [32]. Data from Chausse et al. showed that the GSH-Px activities in heart, brain, and liver tissues of
eight-week-old male rats were not significantly affected by one-month IF application [24]. These results
suggest that CR effects on GSH-Px could be tissue-specific rather than systemic.
Our data suggest that age-dependent lipid peroxidation is associated with a reduction in antioxidant
activity, especially in the ICR-applied group of mice. These data are consistent with previous studies
reporting an increase in oxidative damage and decrease in antioxidant capacity with aging, as well as the
oxidative stress theory of aging, which suggests that the major process promoting cellular aging is the
oxidative damage to intracellular macromolecules due to slow accumulation of ROS [9]. However, lipid
peroxidation was not altered by aging in the CCR group despite the decreased antioxidant levels with aging.
This might be due to the fact that antioxidants were involved in the scavenging of ROS accumulated with
aging and, along with the CCR protocol applied, they were sufficient to suppress the oxidative damage. This
suppression was also supported by an aging-related increase in GSH levels in the CCR group. We conclude
that the CCR protocol is preventive against aging-related oxidative damage, which is linked to the
development of age-related diseases, including cancer. Indeed, we observed that mice in the CCR group had
a lower MT incidence rate compared to the other groups. Previous studies investigating MT development,
including the ones from our group, generally use MT-free mice to compare the physiological effects of
different feeding protocols. The mice used in the current study were also MT-free, although they were TGFα positive and they mostly would have developed MT if they were kept alive longer. The decreased MT rate
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in the CCR group may be explained by the elevated GSH levels at weeks 49/50 in this group, as GSH depletion
increases susceptibility to oxidative stress, which is involved in cancer progression [33]. Enhancement of the
SOD levels in the CCR group at weeks 81/82 may also contribute to the reduced tumor incidence rate in this
group, since increased SOD activity has been linked to cancer prevention, including breast cancer [34].
Finally, the correlation, either negative or positive, between the oxidative stress parameters indicates that
the molecules of the oxidative signaling pathway work as a system in coordination, rather than
independently.

Conclusions
A comparison of long-term (up to 72 weeks) effects of two different CR types (CCR and ICR) on oxidative
stress and aging in a mouse model of breast cancer was reported in the current study. Previous studies
investigating the effects of CR on oxidative stress have reported conflicting results, which may be due to the
differences in the study design such as the amount of CR applied, the age of animals when the CR
application was started, duration of the CR application, as well as the species, gender, and the tissues of the
animals examined. In the present paper, we report that the type of CR applied is a crucial factor affecting the
impact of CR on oxidative stress and aging in the liver tissue. Understanding the mechanisms underlying the
protective effects of CR against several diseases, including cancer, in detail is vital in order to develop more
effective drugs, therapies, and preventive strategies. Modulation of the local rather than systemic effects of
oxidative stress may be more important for the preventive effects of CR against cancer development. Further
studies are needed to better understand the underlying molecular mechanism(s) of the roles of dietary
intervention in age-associated diseases.
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