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A B S T R A C T

Aims: Caloric restriction (CR) is an experimental approach proposed to alleviate age-related oxidative damage.
In the present study, we investigated the consequences of CR on renal redox homeostasis in rats at a specific time
frame in early-adulthood..
Methods: Three groups of male Sprague-Dawley rats; young control at 6-month-old, 2-year-old subjected to 40%
CR between 18th-24th months of age, and their non-CR controls were sacrificed, and numerous redox status
biomarkers including protein oxidation, glycation, lipid peroxidation, glycation end products, thiol groups, and
superoxide dismutase were assayed. It was also ensured that CR rats and their non-CR corresponding rats had
similar body weights at the end of the study to decrease the confounding effects of different body weights on
redox homeostasis and caloric restriction.
Results: After CR, the detrimental effects of the protein oxidation, glycation, and lipid peroxidation were sig-
nificantly improved in the renal tissue CR rats when compared to their non-CR control group. However, there
were no significant difference in thiol fractions between younger controls and both of the elderly groups.
Conclusion: Detrimental consequences of renal senescence on redox homeostasis are significantly improved via
CR especially applied in early-adulthood.

1. INTRODUCTION

In recent decades, aging has become a major conundrum in the
developed countries. Recent United Nations reports indicate that almost
every country is experiencing the consequences of an aging society
(United Nations, Department of Economic & Social Affairs, Population
Division, 2017). Aging does not only put a strain on the healthcare
resources, it also affects housing needs, transportation, labor market,
family relationships and many more areas of life.

Aging is a complex issue and hard to narrow down to a single pa-
thology. Aging process can be defined as consequences and culmination
of failure of the organism to thrive or fix itself due to alterations such as
in metabolism, feedback systems, apoptosis, and DNA replication at-
tributed to the process of deterioration with increased age (Gavrilov &
Gavrilova, 2017). We still do not have a scientific consensus of why and
how we age, and how to slow down, prevent, and treat aging. Many
studies have been carried out to elucidate what happens during this

unavoidable process and how we can intervene to avoid age-related
pathologies. One of the commonly employed strategies in aging sci-
ences is Caloric Restriction (CR). CR is a physiological approach which
is proposed to alleviate age-related oxidative damage. Lifespan
prolonging effects of CR in rodents was first suggested by McCay et al.
in 1935, reviewed in (McDonald & Ramsey, 2010), and similar findings
were published in other species. Recently, ameliorative effects of CR
(improved lifespan, delayed age-related diseases) have also been suc-
cessfully replicated in rhesus monkeys, putting an end to the debate of
reproducibility of ameliorative effects of CR in primates (Mattison
et al., 2017). On the other hand, in vivo aging studies tend to be ex-
tremely time consuming and resource intensive, due to the time it takes
to ‘age’ the animals. Therefore, a second strategy, which is also com-
monly employed is to add aging inducing substances, such as D-ga-
lactose to mimic redox status alterations that take place in aging pro-
cess. It is our group’s, and many others’ understanding that substance-
induced aging models, such as D-galactose, and substance-reduction
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strategies, such as CR may help us understand the metabo-redox al-
terations that take place during aging process, and in time (after they
are well-established), provide us with an opportunity to see the spec-
trum of aging process without using as much resources. In addition,
these studies could pave the way for the rapid production of in vivo
study experimental animals on which new interventions can be rapidly
tested.

Therefore, this study was conducted to supplant the previously
carried out studies, where the metabo-redox effects of lipoic acid
(Erdogan et al., 2017), D-galactose (Cebe et al., 2014) (Aydın et al.,
2018), and CR were tested on various male Sprague-Dawley rat tissues
including the brain tissue (Yanar, Simsek, Atukeren, Aydın, & Çakatay,
2019; Yanar, Simsek, Çaylı et al., 2019), heart, red and white fiber rich
skeletal muscles (Yanar, Simsek, Atukeren et al., 2019; Yanar, Simsek,
Çaylı et al., 2019).

It has been known that continuous formation of reactive oxygen
species (ROS) through various metabolic pathways, including mi-
tochondrial oxidative phosphorylation, increases within the aging
kidney (Gomes et al., 2009; Ratliff, Abdulmahdi, Pawar, & Wolin,
2016). Increased formation of ROS leads to redox imbalance and renal
impairment (O’Sullivan, Hughes, & Ferenbach, 2017). Previous studies
(Akçetin, Erdemli, & Bromme, 2000), including one of our own (Uzun
et al., 2013) in aged male and female rodent kidneys support the theory
that there is also impaired redox homeostasis in aging kidney.

In this study, we aim to evaluate the possible ameliorative con-
sequences of early adulthood CR on renal redox homeostasis in a spe-
cific time of aging rats. In accordance with this aim, we classified three
groups of male Sprague-Dawley rats; ad libitum fed young control that
6-month-old, 2-year-old rats subjected to 40% CR between 18th-24th
months of age, which are corresponding to 45 and 60 years of human
respectively (Sengupta, 2013), and their non-CR controls.

2. MATERIALS AND METHODS

2.1. Chemicals and Apparatuses

Spectrophotometric grade chemicals were bought from Sigma-
Aldrich (St Louis, US) and Merck (Germany). Deionized water was used
to prepare reagent solutions. All reagent solutions were kept at +4 °C.
Refrigerated assay reagents were warmed in room temperature for
twenty minutes before experiments were conducted. Centrifugation was
performed at +4 °C. The redox profile of kidney tissue was determined
by spectrophotometric assay and spectrofluorimetric methods with
Biotek Synergy™ H1 Hybrid Multi-Mode Microplate Reader (BioTek US,
Winooski, VT, USA).

2.2. Experimental Animal Model and Caloric Restriction Protocol

The present study was performed with ad libitum fed young control
(1st group: 6‐month old; n=7), calorically restricted diet administrated
elderly (2nd group: 24‐month old; n = 8), and ad libitum fed elderly (3rd

group: 24‐month old, n = 8) male Sprague‐Dawley rats. Experimental
animals in 2nd group were fed ad libitum till 18 months of age; then the
animals in this group were gradually restricted to 35% fewer calories
(by providing less rodent chow) than the mean intake of animals in 3rd

group. Afterwards, CR was continued via maintaining the body weight
of the CR animals and providing 35% more chow to the non-CR cor-
responding rats (Yanar, Simsek, Atukeren et al., 2019; Yanar, Simsek,
Çaylı et al., 2019). The rats eating unrestricted diet were fed a standard
rodent chow, including 20% protein, 6% cellulose and 2% fat. Tap
water was available to all rats ad libitum. The animals were bought from
the Rodent Core of Bezmialem Vakif University, Istanbul, Turkey.
Ethics Committee of Bezmialem Vakif University (Istanbul, Turkey)
approved the current research study. Ethics Committee Issue number:
(2018/22). Experimental animals were housed in a temperature-con-
trolled room (21± 2 °C) with 12-h light–dark cycles.

2.3. Kidney Tissue Sampling, Homogenization and Preparation of
Supernatant Samples

Tissue samples were immediately removed under sodium pentothal
anesthesia (35 mg/kg body weight) and cleaned under cold phosphate
buffered saline. Afterwards, the kidney tissue samples were frozen in
liquid N2 till the homogenization process. Homogenization was con-
ducted with Potter-Elvehjem homogenizer with 0.1 M
KH2PO4–K2HPO4, and 0.1% (w/v) digitonin. Homogenates that were
prepared from the kidney tissue were centrifuged at 5000 g for 10 min
and various redox status biomarkers of the supernatant fraction were
assayed (Uzun et al., 2013).

During assay sample preparation, samples were kept at +4 °C.
Supernatant was separated into aliquot portions (one for each assay)
and stored at −80 °C for various redox status biomarker assays such as
protein carbonyl groups (PCO), advanced oxidation protein products
(AOPPs), dityrosine (DT), kynurenine (KYN), N-formylkynurenine
(NFKYN), advanced glycation end products (AGEs), lipid hydroper-
oxides (LHPs), malondialdehyde (MDA), total thiol groups (T-SH), non-
protein thiol groups (NP-SH), protein thiol (P-SH) groups, Cu, Zn-su-
peroxide dismutase (Cu, Zn-SOD).

2.4. Analytical Methods

2.4.1. Assays of Global Biomarkers of Protein Oxidation
2.4.1.1. Protein carbonyl groups. The estimation of PCO was performed
as per the spectrophotometric method by (Reznick & Packer, 1994)
with some volumetric modifications in order to apply small for sample
volumes. PCO groups in supernatant fractions reacted with 2,4-
dinitrophenylhydrazine (DNPH) reagent (100 μL supernatant:400 μL
DNPH) to form chromophoric dinitrophenylhydrazones. After that,
DNPH-reacted proteins were precipitated with an equal amount of
20% (w/v) trichloroacetic acid (TCA) and washed three times with 400
μL of an ethanol/ethyl acetate mixture (1:1). Washing procedure was
done by mechanical disruption of protein pellets and re-pelleting
process was performed by centrifugation at 3.000 g for 5 min.
Finally, the protein precipitates were dissolved in a 200 μL 6 M
guanidine–HCl solution and the final absorbance values were
recorded at 360 nm using the molar extinction coefficient of DNPH, ε
= 22,000 M-1 cm-1.

2.4.1.2. Advanced oxidation protein products. Analysis of tissue AOPP
concentrations was performed with modifications of Hanasand’s
spectrophotometric method (2012) (Hanasand et al., 2012). Test
samples were prepared as in the following way: 5 μL of supernatant,
200 μL citric acid (20 mmol /L) were mixed in a microplate. One-
minute later, 10 μL of 1.16 M KI (potassium iodide) was added to each
microplate well. The absorbance of the resulting reaction mixture was
recorded at 340 nm against a reagent blank. All absorbance readings
were performed within two minutes after KI addition to avoid
undesired color development. The absorbance of chloramine-T
standards was run in duplicate in order to increase precision of the
AOPP assay at 340 nm. The corresponding absorbance values were
linear within the range of 0 to 100 μM. AOPP concentrations were
expressed as micromoles per liter of chloramine-T equivalents.

2.4.2. Assay of Aromatic Amino Acid-Derived Oxidation Markers
2.4.2.1. Assay of tyrosine -derived oxidation marker. Analysis of DT was
performed based on the spectrofluorometric method according to
Sadowska-Bartosz, Galiniak, Bartosz, and Rachel, (2014)).
Fluorescence intensity was recorded at the emission maximum (415
nm) upon excitation at 330 nm, which was run twice. Fluorescence
intensity was expressed in fluorescence units (FU) and the results were
expressed as FU/mg protein.

2.4.2.2. Assay of tryptophan-derived oxidation markers. KYN and NFKYN
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contents of the supernatant samples were analyzed based on the
spectrofluorometric method according to Sadowska-Bartosz et al.
(2014). Supernatant proteins of the homogenates were precipitated
with 30 mM perchloric acid for 20 minutes on ice. After centrifugation
for 15 minutes at 5000 g, the final protein pellets were re-dissolved in 6
M Guanidin-HCl then they were used for fluorescence spectroscopy.
Fluorescence intensity was determined at the emission maximum at
480, 434 nm upon excitation at, 365, 325 nm respectively, which was
run twice. Fluorescence intensity of the samples was expressed in FU
and the results were given as FU/mg protein.

2.4.3. Assay of Glycation Adducts
2.4.3.1. Advanced glycation end products. AGEs were determined based
on the spectrofluorometric method according to Münch et al. (1997).
Supernatant proteins of the homogenates were precipitated with TCA
solution, 100 g/L for 20 minutes on ice. After centrifugation for 15
minutes at 5000 g the pellets were re-dissolved in 6 M Guanidine-HCl,
then used for fluorescence spectroscopy. Fluorescence intensity was
recorded at the emission maximum at 440 nm upon excitation at 350
nm.

2.4.4. Assays of Lipid Peroxidation Markers
2.4.4.1. Lipid hydroperoxides. Tissue LHPs levels were assayed by the
spectrophotometric method that uses the oxidation of ferrous ions with
xylenol orange FOX2 (Ferrous Oxidation with Xylenol Orange, version
2) (Wolff, 1994). LHPs oxidize Fe2+ to Fe3+ions, and the resultant Fe3+

ions are determined by using Fe3+-sensitive dye, which represents the
concentration of LHPs. Xylenol orange binds to Fe3+ ions with high
specificity to produce a colored (blue-purple) complex. Fifty microliters
supernatant are then passed into microcentrifuge reaction vials. FOX2
reagent (950 μL) was then added and the samples were mixed on
vortex. After incubation with FOX2 reagent at room temperature for 30
min, the samples were centrifuged at 3000 g at 20 °C for 10 min, the
final supernatant fractions were passed into microplate wells, and
absorbance values were recorded at 560 nm against reagent blank.

2.4.4.2. Malondialdehyde. MDA is considered as one of the major final
reactive products of lipid peroxidation process. MDA, along with other
byproducts, react with thiobarbituric acid (TBA) to generate a colored
product, which absorbs light maximally at 535 nm, representing the
color produced by all the TBA reactive substances. The rate of lipid
peroxidation was determined by the procedure of Buege and Aust with
slight volumetric modifications (Buege and Aust, 1978). Ten microliters
of supernatant was placed in a microcentrifuge tube; 500 μL of 42 mM
H2SO4was then added and mixed gently, after which 125 μL of 100 g/L
phosphotungstic acid was added and vortex-mixed. After 5 min at room
temperature, this mixture was centrifuged (3 min at 6000 g). The
resulting pellet was resuspended in 750 μL of 0.75 % thiobarbituric acid
and 500 μL of 30 % TCA boiled for 15 min at 95 °C, cooled, the mixture
was centrifuged at 3000 g for 5 min and the absorbance of supernatant
was read at 532 nm against blank. MDA assay is controlled by duplicate
samples in order to obtain more precise test results. The concentration
of MDA in supernatant was calculated using molar extinction
coefficient (ε = 31500 M-1 cm-1) and it is expressed as μmol /mg
protein.

2.4.5. Enzymatic and Non-Enzymatic Antioxidant Status Biomarkers
2.4.5.1. Cu- Zn-superoxide dismutase activity. Cu, Zn-SOD (EC 1.15.1.1)
activity was assessed by using the method of Sun, Oberley, and Li
(1988). This colorimetric method involves the inhibition of nitro blue
tetrazolium (NBT) dye reduction, with xanthine oxidase (XO) used as a
superoxide anion source. Enzyme activity was assessed by measuring
the inhibition rate of NBT hydrolysis in the assay mixture containing
0.3 mmol/L xanthine, 0.6 mmol/L Na2EDTA, 150 μmol/L NBT, 400
mmol/L Na2CO3, 1 g/L Bovine serum albumin. 972 μL mixture of the
assay and 13 μL XO were mixed, and added into 25 μL tissue sample.

Following 20 min incubation, 0.8 mmol/L - 50 μL CuCl2 was put into
the microplate wells to finalize. The absorbance was read at 560 nm.

2.4.5.2. Thiol fractions. The concentration of kidney T-SH and NP-SH
was assessed per described by Sedlak and Lindsay (1968). 20 μL of the
sample was mixed with Tris buffer and DTNB for the calculation of T-
SH groups. As for the NP-SH, 20 μL of supernatant was mixed with 50%
TCA. Then, test tubes were centrifuged for 15 min at 3.000 g. P-SH was
calculated by subtracting NP-SH from T-SH. Spectrophotometry was at
412 nm.

2.4.6. Estimation of Total Protein Content
Tissue protein concentration assessments were carried out fluor-

ometrically by Qubit analyzer (Invitrogen, Carlsbad, CA).

2.5. Data Processing

IBM SPSS Statistics 24.0 was used for the analyses. Results are given
as mean± standard deviation (SD) for each group. When ANOVA as-
sumptions were met, Bonferroni test was used for the post-hoc analyses.
NP-SH and P-SH data were found to be non-normally distributed;
therefore, Kruskal-Wallis H test was used, which did not yield statistical
significance. Mann-Whitney U test was used for all pair comparison for
these two parameters.

Two-sided p values are reported. Alpha level was set at 0.05 and
p<0.05 was considered statistically significant.

3. RESULTS

Table 1 summarizes the mean values of redox parameters of all
groups, including the pairwise statistical analyses between non-CR 6-
month-old, CR 2-year-old, non-CR 2-year-old rats. Fig. 1 represents the
body weight alterations of the rat cohort. Figs. 2 and 3 show the scat-
terplot of protein oxidation biomarkers in elderly rats and their corre-
sponding young controls. Fig. 4 represents AGE status in elderly rats
and their corresponding young controls. Fig. 5 shows the scatterplot of
lipid peroxidation biomarkers. Fig. 6 shows the thiol groups and Cu, Zn-
SOD activity of the groups.

3.1. Assay of Protein Oxidation

3.1.1. Protein Carbonyl Groups
Even though the mean value of PCO was lower in CR 2-year-old rats

compared to the corresponding littermate non-CR rats, this difference
did not yield statistical significance (p = 0.527). On the other hand,
non-CR 6-month-old rats had statistically significantly lower PCO levels
compared to both CR 2-year-old (0.010) and non-CR 2-year-old rats
(< 0.001).

3.1.2. Advanced Oxidation Protein Products
CR 2-year-old rats had significantly lower AOPP levels compared to

their corresponding non-CR littermates (p = 0.031). Despite this, CR 2-
year-old rats also had significantly higher AOPP levels compared to
non-CR 6-month-old rats (p< 0.001).

3.1.3. Dityrosine
CR 2-year-old rats had significantly lower DT levels compared to

their corresponding non-CR littermates (p = 0.009). On the other hand,
the CR 2-year-old rats also had significantly higher DT level compared
to non-CR 6-month-old rats (p = 0.007).

3.1.4. Kynurenine and N-Formylkynurenine
The mean KYN level of tissues obtained from CR 2-year-old rats was

lower than their corresponding non-CR littermates. Although this value
was near the significance level of p = 0.05, it did not reach statistical
significance (p = 0.054). KYN levels of non-CR 6-month-olds were
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comparable to those of CR 2-year-olds (p = 0.429) and significantly
lower than non-CR 2-year-olds (p = 0.002).

Even though CR 2-year-old rats were found to have significantly
lower NFKYN levels compared to their corresponding non-CR litter-
mates (p = 0.006), they also had statistically significantly higher
NFKYN levels compared to 6-month-old rats (p = 0.038)

3.2. Assay of Protein Glycation

3.2.1. Advanced Glycation End Products
CR 2-year-old rats had statistically significantly lower AGEs com-

pared to their corresponding non-CR littermates (p = 0.019). On the
other hand, this group also had significantly higher AGEs compared to
non-CR 6-month-old rats (p = 0.003).

3.3. Assays of Lipid Peroxidation

3.3.1. Lipid Hydroperoxides
CR 2-year-old rats had statistically significantly lower LHPs com-

pared to the non-CR corresponding littermate group (p<0.001).
Moreover, while non-CR 2-year-old rats had significantly higher LHPs
compared to non-CR 6-month-old group (p<0.001), CR 2-year-old rats
had comparably low LHPs to the non-CR 6-month-old rats (p = 1.0).

3.3.2. Malondialdehyde
CR 2-year-old rats had statistically significantly lower MDA com-

pared to the non-CR littermate group (p = 0.001). On the other hand,
CR 2-year-old rats also had significantly higher MDA compared to the 6-
month-old rats (p = 0.007).

3.4. Antioxidant Status

3.4.1. Thiol Fractions
Even though there seemed to be a trend of T-SH levels to remain

higher in CR 2-year-old rats compared to non-CR 2-year-old rats, T-SH
levels between non-CR 2-year-old rats and their corresponding CR lit-
termates were comparable (p = 0.191). Despite this non-significance,
T-SH levels in CR 2-year-old rats were also comparable with non-CR 6-
month-old rats (p = 1.0).

The mean value of NP-SH in CR 2-year-old group was higher than
the corresponding non-CR group and non-CR 6-month-old group. On
the other hand, the data were not normally distributed, and the pair-
wise statistical analyses did not result in any significant results among
the three groups. CR 2-year-old rats had comparable levels of NP-SH to
the corresponding non-CR rats (p = 0.382) and non-CR 6-month-old
rats (1.0).

CR 2-year-old rats had comparable P-SH levels to the corresponding
non-CR group (p = 0.798). No statistically significant result was found
in the pairwise analyses between non-CR 6-month-old rats and CR 2-
year-old rats (p = 0.397), and non-CR 2-year-old rats (p = 0.397).

Table 1
The summary of redox results of tissues obtained from kidney tissue

Parameter non-CR
6-month-
old
(n = 7)

CR
2-year-
old
(n = 8)

Non-CR
2-year-
old
(n = 8)

p value
(CR 2-year-
old
vs
non-CR 2-
year-old)

PCO (nmol/mg pr) 1.41±
0.31

1.93±
0.25

2.14±
0.34

1-2 0.010
1-3 <
0.001
2-3 0.527

AOPP (μmol/L Chloramine-T
equivalent)

41.7± 6.4 74.9±
4.7

82.8±
5.8

1-2 <
0.001
1-3 <
0.001
2-3 0.031

DT (FU/mg pr) 575± 63 695±
50

809±
84

1-2 0.007
1-3 <
0.001
2-3 0.009

KYN (FU/mg pr) 1113±
179

1251±
171

1476±
174

1-2 0.428
1-3 0.002
2-3 0.054

NFKYN (FU/mg pr) 919± 111 1043±
80

1197±
70

1-2 0.038
1-3 <
0.001
2-3 0.006

AGE (FU/mg pr) 915± 73 1148±
70

1325±
170

1-2 0.003
1-3 <
0.001
2-3 0.019

LHP (nmol/mg pr) 1.06±
0.19

1.10±
0.08

1.60±
0.19

1-2 1.0
1-3 <
0.001
2-3 <
0.001

MDA (nmol/mg pr) 1.43±
0.09

1.62±
0.11

1.86±
0.11

1-2 0.007
1-3 <
0.001
2-3 0.001

T-SH (nmol/mg pr) 3.27±
0.07

3.24±
0.21

3.09±
0.14

1-2 1.0
1-3 0.089
2-3 0.191

NP-SH (nmol/mg pr) 2.04±
0.61

2.03±
0.25

1.90±
0.90

1-2 1.0
1-3 0.536
2-3 0.382

P-SH (nmol/mg pr) 1.32±
0.91

1.35±
0.28

1.32±
0.85

1-2 0.397
1-3 0.397
2-3 0.798

Cu, Zn-SOD
(U/mg pr)

18.4± 1.6 14.0±
3.2

12.0±
2.9

1-2 0.016
1-3 0.001
2-3 0.443

Data expressed as Mean±SD. PCO: protein carbonyl groups, AOPP: advanced
oxidation rotein products, DT: dityrosine, KYN: kynurenine, NFKYN, AGE: ad-
vanced glycation end products, LHP: lipid hydroperoxide, MDA: mal-
ondialdehyde, TSH: total thiol, NPSH: non-protein thiol, PSH: protein thiol, Cu,
Zn-SOD: superoxide dismutase. CR two-year-old: 2-year-old rats subjected to
40% CR (between 18th-24th months). ANOVA with post-hoc Bonferroni test was
used when ANOVA assumptions were met. NPSH and PSH data were found to
be non-normally distributed; therefore, Kruskal Wallis H test was used, which
did not yield statistical significance. Mann Whitney U test was used for all pair
comparison for these parameters. Median + Interquartile range were used for
NP-SH and P-SH.

Fig. 1. Line graph cohort which shows the mean weight of the rats. 6-month-
age was the end point for the 6-month-old non-CR rats. The weight cohort for
the 2-year-old CR and 2-year-old non-CR rats are shown in the figure. As can be
seen in the figure, following 6-month-long CR, which was commenced at the
18th month, the weights of CR 2-year-old rats remained comparable to the ad
libitum fed rats. CR caloric restriction.
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3.4.2. Cu, Zn-Superoxide Dismutase
Despite CR 2-year-old rats had higher Cu, Zn-SOD activity compared

to the corresponding non-CR group, this difference didn’t yield statis-
tical difference (p = 0.443). Non-CR 6-month-old rats had statistically
higher Cu, Zn-SOD compared to the CR 2-year-olds (p = 0.016) and
non-CR 2-year-olds (p = 0.001).

4. DISCUSSION

In the present study, the effects of CR between 18th-24th months of
age on kidney tissue redox homeostasis was compared with corre-
sponding non-CR littermate rats when the body weight is similar be-
tween the CR and non-CR rats at the time of sacrification. We have also
assayed the tissues from non-CR 6-month-old rats to see the effects of

normal aging on kidney redox homeostasis by contrasting them with
non-CR 2-year-old rats.

CR is a proven intervention that delays and decreases the onset of
age-related diseases, including osteoporosis, sarcopenia, including
cardiovascular disease and cancer, which are the leading causes of
death (Balasubramanian, Howell, & Anderson, 2017). Evidence also
indicates that CR attenuates the increased apoptotic loss of neural tissue
during aging (Shelke & Leeuwenburgh, 2003). In our previous manu-
scripts (Yanar et al., 2015), we have shown that creatinine levels are
not significantly different between 5-month-old rats and 24-month-old
naturally aged rats. Therefore, it was suggested that creatinine levels do
not reflect early alterations in renal function, but are rather late mar-
kers that show difference in overt renal failure. In addition, creatinine
levels do not only depend on renal function (glomerular filtration rate),

Fig. 2. Scatter plot which shows the effects of CR on protein oxidation biomarkers (PCO, AOPP, DT). Each blue, green and red circle represent the concentration of
relevant biomarkers obtained from 6-month-old rats (n = 7), CR 2-year-old rats (n = 8) and non-CR 2-year-old rats (n = 8). AOPP advanced oxidation protein
products, CR caloric restriction, DT dityrosine, PCO protein carbonyl groups.

Fig. 3. Scatter plot which shows the effects of CR on protein oxidation biomarkers (KYN, NFKYN). Each blue, green and red circle represent the concentration of
relevant biomarkers obtained from 6-month-old rats (n = 7), CR 2-year-old rats (n = 8) and non-CR 2-year-old rats (n = 8). CR caloric restriction, KYN kynurenine,
NFKYN N-formylkynurenine.
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but also are affected by body composition, such as being more or less
muscular, which could be further confounded by CR diet rather than
being reflective of renal function. This problem highlights the im-
portance of other biomarkers such as protein carbonylation, which can
detect alterations that take place prior to overt organ failure. The
methods that we utilized are well-accepted, less expensive compared to
ELISA and Western blotting and have consistently yielded reproducible

data over many years in our lab and in other labs.
Protein carbonylation is known to be associated with oxidative

stress and this parameter is commonly accepted as a way to reflect the
quantity of oxidatively damaged proteins. In a previous study, CR was
shown to increase catalase activity in kidney (Dutra et al., 2012). On
the other hand, this same study found no difference in protein carbo-
nylation, or total thiol groups. In addition to this, other studies in-
dicated that CR decreases the formation of protein carbonylation in
various age groups, and that adult-onset CR decreases the formation of
8-isoprostane, and protein carbonyl groups in kidney (Chen, Velalar, &
Ruan, 2008) (Dutra et al., 2012) (Sohal, Ku, Agarwal, Forster, & Lal,
1994). On the other hand, these studies do not share body weight status
of rats at the end of the CR period, which has recently attracted some
criticism, and has been highlighted as a major confounding factor in CR
studies due to the possibility that whether the observed improvements
were due to CR or non-CR rats becoming obese was not clear (Sohal &
Forster, 2014). In our study, we found significantly improved LHP and
MDA, early and late signs of lipid peroxidation respectively.

The results of the present study indicate that T-SH, NP-SH, P-SH do
not decrease with aging, nor does CR has a significant effect on their
levels, regardless of aging or CR status. Similarly, comparable -SH levels
were previously reported when male Wistar rats were subjected to CR
for 17 weeks (Dutra et al., 2012). The fact that thiol fractions (-SH)
were not significantly different between the groups may be due to
different levels of cellular expression of protein groups, or maybe a
result of antioxidant system not working efficiently in aging tissues. In
addition, the results of CR on redox homeostasis markers differ from
one tissue to another based on whether the tissue still has the ability to
divide (post-mitotic tissue or not) (Dutra et al., 2012). This issue has not
been resolved and needs further investigative work.

DT is formed when two tyrosine molecules are attached to each
other under oxidative stress. It is a well-known marker of oxidative
stress. It has previously been shown that CR decreases DT levels in
various post-mitotic tissues, including muscle tissue, and heart
(Leeuwenburgh, Wagner, Holloszy, Sohal, & Heinecke, 1997). Recent
studies also indicate that even one dialysis session could significantly

Fig. 4. Scatter plot which shows the effects of CR on Advanced glycation end
products (AGEs). Each blue, green and red circle represent the concentration of
relevant biomarkers obtained from 6-month-old rats (n = 7), CR 2-year-old rats
(n = 8) and non-CR 2-year-old rats (n = 8). CR caloric restriction, AGE ad-
vanced glycation end products.

Fig. 5. Scatter plot which shows the effects of CR on lipid hydroperoxides (LHPs) and malondialdehyde (MDA). Each blue, green and red circle represent the
concentration of relevant biomarkers obtained from 6-month-old rats (n = 7), CR 2-year-old rats (n = 8) and non-CR 2-year-old rats (n = 8). CR caloric restriction,
LHP lipid hydroperoxide, MDA malondialdehyde.
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improve DT levels in patients with chronic kidney failure (Colombo
et al., 2017). In the present study, we found significantly decreased DT
levels in CR group when compared to their littermate non-CR group.
KYN is a metabolite of tryptophan metabolism and it has previously
been shown to increase when inflammatory response is activated
(Wang, Liu, Song, & Zou, 2015). Studies involving patients with chronic
kidney failure indicate that KYN levels are strongly correlated with
disease severity (Debnath et al., 2017). In addition, it is suggested that
worsening renal function results in impaired metabolism of tryptophan,
an up-stream metabolite of melatonin, therefore possibly affecting cir-
cadian rhythm in patients with chronic kidney disease.

In our study, CR rats had comparably low KYN levels as 6-month-old
ad libitum fed rats. In addition, there were a significant difference be-
tween 6-month-old rats and non-CR 2-year-old rats. Therefore, our

results indicate that CR significantly delays the increase in KYN levels
during aging process. Our previous studies, and other groups showed
that aging process is associated with increased NFKYN levels, and in-
creased NFKYN levels are associated with bone loss (Refaey et al.,
2017), and has been suggested as a marker of age-related bone loss. In
our study, non-CR 2-year-old rats had the highest NFKYN levels, sig-
nificantly higher than both the littermate CR rats and 6-month-old rats.

AGEs are proteins and lipid products that are glycated by exposure
to sugars. Some of AGEs are commonly utilized in diabetes research
(glycation of Hemoglobion HbA1c) and they have been shown to be
correlated with aging and oxidative stress, and various biologic models
have been developed to AGEs formation (Chaudhuri et al., 2018). It is
common knowledge that AGEs are increased in diabetes and they pre-
dict the complications of diabetes, and reflect unfavorable alterations in

Fig. 6. Scatter plot which shows the effects of CR on Total thiol groups (T-SH), Nonprotein thiol groups (NP-SH), Protein thiol groups (P-SH) and Cu, Zn superoxide
dismutase (Cu, Zn-SOD). Each blue, green and red circle represent the concentration of relevant biomarkers obtained from 6-month-old rats (n = 7), CR 2-year-old
rats (n = 8) and non-CR 2-year-old rats (n = 8). CR caloric restriction, T-SH Total thiol groups, NP-SH Nonprotein thiol groups, P-SH Protein thiol groups and Cu, Zn-
SOD Cu, Zn superoxide dismutase.
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redox homeostasis (Singh, Bali, Singh, & Jaggi, 2014). Our study also
indicated that even though the body weight was controlled, that is at
the end of the study body weight was similar between CR and non-CR
groups, AGEs were still significantly higher in non-CR group.

Cu, Zn-SOD is an enzyme involved in scavenging of superoxide
anions. The enzyme convers superoxide anion to hydrogen peroxide,
which is less toxic. Cu, Zn-SOD is a commonly used marker in redox
research and increased levels of Cu, Zn-SOD is believed to be a sign of
favorable redox status. In our previous studies, we investigated how CR
and galactose induced aging model alter Cu, Zn-SOD activity in various
post-mitotic tissues including the brain and heart tissue, where we have
shown improved Cu, Zn-SOD activity in CR groups, and decreased Cu,
Zn-SOD activity in galactose induced aging models. In the present
study, our results indicate that aging process decreases Cu, Zn-SOD
activities. On the other hand, in the present study, we did not observe a
significant difference between CR and non-CR rats. A previous study
also reported no correlation between CR and renal Cu, Zn-SOD activity
(Dutra et al., 2012).

Various studies in neural tissue indicate that decreased caloric in-
take is associated with hastened neural loss and early death (Mattson,
Cutler, & Camandola, 2007). It is known that some patients, thought to
be around 7%, with amyotrophic lateral sclerosis (ALS) also have a
mutation in the gene encoding SOD (Hitchler & Domann, 2014).
Therefore, we find it interesting that some studies on ALS reports a
worsening effect of CR on prognosis. In addition, even though there are
contradictory studies mostly involving brain tissue where CR may not
have positive modulating effects on health, most studies indicate that
CR is helpful in the prevention and delay of neurodegenerative diseases
(Patel et al., 2005) (Parikh et al., 2016). Furthermore, the majority of
CR literature indicate an improving age-related deterioration in kidney
tissue (Xu et al., 2015) (Wang, Cai, & Chen, 2018). It is suggested that
CR can affect the expression of proteins involved in energy metabolism,
such as Sirtuins, which have been shown to be involved in the regula-
tion of fatty acid metabolism. Moreover, O2 consumption has been
shown to be different between CR and non-CR groups in some studies.
Furthermore, it has been hypothesized that CR related alterations in
protein expression may affect the mitochondrial membrane perme-
ability, which could in turn affect cellular metabolism and ROS status in
the cell. Unraveling the precise alterations regarding how CR alters
cellular metabolism, including cytokine signaling, requires further in-
vestigations.

In the present study, we report that CR significantly improves redox
homeostasis markers in CR when compared to their non-CR littermates.
On the other hand, we have chosen middle adulthood (18 months of
age) to start CR, and different age groups when CR is commenced, in-
cluding the duration of CR may possibly affect the results. We decided
to work with male rats, because it is believed that results are more
consistent with male animals due to their relatively stable comparable
hormonal levels throughout aging compared to female rats (Sohal &
Forster, 2014). Therefore, the current findings also need to be re-
plicated in female mice, whose body composition, metabolism and
hormonal status are intrinsically different. On the other hand, we be-
lieve CR would still have similar effects in female rats, due to the effects
of CR on metabolism, mitochondrial alterations, and redox homeostasis
(Redman et al., 2018).

Therefore, the results indicate that redox homeostasis modulating
effects of CR are distinct from weight gain in non-CR group, still sig-
nificant and can be observed via the measurement of redox homeostasis
markers including protein oxidation, lipid peroxidation, groups with
antioxidant properties including and superoxide scavenger antioxidant.
Hence, our experimental findings literally support and contribute to the
gerontological literature that detrimental consequences of renal senes-
cence on redox homeostasis are significantly improved via CR espe-
cially applied in early-adulthood.
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