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Abstract

Methionine restriction (MetR) is a dietary intervention that extends mean and maximum
life span in rodents, at least in part, by reducing oxidative stress and promoting DNA
stability in different tissues. Regarding DNA stability, DNA repair pathways play a critical
role, both in the nuclear and mitochondrial fractions. Base excision repair (BER) is the main
one involved in the repair of oxidative damage, as well as the main one in mitochondria.
Despite the relevance of DNA repair in DNA maintenance, it is not known whether MetR
regulates BER as a mechanism of preserving genomic stability. In this study we analyzed,
for the first time, the effect of 40% MetR for 7 weeks on BER in rat brain cortex and liver,
focusing on the expression of several key BER genes. In the brain cortex, MetR significantly
increased the gene expression of the DNA glycosylase Oggl and the DNA endonuclease
Apel while reducing DNA polymerase y gene expression. Conversely, MetR led to a general
reduction in the expression of BER genes in the liver. Our findings highlight a tissue-specific
regulation of the BER gene expression in response to MetR. Different potential mechanisms
underlying these changes in BER, such as DNA methylation or activation of signaling
pathways, are discussed.

Keywords: aging; DNA repair; genome stability; oxidative stress; glycosylase; endonuclease;
longevity

1. Introduction
1.1. Aging and DNA Instability

Aging is a progressive and unavoidable process that nowadays constitutes a major
health concern in most Western countries. In addition, aging is a multifactorial and complex
process, with the increase in age-related DNA instability being one of the major factors that
contributes to the physiological decline observed as animals age [1,2]. Interestingly, it has
been known for decades that different dietary interventions can have a great impact on
slowing aging and the onset of age-related diseases [3-5]. Since DNA instability is one of
the factors that have been pointed out as important determinants of the aging process [1,2],
an increasing number of studies have stressed the role of DNA repair mechanisms not
only as essential in maintaining genome integrity but also as critical in the progression
of physiological decline during aging [6-8]. DNA is constantly exposed to damaging
agents, both endogenous and exogenous. DNA lesions generated by free radicals are highly
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mutagenic, and DNA repair mechanisms play a central role in preventing the accumulation
of DNA mutations and in the maintenance of DNA stability. Both mitochondrial DNA
(mtDNA) and nuclear DNA (nDNA) are exposed to such damage, and hence, repair
mechanisms have evolved in both compartments in order to preserve DNA integrity [9,10].

Several major DNA repair pathways have been described in the nuclei [10,11]. How-
ever, it is considered that the main repair pathway for the mitochondrial genome is base
excision repair (BER) [9]. Various proteins involved in other repair pathways than BER
have also been reported to be present in mitochondria [12,13]. However, it remains to be
established whether all those DNA repair routes are actually functional in mammalian
mitochondria and how they are regulated. Interestingly, all DNA repair proteins involved
in mtDNA repair are encoded in nDNA, and most of the proteins involved in nuclear
and mitochondrial DNA repair are encoded by the same genes, with different splicing or
protein processing [14,15].

Among all the DNA repair pathways, BER is the main one involved in the recogni-
tion and removal of damage generated by oxidation, alkylation, and deamination pro-
cesses. Deficiencies in this pathway have been associated with various cancers, neu-
rodegeneration, and aging [9,16-18]. It is a four-step pathway with several proteins in-
volved. Briefly, substrate-specific DNA glycosylases, such as uracil DNA glycosylase
(UDG) or 8-oxoguanine DNA glycosylase (OGG1), are responsible for the recognition and
removal of modified bases. They generate an abasic site, which is then processed by an
apurinic/apyrimidinic endonuclease (APE1). Similarly to nuclear BER, mitochondrial
BER (mtBER) can proceed through two different sub-pathways: short- or long-patch BER.
The short-patch BER involves the incorporation of a single nucleotide into the gap by a
DNA polymerase (POL), followed by strand ligation primarily by DNA ligase (LIG) 3. The
long-patch BER involves the incorporation of several nucleotides, usually two to seven, by
a DNA polymerase, followed by cleavage of the resulting 5’ flap by accessory proteins such
as FEN-1 and ligation by LIG3 (Figure 1).

Until recently, the only known DNA polymerase in mammalian mitochondria was
POLy; however, additional polymerases have lately been identified in these organelles,
POL being among them [19]. As mentioned previously, different studies have stressed
the critical role that DNA repair mechanisms play in health and disease [20-23]. Thus,
experimental approaches that improve health status or those that reduce the progression of
aging and age-related diseases might exert their beneficial effects through modulation of
DNA repair mechanisms.

1.2. Anti-Aging Dietary Interventions

Dietary interventions that can modulate several of the proposed hallmarks of aging [1,2]
have become interesting approaches to the study of aging and longevity. During the last
several years, different strategies have been used to improve aging and postpone the onset
of age-related disorders. Among them, a variety of drugs/supplements that promote
healthspan and/or life extension in nutritional interventions have become very popular.
However, investigations on how dietary interventions affect DNA repair are scarce. The
most robust results have been recently reported regarding interventions affecting NAD+
levels, one of the most extensively used supplements in the aging research field. NAD+ is
an essential metabolite involved in multiple reactions associated with most of the pathways
related to the hallmarks of aging [24]. Specifically, NAD+-dependent processes are involved
in genome maintenance and DNA repair mechanisms. Aging is characterized by reduced
NAD+ levels that impair DNA repair and increase DNA damage, which can contribute
to an accumulation of mutations and cellular dysfunctions generally associated with
aging [25]. The pharmacological upregulation of cellular NAD+ via NAD+ precursors,
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such as the use of NR (nicotinamide riboside), NMN (nicotinamide mononucleotide), or
NAM (nicotinamide), are in the current scientific spotlight because of its beneficial effects
on age-related diseases (reviewed in [24]) mediated at least partly by NAD+ involvement
in the activation of BER pathways to maintain genome stability. Thus, it has been shown
that dietary supplementation with NAD+ precursors in an Alzheimer’s disease (AD)
animal model with DNA repair deficiency and in AD patients’ fibroblasts reduces DNA
damage and apoptosis, likely through the enhancement of DNA damage response [26].
Moreover, the restitution of intracellular NAD+ levels in Ataxia telangiectasia animal
models stimulates DNA repair [27].
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Figure 1. Base excision repair pathway: (1) The mammalian base excision repair pathway is initiated
by removal of the modified base by a lesion-specific monofunctional (UDG) or bifunctional DNA
glycosylase (NTH1, OGG1, NEIL1, or NEIL2). (2) After excision by monofunctional DNA glyco-
sylases, the incision of the DNA backbone at the AP site is then processed by APE1. Bifunctional
DNA glycosylases excise modified bases, followed by DNA backbone incision at the AP site via
B- or B&-elimination facilitated by the intrinsic AP lyase activity of these enzymes. (3) The 3'- and
5'-termini of the single-strand break are processed by DNA polymerase (POL) p, APE1, or PNKP
depending on their specific nature. These are obstructive, and their removal generates a 3'-OH and
5'-P termini at the strand break, which is the normal substrate for DNA polymerases. (4) BER can
then proceed through a long- or a short-patch subpathway. In the latter, single-nucleotide gap filling
is performed by POLj3. Long-patch (LP) BER involves the incorporation of 2-12 nucleotides during
repair synthesis by POLf, interacting with other proteins such as PCNA and RFC. LP-BER results
in the exposure of the ancient DNA strand as part of a single-strand overhang or a flap structure.
(5) These flap structures are recognized and cleaved by flap endonuclease 1 (FEN1). POL is the only
DNA polymerase depicted in the scheme, as it has been reported to be the main DNA polymerase in
BER. However, other polymerases, such as POLy in mitochondria, can also participate in the BER
pathway. (6) Finally, ligation of the DNA backbone by DNA ligases (LIG1 or LIG3) interacting with
other proteins (XRCC1 or PCNA) completes the BER pathway.
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Caloric restriction (CR), avoiding undernutrition, continues to be the best experimental
manipulation capable of decreasing the aging rate and increasing mean and maximum
lifespan in a wide range of organisms [4,28,29]. The life extension effect of CR can reach
up to 50% in rodents, and it has been observed not only when initiated at a young age
but also when implemented at middle age [30-32]. Besides its effect on longevity, CR also
attenuates the incidence and progression of many age-related pathologies, including car-
diomyopathy, nephropathy, diabetes, hypertension-related diseases, autoimmune diseases,
and several neurodegenerative disorders like Parkinson’s or Alzheimer’s disease [33-35].
Although the longevity extension effect is controversial when CR has been investigated in
rhesus monkeys, important beneficial effects on different age-related diseases have been
reported [36,37]. Benefits for human health of CR have also been reported to reduce obesity,
insulin resistance, atherosclerosis, inflammation, and oxidative stress [38].

It has been extensively reported that CR decreases oxidative stress [39-41]. Research
in rodents has shown that long-term 40% CR significantly decreases mitochondrial reactive
oxygen species (mtROS) generation in different rat tissues [40-44] as well as in mice [45,46].
In agreement with the decrease in mtROS production, CR also reduced oxidative damage to
mtDNA alone, or both mtDNA and nDNA, depending upon the organ studied [40-42,44].
The longevity extension effect of CR was initially attributed to a decreased calorie intake
rather than to decreases in specific dietary components. Studies questioned this classical
consensus [47,48] and a significant number of investigations have reported increases in
maximum longevity after protein restriction (PR) in rats or mice (reviewed in [49]), although
to a lesser extent than CR. Furthermore, the restriction of a single amino acid, methionine
(MetR), increases longevity in rats [50,51] and mice [52,53] to the same extent as PR. Similar
results have been reported in yeast, D. melanogaster, and C. elegans [54-56]. In addition to
the life extension effect, MetR also decreases the incidence of age-associated degenerative
diseases [52,57-59]. Isocaloric MetR (80% and 40%) lowers mtROS production, mainly at
complex I, and oxidative damage to mtDNA is measured as 8-oxodG levels in various
tissues [60,61]. These results suggest that the reduced ingestion of a single molecule, methio-
nine, during MetR, PR, and CR can be responsible for the decreases in mtROS production
and mitochondrial oxidative stress reported in these dietary interventions. Although CR ap-
pears to exert a stronger lifespan extension effect than MetR, it is associated with significant
reductions in body weight, which are not observed after MetR [61]. Moreover, although
DR has been reported to promote healthy aging in human volunteers [62], it would not be
a realistic public health intervention because of poor compliance with even mild dietary
restriction regimes [63]. Thus, despite a less pronounced effect in lifespan extension, MetR
might be a potentially more realistic intervention since it implies the reduction in a specific
nutritional component of the diet. While DNA repair mechanisms have been studied in
different animal models subjected to various degrees of CR [64-66], the potential role of
MetR in regulating those mechanisms has not been explored to date. Thus, high DNA
repair could contribute to the lower oxidative damage observed in methionine-restricted
animals and to the lifespan extension effect of this dietary intervention.

The aim of the present study was to analyze the effect of methionine restriction
on the gene expression of key enzymes of the BER pathway. To this end, the levels of
mRNA of different BER enzymes were quantified in brain and liver tissue from control
and methionine-restricted rats. These two tissues are of particular interest due to their
critical role in systemic physiology. Liver has a central role in metabolism, detoxification
and homeostasis, and different reports have suggested that liver aging may have broader
implications for systemic aging and age-related diseases [67,68]. On the other hand, the
brain is crucial due to its implications for cognitive function, neuroplasticity, and its
susceptibility to age-related neurodegenerative diseases. This investigation would help
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to better understand the mechanisms through which a nutritional intervention, such as
methionine restriction, preserves hepatic and brain functionality, and, therefore, may retard
the aging process.

2. Materials and Methods
2.1. Animals and Diets

Sixteen male Wistar rats of 200-250 g of body weight (2 months old) purchased from
Harlan Laboratories (Rossdorf, Germany) were caged individually and maintained with ad
libitum access to food and water in a 12:12 (light/dark) cycle at 22 & 2 °C and 50 £ 10%
relative humidity at the facilities of the Complutense University animal house (ANUC
ES28079000086). All the procedures were performed in accordance with institutional guide-
lines and were approved by the Experimental Animal Committee from the UCM/CAM.
Semi-purified diets prepared by MP Biochemicals (Irvine, CA, USA) and imported to Spain
by Leti (Barcelona, Spain) were used. The detailed diet composition is shown in Table 1.
The composition of the 40% MetR diet was similar to that of the control diet, except that
L-methionine was present at 0.516%, which corresponds to an amount of this amino acid
40% lower than in the control diet (0.86%). The 0.34% absolute decrease in L-methionine in
the 40% MetR diet was compensated for by increasing all the other dietary components
proportionally to their presence in the diet. Since the % absolute decrease in L-methionine
was small, the % presence of all the other dietary components was almost the same in the
two experimental diets. Both diets were isocaloric, and the macronutrient composition was
similar. Animals were weighed weekly. After 7 weeks of dietary treatment, the animals
were sacrificed at 9 a.m. by decapitation, and liver and brain (frontal cortex) samples were
obtained, flash frozen in liquid nitrogen, and stored at —80 °C for later processing.

Table 1. Detailed composition of semi-purified diets used in this study (control and 40% methionine

restriction).
Component Control (g/100 g) 40% MetR (g/100 g)
L-Arginine 112 1.124
L-Lysine 1.44 1.445
L-Histidine 0.33 0.331
L-Leucine 1.11 1.114
L-Isoleucine 0.82 0.823
L-Valine 0.82 0.823
L-Threonine 0.82 0.823
L-Tryptophan 0.18 0.181
L-Methionine 0.86 0.516
L-Glutamic acid 2.70 2.709
L-Phenylalanine 1.16 1.164
L-Glycine 2.33 2.338
Dextrine 5 5.017
Corn starch 31.80 31.92
Sucrose 31.79 31.92

Cellulose 5 5.017
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Table 1. Cont.
Component Control (g/100 g) 40% MetR (g/100 g)

Choline bitartrate 0.2 0.201

MP Vitamin diet fortification mixture 1.02 1.023

Mineral mix (AIN) 3.5 3.512

Corn oil 8 8.028

Total (% weight) 100 100

2.2. RNA Isolation and RT-PCR

RNA was isolated from liver and brain (cortex) samples using TRIsure™ (BIOLINE,
London, UK), following the manufacturer’s protocol. The purity of the isolated RNA was
estimated by 1.5% agarose gel electrophoresis, and RNA concentration was determined
by spectrophotometry (Nanodrop 2000-thermoscientific). cDNA synthesis was performed
by reverse transcription of 1 ug RNA using a High-Capacity cDNA Reverse Transcription
Kit (Applied Biosystems, Thermo Fisher Scientific, Madrid, Spain). The resulting cDNA
samples were used with specific primers (Table 2) and 1x Takara SYBR Green Premix Ex
Taq (Takara BIO Inc., Otsu, Japan) to perform quantitative real-time PCR. RT-PCRs were run
in a MyiQ™2 Two-Color Real-Time PCR Detection System (Bio-Rad laboratories, Hercules,
CA, USA)) using the following conditions: 2 min at 50 °C, 10 min at 95 °C, followed by
40 cycles of 15 s at 95 °C and 1 min at 60 °C. Duplicates of each sample were included, and
melting curves were performed in order to verify the specificity of the amplification. 185
rRNA was used as an endogenous control to normalize the results. This gene is widely
used as a housekeeping gene in quantitative PCR studies due to its stable expression across
a broad range of tissues and experimental conditions. Moreover, we have confirmed its low
variability in previous investigations. This consistency makes it a reliable internal control
for the normalization of gene expression data, enhancing the accuracy and reproducibility
of qPCR results. Relative gene expression was determined by using the 244t method.

Table 2. Primers used in RT-PCR experiments.

Ogg Forward TATCATGGCTTCCCAAACCT
Reverse CAACTTCTGAGGTGGGTCT
Udg Forward GATGTGCGACATCCGTGA
Reverse TGAGCTTGATTAGGTCCGTGA
' Forward CAAAAGAGGTGACTGGATAGACC
Neil2 Reverse GGAAGCCACCACCACTAAAA
Apel Forward GCATCTGCCACACTCAAG
Reverse TGGTGCTTCTTCCTTTACCC
Polf Forward CAGCGAGAATGATGAAAACG
Reverse CTGATCTTTGGGGATCAACC
Poly Forward GCGAATGGTCCAGCGATTTC
Reverse TTGACGAACAGTTCCCGAGG
Ligl Forward TGGTGTCCCGCAAAGTGATT

Reverse CCTTTGGAGGGGGTTCCTTC
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Table 2. Cont.
) Forward TTGCAGAAAGGCTCCACAG
Lig3 Reverse CAAGTTGTACACACTCTTGATGACAC
Forward GCCTCAGCAATGTTGTGTCG
Mnsod Reverse ATTGTTCACGTAGGTCGCGT
Ppargcla Forward TTCAGGAGCTGGATGGCTTG
Reverse GGGCAGCACACTCTATGTCA
Banf Forward TGTTGGGGAGACGAGATTTT
Reverse TCACCTGGTGGAACATTGTG
Forward GGTGCATGGCCGTTCTTA
185 Reverse TCGTTCGTTATCGGAATTAACC

2.3. Statistical Analysis

Data are presented as mean £+ SEM (Standard Error of Mean) or median £ IQR
(Interquartile range). Statistical evaluation was performed using GraphPad PRISM (version
6.01, La Jolla, CA, USA). Normal distribution of variables was evaluated by the Shapiro—
Wilk test, and nonparametric tests were used when appropriate. Comparison between
two groups was performed by a t-test or Mann-Whitney U-test (in case of no normal
distribution). p-values < 0.05 were considered statistically significant.

3. Results
3.1. Body Weight of Rats and Food Intake Were Not Affected by Methionine Restriction

Similarly to previous studies in our laboratory, the animals subjected to MetR did
not significantly change their body weight compared to control animals after 7 weeks of
treatment (Figure 2).

400
-O0- Control

-0- MetR

Body weight (g)
N w w
[3.] (= [3,]
T T 7

Weeks

Figure 2. Body weight (g) over the course of the dietary intervention in the control (n = 8) and 40%
methionine-restricted rats (MetR; n = 8). The results are expressed as the mean + SEM.

3.2. Rats Subjected to Methionine Restriction Show Similar Transcription Levels of Mnsod to
Control Counterparts Both in Liver and Brain

After methionine restriction, transcription levels of the mitochondrial isoform of
superoxide dismutase (Mnsod) were reduced by 20% in the liver (Figure 3a) and by 16% in
the brain (Figure 3b); however, the differences did not reach statistical significance in any
of the tissues (p = 0.11 in liver and p = 0.16 in brain).
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(a) (b)

Mnsod (Liver) Mnsod (Brain)
1.5 1.5

1.0

1.0 = .

e

Fold change from control
[ ]
L]

Fold change from control

Control MetR Control MetR

Figure 3. mRNA levels of Mnsod in the (a) liver and (b) brain of the control and 40% methionine-

restricted rats (MetR). The results are expressed as the mean + SEM relative to control animals; n =8,

except brain in MetR group (n = 6).

3.3. DNA Glycosylases and Apel Genes Were Downregulated by Methionine Restriction in

Rat Liver

After methionine restriction, the genes related to the first steps of the BER pathway
were significantly downregulated (Figure 4). NEIL2 and OGG1 are DNA glycosylases
related to the recognition and excision of oxidative damage in DNA. Transcription of both

genes was significantly reduced after MetR. Neil2’s gene transcription was reduced by
25% (p = 0.037), while Ogg1’s underwent a nearly 40% reduction (p = 0.003). Similarly,
transcription of the Udg gene, the main DNA glycosylase recognizing duracil generated by

cytosine deamination, was significantly decreased by 30% (p = 0.009). In addition, Apel

gene expression was also significantly reduced by 30% after MetR (p = 0.024).

3.4. Transcription of Genes Related to DNA Polymerases but Not DNA Ligases Was Reduced After

Methionine Restriction in Rat Liver

Methionine restriction differently affected DNA polymerase and DNA ligase gene

transcription. Transcription of DNA polymerase (3 and 'y genes was reduced after MetR by

30%. However, such reduction reached statistical significance only in Poly (p = 0.04) but
not in Polf (p = 0.06) (Figure 5a,b). In contrast, neither the DNA ligase 1 gene nor the DNA
ligase 3 gene hepatic expression changed in the rats subjected to MetR compared to the

control animals (p > 0.6) (Figure 5c,d).
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9 2
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Figure 4. Cont.
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(c)

Fold change from control

1.5

0.5

0.0
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%
.

1
|

1 1
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(d)

2.0

1.5

1.0

0.5

Fold change from control

0.0

Ape1 (Liver)

*

1 1
Control MetR

Figure 4. Hepatic mRNA levels of (a) Neil2, (b) Ogg1, (c) Udg, and (d) Apel of the control (n = 8) and
40% methionine-restricted rats (MetR; n = 8). The results are expressed as the median + IQR relative

to control animals. * p < 0.05; ** p < 0.01.

(a)

(c)

Fold change from control

Fold change from control

2.0

1.5

1.0

0.0

PolB (Liver)
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0.0

1 1
Control MetR

Lig1 (Liver)
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Control MetR

(b)

2.0

1.5

1.0

Fold change from control

0.0

Poly (Liver)

%
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=

(d)

2.0

1.0

0.5

Fold change from control

0.0

1 1
Control MetR

Lig3 (Liver)

1y

T T
Control MetR

Figure 5. Hepatic mRNA levels of (a) DNA polymerase B, (b) DNA polymerase <y, (c) DNA ligase 1, and
(d) DNA ligase 3 of the control (n = 8) and 40% methionine-restricted rats (MetR; n = 8). The results

are expressed as the median =+ IQR relative to control animals. * p < 0.05.
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3.5. Ogg1 and Apel Genes Were Upregulated in Rat Brain, While Neil2 and Udg Genes Were Not
Affected After Methionine Restriction in Rat Brain

In the rat brain, Ogg1 was the only DNA glycosylase gene whose transcription was
affected by MetR (Figure 6a). In contrast to the liver, transcription levels of the Ogg1 gene
were significantly increased by 40% in the brain after MetR (p = 0.01). Regarding NEIL2,
another DNA glycosylase recognizing and processing oxidative DNA damage, mRNA
levels tended to increase in the rat brain after MetR by 30% (Figure 6b), although differences
between both experimental groups were not statistically significant (p = 0.22). Udg gene
expression was not modified after MetR in the rat brain (p = 0.09) (Figure 6¢). Similarly to
Ogg1, Apel gene transcription was also significantly upregulated by approximately 15% in
brain tissue (p = 0.04) (Figure 6d).

(a) (b)
Ogg1 (Brain) Neil2 (Brain)

%

g
o
]

2.5

2.0 n

i

1.5

1.0 -

Fold change from control
e = :
3 =)
1 1

Fold change from control

0.5 o

o°
o

0.0

1 1 1 1
Control MetR Control MetR

(c) (d)
Udg (Brain) Ape1 (Brain)

1.5 1.5 *

=

. -

1.0 1.0

I_

0.5 0.5

Fold change from control
Fold change from control
[ ]

0.0

0.0

1 1 | |
Control MetR Control MetR

Figure 6. Brain mRNA levels of (a) Ogg1, (b) Neil2, (c) Udg, and (d) Apel in the control (n = 7-8) and
40% methionine-restricted rats (MetR; n = 7-8). The results are expressed as the mean + SEM relative
to control animals, except Apel, which is as the median £ IQR. * p < 0.05; ** p < 0.01.

3.6. Gene Transcription of DNA Polymerases and DNA Ligases Was Differently Modulated by
Methionine Restriction in Rat Brain

In contrast to the liver, the DNA polymerases 3 and y were differently modulated by
MetR in the rat brain. Similarly to the liver, a 20% reduction in Polvy gene transcription was
observed in the rat brain (p = 0.04) (Figure 7a); however, no changes were detected in the
brain transcription of the Polp gene (p = 0.7) (Figure 7b). On the other hand, none of the



Biomolecules 2025, 15, 969 11 of 19

transcription levels of the two DNA ligases investigated were significantly modified by
MetR in the rat brain (Figure 7c,d), despite Lig3 gene expression being reduced by 20%.
However, this decline did not reach statistical significance (p = 0.06).

(@) (b)

Poly (Brain) PolB (Brain)

1.5 2.0
*

1.5

1.0

it

=ty

0.5 =m
0.5 [

Fold change from control
[ )
Fold change from control
o
1

0.0 0.0

1 1 1 1
Control MetR Control MetR

(©) (d)

Lig1 (Brain) Lig3 (Brain)
2.0+ 1.5+
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1.0

Fold change from control
o
1
u
Fold change from control

[ ] .Fﬁ (1)

—T—
ik

||
0.5 o
0.5

0.0

0.0

1 1 1 1
Control MetR Control MetR

Figure 7. Brain mRNA levels of (a) DNA polymerase vy, (b) DNA polymerase B, (¢) DNA ligase 1, and
(d) DNA ligase 3 in the control (n = 7-8) and 40% methionine-restricted rats (MetR; n = 7-8). The
results are expressed as the mean £ SEM relative to control animals. * p < 0.05.

4. Discussion

While extensive research has examined the positive impact of a MetR diet on longevity
and its association with oxidative stress in rodents (reviewed in [69,70]), it is not known
whether the beneficial effect of this dietary manipulation on lifespan might be related to
an upregulation in DNA repair as well. In contrast to CR, to our knowledge, no prior
studies have investigated the effects of methionine restriction on the BER pathway. Both
dietary interventions have been shown to share common biological effects, including
reduced mitochondrial ROS production, lower oxidative damage, and extended maximum
longevity in rodents [69]. In this study we aimed to determine whether the beneficial
effects of a MetR diet in rats are related to changes in the BER pathway in brain and liver,
two organs that play a central role in the adaptation to limited methionine intake [70].
Our findings reveal, for the first time, that a 40% methionine restriction in diet increases
the expression of Oggl and Apel while decreasing the expression of Poly in the brain. In
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contrast, MetR decreases the hepatic expression of Neil2, Udg, and Ogg1 glycosylases as
well as Apel and Poly.

Previous investigations have denoted a complex regulation of BER in animals subjected
to CR. For instance, changes in BER capacity after subjecting rats to CR have been shown to
be tissue-specific as well as being cellular compartment-dependent in young animals [65].
Moreover, changes in the activity of BER enzymes are not always related to protein levels,
but are probably related to post-translational modifications [66,71]. In agreement with the
lifespan extension effect of CR, two different studies have reported that CR reverts the
age-related decline in the BER pathway in total [66] or nuclear [64] fractions in different
rat tissues. Moreover, young calorie-restricted animals showed higher APE1 activity than
their control counterparts in different brain regions [66]. Interestingly, in accordance with
the cited study, we observed higher Apel gene transcription in the brain cortex of the
methionine-restricted animals than in the control ones. In this scenario, and similarly to
previous studies, our results also indicate a clear tissue-specific effect of MetR on BER
enzyme gene expression. Thus, while we observed a general decline in the transcription
levels of BER enzymes in the liver, no changes or enhancements were observed in the
brain cortex. However, our results are not entirely comparable with previous ones in CR
since ours reflect total gene expression, encompassing both nuclear and mtBER repair; in
contrast, previous investigations reported specific BER activities in either nuclear and/or
mitochondprial fractions [65]. In addition, as mentioned above, CR and MetR share several
physiological effects, but their underlying mechanisms may differ significantly.

One potential mechanism involved in the modulation of the BER enzyme gene expres-
sion after MetR is DNA methylation (Figure 8). Methylation of DNA is a dynamic process
that influences gene transcription and is strongly linked to MetR [72,73]. Specifically, in
relation to DNA repair capacity, growing evidence suggests that epigenetic events, includ-
ing altered DNA methylation, may contribute to the aging process and play a functional
role through the dysregulation of the BER enzyme gene expression. Consistent with this, a
study conducted in the mouse brain indicates that Ogg1 and Neill gene expression can be
epigenetically regulated, potentially contributing to the effects of aging on DNA repair in
the brain [74]. It has been observed that promoters of some BER genes (Neil1, Udg, and Ogg1,
among others) may be methylated, resulting in downregulation in gene expression [74]. Re-
garding methionine intake, it is well established that methionine metabolism directly affects
DNA methylation, as methionine serves as the direct precursor of S-adenosylmethionine
(SAM) and S-adenosylhomocysteine (SAH), which function as the substrate and product of
methylation reactions, respectively [75]. Studies in vitro have shown that physiologically
relevant concentrations of methionine altered methylation status (H3K4me3) and ratio of
SAM/SAH in cell culture media [73]. In vivo, previous studies have shown that dietary
methionine supplementation increases SAM levels, a key methyl donor for DNA methyla-
tion, in the liver and heart of rats [76]. Conversely, methionine restriction has been reported
to globally reduce DNA methylation levels in the heart [77], whereas other studies have
shown an increase in global methylation in the liver and a decline in adipose tissue in adult
mice as well as altered methionine cycles and histone methylation [78]. Collectively, these
studies provide evidence that MetR can alter epigenetic markers. Therefore, we propose
that modifications in DNA methylation patterns following MetR may contribute to BER
enzyme gene regulation, potentially altering gene expression patterns. However, further
studies are necessary to elucidate how methionine metabolism and histone methylation
regulate the transcription of genes involved in maintaining genome stability.
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Figure 8. Potential effects of methionine restriction on transcription levels of genes involved in BER.
The results in the current investigation suggest that MetR differently affects the gene transcription
of BER enzymes in the brain and liver of rats subjected to this dietary intervention. Direct changes
in gene transcription due to MetR-associated alterations in DNA methylation processes (1), DNA
damage response mechanisms activated after oxidative damage to DNA (2), and other signaling
pathways, such as AMPK signaling (3), are likely to be involved in the regulation of BER capacity in
cells of those tissues through gene expression modulation of different BER proteins (see the discussion
for further details). ETC: electron transport chain; ROS: reactive oxygen species; SAM: S-adenosyl-
methionine; SAH: S-adenosyl-homocysteine. Red starts indicate DNA damage. See the discussion for
more details.

In the brain, MetR has been shown to improve cognitive health by promoting anti-
inflammatory transcription factors, such as Nrf2; certain antioxidant pathways, like GSH; or
enhancing gene markers of hippocampal plasticity and improving factors related to neuron
growth and survival [79]. In this context, it is not surprising that we have found an increase
in Apel and Ogg1 gene expression, reinforcing the idea of its regulation by oxidative stress.
APE1 has been proposed as the core BER enzyme, characterized as the rate-limiting step of
the process and thus, a critical one. Hence, both APE1 and OGG1 may be considered as
key regulators of endogenous DNA damage [80]. In contrast, we have found a decrease
in Poly gene expression, the mitochondrial replicative polymerase, that may be due to its
different regulation for its unique mitochondrial location and function [81]. In addition,
the complexity of the brain implies that BER regulation may vary among brain regions and
brain cell types. In fact, various studies have reported that different brain regions present
different BER capacity and are differently affected by aging [66,71]. On the other hand, it is
important to stress that within the brain, different cell types have been reported to differ in
BER capacity [82,83]

In the liver, MetR has a profound effect on lipid and glucose metabolism, resulting in
increased insulin sensitivity and reduced risk of diabetes mellitus and hypertension [84,85].



Biomolecules 2025, 15, 969

14 of 19

In addition, even a low level of methionine restriction (40%), like they used in this study,
decreases oxidative damage to biomolecules [61,77]. In our study, we have observed a
decrease in the gene expression of major BER enzymes.

The observed differences in the BER enzyme gene expression between the liver and
the brain could be attributed to the organ-specific effects of MetR on oxidative damage. In
the liver, MetR has been shown to reduce mtROS production and significantly decrease
levels of 8-oxodG in mtDNA [77,86]. In contrast, oxidative damage in mtDNA does not de-
crease in the brain following MetR [87]. Recent evidence supports a role for DNA damage,
particularly in the form of 8-0x0G, as a regulatory mark influencing DNA transcription [88].
Studies in cell cultures have demonstrated that oxidative damage upregulates the gene
transcription of major BER enzymes, including Udg, Ogg1, Neil2, and Apel [89,90]. Increas-
ing evidence also suggests that DNA damage response (DDR) signaling influences the
transcription of repair genes, particularly of DNA glycosylases. Moreover, the latter also
interacts with transcription factors, contributing to DDR modulation of the BER enzyme
gene expression. Therefore, the 30-40% reduction in the BER enzyme gene transcription ob-
served in the liver may correspond to the lower oxidative damage in mtDNA, reducing the
need for DNA repair and leading to a downregulation of BER capacity. Conversely, in the
brain, where oxidative damage in mtDNA remains unchanged after MetR, the upregulation
of certain BER genes may represent a compensatory response. Because of their post-mitotic
status and relatively low levels of antioxidant defenses, neurons rely heavily on their DNA
repair capacity for maintaining DNA integrity. In relation to Mnsod expression, we have
found lack of changes both in the liver and brain after MetR, in accordance with what has
previously been shown regarding SOD protein level in the liver following MetR at old
age [77]. In contrast, it has also been shown a decrease in the level of the GSH antioxidant
after MetR in the liver [91], while it remained without changes in the brain [92].

The link between oxidative damage, transcription factors involved in BER regulation,
and methylation of DNA patterns that alter BER transcription may be elucidated in order
to understand a dietary manipulation that is known to have considerable effects on health.
Targeting methionine metabolism not only extends lifespan in multiple species, but is also
a promising strategy for controlling cancer [93]. Although the regulatory mechanisms
that modulate BER enzyme gene expression are not yet fully understood, some proposed
mechanisms suggest a potential link to MetR. Among others, AMPK and Sirtuins pathways
have been associated with oxidative stress and BER modulation, potentially acting as DNA
damage sensors [94,95]. Methionine restriction studies have shown an activation of the
AMPK pathway via fibroblast growth factor 21 (FGF21) in the brain [79,96], which could
explain the observed increase in Ogg1 and Apel gene expression. In the liver, a reduction
in Sirtuin 1 levels [77] has been shown, which aligns with the generalized reduction in
hepatic BER enzyme gene expression observed in our study. However, other sirtuins or
transcription factors have also been linked to BER regulation, and future studies should
address whether these factors may function as MetR effectors.

Although this study provides valuable insights into the transcriptional BER profile
associated with MetR, it is important to note some limitations of the study. On the one hand,
our analysis focused on gene expression levels. While this may offer a useful first step in
identifying potential regulatory pathways, gene expression may not correlate directly with
protein levels or functional enzyme activity. Post-transcriptional and post-translational
modifications could significantly influence protein function, leading to discrepancies be-
tween gene expression and biological effects. Therefore, future studies should incorporate
complementary approaches such as protein level quantification or enzymatic assays to
validate and expand our findings. On the other hand, only male rats were used. Previous
studies regarding MetR effects on oxidative stress have been mostly made in male subjects,
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which allows for more direct comparisons. However, this limits the extension of the results
to female populations, as biological sex differences may influence the response to methio-
nine restriction. Future studies should aim to include both female and male rodents to
provide a more representative understanding of the effects.

5. Conclusions

In conclusion, the beneficial effects achieved by MetR are associated with different
regulations of the BER gene expression in the liver and brain. We have observed that even
a low methionine restriction level (40%) decreased expression of major BER gene enzymes
in the liver and increased expression of two limiting and core BER genes, Apel and Ogg1,
in the brain. This is particularly interesting since MetR may confer a higher degree of DDR
(improving BER) in specific brain areas, contributing to better cognitive and neurological
maintenance and performance. This regulation may have been mediated by the alteration
of DNA methylation patterns and oxidative damage in mtDNA.
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