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Strong epidemiological and experimental evidence links folate deficiency and resultant hyperhomocystei-
nemia with cognitive decline and neurodegeneration. Here, we tested the hypothesis that uracil
misincorporation contributes to mitochondrial pathology in aged brain following folate deprivation. In a
2×2 design, 14-month-old mice lacking uracil DNA glycosylase (Ung−/−) versus wild-type controls were
subjected to a folate-deficient versus a regular diet for six weeks. Folate-deficient feeding significantly
enhanced mtDNA content and overall abundance of the D-1 mtDNA deletion in brain of Ung−/−, but not of
wild-type mice. Independent of folate status, the frequency of the D-1 mtDNA deletion in mtDNA was
significantly increased in Ung−/− mice. The rate of mitochondrial biogenesis as assessed at six weeks of the
experimental diet by mRNA expression levels of transcriptional coactivator peroxisome proliferator-activated
receptor-γ coactivator (PGC)-1α and ofmitochondrial transcription factor A (Tfam)was not affected by either
Ung−/− genotype or short-term folate deficiency. Similarly, citrate synthase (CS) activity in the brain did not
differ across experimental groups. By contrast, independent of genotype, lactate dehydrogenase (LDH)
activity was significantly reduced in folate-deficient animals. Our results suggest that impaired uracil excision
repair causes an increase in mitochondrial mutagenesis in aged brain along with a compensatory increase in
mtDNA content in response to low folate status. Folate deficiency may contribute to neurodegeneration via
mtDNA damage.
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Introduction

Folic acid plays a crucial role in neuroplasticity and in the
maintenance of neuronal integrity. Folate deficiency and subsequent
hyperhomocysteinemia have been linked epidemiologically and
experimentally with neuropsychiatric and neurodegenerative disease
(D'Anci and Rosenberg, 2004; Mattson and Shea, 2003). In humans, an
association is emerging between low folate status and reduced
hippocampal and amygdalar volumes as well as global brain atrophy
(den Heijer et al., 2003; Scott et al., 2004; Yang et al., 2007).
Furthermore, an inverse correlation between cerebral N-acetyl
aspartate (NAA) levels and total plasma homocysteine has been
demonstrated using 1H magnetic resonance spectroscopy (Bisschops
et al., 2004; Engelbrecht et al., 1997). Importantly, NAA is synthesized
in neuronal mitochondria and is used as a spectroscopic marker of
neuronal viability and function. Preclinical experimental research also
points to the special role of folate deficiency in brain structural and
metabolic abnormalities associated with many neurological and
neuropsychiatric disorders such as Alzheimer's disease (Kruman et
al., 2002), Parkinson's disease (Duan et al., 2002; Ekstrand et al., 2007)
and stroke (Endres et al., 2005).

Folic acid plays an essential role in one-carbon metabolism: it is
required both in the remethylation of homocysteine to methionine
and in the synthesis of S-adenosyl-methionine, the principal methyl
donor in numerous methylation reactions (e.g. creatine synthesis).
Lack of folate and resultant hyperhomocysteinemia therefore exert
complex effects on CNS function on many different levels. Because of
its free thiol group, homocysteine is a highly reactive compound that
acts as a pro-oxidant (Ueland et al., 1996).

Folate is also required for DNA synthesis, specifically for the
synthesis of thymidine from uracil. Lack of folate leads to a reduction
of dTTP (“methyl trap”) while levels of dUTP increase (Goulian et al.,
1980). Elevated levels of dUTP promote uracil misincorporation into
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Table 1
Primer sequences.

Gene Forward Reverse

mt control CATTCTAGCCTCGTACCAACAC AGTATTCTGAAGCTTGGAGGATG
D-1 deletion CATTCTAGCCTCGTACCAACAC GATTCGTATGCTGTACATAGCTG
Gsn Prom GAACCCAGATGTCTCAGAGAT CCGCGCCTCAGACACCCGAC
PGC-1 CACGCAGCCCTATTCATTGTTCG GCTTCTCGTGCTCTTTGCGGTAT
Tfam CTTCGATTTTCCACAGAACAGC CTTTGTATGCTTTCCACTCAGC
rod Act ACCCACACTGTGCCCATCTA GCCACAGGATTCCATACCCA

254 G. Kronenberg et al. / Experimental Neurology 228 (2011) 253–258
DNA during S-phase or DNA repair as an A:Umismatch (Courtemanche
et al., 2004). Furthermore, folate deficiency may also increase uracil in
double-strandedDNA through cytosinedeamination (Shenet al., 1992).

Uracil-DNA N-glycosylase (UNG) is the most widely distributed
glycosylase that removes uracil residues from DNA (Kavli et al., 2002).
Using uracil-DNA glycosylase deficient mice (Ung−/−), we have
previously demonstrated the important role of efficient uracil excision
repair for recovery after transient brain ischemia (Endres et al., 2004)
and for sustaining CNS structural and functional integrity during
prolonged periods of folate deprivation (Kronenberg et al., 2008;
Endres et al., 2005). The Ung gene encodes both nuclear (UNG2) and
mitochondrial (UNG1) isoforms of UNG (Nilsen et al., 2000;
Caradonna and Muller-Weeks, 2002). Challenges such as folate
deficiency or brain ischemia lead to an increase in UNG activity
(Cabelof et al., 2004; Endres et al., 2004). Importantly, the most
significant increase of uracil-excising activity after brain damage is
seen in mitochondrial/cytosolic extracts and may be exclusively
caused by UNG1 (Endres et al., 2004).

In this study, we employed folate deficiency to promote uracil
misincorporation into DNA while the Ung knockout was intended to
prevent the repair of uracil-containing nucleotides. We demonstrate
an increase in mtDNA and in the abundance of the D-1 mtDNA
deletion in folate-deprived Ung−/− mice.

Materials and methods

Animals and treatments

All experimental procedures conformed to institutional guidelines
and were approved by local authorities. The generation of mice
deficient in UNG has been described elsewhere (Endres et al., 2004).
Folate deficiency was induced as described previously (Endres et al.,
2005). Briefly, for selective intestinal decontamination, experimental
diets (Altromin special diet C1027 lacking folic acid and Altromin
control diet C1000; Altromin, Lage, Germany) were supplemented
with 1% succinylsulfathiazole (Sigma-Aldrich). Ung−/− and litter-
mate Ung+/+ mice of 14 months of age were subjected to folate
deficiency for six weeks. All animals were kept on a 12-hour light/dark
schedule with ad libitum access to their respective diet and water. All
animals were deeply anesthetized with ketamine and decapitated.
Brains were quickly removed en bloc, snap frozen in liquid N2 and
stored at −80 °C. Serum homocysteine levels were determined by
high performance liquid chromatography using a homocysteine
reagent kit for HPLC in serum (Chromsystems, Munich, Germany).

DNA and RNA isolation

Hemispheres were homogenized and total DNA and RNA extracted
using TRIZOL Reagent (Invitrogen, Karlsruhe, Germany). Purification
of extracts was performed according to Invitrogen protocols. RNA was
digested with RQ1 RNase-free DNase (Promega, Mannheim), follow-
ing phenol–chloroform extraction and ethanol precipitation. Reverse
transcription was performed with 2 μg of total RNA, random primers
and MMLV-RT (Promega).

Real-time PCR

For PCR amplification, we used gene-specific primers (Table 1) and
Light Cycler FastStart DNA Master SYBR GreenI (Roche Diagnostics,
Mannheim). PCR conditions were as follows: preincubation 95°,
10 min; 95°, 15 s, primer specific annealing temperature, 10 s, 72°,
15 s (45 cycles). Crossing points of amplified products were
determined using the Second Derivative Maximum Method (Light
Cycler Version 3.5, Roche). Quantification was relative to Gelsolin
promoter (Gsn Prom) as housekeeping gene for mtDNA and D-1
mtDNA deletion and to β-actin (rod Act) for cDNA, respectively.
Total mtDNA was measured by amplifying a 238 bp product from
mtDNA (control). MtDNA with a D-1 deletion yields a product of
233 bp. Specificity of PCR products was checked using melting curve
analysis and electrophoresis in a 1.5% agarose gel.

Tissue homogenization for metabolic enzyme assays

Brain tissue from mice regardless of genotype and/or diet was
homogenized in homogenization buffer (50 mMHEPES, pH 7.4, 2 mM
EDTA, 0.2% Triton X-100). Prior to homogenization PMSFwas added to
the buffer to a final concentration of 1 mM. Tissue homogenization
was performed at 4 °C with a PowerGen 125 homogenizer (Fisher
Scientific, Ottawa, Canada) on full speed for 10 s for 3 cycles. Samples
were centrifuged for 10 min at 500g (4 °C). Protein concentrations of
supernatants were measured using the Bradford technique with a
BioRad protein kit. Homogenates were stored at −80 °C.

Citrate synthase (CS), lactate dehydrogenase (LDH) and cytochrome c
oxidase (Complex IV) activities

Metabolic enzyme assays were performed essentially as in Stuart
et al. (2005). Briefly, all assays were performed at 30 °C, using a Varian
Cary 100 Bio UV-Visible Spectrophotometer. Conditions for CS activity
were: 0.5 mM 5,5′-dithiobis(2-nitrobenzoic) acid, 0.1 mM acetyl-
CoenzymeA, 0.05% Triton X-100, 50 mM Tris (pH 8.0). 10 μg of tissue
homogenate was added to obtain a background absorbance. The
reaction was initiated with the addition of 0.5 mM oxaloacetate, and a
change in absorbance was measured at 412 nm. LDH activity was
measured in a solution containing 20 mM HEPES buffer (pH 7.3),
0.2 mM NADH, and 30 μg of tissue homogenates. A background
change in absorbance was measured before the addition of 10 mM
pyruvate after which a change in absorbance was measured at
340 nm. Conditions for the complex IV activity assay were: 25 mM
potassium phosphate buffer with 0.5% Tween 20 (pH 7.2). Five
micrograms of tissue homogenate was added to obtain a background
rate of absorbance change before the reaction was initiated with the
addition of 50 μM fully reduced cytochrome c and the instantaneous
change in absorbance was measured at 550 nM. Reduced cytochrome
cwas prepared by adding sodium dithionite to an aqueous solution of
cytochrome c until fully reduced, then passing the solution through a
Sephadex G-25 (Sigma-Aldrich) column to remove the excess
dithionite.

Statistical analysis

Statistical comparisons were performed by two-way ANOVA with
level of significance set at 0.05 and two-tailed p values. Post hoc
testing was performed where appropriate. Values are presented as
means±SEM.

Results

In order to ascertain the effectiveness of the folate-deficient diet
(FD) versus the regular diet (ND), we assessed serum homocysteine
levels. Regardless of genotype, homocysteine levels [in μM] were
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moderately increased in those animals that had been fed the folate-
deficient chow (10.6±2.1 versus 5.1±0.6; two-way ANOVA for
factor treatment: F1,18=6.0, p=0.03).
Fig. 2. Measurement of total mtDNA and of D-1 mtDNA deletion in brain DNA. A.
Abundance ofmtDNA (D-loop) and B. the amount ofD-1 deletion inmtDNAwere assessed
in aged Ung+/+ and Ung−/− mice after six weeks on the experimental diet.
Quantification is relative to nuclear encodedgelsolin promoter. C. Analysis of the frequency
of D-1 deletion in mtDNA revealed a significant effect of genotype (two-way ANOVA for
factor diet p=0.76; for factor genotype p=0.04) D. Detection of 238 bp product from
mitochondrial DNA (left) and of 233 bp product amplified from deletion D-1 in mtDNA
(right) bygel electrophoresis. Lanes5 and10 are control PCRs (noDNA template). *pb0.05,
ND versus FD; #pb0.05, Ung+/+ versus Ung−/−. n=4–7 animals per group.
Mitochondrial biogenesis and quantification of D-1 mtDNA deletions

Direct repeat sequences are often unstable and can lead to looping
of the DNA followed by excision of the intervening sequence. Thus,
they are good markers for sites of potential deletion events. Several
such sites have been described. Importantly, one of these sites is not
nested, i.e. PCR interpretation is not confounded by overlapping
deletion events. This so-called D-1 deletion is also large enough that
one can design PCR primers to a short flanking sequence which, in a
short (15 s) PCR extension cycle, only yields a product when the
intervening DNA is absent—i.e. in the case of a deletion (Tanhauser
and Laipis, 1995). As is illustrated in Fig. 1, two 15 bp direct repeats
(yellow boxes) flank a portion of themousemitochondrial genome. In
the case of a deletion event, a DNA fragment between the repeats
(including one copy of the repeat itself) is excised. Whereas the
common-fwd and control-rev primers yield a 238 bp product from
normal, undeleted DNA, the product from the common-fwd and Δ-
rev primers is too long to be amplified in the short PCR cycle used.
However, when DNA with a D-1 deletion is present, the control-rev
binding site is no longer there and the common-fwd yields a 233 bp
product with the Δ-rev primer (Fig. 1B). The following genes and
tRNAs are located within this deletion interval (9089–12962):
cytochrome c oxidase subunit III, NADH dehydrogenase subunits 3,
4, 4 L, 5, tRNA-Gly, tRNA-Arg, tRNA-His, tRNA-Ser and tRNA-Leu.

To some degree, an increase in mitochondrial volume density may
compensate for mitochondrial respiratory dysfunction. Mitochondrial
biogenesis and the amount of D-1 deletions in brain were quantified
after six weeks on the experimental diets (Fig. 2). The combination of
folate deficiency and of Ung null genotype led to a significant increase
in the amount of mtDNA in brain (Fig. 2A). Similarly, the abundance of
the D-1 deletion as normalized to nuclear-encoded gelsolin promoter
was significantly increased in Ung−/− mice subjected to the folate-
free chow (Fig. 2B). Further analysis yielded a significant effect of
Fig. 1. Detection of D-1 deletion in mtDNA. For a detailed explanation of the PCR
strategy used in this study, see main text.
impaired uracil excising activity on the frequency of the D-1 deletion
in mtDNA with no additional effect of the experimental diet (Fig. 2C).

The transcriptional coactivator peroxisome proliferator-activated
receptor-γ coactivator (PGC)-1α andmitochondrial transcription factor
A (Tfam) play crucial roles in mitochondrial DNA replication and
mitochondrial biogenesis in brain (Onyango et al., 2010; Puigserver et
al., 1998;Virbasius&Scarpulla, 1994).mRNAexpression levels of bothof
these factors did not differ significantly between experimental groups
(Fig. 3). Citrate synthase (CS) is a nuclear-encodedmitochondrialmatrix
protein that serves as a common marker of mitochondrial volume
density (e.g. Nishigaki et al., 2003). CS activity also did not differ
significantly between experimental groups (Fig. 4A).
Fig. 3. Transcriptional regulation of mitochondrial biogenesis. Neither PGC-1α (A) nor
Tfam (B) mRNA expression levels differed significantly between experimental groups.
Quantification is relative to β-actin. n=4–7 animals per group.
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Fig. 4. Metabolic enzyme activities were assessed at six weeks on the respective
experimental diets. A. Activity of mitochondrial marker protein citrate synthase (CS)
did not differ significantly across experimental groups. B. Complex IV activity. C. Lactate
dehydrogenase (LDH) activity. *pb0.05, normal versus folate-deficient diet. n=4–9
animals per group.
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Cytochrome c oxidase is the terminal electron acceptor in
mitochondrial electron transport. Folate deprivation has previously
been shown to produce a reduction in cytochrome c activity in rat
liver (Chang et al., 2007). Here, cytochrome c oxidase activity in brain
was also significantly reduced as an effect of folate-deficient feeding
(Fig. 4B; F1,28=4.9, p=0.04; post-hoc analysis for factor experimen-
tal diet within wildtype animals: p=0.04). Interestingly, this effect
appeared to be blunted in Ung−/− mice.

Finally, we assessed LDH activity as a measure of the brain's
glycolytic capacity. Insufficiency of ATP production via oxidative
phosphorylation can be compensated for by substrate level phos-
phorylation with a corresponding increase in glucose fermentation to
lactate (Rohas et al., 2007). We hypothesized that LDH activity may be
elevated in Ung−/− mice, particularly in the context of folate
deficiency. However, independent of Ung genotype, folate deficiency
resulted in a strong reduction in LDH activity (two-way ANOVA for
factor feeding: pb0.001; Fig. 4C).

Discussion

Strong epidemiological and experimental evidence links folate
deficiency to neurodegenerative and neuropsychiatric disease
(Kronenberg et al., 2009). Using a 2×2 design, we here assessed the
effects of the absence of efficient uracil excision repair and of folate
deprivation onmitochondrial DNA in aged brain. The close proximity to
the electron transport chain and the relative lack of repair enzymes
render mtDNA particularly susceptible to being a target for reactive
oxygen species (ROS). Accumulation of mtDNA mutations may
contribute to brain dysfunction and, ultimately, to neuronal loss.

The current study yielded the following major findings: 1. Folate
deprivation increased mtDNA content in brain of Ung−/− mice, but
not of wild-type controls. 2. Independent of folate status, the
frequency of the D-1 deletion in mtDNA was significantly increased
in Ung−/− mice. 3. Mitochondrial biogenesis as assessed by PGC-1α
and TfammRNA expression levels was not affected by either Ung−/−
genotype or short-term folate deficiency at six weeks of folate-
deficient feeding. Furthermore, CS activity in brain did not differ
across experimental groups. 4. Finally, independent of efficient uracil
excision repair, low folate status resulted in a significant reduction of
LDH activity in brain.

Mitochondria are semiautonomous organelles responsible for
generating ATP through the coupling of oxidative phosphorylation
to respiration. They exert central functions in energy production,
cellularmetabolism and ion homeostasis. Mitochondria therefore play
an important role in regulating cell survival and differentiation as well
as apoptosis (Chan, 2006). Several mechanisms including lack of
protective histones, proximity to the ROS-producing electron trans-
port chain and paucity of DNA repair enzymes render mtDNA
particularly susceptible to oxidative damage (Mandavilli et al.,
2002). In mice, the so-called mitochondrial mutator phenotype is
associated with reduced lifespan and premature onset of aging-
related phenotypes such as weight loss, osteoporosis, sarcopenia,
cardiomyopathy and reduced fertility (Kujoth et al., 2005; Trifunovic
et al., 2004).

It has previously been shown that four weeks of a folate deficient
diet promotes mitochondrial dysfunction and reduces cytochrome c
oxidase activity in rat liver (Chang et al., 2007), and our previous work
suggests this could occur also in brain (Kronenberg et al., 2008). Our
measurements of cytochrome c oxidase activity are in good
agreement with this, as folate deficiency reduced cytochrome c
oxidase activity by 43% in brain tissue. However, our hypothesis that
Ung deficiency would exasperate this effect was not borne out by the
data, as the effect was partially rescued by Ung deficiency.

It has been postulated that an increase in mtDNA or mitochondrial
abundance generally may compensate for mitochondrial respiratory
dysfunction resulting from DNA damage or mutation (Lee & Wei,
2005). The increase in mtDNA observed in aging tissues also suggests
a compensatory response to the accumulated effects of ROS or mtDNA
mutation load (e.g. Gadaleta et al., 1992; Barrientos et al., 1997).
Under pharmacological stress conditions such as treatment with taxol
or etoposide, cultured mammalian cells also upregulate the abun-
dance of mtDNA (Karbowski et al., 2001; Reipert et al., 1995). In the
aged animals investigated here, we did not detect an effect on the
amount of mtDNA of either short-term folate deficiency or of the Ung
null genotype alone. However, there was a marked increase in the
amount of mtDNA specifically in Ung−/− mice that had been fed the
folate-deficient diet for six weeks. Similarly, the amount of the D-1
mtDNA deletion was significantly increased in brain of folate-
deprived Ung−/− mice. Conceptually, these findings fit rather well
with an earlier study from our laboratory demonstrating a distinct
interaction between the Ung null genotype and of low folate status
resulting in neurodegeneration along with significant alterations on
the molecular, neurochemical, and behavioral levels (Kronenberg et
al., 2008). It should be noted that a decrease in the amount of mtDNA
has previously been reported in folate-deficient tissues of rats (Chou
et al., 2007). However, that study was conducted in weaning rats
whereas we used aged mice for this investigation. Clearly, the effects
of folate deficiency will differ markedly between a growing organism
with high rates of cell proliferation and an old organism with
considerably less proliferative activity. It should also be noted that
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although overall mtDNA content was significantly increased in folate-
deprived Ung−/−mice, the rate of ongoing mitochondrial biogenesis
as reflected by Tfam or PGC-1α mRNA levels did not differ between
groups at six weeks of folate-deficient feeding. Similarly, activity of
the mitochondrial marker protein CS did not differ significantly
between experimental groups at six weeks. Taken together, these
results are consistent with the notion that the increase in mtDNA
observed in Ung−/− mice following a brief episode of folate
deprivation constitutes a compensatory response.

The results reported here support our previous hypothesis that in
folate deficiency, the detrimental effects of impaired uracil base
excision repair on the CNS are due in large part to mitochondrial
dysfunction (Kronenberg et al., 2008 and 2009). There is currently
an intense debate about the precise molecular mechanisms (e.g.
point mutations, large deletions, linear mtDNA molecules caused by
replication stalling) underlying progeroid phenotypes associated
with mtDNA variations (Edgar & Trifunovic, 2009). In this study, we
only measured the D-1 deletion of mtDNA which we used as a bona
fide index of overall mtDNA damage. It has yet to be clarified in
more detail how deletions in mtDNA are produced. The direct link
between uracil misincorporation and a large deletion event is
therefore a significant aspect of our data. We note that the
frequency of the D-1 deletion as such may be too low to have a
direct functional impact. However, since the burden of point
mutations was not assessed, our study does not lend itself to the
debate as to whether mtDNA deletions versus mtDNA point
mutations are more detrimental.

LDH is a key metabolic enzyme catalyzing the interconversion of
pyruvate and lactate in brain tissue, which is a net producer of lactate
under basal conditions (reviewed in van Hall, 2010). LDH activity is
found in both neuronal and glial fractions of cerebral cortex
(Hrachovina & Mourek, 1990). Importantly, mitochondrial LDH has
recently been demonstrated both in neurons (Hashimoto et al., 2008)
and in a human astrocytic cell line (Lemire et al., 2008). We had
originally hypothesized that LDH activity might be elevated in brain
tissue of Ung−/− and/or folate deficient mice to compensate for ATP
insufficiency associated with mitochondrial dysfunction. However,
instead, LDH activities were significantly reduced by folate deficiency.
The unexpected decrease in LDH activity may suggest a disruption of
redox balance elicited by folate deficiency. This, however, remains to
be more fully elucidated. At any rate, reduced LDH activity is expected
to further depress ATP production in brain tissue, exacerbating the
dysregulation of energy metabolism and placing neurons and glial
cells at risk of apoptotic or necrotic death. In hypoxemia, for example,
the glycolytic capacity of the brain may be the deciding factor in
determining neuronal survival. Reduced LDH activity may therefore
contribute to the increased susceptibility of the brain to neurodegen-
eration under low-folate conditions (e.g. Endres et al., 2005).

In conclusion, our study provides new insights into how folate
deficiency compromises brain function. Whereas folate deficiency
reduced LDH activity in brain independent of Ung genotype, the
effects of folate deficiency on mtDNA were aggravated in animals
lacking efficient uracil excision repair.

Acknowledgments

The authors wish to thank Bettina Herrmann for excellent
technical assistance. This study was supported by grants from the
Volkswagen Foundation (Lichtenberg program), BMBF (Center for
Stroke Research Berlin), Deutsche Forschungsgemeinschaft, and the
Hermann and Lilly Schilling Foundation.

References

Barrientos, A., Casademont, J., Cardellach, F., Estivill, X., Urbano-Marquez, A., Nunes, V.,
1997. Reduced steady-state levels of mitochondrial RNA and increased mitochon-
drial DNA amount in human brain with aging. Brain Res. Mol. Brain Res. 52 (2),
284–289.

Bisschops, R.H., van der Graaf, Y., Mali, W.P., van der Grond, J., SMART Study Group,
2004. Elevated levels of plasma homocysteine are associated with neurotoxicity.
Atherosclerosis 174 (1), 87–92.

Cabelof DC, Raffoul JJ, Nakamura J, Kapoor D, Abdalla H, Heydari AR. Imbalanced base
excision repair in response to folate deficiency is accelerated by polymerase beta
haploinsufficiency. J Biol Chem, 279(35):36504–13.

Caradonna, S., Muller-Weeks, S., 2002. The nature of enzymes involved in uracil-DNA
repair: isoform characteristics of proteins responsible for nuclear and mitochon-
drial genomic integrity. Curr. Protein Pept. Sci. 2 (4), 335–347.

Chan, D.C., 2006. Mitochondria: dynamic organelles in disease, aging, and development.
Cell 125, 1241–1252.

Chang, C.M., Yu, C.C., Lu, H.T., Chou, Y.F., Huang, R.F., 2007. Folate deprivation promotes
mitochondrial oxidative decay: DNA large deletions, cytochrome c oxidase
dysfunction, membrane depolarization and superoxide overproduction in rat
liver. Br. J. Nutr. 97 (5), 855–863.

Chou, Y.F., Yu, C.C., Huang, R.F., 2007. Changes in mitochondrial DNA deletion, content,
and biogenesis in folate-deficient tissues of young rats depend on mitochondrial
folate and oxidative DNA injuries. J. Nutr. 137 (9), 2036–2042.

Courtemanche, C., Elson-Schwab, I., Mashiyama, S.T., Kerry, N., Ames, B.N., 2004. Folate
deficiency inhibits the proliferation of primary human CD8+ T lymphocytes in
vitro. J. Immunol. 173 (5), 3186–3192.

D'Anci, K.E., Rosenberg, I.H., 2004. Folate and brain function in the elderly. Curr. Opin.
Clin. Nutr. Metab. Care 7 (6), 659–664.

den Heijer, T., Vermeer, S.E., Clarke, R., Oudkerk, M., Koudstaal, P.J., Hofman, A., Breteler,
M.M., 2003. Homocysteine and brain atrophy on MRI of non-demented elderly.
Brain 126 (Pt 1), 170–175.

Duan, W., Ladenheim, B., Cutler, R.G., Kruman, I.I., Cadet, J.L., Mattson, M.P., 2002.
Dietary folate deficiency and elevated homocysteine levels endanger dopaminergic
neurons in models of Parkinson's disease. J. Neurochem. 80 (1), 101–110.

Ekstrand, M.I., Terzioglu, M., Galter, D., Zhu, S., Hofstetter, C., Lindqvist, E., Thams, S.,
Bergstrand, A., Hansson, F.S., Trifunovic, A., Hoffer, B., Cullheim, S., Mohammed,
A.H., Olson, L., Larsson, N.G., 2007. Progressive parkinsonism in mice with
respiratory-chain-deficient dopamine neurons. Proc. Natl Acad. Sci. USA 104 (4),
1325–1330.

Edgar, D., Trifunovic, A., 2009. The mtDNA mutator mouse: dissecting mitochondrial
involvement in aging. Aging (Albany NY) 1 (12), 1028–1032.

Endres, M., Ahmadi, M., Kruman, I., Biniszkiewicz, D., Meisel, A., Gertz, K., 2005. Folate
deficiency increases postischemic brain injury. Stroke 36 (2), 321–325.

Endres, M., Biniszkiewicz, D., Sobol, R.W., Harms, C., Ahmadi, M., Lipski, A., Katchanov, J.,
Mergenthaler, P., Dirnagl, U., Wilson, S.H., Meisel, A., Jaenisch, R., 2004. Increased
postischemic brain injury in mice deficient in uracil-DNA glycosylase. J. Clin. Invest.
113 (12), 1711–1721.

Engelbrecht, V., Rassek, M., Huismann, J., Wendel, U., 1997. MR and proton MR
spectroscopy of the brain in hyperhomocysteinemia caused by methylenetetrahy-
drofolate reductase deficiency. AJNR Am. J. Neuroradiol. 18 (3), 536–539.

Gadaleta, M.N., Rainaldi, G., Lezza, A.M., Milella, F., Fracasso, F., Cantatore, P., 1992.
Mitochondrial DNA copy number and mitochondrial DNA deletion in adult and
senescent rats. Mutat. Res. 275 (3–6), 181–193.

Goulian, M., Bleile, B., Tseng, B.Y., 1980. Methotrexate-induced misincorporation of
uracil into DNA. Proc. Natl Acad. Sci. USA 77 (4), 1956–1960.

van Hall, G., 2010. Lactate kinetics in human tissues at rest and during exercise. Acta
Phsiol. 199, 499–508.

Hashimoto, T., Hussien, R., Cho, H.S., Kaufer, D., Brooks, G.A., 2008. Evidence for the
mitochondrial lactate oxidation complex in rat neurons: demonstration of an
essential component of brain lactate shuttles. PLoS ONE 3 (8), e2915.

Hrachovina, V., Mourek, J., 1990. Lactate dehydrogenase and malate dehydrogenase
activity in the glial and neuronal fractions of the brain tissue in rats of various ages.
Sb. Lek. 92 (2-3), 39–44.

Karbowski, M., Spodnik, J.H., Teranishi, M., Wozniak, M., Nishizawa, Y., Usukura, J.,
Wakabayashi, T., 2001. Opposite effects of microtubule-stabilizing and microtu-
bule-destabilizing drugs on biogenesis of mitochondria in mammalian cells. J. Cell
Sci. 114 (Pt 2), 281–291.

Kavli, B., Sundheim, O., Akbari, M., Otterlei, M., Nilsen, H., Skorpen, F., Aas, P.A., Hagen,
L., Krokan, H.E., Slupphaug, G., 2002. hUNG2 is themajor repair enzyme for removal
of uracil from U:A matches, U:G mismatches, and U in single-stranded DNA, with
hSMUG1 as a broad specificity backup. J. Biol. Chem. 277, 39926–39936.

Kronenberg, G., Colla, M., Endres, M., 2009. Folic acid, neurodegenerative and
neuropsychiatric disease. Curr. Mol. Med. 9 (3), 315–323.

Kronenberg, G., Harms, C., Sobol, R.W., Cardozo-Pelaez, F., Linhart, H.,Winter, B., Balkaya,
M., Gertz, K., Gay, S.B., Cox, D., Eckart, S., Ahmadi, M., Juckel, G., Kempermann, G.,
Hellweg, R., Sohr, R., Hörtnagl, H., Wilson, S.H., Jaenisch, R., Endres, M., 2008. Folate
deficiency induces neurodegeneration and brain dysfunction in mice lacking uracil
DNA glycosylase. J. Neurosci. 28 (28), 7219–7230.

Kruman, I.I., Kumaravel, T.S., Lohani, A., Pedersen, W.A., Cutler, R.G., Kruman, Y.,
Haughey, N., Lee, J., Evans, M., Mattson, M.P., 2002. Folic acid deficiency and
homocysteine impair DNA repair in hippocampal neurons and sensitize them to
amyloid toxicity in experimental models of Alzheimer's disease. J. Neurosci. 22 (5),
1752–1762.

Lee, H.C., Wei, Y.H., 2005. Mitochondrial biogenesis and mitochondrial DNA
maintenance of mammalian cells under oxidative stress. Int. J. Biochem. Cell Biol.
37 (4), 822–834.

Lemire, J., Mailloux, R.J., Appanna, V.D., 2008. Mitochondrial lactate dehydrogenase is
involved in oxidative-energy metabolism in human astrocytoma cells (CCF-
STTG1). PLoS ONE 3 (2), e1550.



258 G. Kronenberg et al. / Experimental Neurology 228 (2011) 253–258
Kujoth, G.C., Hiona, A., Pugh, T.D., Someya, S., Panzer, K., Wohlgemuth, S.E., Hofer, T.,
Seo, A.Y., Sullivan, R., Jobling, W.A., Morrow, J.D., Van Remmen, H., Sedivy, J.M.,
Yamasoba, T., Tanokura, M., Weindruch, R., Leeuwenburgh, C., Prolla, T.A., 2005.
Mitochondrial DNAmutations, oxidative stress, and apoptosis inmammalian aging.
Science 309 (5733), 481–484.

Mandavilli, B.S., Santos, J.H., Van Houten, B., 2002. Mitochondrial DNA repair and aging.
Mutat. Res. 509 (1–2), 127–151.

Mattson, M.P., Shea, T.B., 2003. Folate and homocysteinemetabolism in neural plasticity
and neurodegenerative disorders. Trends Neurosci. 26 (3), 137–146 Links.

Nilsen,H., Steinsbekk, K.S., Otterlei,M., Slupphaug,G., Aas, P.A., Krokan,H.E., 2000. Analysis
of uracil-DNA glycosylases from the murine Ung gene reveals differential expression
in tissues and in embryonic development and a subcellular sorting pattern that differs
from the human homologues. Nucleic Acids Res. 28 (12), 2277–2285.

Nishigaki, Y., Marti, R., Copeland, W.C., Hirano, M., 2003. Site-specific somatic
mitochondrial DNA point mutations in patients with thymidine phosphorylase
deficiency. J. Clin. Invest. 111, 1913–1921.

Onyango, I.G., Lu, J., Rodova, M., Lezi, E., Crafter, A.B., Swerdlow, R.H., 2010. Regulation
of neuron mitochondrial biogenesis and relevance to brain health. Biochim.
Biophys. Acta 1802 (1), 228–234.

Puigserver, P., Wu, Z., Park, C.W., Graves, R., Wright, M., Spiegelman, B.M., 1998. A cold-
inducible coactivator of nuclear receptors linked to adaptive thermogenesis. Cell
92, 829–839.

Reipert, S., Berry, J., Hughes, M.F., Hickman, J.A., Allen, T.D., 1995. Changes of
mitochondrial mass in the hemopoietic stem cell line FDCP-mix after treatment
with etoposide: a correlative study bymultiparameter flow cytometry and confocal
and electron microscopy. Exp. Cell Res. 221 (2), 281–288.

Rohas, L.M., St-Pierre, J., Uldry, M., Jäger, S., Handschin, C., Spiegelman, B.M., 2007. A
fundamental system of cellular energy homeostasis regulated by PGC-1α. Proc.
Natl Acad. Sci. USA 104 (19), 7933–7938 (Epub 2007 Apr 30).
Scott, T.M., Tucker, K.L., Bhadelia, A., Benjamin, B., Patz, S., Bhadelia, R., Liebson, E., Price,
L.L., Griffith, J., Rosenberg, I., Folstein, M.F., 2004. Homocysteine and B vitamins
relate to brain volume and white-matter changes in geriatric patients with
psychiatric disorders. Am. J. Geriatr. Psychiatry 12 (6), 631–638.

Shen, J.C., Rideout III, W.M., Jones, P.A., 1992. High frequency mutagenesis by a DNA
methyltransferase. Cell 71 (7), 1073–1080.

Stuart, J.A., Bourque, B.M., de Souza-Pinto, N.C., Bohr, V.A., 2005. No evidence of
mitochondrial respiratory dysfunction in OGG1-null mice deficient in removal
of 8-oxodeoxyguanine from mitochondrial DNA. Free Radic. Biol. Med. 38 (6),
737–745.

Tanhauser, S.M., Laipis, P.J., 1995. Multiple deletions are detectable in mitochondrial
DNA of aging mice. J. Biol. Chem. 270 (42), 24769–24775.

Trifunovic, A., Wredenberg, A., Falkenberg, M., Spelbrink, J.N., Rovio, A.T., Bruder, C.E.,
Bohlooly-Y, M., Gidlöf, S., Oldfors, A., Wibom, R., Törnell, J., Jacobs, H.T., Larsson, N.
G., 2004. Premature ageing in mice expressing defective mitochondrial DNA
polymerase. Nature 429 (6990), 417–423.

Ueland, P.M., Mansoor, M.A., Guttormsen, A.B., Müller, F., Aukrust, P., Refsum, H.,
Svardal, A.M., 1996. Reduced, oxidized and protein-bound forms of homocysteine
and other aminothiols in plasma comprise the redox thiol status—a possible
element of the extracellular antioxidant defense system. J. Nutr. 126 (4 Suppl),
1281S–1284S.

Virbasius, J.V., Scarpulla, R.C., 1994. Activation of the human mitochondrial transcrip-
tion factor A gene by nuclear respiratory factors: a potential regulatory link
between nuclear and mitochondrial gene expression in organelle biogenesis. Proc.
Natl Acad. Sci. USA 91, 1309–1313.

Yang, L.K., Wong, K.C., Wu, M.Y., Liao, S.L., Kuo, C.S., Huang, R.F., 2007. Correlations
between folate, B12, homocysteine levels, and radiological markers of
neuropathology in elderly post-stroke patients. J. Am. Coll. Nutr. 26 (3),
272–278.


	Folate deficiency increases mtDNA and D-1 mtDNA deletion in aged brain of mice lacking uracil-DNA glycosylase
	Introduction
	Materials and methods
	Animals and treatments
	DNA and RNA isolation
	Real-time PCR
	Tissue homogenization for metabolic enzyme assays
	Citrate synthase (CS), lactate dehydrogenase (LDH) and cytochrome c oxidase (Complex IV) activities
	Statistical analysis

	Results
	Mitochondrial biogenesis and quantification of D-1 mtDNA deletions

	Discussion
	Acknowledgments
	References


