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Mitochondria play critical roles in oxidative phosphor-
ylation and energy metabolism. Increasing evidence
supports that mitochondrial DNA (mtDNA) damage and
dysfunction play vital roles in the development of many
mitochondria-related diseases, such as obesity, diabetes
mellitus, infertility, neurodegenerative disorders, and
malignant tumors in humans. Human 8-oxoguanine-
DNA glycosylase 1 (hOGG1) transgenic (TG) mice were
produced by nuclear microinjection. Transgene integra-
tion was analyzed by PCR. Transgene expression was
measured by RT-PCR and Western blot analysis. Mito-
chondrial DNA damage was analyzed by mutational
analyses and measurement of mtDNA copy number.
Total fat content was measured by a whole-body scan
using dual-energy X-ray absorptiometry. The hOGG1
overexpression in mitochondria increased the abun-
dance of intracellular free radicals and major deletions
in mtDNA. Obesity in hOGG1 TG mice resulted from
increased fat content in tissues, produced by hyperpha-
gia. The molecular mechanisms of obesity involved

overexpression of genes in the central orexigenic (ap-
petite-stimulating) pathway, peripheral lipogene-
sis, down-regulation of genes in the central anorex-
igenic (appetite-suppressing) pathway, peripheral
adaptive thermogenesis, and fatty acid oxidation.
Diffuse hepatosteatosis, female infertility, and in-
creased frequency of malignant lymphoma were
also seen in these hOGG1 TG mice. High levels of
hOGG1 expression in mitochondria, resulting in
enhanced oxidative DNA damage processing, may
be an important factor in human metabolic syn-
drome, infertility, and malignancy. (Am J Pathol
2011, 178:1715–1727; DOI: 10.1016/j.ajpath.2010.12.038)

Mitochondria are dynamic intracellular organelles that
play central roles in energy metabolism (ie, production of
ATP and heat), reactive oxygen species (ROS) genera-
tion, and apoptosis regulation1 in response to cellular
metabolic needs or environmental temperature changes.
Because of their critical roles in these important cellular
functions, mitochondria are implicated in a wide variety of
human diseases, including obesity and type 2 diabetes
mellitus,2,3 neurodegenerative diseases,4 infertility,5 and
human malignancies.6 A more direct cause-and-effect
relationship between mitochondrial dysfunction and hu-
man diseases was demonstrated in the report7 that anti-
viral agents used to treat patients with AIDS could dam-
age mitochondrial function by inhibiting the mitochondrial
DNA (mtDNA) polymerase �, resulting in hyperlac-
tatemia, lipodystrophy (ie, the accumulation of visceral
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fat, breast adiposity, and cervical fat pads), and insulin
resistance.

The mitochondrion is the only organelle with its own
extranuclear DNA, which comprises a closed, circular,
16.6-kb double-stranded DNA molecule. Although mito-
chondria harbor hundreds of proteins, mtDNA contains
only 13 genes that encode proteins exclusively involved
in oxidative phosphorylation. Because of its close prox-
imity to electron transport proteins and the lack of pro-
tection by histone proteins, mtDNA is particularly suscep-
tible to damage from ROS released during mitochondrial
oxidative phosphorylation. Indeed, the mutation rate of
mtDNA is estimated to be several orders of magnitude
higher than that of nuclear DNA.8

Base excision repair is a major pathway for repairing
DNA damage caused by ROS in mitochondria. The pre-
cisely regulated multistep pathway involves sequential ac-
tivities of four key enzymes: DNA glycosylase/apyrimidinic
site lyase, apurinic/apyrimidinic endonuclease, DNA poly-
merase, and DNA ligase.9,10 Altered expression levels of
any of these enzymes often attenuate the overall repair
efficiency, resulting in increased levels of persistent DNA
damage.

The predominant base oxidation product in mitochondria
is 8-oxoguanine (8-oxoG), a highly mutagenic lesion. If not
repaired by base excision repair pathway’s first and rate-
limiting enzyme, 8-oxoG-DNA glycosylase 1 (OGG1), it can
mispair with A to yield G:C to T:A transversion mutations.11

Overexpression of OGG1 in cellular systems has produced
conflicting results; several groups12–14 reported beneficial
effects after experimentally induced oxidative stress, but
others15–17 described increased levels of DNA damage
because of excessive processing by overexpressed human
OGG1 (hOGG1). In the latter case, it has been proposed
that above a certain level of damage, the individual lesions
are increasingly produced in close proximity on the oppo-
site strands of DNA so that subsequent repair by overex-
pressed DNA glycosylases can convert them into lethal
double-strand breaks.15,17 When this paradoxical increase
in DNA damage with enhanced DNA glycosylase expres-
sion levels occurs in mitochondria, mitochondrial respiration
and oxidative phosphorylation would be adversely affected
and energy metabolism (ie, ATP production) would be dis-
rupted. Possibly, to maintain normal cellular functions, the
mitochondria with less damage would have to increase their
respiration rate and oxidative phosphorylation to make up
for the loss of energy production. The increase in mitochon-
drial respiration and oxidative phosphorylation can lead to
increased ROS production by the mitochondria. Indeed,
increased ROS production has been reported, along with
an increased mitochondrial respiration rate and membrane
potential in cells overexpressing the hOGG1 gene.18 To
investigate the roles of mtDNA damage in disease devel-
opment, we generated transgenic (TG) mice that targeted
hOGG1 to the mitochondria of a wide variety of tissues.
These mice displayed increased intracellular ROS produc-
tion and widespread mtDNA damage and developed spon-
taneous obesity and marked hepatosteatosis. These results
support the idea that hOGG1 expression levels in mitochon-
dria may play a critical role in the development of obesity

and provide an animal model of generalized mtDNA dam-
age to study the molecular mechanisms and possible ther-
apeutic intervention of mitochondria-related diseases in hu-
mans.

Materials and Methods

Generation of TG Mice

The mouse metallothionein (mMT) 1 gene promoter–
hOGG1 mammalian expression vector (Figure 1A) that
overexpresses hOGG1 in mitochondria was constructed
as previously described.18 The 1.5-kb segment contain-
ing the full-length hOGG1 (mitochondrial isoform type 2a)
cDNA was removed from the pSPORT1-hOGG1 plasmid
(a gift from Dr. Deborah Barnes and Tomas Lindahl,
Imperial Cancer Research Fund, London, UK) and in-
serted into the BamHI cloning site of the MThGH vector (a
gift from Dr. Geoffrey P. Margison, CRC Paterson Institute
for Cancer Research, Manchester, UK).18 This MThGH
vector contains a 1.7-kb mMT1 regulatory element at the
5= end and a 1.8-kb transcription unit of human growth
hormone gene. This construct was digested with HindIII
to release a 5-kb fragment for pronuclear microinjection
and generation of TG mice. The integrity of the full-length
hOGG1 cDNA was confirmed by sequencing. All animal
experiments were approved by the Institutional Animal
Care and Use Committee at the University of Arkansas for
Medical Sciences (Little Rock, AK).

For transgene identification, primer sequences were
designed as follows: 5=-ACTATGCGTGGGCTGGA-3=
(forward), derived from the mMT1 promoter; and 5=-
CTAGCCTGGCTCTTGTCT-3= (reverse), derived from
exon 2 of hOGG1. This primer set will only amplify the
hOGG1 transgene and will not amplify the endogenous
mouse OGG1 (mOGG1) gene.

RT-PCR for hOGG1 mRNA

Total RNA was extracted from 50 mg of mice livers using
a reagent (TRIzol; Invitrogen Corp, Carlsbad, CA), ac-
cording to the manufacturer’s instructions. The hOGG1
mRNA expression in these TG mice was analyzed by
RT-PCR using a commercially available system (Super-
Script One-Step RT-PCR with Platinum Taq System; In-
vitrogen Corp). The mRNA expression of the �-actin gene
was run in parallel as an internal control. The primer sets
used in RT-PCR detection of hOGG1 mRNA expression
were the same as those used in PCR detection of hOGG1
transgene integration.

Preparation of Mitochondrial, Cytosolic, and
Whole Cell Extracts

Mitochondria were isolated from fresh tissues using nitro-
gen cavitation and differential centrifugation, as previ-
ously described.19 All procedures were performed on ice
throughout the protocol. Mice were sacrificed; and the
livers, brain, skeletal muscle, and brown fat were rapidly
removed. After washing with cold PBS, the tissue was

homogenized in the tube containing isolation buffer (250
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mmol/L sucrose, 1 mmol/L EDTA, and 30 mmol/L Tris-
HCL, pH 7.8), which was approximately five times the
volume of tissue. The resultant suspension was placed
inside the nitrogen cell bomb (model 4639; Parr Instru-
ment Company, Moline, IL), which was precooled to 4°C
and placed under a pressure of 350 psi for 5 minutes.
Then, mitochondria were isolated by differential centrifu-
gation. Briefly, the homogenate was first spun at 1500 �
g for 30 seconds at 4°C to remove nuclei. The resulting
supernatant was transferred to a new microcentrifuge
tube and centrifuged at 12,000 � g for 10 minutes. The
resultant supernatant (cytosolic extracts) and the pellet
(mitochondrial extracts) were stored at �80°C until fur-
ther use. The isolated mitochondrial extracts were used
for hOGG1 activity assays; Western blots using antibod-
ies against hOGG1, �-actin, and cytochrome c; and
mtDNA deletion experiments. The cytosolic extracts were
used for Western blots using antibodies against hOGG1,
�-actin, and cytochrome c. Liver tissues from hOGG1 TG
and normal control mice were homogenized, followed by
incubation for 20 minutes on ice in lysis buffer containing
50 mmol/L Tris-HCl, pH 7.5; 150 mmol/L NaCl; 0.5%

Triton X-100; 1 �g/mL aprotinin; and 100 �g/mL phenyl-
methylsulfonyl fluoride. Afterward, samples were centri-
fuged at 13,000 rpm for 10 minutes at 4°C. The resultant
supernatants were collected as total soluble protein for
Western blots using antibodies against hOGG1, �-actin,
and cytochrome c.

Expression of hOGG1 Protein

The mitochondrial and cytosolic extracts from the liver of
the mMT-hOGG1 TG and control mice were incubated for
20 minutes on ice in lysis buffer containing 50 mmol/L
Tris-HCl, pH 7.5; 150 mmol/L NaCl; 0.5% Triton X-100; 1
�g/mL aprotinin; and 100 �g/mL phenylmethylsulfonyl
fluoride. Afterward, samples were centrifuged at 13,000
rpm for 10 minutes at 4°C. The resultant supernatants
were collected as total soluble mitochondrial and cytoso-
lic protein. A total of 30 �g of mitochondrial, cytosolic,
and whole cell protein extracts and Jurkat whole cell
lysate containing purified hOGG1 protein (Novus Biolog-
icals Inc., Littleton, CO) were used for Western blot anal-
yses using primary rabbit anti-hOGG1 polyclonal anti-
body (1:1000) (provided by Dr. Sankar Miltra, University

Figure 1. Integration and overexpression of
mMT-hOGG1 transgene in TG mice. A: Sche-
matic representation of the MT-hOGG1 con-
struct. The 1.5-kb hOGG1 cDNA was ligated into
the unique BamHI site of the pMThGH vector
(H, HindIII; B, BamHI; S, ScaI; hGH, transcrip-
tion unit of the human growth hormone gene
that contains several introns and a polyadenyla-
tion signal). The 5-kb HindIII fragment was used
for pronuclear microinjection. B: The PCR iden-
tification of the hOGG1 transgene. The trans-
gene was integrated in A13, A19, A20, and A22
mice. C: Overexpression of hOGG1 transgene
mRNA. The hOGG1 transcript was only detected in
liver tissues of hOGG1 TG mice that harbor the
transgene (A13, A19, A20, and A22). D: Overex-
pression of mMT-hOGG1 protein in TG mice. Mi-
tochondrial (M), cytosolic (C), and whole cell (W)
extracts from the liver of TG and wild-type control
mice (CO) were subjected to Western blot analy-
sis using antibodies against OGG1, �-actin, and
cytochrome c. Estimates of mMT-hOGG1 pro-
tein in mitochondrial extract are presented as a
ratio of intensities for bands representing the
mMT-hOGG1 protein over those of mouse mi-
tochondrial cytochrome c. E: Increased mMT-
hOGG1 activity in liver mitochondrial extracts of
hOGG1 TG mice compared with CO. The arrow
indicates a 25-n product cleaved by the hOGG1
enzyme from a 51-nt substrate. NC indicates neg-
ative control. F: Average OGG1 glycosylase ac-
tivity from four samples of liver and brain of
mMT-hOGG1 TG mice expressed relative to the
samples from CO. The bars indicate the mean �
SE (n � 4).
of Texas Medical Branch, Galveston, Texas) for the de-
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tection of hOGG1 protein. A mouse anti-actin monoclonal
antibody (1:2000) (Sigma-Aldrich Corp, St Louis, MO)
and a mouse anti–cytochrome c monoclonal antibody
(1:2000) (BD Biosciences, San Diego, CA) were used as
internal controls. The Western membranes that reacted
with primary antibodies were then incubated with either
goat anti-rabbit or goat anti-mouse horseradish peroxi-
dase–conjugated IgG antibodies (1:2000 dilution in
blocking buffer) (Sigma-Aldrich Corp), followed by incu-
bation with detection reagent (SuperSignal West Pico
Chemiluminescent Substrate System; Pierce Biotechnol-
ogy Inc., Rockford, IL) and exposure to X-ray films.

Oligonucleotide Incision Assay

The activity of hOGG1 in mitochondrial lysates was deter-
mined by excising 8-oxoG from a 32P-labeled oligonucleo-
tide substrate, as previously described.20 Radioactivity in
the cleaved DNA bands was measured with an imaging
system (PhosphorImager) and computer software (IM-
AGEQUANT; Molecular Dynamics, Sunnyvale, CA). Prelim-
inary enzyme activity assays were conducted to ensure
linearity of product formation with respect to both time of
incubation and amount of extract.20 The excision reactions
(in 20 �L) were performed in 40 mmol/L HEPES-KOH (pH
7.6), 5 mmol/L EDTA, 1 mmol/L dithiothreitol, 75 mmol/L
KCl, and 10% glycerol buffer containing 0.2 pmol of 32P-
labeled duplex oligonucleotide (51-mer containing 8-oxoG:
5=-GCTTAGCTTGGAATCGTATCATGTA8-oxoGACTCGTG-
TGCCGTGTAGACCGTGCC-3=).

Quantitative Analysis of mtDNA Copy Number

Male hOGG1 TG and control mice, aged 1 year, were used
in the studies. The mtDNA content was determined by com-
paring the ratio of mtDNA copy number/nuclear DNA copy
number by real-time quantitative PCR, as previously de-
scribed.21,22 A 217-bp mtDNA fragment within the NADH-
ubiquinone oxidoreductase subunit 1 (ND1) gene was se-
lected for detection of mtDNA. The sequences of PCR primers
and fluorogenic probe for this ND1 region were as follows:
5=-ATTACTTCTGCCAGCCTGAC-3= (forward), 5=-GGGTC-
CTAGGAAGATAATAGTTG-3= (reverse), and 6-FAM-5=-C-
AACCCTAGCAGAAACAAACCGGGC-3=-TAMRA-Q (probe).
For comparison, a 290-bp fragment of nuclear gene, mMT1,
was also selected. The sequences of primers and fluorogenic
probe for mMT1 were as follows: 5=-TCCAGGAAAGGA-
GAAGCTGA-3= (forward), 5=-TCCAGCCCACGCATAGT-3=
(reverse), and 6-FAM-5=-CACGCTGCGAATGGGTTTACG-
GAGA-3=-TAMRA-Q (probe).

To prepare calibrators, the PCR products of these two
genes were separately cloned into a plasmid vector us-
ing a cloning reagent set (TOPO TA; Invitrogen Corp),
according to the manufacturer’s protocol, and verified by
DNA sequencing. The DNA of the two constructed vec-
tors was then purified using a kit (QIAGEN Plasmid Midi
Kit; QIAGEN Inc., Valencia, CA) and quantified using a
different kit (Fluoreporter Blue Fluorometric dsDNA Quan-
titation Kit; Invitrogen Corp and Molecular Probes Inc.,
Eugene, OR). Standard curves from 10-fold serial dilu-

tions of plasmids containing cloned ND1 and the mMT1
gene with calculated copy numbers for each gene were
generated according to the manufacturer’s manual (Ap-
plied Biosystems, Foster City, CA). Calibrators from the
ND1 vector contained 25 to 250,000,000 ND1 copies/5
�L, whereas calibrators from the mMT1 vector contained
5 to 50,000,000 mMT1 copies/5 �L.

The quantification assay was performed in a total vol-
ume of 20 �L containing 2 �L of DNA template (10
ng/�L), 10 �L of �2 mix (Taqman Universal PCR Master
Mix; Applied Biosystems), and 1 �L each of the primer
and probe. Amplification and detection were performed
(ABI PRISM 7700 Sequence Detector; Applied Biosys-
tems) under the following conditions: 1 cycle of 2 minutes
at 50°C and 10 minutes at 95°C, followed by 40 cycles of
15 seconds at 95°C and 1 minute at 60°C. The relative
mtDNA copy number (ND1/mMT1) was calculated from
quantified data. The exact mtDNA copy number per cell
was obtained by multiplying the mtDNA/nuclear DNA ra-
tio by two (because there are two nuclear DNA copies
present in each cell). A t-test was used to analyze the
differences in mtDNA copy number from tissues of wild-
type and hOGG1 TG mice.

Detection of mtDNA Deletions

DNA was extracted from mitochondrial extracts from
liver, brain, skeletal muscle, and brown fat tissues of
both hOGG1 TG and wild-type control mice and sub-
jected to PCR detection of mtDNA deletions using
three primer sets that flank the break points of known
mtDNA deletions in mice (3729, 12,622, and 15,139
bp), according to the method previously described.23

The 3729-bp deletion was previously identified in aged
mice,23 whereas the 12,622- and 15,139-bp deletions
were newly identified in our laboratory in the mtDNA
from hOGG1 TG mice (data not shown). The primer
sequences for mtDNA deletions are as follows: for the 3729-bp
deletion, 5=-GCATTCTGACTCCCCCAAAT-3= [9519-9538 (for-
ward)] and 5=-GAGGTGGATTTTGGGATGGT-3= [13,441-
13,422 (reverse)]; for the 12,622-bp deletion, 5=-GCAATC-
CAGGTCGGTTTCTA-3= [2524-2543 (forward)] and 5=-
GAATACCAGCTTTGGGTGCT-3= [15,404-15,385 (reverse)];
for the 15,139-bp deletion, 5=-AAGGCATGAAAGGACAG-
CAC-3= [15,954-15,973 (forward)] and 5=-TGAGCG-
TAGAATGGCGTATG-3= [14,993-14,974 (reverse)].

For detection of intact mtDNA that corresponds to any
given mtDNA deletion, we used the same forward primer
for the mtDNA deletion in combination with a new reverse
primer designed within the deleted mtDNA sequence.
The reverse primer sequences for intact mtDNA are as
follows: for the 3729-bp deletion, 5=-GGTTGAAGAAGG-
TAGATGGCA-3= [9898-9878 (reverse)]; for the
12,622-bp deletion, 5=-TGCCGTATGGACCAACAATG-3=
[2883-2864 (reverse)]; for the 15,139-bp deletion, 5=-
ATAAGGCCAGGACCAAACCT-3= [91-72 (reverse)]. The
designations of nucleotide positions to the primers, de-
letion break points, and short direct repeats for mtDNA
deletions were based on the published complete mouse
mtDNA genome (National Center for Biotechnology Infor-

mation accession No. NC_005089).
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Tissue H2O2 Measurement

The H2O2 produced by mouse liver and kidney tissues
was measured by a colorimetric method, as previously
described, with a few alterations.24 Wild-type and
hOGG1 TG mice at the age of 11 months were selected
for this assay (n � 5 each). Approximately 10 mg of liver
and kidney tissues from these mice was homogenized in
1 mL of lysis buffer (0.2 mol/L Tris-HCl, pH 8.0; 0.1 mol/L
EDTA; two percent SDS; and 20 mmol/L NaN3). Tissue
homogenate, 10 �L, was then incubated with 1 mL of
phenol red solution (0.1 g/L phenol red and 50 �g/mL
horseradish peroxidase type II in PBS buffer) for 5 min-
utes at room temperature, followed by the addition of 10
�L of 1 N NaOH to stop the reaction. The samples were
read at 610 nm in a spectrophotometer against a blank of
1 mL of phenol red solution and 10 �L of 1 N NaOH.
Standard curves were made using the same batch of
phenol red solution and H2O2 solutions to result in final
concentrations of H2O2 of 1, 2, 4, 6, 8, 10, 20, 40, and 60
�mol/L. The protein concentrations were determined by
the Bradford assay (Bio-Rad Laboratories Inc., Hercules,
CA). The results were expressed as nmol H2O2/mg pro-
tein per length of incubation (5 minutes).

Total Body Fat Content Determination

Total body fat content was measured using a dual-energy
X-ray absorptiometry scanner (PIXImus; Lunar Corp,
Madison, WI). A total of 18 male mice (four TG and five
control mice, aged 3 months; five TG and four control
mice, aged 1 to 1.5 years) were analyzed. Data from the
dual-energy X-ray absorptiometry scans were analyzed us-
ing software (Lunar, version 1.3 z; Lunar Corp).

Plasma Glucose Measurements

Plasma glucose concentration was measured by a glu-
cose oxidase assay using a Beckman glucose analyzer
that measures the rate of oxygen depletion from an oxy-
gen-saturated solution of glucose oxidase. All measure-
ments were performed in triplicate (as mg/dL).

Pair-Feeding Experiments

Three male and three female mice of each type (mMT-
hOGG1 TG and wild type; aged 5 months; weight, 25 to
50 g) were used. Before performing a standard pair-
feeding procedure, all mice were allowed ad libitum ac-
cess to pelleted mouse chow for 4 weeks (designated as
the pre–pair-feed stage). At the end of the pre–pair-feed
stage, a pair-feeding experiment (pair-feed stage; 4
weeks) was conducted, as previously described.25 The
wild-type control mice were fed ad libitum, receiving an
amount of food largely in excess of daily consumption;
TG mice were given the average amount of food con-
sumed by the control mice on the previous day. At the
end of the pair-feed stage, all mice (TG and wild-type
control) were allowed ad libitum access to food (post–

pair-feed stage; 2 weeks). For all three stages, food in-
take was monitored daily and body weight was measured
every other day.

Real-Time RT-PCR Analysis of Gene Expression

Quantitative mRNA expression of hOGG1, mOGG1, and
mtND1 genes and genes involved in the leptin signaling
pathway, adaptive thermogenesis, and fatty acid metab-
olism in the TG mice was measured by real-time RT-PCR
with the reagents supplied by Applied Biosystems. Total
RNA samples from various tissues of TG mice and control
mice were isolated and converted into cDNA by a kit
(TaqMan Reverse Transcription Reagents Kit; Applied
Biosystems) using random primers according to the man-
ufacturer’s recommendations. The PCR amplifications
were performed in a plate (ABI PRISM 96-Well Optical
Reaction Plate with Barcode; Applied Biosystems) on a
system (ABI PRISM 7700 Sequence Detection System;
Applied Biosystems). The total reaction volume of 20 �L
contained 20 ng of cDNA template, 10 �L of �2 mix
(Taqman Universal PCR Master Mix, with AmpErase
UNG), and 1 �L of gene products (Assays-on-Demand
Gene Expression Products, �20 Target Assay Mix or
�20 Endogenous Control Assay Mix, containing se-
quence-specific primers and the 6-FAM dye-labeled
TaqMan MGB probe). The mouse �-actin gene was used
as the endogenous control. The comparative Ct method
was used to determine relative quantification. The ampli-
fication amount of all target genes was normalized
against that of mouse �-actin.

Statistical Analyses

Mean � SE values for H2O2 production, fat content, body
weight, food intake, and gene expression were summa-
rized separately for the TG and control mice. Student’s
two-sample t-tests were used to compare the groups with
respect to these values. For cases in which group vari-
ances were significantly different, a Welch-Satterthwait
t-test was used. An � level of five percent was used to
determine the statistical significance of each test, and no
adjustments for multiple comparisons were made.

Results

Overexpression of the mMT-hOGG1 Transgene

Eleven founder mMT-hOGG1 TG mice were identified
among 31 mice generated by pronuclear microinjection
of fertilized eggs from B6SJLF1 hybrid mice with the 5-kb
fragment (Figure 1A) containing the mMT1 gene pro-
moter and a full-length hOGG1 (mitochondrial isoform
type 2a) cDNA.26 Transgene integration was confirmed
by PCR (Figure 1B). Transgenic mice derived from the
breeding of three lines (ie, 7732, 7776, and 7739) were
used to obtain the reported data. Among these three
founders, one was female (7732), which produced two
generations of offspring. Two were males (7776 and
7739) were males, which produced four generations of

offspring. For each litter of mice born to a positive TG
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mouse, we performed PCR identification to the trans-
gene. The transgene was transmitted stably and faithfully
at an expected rate of 50% in all founder mice from
generation to generation. Only the PCR-positive offspring
were used in the following experiments. The remaining
eight TG founder mice were all female and were not able
to reproduce. Most of these female founder TG mice
developed the obesity phenotype and were sacrificed
when they became sick at ages raging from 1 to 1.5
years.

The RT-PCR revealed that TG mice expressed high
levels of hOGG1 mRNA, with wild-type littermates show-
ing no evidence of transgene expression (Figure 1C).
Quantitative real-time RT-PCR was performed to deter-
mine mRNA levels of both hOGG1 transgene and endog-
enous mOGG1 in various organs and tissues (Table 1).
The expression of mOGG1 was similar in parallel organs
from TG and wild-type control mice. High levels of hOGG1
transgene mRNA were detected only in the TG mice.

Western blot analyses demonstrated that the hOGG1
protein was more abundant in the mitochondrial extract in
the liver from mMT-hOGG1 TG mice than from wild-type
control (Figure 1D). In contrast, the hOGG1 protein was
similar in the cytosolic and whole cell extracts in the liver
between mMT-hOGG1 TG mice and wild-type control
(Figure 1D). The absence of �-actin and cytochrome c in
the mitochondrial and cytosolic extracts, respectively,
confirmed the purity of these preparations (Figure 1D). All
three proteins (ie, hOGG1, �-actin, and cytochrome c)
were abundantly expressed in Jurkat whole cell lysate
(containing enriched hOGG1 protein) and in liver whole
cell extracts, as expected. The OGG1 activity in the mi-
tochondria was determined by oligonucleotide incision
assays (Figure 1E). The relative mitochondrial OGG1 ac-
tivities in the livers and brains from hOGG1 TG mice were
1.4 � 0.22-fold and 1.3 � 0.12-fold as much as those
from wild-type control mice, respectively (Figure 1F).

Table 1. Expression of mOGG1 and hOGG1 in TG and Control
Mice

Organ or tissue

TG mice Wild-type mice

mOGG1 hOGG1 mOGG1 hOGG1

Liver 0.41 227 0.7 ND
Kidney 0.7 42 1.1 ND
Heart 1.69 136 1.55 ND
Spleen 0.24 1.4 0.11 ND
Lung 0.36 12 0.38 ND
Brain 1.82 22 1.0 ND
Bone marrow 0.2 31 0.22 ND
Brown fat 2.6 110 3.6 ND
White fat 0.53 4 0.9 ND
Skeletal muscle 2.65 347 1.82 ND
Stomach 0.21 21 0.13 ND
Small intestine 0.07 10 0.07 ND
Colon 0.3 7 0.13 ND
Testis 1.22 2.8 1.53 ND

The mRNA levels were normalized against endogenous mouse �-actin
and expressed as the mean value from two mMT-hOGG1 TG mice and
two wild-type control mice; all mice were male, aged 11 months, and
derived from the same TG founder.

ND, not detectable.
The differences in the mitochondrial OGG1 activity
were statistically significant in both liver (P � 0.038)
and brain (P � 0.014) between mMT-hOGG1 TG and
wild-type control mice (Figure 1F). Four individual sam-
ples of liver and brain were used in the OGG1 activity
assays. For skeletal muscle and brown fat, we pooled
four tissue samples together for the preparation of
mitochondrial extracts and OGG1 enzyme assays be-
cause the mitochondrial extracts from each individual
sample of these two organs did not yield enough pro-
teins for the enzyme assays. Therefore, we were only
able to obtain the average relative OGG1 activity in the
skeletal muscle and brown fat from mMT-hOGG1 TG
mice compared with that from wild-type control mice.
The average relative mitochondrial OGG1 activities in
the skeletal muscle and brown fat of mMT-hOGG1 TG
mice were 1.5- and 1.7-fold as much as those from the
wild-type control mice, respectively.

Increased mtDNA Damage in TG Mice

We characterized mtDNA damage in mMT-hOGG1 TG
mice by measuring mtDNA copy number per cell and
assessing major mtDNA deletions. In the liver, kidney,
brain, and skeletal muscle from hOGG1 TG mice, mtDNA
copy numbers per cell were 83%, 58%, 59%, and 82%,
respectively, of those for the corresponding organs from
wild-type control mice (Figure 2A).

To detect mtDNA deletions, we used primers flanking
the break points of known deletions in mouse mtDNA
(3729, 12,622, and 15,139 bp). The mtDNA deletions at
3729 and 15,139 bp were more abundant in all organs
(with the exception of the liver) from hOGG1 TG mice
than in those from wild-type control mice (Figure 2B). The
12,622-bp deletion was detected only in skeletal muscle
but was much more abundant in mMT-hOGG1 TG than in
wild-type control mice (Figure 2B). The 3729- and
15,139-bp deletions in the liver from wild-type control
mice were surprising (Figure 2B, lane 5). When adjusted
to the amount of internal controls (380- and 437-bp PCR
products representing wild-type mtDNA), the amount of
3729-bp (193-bp PCR product) and 15,139-bp (200-bp
PCR product) deletions seen in the liver is similar be-
tween the TG and control mice (Figure 2B, lanes 1 and 5).
The liver is the most metabolically active organ that is
involved in metabolizing and detoxifying a wild range of
biological and foreign products. Therefore, this organ
may have a higher degree of oxidative stress than that of
other tissues/organs, resulting in more mtDNA damages.
The detection of two types of mtDNA deletions in the
control mouse liver may reflect the metabolic difference
between liver and other organs.

Increased Mitochondrial ND1 Gene Expression
in TG Mice

We used mitochondrial NADH dehydrogenase 1 (ND1)
gene expression as an indirect measure of mitochondrial
respiratory function. The ND1 mRNA levels in the liver
and kidney of mMT-hOGG1 TG mice were 3.5- and 2-fold

higher, respectively, than those in the corresponding or-
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gans of wild-type control mice (Figure 2C). The differ-
ences were statistically significant (P � 0.05). Previously,
stable integration and overexpression of the same mMT-
hOGG1 gene in cultured human hepatoma cells signifi-
cantly enhanced mitochondrial oxygen consumption, mi-
tochondrial membrane potential, and mtDNA damage in
these cells.18 Thus, the increase in mitochondrial ND1
gene expression in mMT-hOGG1 TG mice suggests that
the mitochondrial respiration in these mMT-hOGG1 TG
mice may also increase.

Increased Intracellular Free Radicals in TG Mice

Whole cell extracts from the liver and kidney of mMT-
hOGG1 TG and wild-type control mice were analyzed for
H2O2 content. The amounts of H2O2 produced in the
liver and kidney of mMT-hOGG1 TG mice were approx-
imately 50% and 150% higher, respectively, than those
in the corresponding organs from wild-type control
mice (Figure 2D). The differences were statistically
significant (P � 0.001).

Obesity, Hepatosteatosis, and Hyperglycemia in
TG Mice

Before the age of 3 months, mMT-hOGG1 TG and wild-
type control mice of either sex did not significantly differ
in body weight (P � 0.07 and P � 0.8 at the ages of 1 and
2 months, respectively; Figure 3A). However, at 3
months, the female hOGG1 TG mice were 31.3% heavier
(P � 0.001, Figure 3A) and the male mice were 19.6%
heavier (P � 0.005, Figure 3A) than the controls. At 1
year, the female TG mice were 58.1% heavier (P � 0.003,
Figure 3A) and the male mice were 43.1% heavier (P �

Figure 2. Increased
production in mMT
skeletal muscle from
bars indicate the m
Increased mtDNA d
(3729, 12,622, and 1
and 5), brain (lanes
hOGG1 TG (lanes 1
indicating increased
compared with thos
mice). D: Increased
with that of CO. Th
0.001, Figure 3A) than the controls. A representative pho-
tograph of the mMT-hOGG1 TG and the wild-type control
mice at the age of 1 year appears in Figure 3B. Adi-
pocytes from abdominal fat pads of mMT-hOGG1 TG
mice were significantly larger than those from wild-type
control mice (Figure 3C).

At the age of 3 months, the mean total body fat content,
measured by dual-energy X-ray absorptiometry, was
31.3% for mMT-hOGG1 TG and 16.2% for wild-type con-
trol mice (P � 0.001, Figure 3D). At the age of 1 to 1.5
years, the mean total body fat content was 42.5% for
hOGG1 TG and 31.4% for wild-type control mice (P �
0.03, Figure 3D).

Hepatosteatosis progressed with age and became
prominent in all TG mice at the age of 6 months. Figure 3E
shows diffuse and marked fat accumulation in the liver of
mMT-hOGG1 TG mice compared with that of wild-type
control mice. The mean liver weight at the age of 1 year
was 3.6 g for mMT-hOGG1 TG mice (n � 3) and 1.2 g for
wild-type control mice (n � 3) (P � 0.001).

At the age of 1 year, five male mMT-hOGG1 TG mice
from two independent lines (mean body weight, 57 g)
showed markedly elevated plasma glucose levels after a
4-hour fast (ie, 129, 158, 198, 231, and 222 mg/dL; mean,
187 mg/dL). In contrast, five age- and sex-matched con-
trol mice (mean body weight, 35 g) had plasma glucose
levels of 132, 97, 135, 123, and 109 mg/dL (mean, 119
mg/dL). The difference in fasting glucose between mMT-
hOGG1 TG and control mice was statistically significant
(P � 0.01).

Increased Food Intake in TG Mice

When both mMT-hOGG1 TG and wild-type control mice
were allowed ad libitum access to pelleted mouse chow
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consumed 14.5% and 23.6% more, respectively, than did
control mice. Among the TG mice, males were 39.4%
heavier and females were 24.6% heavier than control
mice at the end of the pre–pair-feed stage (Figure 4).
Differences in food intake and body weight between
TG and control mice were statistically significant (Fig-
ure 4, P � 0.05).

During the 4-week pair-feed stage, TG mice were al-
lowed to eat only the average amount of food that their
wild-type counterparts consumed the previous day.
Transgenic mice gradually lost weight; at the end of the
pair-feed stage, TG mice (males, 31.3 g; females, 24.7 g)
weighed approximately the same as their control coun-
terparts (males, 30 g; females, 25 g) (Figure 4).

After the pair-feed stage, both mMT-hOGG1 TG and
wild-type control mice were allowed ad libitum access to
food (post–pair-feed stage; 2 weeks). Male TG mice con-
sumed 35.4% more and female TG mice consumed
36.5% more than did control mice. After 2 weeks, the
male TG mice were 38.9% heavier and the female mice
were 14.8% heavier than the control mice. The differences
in food intake and body weight between TG and control
mice were statistically significant (Figure 4, P � 0.05).

Aberrant Gene Expression Profiles in TG Mice

The leptin signaling pathway is critical in maintaining the
balance between food (energy) intake and energy ex-
penditure. We determined the expression of genes en-
coding leptin, leptin receptor, agouti-related peptide

Figure 3. The mMT-hOGG1 TG mice developed obesity and hepatosteatosis
mice (CO). The bars indicate the mean � SE (n � 6 mice). For mice aged 1 an
because there was no difference in body weight between the sexes at these a
with CO (weight, 34 g), photographed at the age of 1 year. C: Increased volu
with that from CO (�400 magnification). D: Increased total fat content in m
Total fat content was measured by dual-energy X-ray absorptiometry. Scale bars
an mMT-hOGG1 TG mouse compared with that from CO (�400 magnification
(AGRP), proopionomelanocortin (POMC), melanocortin-4
receptor (MC4R), and a leptin signaling inhibitor, sup-
pressor of cytokine signaling 3. The levels of leptin mRNA
were higher in white fat (P � 0.0001, Table 2), brown fat
(P � 0.002, Table 2), and hypothalamus (P � 0.001,
Table 2) from mMT-hOGG1 TG mice than in correspond-
ing tissues of wild-type control mice. Comparing levels of
leptin receptor with suppressor of cytokine signaling 3
mRNA in hypothalamus and white adipose tissue re-
vealed no differences between mMT-hOGG1 TG and
wild-type control mice (P � 0.05, Table 2). The mRNA
expression levels of POMC in the hypothalamus of mMT-
hOGG1 TG mice were much lower than those in control
mice (P � 0.001, Table 2), whereas the mRNA expression
levels of AGRP in the hypothalamus of mMT-hOGG1 TG
mice were much higher than those in control mice (P �
0.001, Table 2). The expression of MC4R in the hypo-
thalamus was similar between the TG and wild-type
mice (P � 0.3, Table 2).

The expression of genes involved in adaptive thermo-
genesis, such as uncoupling proteins 1, 2, and 3 (UCP1,
UCP2, and UCP3, respectively), was significantly lower in
brown fat (UCP1 and UCP2) and in skeletal muscle
(UCP3) of mMT-hOGG1 TG mice than in those tissues of
wild-type controls (Table 2).

The AMP-activated protein kinase (AMPK) plays an
important role in mobilizing fatty acids for oxidation, and
carnitine palmitoyl transferase-1 (CPT1) functions in
transporting fatty acids into mitochondria for further oxi-
dation. Compared with wild-type controls, hOGG1 TG
mice had significantly lower AMPK expression in brown

ges in body weights of both sexes of mMT-hOGG1 TG and wild-type control
ths, six TG and CO included both males (n � 3) and females (n � 3) (mixed)
Spontaneous obesity in an mMT-hOGG1 TG mouse (weight, 63 g) compared
pocytes in an abdominal fat pad from an mMT-hOGG1 TG mouse compared
G1 TG mice compared with CO at the ages of 3 months and 1 to 1.5 years.
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CPT1 expression in skeletal muscle, liver, and kidney
(Table 2). The acetyl CoA carboxylase-� is primarily in-
volved in lipogenesis, and its expression was significantly
higher in liver and kidney tissues of mMT-hOGG1 TG
mice than in controls (Table 2).

Figure 4. Food intake and body weight at pre–pair-feed, pair-feed, and
post–pair-feed stages for both sexes of mMT-hOGG1 TG mice compared with
those for wild-type control mice (CO) at the age of 5 months. Scale bars
indicate the mean � SE (n � 3 mice).

Table 2. Expression of Genes Involved in the Leptin Signaling P
Control Mice

Tissue Genes TG

Liver AMPK 1.12 � 0
CPT1 1.14 � 0
ACC� 1.84 � 0

Kidney AMPK 1.0 � 0
CPT1 0.94 � 0
ACC� 1.6 � 0

Brown fat Leptin 2.57 � 0
UCP1 0.64 � 0
UCP2 1.0 � 0
AMPK 0.27 � 0

White fat Leptin 3.75 � 0
Lepr-b 1.1 � 0
SOCS-3 0.95 � 0

Hypothalamus Lepr-b 1.01 � 0
SOCS-3 1.24 � 0
AGRP 1.96 � 0
POMC 0.5 � 0
Leptin 3.99 � 1
MC4R 1.0 � 0

Skeletal muscle AMPK 1.05 � 0
CPT1 1.35 � 0
UCP2 2.0 � 0
UCP3 1.66 � 0

The mRNA levels were normalized against endogenous mouse �-acti

11 months, and from the same TG founder.

ACC, acetyl CoA carboxylase; Lepr-b, leptin receptor; NS, statistically not sig
Other Phenotypes

In addition to the phenotypes previously described, we
also observed female infertility, malignant lymphoma,
and, rarely, hepatocellular carcinoma. Among 11 founder
hOGG1 TG mice, 9 were female and 2 were male. Except
for one female founder mouse, which had one litter and
then stopped reproducing, the other eight female founder
mice were unable to reproduce, when bred with wild-type
males, for up to 1 year. In addition, all female TG offspring
derived from all TG founder lines were not able to repro-
duce when bred with wild-type males for up to 1 year. We
also found a high incidence of malignant lymphoma in
hOGG1 TG mice. Among 15 TG mice of five independent
lines (aged 1 to 1.5 years) that became moribund and
were subsequently sacrificed, 13 had evidence of malig-
nant lymphoma of B-cell origin. One TG mouse devel-
oped hepatocellular carcinoma. No tumors were seen in
any control mice of similar ages.

Discussion

In multiple lines of mMT-hOGG1 TG mice, we found major
biological abnormalities affecting the mitochondrial ge-
nome and its functions. Although we detected signifi-
cantly increased mRNA levels (up to 100- to 300-fold) in
various organs from mMT-hOGG1 TG mice (Table 1), we
consistently found only a slight increase (approximately
twofold) in OGG1 protein and enzyme activity in mMT-
hOGG1 TG compared with control mice (Figure 1, D–F).
It is plausible that overexpression of hOGG1 in the mito-
chondria is highly toxic and incompatible with life and
that only the mice with a mild increase in exogenous

, Adaptive Thermogenesis, and Fatty Acid Metabolism in TG and

Wild-type mice P value

6) 1.98 � 0.23 (n � 4) �0.0001
6) 2.26 � 0.26 (n � 4) 0.0005
6) 1.0 � 0.08 (n � 4) �0.0001
3) 1.34 � 0.24 (n � 4) 0.087

4) 1.35 � 0.24 (n � 4) 0.025
4) 1.07 � 0.16 (n � 4) 0.01
6) 0.92 � 0.15 (n � 4) 0.002
4) 3.0 � 0.15 (n � 3) �0.0001
4) 11.0 � 2.18 (n � 3) 0.014
5) 0.43 � 0.06 (n � 4) 0.0034
5) 1.07 � 0.24 (n � 5) �0.001
4) 1.14 � 0.15 (n � 4) NS
4) 0.98 � 0.33 (n � 4) NS
4) 1.03 � 0.18 (n � 4) NS
4) 0.91 � 0.17 (n � 4) NS
4) 1.29 � 0.18 (n � 4) �0.001
4) 0.74 � 11 (n � 4) �0.001

4) 0.57 � 21 (n � 4) �0.001
4) 1.1 � 0.26 (n � 4) NS
5) 1.86 � 0.13 (n � 4) 0.001
3) 3.63 � 0.46 (n � 3) 0.001
3) 2.1 � 0.50 (n � 3) NS
3) 4.11 � 1.7 (n � 5) 0.034

xpressed as the mean � SE (n � 3 to 6 mice); all mice were male, aged
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hOGG1 protein were able to survive and were selected in
our studies.

Recent findings indicate that hOGG1 type 2a, the iso-
form used in the generation of this TG mouse model, may
lack glycosylase activity.27 However, we believe that the
abnormal phenotypes seen in both our in vitro cell cul-
ture18 and in vivo TG mouse models are because of an
increase in DNA glycosylase activity of the hOGG1 type
2a isoform based on our data and those published in the
literature. i) In in vitro conditions, the hOGG1 type 2a
mitochondrial isoform clearly possessed DNA glycosy-
lase activity, according to Roldan-Arjona et al,26 but
showed no such activity according to Hashiguchi et al.27

These opposite results may be, in part, explained by
differences in experimental conditions. A much higher
concentration of recombinant hOGG1 type 2a protein (1
�g, 20 pmol) was used in the assay in the study by
Roldan-Arjona et al.26 ii) By using in vitro transfection of
cultured cells with fluorescent-tagged full-length cDNA of
various hOGG1 isoforms, the nuclear isoform type 1a was
almost exclusively targeted to the nuclei,28–30 whereas
the mitochondrial isoform type 2a was almost exclusively
targeted to the mitochondria.28,30 The previous observa-
tions indicated that, in the mitochondria, the predominant
hOGG1 protein is the mitochondrial isoform, hOGG1 type
2a. iii) Both nuclear (type 1a) and mitochondrial (type 2a)
isoforms share the first 316 amino acids that contain a
highly conserved aspartic acid motif (HhH-GPD), re-
quired for DNA glycosylase activity.27,28 iv) Some inves-
tigators12,13,31 have shown that DNA glycosylases (ie,
hOGG1) targeted to mitochondria are beneficial, rather
than detrimental, and protect cells against oxidative DNA
damage and apoptosis. These results raised the possi-
bility that mitochondrial hOGG1 protein may have other
biological functions, such as regulation of apoptosis.
However, all these studies used the same mammalian
expression vector, in which the nuclear isoform of the
hOGG1 gene (type 1a) is overexpressed in mitochondria,
driven by a cytomegalovirus promoter containing a mito-
chondrial targeting sequence for the human manganese
superoxide dismutase gene.12,13,31 Thus, the cellular
protective roles of hOGG1 protein, targeted to mitochon-
dria, may only be applied to the nuclear isoform (type 1a)
because both in vitro cell culture18 and in vivo hOGG1 TG
mouse models, reported herein, used the mitochondrial
isoform (type 2a) and only revealed detrimental and cell-
damaging effects.

Energy metabolism is regulated by peripheral signals
that are integrated in the hypothalamus. Leptin is the
most important peripheral signal, the prime functions of
which are to decrease appetite and induce satiety. After
being secreted by adipocytes, leptin circulates in the
blood and crosses the blood-brain barrier to reach the
hypothalamus, where it binds to leptin receptors and acts
directly on two different populations of neurons with op-
posite actions on food intake. One population of neurons
expresses anorexigenic (appetite-suppressing) protein,
POMC; and the other expresses orexigenic (appetite-
stimulating) protein, AGRP. Leptin, through its receptor,
inhibits AGRP production while stimulating POMC pro-

duction. The activation of POMC neurons by leptin can
promote the release of another anorexigenic hormone,
�-melanocyte stimulating hormone. The AGRP and �-me-
lanocyte stimulating hormone compete for MC4R. Al-
though AGRP binding suppresses MC4R activity to gen-
erate an orexigenic signal, �-melanocyte stimulating
hormone binding stimulates MC4R activity to generate an
anorexigenic signal.32

The hOGG1 TG mice consumed more food (hyperpha-
gia) (Figure 4) and accumulated more fat in various tis-
sues, resulting in increased body weight (Figure 3); how-
ever, they produced higher levels of leptin by the brown
fat, white fat, and hypothalamus (Table 2). This apparent
loss of leptin’s ability to inhibit food intake is termed leptin
resistance, commonly seen in human obesity. The devel-
opment of leptin resistance may involve the following
mechanisms: i) defects in the blood-brain barrier trans-
port system, leading to the inability of peripheral leptin to
reach the hypothalamus; ii) a decreased hypothalamic
leptin receptor number or a mutated receptor in leptin-
responsive neurons in the hypothalamus; or iii) impaired
leptin signal transduction because of postreceptor resis-
tance to leptin’s effects on other neural networks.33

We observe that mRNA levels of leptin are significantly
higher in both peripheral fat tissues and hypothalamus in
mMT-hOGG1 TG mice (Table 2), indicating that the
blood-brain barrier transport system for leptin is intact.
The increased expression of AGRP and the decreased
expression of POMC in the hypothalamus (Table 2) of
mMT-hOGG1 TG mice are in accordance with increased
food intake and obesity seen in these mMT-hOGG1 TG
mice. Quantitatively, the levels of leptin receptor were
similar in the hypothalamus between mMT-hOGG1 TG
and control mice. Thus, we speculate that the blockage
to the action of leptin in these mMT-hOGG1 TG mice may
be caused by nonfunctional leptin receptors because of
mutations and/or defects in the postreceptor leptin signal
transduction pathway.

Total energy expenditure can be subdivided into three
components: obligatory energy expenditure (ATP) for
basal metabolism, energy expenditure (ATP) for physical
activities, and expenditure attributed to adaptive thermo-
genesis (uncoupling activities), which is defined as heat
production in response to environmental temperature or
diet. Brown adipose tissue and skeletal muscle are two
important thermogenic organs, with UCP1 in brown adi-
pose tissue34 and UCP2 and UCP3 in skeletal mus-
cle35,36 functioning as major mediators for adaptive ther-
mogenesis. In mMT-hOGG1 TG mice, expression of
UCP1 and UCP2 in brown fat and UCP3 in skeletal mus-
cle was significantly decreased (Table 2), indicative of
defects in adaptive thermogenesis in these TG mice.
Mitochondria are also responsible for coupled respira-
tion, linking oxidation of fatty acids and glucose to pro-
duction of ATP. The rate-limiting enzyme in mitochondrial
�-oxidation of fatty acids is CPT-1,37 which is inhibited by
malonyl-CoA, produced by acetyl CoA carboxylase �.38

The AMPK is another important protein in the metabolic
pathways of lipogenesis and can stimulate �-oxidation of
fatty acids in skeletal muscle and liver and adipocyte
lipogenesis.39 In mMT-hOGG1 TG mice, the expression

of AMPK and CPT1 genes significantly decreased,
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whereas the expression of acetyl CoA carboxylase-� sig-
nificantly increased, in the liver, kidney, and skeletal mus-
cle (Table 2). These results indicate aberrant energy me-
tabolism, characterized by increased lipogenesis and
decreased fatty acid oxidation and ATP production in
these obese TG mice.

Although profound metabolic abnormalities involving
adaptive thermogenesis, lipogenesis, and fatty acid oxi-
dation were detected in liver, fat, and skeletal muscle in
mMT-hOGG1 TG mice, the aberrant changes in periph-
eral tissues appear to play much smaller roles than the
defective leptin signaling pathway observed in the hypo-
thalamus in contributing to the obesity phenotype seen in
mMT-hOGG1 TG mice. Pair-feeding experiments indi-
cated that increased food intake is the most dominant
contributing factor behind the obesity phenotype be-
cause when these obese TG mice were limited to their
access to food, the obesity phenotype was completely
abolished. Although the mechanisms and exact se-
quence by which overexpressed hOGG1 protein induces
leptin signaling blockage in the hypothalamus remain
unknown and beyond the scope of the current investiga-
tion, we speculate that enhanced mtDNA damages and
oxidative stress in the hypothalamus may contribute sig-
nificantly to the defective leptin signaling pathway, result-
ing in hyperphagia and the eventual development of obe-
sity. Metabolic abnormalities seen in peripheral tissues
(tissues excluding the brain), while not considered impor-
tant in the development of obesity, may contribute signif-
icantly to other adverse phenotypes seen in these TG
mice, such as fatty liver, infertility, and malignancy.

In contrast to the severe phenotypes seen in mMT-
hOGG1 TG mice, homozygous null mice deficient for the
OGG1 gene showed only mild phenotypes. In these
OGG1-mutant mice, there was defective removal of
8-oxoG in DNA, resulting in accumulation of 8-oxoG in.
However, the OGG1-mutant mice exhibited only moder-
ately elevated spontaneous mutation rates and did not
show an increased tumor incidence and any identifiable
pathological changes.40,41 In mtDNA isolated from the
liver of these OGG1-mutant mice, the amount of 8-oxoG
was 20-fold as much as that in the mtDNA from the liver
of wild-type control mice.42 However, mitochondrial oxi-
dative phosphorylation in liver and heart samples from
these OGG1-mutant mice was not compromised. Thus, it
appears that deletion of the OGG1 gene alone is not
sufficient to create any noticeable phenotypic abnormal-
ities, such as those related to malignancy, aging, and
mitochondrial respiratory dysfunction.43 The lack of ap-
parent phenotype in OGG1-/- mice may be explained, in
part, by the fact that other DNA repair mechanisms may
function as backup systems for OGG1 to minimize the
effects of an increased load of 8-oxoG. The newly iden-
tified human DNA glycosylases of the Fpg family, hFPG1/
hFPG2 (or NEIL1/NEIL3), may function as such a backup
repair enzyme for hOGG1 in human cells.44–46

The fact that hOGG1 can create mutations during base
excision repair is clearly demonstrated in a study47 that
links OGG1 to the somatic mutations, in the form of a
CAG repeat expansion, that are commonly seen in neu-

rodegenerative Huntington’s disease. In this study, age-
dependent somatic mutations were remarkably depen-
dent on the action of hOGG1; these researchers47

proposed an escalating oxidation-excision cycle in a
“toxic oxidation model,” resulting in progressive age-de-
pendent DNA mutations.

Human obesity is a medical problem caused by be-
havioral and environmental changes that are typically
characterized by increased energy (food) intake and di-
minished physical activity.48 We speculate that the sus-
tained imbalance between energy (food) intake and ex-
penditure (physical activity) would gradually overwhelm
the capacity of mitochondria for handling excess energy,
leading to mitochondrial dysfunction with increased oxi-
dative stress. Experimentally, both in vitro and in vivo
studies49,50 indicate that increased oxidative stress is
capable of inducing hOGG1, presumably as a cellular
defense mechanism to counter the DNA-damaging ef-
fects of oxidative stress.

Similarly, hOGG1 is up-regulated in the islet � cells of
the pancreas from patients with type 2 diabetes51 and in
the nigrostriatal dopaminergic neurons from patients with
Parkinson’s disease.52 Both type 2 diabetes and Parkin-
son’s disease are etiologically linked to mtDNA oxidative
damage and oxidative stress.

In relation to the mechanism of human obesity, we
propose that, similarly, mitochondrial hOGG1 may accu-
mulate to a “toxic level” as a host response to oxidative
stress; this increase in hOGG1 would, in turn, exacerbate
oxidative mtDNA damage, oxidative stress, and an im-
balance in energy metabolism, as previously described.
If this is the case, then it could also be speculated that the
susceptibility to obesity in humans may be affected by
factors, such as single-nucleotide polymorphisms, that
can affect catalytic activity or expression levels of the
hOGG1 gene. Several single-nucleotide polymorphisms
have been identified in the hOGG1 gene. Although some
studies found that a Cys-to-Gly transversion at nucleotide
1245, with the substitution of Cys for Ser at codon 326
(Ser326Cys) in exon 7,53 resulted in decreased catalytic
activity and impaired base excision repair,53,54 others
found no such correlation between the Ser326Cys poly-
morphism and OGG1 catalytic activity.55 Therefore,
Ser326 homozygotes may be more susceptible to the
development of obesity than Cys326 homozygotes in
some populations, in which OGG1 activity is affected by
this polymorphism.

In summary, our results suggest that overexpression of
hOGG1 in mitochondria escalates oxidative stress and
mtDNA damage, presumably through enhanced oxida-
tive DNA damage processing, resulting in metabolic syn-
drome, infertility, and malignant tumors. This hOGG1 TG
mouse model may serve as a tool to study human obesity,
in which the link between mitochondria, oxidative stress,
and complex molecular events leading to obesity can be
carefully dissected and therapeutically addressed.
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